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Abstract

The role of a power transformer in maintaining tieéwork voltage is very important.
It is used to link the different nominal voltagesthe high voltage network. In order
to maintain a constant voltage in the network, dhpngers are used to regulate the
output level of the voltage.

Due to its dynamic and continuous operation undad Icondition, OLTC is prone to

many different defects, for example caused by ta Icurrent or high operation
temperature. The current leads to direct impactamtacts deterioration by eroding
the contact material. Another source of contacterd®ation is a resistive layer. It is
developed on contacts due to the heating of inswladil by the load current. As a

major cause of OLTC failure, these defects miglketplace after some years of
operation and their frequency increases with theraimon time. Thus it is necessary
to maintain the condition of OLTC through a regulaaintenance. Dynamic

Resistance Measurement (DRM) can be conducted gitinis regular maintenance
activity. It measures the resistance of power fansers when the OLTC operates,
then any change of resistance can be determined tte measurement. The
measurement results provide important informatimmssessing the actual condition
of an OLTC.

The aim of this thesis is to analyze the effediest parameters on DRM results from
OLTC and its implementation in the condition asse=#. Two test parameters were
selected to be observed, which were test current @rcuit resistance. Their
amplitude was varied during the measurements apdrigwents in the laboratory as
well as in the field. To do so, a test setup hamnhauilt which allows varying both
parameters.

An analytical tool was introduced to convert DRMsults into 4 parameters. The
analysis showed that the measurement results wéiteenced by variation of test

parameters. Thus, it is proven that the measuremesotts have dependency to the
test parameters.

Based on the effect of the test parameters on merasumt results, an optimal level of
test parameter is determined. It can be used forpethe DRM in such a way that
the reliable results can be expected. They provadeable information for condition
assessment. The presence of a defect can be g a deviation in the DRM
graph. But to have a more reliable identificatitme level of the deviation shall be
calculated. For that reason, an interpretation ephbas been developed to interpret
DRM results in a practical way. A three dimensiogedph (3D graph) is used as
system to identify the defect and classify the ltegito certain defects. As the
outcome, the 3D graph can be used to determin@ac¢hel condition of OLTC. It
simplifies the condition assessment of OLTC.
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Chapter 1

Introduction

1.1  On-load Tap Changer

A high voltage power transformer is an apparatugkvis used to link the different
nominal voltages in the high voltage network. Idearto maintain a constant voltage
in the network, tap changers are used to regulaeotitput level of the voltage.
Figure 1.1 illustrates a tap changer connectedgmindings of a power transformer.

Tap changer is the important part of transformergansforming the output voltage
by selecting the number of turns of the windings&ah on their operation, they are
divided into two types: off-load and on-load tapanber. On-load tap changers
(OLTC) do the switching and tap selecting durindoaded condition. The load

current will be transferred to the selected tapdivig. Regarding to their main task,
the reliability of OLTC is important for the contious operation of a power
transformer. Any interruption of the load curreould cause a failure of the power
transformer. Therefore, the OLTC condition shall dmntrolled by performing the

maintenance.

Figure 1.1 A power transformer with its tap changer and the connection from
thewindings[1]

1.2 Dynamic Resistance Measurements

As the only moving part of the transformers andniagor cause of a failure [2], the
OLTC needs to be well maintained. During the regufmintenance, resistance



measurement can be performed in order to obseevedihdition of the OLTC. One of
the measurement methods is Dynamic Resistance kaasot (DRM), which will
be used in this thesis. The implementation of treasnrement will be performed
using Transformer Diagnostic System (TDS).

Dynamic resistance measurement is used to diagtioseresistance of OLTC
contacts. The result of measurement is in a forguafent graph, which will be called
DRM graph in this thesis. Any deviation in the DRjvaph is reflecting a presence of
resistance on the tap changer contacts. The measotemethod (DRM) will be
discussed further in Chapter 3.

1.3 Definition of Problems

A defective OLTC can lead into a total failure awer transformer, where the load
current is totally interrupted. It could be caudad different kinds of defects on
different parts of OLTC. [3] has described the tymd defects, which only certain
defects will be discussed within this thesis:
1. contact deterioration
- aged contact due to grow of carbon
- wear of contact due to switching arc
2. damaged transition resistors

Those defects are interested to be analyzed bedaur$leiences the performance of
OLTC in transferring the load current. A resistilayer is formed on the OLTC
contacts due to a heating of insulation oil by liweed current. It results in contacts
deterioration which causes a current disruptionmBged transition resistors will
make the OLTC fails to transfer the load currentduld lead to a failure of power
transformers.

To prevent any transformer failure caused by age@@ DRM shall be performed
during the regular maintenance. It measures thagehaf current due to presence of
resistance or damaged of transition resistors. sA ¢arrent will be injected to the
transformer and measures the presence of resisijg¥ on OLTC contacts. The
measured resistive layer will be indicated as demnan DRM graph.

One value of test current is selected to chargetridwesformers and perform the
measurement. 1f is widely used in performing the dynamic resis&anc
measurement. But then some questions emerged negattte influence of test
parameters with different test levels to the meam@nt results. The measurement
results from different test levels and test paramsemay lead to different response
signals from the same object. The dependency ofris@surement results to the test
parameters will be investigated further in thissibe

A defective OLTC due to aging or wear of contacisld be measured with DRM.
The measurement results are expected to be higiperdiant on test parameters,
which are:



1. test current
2. circuit resistance
3. secondary windings short circuit

Only the first two parameters will be conductedthrs thesis. The value of the test
current and circuit resistance will be varied dgrithe measurements to obtain
different characteristic results. The influencete$t parameters could be observed
from the results.

The application of dynamic resistance measuremeitts different test parameters

will be investigated in this thesis. Figure 1.3 whothe schematic diagram of the
project. DRM with different test parameters will tenducted to the defective OLTC

with different aging stages. By applying differaest levels, the influence of test
parameters expected to be seen in the measureaseiisr The measurements were
done in the field as well as in the laboratory. Boteasurements have different
purposes. Field measurement was performed to nedkarresistance on service-
aged contacts. A measurement result of good centa@s gained from the

measurement on power transformer at High Voltagerktory of TU Delft.

I Dynamic Resistance Measurement | Lab measurement:

I

! Test Current ! good contacts

I Implementation

I Various Calculation [ ] in condition

| test levels I and Analysis assessment of
— OLTC

| Circuit

|| Resistance Field measurement:

. service aged

Figure 1.2 Scheme of Dynamic Resistance Measurement with different test
parameters and test levels

1.4  Objective of Study

Dynamic resistance measurement is commonly perfdrmiey transformer
maintenance engineers to check the condition ofoh€C. Single test level of 14

is applied to inject the winding and the tap chasgés a result, a linear graph of
current is recorded which can be used to derivednelition of OLTC contacts.

This thesis aims to observe the relation betwe#ferdnt aging stages with the test
parameters in the measurement results. Two diffeest parameters were used: test
current and circuit resistance. The ratings of bp#mameters were varied when
conducting the DRM. An analysis was performed ttedeine the effect of test
parameters to the measurement results from diffesiging stages. To do so, an
analytical tool has been developed. It was usechtoulate the deviation. Thus the
behaviour of each measurement result will explam influence of test parameters.
Lastly, a concept will be proposed to interpretrdgult of calculation. It has purpose
to simplify the identification of OLTC actual cortidin.



In order to reach the aim of the study, followirainis are essential to be performed:

1. Preparation of an overview about:
- The working principle of an OLTC
- The OLTC aging phenomenon
- The working principle of dynamic resistance measiaet
- Any possible test setup to conduct the measurement

2. Experimental work is conducted to gain measurentata with different
parameters and test value. A test setup is prepenezh must be adequate to
perform the DRM with the selected test current amduit resistance. Those
parameters are varied from low to high value:

test current; in the range of 1.8A— 20Apc and lower than 14c
circuit resistance; in the range d21 8Q

The measurements are performed in two differectionstances:

a. Laboratory measurement in TU Delft High Voltagedediory. DRM is
conducted to a good condition of OLTC.

b. During regular maintenance in the substation. DRMconducted to
different level of aged OLTCs.

3. Parameters are developed to analyze the measureeseiis systematically.
These parameters will be applied to each type déctle as described
previously. By this method, the analysis result Mustrate the behaviour of
different aging stages. A summary of analysis Wwél presented in form of
graph, based on the test parameters.

4. Develop a concept to interpret the DRM resultssTuncept is expected to be
easily applied during a regular maintenance. Il Wélp the engineers in
determining the condition of the OLTC, thus prowiglia confidence in taking
decision for maintenance.



Chapter 2

Working Principle of On-Load Tap Changer

The duty of power transformers in regulating theépat voltage is done by the tap
changers. Different types of tap changers arengjsished based on their condition of
operation. Off-circuit tap changers are operateémtie transformer is offline. The
other type of OLTC is working online, named as oaed tap changer (OLTC). This
chapter will discuss the types of OLTCs and themgiple of operation.

2.1 Types of On-Load Tap Changers

Based on their working mechanism during switchihg toad current, OLTCs are
divided into two types (Figure 2.1): Diverter sviitand Selector switch type OLTCs.
Diverter switch type consists of a tap selector andiverter switch. A tap selector
pre-selects the tap winding without switching amyrent. Then the diverter switch
transfers the load current from selected to thesptected tap during the switching
operation. The other type of OLTC is selector skvitchich combines both functions
of tap selector and diverter switch. It selecta@winding while transferring the load
current.

Change-over

Selector

Selector/Arcing
Switch

Transition

Resistors

Figure 2.1 On load tap changers:
Diverter switch type (left) and Selector switch type (right)[ 5]

An OLTC is commonly mounted in the primary sidepofver transformer. A lower
load current at the primary side is preferred tewéched because it may reduce the
switching arc. Small switching arc will prolong tleentact lifetime and slow down



the formation of carbon when oil is used as anlatfwyg medium. Another insulating
media is vacuum. It is mostly used in the divestgitch type of OLTC.

There are three different kinds of tapped-windinguagement according to the type
of switching: linear, plus/minus and coarse/finatsiang [6]. Figure 2.2 shows the
arrangements.

HV

HV

X2

X1

1

linear plus / minus coarse / fine

Figure 2.2 Tapped-winding arrangements

OLTCs in linear arrangement add the tapped windirggries with the main winding

and thus change the ratio since the number of wqndurns is changed. The
plus/minus arrangement provides an ability to addsuabtract the voltage of the
tapped windings from the voltage of the main wirgdifthen the regulating range can
be doubled or the number of the tapped windings lbanreduced. The other
arrangement is coarse/fine. It connects and dissxiarthe coarse winding during the
operation which has a higher voltage than the fapped windings. This coarse/fine
type OLTC is chosen as the test object of thisishes

2.2 Principle of Operation

The main principle of switching is not to interruibte load current while the tap
changer is selecting the tap winding. Therefore, ‘timake before break contact”
concept is applied. During the switching, the oadotap changer bridges the
adjacent/pre-selected tap for the purpose of teansg load current from one tap to
next tap without interrupting the load current. Teulating current flows through a
transition impedance when the tap changer bridgestijacent taps. In this way, the
circulating current is limited by transition impew, which could be resistors or
inductors.

A switching sequence of an OLTC comprises severgpss It is illustrated in
sequence in Figure 2.3. These figures show an OlifiCone main contact (M) and
two transition contacts (T1 and T2). Figure 2.4 mags a switching movement of
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OLTC from the DRM graph with the sequences relébeligure 2.3. The DRM graph
will be discussed in Chapter 3. Figure 2.3-1 ilatts a normal position of the OLTC
when transferring the load current)(IA switching sequence begins when the OLTC
contacts start to move. It continues to positioB2.when contact M leaves stator
contact (A) and the transition contact (T1) is be stator contact A. The load current
(or the test current in the case of a resistancasarement) is transferred to contact
T1. The current (Figure 2.4-2) starts to decredsepty because load current has to
flow through the transition resistor (Rt) of T1. €lOLTC is moving further to the
position shown in figure 2.3-3, where the T2 cohige&ts onto stator contact B. T1
and T2 contacts are in parallel and bridge theostdntacts. It causes a circulating
current () between those transition contacts through theviagding. At this moment
two transition contacts share the load current.sTime load current has a less steep
decrease (Figure 2.4-3) due to half value of ttamsiresistor {,*Rt). In the next
period, figure 2.3-4, current has been transfetoetthe next tap (stator contact B). It
flows through T2, with the same situation as posi. Switching operation of OLTC
is completed when the load (test) current has beersferred to next tap (contact B)
and fully borne by contact M.

Figure 2.3 A switching sequence of an OLTC with one main contact and two
transition contacts

Current L3-L1 [A]

Figure 2.4 DRM graph with the switching steps related to Figure 2.3. The graph will
be discussed later in Chapter 3.



Chapter 3

Dynamic Resistance Measurement (DRM)

3.1  Description of Test Setup

Dynamic Resistance Measurement (DRM) was propoged(EBMA [7] and is already
in operation for more than a decade. Their comrakrgroduct is named
Regelschakelaar Diagnostiek (RSD) meaning tap a@raiggnostic.

Dynamic resistance measurement is used as a mdthatlagnose the contact
condition of on-load tap changers offline. This huat is able to detect many types of
defects or deterioration of change-over selectattaztis and arcing switch contacts
without accessing these contacts. A DC currenhjiscted into the transformer and
flows through the tap changer. The measuremensredflow of current through the
tap changer during its operation. Since DRM meastire OLTC while it is moving
through its entire taps, the measurement is dotigowt static impedance. Therefore
this resistance measurement is dynamic.

By injecting a test current and recording the flofacurrent through the tap changer,
dynamic resistance measurement indentifies theittondf OLTC contacts. At one
hand contacts resistance can be measured simulslyein three phases of star
connected winding with OLTC included. All secondavindings are short circuited.
Three current measurements are recorded separatayher hand, the measurement
of OLTC attached to delta connected winding neethéadone separately for each
phase of winding, as can be seen in Figure 3.1.

Transformer

Short
Circuit

DC

[
> 8= wu<

primary secondary
HV LV
Figure 3.1 Test setup of Dynamic Resistance Measurement with OLTC in delta
connected winding. Three measurements need to be performed for phase U-V, V-W
and U-W.

A short circuit connection of secondary winding\pdes a path for the test current in
case the test current in primary side is accidniaderrupted. Without a secondary
short circuit, a current interruption of primarysiwill produce a steep dl/dt and thus
causes a high voltage over the inductance. An dtowcur. Therefore a secondary
short circuit increases the safety condition during measurement. Besides safety

8



function, a secondary short circuit allows a fasponse of current change. When a
secondary short circuit is available, current lilw through the secondary short
circuit. It causes the large inductance of the sfmmer to have no effect and the
current is allowed to change fast due to changesupply voltage or circuit
resistance. This function is necessary in respanttira small deviation of resistance
during the measurement.

The result of dynamic resistance measurement willshown in a form of DRM
graph. It figures the flow of current through th& TC during a complete operation
through its entire taps. Figure 3.2 shows a rasfultynamic resistance measurement
of an OLTC with good condition. The winding resista changes when tap windings
are deselected subsequently by OLTC. A good camd@®LTC will show a linear
form of DRM graph. Drops of current between eagbstare caused by transition
resistor(s) of OLTC. It shows the moment when OLBGn switching operation,
where the load current flows through the transitemmtact and thus the transition
resistors. Defected or deteriorated OLTC are reizeghas deviations of DRM graph.

I
)

/{winding resistancel\

=

-

e o
o

Current shunt

—

0.4 o
’ ‘\
0=} i

* [ transition resistor [7,

i i i i i
110 120 130 140 150 160 170 180 189

Figure 3.2 DRM graph of dynamic resistance measurement result

There are two different approaches of dynamic t@st® measurement which were
used during this graduation project. Both two ssthyve the same principle of
measurement and utilize the same diagnostic toosketord the measurement data.
Those setups were implemented for the measurerretite laboratory as well as in

the field during a regular maintenance of OLTC.

3.1.1 Transformer Diagnostic System (TDS)

As a diagnostic tool, Transformer Diagnostic Sys{@DS) is used to diagnose the
condition of power transformer in general. It haatiires to perform four different
measurements: dynamic resistance measurement, ngimdsistance measurement,
transformer turns ratio and mechanical drive sys&fmOLTC [8]. It has been
designed to test the transformers with high incuegaand allows fast analysis of
DRM results.

Within this graduation project, the transformergtiastic system has been utilized to
perform dynamic resistance measurement. The setupbigaration of dynamic
resistance measurement can be seen in Figure 838146 is a prototype of
transformer diagnostic tool. It acts as a DC posairce as well as a recorder of the
measurement results.



TDS 146 Transformer

Rimeasurement l:

Embedded
primary secondary

Lanto Control and —
POP | ) Data )
Acquisition oc
HV LV

wC
®c
\4

®RE W<
wE W<

A4

Short
Circuit

w®z

Figure 3.3 Test setup of Dynamic Resistance Measurement with OLTC in star
connected winding.

Prior to the measurement, test setup has to bedmngbrding to the figure 3.3. A DC
source, embedded in the TDS146, is connected towthding in which the tap
changer is included. The TDS146 can deliver upAgdao the power transformer. In
Figure 3.2 it is shown the tap changer is connegatethe primary winding. Then the
secondary transformer winding is short circuiteéffow a fast current change. Next,
a DC test current is injected and flows through whiedings and tap changer. The
charging process is finished when the test voltgk current are stable. It means the
current has reached its equilibrium and then thaiegh test voltage is fixed. After
fixing the voltage, the measurement can be stdoyenperating the OLTC through all
the taps upward and downward. The measuremennishé&d after the OLTC is
completely switched. The transformer is discharged the measurement results are
shown in the viewer screen. The measurement rnssutorded by TDS146 in a form
of DRM graph as function of time.

[3] provides examples of measurement results wilmnchcate the OLTC defects,
including the ones which will be investigated imstthesis. The defects can be seen as
deviations of the DRM graph. The location, timimglahe length of deviations can be
used to determine the type of the defects.

3.1.2 External Power Supply

A high level of test current is needed during tlx@ezimental work. A maximum
current up to 20Ac will be injected to the test object. Therefore atemal power
supply is used in order to provide more power ®rfeasurement. The purpose why
such a high current is needed will be discussed iatthe Chapter 5.

The experimental test setup (Figure 3.4) is deweldpased on the goal of thesis, to
analyze the effect of test parameters to the measemt results. The investigated test
parameters are test current and circuit resistdnaerder to obtain measurement data
that measured with different test parameters, ¢isé $etup needs to be flexible. A
flexible test setup means it shall be able to belifieal according to the different
configurations of two test parameters with a fixueaof shunt resistor. A fix value of
measurement resistance is necessary to draw tleusmmn of measurement results
from different test parameters.

10



Rheostat Transformer

W 5 g
& % >
#— & >
DC w Qv w
_ & & >
Rshunt y % S‘horg
_ 3 Circuit
€L primary secondary
| | HV Lv
\Y
TDS 146

Figure 3.4 Test setup of Dynamic Resistance Measurement with external power
supply

Basically the measurement procedure of this sesuthé same as the one been
explained in section 3.1.1 (TDS146 as power supplg recorder). The differences
are located in the circuit configuration and thadtion of TDS146. An external DC
power supply is connected to a variable resistuedstat) in series with one phase of
transformer primary winding. The secondary windisighort circuited. The injected
test current returns to ground through the newtialding of transformer which is
connected in series with the shunt resistor. Ascander of the test current, TDS146
is connected in parallel with the shunt resistoretords the voltage drop caused by
defect on OLTC contacts and display it in a fornD&M graph.

3.2 Conclusions

Due to its flexibility, the dynamic resistance maasnent was done using the
experimental test setup described in section 3.It.2allows varying the test
parameters and testing levels without changing sbtup. The test current was
recorded using the same value of shunt resist@lt ateasurements.
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Chapter 4

Investigated Defects

On-load tap changers operate frequently to regulagée output voltage of power
transformers because of changes in power demandrgé amount of operations
during its long service life makes the OLTC prome development of defects.
Identifying these defects can prevent OLTC faildrbe identification of defects will
provide information of OLTC condition.

There are several types of defects that can occthie OLTC which are caused by
aging phenomena as well as human error during eraance work. Some examples
are contact deterioration, damaged transition t@sis maintenance errors and
mechanical problems (damaged springs or drive axish lead to synchronization
problems between phases or abnormal switch timedy @e effect of the test
parameters on the first two defects will be invgsed in this thesis: contact
deterioration and damaged transition resistors.

4.1 Identification of Defects from the Measurement Redis

It is beneficial to identify the defects beforehman cause a failure. Recognition of
defects can be done by visual inspection duringotleghaul. It is needed to open the
transformer tank during the regular maintenancgetothe access to the tap changer
inside the transformer tank. Apparently this is mopractical way to observe the
condition of these OLTC parts. The results of visiservation can only be recorded
in photographs, without any measured value. Thegeto measurement is needed
which can diagnose the tap changers condition witbpening the transformer tank.
The measurement result provides information of @& C condition in a form of
graph.

Without visual inspection, abnormal situations cae recognized based on
measurement results and experience. The timingtitot and length of disruption of
test current determine the type of defects anagisg phase.

To identify the OLTC condition based on the meas@et results, certain boundary
values of the conditions need to be determinedsudiinspection of the physical
condition during the overhaul and after failurengerprints of historical diagnostic
data and experiences of measurement are the talstermine reliable boundary
values. Furthermore these values can be usedatearendition indices that represent
the OLTC condition. For example, condition indiceave been derived for the
deviations in DRM graphs measured abdM].

On-site measurements on service aged OLTCs havedws® prior to this project by
a team of service engineers at a Dutch utility canyp The measurement results were
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used to identify the defect(s) of the measured Q4 T3]. It showed the DRM graphs
from various defects of service aged OLTC.

Unlike the other defects, pitting on the arcingtstvicontacts surface seems have no
impact to the measurement. An experiment has bageted out to see the effect of
pitting to the measurement results [9]. All of theasurement results of pitting defect
showed that there is no disruption in the DRM grafite graphs have a same form as
the one measured on OLTCs with a healthy condition.

4.2 Contacts Deterioration

OLTC contacts can deteriorate due to aging eff€ébey are classified into three
phases: light, medium and advance aging. In relatath the load current, the
temperature and operation time are the most infleefactors of contacts
deterioration. A high temperature and long periddoperation will stimulate a
deterioration of OLTC contacts. High load curremicreases the temperature
significantly. A long period of operation causeg tOLTC exposed to load current
continuously. The high density of current in a foofnswitching arc accelerates the
contact deterioration. Besides under load conditiba aging effect can be developed
at no-load condition.

OLTCs with a selector switch have been investigat€dey are insulated by
transformer oil and have two separate compartmentscompartment of the change-
over selector and the other for the arcing switch.

The change-over selector operates at no-load ¢ondifA resistive layer can be
formed due to a high temperature and infrequentafisshange-over selector. This
situation allows the development of insulationiwib resistive layer which is attached
on the stator contacts blocks, rollers (rotor cotsia sliders and holders of change-
over selector. A long term aging will gradually acin the OLTC and form pyrolytic
carbon because of insulating oil decomposition .[}} experimental research has
been done to simulate this aging process in OLTC [9

The arcing switch works under load condition. lests the tap while transferring the
load current. Due to the frequent movement of grawitch, the switching arc will
heat up the oil regularly and erode the materighefcontacts.

4.2.1 Healthy Condition

The long period of OLTC operation may not alwaysseaany defects. An optimal
maintenance schedule, low operating temperaturdemsdswitching arcs may be the
main factors to keep the OLTC in a healthy conditidbhe formation of oil film may
not be avoided. Nevertheless it can be diminisireeven eliminated due to wiping
effect from frequent movement of rotor contactgar of the thin film layer by the
load current, by choosing an optimal contact makest by cleaning activity during
maintenance. Figure 4.1 shows a good contact afteintenance and a DRM
measurement result for healthy condition of OLTC.
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Figure 4.1 Left: An arcing switch stator contact has been revised and the tungsten
contacts on the edges have been replaced with the new ones. The paths of rollers
movement are seen as parallel lines of wear. Right: A DRM graph of a healthy OLTC
measured with TDS and a close up image of current pattern during the switching
period.

The measurement result of a healthy condition offOlis used as a reference in
determining the boundary value for analysis. It ags/ramid shaped of DRM graph.
Any deviation of the graph indicates the presentceesistance on the contacts or
contacts timing differences which disrupt the floivcurrent during the operation of
OLTC.

4.2.2 Light Aging

It is known that some aging processes in an OLB@sstvith the formation of a thin
oil film [9]. This organic film is a less conducgnlayer; built and bonded to the
copper or silvered contacts of OLTC. The rotor atador contacts of an OLTC touch
each other at only a few spots, namely the contadtsface. It results in a non-
uniform current density on the contacts interface thus creates a local hotspot. Due
to localized heating, oxidation is likely to occiihis oxidation forms an insulating
film which is less conductive. It will increase thesistance rapidly and the contacts
will be heated. The increase of temperature dueéding will increase the deposition
rate of the oil film on the contacts.

Light aging is a phase where the deposition offiil is still in an early period. It
forms a thin resistive layer on the OLTC contasese( Figure 4.2). It can disrupt the
current when it flows through the film layer betwee arcing contacts.
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Figure 4.2 Light aged contact with thin oil film on left hand side and good/clean
contact on the right hand side

There is a big tendency that a thin film layer vl wiped off by the frequent

movement of arcing contacts. A good condition afitact can be restored due to this
movement. Therefore the light contact aging stageainly found in the change-over
selector due to its infrequent operation.

4.2.3 Medium Aging

Medium aging phase is characterized by a thickrlafeoil on the contacts and
starting of carbon formation on the spot where ¢batact is positioned for a long
period. This early carbon is formed due to heawfica thick oil film. Carbon is
formed on the interface area and this processlisdcaontact coking. This medium
aging phase gives indication that the OLTC is ia Heginning phase of advance
aging and needs to be scheduled for maintenangare=#4.3 shows the location of
carbon spot on the stator contact of change-oVectee and the wiped path due to
the movement of the contacts. The rest area afdheact is covered by oil.

i

[wiped path |+
v

Figure 4.3 Thin carbon is developed on the parking spots. The movement of rotor
contacts wipe the film layer and restore a low resistance contact.
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4.2.4 Advanced Aging

Advanced aging is a final phase of OLTC. A longipeis needed to reach this phase
of aging. It can be started with the formation dffdm on the OLTC contacts, as
been described in section 4.2.2. A non-frequentenmnt of change-over selector
and a high temperature will accelerate the growthesistive film layer and cause
contact coking. The coking will increase the resise and act as heat insulator.
Finally it will heat up and burn the contact arédoth contacts. Figure 4.4 shows the
development of coking until it burns the contaafate and leave holes called pitting.

@ oil film layer oking

pitting

[ 4
stator
1 2
pitting
oil film layer
D
4

Figure 4.4 Development of coking in sequence: (1) starting process with a thin oil
film on stator contact, (2) current heat up the oil layer between roller and stator
contact, carbonize the oil and then causes coking, (3) pitting occurred after long-term
process, (4) pitting, a burnt hole on stator contact. Only the last part of this aging
processis the advanced stage.
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The advanced aging is likely to occur on infreglyentoved contacts, for example in
the change-over selector. The carbon layers ameiron the sliders and holders of
the rollers, as shown in Figure 4.5. As a restk, tontacts can have less contact
force. Besides the sliders and holders, carbondearelop on the stator and rotor
contacts of a change-over selector. The oil filroudt on the contacts surface. A long
term idle position of contacts and a high tempeetwan heat up oil film at the
contacts. Figure 4.6 shows coking on the rotor statbr contact of a change-over
selector.

Figure 4.6 Coking on therotor rollers (left) and on the edge of stator contacts (right).
Those are the interface spots of both contacts, where the oil filmwas trapped in
between and heated up.
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In the advance aging stage, pitting occurred orcktizage-over selector contacts even
though they switch under no-load condition. A higimperature, high load current
and long term idle position of change-over seleaterthe source of this continuation
process. The occurrence of pitting takes placeonbt on the rotor contacts (rollers)
but also on the stator contacts. In the end tmdead to the example in Figure 4.7.

Figure 4.7 Extreme pitting on the stator contact surface

4.2.5 Contacts Wear

An OLTC works under load condition when regulatthg output voltage of a power
transformer. They transfer the load current frone dap to another during their
switching work. The make-and-break process of $witg generates an arc, namely
switching arc. This switching arc is the main faatbcontacts erosion [11].

A pair of OLTC arcing contacts is made of arc rasis materials which contain
tungsten or copper. In the selector switch typebff Cs which were investigated,
tungsten stator blocks are attached on the edgespger stator contacts and outer
part of the rotor contacts. Tungsten material issem to be attached on the edges
where the switching arc takes place. It has a hégistance to arc erosion, a similar
purpose as in circuit breaker application. Durihg make-and-break process, a pair
of arcing switch contacts switched the load currérthe load current is high, it will
cause a high temperature and melt the contactacguldbcally. This process leaves the
holes on the surface [11]. It results in pitting te rollers as shown in Figure 4.8.
The rollers of transition contacts (on the rightl deft) have more pitting compare to
the main contact in the middle. Their movementeaving the stator contacts under
load condition produces switching arc, which erathesmaterial.
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Figure 4.8 Pitting on the rollers surface of arcing switch after long term operation.

Although arcing contact wear is a normal procedsaaced aging of arcing contacts
can be classified as the phase of contacts ded@dorthat involves extreme wear.

This phenomenon can only take place when the centeve been imposed to the
switching arc for many frequent times, especiatlyigh load current. The hardness
of the contacts materials makes it uneasy to beeerby the arc. The contacts erosion
can be clearly seen from Figure 4.9. The statotawbrof arcing switch is eroded on

both sides, where the tungsten materials are @&thoh and exposed to the switching
arc. A wear of contacts lead to a use of transitiesistor(s) longer than normal

switching operation and causes a delay of curransfer to next tap.

Figure 4.9 Wear of stator contact due to erosion of tungsten material by switching arc
4.3 Damaged Transition Resistors

The transition resistor(s) are designed not toydaad current for a long time. They
can be heated up and get damage. A damage oftiwansgsistor(s) will lead to an
interruption of the load current and thus a failure
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This type of defect can also be seen physicalljnduhe maintenance work, because
the arcing switch is accessible for maintenanceirnguDRM, it can be identified
from the measurement result as in Figure 4.10. ép dof current to zero value
indicates that the transition resistors are damaljezhn not provide a path for the
load (or test) current which cause current interoup
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Figure 4.10 Damaged transition resistors cause current interruption
4.4  Maintenance Error

Maintenance error is a defect which is not relatedny degradation due to operation
of OLTC. It is caused by human errors of incorre@intenance and reassembly.
Incorrect maintenance of an OLTC can result inilara of the arcing switch to select
its taps. It can result in current interruption dahdn a total loss of the transformers.
Another example of a maintenance error is a redsigearror of OLTC after an
overhaul. The OLTC will be dismantled from the sfmmer followed by
dismantling some parts of OLTC, e.g. stator costagicing switch roller, etc. Then
improper connection, arrangement or installationO&TC parts after maintenance
can cause a wrong timing between arcing switchcashge-over selector operation.
In that case, the change-over selector is switdieédre the current is transferred to
another tap by the arcing switch and causes amuption of the load current at a
place that is not designed to interrupt high cugen

45 Conclusion

Contacts deterioration caused by aging effectassified into three different aging
phases: light, medium and advance aging. This ehagistinguishes the contact
deteriorations which cause an increase of con&sistance, current interruption and
contact wear. The development of resistive layeth@ncontacts is begun from the
heating of insulation oil. It is built and attached the OLTC contacts. A frequent
movement of arcing contacts may wipe the residayer on the contacts. The thin
resistive layer could be broken due to this belrasimd a good contact is restored.
Advance development of resistive layer is takercglan the contacts where it is
rarely operated. A high temperature of operatiodl accelerate the growth of

resistive layer.
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As one of OLTC defects, maintenance error is nased by contact deterioration. It
can cause failure to transfer load current by thd@ In that case a maintenance
error has the same indication like a damaged trangiesistors, which causes current
interruption. Both can be investigated in the savag but have a different origin. To
avoid a misinterpretation of measurement resultdy eurrent interruption due to
damaged transition resistors are investigated is réport. In addition, this thesis
investigates the three stages of contact deteivordight, medium and advanced.
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Chapter 5

Experimental Test Setups and Measurement Methods

Dynamic resistance measurements have been condoctsdveral selector switch
type OLTCs. The measurement results provided inftion about the condition of
the OLTC.

In the previous experience, it was seen that thesarement readings have different
amplitudes based on the parameters of the testiug.chapter is aimed to discuss the
tools that are used to gain information for invgation. The variation of test
parameters in the measurement may have effectgontbasurement results. To
achieve the expected information, a test setupbleas built. It allows varying the
level of different test parameters using singlé sesup in one time measurement.

51 Test Parameters

The dependency of the measurement results to tbte pgrameters need to be
observed. It is intended to gain information abibwt influence of test parameters to
the measurement results. Thus, an optimal valuesbfparameters could be defined.
It will provide a reliable measurement readingesistive layer developed in OLTC.

There are only two test parameters are discusséuidrthesis, the test current and
circuit resistance. The value of both parameteis lvei varied in order to see their
influence to the measurement results. The otheanpater, which is secondary short
circuit, is applied but its influence on the resul not going to be analyzed. Due to
influence of the transformer’s large inductance, time constant for LR circuit =

.L/R) is large. By short circuiting the secondahg main inductance has no effect and
it allows a fast current change due to changesirotiit resistance. Only a small
leakage of inductance is noticed and may slightifjuence the time constant of
response signal.

The level classification of the test parameterdetermined based on analysis of the
good contacts measurement results. This good OLa<Cahthin resistive oil film. A
series of measurement were performed by tuningestdevel. Then the classification
of test levels was determined based on the seitgitand the strength of the
measurement signal in reading the change of cucearged by defects. They are used
for the experiments described in this thesis. Bisélevels are also classified based on
the moment when the test current has broken thistives oil film during the
measurement. It will be explained later in Chap&r when an example of
measurement using varied test current is discussed.
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5.1.1 Test Current

1Apc test current has been commonly used in dynamista@se measurement to
charge the transformers windings. It is advisethan IEEE C57.12.90 test code that
the test current during resistance-testing of panarsformers shall not exceed 15%
of the rated current of the windings [12]. A higherlue may cause inaccuracy by
heating the winding. It changes the temperaturetaadesistance of the transformers
windings.

Some experiments have been done to observe thomnslap between the resistance
and test current on dynamic resistance measuren@ard. of the experiments is

injecting a high test current into the coarse twpcor. A wide variety range of test
current was applied, from 1@A to 100A,c. The injected current was tuned from low
to maximum value and then tuned back to the mininvaine. The result shown in

Figure 5.1 indicates that there is a decreasingpcbresistance at higher current.

Contact Resistance
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Figure 5.1 Results of high current measurement on advance aged OLTC

The curves in the figure show that a high testenirreduces the contact resistance.
The high test current breaks the resistive layer then restore the condition of the
contacts. It is identified from the graph that tresistance value after 100A
measurement is lower than before. The second neasuat on 10Ac has much
lower resistance value.

The 20Ac test current has chosen to be maximum value  tthesis based on
reason that it was able to break the thick resstayer. A significant drop of
resistance value indicates that the good contaate lbeen restored when the test
current reached 2Q4.
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The test levels were classified into a certain eaoigtest values which are determined
based on the effect of the current ratings to éséstive layer. Three levels are used:
low, medium and high level. Another factor of detering classification is the
maximum and minimum current rating that can be hedcby the 40%c power
supply. Thus the low test level comprises the raofge.2Acc to 0.5A ¢ test current.
Range of 1Ac to 1.5Axc test current is classified as Medium test leveid Ahe High
test level is started from 58 and above. The decision of selectingbAs high test
level is based on two reasons. Firstly, it bredlesresistive layer already and restores
a good condition of the contacts. Secondly,p&As the maximum value can be
supplied if TDS146 is used as a single power supiten it will be applicable if the
measurement is done only using TDS146 without aujtianal power supply.

5.1.2 Circuit Resistance

The total circuit resistance of the test circuibige of the test parameters, which can
influence the measurement readings. It has efféotsthe sensitivity of the
measurement and the amplitude of the responselsignhigh circuit resistance
enables the measurement to read a fast changerehtuDue to the high resistance
value, time constant of the circuit is small. lnqeensates the leakage inductance of
power transformer. Thus it enables the measurenmemnéspond a fast change of
current and increases the accuracy of reading @ shoent deviation. The increase
of circuit resistance also produces a weak sigihke response signal has low
amplitude which can be even lower than the noisesuses difficulty to identify the
response signal from the noises. Another effedtigh circuit resistance is that the
measurement needs to apply more voltage, to réechame current. A high voltage
level can damage or break the resistive layer astbre the condition of contacts, so
that light contact aging is not discovered by theasurement. The increase of
resistance can also increase the noises, whichdistlirb the measurement result and
blurred by the spikes.

The chosen values for circuit resistance, as andotis¢ parameter, are @21Q and
4Q. The low value of 0Q is the lowest value can be reached by a varia@distor as
the additional resistor. % is selected as the high category since it givegh hi
sensitivity to respond any change of test currard th a presence of resistance on
OLTC contacts. Besides a high sensitivity resporfsgh resistance causes the
response signal amplitude too small, and covereadiges. It causes difficulty to
distinguish the response signal from the noise.

Measurement with varied circuit resistance was ootetl on a fix test current, HA
The maximum value is@ which has been selected due to its high sensitand its
low amplitude of response signal. A measurementltrax 8Q circuit resistance
produce a DRM graph which is fully covered by spik€he response signal is hardly
to be distinguished from the noises.
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572 Measurement Procedures

Dynamic resistance measurement has been used noirmfarmation during the
experiment. And therefore a test setup was devdlapth the additional tools added
to the normal DRM test setup. The model of thesean be seen in Figure 3.4 and
its application is shown in Figure 5.2. An exterpawer supply is used to reach
20Apc test current. It is connected in series with aalaéd resistor and the OLTC in
the transformer. Since a relatively high curreninjected during the measurement, a
special measuring device needed to be added. A sbsistor made by resistor plates
has been developed. It consists of seven (7) plaemected in series and form a
0.2Q shunt resistor. This shunt resistor has provea tbbear higher current without
any change of its resistance value. The TDS146&esl s voltage recorder and it is
connected parallel with the shunt resistor. It rdsothe voltage over the shunt
resistor, which represents the current through tdpe changer. Then it will be
displayed in a form of current graph in the viewereen.

Figure 5.2 Experimental test setup for dynamic resistance measurement with varied
test current and circuit resistance. The photograph was taken during the measurement
in a substation.

To perform the DRM with varied test current andtit resistance, there is a step by
step procedure to be followed:

- A DC source is connected to the winding in which tap changer is included.
Mostly it is the primary winding where the tap chgan connected on. The
other transformer winding, which has no tap chamgemected on it, is short
circuited to allow a fast current change. The catioe on primary and
secondary side of transformer is shown in Figuge 5.
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The test setup shall be built up as been desciib&kction 3.12, where an
external power supply is used to reach higher valfigest current. The
connection of test setup can be seen in Figure 5.2.

A selected value of test current is injected and/é$l through the windings and
tap changer.

The charging test current and test voltage needtdbilize. It means the
current has to reach its equilibrium and then thelied test voltage is fixed.
When it is stable, the charging stage has completed

The value of circuit resistance can be varied bynm the variable resistor.
During the measurement, the test current is kefeteonstant at one value.
When a measurement of varied test current is peddy the variable resistor
has to be short circuited before hand (see FiguB. S hus the circuit

resistance is kept minimum.

Start the measurement by operating the OLTC byckimg it through its
entire taps, upward and downward.

The current is recorded and displayed in a formgraph as a function of time,
namely as DRM graph. Deviations in DRM graph carcéesed by presence
of irregular contacts resistance, contacts weafoandbmaged of transition
resistor.

Discharging part takes place when the measuremastfinished and the
power supply has been switched off. The injectedecu flows to the ground
through the neutral connection. To prevent theenirflows back to the power
supply, the positive terminal of power supply néede short circuited with
the neutral terminal. It has to be done after tgrdown the power supply but
before it is switched off.
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Figure 5.3 Circuit connections on high voltage and low voltage side of transformers.
Short circuit connection of secondary winding is shown on left hand side, while
another side shows the connection on the bushings of primary winding.

5.2.1 Laboratory Measurement on Healthy OLTC

The measurements on good contacts OLTC have bedormed on a power
transformer in the High Voltage Laboratory of TUlDé igure 5.4). It has a diverter
switch type OLTC attached to the star-connected high geltavinding of the
transformer.

Beside measurements on good contacts, some exmsirhave been done in the
laboratory. They were meant to define the fix agldhble setup. It is intended to have
a test setup which applicable to do measurementsofitn parameters without making
any disconnection of the circuit. It can save eofdime since only one time charging
is needed for the whole measurements.

A measurement result on good contacts OLTC is d@dnto be used as reference,
where linear DRM graph can be gained. Its pyranstiaped graph will be used to be
compared with the results from other measuremedifte#rent aging phase. By doing
so, the effect of the winding resistance and thesition resistors can be investigated.
Then a conclusion can be drawn about the effetesifparameters on different aged
OLTC.
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Figure 5.4 A measurement on high voltage power transformer in High Voltage
laboratory of TU Delft. It measured good contacts OLTC.

5.2.2 Field Measurements on Service-aged OLTC

A service-aged OLTC means that the OLTC has beempmperation for a long time.
The aging effect can take place on the transfomseecially on the OLTC. It may
reduce the performance and reliability of the tfamser. The impact of the aging
effect could be diverse from one transformer totl@o For this reason, the
measurement needs to be conducted on differerdftnamers in the field, which have
been in operation for more than 30 years.

The field measurements were done in substatiomutfh utility during their regular
maintenance. It was performed to the selected OLWhish have been affected to
certain aging phase. Figure 5.2 shows the measutetast setup in the field and
Figure 5.5 shows the regular maintenance actifi9loTC. After cleaning the OLTC
and changing the oil, the measurement was carried o

The order of the measurements was not the samedmanfield measurement to the
others. One field measurement was started withmtheimum value, the other was
started from minimum value. The variation was meardbserve the effect of contact
wiping. When a maximum current measurement is pexdéd earlier, a better contact
condition may be restored. Then it might producaesasurement result with better
graph.
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Figure 5.5 Regular maintenance activity of a power transformer in substation. It can
be seen that the workers clean the OLTC, which is located inside the transformer tank
in a separate chamber.

5.3 Conclusion

There are three test parameters of dynamic resistameasurement: test current,
circuit resistance and secondary winding shorudir©nly the first two are interested
to be observed in order to see their effect tartleasurement results, because they can
be easily varied during the field measurement. émation of test level during the
measurement is expected to provide particular tefwm each test parameter.

The classifications of test levels were made basedanalysis of good contacts
measurement results. The sensitivity of the measemé responding a change of
current due to certain defects, and the strengtth@fresponse signal are the main
considerations in

The level classification of the test parameterdatermined based on analysis of the
good contacts measurement results. This good OLaxCahthin resistive oil film. A
series of measurement were performed by tuningetstdevel. Then the classification
of test levels was determined based on the seitgitand the strength of the
measurement signal in reading the change of cucaarged by defects. They are used
for the experiments described in this thesis. Bse¢levels are also classified based on
the moment when the test current has broken thestives oil film during the
measurement. It will be explained later in Chap&r when an example of
measurement using varied test current is discussed

A fix and flexible test setup was developed andcdbed in this chapter. It shall be
able to do measurements for those parameters withioy disconnection of the
circuit. Much time can be saved since a chargirmggss is only done one time in the
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beginning of the measurement. During the measurgroaa test parameter is varied
while the others are kept constant. The test cuisekept constant at one value while
the circuit resistance is varied. And does the mnessent with varied test current, the
circuit resistance is kept constant at its minimeatue by short circuiting the variable
resistor.

The measurements took place in the High Voltageotatbry of TU Delft as well as
in a number of the substations (mostly 50kV and k150 The laboratory
measurement was done on good contacts OLTC, addhfieasurements were carried
on different aged OLTC. They were expected to mlevimeasurement result of
different aging phases: good contacts as a refereight, medium and advance

aging.
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Chapter 6

Experimental Results of Investigated Defects

Experiments have been done in measuring OLTCs avitbrent aging phases: good
contacts, light, medium and advance aging. Thdtseeetimeasurement are plotted in
this chapter. It is intended to give overview o ihfluence of test parameters to the
measurement results by showing the DRM graphs.dékeil calculation and analysis
will be explained later in Chapter 8, using an gitiedl tool which is introduced in the
next chapter.

Due to some noises, filter was applied to the memseant results. It is used in order
to determine the most actual signal by filtering tioise or disturbance. There should
not be too much or too less filter. A higher filiean sieve the actual signal become
lower in amplitude, while lower filters may not éxde the noise from the response
signal. Thus a proper applied filter can avoid aimerpretation of deviation value
and produce a reliable calculation.

6.1 Measurement Results of Good Contacts OLTC

Dynamic resistance measurements on good contaats pexformed on a power
transformer in the High Voltage Laboratory of TUIfelt has an OLTC with 19
taps, consists of 9 fine taps and 2 coarse taps.aVhilability of a test object in the
laboratory gives chances to do experiments in nieagents. More measurements can
be performed with different test levels.

DRM with test current was performed in eight (8ffetient values: 0.24¢, 0.5Apc,
1Apc, 1.5A0c, 3Abc, 5Apc, 10A0c, 20Anc. The measurement results are depicted in
Figure 6.1. It can be seen from the figure tharehare differences between the
graphs. Variations of applied test current valueehiafluenced. The low test current
was disrupted by very thin resistive layer on tlentacts. Many deviations are
produced and blurred the DRM graph. A maximum ¢estent, in this case 208,
produces a clean graph. It eases the interpretatidaviation value, but decreases the
sensitivity to thin contact films.
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Figure 6.1 Measurement results of good contacts OLTC with varied test current

The effect of increasing test current influencesl theasurement results. The increase
of test current is followed by the decrease of gh@ph’s amplitude as well as the
current deviation caused by transition resistorsdeerease of graph’s amplitude
indicates that the high test current break the light oil films. It has less sensitivity
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measuring the light oil films. A low deviation va&aptured in measurement with
high test current indicates the flow of currenesss disrupted due to its high quantity.

Figure 6.2 shows the measurement results of goathcoOLTC where the circuit
resistance was tuned during the measurement. A dawveé of filter was always
applied on DRM results with varied circuit resistan As they are shown in the
figure, the minimum circuit resistance seems has tiisturbances in the graph. It is
easier to identify the response signal.
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Figure 6.2 Measurement results of good contacts OLTC with varied circuit resistance

The influence of circuit resistance can be seemftbe current deviation between
taps. High circuit resistance reduces the deviatratue of current during the
switching operation. An increase of total circ@sistance produces low amplitude of
response signal. It can be seen from the shapheoDRM graphs. Higher circuit
resistance leads to more flat DRM graph. The achape of the graph is covered by
noises due to its weak signal. Thus the circuiistasce and signal’'s amplitude has
opposite relationship.
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6.2 Measurement Results of Light Aged OLTC

The measurements on light aged OLTCs were perfoonezhe OLTC which consist
of 19 taps: 7 fine taps and 3 coarse taps, ancherOL.TC which has 17 taps: 8 fine
taps and 2 coarse taps. Unfortunately, a limitet tduring field measurement causes
a lack of one measurement of fAfor OLTC with 17 taps.

Figure 6.3 plots the measurement results of both @i A different level of filter
was applied for each result. It was intended tdusbe the noise without sieving the
response signal. Then it can be seen that measareewilts of OLTC with 19 taps
were less filtered than OLTC with 17 taps for tHeiv test value. The graphs of 19
taps OLTC contain more spikes due to noise.

From visual observation on the graphs, it can l@ndhat OLTC with 17 taps has
more advance aging phase than the 19 taps OLTC.ettawthe calculation and
analysis in Chapter 8 has determined that the Oisilll in category of light aging.
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Figure 6.3 Measurement results of light aged OLTC with varied test current. Left:

measurement on OLTC with 19 taps. The measurement was performed from the

highest tap, and resultsin reversed form of DRM graph. Right: measurement on
OLTC with 17 taps
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Figure 6.4 shows the effect of resistive layerhe measurement results. Resistive
layer on OLTC contact provides additional resiséatwthe circuit. Thus it increases
the sensitivity of the measurement and producedowlitude of response signal. The
measurement on 17 tapped OLTC (with higher regidtiyer) has measured any short
current deviation and noises. It contains moreespifue to higher contact resistance
than OLTC with 19 taps.
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Figure 6.4 Measurement results of light aged OLTC with varied circuit resistance.
Left: measurement on OLTC with 19 taps. The measurement was performed from the
highest tap, and results in reversed form of DRM graph. Right: measurement on
OLTC with 17 taps
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6.3 Measurement Results of Medium Aged OLTC

The measurement on medium aged OLTC was performe@LdC which has 17
taps: 8 fine taps and 2 coarse taps. The detertbi@intacts are clearly seen in the
measurement results (Figure 6.5). A quiet sevemetdct occurs in the change-over
selector measured as deviation on the taps whemegekover selector moved. The
presence of thick resistive layer causes the ctisatisrupted during its flow through
the change-over contacts. Its typical appearancebeaseen in the measurement
results which the deviation also occurs in the tages after the change-over selector
has moved to the deteriorated tap. The graph waatdd at that area.

When the measurement applied high test currerdgrmal and linear DRM graph was
restored. The resistive layer has been broken,ttreupresence of thick resistive layer
was measured as thin layer. A restored of good hgrisp depicted from the
measurement result of 2gA The graph has a linear pattern with its peakhap
higher current value than the low tap.
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Figure 6.5 Measurement results of medium aged OLTC with varied test current. High
filter is applied on 0.2Apc in order to remove the noises. As result, it filtered more the
current deviation due to transition resistors. It causes the deviation is disappeared.
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Figure 6.6 shows DRM results which were measured varied circuit resistance on
medium aged OLTC. The effect of increase circuststance is clearly seen where the
graphs of high test level become more blur due dzes. In comparison to the
previous measurement on light aged OLTC, the grapmedium aged OLTC
contains more spikes. The thick layer causes aehigbtal circuit resistance. In
consequence it increases the thermal noises frotmitcresistors and disturbs the
measurement results.
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Figure 6.6 Measurement results of medium aged OLTC with varied circuit resistance

The current deviation due to coking is best captunethe measurement with @2

circuit resistance. Effect of coking can be seet ihdisrupts the current more on the
particular taps. They have lower value comparetherotaps. This measurement with
low circuit resistance also measured the incredssotact resistance due to short
term. The graph is clear enough which can showsthall deviation caused by thin
resistive layer. An increase of circuit resistaleals to unclear measurement results.

6.4  Measurement Results of Advance Aged OLTC

The measured advance aged OLTC has the same nuwhiaps like the one
measured on medium aged. The OLTC is measured beessavere condition, where
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large deviation occur. The DRM graphs in Figure a8 measured that the presence
of coking on change-over selector has disrupt tireeat quite bad. It is captured in
the graph that the current has been disrupted 308 mormal value.

A low test current can be easily disrupted by tiesistive layer, thus measurement on
advance aged OLTC produce a graph full of noisegdtahe actual signal, high filter
need to be applied. In consequence it removedfthet @f transition resistors during
the switching.
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Figure 6.7 Measurement results of advance aged OLTC with varied test current

These graphs should give a warning that the OLT&drte be revised in the next
maintenance schedule, particularly the change-sefector. But surely an analysis on
the fingerprints of the measurement should be donsee the trend of the aging
effect.

When the measurements were done with varied testrduon advance aged OLTC, it
produces DRM graphs which have different patteffigure 6.7 also shows the
influence of high resistance of contacts. Measurgmeith low test current produce
different pattern with the one done in medium t@strent. The low test current is
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disrupted easily by any presence of contact film&ontrary, the medium test current
can not be disrupted by very thin resistive layerresults the graph is shown to have
better form. This trend occurs only in measurenoenadvance aged OLTC where the
test current is varied. The measurement on mediged &OLTC (Figure 6.5) has
considerably similar pattern of DRM graph, evenutio the test current was varied.
This explains that the presence of advance detectitause a significant different of
the measurement results when the test parameeevsaed.
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Figure 6.8 Measurement results of advance aged OLTC with varied circuit resistance

The measurement with varied circuit resistance rbtl change the value of test
current. It has impact on the sensitivity of meament. Figure 6.8 shows that
advance aged OLTC measured with high circuit restst produces a DRM graph
which is fully covered by spikes. More noise hagrbgroduced due to high total
circuit resistance. It is hard to identify the effeof transition resistor during the
switching operation.

A low circuit resistance provides less additionasistance to the circuit. Then it
allows the test current measured the resistiverlayieh minimum influence of
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resistance. It also produced a higher deviatiom théner test value, for the same
measured contacts. This indication may lead toimfleence of circuit resistance
measuring the contact resistance.

6.5

Conclusion

It is essential to apply filter on measurement Itesurhere are some noises
measured and could distract the response signarder to get the real value,
applied filter should be controlled. Too much filtell change the actual shape of
signal. It makes the signal lower than it should er example, too many filter
applied on P4 analysis will neglect the fast cur@mange during the switching
and produce lower amplitude of response signdedtls to misinterpretation in
defining the exact value of deviating current.

The increase of total circuit resistance produceseasurement result which has
lot of spikes. The spikes represent noises which naae different sources, such
as wires, power supply or from the transformeifitse

Based on the results, a measurement using Mediugl & test current with
minimum circuit resistance has a good balance baiwbe sensitivity and the
quality of the response signal. Its sensitivity high enough to measure the
presence of light resistive layer. It did not bréfaé layer and it did not measure a
very thin layer. The produced response signal igtsdmplitude, much more than
the noise. It eases the identification of the resposignal. Thus, DRM using
medium test current will provide a reliable measuzat results.
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Chapter 7

Development of an Analytical Tool

A systematic method of analyzing the measuremesilise is developed in this

chapter. Four parameters will be applied to quargdich measurement result. The
outcomes are percentage values of current devstionthe DRM graph. These

guantities will be used to determine the conditdban OLTC.

7.1  Parameters of Analysis

The development of an analytical tool is intendedelp engineers to analyze their
DRM results. It can be applied to each DRM grapimeasure the deviations. The
output information will be the deviations in pertaye of the normal graph
(reference). The deviation value is an importantdato determine the aging phases
of an OLTC.

The implementation of the analytical tool is delsed in Figure 7.1. Four parameters
of analysis are used to measure the deviationdRM @raph. The defects on OLTC
cause deviations in particular location in the graphen the selected parameters of
analysis can reveal the most common of OLTC defects

The percentage of deviation from the normal pat#r®RM graph is calculated. It
indicates how big the current is deviated from téference (which is an OLTC in
healthy condition) due to defects. Finally, theputitis a diagnostic result of the
OLTC, indicating whether there are any defects tified or whether it is a healthy
OLTC.

P4

>t

Figure 7.1 Overall parameters of analysis applied on a DRM graph
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7.1.1 Parameter 1 (P1): Winding Resistance

A linear pattern of DRM graph is formed by resist@rf transformer windings that
are selected or deselected by OLTC. The lineaepathakes the measurement result
has pyramidal shape, as shown in Figure 7.2.

The amplitude of the DRM graph is quantified toattetine the sensitivity of the test
circuit to contacts resistance. Higher amplituddidates a higher sensitivity of
measurement with varied test current. On the copntria has less sensitivity in

responding the fast change of current for measunemith varied circuit resistance.
Nevertheless, it produces a stronger responselsigima signal has higher amplitude
than the noise.

Figure 7.2 Amplitude of the graph is determined using Parameter 1. The numbers
represent the rating of test current, while is represents the set point.

Based on the charging process and the sequenap oh&nging, the amplitude of the
graph is calculated in different approaches:

1. Stable charging voltage

The DRM requires a fix voltage and current to bacheed before the measurement
can be conducted. Such a stable situation resuisDRM graph which will have an
equal current rating at the beginning) @nd the end £) of tap changer operation
through its entire taps, in case the OLTC is indyoondition.

In this condition, the amplitude can be determibgdcalculating the difference of

current (A7) between the peaksfiand the set pointdjiof the DRM graph as can be
seen in Figure 7.2. A current set point is the @abfi current when the tap changer
starts to be operated. It is the same as initiakati (). Thus the analysis formula can
be formed:
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P1 A7) ="1x 1009
|

1
2. Un-stable charging voltage

When the tap changer is operated before a fix gelta reached, the end current
rating () after the measurement will be different, eithghler or lower than initial
value (i). This condition causes the linear pattern of DBtph is slightly tilted. It
means, the end value)(heeds to be adjusted to have the same valuethgtmitial
current (). In result, the peakdi will be added or subtracted based on the adjusgtme
value. Two situations are distinguished:

2.1. Initial value < end value (i <)

The charging voltage may rise during the measurémeth causes the DRM graph to
be shifted upward. The end valug) (s then higher than initial value,Xi To do the
calculation, the end valug,ineed to be equalized as initial valug.(The difference
betweeni and  is used to subtract the value of the peak DRM lyk&h

P1 Q1) = [ig_(iz._i )], 100%

Il
2.2. Initial value > end value (i > i)

If the voltage is decrease during the measurenitenteans the DRM graph will be
shifted downward due to lower end valug. (With the same approach as the previous
one, the end valueyfineed to be levelized with the initial valug)(iThe difference
betweeni and j is used to add the value of the peak DRM gragh (i

P1 QA1) = [i3+(i1__i )74 100y

ly
3. Reversed peak

In some measurements, the operation of OLTC isestdrom the tap with the lowest
winding resistance. As result the DRM graph is reed, the pyramid shaped graph
has a peak value which is lower than the set feed Figure 7.3)
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Figure 7.3 DRM graph has reversed shape since the tap changer is operated fromthe
highest to lowest tap.

3.1. Initial value < end value (i <)

The same condition is presence where a fix voltaage not been reached yet before
the measurement is started. Therefore the sameagpis valid where end value)(i
need to be levelized with the initial valug){(i

P1 QA7) = il_[is_i(i )], 100y

S
3.2. Initial value > end value (i > i)

And for the condition where the voltage is decrestdhe end of measurement:

P1 Q)= il_[iﬁi(i = Z)JX 100%

S

7.1.2 Parameter 2 (P2): Contact Resistance — Short Termftect

The thickness of resistance on the OLTC contactsalisulated through this second
parameter. There is a small chance for thin aihftb grow because of the wiping
actions by the contacts. It prevents the growthhatf oil film into the thicker one.
This formation of thin resistive layer of oil is @ared in the beginning of aging
phase. Therefore this parameter reflects the sbori-effect.

The principle of the measurement is to measurgtasence of resistive layer on the
OLTC. The injected test current flows through thtor contacts during its movement
on the surface of stator contacts. Thus the meamneinterprets the condition of
contacts surface. A clean contact surface fronstigsi layer is interpreted as a flat
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curve of one tap in DRM graph. The presence oftesi layer on contacts’ surface
will disrupt the flow of test current. It is indited as deviation of one tap in DRM
graph.

i

> t
Figure 7.4 The deviation is captured on the tap where arcing switch is operated

The deviation in the DRM graph can occur in the raotrof arcing switch is moved.
The location where the arcing switch has sometresitayer is shown in Figure 7.4
in the closed up image. The largest disruption ekedded to be calculated. An
imaginary line is used to form a normal graph @& $elected tap. Two trigger points
are plotted at the lowest point of disruptiog) éind at place where the normal current
value should be ). Then the difference between both values is ¢ated in
percentage. This calculation is described in thieiong formula:

P2 (%) =45 x 1009

4

7.1.3 Parameter 3 (P3): Contact Resistance — Long Term gct

This parameter determines the difference in rasistdbetween change-over selector
contacts which are infrequently moved. Those chavge selector contacts are prone
to advanced aging and a long term effect of cad®relopment. Any deviation on
surface contacts will not be measured due to theotirend-line.

Figure 7.5 illustrates the method to calculate avDtaph deviation located on the

change-over selector. The deviation of a DRM grapthe change-over selector can
be recognized when it occurs on the tap(s) whereliange-over selector is operated.
The result is one part of the graph is shifted ilmwer current value due to the

increase of resistance on the change-over seleaiacts.
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Figure 7.5 Parameter 3 is used to calculate the deviation on the change-over selector.
An OLTC with two coarse windingsisillustrated. A deviation on the change-over
selector causes one part of DRM graph is shifted into lower value of current.

To measure the amplitude of deviation on the chawvge selector, a trend-line is

used. It is drawn by extending the linear pattéra from the normal fine taps before
the change-over selector has switched to the dedrade. Thus the difference value
between the imaginary line and the shifted lineakulated. In order to get the exact
point, two trigger points should be located perpeuldrly on the change-over tap
which has the largest deviation)(and at the imaginary linesfi This method can be

formulated:

P3 (%) =2¢_'7x 1009
|

6

7.1.4 Parameter 4 (P4): Timing of Transition Resistor(s)

The changes in contact timing (indicated by thgtlerf current drop) and changes in
the value of transition resistors during an OLTGtsling period is measured in this
parameter. This fourth parameter is sensitive ® ¢hanges in the circuit time
constant (L/R). A large time constant may not alkbv measurement to read the fast
current change during the switching.

A different length of current drop indicates a weéicontacts, and a drop of current

to zero signifies a damaged transition resistorse Variation of time consumed by

transition resistors to carry load current indisatbat there is a wear on some
contacts. It takes longer time before the transitontact reaches the next tap and
thus the current is dropped lower due to the rascs of transition resistors. This kind

of defect has been discussed previously in Chdpter
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N9,

P4

Figure 7.6 Pitting on the stator contact surface

Two trigger points are plotted on the maximug) &nd minimum point § during the
switching period from one tap to another. The ddfeee between two points is
calculated and it is applied to entire arcing skitaps from one coarse winding. The
arcing switch is operated to one complete cyclé.oflthe calculation results from
each taps are plotted into one graph, to see theadation of contact. Since a good
arcing switch contacts must have the same dimentlien the graph shall have flat
curve. When there is any wear of contacts, thelgrail not be flat. It tends to be
fluctuated, representing the time consumed by itiansresistors to carry the load
current during the switching period. Finally, theeege of those results will be
calculated to determine the average degradaticomtiicts due to wear or erosion:

n

P4 (%) :lz 's 719 % 1009

=y

When the deviation reaches 100% value means thatutrent is totally interrupted.
This condition occurs when the current can not fiilmough during the switching
period, which is caused by damaged transition t@$s) or heavy contact wear. An
open contact has then occurred.

7.2  Conclusion

An analytical tool is developed in order to caltelthe deviations of DRM graph in a
structured way. Three out of four parameters oflyawma (P2, P3 and P4) are

introduced to measure the deviations where thect'efeommonly take place in the
DRM graph. The other parameter (P1) is intendedetermine the sensitivity of the

measurement in responding the current change. finerthe selected parameters of
analysis can reveal the most common of OLTC defects

The three quantities output of the analysis (P2aR® P4) signifies the condition of
the OLTC. A high value for one of the parametersansea bad condition of OLTC.
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The largest deviations of DRM graph should be $ete¢to be analyzed since they
represent the worst case of all taps.

Exclusively, Parameter 4 has different approacanaflysis. It is intended to calculate
the timing of transition resistor to see how lohg transition resistors bear the load
current. The result shall be plotted on the grapHuctuating plotted curve indicates
a wear of arcing switch contacts due to differantirtg of current borne by the
resistors. Nevertheless, the different length ofiateon in P4 analysis can not be
directly subjected as defects. Due to a variouggdesf arcing switch contacts, there
is different toleration value of current deviatidrhe range of toleration is determined
based on the rating of transition resistors.
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Chapter 8

Application of Analytical Tool to the Measurement Results

In order to analyze the measurement results fromp@hn 6, an analytical tool has
been developed as discussed in Chapter 7. It wilajplied to each measurement
results to calculate the deviations of the curierthe DRM graph. As the outcome,
the analysis will determine the influence of tesirgmeters to the measurement
results, in particular at degraded contacts. Thegefit is also necessary to apply the
same categorical level of each test parameters, (loedium and high level) to

observe their effect to the measurement resultsn feach level and draw the

conclusions out of it.

8.1 Analysis for the Good Contacts

The measurement result of good OLTC contacts wilubed as reference to calculate
the deviations as well as to make comparison wigiDgraphs from aged OLTCs.
Hence, the conclusions can be drawn by referriritheéaneasurement results of good
OLTC.

8.1.1 Test Current

The analytical tool is used on the measurementtsefar every test parameters. An
example where the analytical tool is applied tooa Itest current (0.24) is
described below. The behaviour of the test curfesth each analysis parameter is
shown through the graphs in Figure 8.1 up to Fidu4e

Parameter 1: Winding ResistanceXii,)

There are four parameters of analysis applied toulzie the DRM graph of low

category test current 0.3A The first parameter (P1) calculated the amplitofle

DRM graph from a complete operation of OLTC. Itatatines the relationship of the
measurement sensitivity to the change of contaessstance. When the dynamic
resistance measurement is performed using low mukeeel, the sensitivity to read
the presence of resistance on contacts is highlovagest current is easily disrupted
by the thin resistive layer.

P1 A7) = [is +(i1i_i 2)] - 1y 100%

0.225+( 0.2 0.17p|—- 0.2
:[ ( 0.2 }6] x 1009

= 25%
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Figure 8.1 DRM graph of full operation of OLTC. The method of calculation for
Parameter 1 and Parameter 4 is shown by P1 and P4.

Parameter 2: Contacts Resistance — Short Term

P2 as the second parameter calculates the deviattitast current on each tap. The
largest deviation on one tap shall be selecteccébculation. Figure 8.2 shows the
method to determine the deviation using one imagihiae and two trigger points on

the disrupted tap. Since it was applied on goodaws, there is only small deviation
detected on the graph.

P2 (%) =45 x 100%

4

_0.19-0.165 .
0.19
=13.16%
o &l 4l 7 “ 4l /
0 o o W I 2 o W
g UOLZZYML\)_—_\F@___M__ - "‘\—"/‘WC“’V-—— 4" S— e =
o6 | [
0.14-| V‘K

—_——

i
22.362292 22.5 22.75 23 23.25 23.5 23475 24 24.25 24.5 24.829636

Time [s]

Figure 8.2 Closed up of DRM graph on 2 taps of OLTC with a small deviation.

Parameter 3: Contact Resistance — Long Term

The next parameter (P3) is used to calculate thatien of DRM graph due to long
term effect. This long term effect is mostly ocedlron the change-over selector,
which is rarely moved. Thus the calculation is dbgeapplying two parallel lines for
calculation: one to the series of fine taps befdrange-over selector is switched and
one to the next series of fine taps after change-eglector has switched (see Figure
8.3).
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Figure 8.3 A closed up of DRM graph on 4 taps of OLTC, where the change-over
selector moved to the next tap at tap 10. Deviation of current is detected on tap 10
which islower than tap 9.

Parameter 4: Timing of Transition Resistors

The last parameter (P4) calculates the timing whertransition resistors are used to
carry the current during the switching from one tanother. Using this method, a
wear of contacts can be detected from a fluctuatede as shown in Figure 8.4. The
fluctuated curve indicates that the arcing switohtacts have differences in size, and
causes different deviations of current for eacls tggee Table 8.1). The most worn
contact is indicated has the biggest deviation. rReasurement using 0.34 it is
typical if the deviations vary a lot. Its low cuntdevel is disrupted easily due to small
wear or imperfect connection of the contacts. Talsw deviation indicated at tap 4
might be occurred due to those possibilities. Aaptmeasurement has been done
using the same value and shown the same indicaiiotmp 4. Besides wear of
contacts, P4 can also be used to detect damagegheition resistors. A current drop
to zero indicates that the transition resistorsdammage, no current can flow through
the transition contacts of OLTC during the switchiThe analysis to the wear of
contacts will be discussed in section 8.5.

P4 (%) ==Y | Ve 1009

niz| i
= 82.35%
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Table 8.1 Current deviation during the OLTC switching through complete fine taps
before change-over selector movesto the next tap.

Taps ig (A) 9 (A) Ais,, (%)
1 0.2 0.03 85.00
2 0.2 0.02 90.00
3 0.2 0.03 85.00
4 0.2 0.11 45.00
5 0.2 0.025 87.50
6 0.2 0.035 82.50
7 0.201 0.012 94.03
8 0.201 0.03 85.07
9 0.201 0.026 87.06
Low | =0.2A
100
) o A

7 N/

60

50 |

40 -

Deviation (%)

30

20

10 A

Taps

Figure 8.4 Plotted graph of DRM on one set of fine taps. The un-flatted graph is
caused by small wear on contacts.

There is not much different of deviation when therent level is tuned during the
measurement to good contacts, as shown in Tabldt82only small disturbance of
current flow due to a very thin built up layer oil. d=igure 8.5 shows that the
deviation of P2 is higher when the test currer@.BAsc. The thin oil film could not

be broken by low test current. Starting ingbAup to 1.5Ac, the current can partly
break the oil film. Further the thin oil film on@ng contacts was broken when the
injected current reached 3A The zero value indicates there is no voltage drop
measured on the contacts. The current flows throtingh contacts, without any
disruption. This phenomenon is one of the factordassifying the test level into low,
medium and high level; as has been discussed ipt€ha.
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Table 8.2 Calculated current deviation using four parameters of analysis from
different ratings of test current

| (A) P1 (%) P2 (%) P3 (%) P4 (%)
0.2 25.00 13.16 0.93 82.35
0.5 23.00 6.12 0.55 81.67
1 23.00 5.00 0.46 76.74
15 21.33 3.91 0.61 75.34
3 21.00 0.00 0.61 73.67
5 20.40 0.00 0.90 75.79
10 20.00 0.00 0.63 72.69
20 19.50 0.00 0.91 70.81
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Figure 8.5 Application of four analysis parameters to show the effect of different
levels of test current on good contacts OLTC.

8.1.2 Circuit Resistance

For the second test parameter, an additional aemiet was added to the circuit
resistance in order to see its effect to the measent results. The test current was
charged to 1A¢ prior to the measurement, while the additionaistaace was tuned
from low to the high value. The range of the resise was selected from Q20 8.

The measurement was performed to the same trarsfomnith good condition of

contacts. The calculation results from measuremeatsbe seen in Table 8.3 and
plotted in Figure 8.6. The circuit resistance h#éece to the ability to capture the
current disruption. Higher circuit resistance haghér sensitivity in reading the
current change but lower amplitude of responseasigh fast current change can be
detected by high circuit resistance. The deviati@eomes smaller along with the
increase of circuit resistance, resulting in a diiferent of deviation value between
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the low and high circuit resistance. This phenomeisovalid for all parameters and
used to determine the classification of test leBalsed on the P1 curve in the graph,
0.2Q is classified as the low level an@ 1s classified as the medium level, the point
where the sensitivity of reading began slightlyrease. The high level is selected at
4Q based on fact that it has very high sensitivitgl areak signal. It causes difficulty
to read the response signal and distinct it froenrtbise.

It has been explained that the increase of cimasistance reduces the amplitude of
response signal. The deviation value begins toedeser significantly when the circuit
resistance reachef22value on measuring the short term (P2) and long teffect
(P3). The weak response signal also measured i©LIC switching period (P4).
The percentages of deviation decreases when thsunegaent applied higher circuit
resistance.

Table 8.3 Calculated current deviation using four parameters of analysis from
different ratings of circuit resistance

R (ohm) P1 (%) P2 (%) P3 (%) P4 (%)
0.2 19.00 6.67 0.94 63.58
1 12.00 5.77 0.48 61.43
2 9.00 0.10 0.00 54.29
4 5.00 0.00 0.00 46.62
8 2.00 0.00 0.00 36.38
Circuit resistance - Good Contacts
100
90
80
70
€ 60 O——o —0—P1 (%)
S 5 \0\ B P2 (%)
8 —A—P3 (%)
g a0 \O\\o —0—P4 (%)
30
20 O\O\
10 = - ‘V\O\ﬁ
0 A= A n ‘ n :
0,2 1 2 4 8
Circuit resistance (ohm)

Figure 8.6 Behavior of measurement results on good contacts OLTC due to the
change of circuit resistance. Four analysis parameters were applied to calculate the
measurement results.
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8.2  Analysis for Light Aged Contacts

The measurement on light aged OLTC was performe@IlohC 1 which has 17 taps:
8 fine taps and 2 coarse taps and OLTC 2 whichisboE19 taps: 7 fine taps and 3
coarse tap. For the next phase of aging, (sect®mi®d 8.4), all measurements were
performed on the selector type OLTCs with 17 t&dfEne taps and 2 coarse taps.

Due to limitation of time in the field, only fewdelevels can be applied. Five test
levels for each test parameters were conductednglufie measurement: three
categories of test level (low, medium, high) and &dditional selected test levels.

8.2.1 Test Current

Two measurements on light aged OLTCs provides amarddge for analysis. Based
on calculations results shown in Figures 8.7, thmtuénce of test current to the
measurement results can be observed from the tadriug graphs. Except P4, both
graphs show indication that the deviation decreage=n the test current is increased.
Same phenomenon as observed at the measuremengand @OLTC is valid here,
where higher test current increases the possibdityreak the thin resistive layer. P2
and P3 have clear indication when the currentsstarbreak the film at 1.5& and is
completely broken at 54 for OLTC 2.

The sensitivity of the measurement (P1) also irggnddecrease when the test current
is tuned to a higher level. The P1 curve is stastetbwer deviation at 0.24. The
deviation increases at 0.5& and then starts to decrease along with the isereé
test current into medium and high test level. Toe ldeviation value of 0.2#4¢
occurred at both OLTCs. It determines that @2Aas low sensitivity in measuring
the thin resistive layer.

Based on visual observation of measurement reisu@hapter 6, light aged OLTC 1
(17 taps) has more severe aging than OLTC 2 (18).tdp is matched with the
calculation results using the analytical tool: A&l a3 of OLTC 1 have larger
deviation than OLTC 2. Even though measurement bM@1 was not complete,
without 5Apc, it shows similar trend as OLTC 2. Deviation vahfeP2 and P3 are
decreased when the test current is tuned to higgdae. Indication of breaking very
thin oil film is shown when test current reache8ALc. Further a completely broken
of resistive layer occurred at 28A

P4 curve has tendency to be stable when the tesintis increased. It has no relation
to the presence of contacts resistance.
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Figure 8.7 Behaviour of measurement results on two light aged OLTCs due to the
change of test current ratings.

8.2.2 Circuit Resistance

Resistance was added during the measurement tdh@malue of circuit resistance.
Its applications to the light aged OLTCs have tame influence as the test current:
an increase of circuit resistance value causesraaee of deviation percentages of all
parameters. It determines that high resistanceevalarease the sensitivity of the
measurement (signified with the decrease of Plejuiue to its quick response to a
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fast current change. This factor is important inaswing the thin resistive layer
which only causes small disruption of test curreNevertheless, higher circuit
resistance requires higher voltage rating of sugplyreaks the thin resistive layer on
OLTC contacts. P2 and P3 curves in Figures 8.&aidia tendency of breaking the
thin resistive layer when the circuit resistanceeseased.

P4 deviation value is decrease because the highitciesistance produces a weak
response signal (signified by low deviation & Bieasurement of P1 curve). It has
low amplitude which is more or less same height@ses. A bigger deviation af2l
measurement on OLTC 2 occurred due to unstable destent during the
measurement. The measurement was performed wheoh#drging phase has not
completed yet. As result the test current stalilidering the measurement. The DRM
graph has curved pattern instead of linear with mhigher current at the end of
measurement.
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Circuit resistance - Light Aging OLTC 2
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Figure 8.8 Behaviour of measurement results on two light aged OLTCs due to the
change of circuit resistance ratings

8.3  Analysis for Medium Aged Contacts
8.3.1 Test Current

The behaviour of test current to the measurementtrfom medium aged OLTC can
be observed from Figure 8.9. The same behaviowalis, where the deviation is
decreased if the test current is increased. A mediged resistive layer still can be
damaged by high test current. When the test cuilmastreached 2G4, it nearly
broke the resistive layer completely and restoheddean contacts condition (see P2
and P3 curve). It determines that 2@/as low sensitivity in measuring the presence
of resistance (P1).

A field measurement with varied test current waartetl in sequence: 0.34
1.5Apc, 20Apc, 0.5A0c then 5Ac. The effect of high test current can be seen én th
graph that the deviation value of 0&Ais much lower than 0.2#. This condition
occurred because high test current damaged the rimsgstive layer. Cleaner contacts
were measured at 0.pAcauses less disruption of test current.

There is no significance influence of test curranthe fourth parameter (P4), the
length of current deviation during the switchingrfr one tap to another is about the
same. The P4 curve shows tendency to drop whetesheurrent is increased. A low
test current can be easily disrupted due to comtastar or partial damage of
transition resistors, but high test current cal fibw through the contacts with less
disruption.
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Test current - Medium Aging
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Figure 8.9 Behaviour of measurement results on medium aged OLTCs due to the
variety of test current

8.3.2 Circuit Resistance

It has been discussed that high circuit resist@moduces weak response signal. The
circuit resistance even becomes higher due to iaddlt resistance from resistive
layer on OLTC contacts. It can be seen from Figud® that the deviation value of
medium contacts resistance is decreasing alongthatlincrease of circuit resistance.
In terms of P1, 8 circuit resistance has much weaker signal thaf.Ol2leads to
DRM graph which is covered by noises. The deviatialue for both P2 and P3 are
higher than those measured on light aged OLTG.dttypical result because the thick
resistive layer disrupts the current and causesggeb deviation than the one
measured on light aged OLTC.

The influence of the circuit resistance to P4 isady shown by the curve in the
graph. It has the same behaviour where the dewiagodecrease if the circuit
resistance is increased. The value of deviatiolowser compared to measurement
results of a light aged OLTC. It is happened duedditional resistance from the
resistive layer on OLTC contacts, which has higls#ue than the light aging.
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Circuit resistance - Medium Aging
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Figure 8.10 Behaviour of measurement results on medium aged OLTCs due to the
change of circuit resistance

8.4  Analysis for Advanced Aged Contacts
8.4.1 Test Current

A different levels of test current have significanmfluence to the measurement
results of advance aged OLTC. The presence of heasigtive layer on OLTC
contacts gives particular response based on tred dvtest current. The low test
current is heavily disrupted and results in higihcpetage of deviation. The heavy
resistive layer is damaged when medium test cuiseapplied. Finally a high level of
test current broke the layer at §Aand a good condition is restored at 20Aest
current. This behaviour is indicated clearly by &l P3 curves at Figure 8.11. The
percentages of deviation drop significantly whemn iisistive layer is broken at BA

The effect of test current to the measurement Beitysi(P1) is similar for every
measurement on aged OLTC. It has tendency to dexiéshe test current tuned to
higher rating. The aging phase has influence tartbasurement. More advance aged
OLTC has thicker resistive layer. It leads to mdisruption of current. Then any
variation of test level has significant differenoé deviation when measured an
advance aged OLTC. It can be seen from Figure ®dtlP1 is decreased with quite
big difference of deviation value. Compare to theasurement on light aged OLTC
(Figure 8.7), P1 curve is more stable.

Another sequence of measurement is applied, whasénmam test current of 204
was measured at the last. The effect is that thistiee layer was not damaged during
the measurement with low test current. The deviatelue of 0.2Ac and 0.5A¢ are
high since they are easily disrupted by the residtyer.
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The same condition occurs in P4 where there iggrificance influence of changing
the test current ratings. The deviation has tengeacslightly decrease as the test
current increase. The low deviation at 0p2As caused by over filter. A high filter
had to be applied since the measurement resuliliis dovered by noise. It was
impossible to distinguish the current signal ouhoises. In consequence, the effect of
the transition resistor is filtered and the dewiatis low.

Test current - Advance Aging
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Figure 8.11 Behaviour of measurement results on advance aged OLTCs due to the
change of test current

8.4.2 Circuit Resistance

In general, the same effect is valid to the measara results of advance aged OLTC.
The deviation value of all parameters is decreagken the test levels tuned into
higher level. It can be seen in Figure 8.12 thhtalves from different parameters
indicates the similar behaviour as previous measentés done on the other aging
phases.

A decrease of deviation value was measured on E2P8hparameters, when the
circuit resistance was increased. The thick resistayer and rather high circuit
resistance needed higher voltage supply. It mayadanthe layer and produce lower
disruption.

P1 and P4 show a similar trend as other aging.eRfation value is decreased if the
circuit resistance become higher, and P4 has gtatde curve. It is slightly decreased
at higher test value.
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Circuit resistance - Advance Aging
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Figure 8.12 Behaviour of measurement results on advance aged OLTCs due to the
change circuit resistance

8.5  Analysis for Contacts Wear

It is not necessary to analyze the wear of contacisalculating all of taps from each
measurement. The calculation can be applied towtwk of one set of fine taps,
before the change-over selector moved to the rasitipn. It determines the physical
condition of OLTC arcing switch contacts in matétheir size.

8.5.1 Good Condition

The effect of test current to the measurement t®saln be explained based on three
measurement results with different test levels.ofv kest current (0.24) is very
easy to be disrupted and results in large variatiodeviation value. When the test
current is increased, the deviation becomes lowégh current is not easy to be
disrupted or even interrupted by small wear.

From the DRM graph, the good condition of contaets be determined if the graph
has a flat curve. It indicates that the contactehhe uniform size and gives the same
length of moment for current drop during the switgh due to a path through
transition resistors. A wear of contacts is causgdwitching arc which erodes the
arcing switch contacts. It causes the transitiaisters hold the current longer than
normal time and results in longer switching timel darger drop of current. In most
occurrences, the erosion for each contact is éiffierThe size among contacts is not
uniform. It can be distinguished from the DRM grapat the slope is not flat.

Figures 8.13 show the measurement results on goudas. The level of test current
has influenced the reading, where low test curgeaph fluctuates a lot (see upper

62



graph of Figure 8.13). It is caused by the smakmaf contacts which easily disrupt
the low test current. The measurement with medinah lEgh test current results in
considerably flat of curves. Small fluctuations eagised by small wear of contacts.

The circuit resistance has influence on value ofiat®n. Measurement with
minimum circuit resistance results in largest deéores since it generates response
signal with high amplitude. A slightly higher detian at the last tap {3 indicates
that there is a small wear. It has similar indmatwith the one measured at medium
test current. The small wear can not be identifredneasurement with high circuit
resistance. Its low amplitude of signal produces kteviation of current change
during the switching.
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Figure 8.13 Behavior of test current (top) and circuit resistance (bottom) on good
condition of arcing switch contacts.
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Table 8.4 Calculated current deviations from different ratings of test current and
circuit resistance, measured on good condition of arcing switch contact

I (A) P4 (%)

0.2 81.02

05 81.67 R (ohm) | P4 (%)
1 7 0.2 63.58
15 75.34 1 61.43
3 73.67 2 54.29
5 75.79 4 46.62
10 72.69 8 36.38
20 70.81

All calculated deviations from different level o3t Current and Circuit Resistance
are shown in Table 8.4. The overall table and graplicate that the current drops
bigger in the low test current. It becomes lowenglwith the increase of test current.
This condition determines that the low current teaslency to be easily disrupted or
even interrupted when there is small defect onédf@ng switch contacts. If the
applied test current is high, then it is not easpe disrupted, except in severe wear.
The similar trend is valid for measurement withiedrcircuit resistance. The value of
deviation is decrease if the circuit resistancéuised higher. The low amplitude of
response signal causes the minimum value of dewidbr high circuit resistance,
even though it has high sensitivity of measurement.

This DRM graph from a good condition of contactdl Wweé used as reference for the
other measurement results from different OLTC witieb the same type.

8.5.2 Contacts Wear

As mentioned before, a regular exposure to switghirc causes erosion on arcing
switch contacts. It leads to a change of dimenseiotihe contacts. As result, the time
needed for switching is longer than usual. The esuriis borne by the transition

resistors a little bit longer. This phenomenonaptared as different length of current
drop in DRM graph.

The P4 of the analytical tool from Chapter 7 caltes the timing used by transition

resistor to provide a path for current to flow whbka OLTC switches from one tap to

another. A wear of contacts is indicated as differealue of deviations for each

switching moment. Figure 8.14 shows the result a€wation using P4 parameter

based on measurement using J&£est current. A high deviation is indicated on the
first tap, which means that the contact is worne Tést of contacts are relatively in

the same condition, there is not much variation.
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P4: contacts wear
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Figure 8.14 A wear of contacts were measured using 1.5Apc. The curve indicates an
increase of deviation on certain taps

Figure 8.15 below is an example of difference aurgeviations during the switching

of an OLTC. In this OLTC, each arcing switch statontacts are designed with

different dimensions. As a result, it has differeiigtance between one contact to
another and causes different switching time of @aaphThus the difference of current
deviation in the DRM graph is likely to be causgddesign of arcing switch contacts
instead of contacts wear.

Time {¢]

Figure 8.15 Different lengths of deviations during the switching due to design
requirement of the manufacturer. Each tap has different dimensions of length.
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There is a possibility that the same pattern ocomr€OLTC with contacts wear. It
indicates different sizes of arcing contacts duertision caused by switching arc. The
result of calculation from Figure 8.15 can be saefRigure 8.16. The curve shows
higher deviations at tap 1 and 2. It show also lamty with the one depicted in
Figure 8.14. A wear of contact is indicated by ghhileviation, which is over than the
others. A non uniform deviation value among thestalso indicates the same problem
of contact wear.
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Figure 8.16 Calculation result of Figure 8.15. The plotted curve shows non uniform
deviation among the taps due to different sizes of arcing contacts.

8.6  Analysis for Damaged Transition Resistors

A damaged of transition resistors could not proadeath for current to flow through

during the switching from one tap to another. Thgent is interrupted and identified

as maximum deviation in the DRM graph. Figure 4rilChapter 4 shows a damaged
of transition resistors in an OLTC. The currentpdrdo zero during the switching

period. Thus the calculation result will show a &#ve which has 100% deviation

due to current interruption, as shown in Figure/8.1
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Figure 8.17 Damaged of transition resistors has 100% deviation.

There is also a possibility of not totally damaddransition resistors. This may lead
to current disruption which is more than the tddsavalue of normal condition but

less than 100% interruption. The tolerance limitniade based on nominal value of
the resistors, which is dependent to the manufexgur

8.7 Effect of Test Parameters to the Measurement Resuslt

The influence of test parameters on the measurerasalts will be discussed in this

section. Relationship of all analysis parameters, (P2, P3 and P4) and the test
parameters (test current and circuit resistancdl) sSmow certain behaviours when

they are plotted in the graph. Observation was nbaded on those behaviours.

8.7.1 Test Current

The sensitivity of measurement (P1) decreases Wieetest current is tuned to higher
level. The graph in Figure 8.18 indicates that b&Amedium test level, has high
amplitude of measurement on light aged OLTC. It msethat the medium test level
has not broken the thin oil film and the test cnotrstill able to measure it. The low
test current may provide high sensitivity, but thiels too much sensitive. It is easily
disrupted by resistive layer and leads to misimttgiion of aging phase. A thin oil

film can be measured as thick resistive layer duee riesult with high deviation value.

An influence of contact resistance to the measuneisadentified in the graph.
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Figure 8.18 Relation between the test current and the sensitivity of the measurement

The wiping effects due to the regular movement @ing switch rotor contacts
prevent the resistive layer to grow further. Nelvelgss, there is still a possibility for
thin resistive layer to grow into thicker layer acalses severe damage. Therefore an
identification of short term effect on arcing sviitby P2 can give information about
the condition of the aged contacts: whether stilkarly aging or already exposed to
the advance aging.

The influence of test current to the short term)(8&h be seen in Figure 8.19. The
measurements performed on four different OLTC agingses resulted in a sequence
of deviation levels. Good OLTC has the lowest dimapercentages, and it increases
along with the increase of aging phase. Anotheaxcefbf test current can be seen from
the decrease of the deviation when the test cursemmicreased. A large decrease of
deviation is measured when the test current tuoetigh level. Meanwhile a small
decrease of deviation is measured when the tetrduvas tuned from low (0.58)

to medium test level. A rather large difference delviation between 0.2 and
0.5Apc is caused by the high sensitivity of 0gAtest current. It is more prone to
disruption compared to 0.5A.

According to the figure, distinction between gobdht, medium and advance aging
can be made at 0.58 and 1.5Ac. Deviation value of P2 is increased as the OLTC
ages further. It determines that measurementd tésdllevels have measured the raise
of the aging phase properly in sequence. More advaging is measured to have
larger deviation. A measurement at high test carbes low deviation value. The
restored clean contacts were measured since tiveytinaken the resistive layer.

68



Short term effect - P2

100 ~

90

80
~ 70 —O—good
&\Q’ 60 ’
c o —l— light
2 50
© A medium
S 40
8 30 - A Q O— advance

20 g

10 W

0 T T T ] Q 1

0.2 0.5 1.5 5 20

Test current (A)

Figure 8.19 The influence of test current to the analysis of short term aging effect

Figure 8.20 shows that the influence of the testecu to measurement results
showing the long term effect of aging (represerigd3) is similar to the effect to
measurement results of short term effect (P2). iNceease of test level causes a
decrease of the deviation. The same phenomenaiidshere where high level of test
current breaks the resistive layer formed on chamge selector contacts. A non-
expected result is measured in low test curreit 28>c, where the deviations value
of medium and advance aging are crossed each dthermedium aged OLTC has
higher deviation than the advanced one. A highigeitg in responding the presence
of resistance might be the cause. The measurenoemdios noises, which lead to
misinterpretation of the response signal. The nt@sel is in line with the resistive
level of the measurement. If the low test curreeasurement is performed on high
resistive object (advance aging), the noise levgigh.

The measurements performed on four different OLTYha phases resulted in
sequence of deviation level. Good OLTC has the #bwleviation percentages, and it
increases along with the increase of aging. Togetlih calculation results on P2,
this condition determines that the Analytical Tgoles the proper indication where
better OLTC condition has lower deviation and waxstdition has largest deviation.
Worse condition means there is a heavy resistiyerlgresence on OLTC, which
causes large disruption of current.

The measurement at 0.5Aand 1.5Ac has a proper reading to the presence of long
term effect. A distinction of good, light, mediunmcaadvance aging can be made
throughout both test levels. Deviation level ofiRGeases as the OLTC ages further.
The similar condition as P2 occurs here where kegh current measured P3 in low
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deviation value. Again, the restored clean contamse measured since high test
currents have broken the resistive layer.

Another phenomenon can be observed from the gridualhisnedium test level has the
proper balance of density of test current and sgitgiof the measurement. It does

not easily break the thin resistive layer and dvites the correct reading about the
density of resistive layer on OLTC contacts. Fig8r#8 and 8.19 give indication of

break of resistive layer due to high test currewél.
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Figure 8.20 The influence of the test current to the analysis of long term aging effect

The influence of the test current to the transitiesistors (P4) is shown in Figure
8.21. It has the opposite influence, where the oreasent applied on better contacts
results in higher deviation than the one appliedvorse condition. It is caused by the
influence of the level of resistance, where lowesistance in circuit provides higher
amplitude of response signal. Therefore the dexnatalue is decreasing along with
the increase of aging phase.

The measurements using different level of testezurdo not have much influence to
the measurement results. The curve is consider@d fthich means not many

difference of deviation among measurements witfecéht test levels. The measured
aged OLTCs have quite constant resistance valuemall decrease of deviation at
high test level is caused by a decrease of resistaalue. It is happened due to the
damage of resistive layer by high test current.

An exception is made for a measurement using gs2% advance aged OLTC. The
thickness of resistive layer causes an increaseciamuit resistance. Thus a
combination of low test current and high circuitsistance means a very high
sensitivity of measurement but very weak respoiggas The DRM graph was full
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of spikes which contain noises. It is very hardidentify the response signals of
switching which have very low amplitude. This lowglitude leads to low value of
deviation at P4.

Timing of transition resistor being used - P4
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Figure 8.21 The influence of test current to the reading of OLTC switching time when
transition resistor being used as current path

8.7.2 Circuit Resistance

The sensitivity of the measurement has dependemdclyet circuit resistance. Figure
8.22 shows that the sensitivity of the measurerteettie current change is increasing
when the circuit resistance is increased. An irsge# circuit resistance produces low
amplitude response signal. Therefore the aginggshaghich determine the thickness
of the resistive layer, influence the sensitivifyttte measurement.

An advance aging phase produces highest deviatidmeyv It determines that the
presence of resistive layer increases the cirasistance. A heavy/thick resistive
layer provides the high additional resistance t® tircuit and leads to maximum
sensitivity of the measurement whefd B used.
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Figure 8.22 Relation between the circuit resistance and the sensitivity of the
measur ement

Influence of circuit resistance to the measuremesutlts of short term effects can be
seen from Figure 8.23. The graph indicates thaaack aging has higher deviation. It
provides more additional resistance to the cirénain the high resistive value of
(carbonized) oil film. Besides sensitivity, the iease of circuit resistance produce
weaker, low amplitude response signal. Thus theatlem is low if the circuit
resistance is high. It is not able to read thegares of very light resistive layer when
the circuit resistance has reache@. 2When it reached high value ofQ4 all
measurements to aged OLTC (light up to advance e)htend to have similar
deviation value. It indicates that at high valuis ialmost impossible to distinguish the
aging phases. When the resistance value is inatgasey low signal is produced.

According to the figure, distinction between gobght, medium and advance aging
can be made at measurement up @b Peviation value of P2 is increased as the
OLTC ages further. More advance aging is measwrdtve larger deviation. When
the measurement reached high value (started fil@jn distinction for aged OLTC is
not clear anymore. They tend to have equal deviatidue.
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Figure 8.23 The influence of circuit resistance to the analysis of short termaging
effect

According to Figure 8.24 measurement on good aglt laged contacts has flat
curves. It has no big difference when the circe#istance is varied from low to high
level of 4). At 8Q all of the curves tend to have the same deviatédne due to very
low amplitude of response signals.

Based on Figure 8.24, the distinction of good, tlighedium and advance aging can
be seen throughout @2and X2 test levels. Deviation level of P3 increases a&s th
OLTC ages further.
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Figure 8.24 The influence of circuit resistance to the analysis of long term aging
effect
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The presence of resistive layer on OLTC contaatsiges additional resistance to the
circuit. It increases the sensitivity of the measuent but decreases the amplitude of
response signal. More advance aging phases leadsote severe or thicker of
resistive layer.

The influence of circuit resistance in measuring dffect of transition resistors can be
seen in the Figure 8.25. Considerably linear cunveie formed. It decreases linearly
when the circuit resistance is tuned higher. A higlcuit resistance measures any
resistance change in smaller deviation value.
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Figure 8.25 The influence of circuit resistance to the reading of OLTC switching time

8.8

when transition resistor being used as current path

Conclusions

It can be obviously seen from the conducted expemntmthat the dynamic
resistance measurement using medium level of tesemt (1Ac up to
1.5Apc) and minimum circuit resistance provided a rekabdsult. It has a
balance of sensitivity and amplitude of respongealito read the presence of
resistive layer on OLTC contacts.

Influence of test current parameter in the measergnresult provides
significant effect. A low test current (0.2Aup to 0.5Ac) is easily disrupted
by thin resistive layer. It is too sensitive inpeading any change of contact
resistance. The medium level of test currentgd Ap to 1.5Ac) has a good
balance between the sensitivity and the amplitufleesponse signals. It
produces a reliable reading of the defects. Thé hégt current (54c and
above) breaks the resistive layers which will rodetected.
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- A low test value (0.2) is less sensitive to the fast change of currbat,
produces strong signal: the current signal has nhiginer amplitude than the
noise. It eases the recognition of any disruptiwen though medium test
level (1Q) has the balance of both factors, the amplitudehef signal is
considered low (the response signal is not mucferéifit than the noise).
Some short disruption could not be read from th@asueement results. High
circuit resistance @) makes the measurement is very sensitive to fesige
of current, but it produces a weak current sighalhigh sensitivity measures
any current change due to contact resistance, tangleiak signal causes the
graph covered by noise.

- The development of a resistive layer on OLTC cadstgrovides an extra
resistance to the test circuit. As a result, alasugements on aged OLTC with
a varied test current as well as varied circuiistaace were influenced by the
presence of a resistive layer.

- Based on experiments, best result can be gaindd mvéasurement using
medium test current and minimum circuit resistan8eminimum circuit
resistance means no need to add more resistatioe fi@st circuit.

- It is essential to use the most optimal level st farameters in order to read
the deviations properly. It shall be sensitive egioto any change of current
due to a presence of defects. The expected ouifilienreliable to determine
the condition of OLTC and thus make a decisionrduthe maintenance. This
topic will be discussed further in Chapter 9.
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Chapter 9

Application of the Analytical Tool during Regular
Maintenance

9.1 Condition Assessment

OLTC is the main component of a power transforroaegulate the output voltage. It
operates by selecting the tapped windings in otdegain higher or lower output
voltage based on the network demand. Thereforerdhability of OLTC work is
essential. In order to maintain the continuity padition assessment needs to be done
to the OLTC. A dynamic resistance measurement eacabried out during a regular
maintenance to gain condition data from the OLT@Ge Hata, in a form of DRM
graph, will be analyzed using analytical tool whims been introduced in Chapter 7.
The deviation of DRM graph is calculated by certparameters. Each parameter
indicates how large the current is disrupted. Ayéadisruption of current caused by
resistance on OLTC gives indication of a bad caoditFinally, the combination of
three parameters will determine the actual comlitd the measured OLTC. This
complete activity, started from performing the mgament up to interpreting the
result of analysis, is a condition assessment of QL

Condition assessment is a very important sourc@fofmation. A reliable decision
can be made based on the actual condition, wh#tbgvower transformer can be put
back into service or it shall be taken out for maetensive revision. This
maintenance plan and decision is essential in mtérg the most efficient of
operation, either in cost as well as in time.

[4] has proposed procedure to interpret the deanatiof DRM graph. It localizes the
defect, finds the cause of the defect and detesrtime importance of the defect. The
final step of DRM graph interpretation is conditiandexing. Boundaries for
condition indexing are selected based on field egpee during the maintenance
including the visual inspection during the overhauld also based on fingerprints of
diagnostic data.

9.2  Selection of the Optimal Test Parameter

An optimal level of test parameters will be seldcte this section. It shall have a
balance between the sensitivity to the change ofenti due to defects and the
strength of the measurement signal. The selecsioamportant since a regular OLTC
maintenance normally involves DRM at single testleA single test level will save
time of measurement and it has to provide a gosdltre

During the experimental field measurements, theecfiae test levels selected for
each test parameters. The applied test currents W@hpc, 0.5A0c, 1.5A0c, 5A0c,
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and 20Ayc; and for the circuit resistance they were(B.2Q, 2Q, 4Q and &).
Classification has been made and discussed in €h&pfThere are low, medium and
high test level categories of each test parameter.

It has been concluded in Chapter 6 and has beeusdisd in section 8.7.1 that
medium level of test current (bA up to 1.5Ac) is the most appropriate level in
reading the current change due to the presenaesistance on OLTC. Its rather high
current rating produces reliable response from gmes of resistance on OLTC
contacts. The low level of test current (Op2Aup to 0.5A¢) is very sensitive to the
change of contacts resistance. In opposites tadstvwcurrent, high test current (54
and above) is able to break the resistive layerscamtacts. It measures a thick
resistive layer in low deviation value. Thus a gdwoear DRM graph is restored,
which can lead to misinterpretation reading.

The use of a medium test current level means ikare need for additional resistance
in the test setup. The minimum circuit resistanagclyding the measurement
resistance) already give a good sensitivity ofrtfeasurement. In addition, a medium
test level comprises not only 1.5Abut also the value started from A Thus the
selected optimal level of test parameter will coisgithe common test value which
has been used in service,gbA

9.3 Concept of a Three Dimensional Classification Systes

It may take a lot of effort and time to identifyetractual defect in an OLTC.
Therefore, a concept has been built to simplify ¢badition assessment during the
maintenance. A three dimensional classificatiortesysis introduced in Figure 9.1.
Three analysis parameters; P2, P3 and P4; which haen used for OLTC defect
analysis (see Chapter 7) are used as the axiss Rkciuded since it is used to
determine the sensitivity of the measurement stiughanges in resistance. There is
no relation between P1 and analysis of the defétis.value of DRM graph deviation
represented by the three parameters of analysid®iplotted in the 3D graph. The
axis’ are in percentage value, where the maximumtd 100% is located at the end
of each axis. Numerous measurement data from eaging phase can be used to
form seven groups. These seven groups are claksiefive condition blocks of
aging phases and two measurement-related blocke iBD graph. To separate each
block, the boundary need to be determined basetherdistribution data of each
population. Thus the condition blocks will neveedap one to another.
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Figure 9.1 The concept of three dimensional classification system. 3D graph with its
condition blocks (top); cross section of the 3D graph from front view (left-bottom)
and top view (right-bottom).

Each block in the 3D graph represents an agingeploasdefect based on many
measurement data from different aged OLTC. Thequeage value of every analysis
parameters are plotted in the graph. Their plot bel located in specific condition
block. In order to classify the condition blockshbaundary need to be determined.
The classification of deviation value into an agiplgase is done based on field
experience of maintenance and the fingerprints loé tdynamic resistance
measurement. It can be seen in the 3D graph i@, including its cross section
views, that the boundaries are made from measurtedega and also based on
previous research [4]. It is valid only for 1.5Atest current. This same concept can
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be used for population of OLTCs, only the valueshaf boundaries will be different.
The boundaries shall be made from statistical nreasent data from the population.

The 10% boundary for P2 is determined based oniquswesearch. It is used to
exclude the noise. The boundary for light and m&daging condition blocks is
determined from the field experiment. Their valwese taken from the middle point
between both measurements. In this chapter, thgraph is made based on 1&A
test current. The statistical value which are usedketermine the boundaries are taken
from its measurement result analysis (Table 9.husTthe boundary values of 17%
and 21.5% in P2 axis are the middle value betwigiah 4+ medium aging and between
medium — advance aging (refer to P2 column in Tad¢ The boundaries for P3 are
determined based on [4], except the 13.7% and 28%evBoth are determined as the
middle value between aging phases. The boundanyeleet one aging phase to
another is formed as the skin of the condition kldévery block in the graph is
located at different location, side-by-side witk ththers.

Figure 9.1 (top) shows that its composition madenfithe condition blocks and two
additional blocks. The ‘Good condition block’ ischied in the bottom corner of the
graph. It has low value of P2 and P31(0%). The value of P4 is tolerable up to +/-
80%, and it is valid for the other aging phasesis oundary is made based on
different value of transition resistors which amny used in OLTC from different
manufacturers. Next to ‘Good condition block’ isght Aging block’. It has range of
P2 above 10% up to 17% and P3 between 10% and 13Vi@dium Aging block’ is
laid above. It has range of P2 above 17% until Z&lahd its shape is cut by block of
‘Non-typical results’ in its corner. The outer paftaging phases blocks is ‘Advance
Aging block’. It has the next value of P2 and P3luhreaches the maximum which
is 100%. Its boundary on P2 axis is limited by tleck of ‘Non-typical results’.
There is another defect mentioned in the graphdbssihe aging phases. A heavy
wear of contacts or damaged of transition resistondicated by a condition block
located at the outer part of the P4 axis. It hah halue of P4, more than +/- 80%
value. It indicates a current interruption durihg switching period.

The additional blocks in 3D graph are related te tést circuit. An error in the
measurement may cause non-typical results or nositse setup. The expected
measurement results on aged OLTC shall have alatore between aging phases.
The degradation process is started from short-seggimg and then develops into long-
term aging process. When P2 is high, P3 is expeoted rising. But if P2 is high and
P3 is zero, then it is non typical result. One egmee from field measurement can be
used as an example. The positive terminal of DCgo@murce is short circuited to the
negative terminal which is grounded. It provideghptor current to flow to the
ground. The result can be seen in the DRM gragfFigare 9.2. There are two times
current interruption to current zero due to shoduit. The DRM graph shows a non-
typical result where a current interruption occdrtevice during the movement of
arcing switch on one tap. An initial diagnosis tigh visual observation on DRM
graph indicated that it was not a defect on OLT@ceithe calculation of other
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parameters (P3 and P4) does not give any indicafitvad condition while P2 is very
bad. To verify the diagnosis, the measurement wpsated and shown no indication
of current interruption. Therefore when an analydithe measurement result plotted
in ‘Non-typical results’ condition, the measuremennhecessary to be repeated to see
whether it gives the same result or not. If a sagselt is gained, then the OLTC is in
critical condition due to serious defect.

The other block analyzes that the deviation duswijching period (P4) is very low,
below 10% of normal condition from a typical OLTChis condition might be
occurred due to incorrect test setup. A mistakeaifshort circuiting the secondary
windings causes a slow response to current chafge result is the DRM can not
measure a short and fast deviation, include theciasent change (deviated) during
the switching period. Then it is measured only aba@t drop of current.

short circuit
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Figure 9.2 A DRM graph showing an error during the measurement: a short circuit to
ground

To compare the measurement results, the data shmultheasured by the same
parameter, e.g. 1.58 of test current with nominal circuit resistance @dditional
resistance). Then the conclusion can be drawn basethe same level of one
parameter.

9.4 The Application of Three Dimensional Classification Systems on a
Measurement Result

The application of the concept shall be appliethtoresults from one test parameter.
As an example, a series of DRM have been done an ddferent aged OLTC
(A,B,C,D) using 1.5A test current. The measurenrestilts as shown in Figure 9.3
were analyzed by the Analytical Tool and the deeravalue were entered into Table
9.1. The condition of OLTCs has been identifieddaasn field experience and visual
check during the maintenance. It will be provedngsihe concept by plotting the
analysis results from the table into the 3D graph.
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Figure 9.3 Measurement results of four different aging phases from different OLTCs

Table 9.1 Calculation results of four different aging phases OLTCs measured by
1.5Apc test current

. Deviation of DRM graph
oLTC ’;ﬁ;’;g 1.5 A test current
P2 (%) P3 (%) P4 (%)
A good 3.91 0.61 75.34
B light 13.40 5.85 37.14
C medium 21.43 21.74 20.22
D advance 24.32 33.99 23.9
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These data were plotted on the 3D graph, resullead @ot inside the every condition
block (Figure 9.4). The outcome provides informateabout the condition of each
OLTC, based on the location of their plotted data condition block of aging phase.

100%,

0%

Figure 9.4 The application of 3D graph on measurement results. Four yellow dots
represent OLTCs referring to Table 9.1

Based on the 3D graph, the four measured OLTCs didfiezent aging phase. OLTC
A is in a good condition, OLTC B is in light age@dLTC C is in medium aged and
OLTC D is in advance aged condition. This diagn@simatched to the one diagnosed
by visual observation of DRM graph (second row able 9.1). Thus the concept
provides more confidence in diagnosing the OLTCduoon during the condition
assessment.

The concept could also be applicable to predicfuhee condition of an OLTC. The
prediction is made based on the trend of the aisalyssult from different
maintenance year. This can be explained from ampbeagiven in Figure 9.5. A
fingerprint of measurements from one OLTC is pldtie the 3D graph. They show
the trend of OLTC condition for certain range eohé. After a measurement in 2010,
the result shows that the OLTC already in criticahdition. Calculation from all
parameters results in high deviation. The OLTC hasn in category of advance
aging. The trend indicates that all parameters aavi@crease value of deviation. One
should be taken care is a significant increasedoffRere can be an indication that the
arcing switch contacts have severe wear or theeepsoblem of transition resistor.
These problems can lead to open contact conditiomgl the switching period of
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OLTC. To verify the problems, a visual check of thentacts and resistance
measurement of transition resistor must be perfdriaaally, based on the 3D graph
including the verification of P4 problem, a decisioan be made to take out the
OLTC for overhaul. If a risk is taken to put badletOLTC on-line, there is a big
possibility that a failure can be occurred befdre hext maintenance schedule in
2012.

100%

100%

105

+/- 80%

Figure 9.5 The application of 3D graph for making a prediction of OLTC future
condition

The proposed concept of 3D graph provides moreidemte in determining the
condition. Each condition blocks were made from bomation of fingerprints data
and field experience during the maintenance (prdwenhe visual check). Another
function of the concept is to make prediction basedhe trend of the analysis result.

9.5 Conclusions

- A concept has been developed in order to simgtié/dondition assessment of
aged OLTCs. The results of calculation using thealpical Tool from
Chapter 7 are plotted in a 3D graph, based ondleeted parameters: P2, P3
and P4. Then the outcome of the concept is infaomaabout the actual
condition of the measured OLTC, whether it is ingaondition, light aged,
medium aged or advance aged category.

- The benefits of the concept are to simplify theeasment and to save the
time. This concept is meant to complete the reguiaintenance activity
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where condition assessment is a part of it. It mithvide the information of
the OLTC’s actual condition. Hence a decision canntade based on the
present condition.

Besides contact deterioration, the deviation on D&#ph can be caused by
measurement error or manufacturing error.

Many measurement results from different aging phase necessary to be
analyzed to get reliable condition blocks and taedmine a reliable
boundaries between the blocks. Note should be tdiarthis concept applies
only to one type of OLTC and one level of test eatr Different type or series
of OLTC and also different manufacturer may haviéetgnt characteristic.
For example: an OLTC is manufactured which hasedkffit arrangement of
the stator arcing switch. They are located witledént space in between, thus
results in non-uniform timing of transition resistdeing used to carry the
load current during the switching.

Another purpose of the concept is to make predictitd OLTC future
condition based on the trend. The analysis is dmmey the same method, but
it is applied to different measurement results fidifferent year of an OLTC.
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Chapter 10

Conclusions and Recommendations

This thesis discussed the influence of test pamr®medbn dynamic resistance
measurement (DRM) results from OLTC. It was expecteat the measurement
results are dependency to the test parametersaiidige data for this research, DRM
has been done on different aged OLTCs using anadpegrtest setup. Two selected
test parameters, which are test current and ciresistance, were varied during the
measurements. The measurement results from diffexesls of test parameters were
guantified by a method that was discussed in #pent, named analytical tool. It was
introduced to calculate the deviations of the acurren DRM graph. Then the
influence of the test parameters was studied fioenbiehaviour of the measurement
results, using this analytical tool.

Besides quantifying the experimental measuremesiltee the analytical tool was

used for interpreting results from aged OLTC intoagetual condition of the OLTC.

To do so, a three dimensional classification systexa been developed. A three
dimensional graph is used to plot the calculateghtjties. The location of the results
in 3D graph indicates the condition of OLTC, whethés in good condition, or it has

certain defects.

10.1 Conclusions

1. A lot of measurement data from different level e$ttparameters is needed to
observe the influence of the test parameters. Teada flexible test setup has
been used based on Dynamic Resistance Measurenpeimitsple. It allows
performing measurement with different test paramsefiest current and circuit
resistance) without any change of the setup. Thezethe measurement can
save time and it results can be compared with ettedr: only one parameter is
changed every measurement.

2. The test levels for both test parameters (teseatirand circuit resistance) have
been classified into three different levels: longdium and high. These classes
were determined based on the behaviour of the @AAC measurement results
for each test levels. Some test levels which haw&nalar behaviour were
grouped into one class. Test current value of Bc24p to 0.54¢ are classified
as low test level, 14 up to 1.5Ac as medium test level, and started from
5Apc and above as high test level. Circuit resistanedues of 0.2) is
categorized as low test valu&) As medium test level, and started frofhahd
above as high test level.

3. Filtering the measurement results should be domefudly. The purpose of
applying filters is to minimize the noise, but hadl be applied to the results
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without filtering the exact behavior of current.uehthe real behavior of current
can be seen in the DRM graph.

Less or even no filter was applied to the DRM grapien analyzing the
switching behavior. It is intended to prevent teduction of current slope when
filtering. The similar approach is valid for higévil of test current. There is no
need to apply filter to the measurement resultg;esia clean DRM graph has
been restored.

An analytical tool has been developed to calcula¢edeviation in DRM graph.

It has four different parameters for analysis: Rilculates the amplitude of
DRM graph, based on the resistance of the trangiomndings. Its purpose is
to measure the sensitivity of the measurement & dbntact resistance; P2
measures the short-term effect on the contactiaesie; P3 determines the long-
term effect on the contact resistance; and P4 ledésithe timing of transition

resistors being used during the switching of OLTC.

The different response of the test current dudn¢ottansition resistors can not
be directly subjected to contacts wear. There dferent kinds of OLTC stator

design, which may have different sizes for eachtamin It causes different
switching time from one tap to another. Longer tighimeans larger deviation.
The current were held by transition resistor(s) doquite long time and thus
disrupted more.

Influence of test parameter, test current and tirecesistance, in the
measurement results is significant:

A low test current is easily disrupted by a thisiséve layer and is very
sensitive in responding to any changes of contsgistance. The medium test
current (e.g. 1.54c) has a good balance between the sensitivity aed th
strength of signals due to noise. It produces iabilel reading of the defects.
The high test current breaks the resistive laydrsis not sensitive in
responding small resistance change.

Except P4, the three other analysis parameters shaeduced sensitivity

when the test current is increased. The sensitwityneasurement (P1) to
contact resistance is less for high current vadukigh test current breaks the
resistive layer and restores the contacts (reduBiagand P3). Therefore a
measurement with a high test current produces smalrrent deviations than

a measurement with a lower test current. P4 cunalightly decreased at high
test current. The effect of test current on P4ss Isignificant than the other
parameters.

The effect of circuit resistance shows similar ith @nalysis parameters:
deviation reduces when the circuit resistance ¢semsed. The time constant
(L/R) will be small due to high circuit resistandemakes the measurement is
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sensitive in measuring fast change of current. [blaeamplitude of response
signal is another effect of high circuit resistariteauses P2, P3 and P4 have
low deviation at higher circuit resistance.

Based on experiments and calculation using analytiool, a reliable
measurement result can be gained with measuremserg medium test current
and minimum circuit resistance. A minimum circugsistance means no need to
add more resistance from variable resistor.

A concept of a three dimensional classificationteays (3D graph) is developed
with the purpose to simplify the condition assessin OLTCs. It interprets
the calculated four parameters into the actual iomdof an OLTC. Another
use of 3D graph is to make prediction of OLTC faetucondition. The
measurement result from different measurement yeamsbe analyzed by the
analytical tool to make prediction of OLTC conditioThe analysis results will
be plotted in the 3D graph and then can show #dtof an OLTC condition
during its lifetime.

10.2 Recommendations

1.

The analysis of the test parameters effect has dera based on measurement
of one varied test parameter while the other tasameters were fixed. Further
study can be carried out by performing measuremdtit combination of
different value of test parameters. A medium tesameter in combination with
high circuit resistance may have certain effe¢cheomeasurement.

To develop reliable condition boundaries of of éhddmensional classification

system (3D graph), many measurements data nedus pioocessed. All results
can be plotted on the graph and thus the block$edormed based on a group
of measurement results having the same condititrereaging phases, contacts
wear or measurement error. This way a reliablesassent of the OLTC actual

condition is provided.

The concept of three dimensional classificationtesys as described in this
thesis can be developed further using softwareay simplify the process of
determining condition boundaries.

Perform further research on noises which occurghduhe dynamic resistance
measurement. A new test setup can be built whioHaaer the noise.
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