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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This document provides guidance for condition monitoring and diagnostics of power transformers
using parameters (such as oil condition, oil contamination, dielectric condition, temperature, power,

voltage and current) typically associated with performance, condition and quality c
evaluation of the power transformer function and condition may be based on performance,
output quality.

This document is aimed at asset managers, equipment specifiers owners, operators and re

riteria. The
condition or

liability and

malntenance englneers It prov1des a selectlon process road map The parameters and techniques

trangformers; for example, supplying power into a manufacturing site whereymany ot
equipment depend on the power continuing to be supplied by the transforniers. The upj
the sfize of such transformers is probably around 50 MVA. While the same prirciples will §
owners and operators of large numbers of transformers such as utiliti€s,ywhich can exce
it is expected that they will already have their own internal company-guidelines and pr¢
monf{toring their transformers and so are not the primary target of this document.

This|document follows on from ISO 17359, which outlines the:general process of imp
condfition-based maintenance programme.

s, directing
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er items of
per limit for
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Condition monitoring and diagnostics of power
transformers

1 Scope

This document gives guidelines for the monitoring techniques to be considered when setting up a

cond
stan
mon

This
threg

2 Normative references
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mag
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proc

Terms and definitions

lards required in this process. It is intended to help in the implementation of a cohere
toring and condition-based maintenance programme, such as described followingJISO

document is applicable to single-phase alternating current power transformers of 3
e phase alternating current power transformers of =2 5 kVA.

following documents are referred to in the text in such a way'that some or all of t
Fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced documerit (including any amendme

3372, Condition monitoring and diagnostics of machines'— Vocabulary

0050, International Electrotechnical Vocabulary

he purposes of this document, the terms and definitions given in ISO 13372, IEC 60
ving apply.

nd IEC maintain terminological'databases for use in standardization at the following z

SO Online browsing platform: available at https://www.iso.org/obp

EC Electropedia: available at http://www.electropedia.org/

hetostriction
erty of ferromagnetic materials that causes them to change their shape or dimension
bss of magnetization

associated
nt condition
17359.

> 1 kVA and

heir content
applies. For
hts) applies.

D50 and the

ddresses:

5 during the

4

\bhbreviated terms

For the purposes of this document, the following abbreviated terms apply.

C1 main capacitance of transformer bushings, measured from central current car
ductor to C1 measurement electrode embedded in the bushing

DGA dissolved gas analysis

DFR dielectric frequency response

DETC de-energized tap-changer

© ISO 2018 - All rights reserved
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FFT Fast Fourier Transform: analysis that converts a time-domain signal into a frequency
spectrum

FRA frequency response analysis

IEEE Institute of Electrical and Electronics Engineers

KOH potassium hydroxide, used in titration technique for assessing acidity of oil

LV low voltage

NAOTI 1L dloa | 4 £, H 4 4] 1 1o A | £l 4 £, P
INUTL TITUILS UUTUIIITIIL, TTITT TS TU LT TUWET VUITAZgT STUT UT LHT LT AIISTUTITITT a5 UIS T lCt

from the higher voltage side, rather than to any specific voltage level.

OLTC on-load tap-changer

OIP oil impregnated paper, a type of construction for bushings (see also RBP,RIP'and RIS)
PD partial discharge

PDC polarization and de-polarization current

PF power factor

RBP resin bonded paper

RIP resin impregnated paper

RIS resin impregnated synthetics

RVM recovery voltage method

tan-delta |tangent dissipation angle

5 Approach to selecting appropriate condition monitoring techniques

5.1 Implementing condition ménitoring of transformers

The genera] process of implementing a condition-based maintenance programme is describg¢d in
ISO 17359. This document-provides more detailed examples and guidance on a range of technjques
specifically ppplicable to/the condition monitoring of transformers.

5.2 Components;failure modes and detection techniques

The main ghjective of condition monitoring is to know about the condition of equipment, o be

forewarnedlefZpessiblefailures—and-to-be-able to—carrrout-appropriatemaintenance—tasks—at the
OPO5SipreTtahtires—ahia—+t6pBeanre—to—Carry— ot approprateateRahee+tasKks—=

appropriate time, i.e. condition-based maintenance. Maintenance tasks are carried out to avoid or
rectify failures, so the key to condition-based maintenance is to have an understanding of the failure
modes that can affect the equipment, and the techniques that can be used to detect the early stages of
those failure modes (potential failure) before functional failure. Specific failure modes affect specific
components of the equipment, and certain detection techniques are more applicable to particular
failure modes on particular components. Selecting the most appropriate condition monitoring regime
therefore involves understanding the most applicable techniques to the particular components and
failure modes involved. This can be represented in a three dimensional matrix, as shown in Figure 1
where the blue boxes indicate the area of applicability of particular techniques.

2 © ISO 2018 - All rights reserved
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) 4

Key

1 fpilure modes

2 fransformer components
3 detection techniques

4  3pplicable zone

Figure 1 — Matrix of applicable CM techniques vs. components and failure mqgdes

Clausges 6 to 10 explain the different types of transfermers in common use, the components involved
in thiose transformers types, the failure modes associated with those components, and the detection
techniques for detecting those failure modes.

6 Power transformer types

6.1 | Oil-filled transformers

The majority of larger transformers are filled with oil or a similar dielectric fluid for cooling and
insulating purposes. These eah often be described in a number of ways depending on tHeir size and
application. Some typical 'examples are as follows.

ts a power
000 MVA.

— Factory or site feed-in transformers: typically 1 MVA to 50 MVA.

A diagram of a typical oil filled transformer is shown in Figure 2, indicating the components involved
that are subsequently referred to in 7.1 and Table 2.

© ISO 2018 - All rights reserved 3
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1/

Key

1 oil conservator C)\\
2 radiator pnd fan .
3 bushing{ O®
4  tank C)
5 winding$ and core O ’
N

Figure é@%l filled transformer with key components identified

6.2 Dry-type @lsformers

Dry-type trafisformers are used where the avoidance of fire risk and environmental contaminatioh are
important. Since they contain no dielectric fTuids Tike oil, their contribution with calorific energy to
the source of a fire is very limited. Dry-type transformers are self-extinguishing. They can be used in
protected environments where a leakage of oil or other fluids must be avoided.

Typical applications of dry-type transformer are industries (oil and gas, metals and mining, etc.),
buildings (hospitals, airports, stadiums, large tower blocks, etc.), on- and off-shore applications (wind
turbines, ships, platforms, etc.) and many more.

Currently dry-type transformers are available up to 63 MVA and voltage ratings up to 72,5 kV. They can
also be installed with non-liquid insulated on-load tap-changers.

The dielectric insulation is generally provided by a solid insulation or a mixture of a solid insulation
and air. The coils are either impregnated with a varnish or resin encapsulated. This sort of construction

4 © ISO 2018 - All rights reserved
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gives rise to a different set of failure modes compared to oil-filled transformers, since clearly there is no
paper insulation or oil to degrade. A typical example is given in Figure 3.

Oil-filled transformers have more components than the dry-type transformer, as is shown in Table 1.
This has implications for the failure modes possible and therefore for the maintenance requirements
and appropriate condition monitoring techniques.

Dry type transformers can also be equipped with on-load tap changers. Figure 4 shows an example. It is
rated at 25 MVA and 69 kV.

N\ 2

Copyright by ABB

NOTH Photo courtesy-of ABB Inc.

Figure 3 — Example of dry type transformer

© IS0 2018 - All rights reserved 5
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oto courtesy of ABB Inc.

gure 4 — Example of dry-type transformer 69 ky\§‘MVA with OLTC device

@
o)
N

hsulated transformers (GITs)

is insulated and cooled with SF6 gas. provides an alternative to dry-type constru
ritical to eliminate the risk of fire a@ﬁﬂvoid the possible contamination of the environ

1 N
be. C)\

b SF6 transformers are available at ratings up to 300 MVA at 275 kV and prototype de
ested at up to 500 kV. G led transformers and reactors are more expensive tha

ch and where the ov@ill “footprint” of the unit can be reduced by the elimination of

2
transfor&r failure mode analysis

O
lOl}{@

ions where low flammability is paramo&\)t, designs have been developed in which the

ction
ment

5igns
h oil-
cost
fire-

Condition nno%toring is directed at detecting incipient failures sufficiently early that approp

riate

interventions can be made to rectify the problem before complete failure occurs, i.e. to be able to
adopt condition-based maintenance. Since failures are associated with particular components within
the transformer, the description of the failure modes and detection techniques in this document is
structured around the components. The components of different types of transformers are shown in

Table 1.
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https://standardsiso.com/api/?name=2f05ead305be447f7e8a32ef6f0bb8cb

ISO 18095:2018(E)

Table 1 — Components of main types of transformer

Components
Cooling system Tap-changer
Wind- Internal . Insula- |Tank/| Conserva-

. Core | connec- |Bushings ti t On- De-

Ings tions lon case or Oil |Pump | Radiator | Fans | | = . energized
0il filled
transformers v v v v v v (‘/] v (/] (‘/) (/] (‘/] (‘/)
Dry type v v v v v
transformers ) - B - ) ) ~) 8]
Gas insulated
transformers v v v 4 v v YA = A ) A = ™)

Key
v Alyays present
(v) Cpuld be present

- Notnormally present

7.2 | Categories of failure mode

7.2.1 General

Failu(llre modes in power transformers are typically grouped ifito'the following four categories:

a)
b) thermal;

ielectric;

c) 1nechanical;

d) ¢xternal.

7.2.2 Dielectric failures

Degrjadation of insulation between conductors and grounded parts, such as core iron, ¢ore frames,
and pther structural metal patrts‘inside a transformer can lead to increased losses, excesgive heating,
and for oil-filled transformers) the generation of gases in the oil. As insulation degrades, |ts ability to
withstand voltage stressés decreases, and the transformer’s ability to withstand voltage syirges can be
dranjatically reduced.*As’degradation becomes more severe, the insulation can eventually fail under
normal operating cenditions, leading to complete catastrophic failure of the transformer.

7.2.3 Thermal

Radiptorsj>coolers, fans, pumps, heat exchangers, oil/water coolers and their associgted control
equipment all have to be in proper working condition to keep the transformer temperdture within
acceptablelevels. Excessive heating can lead to-increasedlevels of insulation degradationland uneven
thermal expansion. High oil temperatures can also create dielectric problems, especially in wet (oil
filled) transformers, and can cause oil expansion problems. Many faults (including connection faults,
bushing faults, winding faults etc.) can also generate localized heating, leading to problems even when
the overall temperature of the transformer is within normal limits.

7.2.4 Mechanical

The primary mechanical concern is the transformer’s ability to withstand through-faults, the large
currents caused by short circuits external to the transformer. The most common factors affecting
the structural integrity of the core/coil assembly are tightness of the core clamping structure and
insulation degradation. Loose coils will more likely get damaged by the forces generated by high fault
currents. The cellulose that forms the main component of the paper-based insulation in most oil-filled

© ISO 2018 - All rights reserved 7


https://standardsiso.com/api/?name=2f05ead305be447f7e8a32ef6f0bb8cb

ISO 18095:2018(E)

transformers can become weak and brittle as it degrades, lessening its ability to withstand short circuit
forces. Other mechanical factors can include such problems as excessive noise and vibration.

7.2.5

External

Degradation of the tank or case, control cabinet components, wiring, insulators, gaskets, valves,
monitors, gauges, etc. can result in oil leaks, external flashovers, and improper functioning of control,
monitoring, and protection equipment.

7.3 Failure modes

Failure modees and how they relate to each of the components are shown in Table 2.

A strong rels
possible but
relationship
whereas in d

Information|

Table 2 — Typical failure modes of key components

on failure mode and symptoms analysis (FMSA) can be found in Annhex C.

itionship of a failure mode to a particular component is shown with a solid circle,®, wherjeas a
less likely relationship is shown with a hollow circle, ©. Note that the cause andleffect in these
5 can in some cases be that a problem in the component results in the failuretnode indidated,
ther cases, the failure mode occurring can then have an impact on the component show,

Components

Fajlure
modes/
failures
detgcted

External
e.g.load

Win
dings

Core

Connections
(internal)

Bush-
ings

Insula
tion

Cooling system

0il

Pump

Radia-
tor

Fans

Case/
tank

Cons
erva
tor

Tap-char|ger

On-
load

giged

ener-

Dielectric
faults

Insulgtion
deterjora-
tion

Moisture
ingregs
contept

Tap-
changer
condifion/
problgm

0il qufality
deterjora-
tion

Arcinp/
electifical
dischjrge

Conngction/
bushiphg
problgm

Thermal
faults

Overt e%'\
ing/

auxiliary
cooling
system
problem

Low oil level

0il
circulation
system
problem

Key

e Likely relationship

o Less likely relationship
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Table 2 (continued)

Components

Failure Cooling system Tap-changer

modes/ External | Win Connections| Bush- | Insula Case/ Cons

failures | e.g.load | dings Core (internal) ings tion | g; Radia- tank | €TV | On-

Pum, Fans
detected P|  tor tor

De-ener-
load gized

Winding
distortion

Winding
looseness

Mechani- | Core
cal faytts—+

Oil leak o . . . . . Q . .

External
damage/ . o o . o o o o o o . .
disturbance

e.g. Animals o o o Q o

Through
fault,

e.g. lightning
strike or
short

circuit
Exterral
faults

Supply
faults,

e.g. excessive
harmonics
and over
fluxing

Key
o Likdly relationship

o Les likely relationship

7.4 | Influences on rate of failure‘mode progression

7.4.1 General
A variety of factors influence the rate of failure mode progression in power transformers, including:
a) loading;

b) ¢nvironments;

c) dlesign;

d) aintenance;

e) protection.

7.4.2 Loading

The magnitude and characteristics of the electrical load placed on a transformer are some of the most
important factors affecting a power transformer's usable life. System disturbances such as voltage
surges, through faults, etc. can have a cumulative effect on the transformer. Undetected damage from
such events can also lead to accelerated degradation in localized areas, leading to a failure.

7.4.3 Environment

Environmental conditions surrounding a transformer can affect the rate of a transformer's degradation.
Some of the normal environmental conditions which have such an effect are ambient temperature

© ISO 2018 - All rights reserved 9
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and altitude. Factors such as wind, sunlight and rain can affect operating temperature as well. Other
environmental factors that can affect the life of the transformer include aggressive or corrosive
atmospheres, mechanical vibration, etc.

7.4.4 Design

Differing design approaches or construction techniques often have inherent strengths and weaknesses
making them more or less prone to a particular problem. When a transformer is subjected to a set of
circumstances which aggravate such a problem, its condition can degrade more rapidly than expected.

7.4.5 Mai

tenance

There are n
transformef
insulating li
of cellulose

7.4.6 Pro

Transforme
parameters

a)
b)
‘)
d)
€)
f)
g)
h)

gas acty
oil temp
winding
oil level
cooler s
tap-cha
on-load
breathe

For examplg
transforme
8 Range

A range of t
technique c:

hany aspects of maintenance which greatly influence the condition and service' life
. One aspect of particularly high importance for oil-filled transformers is the quality d
Huid. The presence of moisture and other contaminants in the oil can accelerate)degrad
nsulation within the transformer, especially at high operating temperatures:

tection

s are often fitted with protection devices that locally monitor the condition of one or
Examples of such devices are as follows:

ated relay device (e.g. Buchholz);
erature high alarm;

F temperature alarm;

alarm;

upply failure alarm;

hger supply failure alarm;
tap-changer oil flow relay;

r failure alarm.

e, a Buchholz relay.detects and responds to over-pressure conditions in oil-filled p
S.
of techniques

echniques is available to measure and monitor the condition of power transformers.
in detect a particular range of problems as shown in Table 3.

of a
f the
htion

more

pwer

Each

10
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9 Overview of techniques for condition monitoring power transformers
9.1 Mains current/voltage/load

9.1.1 Fault mechanism

All transformers are designed for a particular load: a particular voltage and a particular current.
IEC 60076 provides a standard for how transformers are to be specified, including the definition of
power rating, the reference temperature for losses, temperature rises, and some dielectric testing.
This design specification could also have taken into account particular conditions for the transformer
in question, i i ; i f the
environmerft such as aggressive or corrosive conditions, restricted access to fresh air, and assumpti
about working in parallel with other adjacent transformers.

The specifig
phase load;
voltage; the

If the trans
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Routine log
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indicate if t
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allowing for
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9.1.3 Fau

Changes in
transformef
in the relati
damagetot

ation is likely to have included elements such as the overall power, cooling@ate, and s
the voltages in and out, and the position the tap-changer is expected to besinfor a parti
capability to handle overloads, over-voltages and over- or under-frequency.

former is operated outside the design parameters, it is likely tg-deteriorate much
mples are as follows.

over-voltage from (repeated) transients could cause distortion or loosening of the co
the dielectric strength (breakdown voltage) of the insulation and create rapid dama
more susceptible to early failure.

er-voltage or over-current is likely to lead to highertemperatures, which will have a d
bn the life of the insulation.

hnique

bing of the voltages and currents ontboth sides of the transformer gives an indicati
oad the transformer is working under, and an easy comparison with design ratings
here is any overloading. Changes.and trends in these records can indicate that some
either inside or outside the transformer, and prompt further checks to establish the c
might already be capturedih operational SCADA systems or in data historian sysf
easy graphical review(Some protection systems and online monitoring systems can
data easily.

|ts detected /components covered

, or could indicate some problem with voltage regulation mechanisms. Significant cha
pnship-between input and output currents and voltages could be an indication of int
he (vindings or core or to the tap-changer mechanism.

ingle
cular

more

e, or
e or

irect
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thing
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voltage and-current could indicate either changes in the downstream demand on the

nges
brnal

9.2 Visual

9.2.1 Fault mechanism

External corrosion is the key long-term failure mode that can be detected by visual checks. Damage to
the paintwork of the tank and components such as radiators can lead to corrosion into the metal that can
eventually lead to perforation and hence loss of oil, which if significant would lead to lowering of the oil
level, reduction of cooling system effectiveness, and hot spots at the top of the transformer and possible
insulation degradation leading to a flashover. Oil leaks can also occur from joints and penetrations into
the tank for pipework, bushings, etc., and these can be identified visually. Visual checks should also look
for external damage from physical impacts, or general contamination of components with dirt, debris,
etc., that could reduce effective creepage and clearance resistance or block radiator cooling surface
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or fan air flow. Visual checks should also cover external safety guards and enclosures, to ensure the
integrity of measures to keep people away from hazardous areas.

9.2.2 Technique

Conventional visual checks, backed up by the other human senses of hearing and smell, can be adequate
to spot developing corrosion problems, or oil leaks. These simple visual checks should be carried out
routinely on their own. Visual checks should also be carried out in combination with other specific
checks such as infrared camera checks, ultrasound tests or ultraviolet tests, which are likely to be
performed less frequently than the visual checks on their own.

9.2.3 Faults detected/components covered

A typical checklist for visual checks should include looking for:
a) Jaint condition/external corrosion;

b) Iil leaks from anywhere, e.g. pipework connections, radiators, bushings;
c) ¢xternal damage from physical impacts;

d) general contamination of components with dirt, debris, etc.;

e) ¢gigns of tracking on bushings;

f) ¢xternal safety guards and enclosures;

g) ¢ondition of cooling system;

h) foundations;

i) ¢ontrol and supervision equipment;

i) oil level;

k) ¢ondition of the air dryer;

1) number of switchings of the/OLTC.
9.3 | Oil condition

9.3.1 Fault mechanism

In thfis claus€.and in 9.6, the term “oil” is used to describe the fluid within the transformer, which is
most commonly mineral oil, but could also be silicone oil, synthetic ester or natural ester.

Over|time, contamination can build up in the oil, principally sludge from the decomposition|of the paper
insulation, and acidic elements resulting from the breakdown of the cellulose of the paper and from
breakdown of the oil itself. Moisture is also a key contaminant of transformer oil, getting into the oil
via atmospheric contamination (high humidity air entering the tank as it breathes) or via leakage from
bushing connections or other joints in the tank. Moisture in the oil is then preferentially transferred to
the paper of the insulation, leading to degradation of the paper (see Annex A for a longer description
of the behaviour of cellulosic insulation and the effects of moisture, temperature, acidity, sulfur
compounds, etc.).

The oil is also directly affected by internal arcs and sparks and partial discharges that lead to local
overheating and a reduction in the dielectric strength of the oil. These phenomena also lead to the
generation of gases that become dissolved in the oil; an assessment of the condition of the transformer
from an analysis of these gases is covered in 9.6.
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Deterioration in the quality of the oil can thus be both an indication and a cause of problems inside
the transformer, principally from hot spots (sludge impairing the flow of oil within the windings) and
accelerated deterioration of the paper insulation. Sulfur compounds in the oil can attack and corrode
the copper windings directly, which in turn can result in copper sulfide depositing on the paper, making
the paper conductive and obstructing heat flow from the paper, leading to hot spots and short circuits.

There is a standard recommended set of oil analysis tests that may be carried out on transformer oil, as
defined in IEC 60422, and laboratories frequently offer a standard suite of tests as a package. [EC 60422
recommends the tests to be performed, the frequency, and the acceptable limits for the test results.
The tests cover dielectric strength, water content, particle content, acidity, colour, interfacial tension,
corrosive sulfur and polychlorinated biphenyls (PCB) levels as shown in Table 4 below.

Table 4 — Tests for in-service mineral insulating oils from IEC 60422

Propgerty Group? Subclause Method
Colour and appearance 1 5.2 IS0 2049
Breakdown Voltage 1 5.3 [EC 60156
Water content 1 5.4 IEC 60814
Acidity (neutralization 1 5.5 [EC 620211 or [EC 62021-2
value)
Dielectric difsipation 1 5.6 [E€ 60247
factor (DDF) and resis-
tivity
Inhibitor contentb 5.7.3 IEC 60666
Sediment slydge 5.8 IEC 60422:2013, Annex C
Interfacial tgnsion (IFT)c 59 ASTM D971
EN 14210
Particles (counting and 2 5.10 IEC 60970
sizing)c
Oxidation sthbilityc 3 5.7 IEC 61125
Flash pointd 3 5.11 1SO 2719
Compatibilityd 3 5.12 IEC 61125
Pour pointd 3 5.13 1SO 3016
Densityd 3 5.14 ISO 3675
Viscosityd 3 5.15 1SO 3104
Polychlorindted 3 5.16 IEC 61619
biphenyls [%Bs)
Corrosive sullfurc 3 5.17 IEC 62535
ASTM D1275, Method B
DIN 51353
Dibenzyl disulfide 3 5.18 IEC 62697-1
(DBDS) content
Passivator contentb 3 5.19 IEC 60666:2010, Annex B

b Restricted to inhibited and or passivated oils.

¢ Only needed under special circumstances, see applicable subclause.

d Not essential, but can be used to establish type identification.

a Group 1 are routine tests, Group 2 are complementary tests, Group 3 are special investigative tests.

Tests are grouped into three types, the first being routine tests that should always be carried out,
the second being tests depending on the oil quality and age in service, and a third being special tests
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according to need. IEC 60422 also sets out the frequency of testing recommended, which ranges from
1 to 2 years for the highest voltage transformers (400 kV+), down to 2 to 6 years for lower ratings of
transformers below 72,5 kV. The details of the method for carrying out each test are covered by other
standards listed in the Bibliography.

A more general description of the use of oil analysis for condition monitoring can be found in ISO 14830.

Transformer oil can be recovered by pumping the oil through external treatment equipment to remove
moisture, dissolved gases, particulates (cellulosic fibres), corrosive sulfur and acids. This treatment
process can typically take several days. Moisture, dissolved gases and particulates can be removed
via filtration, absorbent media and vacuum treatment; corrosive sulfur and acids can be removed by a
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High moisture content can be an indication of tank integrity problems (non-watertight joints

somewhere) or breather system function (silica gel system saturated or not functioning correctly)
or it can be caused by breakdown products from oil and insulation (water can be a product of
decomposition). The presence of moisture in the oil indicates high moisture content in the paper
insulation, which in turn will lead to more rapid deterioration of the paper. Moisture in the oil
also directly reduces the dielectric strength of the oil, making the transformer more vulnerable
to electrical problems, and increases the dielectric losses which in turn create more heat which
in turn contributes to faster deterioration of many components of the system. As a general rule,
doubling the moisture content in the oil halves the life of the insulation in the transformer.

The values given in IEC 60422 for water content in oil are:
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d)

f)

g)

h)

16

— <30 mg/kg = good;
— 30 mg/kg to 40 mg/kg = fair;
— >40 mg/kg = poor.

High particle content (associated with sludge inside the transformer) is an indication of
deterioration of the paper insulation, which in turn can be caused by a range of factors including
moisture in the oil, particularly when combined with hot spots or arcing/sparking/partial
discharge. High particle content can also be caused by internal corrosion of the tank or other
components, which also indicates the presence of moisture.

The values of particle content corresponding to good, fair and poor oil quality are giv¢n in
IEC 60422:2013, Annex B.

Acidity|in the oil is caused by breakdown of the paper insulation, particularly in/thé pregence
of moisture, which is exacerbated by higher temperatures, particularly local het‘spots, anfd, by
breakdgwn and oxidation of the oil associated with arcing/sparking/partial‘discharge, s¢ the
presende of acidity is an indication of problems in these areas. The presence ofacidity in turn cjuses
more rapid deterioration of the paper insulation and can result in corrosionofmetallic compoments
in the tyansformer. A by-product of oxidation of the oil is the creation of shidge which can obsfruct
the flow of oil, leading to impaired local cooling and in turn leading to(more rapid deterioratipn of
the insylation.

The values given in IEC 60422 for acidity, measured in mgkoh/goil required to neutraliz¢ the
sample pre:

— <0,15 =good
— 0,1% to 0,30 = fair
— >0,80 = poor

Colour [and appearance of the oil is.afivindication of oxidation and the presence of ¢ther
contam|nants, so the faults detected and)components covered are described under those spgcific
sectiong.

The valties given in ISO 60422 fer\colour and appearance are:
— cledr and without visible.contamination = good;
— dark and/or turbid-="ad.

Interfacial tension.js a particular technique for assessing the presence of polar contaminar]ts in
the oil, yhich cafi be an indication of ageing of the oil. It is a general measure of contamination |evel,
including moisture, so the faults detected and components covered are as described in b) and :F) for

high mqistare content and acidity, respectively. In general, the results of an interfacial tension test
will be ¢losely correlated with the results of the acidity test.

Corrosive sulfur: certain oils under specific temperature conditions can deposit copper sulfate
on the copper and conductor insulation, reducing the dielectric strength of the insulation and
ultimately leading to breakdown. The oil can be tested for its tendency to deposit copper sulfide.
Potentially corrosive oils can be passivated to prevent the deposits from occurring.

PCB levels are not an indication of faults in the system, rather they are an indication of
contamination of the transformer with old oil that contained PCBs. PCBs are harmful to health and
are an environmental pollutant, and are removed by specialists. Such specialists can replace the
PCB contaminated oil with new oil and reduce the PCB to acceptable levels (<50 mg/kg).
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9.4 Temperature including thermography

9.4.1 Fault mechanism

High temperature in a transformer leads to more rapid ageing of the components, principally the
cellulosic insulation components (paper and press board) and to more rapid ageing and oxidation of the
oil. A widely recognized guideline is that a 10 °C increase in temperature above the design value halves
the life of the insulation, so maintaining a low temperature is very important. Higher temperatures
also speed up the process of corrosion. Hot spots inside a transformer can lead to breakdown of the
insulation and the oil, resulting in the generation of gases. Poor internal connections, resulting in areas

of hi

her resistance, lead to significant localized heating. In the extreme, local corona disch

rge/partial

disch
The

arge/tracking and arcing are the cause of intense local hot spots.
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erature, airflow over the cooling surfaces, and oil flow rate. Local cooling inside the tr:
ted by oil flow patterns within the transformer, which can be disrupted-over time by
dge, or by distortion of internal components.

Technique

all temperature may already be measured by a fixed«temperature sensor in th
be used to control fans or pumps for the cooling systém,’and may also be connect
erature alarm.

me transformers, local temperature may already.be detected by fixed sensors. Some t
be supplied from new with a number of internal'‘temperature sensors, located at point
't localized hot spots, which can be used to adjust load or cooling to keep within safe
5. Some transformers already include the“use of fibre optic temperature sensors,

erature along the entire length of the fibre optic sensor. Such temperature sensors
lled in the windings when the transformer is manufactured or repaired and the optin
e sensor is difficult to predict. Because the temperature sensors are inserted into th

- to preserve the electricaland mechanical strength of the insulation system.

e absence of sophisticatéd built-in temperature sensors, infrared thermal cameras c{

ly identify relative*hot spots on the transformer, and can help identify problems with

s of condition monitoring using thermographic techniques can be found in ISO 18434

Faults detected/components covered

pverall temperature of the transformer will be affected by the heat input (largely the load) and

the ambient
hnsformer is
the build-up

h

oil, which
bd to a high

ransformers
5 that aim to
emperature
mounted in

ions intended to pick up the hottest Spot. Newer techniques use optic fibres that can sense

can only be
um location
e insulation

ture which will see service under high voltage conditions, special precautions should lpe applied in

in provide a

useful means of assessing the surface apparent temperature, with the advantage that they can

the cooling

m. They cannot generally identify local hot spots deep within the transformer, inside the windings.

1.

Tran

former cComponents most affected by elevated temperature are tie InSuiation;

bHoth the oil

and the paper deteriorate at higher temperatures. Extreme high temperatures can result in thermal
stresses and distortions of the windings and the core, which can in turn put additional stresses on
other components and the paper insulation. High temperature readings can be caused either by high
electrical loads, or by some form of fault in the cooling mechanism.

9.5 Partial discharge (PD)

9.5.1 Fault mechanism

A transformer is subject to electrical and thermal stresses. These two stresses can break down the
insulating materials. An early indication of insulation breakdown is partial discharge. The term
partial discharge (PD) can be used to describe both the underlying phenomenon and the technique for
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detecting it. Detecting PDs in a transformer is important as the presence of PD can result in progressive
deterioration of the insulation to the point of destruction.

The phenomenon of PD is the localized dielectric breakdown of a small portion of a solid or fluid
electrical insulation system under high voltage stress, which does not bridge the space between two
conductors. While a corona discharge is usually revealed by a relatively steady glow or brush discharge
in air, PDs within solid insulation system are not visible.

PD can occur in a gaseous, liquid or solid insulating medium. It often starts within gas voids, such as
voids in solid epoxy insulation or bubbles in transformer oil. Protracted PD can erode solid insulation
and eventually lead to breakdown of insulation.

9.5.2 Techniques

9.5.2.1 Ge¢neral

PD pulses g¢nerate electromagnetic waves, acoustic waves, local heating and chemicalreactions at|their
point of origin. Established methods for detecting PD activity and defect location-are typically bas¢d on
one or more| of the following techniques.

a) Ultrasgnic/acoustic techniques detect sound waves emitted by the RD activity. This is a tes{ that
can, and indeed can only, be done while the transformer is in normakoperation, so is a useful opline
techniqie (this technique is also described in 9.8).

b) Electromagnetic field/radio frequency interference (RFI) detection picks up radio waves
generatpd by the PD activity. This is also an online technique, and is described in more detil in
9.5.2.3.

c) PD seng§ing via ultra-high frequency method (UHF) uses sensors that penetrate the tank wall via
valves gnd access plates. These sensors can pick up the effects of ultra-high frequencies of PD [from
a wide grea within the transformer. Additionalsensors may help further segregate the PD source.

d) Electri¢cal measurements using directly.connected sensors can measure PD directly, and can
be both|online or offline techniques.

e) DGA detection is also useful to detect that PD activity has been occurring, but does not detpct it
directly]in the same way as thethree other techniques. DGA is covered in 9.6.

9.5.2.2 Ultrasonic/acoustic techniques

Problems sfich as arcing; destructive corona or tracking (sometimes referred to as “baby arcing”)
as well as PDs and mechanical looseness all produce detectable ultrasound that warns of impending
failure. Det¢cting thiese emissions is relatively easy with ultrasound. The acoustic difference ainong
these potentially.destructive events is the sound pattern. Arcing produces erratic bursts, with sudden
starts and dtops.of energy, while corona is a steady “buzzing” sound. Destructive corona has a Huild-
up and drop-off of energy resulting in a buzzing sound accompanied by subtle popping noises. If the
subject equipment is at a distance while scanning for these emissions, a parabolic reflector can be used
to focus the sound into the collector. This also allows for directional identification of the source.

PD which occurs inside electrical components such as in transformers and insulated bus bars is another
problem that can be detected with ultrasound. This is heard as a combination of buzzing and popping
noises. A contact probe is normally employed for PD detection which can place some restrictions on the
ability to use this as an online test.

Details of condition monitoring using ultrasound can also be found in ISO 29821-1.

9.5.2.3 Electromagnetic field/radio frequency interference (RFI) techniques/UHF techniques

The high frequency pulses of current that are associated with PD result in the radiation of
electromagnetic waves across a wide range of frequencies, including the ranges from 50 kHz to 1 MHz
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(RFI) and from 300 MHz to 3 000 MHz (UHF), and these will interfere with other radio transmissions in
these frequencies. These are the sort of noise and interference that will be familiar to people watching
TV or listening to the radio when there is a source of sparks in the vicinity. This radio wave transmission
can be used as a detection technique. A device that senses radio waves in this frequency range detects
them, and displays the output as the strength of signal at each frequency as a spectrum plot. Changes
in the level of output against time, or against a known good transformer of similar design indicate the
presence of PD. Because the signal drops off quite strongly with distance from the source, readings
taken from different locations around the transformer can identify the approximate location of the fault.
A typical monitoring regime might involve taking regular tests from 6 to 12 specified points around the
periphery of the transformer, allowing identification of the location with the strongest signal, or the
greatest change over time. The shape of the spectrum can also give useful information; for example, the
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opment of a peak or hump around a particular frequency can sometimes give an indi
 source of the problem. Time series plots can also be produced, which can show corréd
- factors such as overall load on the transformer, or temperature. Different faults’can
Fent patterns.

Idition to detecting UHF signals external to the transformer, speciallyydesigned {
nna or plate) can be put into the tank wall (either via a valve or otherspecially designe
e used for continuous or periodic PD monitoring of signals within thetransformer itsq

4 Electrical measurements using directly connected senseors

al discharge testing using directly coupled detector® ¥ a standard procedure

iplers is required, which may be capacitive or may beRogowski coils. Partial discharge
short-lived blips of current, corresponding to thetransfer of charge across the discont
ation. The number of such events and the amount'of charge flowing in each event is an
everity of the problem, and their location on-the applied voltage waveform can indicat
e problem. Testing can be online if sensors\are permanently connected, or offline, in
voltage is applied to the transformer by(the testing device.

type of test is covered by IEC 60270.

Faults detected /components covered

1se of these techniques can identify insulation breakdown in gaseous, liquid or soli

medjums. The technique(is, also particularly applicable to resin-filled transformers whe

ration of the
lations with
show up as

IHF sensors
d place) and
e f.
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ptance tests (FAT) of transformers according to IEC 60270 or IEC 60076-3. Some appr¢priate form
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inuity in the
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e the nature
which case a

d insulating
'e it detects

small voids in the insulation, which can, over time, gradually deteriorate and lead to actyal failure of
the ipsulation. Partidldischarge readings can give a very early warning of the early onset of this sort
of problem, although/the directly connected sensor method does not detect the later stages of actual
meagurable shortcircuit current flow.

9.6 | Disselved gas analysis (DGA)

9.6. qu}t lllCLlldlliDlll

An oil-filled power transformer is subject to electrical and thermal stresses. These two stresses can
break down the insulating materials leading to the release of gaseous decomposition products. Distinct
patterns of gases are generated by specific types of faults, owing to the different intensities of energy
dissipated by the particular fault type, which in turn leads to different temperatures at which the
dielectric is decomposing.

9.6.2 Technique

DGA is used to detect specific dissolved gas concentrations in samples of insulation oil from oil-filled
transformers. Factors such as the rate of generation of gas, the overall level or concentration of gas, the
type of gas and the relative concentrations of the different gases can be used to assess the presence of
faults within the transformer.
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Dissolved gas generation rate can be monitored online. Frequently the level of hydrogen is detected
by automated online equipment. Off-line sampling methods are normally used to carry out laboratory
analysis of dissolved gases. This can give more detailed information. Some of the more sophisticated
online monitoring systems can also analyse the concentration of a number of different gases, typically
up to eight gases. There are several reliable methods of online measurement for these gases, and
a number of the standards describing these methods are shown in the Bibliography. The principal
standard defining DGA tests and the interpretation of the results is IEC 60599.

These standards cover 13 specific gases, which are: carbon dioxide (CO3), acetylene (C2Hy),
ethylene (CzH4), ethane (C2Hg), hydrogen (Hz), oxygen (O3), nitrogen (N3), methane (CH4), carbon
monoxide (CO), methyl acetylene [C3H4 (Y)], propadiene (C3H4), propylene (C3Hg) and propane (C3Hg).

Because thd
gases, and t
Interpretati

Different g4
hydrogen id
quantitiesr
spots with {
is only gene
of arcing in{

different gases tend to be produced at different temperatures, the presence of sp
he ratio between them, can be an indication of the underlying fault that has caised f
pn of these gas ratios is given by IEC 60599.

ses are produced at different rates at different temperatures of fault;\so, for exal
generated by hot spots with temperatures from 150 °C upwardshin’ ever incre
ght through to full arcing at temperatures of 800 °C and above; methane is generated bj

rated by temperatures above 500 °C and particularly above 700-2C, and so is a key indi
ide the transformer.

beific
hem.

mple,
hsing
y hot

emperatures of 150 °C and above, but the rate tails off above 300.°C. Acetylene in conftrast

cator

IEC 60599 ulses these phenomena to classify the type of faults in two\ecategories each with three leyels:
a) discharge faults: PD, low energy discharge or high energy discharge;
b) thermal faults: <300 °C, 300 °C to 700 °C and >700 °C.

Annex A co
covered by
methane, et

9.6.3 Fau
Faults deted

Component;
9.7 Noise

9.7.1 Fau

The alterna
and the cord

htains an outline description of the metheds of interpreting the different gases pr
IEC 60599, including the Duval triangle method, which plots the levels of three g
hylene and acetylene, to identify the likely cause.

|ts detected /components covered
ted include overheating (hdt:spots), arcing and corona discharge.

affected include oil, insulation of main windings, conductors, etc.

|t mechanism

[ing eléctric and magnetic fields in a transformer create physical forces on the condu
, tefiding to make them vibrate at twice the mains frequency. In addition, magnetostri

psent
ases,

ctors
ction

means that

Lhe core will physically be changing in shape slightly as it is magnetized and demagne

tised

on each cycl

e. This vibration can be heard as the characteristic “mains hum”.

In a well-constructed transformer, the components should all be tightly secured in place with little
opportunity for movement, but if there is any looseness, it can allow the components to move more,
and hence vibrate more, leading to a louder audible noise. If components are able to rattle against one
another, the noise will be very significantly greater.

Because the driving force for the vibration is the magnetic fields of the primary and secondary coils
and the core interacting with one another, the force and hence the noise can be expected to increase
with higher currents, i.e. higher loads on the transformer. In the early stages of a developing looseness
problem it is possible that the noise level could only be noticeably louder under conditions of high load.
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9.7.2 Technique

Subjective assessments of noise can be made routinely by anyone in the area of the plant, and a routine
walk-around patrol should be encouraged to listen out for noise. However, a problem that develops only
gradually can be difficult to pick up with the human ear, so numerical measurements with a sound
level meter are useful. When taking such measurements, the load on the transformer at the time of the
measurement should be noted, to avoid false interpretations of noise increase that are purely due to a
higher load condition.

In some situations, e.g. where there are local environmental limitations on the noise level, a formalized
noise measurement approach can be required. Methods for carrying out such noise tests in a standard

1 LA | i A A nVallValaVale Ve Wal
manperarec aescripea 11 IccoovuU70-10:

9.7.3 Faults detected/components covered

Loosgness in any of the internal or external components of the transformer.
9.8 | Ultrasound

9.8.1 Fault mechanism

A transformer is subject to electrical, mechanical and thernial*stresses. These produc¢ detectable
ultralsound and can serve as an early warning for impending failure.

Problems such as arcing, destructive corona or tracking’/(sometimes referred to as “baby arcing”)
as well as PDs and mechanical looseness all produce-detectable ultrasound that warns of impending
failure. Detecting these emissions is relatively easy*with ultrasound. The acoustic difference among
thes¢ potentially destructive events is the sound-pattern. Arcing produces erratic bursts, with sudden
startls and stops of energy, while corona is a steady “buzzing” sound. Destructive coronafhas a build-
up and drop-off of energy resulting in a buzzing sound accompanied by subtle popping rffoises. If the
subj¢ct equipment is at a distance while s¢anning for these emissions, use a parabolic reflgctor such as
the UE UWC (ultrasonic wave form coneentrator) or the UE LRM (long range module). Thesq accessories
mor¢ than double the detection distance of the standard scanning modules.

PD that occurs inside electricalxcomponents such as in transformers and insulated bus bafs is another
problem that can be detected with ultrasound. Partial discharge can be quite destructive. [t is effected
by and causes deterioratign,of insulation. This is heard as a combination of buzzing and popping noises.
The ¢ontact probe is emiployed for PD detection.

9.8.2 Technique

Ultrgsound is, a'passive technique that processes the acoustic anomalies that are prodjced by the
electrical, méchanical and thermal stresses. Ultrasonic amplitude and ultrasound pattern|changes are
used|to-€lassify the severity of degradation. Signals are detected by either contact sensors|or airborne
sensprs.)The raw ultrasound signals created by the phenomena within the transformer inf some cases
correspond directly with the fault condition, in other cases the ultrasound signals are modulated by
lower frequency phenomena. By examination of the frequencies present in the signal, the likely cause of
the problem can be identified.

Details of condition monitoring using ultrasound can also be found in ISO 29821-1.

9.8.3 Faults detected/components covered

Ultrasound can detect and localize PD associated with internal faults in a transformer. It can also detect
corona, tracking and arcing associated with faults on external components. It can also detect issues
associated with tap-changer condition and loose winding/loose lamination faults. On large oil filled
transformers, auxiliary cooling components such as faulty fan motor bearings and cavitation in oil
recirculating pumps can be detected.
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9.9 Vibration

9.9.1 Fault mechanism

The alternating magnetic field inside a transformer creates electromagnetic forces in the windings,
between the windings, and between the windings and the core; in addition, magnetisation of the iron
core of the transformer causes changes in the dimensions of the iron, through the phenomenon of
magnetostriction. All of these lead to physical stresses within the transformer at frequencies related
to the supply frequency, typically at twice the applied supply frequency since the forces are generated
on both the positive and negative halves of the electric cycle. These stresses lead to actual movement
of the components of the transformer, the scale of which will depend on the stiffness and “tightness” of
the structurle. Any loss of tightness or stiffness tends to result in greater movement, and this moyement
can be detedted by vibration monitoring. These same phenomena also generate noise, which eanalso be
used to detgct developing problems.

9.9.2 Technique

n the
to be
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transformef
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nsors, typically piezo-electric accelerometers, are mounted in apprapyiate locations o
. Different locations are better suited to particular faults. Typically the sensors need
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on the outside of the tank tends not to give sufficiently specific identification of the loc
em. Laser Doppler vibrometers have also been used experimentally to give a direct,
surement of winding vibration.

|ts detected/components covered

on can indicate looseness of the windings, cere structure, or other internal compo
if they come into contact with the casing. Vibration measurement can also be used to d
on-load tap-changers.

pnal analysis is being pursued as a‘likely means of achieving a dependable transfo
chanical integrity diagnostic topel:"Fhe vibration sensors are magnetically mounted
lerometers attached to the sides'and top of the transformer tanks. The signals are opt
ransmission to a data recorder. The occurrence of winding looseness has been investig
proach has been also applied'as a method for diagnostics of on-load-tap-changers. Vibr
ht and analysis could, however, prove to be complicated due to the various sources W
fion of a transformer (e.g. primary excitation, leakage flux, mechanical interaction
witching) and thewvarious locations where vibration signals can be taken.

r factor/tan-delta and capacitance

|t mechanism
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riner ages, the dielectric loss in the insulation increases. The increased loss could be

to either

a)

contamination: moisture ingress, carbon, foreign materials, or

b) degradation: overheating and corona activity.

In the case of contamination, a transformer’s tank can be compromised, allowing moisture or other
foreign materials to enter the transformer. Carbon can become present in both the fluid and the winding
insulation due to faults that create high temperatures, such as high resistance connections. With time
the main winding insulation can degrade and continue to create more carbon and possibly generate
corona activity within the tank as bulk ionization occurs.

All of these related problems cause an increase in dielectric loss and an associated increase in
power factor.
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Another risk during the lifetime of a transformer is that the main windings can experience gross
mechanical deformation such as hoop buckling for a number of reasons. It this occurs, it will lead to
changes in the bulk capacitance of the transformer, which can be detected by changes in capacitance.

9.10.

2 Technique

PF/tan-delta and capacitance tests are performed on transformers offline but some insulation systems
such as bushing C1, can be measured online. Most common equipment measures PF/tan-delta and
capacitances of a connected insulation configuration at the same time and expresses both values.

For offline tests, the test is performed by injecting a high voltage, typically 10 kV, to the insulation

systd
delta

type
Test

m and measuring the real resistive current and the quadrature capacitive current.
test results are then calculated and compared to historical, population or accepteq
limits. Results can also be trended over time for analysis.
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@ phi
A resistive|loss current — in phase with applied voltage
B capacitive current — in quadrature to applied voltage
C total charging current — at angle ¢ to applied voltage
D applied yoltage
NOTE

1  Power falctor = Cos ()
= resistive current/total charging current
=A/C
2 Dissipation factor = Tan (6)
= resistiye current/capacitive current
=A/B

3  Foranglgs of § < 10° B and C are very similar in size, therefore Tan (§) is approximately equal to Cos (¢),
Power falctor and Dissipation factor will be very similar in number. Within 1,6 % at 10°, within 0,4 % at 5[,
and withfin 0,06 % at the 2° typital limit of most real-world values.

_
®

T .

Figure'5— Explanation of differences between PF and tan-delta

9.10.3 Faults detected/components covered
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degradation defects. The most common problem detected is high moisture content. The moisture
contentin a transformer increases its real (watts) insulation losses leading to an increased power factor.
Over time, this increased power factor insulation operates at a higher temperature which can lead to
further degradation and damage to surrounding insulation and ultimately a fault. It is very important
to maintain a relatively low power factor over the course of a transformer’s life due to the accelerated
ageing effects of a high power factor.

Changes of the capacitance value normally indicate a change of the geometry of the windings being
measured. Changes in the measured capacitance value can also be caused by changes in the oil or paper
quality, but these factors are much more clearly seen by changes in the PF/tan-delta value.
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9.11 Resistance

9.11.1 Fault mechanism

The series resistance across a winding phase can be compromised by a number of factors during the
life of a transformer, including faults introduced during manufacture, faults that gradually develop over
time, and damage as a result of transport, installation, commissioning and operation of a transformer.
The series circuit between terminals of a transformer winding can include the winding, bushing, draw
leads and tap winding leads. Any loss of integrity of contact can be detected by measuring the inline

resistance. This method can be used to detect winding short-circuits.

If mqisture enters a transformer or there is a short circuit between the winding and the
insulation will have become effectively compromised. In the case of moisture, if the mqis
is exfreme it is possible that the DC insulation resistance of the main winding would"decli
occufs and the winding insulation shorts to ground the DC resistance will drop to érnear ze
in the insulation will give a low DC insulation resistance.

9.11j2 Technique

Winding resistance is measured while the transformer is offline and the terminals are is
that there are two distinct DC resistance tests performed on transformers.
a) inding resistance test (WRT). Winding resistance tests‘are performed by commercia
RT test sets that measure the series resistance of conductors, connectors and contac
f test is looking for very low resistance as this indicates good contact and connector
Iso possible to compare the three phase winding@esistances to analyse the results.
he WRT test set used has adequate current to éxcite and achieve a steady-state valu
est results are available, these can be compared with the values measured on site
hether the values have changed.

nsulation resistance. The DC insulationresistance test measures the DC insulation res

ain windings to ground and in-betiween main windings. A low value could indicate a |
hat a fault is detected. Note thdt the DC insulation resistance has low sensitivity on
vindings and degradation waeuld have to be very advanced to be diagnostically signifig

b)

9.11}|3 Faults detected/components covered

Winding resistance can-detect loose connections in leads and tap-changers, degraded
contacts, winding de=stranding and broken strands or short-circuits within windings. T
modgs include: high fault currents, poor contact tightness between winding elements ar
due fo vibrations in lead connections.

Loos
straf

eness,<degraded on-load tap-changer (OLTC) contacts, poor lead contact and co
ding faults can be detected by the DC winding resistance test.
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9.12 Dielectric frequency response (DFR), polarization/depolarisation current (PDC),

recovery voltage method (RVM)

9.12.1 Fault mechanism

DFR, PDCand RVM are three related techniques which have a common goal of detecting moisture within
a transformer’s windings. Moisture (together with oxygen and high temperature) is the leading cause
of transformer insulation ageing, and subsequent dielectric failure. Moisture affects the properties of
the paper, and these techniques seek to detect these changes in properties by detecting the resulting
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changes in the electrical behaviour of the transformer. All three techniques are offline tests, and require
a highly trained individual and controlled conditions to use effectively.

9.12.2 Technique

DFR, PDC and RVM are variations on the dielectric frequency response analysis (FRA) technique
(see 9.13). Each of the techniques relies on observing the change in injected voltage or current signal
over time and/or frequency. The response of the injected signals will vary over time and/or frequency
depending on several variables, or parameters, such as moisture. The three test methods are designed
to estimate moisture within transformer insulation. These methods also require that the transformer
being measured is an oil-paper system, so they are inappropriate for dry-type transformers. These
methods alqo require a trained tester who understands how to perform and evaluate the test results,
the analysiq of which is outside the scope of this discussion. A brief description of the three methods
follows.

a) DFR: The DFR test is performed offline by sweeping a low voltage waveform:-across a |arge
frequenicy range starting close to DC and ending at 1 kHz. The power factor, and capacitar]ce is
measurgd and then plotted, and the resulting curve is then compared to mathematical and library
models fo estimate the level of moisture within the transformer winding. Anwmber of assumpfions
need to|be made to properly estimate moisture, including transformer volume and the ratio oflsolid
insulatipn to oil.

b) PDC: The PDC test is performed by injecting a polarizing DC carcent (P) then a depolarizing DC
current{(D) at 100 V into the transformer winding. The test.is repeated multiple times to obtain
an average result and minimize test inconsistencies. The tests typically performed 5 to 10 tjmes.
The curyrents for both directions (polarizing and depolarising) are then plotted and checked for
consisténcy. Finally, the results are reviewed by a trained PDC analyst.

c¢) RVM: The RVM is an offline test performed by conducting a series of charge and discharge cfycles
across g transformer winding and then measuringthe voltage which is ‘recovered’ at the termjnals,
generatpd by the test specimen itself. The voltage is plotted versus time during both the charge and
discharge cycle. The test is often conducted,several times to average out test inconsistencies and
can take up to 10 000 s to complete. By analysing the recovered voltage curve the moistur¢ can
then belestimated.

9.12.3 Faul|ts detected

DFR/PDC/RVM are all designed-te estimate or ascertain the level of moisture within a transforer’s
cellulosic infsulation. Elevated, levels of moisture within windings can lead to accelerated ageing and
reduced dielectric strength. These conditions compromise the insulation and increase the possibiljty of
a fault. Thege tests arenatapplicable to dry-type or gas-filled transformers.

9.13 Frequency response analysis (FRA)

9.13.1 Faultmechanism

The FRA test is a very sensitive test that can detect a number of variable changes within a transformer
including mechanical, contact and grounding changes. The primary purpose is to detect mechanical
movement of the main windings within a transformer. Mechanical movement within a transformer leads
to geometric changes to the winding and the relative position of the winding to neighbouring windings,
the core, tank and support members. As a result the characteristic frequency response of the individual
winding will change, causing a change to the shape of the FRA measurement curve. The frequency
response measured during this test is very sensitive to changes in geometry within the transformer.
A transformer can be thought to be a complex ladder of resistance, inductive and capacitive elements
all relating to the geometric position of the winding and the various components that surround and
support the winding. A fault that leads to alteration of this impedance ladder will cause an associated
change to the FRA curve.
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9.13.2 Technique

The FRA test technique measures the transfer function of individual windings when the transformer is
out-of-service and disconnected. The unique characteristics of the transformer that can be represented
as a network of resistances, inductances and capacitances are assessed by taking measurements
between selected terminals and then recorded in the form of a transfer function curve. The FRA test is
performed by one of two methods.

a) Sweep frequency method: This method sweeps a low voltage waveform through a range of
frequencies and measures the voltage input and output and then calculates the frequency response.

3 C L the G the sweep FRA test
as remnant flux in the core can affect the measurements Thls test should not be|carried out
immediately after DC resistance tests, as they can magnetise the core.

b) Impulse method: This method injects a medium- to high-voltage pulse into-thie' winding and then
lheasures the output. An FFT is then conducted to transform the time-based'signal to the frequency
omain and the frequency response is then calculated.

FRA tests are performed offline on transformer windings using various test sequencesd.

9.13|3 Faults detected

FRA [tests are capable of finding and localizing physical defotmdtions within the transformer that can
occuf and are caused by

a) gignificant over-current (such as arising from a short circuit),
b) through fault,

c) ¢hipping damage,

d) loose grounds,

e) £

f) tfap winding contact degradation or damage.

ose connections, or

The |defects created by,.-these causes can include hoop buckling/radial winding deformation,
telespoping/axial winding-elongation, core defect, core delamination, bulk winding movemlent, shorted
turn) contact defects,epen circuited turn, loose winding, and floating shield.

By measuring thétransfer function of the transformer, deformations of the windings can sometimes
be detected, provided that a reference fingerprint of the unit is available. Deformation ot changes in
geonpetrical distances of the windings leads to changes in internal capacitances, and thereby a change in
the transfer-function of the transformer. In practice, an impulse is injected on one side, and the Fourier
spectrumeis measured of both the 1mpulse and of the response on the other side. The trangfer function

i i avails comparison

between the phases or to a 51m11ar transformer can hlghhght a problem

As an alternative to the formerly used time domain testing (low voltage impulse method), the FRA is
one of the more frequently used techniques for diagnosing deformations of the transformer’s windings.
However, this technique presents as major disadvantages the need to take the transformer out of
service and it involves great uncertainties due to the fact that the result is affected by a large number of
factors.
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9.14 Ten (10) kV single-phase excitation current

9.14.1 Fault mechanism

The single-phase excitation current is sensitive to inter-winding insulation damage as well as abnormal
tap change currents. Insulation degradation and contamination can lead to breakdown of the inter-
winding insulation. In addition, circulating current between turns or through poor core/yoke grounding
can also lead to abnormally high excitation current results.

In the case of damaged on-load tap-changers, the excitation current results can be altered as the online
tap-changer could fail to move or be altered by poor contact.

9.14.2 Technique

Excitation clirrent is normally measured by using commercially available test instrumentsthat arg also
used for PF/jtan-delta testing. The excitation current test is performed offline by injecting a 10 kV test
voltage (or as high as possible without exceeding rated voltage and current) and measuring the [total
current and|loss on the highest rated voltage windings. All other windings are-open circuited dyring
the test.

NOTE Itfis also possible to use 400 V for testing purposes.

The technique can also be used at different de-energized tap change and on-load tap-changer positions
to ascertain the condition of the tap-changers. Typically DETCs.are not moved during test, buft the
entire rangg of OLTC positions are tested. The measurement is«¢then analysed by comparing the yalue
measured between windings as well as comparing the pattenn, generated through the different QLTC
positions. This measurement relies on the fact that during<every tap-change operation of the OILTC a
circulating ¢urrent flows, and the test can pick up the changes in frequency response associated|with
this current

9.14.3 Faults detected/components covered

The single-phase excitation-current test caf _be used to detect undesirable conditions in single-ghase
or three-phase transformers. Normally the.test results are analysed by comparing currents between
all three phases in a given transformesiand between the similar single-phase units. Certain problems,
however, can be detected on the basis’of current change when the measurements are performgd on
different lodd tap-changer positipns.

Accordingly} understanding-hew the load tap-changer affects the current magnitude of indivjdual
phases is essential for devéloping proper analysis. Moreover, this method also requires the transformer
to be disconjnected.

Analysis of the excitation current magnitude is especially sensitive to the condition of inter-winding
insulation in boththe main and tap windings and can detect turn to turn short circuits as well as partial
(or degraded)-turn to turn insulation. Analysis of the excitation current pattern is effective at finding

dama ed or mic.aonaratinatan.chanagorce acwall nc maagnatizad carac
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9.15 Leakage reactance flux

9.15.1 Fault mechanism

In an ideal world, all of the flux in a transformer will flow inside the core and within the windings. In
the real world, not quite all of the flux passes through the core, but some “leaks” out, passing through
the dielectric, in the gaps between the core and the windings. Physical distortion of the transformer
main winding will alter the relative geometries of the main windings relative to each other and to the
core. Leakage flux within a transformer travels through the gaps between the core steel and windings.
The permeability of fluids such as transformer mineral oils, ester oils and air is much smaller than that
of the core so the leakage flux through these alternate gaps is much smaller than the flux through the
core. However, this means that the leakage flux is very sensitive to changes in geometry, so measuring
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the level of leakage flux, and particularly detecting changes in the level of leakage flux, is a sensitive way
of detecting distortion of the transformer components. The physical distortion changes the physical
cross-sectional areas of the gaps, thus altering the amount of leakage flux travelling through these
gaps. When measured, the leakage flux will change as the winding and/or core is physically distorted.

9.15.2 Technique

Leakage reactance is closely associated with the short circuitimpedance test and comparison is possible
between the two tests though leakage reactance is considered a field test for condition assessment.
Leakage reactance is measured when the transformer is out of service and disconnected. There are two
types of leakage reactance tests:

a)
b)
Leak

injec
leaka

er-phase leakage reactance;

three-phase equivalent leakage reactance.

hts that can
three-phase
hinces to one

age reactance is performed commonly using commercially available test) instrumel
t current into a primary winding and measuring the resulting reactance (X). The
jge reactance test is analysed by comparing the three phase equivalent leakage react

anot
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ner. The per-phase leakage reactance test is analysed by comparing®o an initial bench

3 Faults detected/components covered

hg an over-current fault or transportation, a transformef can experience large mechg
e main windings. These forces can lead to mechanicaldistortion of the main winding
listortion of the windings geometries. These distortions can lead to several probler
ated or increased hotspot temperatures, degraded or damaged winding insulation,
tion and noise. A transformer with bent winding might not survive the fault and co
 to fail in subsequent normal service.

is a traditional method for detecting changes in the winding geometry. The winding
acement results mainly in modifications of the leakage flux radial component. By 1
conveniently installed in the transformer, it is possible to measure such modificatio
of the problems previously mentioned regarding temperature sensors installation wi

Bushing capacitance measurement

1 Fault mechanism

method detects progressive deterioration of the insulation properties of bushii
lately, to failure of the bushings altogether, resulting in a catastrophic short to earth.

2 Technique

mark.

inical forces
5. The result
hs including
r increased
uld be more

mechanical
sing search
s. However,
| apply here.

ngs leading,

rding to an Electric Power Research Institute (EPRI) study on accelerated transfor

mer ageing,

relative power factor (tan-delta) tests provided the earliest indication of incipient faults that could
lead to failure. Bushing condition may be assessed by measuring the capacitance and power factor of
the bushing. This can be done either offline using portable equipment, or online if permanent sensor
equipment is installed.

Off-line testing can only be performed effectively in dry conditions, on a day with moderate temperature
and low humidity, and, of course, can only be done with the transformer taken out of service. Off-line
testing under such static conditions is not likely to detect all incipient faults that can be evident under
operational conditions. In addition, several factors can influence offline measurement, including voltage
fluctuations, contamination on the bushings, moisture ingress, oil level, damaged porcelain, ambient
humidity and temperature.
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Online monitoring of bushings can be carried out continuously, following the recommendations of
IEEE C57.19.00-2004. Online monitoring requires the installation of capacitive sensors in the bushing
taps, as shown in the example in Figure 6.

5
)
Q
O

Figure 6 — Capacitive sensor mounted in bushing tz}[go

Figure 7. Mgasurements are taken from a sensor installed in each bu g tap (as shown in Figufe 6).
As a bushing fault starts to develop, some of these very small capaci% become resistive. The legkage
current frorh deep inside the bushing is miniscule when measur ground. However, if a capagitive
voltage divifer is used in a measuring circuit it can sense and fﬁ&asure the voltage drop due to these

resistive components. <
I" Q&

From this online measurement, both bushing power fangr and dissipation factor (tan-delta) cgn be
calculated 4gnd measurements stored in an appropriaté instrument database that can be acc¢ssed
by LAN system for remote monitoring. It is impog@lt that these measuring systems are designgd to
eliminate ainjy noise that can affect readings taken.

N\
A bushing can be represented by several small capacitance values in serées@%d in parallel, as shoyn in
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Figure 7 — Equivalent circuit model of bushing
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Trending of these power factor and tan-delta values can provide an early indication of bushing
degradation. If a significant upward trend develops, this is an indication of bushing degradation.
As mentioned, offline power factor measurement is usually performed on a moderate day with
low humidity. However, in service the bushing operates under varying environmental and loading
conditions. These conditions have an impact on the power factor readings and should be measured and
recorded by the monitoring instrument at the same time as power and dissipation factor measurements
are taken. If this is done, changes in measured values could be found to relate to variations in operating
and ambient conditions rather than further bushing degradation. Online monitoring systems provide
the most accurate and the earliest indication of bushing condition and insulation integrity because they
operate continuously and acquire data under all weather and environmental conditions. Online power
factor values can also be used to verify offline test data.

9.16|3 Faults detected/components covered

BusHing PF and tan-delta measurement can detect deterioration in the instlation properties of
the Bushing and help avoid catastrophic failure of the bushing that can lead to destruction of the
trangformer.

Ageing of the bushing can be monitored with the help of periodic measurement of PF/tanjdelta of the

bushling (mainly C1, see Clause 4).

This|value is normally measured during measurement of bushing capacitance. The primciple is the
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as described in 9.10 for winding configurations. The expected dissipation factor dep
of the bushing (RIP and OIP should be below 0,7 %, RBP below 1,5 % for new, not age
nuously recorded dissipation factors can help to idemntify increase (therefore aging) oy

Novel techniques
1 Winding clamping force estimation (WCE) method

1.1 Fault mechanism

vindings of power transformers experience significant mechanical forces caused by th¢
een the current in the windings and the resulting magnetic field induced in the
lanical forces in the coils-are contained by the winding clamping system. Over time, a
e aging of components and the effect of normal vibrations created during operation ¢
lamping forces decreasing.

current events,;such as an external short circuit, can lead to the creation of very high
s which mustbe contained by the clamping system. If the clamping force is inadequate,
as been weakened by aging effects, the winding will be deformed. This can lead to furt

ends on the
d bushings).
rer time.

P interaction
core. These
rombination
an result in

mechanical
for example
her damage

suchlas internal short circuits.

9.17{1.2, Technique

This is still a novel technique that is not yet widely adopted but has been subject of a number of patents
over the years, and is currently being developed and explored by some transformer manufacturers. To
assess the condition of the clamping system a technique can be used where a mechanical impulse is
applied to the tank of the transformer. The vibrations from this impulse will propagate through the tank
and excite the windings, which will start to vibrate with their own mechanical characteristic frequency
which depends, among other things, on the mass of winding but also on the remaining clamping force.

Due to the remaining magnetism of the core in the winding a voltage will be induced which will contain
the same frequencies as the mechanical vibration of the winding. If the voltage is recorded in the
time domain it can be converted into frequency domain. The maxima in the frequency domain then
represent the characteristic mechanical frequencies. Evaluation can be done by comparing the achieved
frequencies with previous measurements, results recorded at other phases of the same unit, results
recorded at other but similar units or expected behaviour.
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9.17.1.3 Faults detected/components covered

Using this method it is possible to assess the condition of the winding clamping to avoid the risk of a
serious deformation or damage at the winding in case of an external short circuit event.

9.17.2 Online model-based voltage and current waveform analysis

9.17.2.1 Fault mechanism

As faults develop in a transformer, the relationship between the input and output waveforms of
voltage and current are subtly changed, owing to factors such as movement of the windings, changes
in insulatiop characteristics, permittivity, etc. This can be seen as a change in the transfer funftion
between ingut and output sides of the transformer.

9.17.2.2 Technique

This is still
applicationd
of the tran;
transformef
between thd

a novel technique that is not yet widely adopted but is the subject 'ef current pptent
. Measurements of the voltage and current waveform on both the(ihput and output side
former are taken, using online metering devices (usually existing current and volltage
s that are already in place for operational monitoring purposes). The transfer funcfions
se inputs and outputs are then obtained by mathematical modelling techniques of syjstem

identificatign. Outputs are obtained in two formats: the parameter<alues of the transfer funcfions
themselves;|and the value of the residual components between the{outputs from the model ang the
measured yalues. These residual components correspond to ‘the nonlinear elements of syjstem
behaviour, which typically indicate faults such as loose windings.

es of
5is, it

dicated both by changes in the transfer functionparameters, and by the absolute valy
components. By analysis of the frequenciescf these components, using Fourier analy
b identify the likely elements causing the problem.

Faults are in
the residual
is possible t

9.17.2.3 Faults detected/components covered

f the
f the

characteristic behaviour of the.transformer, which can include changes in resistance
hanges in capacitance between input and output windings, changes in permittivity d
hges in shape, and loosenéss of windings.

Changes in
windings, cl
system, cha

10 Establishing the programme

10.1 Selection of techniques — Individually and in combination

The earlier $ectionsof'this document have described the methods that can be used for monitorin|
condition offpowertransformers, with the objective of adopting a condition-based maintenance re
In order to furn this list of techniques into a viable condition monitoring programme, it is necessa
select the telchui Nal 3 3 atwhich t ill be appli

o the
rime.
ry to

Techniques should be selected that will give sufficient indication of condition to address the principal
failure modes of concern to the major components in the transformer in question, using Tables 1, 2 and
3. It is not anticipated that every condition monitoring programme on every transformer will involve
every one of the techniques described in Table 3. Rather, a combination of techniques should be selected
that cover the main areas of concern affecting the relevant components. The decisions should take into
account the criticality of the equipment, following the guidelines set out in ISO 17359.

Online testing techniques have the advantage of not requiring an outage in order to take the
measurement, so are likely to be the first choice where they are applicable. Offline techniques should
then be chosen to fill in the picture more completely where required.

The conclusions for each transformer should then be captured and recorded as the basis for planning
and controlling the condition monitoring work. A suggested format for this is given in Annex B.
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10.2 Selection of frequency of each monitoring technique

The general objective of condition monitoring is to avoid unexpected breakdowns, and to be able to carry
out maintenance work in a planned manner. This requires that monitoring is carried out sufficiently
frequently that faults can be reliably detected with sufficient warning time to organize maintenance
work before failure occurs. The point at which deterioration can first be detected reliably is generally
referred to as the point of potential failure, P, and the point at which functional failure occurs is generally
referred to as point F. The time between these two points is the P-F interval. For reliable condition
monitoring programmes, the interval between successive measurements should be no longer than half
the P-F interval, and to cope with noisy signals, a shorter frequency than this is preferred, e.g. three to
five tests during the P-F interval. So to set the required frequency of monitoring tests, it is necessary to
havelan idea of the likely P-F interval for the failure mode in question. Transformers are generally long-
lived|items, with in-service lives of often more than 40 years, and relatively slow deterioration rates, so
the required testing frequency is normally measured in months, rather than days.
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Annex A
(informative)

Factors influencing the life of paper-based insulation and the role

of transformer oil analysis/dissolved gas analysis
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common construction of oil-filled transformers, the windings, generally made of cd
s, are insulated by being wrapped in special paper called kraft paper, which'is strong
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A.2 Paper chemistry and physical déeterioration
The chemicpl structure of cellulose jis.;a" polysaccharide, i.e. it is a long chain molecule made yip of
individual {nits that are chemically ;stugars, glucose molecules, joined end to end. When new, kraft

paper has 3
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of polymeri
strength at

The relation

typical molecular chaijn length of around 1 200 saccharide units, and has a high td
5 the cellulose deteriorates, the polymer chains break, and the average length o
lecules reducesfand with it the mechanical strength, until the point where, with a dg
sation (DP) oftaround 150, i.e. 150 saccharide units in the chain, it has very little td
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DR of 250 is often used as an indicator that the transformer has very little service lif¢

b left,

and the coilsTieed to be reptaced entitely:.

The rate of deterioration is dependent on a number of factors, and is exacerbated particularly by
elevated temperatures and the presence of water. The breakdown process of the paper and oil is a self-
catalysing reaction, accelerated by the water and carboxylic acids that are generated by the reaction
itself, so the rate of deterioration will accelerate if not detected early on and steps taken to correct the
situation.

A.3 Breakdown products

The chemical processes of this gradual deterioration lead to the generation of a number of different
breakdown products. Electrical discharge in oil leads to a variety of gases including carbon
dioxide (CO), acetylene (CpHp), ethylene (CzH4), ethane (CzHg), hydrogen (Hgz), oxygen (02),
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nitrogen (N3), methane (CH4), carbon monoxide (CO), methyl acetylene [C3H4 (Y)], propadiene (C3H4),
propylene (C3Hg) and propane (C3Hg).

The fact that gases are generated when there is a fault inside the transformer is the phenomenon that
led to the development and adoption of the gas-actuated relay devices of the type commonly known
as Buchholz relays. (Buchholz is actually a specific manufacturer’s name, although it tends to be used
to refer to gas-actuated relay devices in the same way that vacuum cleaners are often referred to as
Hoovers.) These have mechanisms for detecting both a slow but continued generation of gas, and for
detecting a high rate of gas, with the ability to trip the transformer. Nowadays, much more subtle and
sophisticated devices can be used to analyse the specific composition of the gases being evolved, and to
identify the likely nature of the underlying cause (see A.5).

Breakdown of the paper in the presence of water is via a process of hydrolysis ef t]|1e cellulose,
which results in acid breakdown products. Subsequent oxidation of the breakdowi preducts leads
to glucose and pentose and then to furfural (2-FAL) - CsH402 (also known as|2-furpldehyde or
fura
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2 carboxaldehyde). The level of furfural can be used as a guide to the condition of the
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The role of water
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as bushings. Initially, the water mixes with the oil.Water is not highly soluble in oil, buf
bntrations it reduces the dielectric strength of the'eil, which can make electrical discharg
former more likely. These will lead to local het'spots and will cause the oil and paper to

vater migrates preferentially from theeil into the paper, where it leads to deteriof]
. Water weakens the mechanical strength of the paper, can reduce the dielectric st
lirages chemical decomposition ofthé paper.

renerally easier to measure the water content of the oil than to directly measure the wj

ugh the two are not directly related in a simple 1:1 relationship. The water level in t}
Iculated from the water.content of the oil only under very stable conditions and other
EC 60422).

use the water¢preferentially migrates from the oil to the paper, measuring the cond
r in the oil €an’give an underestimate of the quantity of water in the transformer.
rtant whern(carrying out remedial action to remove water from the transformer, in t
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standard technique, as described in IEC 62021 (all parts), is the(use of a titratiop technique,
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ater adversely affects the hehaviour and condition of hoth the paper and the wate
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potentially being a trigger for corrosion. Analysing the concentration of water in the oil is therefore an
important monitoring measure, and the standard technique, as described in IEC 60814, is a Karl Fisher
titration technique which measures the electrical charge required to complete the titration. It can give
results correct to within 1 % of the true water concentration.

A.5 Gas evolution and fault diagnosis

Different gases are produced at different rates at different temperatures of fault; so for example,
hydrogen is generated by hot spots with temperatures from 150 °C upwards in ever increasing
quantities right through to full arcing at temperatures of 800 °C and above; methane is generated
by hot spots with temperatures of 150 °C and above, but the rate tails off above 300 °C. Acetylene, in
contrast, is only generated by temperatures above 500 °C and particularly above 700 °C, and so is a
key indicator of arcing inside the transformer. This does not necessarily indicate a fault, particularly if
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