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The paper presents influence of external factors on results of bushing dissipation factor tand and capacity
measurements performed on not energized transformer as well as with operation voltage using on-line method.
There are discussed methods and real cases of measurements, with emphasized differences in results interpretation.

Conclusions and literature are summarized.

PACS: 84.37.+q, 77.22.Gm, 81.70.Ex, 84.32.Tt

1. Introduction

Bushing faults are one of the most frequent causes of
transformer failures. On the base of CIGRE WG A2.43
data it is estimated that in most serious failures, con-
nected with fire, this percentage reaches 56%. Bushings
diagnostics in Poland is based on measurements made
during transformers periodical tests i.e. offline. In many
cases it enables to reveal defects in early stages of de-
velopment and to change faulty devices on time. Nev-
ertheless these actions are not sufficient, especially for
bushings which have been more than 20 years in service.
This situation is probably caused by lack of differences
in testing period of new transformers and transformers of
long year exploitation. Currently transformers are tested
every two or five years, depending of their power and volt-
age. As a result technical status of bushings is not eval-
uated in the period between tests. Because of that fact
improvement in supervising of bushings technical status
can be obtained either by increasing frequency of tests
or introducing on-line diagnostics, performed by devices
fixed on bushings.

Basic parameters of bushings measured offline and on-
-line are dissipation factor tand and bushing’s capaci-
tance between line and test taps. Because it is neces-
sary to compare results obtained using offline and on-
-line methods, their similarities and differences will be
discussed as well as external factors that may influence
results and connected with them decisions.

2. Offline mode

Measurements of bushings on not energized trans-
former, aimed for evaluation of tan  and capacitance are
usually performed in two arrangements:

I — line tap to insulated test tap (Fig. 1a),

IT — test tap to grounded line tap (Fig. 1b).

It is assumed that permissible tand (in oil-
-impregnated-paper bushings) in arrangement “I” equals
0.7%, at bushing temperature 20 °C, and capacitance C;
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Fig. 1. Arrangements for measurements bushings tan ¢
and C: (a) I — UST, tand; and C; measurement, (b)
IT — GST, tand2 and C2 measurement.

should not differ more than 10% from rated capacitance
[1, 2]. But in spite of long tradition of this measure-
ment, there still exist difficulties in results interpretation,
caused by influence of conditions at which measurement
was performed.

Main factors influencing tan § results are:

e value of measuring voltage,
e temperature,
e moistness of bushing.

Voltage applied to bushing in measuring arrange-
ment “I” usually equals 2-12 kV, so is many times lower
than rated voltage. This difference is meaningful for
faulty bushings, but for bushings without defects volt-
age dependence of tand is negligible (Fig. 2).
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Fig. 2. Voltage dependence of tan ¢ in good and faulty
bushing. Reprinted with permission from Ref. [3].

In figure above “healthy” and faulty bushing do not
reveal differences in tand level with 10% to 20% of
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rated voltage, but differences increase with voltage. It
means that some defects are not possible to be diag-
nosed by tan § measurement that enables applying 12 kV
maximum.
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Fig. 3. Correction factors for tand in different types of

bushings. Data from Ref. [4].
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Fig. 4. Temperature distribution along bushing core.

Adapted from Ref. [5].
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Fig. 5. Dissipation factors versus temperature with in-
crease of moistness. Reprinted with permission from
Ref. [6].

Temperature dependence of results can be taken into
account by using correction factors (Fig. 3), which are
sometimes given by manufacturers of dissipation factor
meters, for chosen types of bushings [4], but there still
exists a problem of appropriate temperature determina-
tion, because of its non-uniform distribution (Fig. 4).

Besides, tand temperature dependence is strongly in-
fluenced by bushing moistness [6] (Fig. 5), whose influ-

ence on dissipation factor at 20 °C starts to be significant
at 3% of moistness.

Water content in bushing insulation causes its acceler-
ated deterioration and increases probability of fault.

3. Methods of bushings measurements
with load voltage (on-line mode)

In on-line mode, evaluation of bushings technical
status is based on measurements with using bushing
test tap.

There are used two methods [7]:

— comparative (reference),

— sum of currents.

3.1. Comparative method

This method utilizes arrangement similar to the Scher-
ing bridge with second bushing of known capacitance and
dissipation factor on the same voltage phase used as ref-
erence capacitor (Fig. 6).
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Fig. 6. On-line method with reference bushing.

There is another modification of comparative method,
with voltage transformer used as reference object, and
device calculates bushing tan é and capacity on the base
of HV grid voltage, capacitance current and phase differ-
ence between current and voltage (Fig. 7).
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Fig. 7. On-line method with voltage transformer used
as reference voltage source.

Comparative method enables measurements of single
bushings and obtained results can be compared with tan §
and capacitance values obtained offline.
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3.2. Sum of current method

In three-phase circuits with bushings having the same
dielectric properties, vector sum of their currents should
equal zero (Fig. 8).

Ua
Us

Uc

le.L oL e, i

G Cu= e

(PSSO S (S A sensors

A le lo -
=

current balancing current
unit adder

Fig. 8. Connection scheme of monitoring system using
sum of currents.

Real bushings are always slightly different and phase
voltages are not the same. If in the moment of putting
on measuring system, sum of currents is not balanced to
zero, every change of bushings capacitance and/or tand
will cause increase of sum of current vectors [8] called im-
balance current. In sum of current method, amplitudes
of bushings capacitance currents and their phase differ-
ences are used for calculations of factors corresponding
to changes in bushings capacitance and tand (Fig. 9).

Fig. 9. Change of sum of current vectors: (a) sum bal-
anced to 0, (b) change of current IS caused by changes
in phase A bushing tan § change — new current I’y (im-
balance vector I corresponds to change of tand and
is oriented as voltage vector Vao), (c¢) change of sum of
current vector is caused by change of phase A bushing
capacitance (additional current Al is perpendicular to
voltage vector Va; new sum of current vector I3 is ori-
ented along current vector 4).

In comparison with offline measurements or reference
methods, sum of current methods needs less data to be
available (Table I).

In spite of complicated calculations in data processing,
sum of current method is most frequently used for bush-
ing on-line diagnostics. It is caused by easy mounting
— all elements of measuring device are situated on the
transformer.

3.3. Influence of external factors on measuring accuracy
in on-line methods

Main factors influencing measuring accuracy in refer-
ence methods are:

TABLE I
Values available during bushings measurements.
Offline measurement, Sum
Value reference method with HV of current
instrument transformer method
applied voltage ™ + -
leakage current +
phase angle
between voltage + -
and leakage current
frequency + +

* Voltage applied to bushing in offline method is maximally
several kV, in on-line method it is rated voltage.

e changes of grounding voltage,

e systematic uncertainty of sensors mounted on bush-
ings,

e bushing temperature.

Value and phase of grounding voltage in transformer
neighbourhood are changing with time. They are depen-
dent among others on load and interference with open-
-wire lines. Scheme of the equivalent circuit illustrating
influence of grounding is shown in Fig. 10.

Fig. 10. Scheme illustrating grounding influence on
measuring accuracy. Iac — current source represent-
ing leakage current flowing through the bushing, Uac
— voltage source imitates grounding potential, Z; —
impedance of measuring sensor connected to the tap of
tested bushing, Z> — input impedance of measuring in-
strument.

As it was mentioned in [3], change of grounding volt-
age phase angle in relation to a leakage current of 1°
causes increase in tand about 0.067% (change of 5° gives
change in tand of 0.335%, respectively). Temperature
and moistness influences on results in reference methods
are similar as in offline, with additional influence of tem-
perature difference of tested and reference bushings.

Sum of current method, because of its principle, com-
pensates some unfavourable factors, like sensors system-
atic uncertainty and influence of grounding voltage, but
is susceptible to other ones e.g.:

— changes in phase voltages,

— changes in phase angles between voltages.



Influence of External Factors on Results . ..

4. Examples of interpretation of bushing
in service measurements results

Lack of differences in measured values C; and tand
in relation to factory values unequivocally confirms good
status of bushing, in opposite situation internal defects
can be suspected. In such cases it is important to de-
termine character of change that can point on a type or
location of defect.

4.1. Ezxamples of offline measurements

Bushing measurements are performed in different at-
mospheric conditions, which cause possibility of errors in
evaluation of their technical condition. Table II presents
results of such measurements. First tests were done at
13°C with high air humidity and obtained results ex-
ceeded permissible values. In order to check real tech-
nical status of bushings measurements were repeated in
good weather at 15°C, and technical judgment was done
on the base of analysis of external conditions influence of
tests results. It enabled restoring transformer operation
that has been operating without defect for several years
already, which confirms correctness of evaluation. Lack
of this analysis and decision about second tests would
result in putting transformer out of service and bushings
change.
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Fig. 12. Relative change in bushings capacitance and
evaluated bushings temperature versus time.
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Table I11 presents results collected from periodical tests
of dissipation factor tan § and bushings capacitance with
medium values evaluated on-line.

From comparison of periodical tand measurements
with on-line results we can conclude that they are simi-
lar for bushing mounted on phase A, but for remaining
phases, in spite of significant differences in ambient tem-
peratures, on-line are lower. In graphs we can also see in-
fluence of transformer load changes on tand values. Fig-
ure 13 shows tand after transformer de-energizing, that
obtains higher values than during normal operation.

Results of measurements TABLE II
performed in different weather conditions.
Measurement I (high air humidity), 13 °C
Bushing type Phase | Arrangement™ Up | tand Ox
Ep 5 (V] | [%] | [pF]
OIP 145/275-800 2A L 10 2.09 276.8
11 2 2.51 1545
OIP 145/275-800 2B [ 10 0.95 300.9
1T 2 1.93 2015
OIP 145/275-800 2C [ 10 115 303.4
11 2 2.35 1651
Measurement 11, 15 °C
OIP 145/275-800 2A [ 10 0.76 273.2
11 2 1.00 1510
OIP 145/275-800 2B [ 10 0.61 300.7
11 2 1.24 1997
OIP 145/275-800 2C [ 10 0.77 302.2
1T 2 1.47 1618
* I — measurement in arrangement line tap to insulated test tap,

I — measurement in arrangement test tap to grounded line tap.

4.2. Ezample of on-line measurements

Continuous supervising of bushing technical status
could be assured only by on-line measurements. Similarly
as in offline mode, result reflecting dissipation factor, ca-
pacitance and leakage current are influenced by different
external factors.

In the graphs created from the data collected from
working bushing monitoring systems besides tand and
capacity Ci there are presented also changes in bushings
temperature during registration. Changes in individual
values are shown in Figs. 11, 12.

@ phase B Ophase C

@ phase A

Fig. 13. Dissipation factor tané versus phase angle of
imbalance current: (a) during transformer operation,
(b) after transformer de-energizing, (c) during next two
months of operation.
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Temperature influence and transformer power on rel-
ative change of capacitance were not found. On the
bases of analysis was revealed that during operation the
changes take place in the range of +2%. Dissipation fac-
tor of bushings in operation does not exceed 1.0%, but
during transformer de-energizing reaches 1.5%. It means

J
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that values of dissipation factor considered as permissi-
ble for offline measurements are nor valid for measure-
ments on-line. Proper evaluation and making technical
decisions about bushings exploitation, assuming that all
factors disturbing measurements are suppressed, new cri-
teria for bushings tested on-line are demanded.

Results of periodical measurements of bushings tan J and capacitance. TABLE IIT
tan d tand
Bushing type | Phase | Arrangement” Up (ter(r(l)}lzﬁiig)o(]) (mediu(rélnfﬁr;g' 5°0) e
[kV] [7] (7] [PF]
245/(5)4{153/630 1A I 12 0.84 0.8 244.5
245/(5)4{153/630 1B I 12 0.67 0.2 224.9
245/(5)?53/630 1€ I 12 0.93 0.5 233.4

* I — measurement in arrangement line tap to insulated test tap.

5. Conclusion

Practical experiences confirm that in assessment of
bushing status, it is very important to take into account
conditions of measurement and factors influencing tan ¢
and capacity values. It is valid both for offline and on-
-line methods. Additionally, using of on-line methods
needs setting limits of measured parameters and develop-
ing principles of comparison with results obtained offline.
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