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Abstract: 
 In this paper the relaxation distribution 

function, which is obtained from measuring 
the polarization and depolarization current 
(PDC) on oil-pressboard samples, will be 
presented. The samples have been aged at 
115 °C with Fe, Cu and Zn contents as 
catalyst in order to simulate the stress 
conditions. Four samples have been aged for 
250, 500, 1000, 2000 hours. Tests have been 
made also on four moisturized samples. 
Depolarization current curves are 
decomposed to basic relaxation functions. 
The results obtained show classification of 
samples to dry and wet is possible. Also, the 
quality of oil can be determined from the 
relaxation distribution function. Aging state of 
the samples has an impact on the measuring 
result and the degree of aging of the 
insulation can be distinguished.  

 

INTRODUCTION 
Cellulose insulation is used as the main 

insulation system of power transformers. In 
more or less all utilities power transformers 
exist with over 40 years of use. Nowadays 
cellulose-aging detection becomes an 
important trend in transformer engineering 
due to the need of longer use of old 
transformers at a stress close to the nominal 
value. 

Cellulose is aged by thermal, 
electromechanical, chemical and dielectric 
stresses. Cellulose consists of glucose 
molecule chains. The length of molecule 
chains determines the mechanical strength of 
the pressboard or paper. Degree of 
Polymerization (DP) shows the length of 
molecule chains. During degradation 
processes of oil and cellulose, the DP is 
decreased. Water and 2-furfural are 
produced. Water act as a catalyst for the 
degradation process of cellulose, therefore 
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detection of water in cellulose is very 
important. Water content of oil and cellulose 
in transformers are in equilibrium after a 
certain time at constant temperature. Water 
content of oil can easily be measured, 
however only less than 1 % of water in 
transformers is stored in the oil [1]. 

 
Dielectric spectroscopy in time or frequency 

domain has been used for diagnostics 
purpose in power transformers, because 
dielectric characteristics of material are 
related to the molecular properties of the 
material. The dielectric response function is 
directly proportional to the depolarization 
current [2]. 

 
In several investigations [3,4,5], PDC has 

been measured for power transformer 
diagnostic reasons and can be used for the 
assessment of the transformer insulation. 

 
This paper presents the PDC analysis as a 

method for the detection of aging status of 
the insulation system of power transformers. 

 
REVIEW OF CONCEPT 
Figure 1 shows an extended Debye model 

for oil-pressboard insulation. R∞ is the 
insulation resistance and Cg the geometric 
capacitance of the electrodes. Each series 
circuit represents a relaxation process in the 
insulation, shown as R1-C1, R2-C2, …, Rn-Cn. 

 

C R∞ 

C1 C2 Cn

R1 R2 Rn

 
Figure 1- An extended Debye model 

 

For PDC measurements, a step-like dc 
charging voltage of magnitude Uc is applied 
to the test object. Dielectric memory of the 
test object must be cleared before PDC 
measurement. Charging voltages should be 
free of any ripple and noise, in order to 

measure the small polarization current. Then 
a polarization current, ipol(t), through the test 
object can be recorded. The charging 
process takes a long time until the 
polarization current becomes either stable or 
very low. Immediately following the 
polarization, the depolarization current, idpol(t), 
can be measured by subsequent short 
circuiting of the test object. 

Referring to figure 1, it is clear, that the full 
depolarization current is composed of 
different components of the relaxation current 
and expressed by (1): 

∑
=

−
=

n

k

t

kdpol
keai

1

τ  (1)

Where τk is the relaxation time constant, 
(RkCk), and ak (2) is the coefficient related to 
the charging voltage, charging duration and 
relevant relaxation branch parameters. 
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Relaxation Distribution 
The number of dipoles, ∆n(τ), whose 

relaxation time lies between τ and ∆τ may be 
defined by (3). 

( ) ( ) τττ ∆=∆ fn  (3)

Where f(τ) is a probability density function. 
The polarizability of these elements, α(τ), is 
considered [6]. In view of the definition, the 
static dielectric constant (4) can be written as. 

( ) ( ) ( ) τττατε ∆=∆ fs  (4)

The distribution function is defined by (5). 

( ) ( ) ( ) ( )ττα
τ
τετ f

d
dy s ==  (5)

Each group has a single relaxation time 
and thus contributes as a Debye expression 
to the complex dielectric constant. The total 
dielectric constant of the material is given by 
the sum of the contribution of all groups. This 
sum can be written either as an integral (6-7) 
or sum (8-9). 
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Regarding the elements in Figure 1 they 
can be expressed [7] as: 

 
( ) iii yC ττ ∆=  (10)

i

i
i C

R
τ

=  (11)

Therefore, from the relaxation circuit, a 
distribution function can be approximated. 

 
Method of obtaining relaxation 
distribution 
To obtain the parameters of equivalent 

circuit from PDC data, several methods can 
be used: e.g. a method with fix time constants 
[8] or a nonlinear least square optimization 
technique [9,10]. 

 
A method with a different concept will be 

presented here. It is assumed, that the 
variation of the depolarization current in an 
interval of time can be defined as an 
exponential function.  

 
According to figure 2, at the initial step, an 

exponential function has been fitted to the set 
of data in the interval of time, which it 
selected equally in log scale of time, and this 
function will be subtracted from the data of 
other intervals of time. This procedure will be 
repeated for all time intervals. Figure 2 shows 
the flowchart of the calculation procedure. 

 
Several advantages can be obtained from 

this method. Depolarization current varies 

significantly over some orders of magnitude. 
A fitting of the curve in each interval of time 
separately causes a reduction of the fitting 
error in comparison to the case in which all 
decades of time are matched with one curve. 

 
Get depolarization 
current data 

Select last time interval

Fit a single exponential function on 
data with least mean square method 

Calculate coefficients ak, τk 

[ ] k
t

kdpol eai τ
−

−

First interval? 

Write result 

Data of lower 
interval 

Yes 

No 

 
Figure 2- Flowchart of calculation procedure 
 
SAMPLES DATA 
Table I lists the oil-pressboard samples. 

Each pressboard is 4 mm thick.  
 

Table I: Samples Data 

Samples Characteristics Index 

250 hours, 22ppm A1 
500 hours, 12ppm A2 
1000 hours, 18ppm A3 

Aged 
Samples 

2000 hours, 25ppm A4 
12ppm N1 

Normal 
15ppm N2 
24ppm N3 

Moisturized 
samples 

High 
26ppm N4 

 
For aging purposes, oil and pressboard is 

stressed at 115 °C in the presence of air. As 
catalysts, 3 grams per liter of Cu, Fe and Zn 
each are added. The thermal aging duration 
and water contents are also shown in Table I. 
The moisture content of oil is measured by 
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the Karl Fischer titration method. All moisture 
measurements are performed immediately 
after depolarization current measurements. 

 
RESULTS 
All measurements were carried out at 1000 

V after oil/paper moisture equilibrium was 
achieved for 10000s polarization and 
depolarization duty. Before the test began, 
the specimen remained in short circuit case 
until a very low-level detectable current was 
achieved in order, to ensure similar 
conditions for the measurements. A sealed 
vessel has been used for oil-press board 
samples.  

Figure 3 shows relaxation distribution for 
new samples. Good classifications of the 
samples can be seen. Because the water 
concentration in the oil is highly temperature 
dependent, the measurement of moisture in 
oil is not a particularly reliable indicator of 
dryness in the cellulose, particularly for lightly 
loaded transformers. However relaxation 
distribution function is a tool for separation of 
dry and wet samples. As seen in figure 3, an 
increase in the water content of pressboard 
caused an increase in the distribution 
function, especially in the range between 100 
and 1000s. 

Figure 4 shows relaxation distribution 
functions for aged samples. An increase of 
the relaxation distribution function can be 
observed in the small relaxation times cased 
for aged oils, because the conduction of the 
oil is the main term of polarization current [4]. 
In the long relaxation times the behavior is 
similar to moisture, increasing aging causes 
an increase of the relaxation distribution 
function.  

However aging has more influence on the 
relaxation distribution function. Sample N4 
represents a saturated moisture condition at 
room temperature and 50% relative humidity 
of air and has a smaller distribution value at 
5000s compared to sample A2 that is a dry 
and aged sample.  
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Figure 3- Relaxation distribution function 

for new samples 
 
 

0.01

0.1

1

10

100

1 10 100 1000 10000
Relaxation Time (s)

R
el

ax
at

io
n 

D
is

tr
ib

ut
io

n 
(p

F/
s)

A1
A2
A3
A4

 
Figure 4- Relaxation distribution functions 

for aged samples 
 
If the slope of the relaxation distribution 

function for small relaxation times is 
considered as a parameter for quality of the 
oil, good oil has a positive slope and bad oil 
has highly negative slope. 

The slope of relaxation distribution function 
at middle relaxation times shows a good 
correlation to the moisture contents of the 
insulation system. A strong decrease 
indicates a small content of moisture and vice 
versa.  

The slope and value of distribution 
relaxation function at long relaxation times 
depend on the aging status and moisture 
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content of the insulation system. An increase 
in value and decrease in slope show an 
increase in aging and moisture content of the 
insulation system. 
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Figure 5 - Comparison between an aged and 

dry sample with a new and wet sample 
 
Also a peak can be seen in the relaxation 

distribution function for all new samples and 
the slightly aged sample, which does not exist 
in other aged samples. This peak moves, for 
samples with higher moisture content, to 
smaller relaxation times. 

Comparison between A2, aged and dry 
sample, with N4, new and wet sample, in 
figure 5 shows a possibility for the 
classification of samples to aged and wet. For 
small relaxation times, the difference in the 
relaxation distribution function indicates the 
oil quality, for medium relaxation times the 
slope indicates the moisture content (lower 
slope = higher moisture) and for long 
relaxation times the value of the relaxation 
distribution function indicates the aging. 

 
CONCLUSION 
PDC measurement and analysis show 

important information about moisture content 
and aging status of power transformer’s 
insulation system. It has been shown, that the 
relaxation distribution function has a similar 
behavior as PDC, however the relaxation 

distribution function has fewer parameters. 
The classification of laboratory samples with 
this method shows the possibility of applying 
the relaxation distribution function to 
diagnostics of power transformers. 

It has also been shown, that this method 
separates the quality of oil and pressboard. 
The slope of relaxation distribution function at 
small relaxation times shows the quality of 
the oil. The slope of middle relaxation times 
has a good correlation to the dryness of 
pressboard and the slope and value of long 
relaxation times has a correlation with the 
aging status and moisture content. However 
more investigations are needed to verify this 
statement. 

 
 
ACKNOWLEDGMENT 
The authors would like to express their 

gratitude to the "Deutsche 
Forschungsgemeinschaft" for their support. 

 
REFERENCES 

[1] Du, Y., M. Zahn, B.C. Lesieutre, A.V. 
Mamishev and S.R. Lindgren  “Moisture 
Equilibrium in Transformer Oil Paper 
System”, IEEE EI. Magazine, Vol. 15 No. 
1, Jan/Feb. 1999, pp. 11-20. 

[2] Zaengl, W.S. “Dielectric Spectroscopy in 
Time and Frequency Domain for HV 
Power Equipment (Transformers, Cables 
etc.)”. ISH 2001, Keynote Speech 
Session-9.  

[3] Leibfried, T., A.J. Kachler, W.S. Zaengl, V. 
Der Houhanessian, A. Küchler and B. 
Breitenbauch “Ageing and Moisture 
Analysis of Power Transformer Insulation 
Systems”. Cigre 2002, Paper No. 12-101. 

[4] Gubanski, S.M., P. Boss, G. Csépes, V. 
Der Houhanessian, J. Filippini, P. 
Guuinic, U. Gäfvert, V. Karius, J. 
Lapworth, G. Urbani, P. Werelius and 
W.S. Zaengl “Dielectric Response 
Methods for Diagnostics of Power 
Transformers”, IEEE EI. Magazine, Vol. 
19 No. 3, May/Jun. 2003, pp. 12-18. 

www.SID.ir


Arc
hive

 of
 S

ID

www.SID.ir

 

Application of Relaxation Distribution Function in Diagnostic of Power Transformer Insulation 
 

 1383 - تهران -ن كنفرانس بين المللي برق نوزدهمي

6 

[5] Leibfried, T. “Power Transformer Aging 
Assessment by Means of the Polarization 
and Depolarization Current (PDC) 
Analysis”. INSUCON 2002, pp.27-32. 

[6] Daniel , V. Dielectric Relaxation, 
Academic Press, 1967, p. 69. 

[7] Degli Esposti, G. and D. Tommasini “A 
Model for the Simulation of Relaxation 
Phenomena in Dielectrics”. Second 
International conference of Properties 
and Application of Dielectric Materials 
1988. IEEE Publication CH2587-4 , pp. 
299-302. 

[8] Der Houhanessian, V. "Measurement and 
Analysis of Dielectric Response in Oil-
Paper Insulation Systems", PhD thesis, 
ETH Zurich, 1998 

[9] Xu, S., R. Middleton, F. Fetherston and D. 
Pantalone, "A Comparison of Return 
Voltage Measurement and Frequency 
Domain Spectroscopy Test on High 
Voltage Insulation", IEEE 7th International 
Conference on Properties and 
Application of Dielectric Materials, pp. 
351-355, Nagoya, Japan, 2003 

[10] Hongyan, C. and S. Birlasekaran, 
"Temprature Dependant Relaxation 
Studies on Oil-filled Transformer", IEEE 
International Symposium on Electrical 
Insulation, pp. 174-178, Boston, USA, 
2002 

 
 

www.SID.ir


 

 

https://sid.ir/1791
https://sid.ir/1792
https://sid.ir/1793
https://sid.ir/1795
https://sid.ir/1794
https://sid.ir/1796
https://sid.ir/1702
https://sid.ir/1700
https://sid.ir/1699
https://sid.ir/1698
https://sid.ir/1787

