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Abstract-- Preventive diagnosis and maintenance of
transformers has become more and more useful in recent times
in order to improve the reliability of electric power systems.
Time domain dielectric testing techniques such as Return Voltage
(RV) measurement and Polarisation-Depolarisation Current
(PDC) measurement have recently been widely used as potential
tools for condition assessment of transformer insulation. In the
frequency domain, measurement of the dissipation factor (tanG)
over a frequency range of 0.1 mHz to 1 kHz has been commonly
used to assess the condition of transformer insulation. A number
of transformers have been tested with these diagnostic
techniques. A better understanding and analysis of the dielectric
test results is only possible with a clear understanding of the
physical behaviour of the insulation system in response to
moisture and ageing. A circuit model, which describes the
dielectric behaviour of the transformer’s main insulation system,
has been modelled in this paper from the frequency domain
measurement data and then RV and PDC data have been
simulated from the circuit model. This paper then presents
discussions of frequency and time domain techniques to find the
condition of transformer insulation in terms of moisture and
ageing estimation.
Index
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I. INTRODUCTION

n oil/paper insulation system in a transformer is aged by
the electrical, thermal and environmental stresses during
its operation. Among these, moisture and ageing by-products
strongly degrade the dielectric properties of the oil/paper
insulation system within a transformer. To assess the
reliability of insulation accurately, it is very valuable to know
the condition of the oil and the paper separately. In recent
years, new methods to assess insulation systems have been
extensively used. Among them, recovery voltage and
polarisation/depolarisation current measurements in the time
domain [1-2, 4-5, 8, 12] and dissipation factor measurements
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at 50 Hz [3] or at variable frequency range [6-8] are examples
of newer methods that have been used for the diagnosis of
power transformer insulation condition. The commonly
known measurement technique, Frequency Domain
Spectroscopy (FDS), includes the measurement of dissipation
factor (tan į) over a frequency range of 0.1 mHz to 1 kHz [68].
The interpretation of dielectric test methods require full and
exact knowledge of the relationship between basic dielectric
processes and the dielectric parameters measured. The
simulation of the dielectric processes gives the possibility to
explain some exact relationships that may help to correctly
interpret the test results. An effort has been made in this paper
to understand the dielectric response of oil/paper insulation as
related to its fundamental structure and its behaviour to an
external electric field. This paper reports the development of
an RC equivalent circuit, based on the extended Debye model,
which is based on the low frequency (0.1 mHz to 1 kHz)
dielectric spectroscopy measurement conducted by the
IDA200 equipment [8]. The model does not require taking
into account the geometry of the transformer. Examples are
provided in this paper to demonstrate the effectiveness of this
tool to analyse results from field measurements on
transformers. The model parameters have been identified
using software written in Matlab. The time domain based
diagnosis using polarisation/depolarisation currents and return
voltages have been estimated from the identified model
components by using the developed mathematical
formulations.
Simulation results have also been supported with actual
time domain field test results for one transformer using the
Tettex 5461 recovery voltage meter [9] to illustrate any
relationship between time and frequency domain diagnostic
techniques. An expert system previously developed by the
first author of this paper [16] was used to diagnose the state of
insulation conditions.
II. THEORY OF POLARISATION BASED DIAGNOSIS
II.A Frequency Domain Dielectric Spectroscopy (FDS)
[7, 8, 12]
This technique is an extension of capacitance and
dissipation factor (tanG) measurements normally performed at
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power frequency. A sinusoidal signal is applied to the high
voltage bushing and current is measured through the low
voltage terminal.
If the applied voltage is an alternating signal at a frequency
Ȧ, then the measured capacitance is a complex quantity and
whose real and imaginary parts correspond directly to the real
and imaginary components of the complex permittivity:

C(Z) C'(Z)  jC''(Z) (A/ w) H '(Z)  jH ''(Z)

(1)
Where A is the plate area of the capacitance, İ is the
permittivity and w is the distance between two plates. C’(Ȧ)
corresponds to the ordinary capacitance, while the imaginary
component C’’(Ȧ) represents the dielectric loss component.
The tangent of the loss angle-G (or dissipation factor) is given
by equation (2).

tan G

C ''(Z )
C '(Z )

(2)

II.B Time Domain Polarisation Measurements [10, 15]
If an insulation system with geometric capacitance C0
(measured capacitance at or near power frequency divided by
Hr, the relative permittivity of the composite insulation
system), composite conductivity ı and dielectric response
function f(t) is exposed to a step voltage of magnitude U0, the
polarisation current through the insulation system can be
derived as:
i pol (t )

ªV
º
C0  U 0  «  f (t ) »
H
0
¬
¼

(3)
Once the step voltage is removed and the insulation system
is shorted to ground, the depolarisation current can be written
as:

idepol (t )

than the charging time, after opening the short circuit, the
charge bounded by the polarisation will randomly relax and
result in a voltage build up between the electrodes of the
dielectric. This phenomenon is called the return/recovery
voltage. The test object is charged from 0tt1, grounded from
t1tt2 and for t>t2 the recovery voltage is measured during
the open circuit condition. The recovery voltage Ur is
contained in the following equation.

ir (t ) V U r (t )  H 0H r

H0

dU r (t )
 H 0U 0 f (t )  f (t  t1 ) 
dt

t

d
f (t  W )U r (W ) dW
dt t³2
(5)

For t2 < t < , and Ur (t=t2) = 0
II.C Modelling of Transformer Oil-Paper Insulation Using
extended Debye Model from the Frequency Domain Dielectric
Spectroscopy measurements
Over the last few years, several researchers [2, 4, 13, and
15] have proposed a number of equivalent circuits for
modelling the transformer oil/paper insulation system for a
better understanding of the dielectric response. In essence,
most of the insulation models proposed so far have been
derived from an extended Debye approach based on a RCmodel as shown in Fig. 2. Apart from the polarisation current,
conduction current flows in the insulation in the presence of
an electric field.

C0  U 0  > f (t )  f (t  t1 ) @
(4)

Fig. 2 Equivalent circuit to model a linear dielectric material

Fig. 1 Principle of polarisation/depolarisation current and RV measurement

Fig. 1 shows the nature of the polarisation current after
applying a DC voltage U0 and of the depolarisation current
during the short circuit. At t=t2, ground (short circuit) is
removed from the insulation and a voltmeter is connected
across it. When a direct voltage is applied to a dielectric for a
period of time, and is then short circuited for a period lower

The conduction current in the insulation is due to the
insulation resistance R0 as shown in Fig. 2. The insulation
resistance R0 can be calculated from the difference between
polarisation and depolarisation currents at larger values of
time given by [Uo/ (ipol-idepol)]. C0 represents the geometric
capacitance of the insulation system. The quantity C0 is the
geometric capacitance of the insulation model given by
(C0=Cm/Hr). Where Cm is the capacitance measured between
the two terminals of the insulation system under test. It can be
measured with any capacitance measuring AC Bridge at, or
around, the power frequency and Hr is the relative permittivity
of the composite oil-paper insulation system. The parallel R-C
branches are approximations of individual polarisation
processes with their time constants RiCi and can be treated
independent of each other. The representation of the
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polarisation processes by parallel R-C branches allows the
prediction of the response of the insulation, which rarely
follows ideal Debye (i.e. non-extended) behaviour [13, 15].
The impedance of the circuit in Fig. 2 can be given by
1
Z
1
1
1
1


  
Z 0 Z1 Z 2
Zn
(6)

II.D RELATIONS between Frequency and Time Domainsproblem formulation for estimating R-C parameters from
the frequency domain measured data
The problem is to take measured real and imaginary parts of
complex capacitance versus frequency data (i.e. FDS data) of
the form:

Where:
Z0

1
1
 j ZC 0
R0

Z

(7)

And :

Zn

1
Rn 
jZ C n

(8)
Where n is the number of parallel branches of the series RC network. For the calculation of current, complex
capacitance of the equivalent circuit has been defined by (1)
from Fig. 2. For the FDS measurement, Uo would be replaced
by U(Z), where U(Z) is the input signal to the circuit as a
function of frequency. The current is then given by (9)

I (Z )

jZ  C (Z )  U (Z )

(9)

The current can also be given by equation (10)

U (Z )
I (Z )
Z (Z )

(11)

Z (Z )

(12)
C’(Ȧ) and C’’(Ȧ) can be obtained by dividing the
admittance by jȦ. These values can be obtained as follows.
The real and imaginary parts of the complex capacitance for
the equivalent circuit Fig. 2 can be expressed as:

C' Z

Ci

n

C0  ¦
i 1

C ' ' (Z )

1  ZRi Ci

2

n
ZRi C i2
1
¦
ZR0 i 1 1  (ZRi C i ) 2

1
C (Z ) jZ

1
jZ[C ' (Z )  jC " (Z )]

N

( s  zm )
1 ( s  pm )

k

(17)
Where zm and pm are the impedance zeros and poles
respectively, and k is the (high frequency) impedance. These
unknown parameters are grouped into a (2N+1) dimensional
T T > k  z1   z N  p1   pN @
vector,
In the form presented in (17), at high frequencies the
impedance tends to a constant. Whilst in practice the
geometric capacitance would typically lead to an impedance,
which tends to zero. With the model form of (17), this can be
achieved if one of the zeros is allowed to become very large.
II.D.2 Criteria for Best Fit
There are a number of different criteria that may be used to
determine the ‘best fit’ with one of the common ones being a
least squares criteria:

(13)

J LS (T )

n

¦| z

i

 zˆ(T , jZi ) |2

i 1

(18)
Where zi is the measured complex impedance and

(14)

Now Z(Z) can be expressed by (15),

Z (Z )

II.D.1. Model Form
There are a number of different model forms used to allow
data fitting. These can be transfer function based, pole-zero,
state space, or other formulations. In this case, the gain, zero,
pole form has been used, (Matlab ‘zpk’) which is as follows:
m

The reciprocal of the impedance Z(Z) is then the admittance
Y(Z)

1

Where Zҏ is a set of test frequencies (in rad/sec) and Zn is
the measured impedance at Zn. The objective is to fit a linear
transfer function model to this data. In performing this fit,
several issues need to be considered, including: the form of
the model, the measure to be used in determining the best fit
and constraints imposed on the model.

zˆ ( s )

(10)
Using (9) and (10), (11) is derived for the calculation of the
complex capacitance, which is the admittance of Fig. 2
divided by jZ.

Y (Z )

ª Z1 º
«Z »
« 2»
« .. »
« »
¬Zn ¼

(16)

Y (Z ) U (Z )

C (Z ) Y (Z ) / jZ

ª Z1 º
«Z »
« 2 »,Z
« .. »
« »
¬Zn ¼

(15)

Where C’(Z) and C”( Z) are given by (13) and (14)
respectively.



z T , jZi

is the estimated complex impedance as a function
of frequency. In a statistical sense, this cost function gives
optimal estimation if the measurements are subject to additive
*
z zˆ T * , Zi  ni
uncorrelated Gaussian errors: i
where T is
the true set of parameters and ni is the additive noise. On the
other hand, if multiplicative errors are assumed,
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zˆ T * , Zi 1  ni

zi

then the least square cost function is not
optimal. Instead, for small noise values, the least squares
logarithmic impedance optimisation criteria was used, which
is shown below:
n

¦ | log( z )  log( zˆ(T , jZ )) |

J log  LS (T )

2

i

i

i 1

(19)
Note that the criteria in (19) gives a better measure of the
match on a Bode type diagram, whereas the standard least
squares cost function is more suited to a linear scaling. In
particular, the standard least squares cost function, (18), tends
to give a relatively good fit for large impedances, and a
relatively poor signal to noise ratio, rather than a constant
absolute noise.
II.D.3 Parameter Constraints
To ensure several realistic features of the model, a number
of constraints are introduced. Firstly, a nonlinear
transformation of the parameters (logarithmic) is performed
into new variables X=log (T). This allows for a much greater
dynamic range of variables, and ensures that for any X the
gain will be positive, and all poles and zeros will be negative
real1. In addition, the poles and zeros are constrained as
follows:
( z1 ) ! ( p1 ) ! ( z2 ) ! ( p2 ) ! .... ! (  pN )

(20)

The constraints in (20) interlace the zeros and poles and
give the following desirable properties. ,
>0 and
satisfying (20) it follows that:
zˆ ( jZ )

N

§ jZ  ( zi ) ·

¦  ¨ jZ  ( p ) ¸
i 1
N

©

i

¹

§ ªZ 2  ( zi )( pi ) º  jZ ¬ª( pi )  ( zi ) ¼º ·
¼
¸
¸
Z 2  pi2
©
¹

¦  ¨¨ ¬
i 1

d0

(21)
In addition, it can also be shown that for satisfying (20):

S
2

 z ( jZ )

( jZ z ( jZ ))

§
· N 1 § jZ  (  zi 1 ) ·
jZ
¨
¸  ¦ ¨
¸  ( jZ  ( z1 ))
© jZ  ( pN ) ¹ i 1 © jZ  ( pi ) ¹
§ ªZ 2  ( zi 1 )(  pi ) º  jZ > ( pi )  (  zi 1 ) @ ·
N 1
¼
¸0
t 0  ¦ ¨ ¬
2
¨
¸
Z
 pi2
i 1
©
¹
t0
(22)
So from the combination of (21) and (22) it is clear that for
any positive:

S

(23)
d z ( jZ ) d 0
2
As expected for passive impedance is modelled on resistive
and capacitive elements only. In addition to these constraints,


some other less important constraints on the relative separation
etc. of pole and zeros are introduced.
II.D.4 Formulation of the problem as a constrained
minimisation
The problem of determining the model from the parameters
is thus set up as a constrained minimisation problem:
Given data, Z, and a given model order, N, determine
parameters ș* as:

T*

arg min {J log  LS T }

T :T satisfies (10)

(24)
Where J log  LS T is defined in (9).
The constraints in this problem are linear, the gradient of
wJ log  LS T
, can be computed analytically,
the cost function,
wT
and therefore, the Matlab function “fmincon” can be used to
solve equation (24) numerically.
II.D.5 Model Analysis
Once a model is estimated, a number of forms of analysis
on this model can be performed. Note however, that due to the
very wide range of time constants in the model in most cases,
considerable care must be taken in handling the model. For
example, conversion from zero, pole, gain form to transfer
function form results in very large numerical rounding errors.
(a) Conversion to RC Model Form
The first form of analysis is to compute the predicted
frequency response data. This can be easily performed using
(for example) the Matlab “freqresp” command which
computes the frequency response of a linear finite dimensional
system. This command can directly take the model in the zeropole gain form. This is also useful as a sanity check on the
model fit to the data, where direct calculation gives
capacitance and tanG versus frequency. A second form of
analysis is to convert the model to a series of parallel RC
branches as shown in Fig. 2.
(b) Prediction of RVM/PDC Behaviour from model
estimation
Another important set of tests performed are those based on
time domain responses, namely, (i) Recovery Voltage (RV)
and (ii) Polarisation/Depolarisation Current (PDC) Method.
To be able to handle a range of tests, and compare results, it
is desirable that given a model one should be able to predict
the results of various tests. This helps in model validation, and
also gives greater flexibility in the testing scenario. It was
therefore decided to take a model of the form given by (17),
and given test conditions (charge voltage Uo, charge and
discharge times t1 and t2) predict both the recovery voltage and
the polarisation/depolarisation current waveforms. The
poles/zero form of the model; (17) was used first, to create a

1

Note:-it is claimed that any passive connection of positive RC elements can only result in a passive overall system, with negative real poles
and zeros.
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state space version of the impedance model using standard
Matlab commands.
III. INVESTIGATED TRANSFORMERS
Six transformers were tested in two power stations. Four
transformers (marked with A-Gen, B-Gen, A-Aux and B-Aux)
were measured in one power station and two transformers
(marked with C-D) were measured in another power station.
These measurements include frequency domain dielectric
spectroscopy for all transformers and the Recovery Voltage
measurement for only one transformer (due to time constraint
provided by the customer). A summary of the transformers
information is described in Table 1. Results are presented and
analysed in this paper for these six transformers.
III.1. Measurement systems
Frequency domain dielectric spectroscopy equipment
IDA200 [8] was used to measure capacitance and dissipation
factor (tanG) over a frequency range of 0.1 mHz to 1 kHz. The
supply voltage was 140 volts (RMS). The red (HI) connection
was connected to the shorted HV terminals of the test object
and the blue (LO) connection was connected to the shorted
LV terminals of the transformer. The voltage over and the
current through the specimen are measured with high accuracy
using a voltage divider and an electrometer. The instrument
earth was connected to the tank of the test object and the
guard terminal was connected to the tank of the test object.
Fig. 3 shows the arrangement for the frequency domain
measurement.
Recovery Voltage was measured for one transformer using
a Tettex 5461 RV meter [9]. For the RV measurement, all HV
terminals were shorted and all LV terminals shorted and all
were then grounded. The RV measurement was conducted on
a 3-phase two winding type transformer. The instrument earth
was connected to the tank of the transformer. Fig. 4 shows the
arrangement for the RV measurement.

Table 1 Summary information of the tested transformers
Transformer
MVA
HV Rating
LV Rating
Identity
Rating
(kV)
(kV)
A-Gen Tx
390
330
23
B-Gen Tx
390
330
23
A-Aux Tx
45
23
11.5
B-Aux Tx
45
23
11.5
C-Tx
45
23
11.5
D-Tx
45
23
11.5

Date of
Manufacture
1991
1992
1985
1985
1983
1983

Fig. 4 Test arrangement of Tettex 5461 equipment

A range of charging times was applied to the test specimen
during the RV test. For each of these charging times the
instrument performed a number of operations. A DC voltage
of 2000 volts was applied to the HV terminals for the
predetermined charging time, after which the HV and LV
terminals were shorted for half the charging time, then the
recovery voltage was measured during the open circuit
condition.
IV RESULTS & DISCUSSIONS
IV.I Frequency Domain Dielectric Spectroscopy
Figs. 5 and 6 respectively show the plot of tanG and
capacitance versus frequency for the four transformers (A-B
Gen and Aux) measured in one power station. Figs. 7 and 8
respectively show the plot of tanG and capacitance versus
frequency for the two transformers (C and D) measured in
another power station.

Fig. 3 Test arrangement of IDA 200 equipment
Fig. 5 Tan G variations of four transformers (A, B Gen & Aux) over the
frequency range of 0.1 mHz to 1 kHz
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Fig. 6 Capacitance variation of four transformers (A, B Gen & Aux) over
the frequency range of 0.1 mHz to 1 kHz

It was reported in [12] that the major advantage with the
use of tanG is its independence on test object geometry. In a
previous study by the first author of this paper [14], findings
from mass impregnated paper suggest that loss tangent has a
minimum, which tends to increase with moisture content. A
number of other researchers also correlated moisture with the
minimum dissipation factor for oil/paper underground cables
from the FDS measurement. The moisture content has been
related with the minimum dissipation factor by some empirical
relationships as in [17]. This indicates that one could attempt
to directly relate the minimum of the loss tangent to certain
moisture content in impregnated paper. However, this has not
been reported for transformer oil-paper insulation and hence
was not attempted to correlate in this paper. Summary results
of frequency domain measurements from these transformers
are presented in Table 2.
Table 2 Summary of frequency domain measurements
Transformer
Minimum
Frequency
Identity
at minimum
tan G
tan G (Hz)
A-Gen Tx
0.0025
33
B-Gen. Tx
A-Aux. Tx

0.0035
0.0026

10
3.3

B-Aux. Tx
C-Tx
D-Tx

0.0025
0.0039
0.0041

3.3
333.3
333.3

Fig. 7 Tan G variations of C and D transformers over the frequency range of
0.1 mHz to 1 kHz

Fig. 8 Capacitance variations of C and D transformers over the frequency
range of 0.1 mHz to 1 kHz

It can be emphasised here that three transformers (A-Gen, AAux and B-Aux) have the lower range of minimum tan G values
compared to that of the B-Gen Tx, C-Tx and D-Tx transformers.
This can be attributed to lower and higher moisture contents
respectively. The D-Tx transformer has the highest minimum
tanG value among the three high tan G transformers (B-Gen Tx,
C-Tx and D-Tx), with an expectation of higher moisture content
in this transformer than the others. The first author of this paper
has extensively investigated time domain polarisation based tool
for moisture assessment. In the later part of the result section, an
estimation of moisture will be made from this previously
developed software tool and other studies reported in [16] based
on the time domain polarisation measurements.
Due to time constraints for allowable transformer outage,
an RV measurement was conducted only for the B-gen
transformer. The RV measured result of B-gen transformer is
shown in Fig. 9 along with the simulated result based on the
theory presented in the previous sections. An equivalent
circuit (as in Fig. 2) is first modelled to perform this RV
simulation. Similarly, RV Results for the three other
transformers of the same power station are obtained from the
developed simulation software and are shown in the Fig. 10.
Simulation results from the other two transformers are shown
in Fig. 11. The ratio of time to charging and discharging has
always been two, for both measurements and simulation.
Charging voltage for the RV measurement and simulation was
2000 volts dc. Summary results for these transformers are
described in the Table 3.
Table 3 Summary of RV simulated results with only measurements on B
generator transformer
RV Peak Max. Correspondin
RV Peak Max. Value (V)
Transfor
g
Value (V)
mer
Measured and
time of
simulated
Identity
(corresponding charging
charging (s)
time to peak
The return voltage)
A-Gen
Not done
520
400
Tx
B-Gen Tx 296 (200 s)
446
200
A-Aux
Tx
B-Aux
Tx
C-Tx

Not done

490

1000

Not done

440

1000

Not done

470

50

D-Tx

Not done

361

50
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Fig. 11. RV spectra for the C and D transformers based on simulation from
IDA data

Fig. 9 RV spectra of B generator transformer and comparison with the
measured results

Fig. 10 RV spectra for the A, B auxiliary and A generator transformers based
on simulation from IDA data

IV.2 Recovery Voltage measurements and simulation
Normally the charging time to peak maximum RV voltage
varies significantly for transformers with different moisture
and ageing conditions [5, 6, 11, and 13]. For example, for a
very dry transformer, this time could be several hundred to a
thousand seconds and this becomes few to few tens of seconds
for a very moist and aged transformer.
Results in Table 3 suggests that C-Tx and D-Tx
transformers reached their peak RV at the shortest charging
time (50 s) compared to the rest of the transformers. The BGen Tx has the next shortest charging time (200 s) followed
by the A-Gen Tx. Simulated and measured RV magnitude
showed a significance difference for the B-Gen Tx, where as
the charging time to peak return voltage matches identically.

IV.3 Simulation of Polarisation/Depolarisation Currents
An attempt is made here to simulate polarisation and
depolarisation currents of these transformers. Simulation is
performed using the RC parameters available from the curve
fitting of IDA200 measurement data as described earlier. Once
polarisation/depolarisation currents for very long times
(10,000 seconds each) are available, it is possible to estimate
oil and paper conductivities [10]. Results are presented in
Table 4 using the concepts presented in references [10, 16]. In
addition, an expert system was developed for moisture and
ageing estimation by the first author of this paper, based on
published results available from around the globe [16]. Based
on the expert system, an attempt is also made here to find the
moisture content of paper/pressboard insulation.
It can be observed from Table 4 that C-Tx and D-Tx
transformers have much higher oil conductivities than those of
the other four transformers. This suggests that the oil quality
of these two transformers were much worse than the other
transformers. The A-Gen Tx and B-Gen Tx also had higher oil
conductivities than the other two auxiliary transformers at the
same power station. On the other hand, the paper
conductivities of C-Tx and D-Tx are also higher compared to
the other four transformers. This suggests that paper ageing
status of these two transformers (C and D) is in a much more
degraded state than the other four.
The other four transformers have the paper conductivity in
the same order, suggesting not much change in paper ageing
conditions among these four transformers. Based on the
conductivities of oil and paper, RVM results and the expert
systems tool previously published in [16], the moisture levels
of A-Gen and B-Gen transformers were 1.5%, while both
auxiliary transformers A-Aux and B-Aux had a moisture level
of lower than 1%. The expert system estimated 3% moisture
levels for the C-Tx and D-Tx in their solid insulation.
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Table 4. Summary of oil-paper conductivities from the simulated PDC
results
Ranking
Estimated
Estimated
Estimated
Bad to
pressboard
pressboard/
Identity
oil
good
paper
paper
conductivit
conductivity Moisture
y
Content
(S/m)
(S/m)
from
the expert
system
[18]
1.5%
4
A-Gen TX
2.98u10-14
1.19u10-12
1.5%
3
B-Gen TX
5.17u10-14
1.33u10-12
A-Aux Tx

5.13u10-14

5.09u10-14

<1%

5

B-Aux Tx

4.01u10-14

3.69u10-14

<1%

6

C-Tx

2.87u10-11

5.83u10-13

3%

2

D-Tx

2.55u10-11

1.55u10-12

3%

1

Results from FDS measurements also showed that C-Tx
and D-Tx also have the highest minimum tan G among the
group, followed by the B-Gen Tx. The results are consistent
from both time domain and frequency domain measurements.

V. CONCLUSIONS & DISCUSSIONS
A number of modern polarisation based dielectric diagnostics
has been applied to six transformers. If the mathematical
relationships between different dielectric diagnostics can be
properly established, the analysis of insulation condition could
be better understood.
An attempt has been made in this paper based on Matlab
software to develop a circuit model, which describes the
dielectric behaviour of the transformer’s main insulation
system. This circuit model has been modelled in this paper
from the frequency domain measurement data and then RV
and PDC have been simulated. An expert system has been
developed in the recent past at the University of Queensland
and some analyses have been presented in this paper[16]. Out
of six transformers two auxiliary transformers A-Aux and BAux are in general found to be in dry and good insulation
condition. Although two generator transformers A-Gen and Bgen (using expert system estimation) show 1.5% moisture
level in solid insulation and after 11-12 years of operation this
is not in an alarming state. However, the other two
transformers C and D after 22 years in operation showed
significant moisture levels and poor oil and paper quality.
Dielectric polarisation based diagnostics can provide oil and
paper insulation conductivities and can be related to moisture
conditions. The confidence level of using polarisation based
diagnostics can be improved with the development of a large
database and possible use of expert systems. The
interrelationship between different polarisation based
diagnostics is now much better understood with the current
software development capabilities. Research in this field is
continuing and further findings will be reported in future
papers.
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