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New Developments in
Natural Ester Fluids:

Addition of
Nanoparticles
Applied in Electrical
Transformers
by Corné Dames

The main advantage
of natural esters is
the possibility of
using domestic raw
materials with a
relatively low price and
suitable properties,
which include
biodegradability.

available results thus empowering the customer to take preventative steps in maintenance. Corné has vast practical and theoretical knowledge on reliability maintenance
programs. Coming from a strong chemical
background she has insight in all the chemical processes that is part of the transformer
system coupled with technical insight helps
customers optimise their reliability maintenance and electrical asset lifetime.
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Corné Dames is the Managing Director of
Independent Transformer Consultants, always striving to keep on top of new developments and research. She has expertise
as Laboratory Manager in the analysis of
transformer oils and as diagnostician identi
fying problem areas in transformers, as well
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New insulating liquid materials
development is guided by multiple
factors such as environmental
requirements and other safety and
economic considerations. Therefore,
transformer manufacturers have to
to these new requirements.
The vegetable-oil based transformer
mineral oil-based products in
the marketplace. These oils are
successful because they perform
better in various aspects than
mineral oil products and they provide
gains.

to natural esters are needed to
make them more competitive as
nanoparticles addition and oxidation
stabilisers added, these natural
characteristics to compete with
mineral oils as a replacement
transformer insulating systems.
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Advantages of Natural
Esters
advantages that natural esters have

By adding
nanoparticles
to the natural
should be an
improvement to
the key electrical
properties of the

•
bio-degradability, thus
• High
leading to easier oil spill

Better environmental and health

Helping, chemically, to prevent
• long
cellulose paper molecules

•

• assist in overall safety which can

•
•

•

•

management solutions

•
•

result in lower substation upgrade
costs.

extend insulation life
95% bio-based, providing a very
high degree of sustainability
A unique ability to absorb
moisture contained in aging paper
that can extend insulation life by a

•

from scission (i.e. aging) when
exposed to heat
Increased overloading capability
and longer transformer insulation
life
Lower lifecycle costs and better
utilization of assets
Coming from renewable resources
makes them recyclable and
reusable
Lower gassing tendency under
electrical stresses and better
resistance to sludge formation
Due to their viscosity and ability
to polymerise when thin layers
are exposed to warmth and air
surface and into subsurface soil
in the case of spillage
In general, vegetable
oil is fully miscible
with traditionally
used mineral oils, so
existing transformers.
Additionally, corrosive
sulphur is not present in
natural esters.
point is much higher
than that of mineral
oil, natural esters are a
much safer choice for
areas where a) there
is a risk of human life,
b) there are high down
time costs, c) there is
surrounding areas, and
d) where transformer
replacement time
and cost are posing a
problem.

than mineral oil, providing less
energy units per weight than mineral
are water, carbon monoxide and
carbon dioxide which are less
toxic than the carbon, nitrogen and
sulphur oxides produced by mineral
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Disadvantages of Natural
Esters
While the list of advantages above
disadvantages to the use of natural
esters. Oxidation stability is the
greatest concern. The natural ester
is the most susceptible to oxidation,
more so than all the available oils.
Therefor the exposure to oxygen
and moisture should be kept at a
minimum.
The following characteristics are
preventing natural esters from being
deployed as an entirely technically
acceptable replacement for mineral
oils:
Higher viscosity
High pour point
Higher permittivity
Low oxidation stability
No legislative path and test
methods
Durability problems in short high
voltage impulse resistance

•
•
•
•
•
•

Assessment of Natural Esters
for Further Development of
Their Electrical Properties
Two types of natural esters have
application – rapeseed (Brassica
Annuus) oil. However, the high
number of poly and mono
unsaturated fatty acids keeps the
oil in a liquid state, even in lower
temperatures, but makes it prone to
oxidation. When AC stress voltage

Photo by Shutterstock

a higher rate of deterioration. The
behavior of both natural esters under
elevated temperature (25°C up to
140°C) is similar, with no conclusive
differences. The value for volume
resistivity for rapeseed is better than

There is no fully implemented
legislative guidelines for the use
of natural esters in transformers
so far, but some properties are
given in IEC 62770:2013 - “Fluids
for Electrotechnical Applications
– Unused Natural Esters for
Transformers and Similar Electrical
Equipment” [1]. The values for the
individual parameters are mentioned
in the middle column of Tables 4 and
5 in [1].
It is obvious that these oils could not
fully comply with the requirements
of Standard IEC 62770 [1] without
not meet the values for some
key parameters e.g. Breakdown
Voltage (BDV), Acid number, water
content and dissipation factor tan δ.
Therefore, adjusting the insulating
liquid for the desired purpose was
needed. The vegetable oil needed to
with a suitable sorbent and the
addition of an oxidation inhibitor at
the corresponding concentration.
test of oxidative stability (TOS)
according to method C in standard
IEC 61125 [2]. The TOS is based on
the exposure of an oil sample by
oxidation with
the presence
of copper, and
eventually
other materials.
Changes in
the measured
parameters of
the electrical
insulating liquid
are monitored
before and after
exposure.

Titanium
Dioxide with a
silica surface
treatment
(SFT TiO2) has
the maximum
positive effect
on breakdown
voltage.
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Preparation of Electroinsulating Ester Fluid
The electro-insulating liquid from
rapeseed oil that has undergone the
described methods of treatment
was found ready for direct use in
hermetic, distribution transformers
and was patented under utility
number CZ 29982. It was found that
WKHPRGLͤHGQDWXUDOHVWHUVUHVXOWLQJ
from the aforesaid treatment fully
complies with the requirements of
IEC 62770 [1]. The main advantage
is the possibility of using domestic
raw materials with a relatively low
price and suitable properties, which
include biodegradability.
This oil is safe for use in distribution
transformers, especially around
water sources and protected natural
areas.

Improving the Electrical
properties
As per above results, it is now clear
that the electro-insulating liquid
UHVXOWLQJIURPWKHPRGLͤFDWLRQ
treatment has electrical properties
that comply with IEC 62770 [1]. We
can further improve the electroinsulating properties of the liquid by
DGGLWLRQRIQDQR̨OOHUV
By adding nanoparticles to the
natural ester oils there should be an
improvement to the key electrical
SURSHUWLHVRIWKHͥXLG,WVKRXOG
LQFUHDVHWKHͥDVKRYHUEUHDNGRZQ
voltage and dissipation factor for
WKHͥXLG%\DGGLQJQDQRSDUWLFOHV
WRWKHͥXLGV\VWHPLWZLOOVXSSUHVV
the development of an electrical
charge in the liquid after an electrical
potential is applied.

Nanoparticles
Photo by Shutterstock

%\ͤOWHULQJWKHRLOIRUDKRXU
cycle through a composite pulp
ͤOWHUWKHDFLGQXPEHUFRPHVGRZQ
to acceptable values. Furthermore,
an oxidation inhibitor, di-butyl-paracresol (DBPC), is added to the oil.
6XQͥRZHURLOKDVDVOLJKWO\EHWWHU
oxidation stability than rapeseed
oil, however if a phenolic type
antioxidant is added, the stability
RIUDSHVHHGRLOLVKLJKHU7KHͤQDO
concentration in oil was set to
ZWDVWKLVZDVLGHQWLͤHGDV
the optimum level.

Transformer Technology

March 2019

Issue 1

1DQR̨OOHU2[LGH
TiO2

Purity (%)

Primary Particles
size (nm)

>96% TiO2

20

<4% SiO2

TiO2

99+

20

99,97

20-30

99,99

10

_

Al2O3 y

Surface Treatment

Hydrophilic

SiO2

UV resistive

Al2O3 y

_

9DULDWLRQ

>98 SiO2
SiO2

<2 (3-Aminopropyl)

20

Triethoxysilan
SiO2

99+

ZnO

<2 (3-Aminopropyl)

Hydrophilic

(3-Aminopropyl)

Lipophilic

Triethoxysilan

20

Hydrophilic

30

Hydrophilic

(3-Aminopropyl)

Lipophilic

Triethoxysilan

>98 ZnO
Triethoxysilan
ZnO

99+

20

ZnO

99+

30

Table 1. Overview of the selected nanoparticles to
modify the new oil properties

An increase in the value of
ͥDVKRYHUEUHDNGRZQYROWDJHLV
achieved as well as improved
electrical properties by addition of
the nanoparticles as this spreads
the discharge path. The overall
chemical and physical parameters
of the oil are preserved even after
addition of the nanoparticles.
Four nanoparticles were selected
for addition to the natural esters to
improve the electrical properties;
which was done in review of
experiments that have been
conducted on mineral oils. These
nanoparticles were the selected
nanoparticles TiO2, Al2O3, SiO2, ZnO.
Table 1 gives an overview of the
selected nanoparticles.

The selection was made based on
VHYHUDOFULWHULD7KHͤUVWLVWKHW\SH
of nanoparticle, the second the
material purity and particle size in
nm, the third is the surface treatment
(ST). The surface treatment is known
WRKDYHDVLJQLͤFDQWLQͥXHQFHRQWKH
incorporation of the particles into
WKHͥXLGV\VWHP
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Results and Outcome
Discussion on the Tests
Titanium Dioxide with a silica
surface treatment (SFT TiO2) has
the maximum positive effect on
breakdown voltage, and well at 0.25
wt%. The increase in breakdown
voltage was approximately 20
kV, from 60 kV average to 80 kV
average. The other nanoparticles
were also added in the other tests,
one type of nanoparticle ranging
in concentration and particle size.
The best results were achieved by
the addition of titanium dioxide and
well for the 20 nm size, 0.25 wt%
concentration.
The increase in breakdown voltage
and volume resistivity by addition
RIWKH7LWDQLXP'LR[LGHQDQRͤOOHU
at concentrations of 0.25 wt% can
be explained by the creation of
surface charges on the particle.
These charges act against the outer
HOHFWULFͤHOGLQWKHͥXLGDQGWKXV
WKHORFDOHOHFWULFDOͤHOGLVORZHUHG
and electron cascades from the
electrode are shifted toward a higher
voltage. Some studies claim that
nanoparticles distributed polymers
could create a “fence” effect and
make the growing path of the
electrical tree twist and turn like
a “Z” shape, so that more energy
would be consumed and therefore
not available in the electrical system
anymore [3].
Due to the more complicated path of
pre-breakdown channels in dielectric
ͥXLGVZLWKQDQRSDUWLFOHVPRUH
energy is consumed and leads to
the improvement of BDV, increased
shallow trap density in the liquid.
The shallow traps convert fast
electrons to slow electrons by a
trapping and de-trapping process.
The hydrophilic surface can bind the
water absorbed in the liquid this is
in direct correlation to the type of
surface treatment the nanoparticles
KDVEHHQVXEMHFWHGWR7KHQDQRͤOOHU
concentration is also an important
factor, if the concentration is too
high the interaction layers on the
particle surfaces overlap and this
will have a negative effect on the
BDV.

Titanium dioxide molecule

The particle is usually covered by
5-10 H2O molecules tightly bound
to its surface, and they may absorb
additional water from the oil, in which
case the conductive paths may be
created [4]. However, there are many
variables that might contribute in
minor part to changes in breakdown
YROWDJHEHKDYLRU HJVL]HVSHFLͤF
surface area, morphology, viscosity,
moisture, etc.) [5].
The dissipation factor, tan delta, was
improved by the addition of ST TiO2.
The dissipation factor increases for
concentrations higher than 0.25 wt%.

Points of Caution When
Using Uninhibited, Untreated
Natural Ester Fluids
Due to lack of oxidative stability it
is recommended that the natural
ester oils would only be used in
hermetically sealed transformer
units. The higher viscosity might
cause an increase in operating
temperature of transformer units,
thus a design alteration needs
to be done for successful longterm operation of the transformer
without damage. Saturation of the
cellulose pressboard system in
the transformer might take longer
due to the higher viscosity and
higher permeability of the natural
esters. Currently, there are no
reliable standard test methods for
analytical determination of electrical
faults that might be developing in
the transformer system. No fault
gases or critical concentrations of
LQGLYLGXDOJDVHVKDVEHHQLGHQWLͤHG
There is still a long way to go on the
analytical side to get to the level
of reliability testing needed for the
assured infrastructure reliability
needed in electrical reticulation.

References
[1] IEC 62770:2013, Fluids for
Electrotechnical Applications
– Unused Natural Esters for
Transformers and Similar
Electrical Equipment
[2] IEC 61125:2018, Insulating liquids
– Test methods for oxidation
stability – Test method for
evaluating the oxidation stability of
insulating liquids in the delivered
state
[3] M.G. Danikas, T. Tanaka,
Nanocomposites-a review of
electrical treeing and breakdown,
IEEE Electr. Insul. Mag., 2009, 25,
19–25
[4] C. Zou, J. Fothergill, S. Rowe, The
effect of water absorption on
the dielectric properties of epoxy
nanocomposites, IEEE Trans.
Dielectr. Electr. Insul., 2008, 15,
106–117
=? /4CƒS;.X%.K#TGXKGYQP
properties, opportunities, and
challenges of transformer oilbased nanofluids. J. Nanomater,
2016, 1–23
[6] H. Jin, et.al., Properties of mineral
oil based silica nanofluids, IEEE
Trans. Dielectr. Electr. Insul., 2014,
19, 1100–1108
[7] S. Tenbohlen, M. Koch, Aging
Performance and moisture
solubility of vegetable oils for
power transformers, IEEE Trans.
Power Deliv., 2010, 25, 825–830

46

Dry-Type
Transformer
Protection
and Monitoring
Systems
by Corné Dames

Constant monitoring of transformers
is vital for ensuring a reliable electrical
reticulation network, so any device
that can assist in the protection and
monitoring of the transformer system
is extremely valuable. Monitoring drytype transformers can pose quite a
challenge as there is no oil to test to
determine the condition of the unit.
An out-of-the-box approach is needed
to ensure safe operation, reliability,
and lifetime optimization.
1RVKECNƒDTGUGPUQTU
are used as an online
overheating protection
tool, triggering an
alarm as soon as local
overheating appears.
Combining this with
acoustic emission
partial discharge
monitoring will ensure
the transformer is
reliable and problems
ECPDGKFGPVKƒGF
almost at the onset.
Once this happens, an
offline analysis of the
transfer functions of
the transformer coils is
done to identify interturn short circuits, or
similar destructions,
that might be the
cause of the local
overheating.
This system is
GHƒEKGPVEQUVGHHGEVKXG
and easy to install on
almost all categories of
dry-type transformers.

2SWLFDǪEUH
sensors are used
as an online
overheating
protection tool.
Combining this
with acoustic
emission partial
discharge
monitoring
will ensure the
transformer
is reliable and
problems can be
LGHQWL̨HGDOPRVW
at the onset.

MONITORING
AND PROTECTION
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customers optimise their reliability maintenance and electrical asset lifetime.
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Cast coil
transformers
assume the
epoxy resin will
̨OODOOWKHJDSV

Introduction
Dry-type transformers with epoxy
resin insulation have the advantage
QXGTNKSWKFƒNNGFGSWKROGPVKPVJCV
no environmental precautions are
TGSWKTGF6JGTGKUCNOQUVPQƒTG
hazard associated with epoxy resin
cores. Dry-type transformers also
need less frequent maintenance,
resulting in extremely low
maintenance cost and minimized
downtime. However, the poor
thermal conductivity inside the drytype transformer will accelerate the
aging of the insulation and reduce
its reliable life. Dry-type transformers
are extremely sensitive to different
destructive phenomena due to
the characteristics of their solid
insulation. That’s why it is extremely
important to analyze the remaining
life of the dry-type transformer — to
ensure safe and reliable operation of
the power grid.

Figure 1. The propagation of the acoustic wave

Partial discharge (PD) can be a
reason for failure. Because there
is no insulation medium like oil or
gas present, the effects of partial
discharge in these units are severe
over the long term. Partial discharge
can lead to inter-turn short circuits
resulting in local overheating, which
again enhances the partial discharge
due to the rise in temperature.
Once this chain reaction has started,
the breakdown of the insulation is
unavoidable if it is not picked up
at an early stage. This may cause
loss of production as well as the
transformer.
I will now discuss the different
possibilities for monitoring dry-type
transformers and the introduction of
new systems which can be used to
identify malfunctions at the onset.
Cast resin dry-type transformers are
moisture resistant, anti-flammable,
low noise, and have characteristics
that eliminate hazards to the public.
To raise the power transmission
GHƒEKGPE[OCPWHCEVWTGTUWUWCNN[
step up the voltage, forcing the
transformers’ insulation materials to
bear an even greater electric stress;
in case the insulation performance
deteriorates, a Partial Discharge
(PD) will follow. If a correct diagnosis
cannot be furnished at this time, the
insulation in the high-voltage winding
of a cast-resin dry-type transformer
will break down, consequently
causing breakdown and losses.
When an internal PD occurs, it will
form an acoustic source and emit an
acoustic wave (a mechanical elastic
wave) which will propagate around
the inside of the facility as shown in
Figure 1.

Partial Discharge
Measurements
Cast coil transformers assume the
GRQZ[TGUKPYKNNƒNNCNNVJGICRUCPF
design for epoxy dielectric assumes
that the unit will be airtight. If air
bubbles appear, there will be high
stress and the potential for partial
discharge develop, which may cause
insulation breakdown resulting in
transformer failure.

Transformer Technology
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Localization
becomes
possible because
the sensors
closest to the PD
source return a
higher voltage
signal on the
sensors in the
localized area.

Figure 2. Functional principle of new
PD detection system
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The PD measurement is a well-known
quality control tool for the insulation
which has been researched,
investigated, and improved over time.
This gives a highly accurate report of
the state of the insulation. Measuring
PD in dry-type transformers is mainly
done using acoustic, ultrasonic,
and electrical techniques. Acoustic
and ultrasonic measurements are
based on the same principle, but with
differing frequency ranges. These
methods are not sensitive enough,
however, because determination of
the apparent charge is usually not
possible. These tests can only show if
PD activity exits or not.

method also has various practical
limitations and is not accurate and
sensitive enough.

Electrical PD measurement, with
which the apparent charge can be
detected, is preferable because it
allows appraisal on the extent of the
damage inside the insulation. But this

The wave with the highest amplitude,
in this case 7, is closest to the PD
origin. The acoustic sensors can
acquire signals with a frequency
scattering between 30 k to 200 kHz [2].

A new PD detection system, which
allows the determination of the
apparent charge as well as the
localization of the PD origin, needs to
be examined. Sensors are placed on
the surface of the transformers coil,
and the electromagnetic radiation
caused by the partial discharge can
be detected. Localization becomes
possible because the sensors closest
to the PD source return a higher
voltage signal on the sensors in the
localized area.

The cost for this type of online
continuous analysis is quite high and
can in some cases exceed the cost for
a new transformer unit, which makes it
not viable. A solution for this problem
would be to monitor the PD online
at intervals, but this won’t deliver
satisfactory results as PD activities in
the solid insulation can be interrupted
for a certain period. PD phenomena
produces gas due to the destruction
of the insulation material, therefore in
the defect void the pressure increases,
enhancing the breakdown strength
and suppressing temporarily partial
discharges until the gas diffuses
into the solid insulation. After this,
the pressure inside the cavity
decreases, resulting in the reduction
of the breakdown strength and in the
renewed appearance of PD activities.
This cycle continuously repeats itself
until a breakdown appears.
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The advantages of the AE
method are:
method can be used to
̽ This
pinpoint which high-voltage

̽
̽

winding has a PD source.
It produces fewer false alarms,
which are frequently encountered
by the electrical method due to
oversensitivity.
Since this is related to acoustic
signal processing, the cost for
the latter stage computer’s signal
processing is rather low.

The disadvantages of the
AE method are:
will be added in the
̽ Fiberglass
resin during the manufacturing

̽

Photo by Shutterstock

̽

process of the high voltage
YKPFKPI6JGƒDGTINCUUJQNFU
apparent absorption effect toward
acoustic waves, resulting in severe
attenuation to the propagating
acoustic wave signals inside the
high voltage winding.
The installation of the AE sensor
right on the high voltage winding
surface will set off the windings
discharge phenomenon toward
the AE sensor.
It is not easy to install and replace
the system.

Transformer Technology

June 2019

51

Issue 2

Overheating Protection

Figure 3. Voltage signals of the
sensors 1 to 7 (scale 1V/10µs)
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#2QUKVKXG6GORGTCVWTG%QGHƒEKGPV
(PTC) fuse is integrated in the
low-voltage coils for signaling a
temperature extension due to an
excessive current. Local overheating
can also appear at the high-voltage
coils due to inter-turn short circuits
caused by the destruction of solid
insulation by partial discharges. The
PTC fuse cannot be used in the highvoltage coils, but it would nonetheless
be useful to monitor the temperature
in the high-voltage coils as this can
offer the possibility to disconnect the
transformer in time to avoid loss of
the unit.
#PGYƒDTGQRVKEU[UVGOYKVJC
sensor and control unit would
be able to process the measured
data and signal an alarm to the
control center of the power supply
station if an overheating appears.
This application is dependent on
VJGOQFKƒECVKQPQHVJGQRVKECN
VTCPUOKUUKQPRTQRGTVKGUQHCƒDTG
optic cable; thus, the optic sensor
does not cause any electromagnetic
interference or influence the
operation of the transformer in
any way. If a light signal is injected
by an optical transmitter into one

side of the optic sensor, it can be
detected at the opponent end with
an optical receiver as shown in the
ƒIWTGDGNQY+HCPGZVGPFGFGNGXCVGF
temperature arises at the surface of
VJGƒDTGQRVKEUGPUQTVJGFCORKPI
of the light transmission is increased
until a certain temperature limit is
reached, where the light transmission
is interrupted. In this case an alarm is
triggered, and the transformer should
be disconnected. This can also be
automated and controlled by the
protection system, if necessary.
The temperature threshold, at which
an alarm is triggered can be adjusted
over a wide range, from about 80°C
up to 170°C or even higher.

$QHZ̨EUH
optic system
with a sensor
and control unit
would be able
to process the
measured data
and signal an
alarm to the
control center
of the power
supply station if
an overheating
appears.
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Thermal Modelling of
the Dry-Type Cast-Resin
Transformer
Temperature affects the lifetime
of the transformer insulation.
Variation in winding temperature
affects lifetime of the dry-type
transformer. Load current, outdoor
temperature, and atmospheric
conditions affect the temperature
of the insulation.
The hot spot in cast resin
transformers is situated 10-15%
lower than the winding top point.
Altitude also impacts the thermal
stress on the transformer —
maximum operation altitude was
found to be 1,000 m at 40°C with
TGNCVKXGCKTFGPUKV[KFGPVKƒGFCUC
crucial operation influencer.
It was found that 10% transformer
overload will accelerate the aging
rate of cast-resin transformer, with
insulation class of 180°C, to 13 times
greater than the normal rate. In the
same transformer, decreasing the
current load by 10% of the rated value
will decrease the aging rate to 7%
of rated aging rate, from 1 [h/h] to
0.07 [h/h].
It was found that the impact of
ambient temperature was less
of an influence on the aging rate
in comparison to load factor. For
the same class of transformer, an
ambient temperature increase of
10°C will lead to an aging rate of
transformer that is three times

greater than the rate value. A 10°C
decrease in ambient temperature
transformer aging is reduced
from 1 [h/h] to almost 0.3 [h/h] [3].
The largest impact was made by
load currents, but the atmospheric
conditions and ambient temperature
also have considerable impact on the
transformer. Dry-type transformers
are more sensitive to operating
conditions than oil immersed
transformers [4].

Overheating Alarm Analysis
If an alarm is triggered by the
overheating protection system, it
is necessary to check whether the
overheating was caused by a winding
UJQTVQTCPQVJGTTGCUQP6JGƒDTG
optic sensor must not show any
deformations at the local hot spot,
overwise all coils need to be inspected
for inter-turn short circuits.

Conclusion
In light of the fact that the dry-type
transformer industry is growing
very rapidly and taking over a large
market share from the traditional oilƒNNGFWPKVUKVJCUDGEQOGGZVTGOGN[
KORQTVCPVVQƒPFCEEWTCVGOGCPUQH
picking up on threatening conditions
in the dry-type units. The methods
as described above give industry a
more hands-on approach and greater
dependability regarding the epoxy
resin dry-type transformers. This
ensures a more reliable reticulation
system that can be run with greater

Figure 4. Scheme
of the overheating
protection
system

EQPƒFGPEGVJCPWUGFVQDGVJG
ECUGRTGXKQWUN[#UVJKUƒGNFKUSWKVG
unexplored, I view it as an enormous
ƒGNFQHQRRQTVWPKVKGUVQFGXGNQRPGY
methods of testing and monitoring
these units to ensure growth in the
ƒGNFQHTGNKCDKNKV[NKHGVKOG
optimization and cost reduction.
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Load Tap Changers:

&KCIPQUVKEUCPF(CWNV+FGPVKƒECVKQPŤ
A Key to Condition-Based Maintenance
by Corne Dames

Corné Dames is the Managing Director of
Independent Transformer Consultants, always striving to keep on top of new developments and research. She has expertise
as Laboratory Manager in the analysis of
transformer oils and as diagnostician identifying problem areas in transformers, as well
CU RTQƒNKPI QH VTCPUHQTOGTU CEEQTFKPI VQ
available results thus empowering the customer to take preventative steps in maintenance. Corné has vast practical and theoretical knowledge on reliability maintenance
programs. Coming from a strong chemical
background she has insight in all the chemical processes that is part of the transformer
system coupled with technical insight helps
customers optimise their reliability maintenance and electrical asset lifetime.
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Load tap changers (LTCs) are an extremely important element in the reliability
of any transformer in the utility network and in many industrial applications.
This part of the transformer is the only actively moving mechanism, which
must operate continuously to ensure a constant voltage output. LTCs have
been reported to be accountable for approximately 22% of failures in
transformers [1]. Their dominant failure modes are found to be contact wear,
weak springs and breakage of components in the driving mechanism [2].
This article will look at the different types of condition monitoring methods
of LTCs and their practical application in the field as well as the accuracy in
fault identification and ease of use for the types of monitoring.

As the only
actively moving
mechanism in a
transformer, load
top changers
are an extremely
important element
in the reliability
of transformers
which must
operate
continuously to
ensure a constant
voltage output.

Photo: Shutterstock

Diagnostic and
Monitoring Methods
The load tap changers diagnostic
and monitoring methods that will
be discussed in the following are:
1. Infra-red (IR) scanning
2. Differential temperature
measurements
1KNCPFKPUWNCVKQPCPCN[UKUŤ&)#
(Dissolved gas in oil analysis) and
RCTVKENGRTQƒNKPI
4. Electrical testing (ET)
/GEJCPKECNCPCN[UKUŤ8KDTCVKQP
signatures (Vibro-acoustic
diagnostic method)

IR Scanning to Assess
LTC Health
LTC failure will cause the
transformer to shut down, causing
loss in revenue and in the case
of industrial applications, severe
potential failure of mission critical
systems.
Thermal imaging will identify any
parts that have increased operating
temperatures. Under normal
circumstances the tap changer
functions at approximately the same
temperature as the transformer
tank, unless certain start-up of high
energy consuming processes in the
plant are present. When a problem
is developing in the tap changer an
increased operating temperature
would be noted, with this increase
continuing up to the critical point
of failure.
A thermal image sensor can
record or monitor temperatures
in real-time, which can help us to
understand the temperature trends
of the LTC and assist the end user
in making critical decisions before
the transformer/tap changer fails.
This continuous monitoring will
warn us as soon as the problem
arises and will give ample time to
address the problem.
This method warns you that there
is a problem but won’t pinpoint the
problem. The tap changer unit needs
to be opened, an inspection needs
to be done to identify and rectify
the problem, but it won’t give you
an indication of the severity of the
problem [3].
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Differential Temperature
Measurements
Thermal and electrical faults dissipate
energy. The normal operating
temperature of the LTC is lower
than the operating temperature of
the transformer main tank. This will
change if there is an electrical problem
in the tap changer unit, if this unit
is separate from the main tank. If
incorporated in the main tank this
change in temperature might not be
CUUKIPKƒECPVUKPEGVJGDQF[QHQKNKU
much larger and the increase in oil
temperature around the tap changer
will be distributed throughout the main
tank. A sudden increase in operating
temperature of the tap changer tank
will indicate that a problem has begun,
and a visual inspection might be
needed. Since this testing method is
not able to diagnose the problem, but
merely signal that there is a problem,
thermal imaging should not be the
only option in reliability maintenance
testing protocols for LTCs.

Oil and Insulation
Analysis – DGA and Particle
Profiling
Oil tests that can be performed
on LTCs include the following
measurements:
Dielectric BreakdownŤ6JGQKNKP
the LTC should maintain a minimum
DTGCMFQYPXQNVCIG=?1PNKPGƒNVGTU
are used to contain the particles
discharged during arcing in order
to maintain a better breakdown
strength. This application ensures
that the maintenance cycle interval
is further apart and reduces contact
wear in the tap changer.
Water ContentŤ'ZEGUUKXGYCVGT
accelerates aging of contacts.
Compartments with arcing contacts
will be vented to ensure that there
is no build-up of combustible gases
in the chamber, as the formation
of combustible gases during the
tap changing cycle is normal. An oil
temperature that is higher than ambient
temperature will ensure relatively less
saturation of the oil with water. Sealed
LTC chambers with desiccant breathers
will display standard ppm concentration
levels in the compartment and a relative
saturation in percent (%) can be applied.

Thermal imaging
is not able to
diagnose the
problem, but only
signal that there
is a problem.
So, this method
should not be
the only option
in reliability
maintenance
testing protocols
for LTCs.
Dissolved Gases in OilŤ6JKUKU
the most important diagnostic test
for LTCs. The gassing behavior
of the LTC changes as problems
arise, and the amount and relative
concentrations of the gases change
as problems develop and escalate.
Localized overheating and excessive
arcing are some of the problems
that might arise when a problem
occurs in the LTC. Carbonization and
D[RTQFWEVRQN[OGTKEƒNOUECPHQTO
on conductors, which can lead to a
thermal runaway condition, which
leads to failure if not stopped. The
hydrocarbons generated during
this process are methane, ethane,
GVJ[NGPGCPFCEGV[NGPGŤVJGTCVKQU
between these gases enables the
diagnostician to identify the problem
area as well as the severity (Table 1).

Dissolved Gases
in Oil is the
most important
diagnostic test
for LTCs
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The ratio of ethylene over acetylene
is important to consider in order
to predict when inspection on the
load tap changer should occur.
Low, moderate and severe heating
conditions can be detected based
on the ratio of ethylene to acetylene.
These ratios are independent of
the number of operations in the tap
changer and are also resistant to
changes due to loss of gasses to the
atmosphere. For vacuum type LTCs,
tracking of the total combustible gas
over time can give some indication of
when the unit needs to be inspected.
Also please consider the diagram in
Table 2 as an indication of sampling
frequency needed to ensure safe
operation [5].
Particle countŤ.CTIGTRCTVKENGU
indicate advanced deterioration.
The particles are formed from three
main mechanisms: wear, arcing
and overheating. These wear metal
particles are formed when two metal
surfaces are in contact with each
other - the size, morphology and types
give an indication of the source of the
problem as well as the severity.
The main advantages of oil testing in
LTCs include:
Early detection of problems arising
The severity of the problem can
be determined with relatively high
accuracy
Cost-effective and nonintrusive

̽
̽
̽

Electrical Tests
There are a number of electrical tests
available to identify LTC faults.
Exciting current tests on all
tap positions detect contact or
connection problems in the taps,
as well as shorted turns and core
problems in the autotransformer.
Turns ratio tests detect shorted
turns in the autotransformer.
Power factor tests are used to
identify insulation deterioration and
carbonization of solid insulation.
Contact resistance tests detect
excessive contact wear, poor
contact pressure (worn out
springs) and coking or polymeric
ƒNOUQPEQPVCEVUWTHCEGU
Sweep Frequency Response
Analysis (SFRA) and leakage
reactance measurements detect
winding movement/deformation
and contact problems.

̽
̽
̽
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̽
̽

Table 1.
Arcing Type LTCs (Resisitve & Reactive)*
Ethylene

<5

Normal. Continue annual sampling.

Acetylene

0.5<X<1

Warning. Sample more frequently; trend.

>1

Severe heating/coking probable. Inspect.
* Ethylene & Acetylene >50 ppm

Vacuum Type LTCs
Total Combustible
Gases

<10 ppm

Normal. Continue annual sampling.

10<X<25 ppm

Warning. Sample more frequently; trend.

>25 ppm

Heating/coking probable. Inspect.

(CH4)

(C2H4)

(C2H6)

Methane + Ethane + Ethylene
Acetylene*
(C2H2)

Table 2.

*Acetylene >500 ppm

Ratio

Diagnosis

Recommended Sampling Frequency

<0.5

Normal

Sample annualy.

0.5 to 1

Possible heating

Sample every 3-6 months.

1 to 3

Possible heating

Sample every 1-3 months.

3 to 5

Possible heating

Sample weekly to monthly.

>5

Heating probable

Remove from service and inspect.

changer divertor resistor and
̽ Tap
contact analysis is a condition
assessment test of tap changers,
providing results necessary
to establish the state of the
tap changer to make informed
decisions on planned maintenance
or corrective action minimizing the
need for intrusive inspections [6].

Oil testing of
LTCs has many
advantages,
including early
detection of faults
with a relatively
high accuracy in
determining the
severity of the
problem.
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Figure 1. (a) The signature of the tap operation from 7 to 8 of a faulty condition, (b) the
signature of the tap operation from 7 to 8 of the normal condition

Vibration Analysis

Condition monitoring
+HVJGTGKUCUKIPKƒECPVFGITGGQH
variation in the “normal” signatures,
this is due to variation in load
conditions which cause bursts in
amplitude and shifts in time between
individual vibration events. The shifts
in time are caused by data acquisition
system delays. The alignment of the
burst envelopes can be acquired by
PQTOCNK\GFCWVQEQTTGNCVKQPHWPEVKQPU Ť
manipulation of the data to line up.
Any out of bounds deviation is then
labelled as an abnormality and an
alarm is sent out.
A database of OLTC signatures needs
to be established to determine normal
operating conditions. The vibration
signal is acquired by monitoring the
contact movements, and there should
be various signatures for different
transformer loads. The change in the
OLTC condition is a gradual series
of steps, sometimes with shorter
increments depending on the severity
of the abnormality.

Field Application
Abruptly occurring faults
In the following example, the
maintenance was completed on
September 14. A year later, in early
October, the monitoring system gave
a warning that a fault had suddenly
occurred. Figure 1 (a) shows that
one of the bursts that normally
appears in Figure 1 (b) is missing,

1.5
1
0.5

Amplitude [v]

The OLTC monitoring system consists
of various modules connected to a PC.
The system simultaneously captures
high and low frequency signals
and can be triggered manually or
automatically, depending on customer
requirements. Automatic triggering
allows online data acquisition.
Noninvasive transducers minimize the
cost of installation and are essential
in the measurement of essential
parameters. The whole system can
be installed while the transformer is
online.

(a)

2

0

0

20

40

60

80

100

120

140

160

180

200

120

140

160

180

200

(b)

2
1.5
1
0.5
0

0

20

40

60

80

100
Time [ms]

A reliable OLTC
condition
monitoring
system, which
can be readily
used or applied
by maintenance
and reliability
engineers, will not
only assess the
current condition
of the equipment
but will also help
to make informed
decisions
for future
applications.
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indicating that a set of contacts
was not making contact, causing
improper contact positioning. This
could have been caused by a missing
contact or by problems in the driving
mechanism. As this faulty signature
only appears on occasion between
the normal signature, this could be
due to slipping of the drive shaft.
The concern was that the abnormal
contact sequence could lead to early
catastrophic failure, so inspection
was recommended.
Upon inspection the slippage on the
UJCHVYCUKFGPVKƒGF6JGTGYCUCP
approximate 1-2 mm of play within
the keyway, which, if unchecked,
could have resulted in a catastrophic
failure [7].

Delay of maintenance
An OLTC of the same type displayed
a normal signature during inspection,
so it was decided not to perform
maintenance as all the key indicators
on the signature indicated a “healthy”
OLTC. The maintenance was thus
deferred by 1.5 years for this unit.
This method of monitoring is very
accurate, nonintrusive and ongoing.

Photo: Shutterstock

Conclusion
In conclusion, it is necessary to
identify the type of monitoring
VJCVYQWNFUWKVVJGRTQƒNGQH[QWT
company, your budget and the
outcome you require. A reliable OLTC
condition monitoring system, which
can be readily used or applied by
maintenance and reliability engineers,
will not only assess the current
condition of the equipment but will
also help to make informed decisions
for future applications. The method
used should enable maintenance
engineers to check the quality of
maintenance already performed,
ensuring peak performance and value
for money. The method should also
GPUWTGKOOGFKCVGKFGPVKƒECVKQPQHC
problem at the onset point, so they
can effectively identify source of the
problem and decide on the action
needed to rectify the problem, avoiding
production loss or equipment damage.
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Development
of Transformer
Fluids Over the
Last Century
by Corné Dames

processes with hydroprocessing or

agent by actively removing heat
at the development of transformer
they evolved to meet the needs of

History of transformer
fluids
Mineral oil has been the fluid of choice
for power transformers for more
power transformer was built in
transformer was built and in the same
transformer was constructed
– demonstrating the value of
transformer insulating fluids for over
a century.
Petroleum based oils have been used
as liquid dielectrics since before
1887. These low viscosity
petroleum oils provide superior
insulation when impregnated into

paper or other solid dielectrics, and
they also provide excellent heat
transfer for the removal of heat
generated due to electric losses.
contain large quantities of wax and
therefore have a high pour point
which renders them unacceptable for
use in electrical apparatus exposed to
low temperatures. Namely, in
sub-zero climates a large amount
of insoluble sludge is formed, which
reduces the heat transfer capacity
due to lower viscosity.
replaced with naphthenic oil, which
remained in liquid form at very low
temperatures, but had a higher
posing a new problem. The oxidation
products of naphthenic oils are higher
in quantity, but these products are
soluble in the oil and therefore do
not create any adverse problems.
The aromatic compounds of
naphthenic oils remain in liquid form
even up to -40°C.
changed quite extensively over
the last 30 to 40 years. Improved
hydro-processing, has brought
oils are extremely complex

These processes tend to leave
residual substances in the oil,
including sulfur compounds and
aromatic nitrogen. When a process of
hydrocracking or hydroisomerization
almost all contaminants are removed,
including sulfur. Sulfur content in
oils has degradation consequences
in transformers, with high failure
probability. The failure due to
corrosive sulfur content has been
studied, and extensive data mining
results have been published in
Engineering Failure Analysis, Vol. 92.
have better heat
transfer capabilities than naphthenic
oils. In 1930 Polychlorinated Biphenyls
to overcome the high flammability
problem in naphthenic oils. PCBs had
a very low flammability, low acid
formation and better oxidation stability
than naphthenic oils, making them a
perfect solution to the naphthenic oil
problem. The PCB oil is a synthetic
liquid, a chlorinated aromatic
hydrocarbon used in high risk areas
life or extreme disaster. The use of
this insulating fluid continued up to
the 1970s when it was determined
that they were not environmentally
acceptable, and they were found to be
a carcinogenic substance. The use of
PCBs has since been banned due to
their effect on the environment and
organisms.
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from adverse chemical reactions

The aromatic content determines
the water solubility of different oils.
Polyaromatic hydrocarbons may
present a health concern, with recent
studies suggesting that naphthenic

Naphthenic oils are manufactured

integral and important part of the
whole system as well. Since power
equipment cannot operate without

the heat within the transformer.

come under many different names,
e.g. polynuclear aromatics, polycyclic
aromatics and polyaromatic

hydrocarbon content are potentially
carcinogenic.

The transformer is the most
important part of the power system.

dissipate the generated heat. One

blends and may consist of more
than 3,000 different hydrocarbons,
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as Laboratory Manager in the analysis of
transformer oils and as diagnostician identifying problem areas in transformers, as
ing to available results thus empowering
the customer to take preventative steps in
maintenance. Corné has vast practical and
theoretical knowledge on reliability maintenance programs. Coming from a strong
chemical background she has insight in all
the chemical processes that is part of the
transformer system coupled with technical insight helps customers optimize their
reliability maintenance and electrical asset
lifetime.

Transformer insulating
protect the unit from adverse
as a cooling agent by actively
removing heat by means
the unit
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Mineral oil as transformer
insulating liquid
The chemical structure of mineral oils
is extremely complex, including both
hydrocarbons and non-hydrocarbons.
The hydrocarbon chains constitute
the main part of mineral oil,
containing only carbon and hydrogen

The transformer industry had

should ideally have
a high impulse

criteria needed to ensure safe
the transformers.

structure increases stability of the
oil, but if too many aromatic rings are
present, it will decrease the dielectric
property of the oil by increasing
its solvency for the solid particles
immersed in the oil.

The dielectric fluid should ideally
have a high impulse strength, high
electric strength, high volume
resistivity, high thermal conductivity,
high specific heat, high flash point,
low viscosity, low volatility, and
low dielectric dissipation factor. It
must also have a high resistance
to chemical deterioration, be nonflammable, inexpensive and easily
obtainable.

dielectric dissipation
factor. It must also have
a high resistance to

inexpensive and easily
obtainable.
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The sulfur compound concentration
is dependent on the source of the
crude oil. In high concentrations
it will cause corrosion of the
copper plate and wire that are in
direct contact with the oil in the
transformer. Similarly, with the
presence of nitrogen compounds
the stability of the oil will be
reduced.
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Alternatives to mineral oil:
Various oils and fluids have been
tested to use as an alternative to
mineral oil.

excellent insulating properties,
higher fire point than mineral oil,
they are less flammable and have
excellent anti-oxidative properties
and thermal stability due to higher
is required to have them bond with
as a replacement for PCBs. Silicone
oils are ideally used with Aramid
paper, but not Kraft paper [1].
HTH – High temperature
the second alternative to PCB oils.

Several of these fluids were
available. Transformers filled with
synthetic liquids such as silicone,
ester, perchloroethylene, etc. are
used for special applications.
However, the high cost and
availability of these liquids has
limited their use [2].
Members of the chlorofluorocarbon
commercially. These fluids are
non-flammable, have very good
electrical insulation characteristics,
but are very expensive. The boiling
point is quite low and thus they
evaporate at normal transformer
operating temperatures. Due to this
factor, new electrical equipment
has been designed that uses a twophase cooling system which is very
effective in heat removal [3].

environmentally friendly solutions started
in the mid-1990s.

C2C14 – Tetrachloroethylene is
a non-flammable fluid that was
introduced in 1980 under the
tradename “WECOSOL” [4]. Good
electrical properties and low
viscosity of this fluid provides
excellent heat transfer. It can be
mixed with mineral oil or used
unmixed, which will provide
non-flammability and improved
lubrication properties at a lower
cost.
Isopropyl biphenyl is a hydrocarbon
composed of propylated biphenyl
isomers used in capacitors as
dielectric fluid. It was introduced
under the tradename “WEMCOL” as
a replacement for PCBs in 1978.
It is flammable but has excellent
properties for capacitor use.
The crude oil selection is the most
important step in the manufacturing
of mineral oils. The degree of
refining and the kind of processes
and treatments may greatly
change the characteristics of the
final product. The end-product
should have a structure with the
perfect balance of naphthenes,
paraffins and aromatic rings. There
is no failsafe way to produce the
perfect mineral oil. Regardless of
the method the oil should have
high electrical performance, gas
absorbing properties, chemical
stability and oxidation resistance.
Aromatic hydrocarbons, sulfur and
nitrogen content are extremely
important factors when buying
mineral oil.
Mineral oil is poorly biodegradable
and therefore poses a threat to the
environment which forced industry
to look at alternatives.
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While there is a
trustworthy set of analysis
parameters for mineral oils that can very accurately give
an indication of the status and predict the remaining
yet available for the synthetic and vegetable oils.

The presence of copper in
transformers enhances oxidation.
So, powerful oxidation inhibitors are
required to ensure stability in the
vegetable oil structure. The purity
of the oil is also very important as
the presence of ionic impurities
commercially available vegetable oil
was BIOTEMP®, patented by ABB
in September 1999. The base fluid
consists of high oleic oil sunflower
or amended canola oil, with the oleic
registered in March 2000 by Cooper
Industries; it was Envirotemp™ FR3™.

Vegetable oils are hygroscopic,
absorbing water in vast quantities
at room temperature, up to about
1,200 ppm. The moisture value
should be decreased to 100 ppm.
Antioxidants are added to stabilize the
oil. Commonly used antioxidants are
special antioxidant package is used
in BIOTEMP® consisting of complex
amine and phenols. The FR3 fluid
does not pass the ASTM oxidation test
because of its lower mono-unsaturated
long term transformer use [5].
Synthetic esters are a broad class
of synthesized compounds from
organic acids and alcohols. They do
not generate dioxins or other toxic
they have good biodegradability. During
biodegrading they will only form carbon
dioxide and water. These liquids have
been developed to resist oxidation and
they can absorb considerably more
moisture than mineral oils before
insulation performance deteriorates.

ester fluids does not affect the electrical
or dielectric properties of the insulating
system. Several types of esters are used
in electro-technology, e.g. tetra-esters
and phosphoric esters.

Silicon fluids
These fluids are chemically known
as polydimethylsiloxanes or PDMS.
They were introduced in the 1970s
as substitutes for PCB oils and have
proven to be very popular. Their use
has been restricted to those units
that pose risk to personnel and/or
property. They are environmentally
friendly, flame retardant, age well,
and they strongly resist oxidation
and sludge formation. However, their
higher viscosity leads to problems
their use requires de-rating of up to
overheating. Also, they have very bad
biodegradability.
Vegetable oils
Vegetable oils are readily available
natural products, and therefore
should be considered as ideal raw
material for fully biodegradable
insulating liquids. There have been
ongoing trials since the 1900s to use
these liquids as dielectrics.
However, their poor dissipation
factor and oxidation stability, higher
pour point, relative permittivity
and viscosity have been their main
disadvantages as dielectric. Since
the 1990s they have been in the
spotlight again due to environmental
concerns about mineral oils,
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In the mid-1990s the industry seriously
started considering biodegradable,
readily available sources as a
successful replacement of mineral
oil. Vegetable oil was regarded as
the most viable option considering it
is readily available, a good insulator
and fully biodegradable. However, a
major concern with vegetable oils
was long term stability, which is
vitally important, as vegetable oils
contain components that degrade
in a relatively short time. The degree
of unsaturation is an indication of
thermal instability, becoming more
unstable as the degree of unsaturation
progresses from mono- to triunsaturation. These oils have high
oxidation instability.

Transformer Technology

March 2020

25

Issue 5

especially in the coastal regions.
The development of chemical
additive packages reduces
the pour point and enhances
oxidation stability, but sometimes
these packages also contain an
antimicrobial copper deactivator.
Nano liquids
Liquids that contain added nanosized
particles have better thermal and
dielectric properties, thus extending
transformer lifetime and increasing
loading/cooling capacity. The most
common nano-additives include
metals and metal oxides. Mineral oil
infused with TiO2 particles enhances
dielectric properties. It has also
been suggested that the addition
of magnetic nanoparticles may
increase the dielectric strength of
transformer oil. However, although
the dielectric strength of magnetic
their increased loss factor may cause
thermal problems under operational
conditions. Recently, nano liquids
containing a new type of semiconductive nanoparticle was found
to improve insulating and anti-aging
properties of mineral oil but have little
effect on other electrical parameters
e.g. conductivity/resistivity and
dissipation factor.

The feasibility of substituting CF4
gas for SF6 gas as an insulant for
bushings of high-temperaturesuperconductivity materials was
recently explored. Mixtures such as
liquid oxygen/nitrogen may exhibit
better cooling performance than liquid
nitrogen, although highly chemically
reactive oxygen may have serious
risks associated when used in units
with partial discharge or arcing.
Superconductors cooled by cryogenic
liquid have considerable industrial
and research potential because they
facilitate high current densities without
Joule heating. However, there is still
much research needed in this area.

Performance analysis of
different insulating fluids
What follows is an overview of an
overall performance analysis of
different insulating fluids [6], and while
it may seem that the analysis slightly
favors vegetable and synthetic ester
fluids, it is still a bit risky to throw
transformers with these new fluids.
Mineral oil has been with us for a very
long period of time and has a proven
track record. There are no adverse
long-term effects on the transformer
operation
and lifetime.
We have
established a
trustworthy
set of analysis
parameters
for mineral
oils that
can very
accurately
give an
indication of
the status
and predict
the remaining
lifetime of
a unit. This type of monitoring is
not available for the synthetic and
vegetable oils. We still have to monitor

We still have to monitor units

for a very long period of time
before we can safely say there
would be no negative long-term
implications associated with

very long period of time before we can
safely say there would be no negative
long-term implications associated
with the use of these fluids, as well
as to effectively apply predictive

with these new types of fluids.
Research has shown that vegetable
oil has better thermal behavior than
mineral oil. In the research, palm
and coconut oils were used. High
temperature or high molecular
are alternatives to PCB liquids.
They have higher boiling points
and higher molecular weight, and
consisting mainly of saturated
compounds of long, straight-chain
structures. They also have higher
viscosity which reduces their heat
transfer capabilities. They are used
in collaboration with Aramid paper
insulated transformers and especially
in conditions with very high operating
temperatures.
Arc quenching property
Vegetable oil has better arc
quenching. Less acetylene and
hydrogen was formed under arcing
conditions in vegetable oil than
in mineral oil, and CO and CO2
production was higher for vegetable
oil than mineral oil.
Dielectric breakdown strength
Vegetable oil came out as the
winner in this category. The effect of
moisture on the dielectric behavior in
ester fluids is smaller, compared to
that of mineral oil. Palm and coconut
oils were used in the test.
Oxidation stability
Vegetable oil has superior oxidation
stability compared to mineral oil due
to the fact that there is little change
in breakdown voltage and acid value
over time.
Test of insulating liquid
Insulating liquids are subjected to
thermal, electrical and mechanical
stresses during the operating
cycle of the transformer. There are
also chemical reactions that take
place between all the phases and
materials in the transformer and
these reactions are catalyzed by
operating temperature: the higher
the temperature, the faster these
reactions take place.
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Conclusions and
Perspectives
Dissolved Gas Analysis
DGA is used as a specialized
diagnostic test to determine the
internal condition of the transformer.
This method has been used with great
success with the analysis of mineral oil
in transformers.

of uncertainties in the interpretation at
this point in time.
Often a customer is not even sure
what type of insulating liquid has
concentrations of the insulating liquids
in the transformer is not available.
Great caution should be taken when
interpreting DGA diagnosis in both
synthetic and natural fluids as this
can cause extreme confusion and
unnecessary cost to the client. The
methods for interpretation of fault
diagnosis, abnormal combustible gas
formation limits and dissolving of
gases in liquids other than mineral oil
are very different from those for regular
mineral oil and the laboratory teams
should familiarize themselves with the
new standards and interpretations.

The search

chemically inactive
still ongoing.

insulating liquids. Each application –
transformers, capacitors, bushings or
cables – requires an insulating liquid
physical characteristics.

Mineral oil has
availability
and excellent
performance.

Mineral oils have been used in
electrical apparatus for over a
century, and they have a long
and proven track record. The
requirements on quality and stability
have become more stringent and
has advanced. Mineral oil has a
low cost, availability and excellent
performance. However, the growing
sustainability, environmental

the growing

environmental
friendliness
and extended
asset lifetimes
have driven the
development of
alternative liquids
for insulation
purposes.
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However, the various new types of oils
coming on the market are complicating
the diagnosis, and the DGA methods
used in esters, synthetic esters and
other insulating liquids are not yet

Various additives are available to
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friendliness and extended asset
and development of alternative
liquids for insulation purposes.
The search for a reliable,
biodegradable, highly effective, and
chemically inactive insulating fluid is
still ongoing.
The inherent properties of mineral
oils have ensured their use as
electrical insulant over the last
century and will probably ensure
their use for decades to come.
Unfortunately, the growing demand
for petroleum products may lead to a
shortage in the mid-21 st century.
Also, given the growing
environmental concern, fully

biodegradable oils, improved with
additives that are sustainable
and biodegradable, will become
increasingly important.
Natural and synthetic ester fluids
are only limited to use in distribution,
traction and mobile transformers as
the outcomes of using these liquids
over a lengthy period of time might
have adverse effects on the power
units. Collection of data and track
records for in-service equipment and
continued fundamental investigations
will provide a knowledge data base
to ensure the engineer is equipped
with the information needed to make
informed decisions on selecting the
application at hand.
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Bushings cause 17% of all power transformer
failures and are the third most common
reason for transformer breakdowns.
Introduction
According to studies, bushings
cause 17% of all power transformer
failures and are the third most
common reason for transformer
breakdowns. High-voltage bushings
FRQWULEXWHWRDOOͤUHVDQG
explosions associated with power
transformer breakdowns. Effective
diagnostic tools are therefore of the
utmost importance and should be an
integral part of the life-cycle oriented
preventative maintenance strategy.
In this article, we will discuss the
Dielectric Frequency Response (DFR)
measurements as a supporting
diagnostic tool for bushing condition
assessment. The DFR method
has proven to be very valuable to
diagnose the bushing condition, plus
KDVLGHQWLͤHGSRWHQWLDOLQVXODWLRQ
system damage before a breakdown
in various cases.
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It is important to gain insight and
understanding of the process of aging
and the condition of the bushing.
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Life-cycle Orientated
Diagnostics and Monitoring
Available Bushing Technologies
Four main categories were developed
over the years for condenser
bushings.
2QHRIWKHͤUVWWHFKQRORJLHVZDV
Resin Bonded Paper (RBP) used for
more than 100 years. The production
process causes partial discharge to
occur in the bushings and therefore
shows high DDF values. This
technology has been mostly phased
out due to technical reasons.
Second is Oil Impregnated Paper (OIP)
technology, which is still used in
about 60% of the market today. The
condenser core is impregnated with
transformer grade mineral oil and
placed inside an insulating envelope
built up from porcelain or composite
material to seal the bushing against
moisture ingress. These bushings can
be manufactured at high quality with
low capacitance losses and

they can be free from partial
discharges. The condenser core
that is in a liquid environment may
cause some leakage problems
around the gaskets when the design
is not properly done. If an internal
electrical breakdown takes place
(which is very rare) a high internal
pressure can build up which can
result in explosions of the bushings.
Resulting from the explosion an arc
usually originates, and this can result
LQDͤUH
The Resin Impregnated Paper (RIP)
technology is state of the art and
consist of a wound core made of
untreated crepe paper, which is
then impregnated with a curable
epoxy resin. For outdoor use, either
porcelain or composite insulators
are used. These bushings provide
VLJQLͤFDQWWHFKQLFDODGYDQWDJHV
such as being fully dry and pressurefree, feature a high-temperature
class, normally stable and low partial
discharge levels, low dielectric losses,
ͤUHUHVLVWDQWDQGRXWVWDQGLQJ
mechanical properties.

Figure 1.
&RQVWUXFWLYHGHWDLOVRID
condenser bushing



They tend to show higher procurePHQWFRVWOHYHOVFRPSDUHGWR2,3
They have lower life-cycle costs with
reduced maintenance and monitoring
efforts over the expected lifetime.
These bushings are prone to moisture
ingress into the paper layers of the
insulation material if not stored or
handled in the appropriate manner.
This result in an increased loss
factor which can cause a bushing to
become unsuitable for operation.
Resin Impregnated Synthetics (RIS)
technology where the hygroscopic
paper has been replaced with nonhygroscopic synthetic materials.
They are characterized by very low
dielectric loss factor (tan delta),
lowest possible partial discharge
levels due to both the void free
impregnation process and the
electrical design. These bushings are
almost immune to moisture ingress
and therefore does not require
special precautionary measures
while being stored. These are
expected to have the lowest lifecycle
cost of all the bushings.

Close to 50%
of serious
WUDQVIRUPHUͤUHV
are initiated by Oil
Impregnated Paper
bushings and
they are the most
common cause of
WUDQVIRUPHUͤUHV

The typical life expectation of any bushing type
can be reduced by the following factors: excessive
stress, voltage oscillations imposed by lightning
strikes, frequent shunt reactor switching, and
continuous high levels of harmonics.
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Figure 2.
Bushings cause 17% of all
power transformer failures and
are the third most common
Electrical Screen
reason for breakdowns [1].
1%

One of the key
factors in the
successful
management of
bushings is to
firstly avoid, but
also detect PD
activities to avoid
breakdown.

Bushings
17%

Tap Changer
31%
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6%
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Tank
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Flux Shunts
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Core and MagneƟc circuit
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Figure 3.
Bushing failures are the most
common cause of transformer
ͤUHVDQGH[SORVLRQV)DLOXUHV
ZLWKͤUHDQGH[SORVLRQ OHIW 
Bushing failures (right) [1].

Collateral damages Others
8%
1%
HV Winding
9%
Unknown
23%

Tapping Winding
2%
HV Lead Exit
6%

Bushings as the Main Contributors
to Transformer Failures
Close to 50% of serious transformer
ͤUHVDUHLQLWLDWHGE\RLOLPSUHJQDWHG
paper bushings and they are the most
FRPPRQFDXVHRIWUDQVIRUPHUͤUHV
Breakdown Mechanism of
Transformer Bushings
The typical life expectation of any
bushing type can be reduced by the
following factors: excessive stress,
voltage oscillations imposed by
lightning strikes, frequent shunt
reactor switching, and continuous
high levels of harmonics. This may
trigger premature breakdown of the
bushings.
The characteristics of a distribution
system may change due to
expansion or a greater harmonic
load due to installation on new
equipment. A bushing breakdown
can occur even when a transformer
is operated within its maximum

Phase to phase
isolaƟŽŶ
2%
Winding ground
isolator
1%

Tap changer
13%

Core and magneƟc
circuit
1%

Fire
30%

LV Winding
5%

MV Bushings
6%

HV Bushings
30%

None
45%

Explosion burst
11%

LV Bushings
2%

VSHFLͤHGOLPLWV7KLVKDSSHQVLI
the deterioration of the bushing’s
internal insulation system was not
detected in time to act. All bushings
will lose their electrical stress
withstand capability over time –
some quicker, other slower.
2YHUWLPHWKHIDLOXUHULVNZLOO
increase because the capability to
withstand stress will decrease as the
equipment ages.
2IWHQWKHGHWHULRUDWLRQSURFHVVRI
the bushing will start with Partial
Discharge (PD), which initiates
‘treeing’ – small cracks. The
discharge channels resulting from
the treeing will carbonize further and
the PD activity will increase up to a
SRLQWZKHUHWKHLQQHUIRLOVRIWKHͤHOG
grading condenser core are being
short-circuited. This will result in an
LQFUHDVHRIWKHHOHFWULFDOͤHOGVWUHVV
on the remaining inner foils
of the condenser core, and an
LQWHUYDOIODVKRYHUZLOOͤQDOO\RFFXU
and destroy the bushing.

Leakages
5%

2QHRIWKHNH\IDFWRUVLQWKH
successful management of
EXVKLQJVLVWRͤUVWO\DYRLGEXW
also detect PD activities to
avoid breakdown. PD activity
usually originates from excessive
mechanical or electrical stress as
well as the thermal ageing of the
insulation material. Low quality
bushings may show PD activity from
the start. Bushings displaying PD
activity at normal operating voltages
should be avoided as they greatly
increase the risk of premature
failure. It is vitally important to
determine the reliability of the
infrastructure on a regular basis,
and especially before exposing it
WRLQFUHDVHGHOHFWULFDOVWUHVV2QH
way to reduce electrical stress
would be by installing appropriate
surge arrestors or by improving the
grounding system.
Identifying the true state of
the bushings is of the utmost
importance to ensure a reliable
network.
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7KHWDQƎPHDVXUHPHQWLVDYHU\VWURQJtool
to diagnose the bushing condition with
respect to moisture ingress and the
insulation deterioration resulting from this.

a) Measurement of the Dielectric
'LVVLSDWLRQ)DFWRU7DQƎ
An increased dielectric dissipation
factor (DDF) leads to higher dielectric
losses within the bushings. The
temperature of the bushing will
increase with higher dielectric
losses and this will then increase the
Dielectric Dissipation Factor again
– creating a continuous cycle of
degradation. A bushing of good design
in good condition will have a capped
temperature rise and the temperature
rise will stop at an acceptable value
without causing damage.
Frequently, when a bushing is in a
bad condition – often due to moisture
ingress over time – the positive
feedback mechanism may not be
stable anymore and the temperature
will increase beyond the thermal
stability limit. Now the busing will
experience dielectric breakdown
within the condenser core. Higher
rated voltage bushings are generally
more prone to this phenomenon.
Typical causes for an increased DDF
WDQƎ RYHUWLPHLQFOXGH
• Moisture ingress due to leakage
• Moisture ingress originating from
the transformer oil
• Moisture ingress due to improper
storage
̽ $JHLQJRISDSHU 2,35%3DQG5,3
WHFKQRORJ\ >@
7KHWDQƎPHDVXUHPHQWLVDYHU\
strong tool to diagnose the bushing
condition with respect to moisture
ingress and the insulation deterioration
resulting from this.
The DDF measurement should be
done at high temperatures, close to the

maximum permitted temperature for
WKDWVSHFLͤFW\SHRILQVXODWLRQPDWHULDO
to ensure thermal stability of the
bushing under demanding operational
conditions and to identify possible
moisture ingress. The practical
application of this is sometimes not
possible after the bushing has been
installed in a transformer, here the
DFR – dielectric frequency test has
demonstrated that this method can
deliver similar useful results at ambient
temperatures, provided the relevant
PDWHULDOVSHFLͤFWHFKQLFDOGDWDDQG
SURSHUWLHVIURPWKHEXVKLQJ2(0LV
available and correctly incorporated.
This might not be as easy, as only a
few bushing manufacturers have these
data available.
7KH'') WDQƎ VKRXOGEHPHDVXUHG
over a broader voltage range from
about 2 kV to 12 kV. If the loss factor
is not constant with an increasing
voltage, this will typically indicate
problems in high voltage or ground
foil conditions.
b) Capacitance C Measurement
If the capacitance value increases,
this is usually an indication of the
partial breakdown on the inside of the
FRQGHQVHUFRUH'XHWRWKLVWKHͤHOG
stress inside the bushing will increase
and will lead to eventual breakdown
of the condenser core of the bushing.
Causes for this inner breakdown
include:
̽ 2YHUYROWDJHV̰OLJKWQLQJVWULNHV
reactor switching operations,
harmonics
• Continuous PD activity
• Contamination and bubbles
remaining from the production
process
• Deterioration of the insulating
material
The DDF and the Capacitance
C measurement are probably the most
powerful diagnostic tools for assessing

the condition of a bushing that has
been installed on a transformer.
The most important factors for
optimized lifecycle-oriented condition
DVVHVVPHQWRI&DSDFLWDQFHDQGWDQƎ
can be summarized as follows:
• Direct after installation an initial
̴ͤQJHUSULQW̵PHDVXUHPHQW
VKRXOGEHGRQHDWDGHͤQHG
and recorded temperature – if
possible – at different frequencies
(DFR measurements) to ensure
meaningful future diagnostics.
̽ 7KHPHDVXULQJRI&DQGWDQƎ
are performed at relatively
low measuring currents and
voltages, therefore other sources
of electromagnetic interference
FDQVLJQLͤFDQWO\LPSDFWWKH
measurement results and cannot
be avoided in most cases. These
interferences are caused by
circulating currents in grounding
systems and radio interference
and other sources. Ensure to
document the setup for the initial
measurement very accurately and
repeat the follow up measurements
under the same circumstances,
if possible, with the same test
equipment to achieve comparable
meaningful results.
• Ensure identical temperature as
during initial measurement: the
condenser core temperature can
take up to 48 hours to stabilize,
which needs to be considered
when performing follow up testing.
,IWKLVLVQRWSRVVLEOHDQ2(0
for interpretation of results is
recommended as they might have
the model and tools necessary
for the correction of temperature
measurement.
• Because increased DDF and C1/C2
may indicate increased moisture
content with high probability, the
lack of increase cannot guarantee
the condition of the bushing
insulation material to be acceptable.
Therefore, the use of the DFR test
method is recommended.
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Establishing Diagnostic
Methods to Determine Status
of the Bushing’s Insulation
System
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The DDF and the
capacitance C measurement
are probably the most
powerful diagnostic tools
for assessing the condition
of a bushing that has been
installed on a transformer.
c) Dissolved Gas Analysis (DGA)

o Bushing Sensors

This test can only be performed on
2,3EXVKLQJV6RPH2,3EXVKLQJV
are equipped with an oil release
valve, where a small oil sample can
be taken. However, there is great
concern about this method as the
bushing might fail after taking an
oil sample due to moisture ingress
because the gasket was damaged
and not replaced. The oil level
will also decrease when taking oil
samples. This can result in low oil
levels in the bushing. Special limits
and interpretation of results are
DSSOLHGWREXVKLQJ'*$DQDO\VLV>@

The mechanical installation of an
online bushing sensor replaces
the cap’s function of rounding
the insulation layers as well
as protecting the taps internal
components from contaminants.
At the same time, the sensor creates
an excellent electrical connection
that allows the measurement of
voltage and/or current present at
the tap. With these measurements,
changes in capacitance and partial
discharge can be determined and
trended.

d) Online Monitoring Systems for
Bushings
This method is effective for use over
short periods. It is not recommended
for long term use because the
sensor tap is incorporated directly
into the bushing’s structure and
well into the condenser core that
is otherwise hermetically sealed.
This might lead to bushing failure
due to the continued moisture
ingress. Incorporating the online
monitoring unit might cause the
RIP/RIS bushings, which are usually
very reliable, to prematurely fail due
to the additional component added
to the bushing which decreases
the reliability and stability of the
bushings.
If deciding on the online monitoring
system, care should be taken during
installation to ensure that the unit
is sealed properly not allowing any
moisture to penetrate and cause
harm to the system.

o Online Partial Discharge
Measurement
Partial Discharge (PD) is a localized
dielectric breakdown of a small
portion of a solid electrical insulation
system.
Since partial discharges are early
indicators of incipient faults, their
online observation is of prominent
interest.
o Electromagnetic Measurements
with UHF Sensors
The transformer tank functions
as a shield against external partial
discharge, thus internal partial
discharges can be detected relatively
undisturbed by the electromagnetic
waves. The combination of signals
in the UHF range with electrical
signals from the bushing tap
provides a high sensitivity together
with suppression of external noise
like corona. The UHF signal serves
as a trigger or gating signal for the

electrical signals. The individual
PD patterns do not allow for a
SDWWHUQFODVVLͤFDWLRQ$IWHUWKHLU
combination, where the UHF signals
serve as gating signals, a PD pattern
can be recognized. The UHF signals
that correspond to the partial
discharge are transmitted to a
GLVSOD\RUPHDVXULQJGHYLFH2QOLQH
monitoring algorithms are used to
decode the signals. The monitoring
algorithm tells the users when there
is any damage in the bushings of
the transformers by measuring and
sensing the partial discharge.
o Online Capacitance Measurement
3DUWLDOEUHDNGRZQVEHWZHHQͤHOG
grading layers result in an increase
of capacitance. This change in the
capacitance can be measured by
electrical sensors.
o Sensing Capacitance Change
An electric sensor can indicate the
change in the capacitance. When
the sensor senses a change in
capacitance in the bushing setup,
the voltage signal corresponding
to the change in capacitance is
given by the sensor. These voltage
signals are then transmitted to
a display or a measuring device.
They are decoded and evaluated
using various online monitoring
algorithms. This will be shown
to the users by the intelligent
system and the problem can be
easily cleared without any major
damage. Thus, the damage in the
transformer bushings is measured
and sensed by the change in the
capacitance using this algorithm.
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Some utilities have already
started to apply regular DFR
testing on their bushings, but the
lack of knowledge to interpret
the deviations over time from the
original test causes a void in the
application value of this test.
Table 1.
Useful diagnostic methods for transformer bushings

WDQƎ

Capacitance

DGA

Partial
discharge

Visual
inspection

Thermal
survey

DFR
& WDQƎ

On site, transformer not energized

X

X

X (if appl.)

-

X

-

X

On site, transformer energized

(X)*

(X)*

-

(X)*

X

X

-

High voltage test lab

X

X

X (if appl.)

X

X

-

(X)

*Only possible with appropriate on-line measurement equipment

e) Partial Discharges
Partial discharges will lead to the
degradation of electrical insulation
material. This phenomenon
occurs when there are defects in
the electrical insulation like voids,
cracks, and delamination. PD
PHDVXUHPHQWVDUHYHU\GLIͤFXOW
to perform on bushings that are
LQVWDOOHGRQWUDQVIRUPHUV2QOLQH
PD measurements may pick up on
bushing issues that show high PD
activity, but still, this will increase the
ULVNRISUHPDWXUHIDLOXUH>@
f) Visual Inspection
When assessments on bushings
are done, a visual inspection is
suggested. Any oil leaks, low oil level,
damage to insulator should be noted
and the impact assessed.
g) Thermal Survey
A handheld infrared scanner can
be used to perform a unit baseload
temperature measurement. This can
be useful to detect hot joints, high
stress areas and possible electrical
breakdown.

Summary of Diagnostic Systems
for Bushings

is compromised. This test is also more
accurate to determine moisture levels.

Four main categories were developed
Follow-up measurements should
be performed at time intervals
UHFRPPHQGHGIRUWKHVSHFLͤF
bushing type, the age of the bushing
and the impact on the system if
failure occurs. If the bushing was
exposed to severe stress, it might
require more attention to ensure that
the internal insulation system has
not suffered in any way.

Some utilities have already started
to apply regular DFR testing on their
bushings, but the lack of knowledge
to interpret the deviations over time
from the original test causes a void in
the application value of this test. If the
measurements and deviations can be
pinpointed to identify problem areas
and show the degradation in the
system, this can be a very valuable
WRROLQWKHGLDJQRVWLFFKDLQ>@

DFR Measurements to Determine
the Status of the Bushing’s
Insulation System

'LIͤFXOWLHV([SHULHQFHGZLWK')5
Measurements

The Dielectric Frequency Response
is done over a broader frequency
range. This test is conducted when it
is suspected that the bushings might
have been damaged by exposure
to excessive stress. The internal
insulation system needs to be checked
for damage to ensure that factory
tested electrical insulation capabilities
was not unduly compromised. If
the withstand capability to grid
disturbances is compromised, the
overall reliability of the transformer unit

Because of the frequency range for
these tests, DFR measurements
require a much longer measurement
time. The additional testing hours
increase the total working hours
DOORFDWHGWRWKHͤHOGPDLQWHQDQFH
crew. Limited guidelines and models
were developed to decrease the test
time and to interpret the results of
PHDVXUHPHQW2SHUDWLRQDODVVHW
performance leaders are currently
developing guidelines in predicting
remaining in-service life of an
ageing bushing fleet.

Transformer Technology

September 2020

Photo: Shutterstock

Issue 7

References
>@ 7K6FKXHWWH(6DQWRV
Understanding the Breakdown
Mechanism of Bushings and
Implementing Appropriate Life-cycle
2ULHQWDWHG0DLQWHQDQFH6WUDWHJLHV
>@ ,(&̸*XLGHIRUWKH
interpretation of dissolved gas
analysis (DGA) in bushings where oil
is the impregnation medium of the
main insulation”
>@ ,(&̸+LJKYROWDJHWHVW
techniques – Partial discharge
measurements”
>@ &6XPHUHGHU$*XPSLQJHU̸/DWHVW
ͤQGLQJVDWWUDQVIRUPHUEXVKLQJV
condition evaluation by dielectric
response methods,” Graz University
of Technology, Austria

59

TECHNOLOGY
INSIGHTS BY
CORNÉ DAMES

22

Smart Asset Management:

Digital Power Transformers

Corné Dames is the Managing Director of
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Digitalization is all about managed control.
3RZHUWUDQVIRUPHUVDUHWKHNH\
components in the electrical grid and
as such they are subjected to various
VWUHVVHV̰WKHUPDOPHFKDQLFDODQG
electrical. These stresses are the
UHDVRQVZK\WUDQVIRUPHUVDJH
The global population of electrical
SRZHUWUDQVIRUPHUVLVDJHG

&XUUHQWO\LIWUDQVIRUPHUVGRFRPH
HTXLSSHGZLWKVHQVRUVWKHVH
sensors can only provide an alarm
after the condition of the transformer
has already started to deteriorate.
This makes evaluation of the
transformer’s health a complex and
challenging task.

Introduction
Digitalization is the addition of
remotely connected sensors to
a single system. It is the use of
unforeseen data relationships from
multiple sources to change the value
proposition or business model for a
VSHFLͤFVHFWRURUDSSOLFDWLRQ

Digitalization is the cause of large
VFDOHDQGVZHHSLQJWUDQVIRUPDWLRQV
DFURVVPXOWLSOHDVSHFWVRIEXVLQHVV
providing unparalleled opportunities for
YDOXHFUHDWLRQDQGFDSWXUHZKLOHDOVR
representing a major source of risk.

Digitalization is the cause of large
VFDOHDQGVZHHSLQJWUDQVIRUPDWLRQV
across multiple aspects of business,
providing unparalleled opportunities for
YDOXHFUHDWLRQDQGFDSWXUHZKLOHDOVR
representing a major source of risk [1].
In our industry, this route of
GLJLWDOL]DWLRQLVIROORZHGWRHQVXUH
UHOLDELOLW\DQGPD[LPXPOLIHWLPH̰WKH
transformer condition is monitored
continuously and evaluated for
appropriate asset management
decisions. Asset management
QHHGVWREHERWKFRVWHIIHFWLYH
and reliable, sensing solutions
WKDWSURYLGHDVVHWPDQDJHUVZLWK
actionable intelligent data.

Photo: Shutterstock

There is a global consensus to
urgently reduce carbon emissions
WRDVVLVWLQWKHͤJKWDJDLQVWJOREDO
ZDUPLQJ%HFDXVHWKHSRZHULQGXVWU\
VWLOOXVHVQRQUHQHZDEOHVRXUFHV
such as coal, oil, and natural gas, it
is an enormous contributor to these
dangerous emissions. The energy
industry is obligated to decarbonize
and to look beyond the conventional
fuel sources to sustainable fuel
sources.
%HFDXVHRIWKHGHFHQWUDOL]DWLRQRI
WKHSRZHUV\VWHPWKHHQWLUHHQHUJ\
value chain must evolve and rely on
VPDOOVFDOHUHQHZDEOHHQHUJ\
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WITH the declining cost of
UHQHZDEOHWHFKQRORJLHVLQFOXGLQJ
batteries, electricity generation is
EHLQJWUDQVIRUPHG7KH1HZ(QHUJ\
2XWORRN 1(2 SXEOLVKHG
by Bloomberg [2], highlights the
IROORZLQJFKDQJHV
1.%\KDOIWKHZRUOG VHQHUJ\ZLOO
EHJHQHUDWHGE\ZLQGDQGVRODṴ
GXHWRWKHORZFRVWRIUHQHZDEOH
energy and batteries.
2.39ZLQGDQGEDWWHULHV7KHFRVWRI
WKHDYHUDJH39SODQWIDOOVE\
by 2050. Batteries cost is dropping
GUDPDWLFDOO\ZKLFKHQDEOHVZLQG
DQGVRODUWRIXQFWLRQZKHQWKHZLQG
LVQRWEORZLQJRUWKHVXQLVQRW
shining.
3. Coal is the biggest loser – estimated
to drop by 11% of global electricity
generation by 2050.
4. *DVFRQVXPSWLRQIRUSRZHU
generation increases modestly –
JURZWKLVRQO\H[SHFWHGLQ&KLQD
and India.
5. Electrical vehicles add around
7:KRIQHZHOHFWULFLW\GHPDQG
%HORZZHDGGUHVVIRXULWHPVRI
the electricity reticulation system

ZKHUHYDOXHFDQEHFUHDWHGWKURXJK
digitalization:
1. Asset life cycle management:
5HDOWLPHUHPRWHFRQWURORU
SUHGLFWLYHPDLQWHQDQFHWRH[WHQG
WKHOLIHF\FOHRURSHUDWLQJHIͤFLHQF\
of the generation, transmission
or distribution assets and
infrastructure can be enabled by
technology solutions [1].
2. Grid optimization and aggregation:
The optimization of the grid is
SRVVLEOHWKURXJKUHDOWLPHORDG
EDODQFLQJQHWZRUNFRQWUROVDQG
HQGWRHQGFRQQHFWHGPDUNHWV
enabled by connected assets,
machines, devices and advanced
monitoring infrastructure.
3. Integrated customer services:
An integrated customer service can
be provided by innovative digitally
enabled products and services
relating to energy generation and
energy management.
4. Beyond the electron:
Adapting to the customer can
EHDFFRPSOLVKHGE\K\SHU
personalized connected services
stretching beyond the electricity
value chain.

To accommodate these changes,
digital technologies must be applied
to the energy infrastructure. At this
point in time, digital transformation
LVQRWZHOOXQGHUVWRRG$VVHW
life cycle management, grid
optimization and aggregation, and
LQWHJUDWHGFXVWRPHUVHUYLFHVZLOOEH
central to the digital transformation
RIWKHHQHUJ\VHFWRU:HZLOOGLVFXVV
LQGHSWKKRZWKHSRZHUWUDQVIRUPHU
FDQH[SRQHQWLDOO\VFDOHEHQHILWVRI
digitalization across the industry.
:HQHHGWRUHLPDJLQHWKHGHVLJQ
RIWKHHQHUJ\V\VWHPZLWKGLJLWDO
DQGWHFKQRORJLFDOLQQRYDWLRQVZKLFK
include predictive forecasting and
energy storage.

The “Lego block” approach
There is increased pressure on
DVVHWPDQDJHUVWRHQVXUHQHWZRUN
reliability and profitability, thus an
increased pressure to reduce cost
and increase efficiencies in the grid
itself and the relevant maintenance
operations. The database must be
DEOHWRYLVXDOL]HZKDWLVKDSSHQLQJ
to key assets;
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In Cigre’s failure mode analysis [3],
WKHIDLOXUHPRGHVZHUHLGHQWLILHGDV
1. Dielectric: Partial discharge,
arching, etc.
2. Electrical: Short circuit, poor
joints, poor contacts
3. Thermal: General overheating,
localized hot spot
4. Physical chemistry:
Contamination, corrosion etc.
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'LHOHFWULFIDLOXUHVZHUHWKHPRVW
prominent failures for substation
transformers. Thermal and
GLHOHFWULFIDLOXUHVZHUHPRVW
common for GSU transformers.
This clearly indicates that thermal
analysis of transformers can
provide critical information about
transformer condition and can be
used to identify inception of faults
or to better manage transformer
loading.

Figure 1. Failure mode analysis: Cigre WG A2.37 [3]
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this is vitally important. Transformer
failure statistics and historical data
must be taken into consideration to
SURYLGHDIDLOXUHPRGH̸SLFWXUH̹GDWD
PRGHORQZKLFKUHFRPPHQGDWLRQV
ZRXOGEHEDVHG
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$VVHWOLIHF\FOHPDQDJHPHQWJULG
RSWLPL]DWLRQDQGDJJUHJDWLRQDQG
LQWHJUDWHGFXVWRPHUVHUYLFHVZLOOEH
central to the digital transformation of
the energy sector.
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$SSO\LQJWKH̸/HJREORFN̹DSSURDFK
[4], temperature monitoring is the
ILUVW/HJREORFNRIWKHGLJLWDOSRZHU
transformer. Electric and thermal
IDXOWVEUHDNGRZQWKHRLOPROHFXOH
and the insulation paper molecules,
resulting in the formation of
dissolved gas formation – thus
making dissolved gas analysis
'*$ WKHVHFRQG/HJREORFN
1. Temperature monitoring. Using
temperature monitoring devices
RQSRZHUWUDQVIRUPHUVLVQRW
a recent phenomenon. Most
WUDQVIRUPHUVDUHHTXLSSHGZLWKD
FXUUHQWWUDQVIRUPHUEDVHGZLQGLQJ
WHPSHUDWXUHLQGLFDWRU :7, DQG
XWLOL]HD37ͤWWHGLQDSRFNHWWR
PRQLWRUWRSRLOWHPSHUDWXUHZKLFK
XVXDOO\LVWKHRLOWHPSHUDWXUH 27, 
Please note that temperature varies
WKURXJKRXWWKHWUDQVIRUPHUZLWK
the hottest part of the transformer
being at the top. It is important to
take into consideration the ambient
temperature to forecast possible
overloading and thus overheating,
ZKLFKLQWXUQFDQGHFUHDVHWKH
OLIHWLPHRIWKHWUDQVIRUPHU2WKHU
GHYLFHVOLNHWKH%XFKRO]UHOD\GDWD
oil level, pressure relief device and, if
ͤWWHG'*$GDWDVKRXOGEHDYDLODEOH
WRVHHWKHZKROHSLFWXUH$OORIWKHVH
indicator’s data should be taken into
consideration to ensure a healthy
operating system. This data should
be available online to get a real
time indication of the situation and
WREXLOGDSLFWXUHRIZKDWWKHGDWD
VKRXOGORRNOLNHZKHQHYHU\WKLQJLV
normal. As soon as any deviations
are noted, they should be evaluated
and a decision should be made,
either to monitor the situation if not
critical, or to take immediate action
LIQHHGEHWRVDYHFRVWRQGRZQWLPH
and maintenance.
2. DGA monitoring. DGA is one of
the most common techniques
used for fault diagnosis because
LWVQRQLQWUXVLYHDQGWKHXQLWGRHV
QRWQHHGWREHGHHQHUJL]HG7KHUH
are various DGA analysis methods
available in the industry. The DGA
SURͤOHJLYHVXVDQLQGLFDWLRQRIWKH
transformer condition.
It is vitally important that the
interpretation of the DGA is done
by a technical specialist that can
correctly apply all the variants and

relations to come to an accurate
indication of the condition of
WKHSRZHUWUDQVIRUPHU7KH
quality of the testing laboratory
and the sample is of the utmost
importance as this can cause major
inaccuracies leading to inadequate
control measures, thus useless data,
DQGDZDVWHRIPRQH\
If correctly done, DGA analysis
ZLOOLGHQWLI\SRVVLEOHIDXOWVLQ
the transformer and indicate
KRZVHULRXVWKHSUREOHPLV7KLV
traditional method leaves a lot up
WRFKDQFHDQGDORWRIH[SHUWLVH
is needed to come to the correct
DQVZHU,IDQ\SDUWRIWKHSURFHVV
does not meet the highest quality,
the maintenance manager might
HQGXSZLWKWKHZURQJGDWD7KLV
can cause an incorrect action to
be implemented and a unit might
EHORVW0RVWXWLOLWLHVIROORZD
maintenance strategy requiring
them to take an oil sample every 6 to
PRQWKVZKLFKLVJRRGHQRXJKWR
build up a history for the unit and to
FUHDWHDXQLWVSHFLͤFQRUPDOSURͤOH
 +RZHYHUVLQFHWKHGD\WRGD\
health of the unit is not monitored, if
DSUREOHPVKRXOGDULVHEHWZHHQWZR
sampling cycles, one that is quite
VHULRXVZLWKLQDIHZGD\VRUPRQWKV
the problem might escalate making
the repair bill much higher and the
UHSDLUWLPHFRQVXPLQJ+DYLQJUHDO
WLPHGDWDZRXOGDOHUWWKHPDQDJHU
to a problem.
 2QOLQH'*$FDQEHSURJUDPPHG
WRVDPSOHDXWRPDWLFDOO\DWSUH
VHWLQWHUYDOVLQDFORVHGORRS
measurement system. The system
needs to have measurement
UHSHDWDELOLW\QRFURVVLQWHUIHUHQFH
EHWZHHQJDVHVDQGQRFDOLEUDWLRQ
required. It needs to detect all the
gases for complete transformer
DQDO\VLVDQGKHDOWKSURͤOH
compilation.
Pattern recognition algorithms are
EXLOWLQWRWKHVRIWZDUHGDWDEDVH
according to the data in historic
GDWDEDVHͤOHVRIWUDQVIRUPHUV
that displayed a certain problem,
e.g. partial discharge, overheating,
discharge fault, or another problem,
DOWKRXJKH[SHUWLQSXWPLJKWEH
UHTXLUHGIRUͤQDODVVHVVPHQW>@

Smart asset management
In a study by the U.S. Department
RI(QHUJ\LWZDVIRXQGWKDWRI
EUHDNGRZQVKDYHEHHQHOLPLQDWHG
by an actively implemented
predictive maintenance plan based
on digitalization. Asset performance
management has the greatest
value potential among all digital
initiatives.

Asset
performance
management
has the greatest
value potential
among
all digital
initiatives.
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If digital initiatives like condition
monitoring, predictive forecasting,
and smart sensors are deployed,
LWZLOOOHDGWRDPDUJLQDOO\ORZHU
PDLQWHQDQFHFRVWVORZHU
GRZQWLPHRIDVVHWVDQGIHZHU
FULWLFDOEUHDNGRZQV'LJLWDOL]DWLRQ
VXSSOLHVUHDOWLPHGDWDE\PHDQVRI
connected sensors and algorithms,
ZKLFKHQDEOHVWKHPDLQWHQDQFH
manager to make informed decisions

and take corrective action. Asset
managers can identify problems and
take action to prevent unplanned
GRZQWLPH$IXWXULVWLFDSSURDFK
can be implemented, for instance,
“When does it make sense to operate
a transformer above its nameplate
UDWLQJ"̹UDWKHUWKDQWKHFRQVHUYDWLYH
approach of operating at less than
half the capacity. This can only be
GRQHZLWKFRQWLQXRXVGDWDDWKDQG

Studies found that short time overload
FRQGLWLRQV  IRUDERXW
10 hours should not potentially
harm the transformer if no partial
discharge or hotspots are present in
the transformer because there is, in
actual fact, no real thermal overload.
In comparing load versus temperature
versus time, the formation of
hydrogen should be monitored as this
PLJKWEHWKHͤUVWLQGLFDWRURISRVVLEOH
electrical faults in the unit.
Traditionally, transformers have
been conservatively rated and
operated to reduce risk of failure
in unforeseen and unpredictable
DGYHUVHFLUFXPVWDQFHV+RZHYHU
by continuously and effectively
monitoring the load, operating
environment and transformer
FRQGLWLRQLQUHDOWLPHZKLOHKDYLQJ
control over cooling systems and
online tap changers, the typical
SRZHUWUDQVIRUPHUFDQEHVDIHO\
operated by up to 20% above its
QDPHSODWHYDOXHVLQFHLWZLOOVWLOOEH
RSHUDWLQJZLWKLQSUHGHͤQHGVWDQGDUG
design limits, in terms of current and
WKHUPDOSURSHUWLHV7KLVLVNQRZQDV
dynamic rating.
In addition, online condition
monitoring devices connected to
the online transformer management
system permit continuous
assessment of condition and can be
XWLOL]HGWRSURYLGHHDUO\ZDUQLQJRI
deteriorating components or to adjust
dynamic rating limits. Most important
parameters commonly monitored
include fault gases, moisture in oil,
EXVKLQJSRZHUIDFWRUWHPSHUDWXUH
cooling system functionality, and tap
changer utilization. Insulation life
consumption can also be monitored
on a continuous basis.
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Utilization of condition monitoring
GLJLWDOL]DWLRQDOVRSHUPLWVFRQGLWLRQ
EDVHGPDLQWHQDQFHZLWKDWWHQGDQW
EHQHͤWVLQUHGXFHGPDLQWHQDQFH
resource requirements and cost
UHGXFWLRQVDORQJZLWKIHZHURXWDJHV
By combining these capabilities
into one Transformer Management
6\VWHPGHYLFHZHKDYHD̸EHWWHU
WRRO̹DVUHTXLUHGIRUPDQDJLQJSRZHU
WUDQVIRUPHUVIRUPD[LPL]HGRXWSXW
but in a completely safe and fully
controlled manner [3].
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How does digitalization apply
to utility?
1.6\VWHPZLGHGDWDLQWHJUDWLRQDQG
QHZEXVLQHVVPRGHOV3URYLGHVD
V\VWHPZLGHYLHZRIGHYLFHVLQVLGH
WKHQHWZRUNDVZHOODVDQDO\VLVRI
GHYLFHSHUIRUPDQFHV1HZEXVLQHVV
models become possible because
of the broad visibility of data and the
historical analysed data ensuring
PD[LPXPDSSOLFDWLRQRIHTXLSPHQW
– optimum use.
2. Fleet level analytics, services and
remote management: Improved
FXVWRPHUYDOXHDQGH[SHULHQFHRI
the overall product. This enables
asset managers to take control
RIWKHHQWLUHQHWZRUNDQGHQVXUH
PD[LPXPSRWHQWLDOLVUHDFKHG
FUHDWLQJDZLGHUUDQJHRIVHUYLFH
available to the end user.
3. Station level communication and
VHUYLFHDELOLW\2QFHWKHZKROHEDVH
is digitally enabled, cost effective

connectivity and remote managing
of equipment becomes a reality.
4. Device level sensing and data
acquisition: Data is continuously
captured, formatted and analysed
from all the devices linked to the
V\VWHPZKLFKPDNHVLQWHUSUHWDWLRQ
and decision making much easier.

Conclusion
The thermal management focus might
provide the tools to overcome future
FKDOOHQJHVRIWKHHYROYLQJSRZHUJULG
DQGWKHGHPDQGVSODFHGRQWKHSRZHU
transformer [5]. According to IEC
VWDQGDUGVQRUPDODJHLQJLVGHͤQHG
as the loss of 24 hours of life on a
SRZHUWUDQVIRUPHUDIWHUKRXUVRI
continued operation. Abnormal ageing
RFFXUVZKHQPRUHWKDQKRXUVRI
OLIHWLPHLVORVWLQDSRZHUWUDQVIRUPHU
after 24 hours of continued operation.
6RPHVWXGLHVKDYHVKRZQWKDW
under certain conditions, overloading

Using transformer intelligence enables
DVVHWRZQHUVWRH[WUDFWDOODYDLODEOH
capacity of transformers; it also helps
WKHPUHGXFHLQYHVWPHQWFRVWSUHYHQW
high over-capacity specs for budgets and
WHQGHUVXWLOL]HDPELHQWFRQGLWLRQVWKDW
are favorable for long-term or
short-term operation above nameplate
UDWLQJPRQLWRUYLWDOSDUDPHWHUVXVLQJ
VPDUWVHQVRUVDQGPDNHLQIRUPHG
maintenance decisions.

transformers to 120% did not thermally
stress the transformer. The goal
VKRXOGEHWRRYHUORDGZLWKDFFHSWDEOH
loss of life, and such operations
should not pressure design margins
of accessories like bushings, tap
changers, cable connections, etc.
This is only possible under continued
monitoring circumstances, getting all
the data every second of the day.
Using transformer intelligence enables
DVVHWRZQHUVWRH[WUDFWDOODYDLODEOH
capacity of transformers; it also helps
them reduce investment cost, prevent
KLJKRYHUFDSDFLW\VSHFVIRUEXGJHWV
and tenders, utilize ambient conditions
WKDWDUHIDYRUDEOHIRUORQJWHUPRU
VKRUWWHUPRSHUDWLRQDERYHQDPHSODWH
rating, monitor vital parameters using
smart sensors, and make informed
maintenance decisions [6].
Digitalization is all about managed
control.
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