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Abstract - Utilities need to reduce costs associated to
operation and maintenance of installed equipment. Main
ways to achieve this cost reduction are the use of on-line
condition monitoring, and a shift from time-based to condi-
tion-based maintenance. Thanks to the evolution of moni-
toring systems, maintenance and operation people can con-
centrate their activity on other tasks with high added
value. Besides these utilities will continue to be faced with
daunting challenges due to a deregulated energy market.
Increasing loading of equipment, decreasing maintenance
expenditures and postponement of investments are goals to
reduce life cycle costs. These measures but also can result
in higher failure rates and increasing risk of major failures.
So the objective is to secure a given quality of supply of
electrical energy with minimized cost expenditures for ser-
vices (life management).

Index Terms - On-line Monitoring, Power Transformer,
Bushing, Tap Changer, Insulation System.

I. THE IMPORTANCE OF LIFE MANAGEMENT

Oil-filled power transformers, their bushings, tap
changer, insulation system and auxiliary equipment are
critical to the operation of every electrical power system
to such an extend that their reliable and uninterrupted
functioning is a key factor in profitable generation,
transmission and distribution. To increase availability
and optimise operating management on-line condition
monitoring of power transformers is useful and neces-
sary. Throughout the last years on-line monitoring sys-
tems have been installed in a large scale at power trans-
formers [1, 2, 3, 4]. Based on this extensive field experi-
ence selected practical examples are analysed and
discussed in this paper demonstrating the ability these
systems can perform.

In addition the most reliable concepts used for com-
prehensive on-line monitoring (bushings, tap changer,
insulation system,...) are described. The combination of
different measuring methods can be seen as sophisti-
cated tools to take decisions on the operation of the
transformers. Different concepts for efficient assessment
of the transformers condition can be established, where
condition-based maintenance planning is a reality. The
utilities network (Ethernet) can transport the information
from the substation to every PC (web based visualiza-

tion, Fig. 1.) connected to the customers Intranet. Start-
ing from the strict point of view of monitoring it is then
proceed forward with the presentation of diagnostics,
prognosis and the challenges posed by the development
of such tools.

The task of on-line monitoring is then to provide fo-
cused, purposeful diagnosis information, so that reme-
dial measures can be initiated if needed should faults
occur during operation.
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On-line visualization of transformer condition and

II. SYSTEM DESCRIPTION

The concept of the on-line monitoring system is em-
ployed with field bus and process control technology [1,
2, 3, 4], to be able to thus implement flexible system ar-
chitectures. Such a system centers around a server with
which several transformers can also be monitored simul-
taneously. The analogous signals of the sensors are
wired on field bus terminals in a monitoring module on
the transformer. Here, the analog signals are digitized
and transferred to the server using a field bus protocol.
The acquisition of the data takes place with millisecond
accuracy. Computation values (e. g. ageing rate, over-
loading condition, the change in the bushing capaci-



tance) are derived from acquired measurement quanti-
ties. The data acquisition is time-controlled and event-
controlled. Thus, e. g. when a transformer is switched
on, the voltages are recorded for a duration of 10 sec-
onds with a resolution of 20 ms. In comparison, the
changes in the bushing capacitance are sampled every
20 ms and saved every 15 minutes consequently the size
of the database is optimized.

III. BUSHING MONITORING

High voltage condenser bushings of power trans-
formers, according to their construction and age, are
amongst the most endangered components from all op-
erating equipment used. In the past, off-line measure-
ments like the measurement of bushing insulator capaci-
tances and measurement of the dissipation factor were
carried out successfully for determining the operational
state. Today, modern microprocessor and computer
technology makes it possible to carry out these proce-
dures on-line with the help of a monitoring system. The
expert system itself, with its comprehensive data stor-
age, evaluation algorithms and diagnosis functions pro-
vides a significant contribution to the high availability of
the transformer.

A. Capacitively controlled insulator bushings

In the voltage range from 110 kV upwards, modern
bushings are generally designed with closely stepped
capacitively control layers [5]. The insulator body is
manufactured in a coil winding process. The basic insu-
lating systems of capacitively controlled high voltage
bushings can be classified as:

e Resin-bonded paper bushings (RBP)
e Resin-impregnated paper bushings (RIP)
e Oil-impregnated paper bushings (OIP)

The inner insulation structure of resin-bonded paper
bushings consists of resin-coated material, which is
glued under high temperature and pressure in normal
ambient conditions. In the case of resin-impregnated
bushings, the insulator consists of crepe paper with
wrapped aluminum coatings. This is dried and impreg-
nated in vacuum. In the case of oil-impregnated bush-
ings, the insulating body consists of kraft paper with
wrapped aluminum or graphite coatings, which are dried
and oil-impregnated in vacuum. The outer insulation
structure is generally made up of porcelain, or, more re-
cently, of silicon.

What is common to all constructions is that they are
subjected to very high mechanical, electrical and ther-
mal stresses during operation. This results in ageing and
hence to a change in the operational state [6]. Thus, par-
tial breakdowns in the insulation system can affect the
operational safety to such an extent that further safe op-
eration is not guaranteed any more [7, 8].

B. Bushing capacitance C and dielectric dissipation fac-
tor tan &

The measurement of the bushing capacitance C and
the dielectric dissipation factor tan & (Fig. 2.) are impor-
tant parameters for evaluating the operational state of a
high voltage bushing. The dissipation factor is obtained
from tan 8 = 1/R@C. In the case of a new resin-bonded
paper bushing, it is in the range 0.5 ... 0.7 %. In the case
of resin-impregnated bushings, it is in the range 0.25 ...
0.45 %, and for oil-impregnated bushings, values be-
tween 0.25 ... 0.5 % are normal.

a) I b)

Fig. 2. Equivalent circuit diagram (a) and vector diagram
(b) of the dielectric loss factor tan &

Dielectric losses in the insulation result in a capaci-
tive loss current in the dielectric material. The reason for
this can be found in the electrical properties of the insu-
lation structure [5].

Depending on the ageing, the bushing capacitance
and the tan § can change. Table 1. shows guide values
for tan & and capacitance values as examples for resin-
bonded paper bushings. When these limiting values are
reached, continued operation is not recommended.

Uy [kV] tan & [%] AC[%]
123 2.0 20
245 1.5 15
420 1.0 10

Table 1. Limit values for the dielectric loss factor tan & and
capacitance increase A C for resin-bonded paper bushings [3]

Other reasons for a change in the values of tan § and
A C are external environmental influences like moisture
and dirt on the outside on the porcelain. An increase in
the A C can also be caused by an oil-impregnation in the
case of resin-bonded paper bushings. Apart from a con-
sideration of the absolute values of tan 6 and A C, an
analysis of the trend is of great importance.

Thus, an increase in the A C for all bushing types in-
dicates partial breakdowns between control layers (Ta-
ble 2.). Hence, for instance, if one of the 60 control lay-
ers of a typical 420 kV bushing breaks down, its capaci-
tance changes by a value of 1.7 %. A short-circuit
between two control layers does not directly result in
bushing failure, but the likelihood of a complete break-
down of the insulation raises with increasing number of
defective layers.



Un [kV] | Number of control layers [n] | A C[%]
123 28 3.6
245 42 2.4
420 60 1.7

Table 2. Increase in capacitance A C in case of a partial
breakdown between control layers for oil-impregnated bush-
ings

C. Voltage sensor

The monitoring of the electrical measurement quanti-
ties is achieved with a voltage sensor [9]. The sensor is
connected directly to the measurement tap of the bush-
ing (Fig. 3.). This design allows a reliable measurement
with a bandwidth of up to 2 MHz.
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Fig. 3.
the bushing and the voltage sensor

Sketch of bushing and equivalent circuit diagram of

The sensor essentially consists of a capacitance Cy,
which normally has values of 1 .. 2 pF. Since Cy >> C,
(with C, = 300 pF), 1, is practically 0. The resistance R
terminates the connected coaxial cable with a surge im-
pedance of 50 Q. The potential divider ratio between C,
and Cy is so dimensioned that a measurement voltage
Um of 57 VAC is set. In addition, there is an over-
voltage suppressor (U) installed, which protects the sen-
sor and the cable from overvoltages, and as there are no
electronic components used in the sensor at the bushing,
this measurement procedure is not sensitive to electro-
magnetic emission. Another advantage of the technology
used is in the high signal-to-noise ratio owing to the
transmission of a voltage signal of about 57 V AC.

D. Operating voltages and overvoltages

For the measurement of operating voltages, the ca-
pacitive voltage sensor already described is used
(Fig. 4.). In addition overvoltages can also be detected.
Transient overvoltages represent a significant endan-
germent potential for the insulation. Therefore, the de-
tection and evaluation of these transients is of great sig-
nificance for the evaluation of the bushing insulator reli-
ability [4] and besides this also for the insulation system
of the active part of the transformer.

Overvoltages can be caused by storm discharges and
switching actions, e. g. the switching on of overhead

lines and chokes. In particular, bushings of transformers
in GIS or HVDC-switchgear are subjected to fast tran-
sient overvoltages. Since their size and shape are often
not known, there can be a failure of operating equip-
ment, which can be avoided by taking specific counter-
measures. Furthermore, information about the amplitude
of overvoltages and the combination with the on-line
measures and analyzing data of the other monitoring
modules is of great importance in case of root cause
analysis after the occurrence of a damage.

Fig. 4. Bushing voltage sensors installed on the measure-
ment tap of the bushings

Fig. 5. shows, as an example, three-phase operating
voltages on the 275 kV bushings of a 185 MVA genera-
tor transformer together with detected overvoltages re-
corded over a period of 18 months. What can be clearly
seen are the numerous voltage spikes in the graphs,
which are caused by the overvoltages that occur. All
events that influence the operational behavior are de-
picted in a transparent manner. The present-day technol-
ogy easily allows the continuous acquisition and archiv-
ing of all the data even for longer than 18 months, across
many years (life). In addition voltage fluctuations in the
line voltage and network asymmetries of up to 1 % can
be clearly seen from the graphs.
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E. Bushing capacitance

The monitoring of the change in the bushing capaci-
tances (A C) is achieved by means of a three-phase volt-
age measurement. Here, the output signal of a voltage
sensor is compared with the two remaining phases. The
result of the algorithm is based on an averaging in order
to eliminate voltage fluctuations in the network in this
manner. The influences of temperature can be compen-
sated by the three-phase measurement principle. In con-
sequence, the relative change in capacitance is used for
determining the A C. This method has also proven itself
over a prolonged time in the field [1, 2, 9] also impress-
ing through its high signal-to-noise ratio.

If the capacitance values were to be determined sepa-
rately for every phase with the help of a reference ca-
pacitance, the result would be the disruptive influence of
temperature fluctuations [10].

The effect of a partial flashover of 2 layers of a
420 kV bushing is depicted in Fig. 6. The 3-phase oper-
ating voltages (phase L1, L2, L3) together with over-
voltages of the 350 MVA regulating transformer are
shown. On 27.11.2004 after only 1 %2 years of bushing
operation a warning was generated automatically by the
on-line monitoring system identified by a change in the
bushing capacitance by 3.6 % (Fig. 6., small fig.). After
switching off the transformer an off-line measurement
was performed and proved the on-line determined value.
The bushing was shipped to the manufacturer who also
confirmed the result. Due to the installation of an on-line
monitoring system a collateral damage could be pre-
vented. In addition the system indicated that the trans-
former has been affected by overvoltages which could
have been the most probable reason for the damage.
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Fig. 6.  Detection of partial flashover of 420 kV bushing and
avoidance of collateral damage of 350 MVA regulating trans-
former, 3-phase operating voltages (phase L1, L2, L3) with
overvoltages (large fig.), identified by change of capacitance
A C (small fig.)

F. Dielectric dissipation factor tan 6 and sum phasor

The measurement of the phase angle between the
three phases makes it possible to detect changes in the

dielectric dissipation (loss) factor tan 8. The difficulty in
the measurement technique is in being able to detect
even very slight changes. For example, a change in the
loss factor tan & by 0.1 % means that the phase changes
by an angle of 0.057 °. The measurement data has to be
recorded with a very high resolution in terms of time in
order to achieve this accuracy. In this case, the sampling
rate is 10 ps, to detect the zero crossing of the 50/60 Hz
AC voltage. In addition, the evaluation algorithm carries
out an interpolation to achieve further improvement in
the accuracy. This ensures that detection of changes in
the dielectric dissipation factor with adequate accuracy
is achieved. The acquired voltage curves are transmitted
to a central computer and processed digitally.

Another possible use is in the acquisition of the dissi-
pation factor of bushings on single-phase transformers,
since the voltages have to be recorded synchronously for
determining the phase angle. In this case, the data is ac-
quired on a de-centralized basis at every single-phase
transformer, and analyzed on a central server in real
time.

For the acquisition of the A tan d, an accuracy of at
least + 0.15 % must be reached. The reason for this is
that the dissipation factor for the various types of con-
struction of bushings moves in the range of about 0.5 %
(chapter III. B.) and a maximum warning threshold has
to be assumed at about 0.7 %. In the case of offline
measurements, it is in keeping with the current state-of-
the-art to determine the dissipation factor using a refer-
ence capacitance and a reference voltage. These aids are
not available on-line. Rather, in the case of an on-line
measurement, as in the process described here, the volt-
age of another phase is used as a reference.
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Different types of interpretation methods (change of
dissipation factor vs. sum current phasor) with their ad-
vantages and disadvantages are discussed in the follow-
ing. Fig. 7. depicts the changes in the dielectric dissipa-
tion factor tan § of a three-phase bushing monitoring
system on a 400 kV generator transformer during a pe-
riod of nine months. Owing to the voltage fluctuation
between the phases, the value varies in a range of less
than £ 0.15 %.



In [11], a depiction of the sum vector of a three-phase
bushing monitoring system is shown. Here, the vector
addition of the voltages of the three phases is carried out
over an analog operational amplifier and the sum vector
is formed. The value determined and processed on the
bushing is stored in a microcontroller. A graphical depic-
tion is done in a polar diagram. As an example of such a
measurement, Fig. 8. shows the polar diagram of a
three-phase bushing monitoring of the transformer ex-
amined in Fig. 7. The evaluated database covers the
same period of nine months. It can be clearly seen that
the point cloud moves in a range of about £ 0.5 %. In
addition, a warning threshold of +0.15 % has been
shown in the diagram. It becomes clear that not all the
depicted points are located within the minimum warning
threshold to be assumed. The difficulty in the interpreta-
tion of this form of depiction is that the fluctuations of
the three bushing capacitances overlap with the changes
in the three dissipation factors. Even external disruptive
influences like network asymmetries have a negative in-
fluence on the result. Therefore, a depiction of the sum
vector in a polar diagram as suggested in [11] does not
appear very meaningful. A better interpretation of the
data is achieved by depicting the change in the dissipa-
tion factor (Fig. 7.).
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G. Bushing oil pressure

In addition, for oil-filled bushings, it is possible to
measure the bushing oil pressure, thus detecting possible
oil leaks. Another reason for changes in the bushing oil
pressure is due to thermal overload or partial discharges.

Fig. 9. shows the changes in the bushing oil pressures
of 400 kV bushings of a 850 MVA generator transformer
over a period of 24 months. Owing to temperature influ-
ences, the value varies in a maximum range of £5 %. In
August 2003, a significant drop in pressure was deter-
mined at the phase L1, whereupon the system generated

a warning message. An on-site investigation showed that
there was an oil leak involved at this phase. The leak
was sealed and subsequent safe operation was thus en-
sured. Furthermore this case study showed that only the
sensitive on-line monitoring system indicated revealed
the failure. This practical example has pointed out that a
supervision of the bushing oil pressure is valuable and
key from safety point of view.

o "Mw’"‘-’ﬂ‘-qﬂ«vm o "
B s

N A
W

-8 -— Warning level

12 Detection of / W

16 an oil leak
-20-
17.11.01 18.05.02 17.11.02 19.05.03 17.11.03
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pressure on a 400 kV generator transformer with detection of
an oil leak on phase L1

Summarizing this chapter decisive reasons for the
failure of bushings can be found in the partial break-
downs of control layers, contact problems in measure-
ment terminals, the wrong oil pressure or mechanical
disturbances owing to external influences. These effects
can be detected reliably by monitoring the change in the
bushing capacitance and measurement of the bushing oil
pressure.

IV. INSULATION SYSTEM AND TAP CHANGER

To monitor the condition of the active part of a power
transformer various measurement and analysing quanti-
ties can be realised. As main parameters, beside others,
are to mention temperatures, loading conditions, gas-in-
oil content, moisture of oil and paper insulation system.
Due to space limitations in this contribution please refer
to the extensive literature for practical examples [1, 2, 3,
4]. In this paper the following case study demonstrates
how the condition of a power transformer can be moni-
tored by use of a combination of active part and tap
changer monitoring modules.

A 75 MVA furnace transformer was put in service in
1983 in a steelworks factory. In 2002 the 75 MVA fur-
nace together with two more transformers of this site
were equipped with an MS 2000 on-line monitoring sys-
tem.

Fig. 10. shows the gas-in-oil content until major
damage of the transformer. Up to 15.10.2003 the read-
ings indicated a sudden important increase in 5 steps on
a value of more than 400 ppm. Following the recom-
mendations of MS 2000 a dissolved gas analysis (DGA)



was performed and indicated the presence of a hot-spot.
To reduce the gases, an on-line degassing equipment
was installed. The transformer was, however, kept in op-
eration all the time. A correlation performed by
MS 2000 of the gas-in-oil readings with the installed tap
changer monitoring module indicated that the reason for
the gas production could have been due to a oil/metal
hot-spot in the area of the pre-selector tap changer con-
tacts. From 22. to 28.01.2004 again the oil was simply
degassed with an on-line equipment.

Finally, on 08.03.2004 at 11:00 a.m. the gas-in-oil
content crossed the 1000 ppm limit. Nine hours later the
transformer tripped through the Buchholz relay with a
collateral damage.

This case study has demonstrated that the operating
condition of the transformer was made transparent with
the use of an on-line monitoring system. The company
had been informed sufficiently in advance of the inci-
dent to take remedial actions, thus avoiding the collat-
eral damage. From the first warning generated by the
monitoring system on 15.10.2004 until the collateral
damage on 08.04.2005 were passed app. 5 month. How-
ever the transformer was kept running all the time so
that the damage occurred with the loss of production ca-
pacity for the company.
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Fig. 10. Gas-in-oil content of a 75 MVA, 33 kV furnace
transformer until collateral damage

V. CONCLUSION

In the framework of this article, it has been explained,
on the basis of practical operational experiences with
monitoring systems deployed in the field, how on-line
condition monitoring and diagnosis can be realized.

The focus in this paper was to demonstrate how ca-
pacitively controlled bushings can be monitored on-line
in a simple manner. The underlying principle of the
measurement technique is based on the use of a capaci-
tive voltage sensor that is installed at the measurement
tap of the bushing. In this manner, the operational volt-
ages can be measured, and deriving therefrom, overvolt-
ages and transient voltages can be detected.

The change in the bushing capacitance as the most
important characteristic quantity for determining the op-
erational state can be analyzed reliably on this basis. In
addition, practical examples have shown that the change
in the dielectric dissipation factor can be acquired, but
provides less information than the recommended simple
on-line monitoring of the change in the bushing capaci-
tance.

A critical damage of a 350 MVA grid coupling trans-
former could be avoided by a detection of a partial
flashover of layers of a bushing indicated by a change in
the bushing capacitance. Another collateral damage
could be prevented by detection of an oil leak on a
850 MVA generator transformer by means of monitoring
the bushing oil pressure.

Furthermore a case study of a 75 MVA furnace trans-
former has demonstrated the detection of its condition
from beginning of a fault until collateral damage. It has
been demonstrated that the operating condition of the
transformer can be made transparent with the use of an
on-line monitoring system. The analysing modules of
active part monitoring together with tap changer moni-
toring have pointed out the failure cause, the problem
was well known in advance.

Overall, investigations have shown that malfunctions
that are building up in power transformers can be de-
tected earlier with the deployment of an efficient on-line
monitoring system and as a result, there is a lower po-
tential for transformer endangerment.
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