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Abstract — The state of the oil-paper insulation is a key factor for assuring a reliable operation
of power transformers. Recovery voltage measurement is one of the methods utilized to estimate
the polarization spectrum. Analysis of the polarization spectrum is used to evaluate the condition
of the insulation with respect to moisture content and aging. In this paper, the elements which
represent a polarization process are determined from recovery voltage measurement test results
by using a new method based on genetic algorithm. The method was successfully tested on a
simple circuit and then applied to two power transformers located in hydropower plants.
Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature
U, DC charging voltage

[ Charging time

tq Discharging time, t;=t./2

Unnax Maximum of the recovery voltage

theak Peak time at which U, 0ccurs

S Initial slope of the recovery voltage

R; Insulation resistance

Cq Geometrical capacitance of the insulation
R.C,  Elements that represent polarization processes
Rp Polarization resistance

Co Polarization capacitance

Tp Polarization time constant, z,=R,-C,

R Resistance of the connecting wires

€ Fitness function

Ebest The best fitness value

l. Introduction

The condition of the insulation system is of critical
importance for a continued functioning of a power
transformer [1]-[3]. With time, the insulation undergoes
an aging process which is depended on the operating
conditions of a transformer. The aging process becomes
faster at higher operating temperatures, especially when
moisture is present. Several dielectric diagnosis methods
have been developed in order to evaluate the condition of
the insulation: polarization and depolarization current
measurements  (PDC) [4], frequency  domain
spectroscopy (FDS) [5], [6] and recovery voltage
measurement (RVM) [7]-[12].

The RVM method is based upon the analysis of the
curve of the maximum recovery voltage versus charging
time, the so-called polarization spectrum.

Manuscript received and revised January 2011, accepted February 2011

430

In this paper, the elements of the circuit that represent
the polarization process were deduced from the RVM
test results using genetic algorithm (GA). The calculation
method was tested on a simple measuring circuit and
applied in order to calculate the polarization parameters
of the power transformer insulation.

Il.  Recovery Voltage Measurement

RVM is an insulation diagnostic technique used to
detect the moisture content being present in an oil-paper
insulation system. It can be applied as an indicator of
insulation quality and future insulation ageing problem
based on the analysis of polarization spectrum.

Each RVM cycle consists of 4 phases: (1) charging,
(2) discharging, (3) measurement and (4) relaxation (Fig.
1). In phase 1, the insulation sample is charged with a
voltage U, water molecules contained in the insulation
are polarized, and they align in the direction of the
electric field.

In phase 2, the sample is short-circuited for a
predetermined period of time ty, causing the molecules to
be partially depolarized. When the short circuit is opened
in phase 3, a voltage will build up between the terminals
of the insulation sample due to the remaining charge.
The charging and discharging procedure is repeated
using a sequence of increasing charging times ranging
from tens of milliseconds up to thousands of seconds.

Afterward, the curve of the maximum recovery
voltage versus charging time is plotted. This curve is
known as the polarization spectrum [13].

The basic quantities which are measured during an
RVM cycle are: U, tpeak, Umax and S;.
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Fig. 1. Test phases in an RVM cycle

Recovery voltage spectrum [14] is dependent on the
moisture level present in the insulation system (Fig. 2).
The behavior of the polarization spectrum (especially,
the displacement of the curve peak towards lower time
constants) closely follows the change of the insulation
state (i.e. a different moisture level and a degradation of
the dielectric). Recovery voltage versus different ageing
periods is shown in Fig. 3 [15].
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Fig. 2. Polarization spectrum of oil-paper insulation models
with various moisture content
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Fig. 3. Polarization spectrum of three transformers of different age

In the past few years, several researchers [16]-[19]
have proposed a number of equivalent circuits for
modeling the transformer oil-paper insulation system in
order to better understand the dielectric response. An
insulation system can be represented using insulation
resistance  (resistance between HV and ground),
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geometrical capacitance (the capacitance as imposed by
the spatial relations in the insulation system), plus
several RC branches which represent various polarization
processes that are present in the insulation [20].

A simplified equivalent circuit that can be used to
describe the polarization behavior of an insulation
system is shown in Fig. 4. This model is also known as
the extended Debye (ED) circuit and it can be used to
mathematically describe the behavior of the polarization
processes in an insulation material.

o1_|_ cz_l_ C:== G,

{

Fig. 4. Simplified equivalent circuit used to describe the polarization
behavior of an insulation system

During the service time of an insulation system, the
values of elements that represent polarization process
may change, thereby changing the time constant of an
insulation. In this paper the polarization process was
modeled using a single RC branch with variable
elements.

I11. Calculation of Recovery Voltage using

Laplace Transform

The Laplace transform was used to calculate the
recovery voltage. This method converts a set of
differential equations, describing a circuit in its transient
behavior in the time domain, to the set of linear algebraic
equations in the complex frequency domain. The set of
linear algebraic equations is solved and variables of
interest are calculated. The measuring circuit shown in
Fig. 5 was used for testing of the calculation method.

Cq=2 nF
R,=470 MQ)

U,=2000 V R=1GQ

R=1mQ
Cy=16.5 n

Fig. 5. Measuring circuit used for testing of the calculation method
(marked current directions are valid only for phase 3)

Calculations were conducted for the following phases
of each RVM cycle: charging (S; closed, S, opened),
discharging (S; opened, S, closed) and measurement (S;
opened, S, opened). All calculations were performed
using the Matlab software.
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In phase 1 (charging), voltages on capacitors Cq and
C, are calculated in the frequency domain by using the
expressions (1) and (2):

U, SRCg
Ve,1() =5 e, ®
U sR,C
U s)=—Ct.|1———P°P 2
¢,1(8) =7 sR,C, +1 @)

In phase 2 (discharging), voltages on capacitors Cg
and C,, which were calculated in phase 1, are used in the
expressions (3) and (4):

sRC
Ue, ’Z(S)ZUC“(S)'Wil @)
0
sR,C
U] -U [ 4
¢,2(8)=Ve,(5) SR,C, +1 @)

In phase 3 (measurement), voltages on capacitors Cgq
and C,, which were calculated in phase 2, are used in the
expression (5):

1 -1
R +—— R; (5)
- sCyq Uc, 2(s)
- U S
“-|Rp+—| R+R+— CP’Z( )
sC, sCp

The recovery voltage is calculated using the following
expression:

(6)

Recovery voltage is expressed as a function of time
using the inverse Laplace transform:

U(t)=L"(U(s)) @)
theak IS Obtained by solving the following equation:
du (1)
=0 8
™ ®)

Unmax can now be determined from (7).

Measurements were performed on the circuit shown in
Fig. 5 and compared to the calculation results (Figs. 6 -
8). The calculated and measured maximum values of the
recovery voltage, the time to peak and the initial slope of
recovery voltage show a good agreement (Figs. 6, 7 and
8).
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Fig. 9. Deviation of measured Umay and tyea regarding calculation results
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The percentage error (deviation) for each measured
value regarding each corresponding calculation result is
obtained using (9), and the results are shown in Fig. 9:

measured —calculated
calculated

deviation = 100 (%) (9)

IV. A Method for Calculation of Insulation
Polarization Parameters

GA is a method for solving both constrained and
unconstrained optimization problems based on the
natural selection, a process that drives the biological
evolution [21], [22]. It repeatedly modifies a population
of individual solutions. In each step, the individuals are
randomly selected from the current population to be
parents and to produce the children for the next
generation. Over successive generations, the population
"evolves" towards an optimal solution [23], [24]. The
GA uses three main types of rules in each step in order to
create the next generation from the current population:

1) The selection rules pick out the individuals, called
parents, which will contribute to the population of the
next generation.

2) The crossover rules combine two parents which will
form children for the next generation.

3) The mutation rules apply random changes
individual parents which create children.

The fitness function is the objective function
minimized by the GA, which in this case takes into
account the percentage error for each calculated U, and
tpea regarding known values. The fitness function is
calculated by using the following expression:

in

U

max,GA U max,measured

U

max,measured

£ = max -100 (%) (10)

tpeak GA — t peak ,measured

t peak ,measured

The flowchart of the algorithm for calculating the
insulation polarization parameters is shown in Fig. 10.

The GA is used to determine the R,C, polarization
elements that represent a polarization process from the
RVM results. Polarization elements are calculated for
each charging time. The following measured parameters
represent the inputs for the GA: Unax, toeak, te, Ri and Cg.

At first, the GA generates a population of polarization
elements. Population size specifies how many
individuals there are in each generation (in this case 1000
R,C, elements per generation). Initial population is
created randomly with a uniform distribution from a
predefined range.

After the creation of the initial population, Upax, tpeax
and ¢ are calculated for each polarization element in the
initial population. Each polarization element is then rated
according to the value of the fitness function.
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Input data:
1.R; Cq
2. RVM test results
(Unmax, toeak tc)

!

Random generation of inital population
(1000 R,C, elements)

| Calculation of Upax and feax using Laplace transform |<—

| Calculation of ¢ for each R,C, polarization element |

END

Crossover

Fig. 10. Flowchart of the algorithm for determination of insulation
polarization parameters

The selection function chooses the parents for the next
generation based on fitness results [24].

The elite count specifies the number of individuals
that are guaranteed to survive to the next generation (in
this case 10). Crossover fraction specifies the fraction of
the next generation, other than elite individuals, that are
produced by crossover (80 9%). The remaining
individuals are produced by mutation.

The scattered crossover function creates a random
binary vector. It then selects the genes for which the
vector value is a 1 from the first parent, and the genes for
which the vector value is a 0 from the second parent, and
combines the genes to form the child.

Mutation functions create small random changes in
individuals from a population, and they provide genetic
diversity and enable the GA to search a broader space.
Mutation function based on the Gaussian distribution
with a mean value of 0 adds a random number to each
vector entry of an individual. The stopping criteria
determine what causes the algorithm to terminate. If the
best fitness value e is less than or equal to the value of
the fitness limit, the algorithm stops. In this case, the
fitness limit was set to 0.5 %.

The GA was used to fit the results of measurement
and calculation for the measuring circuit (Fig. 5). When
the GA was used for fitting of the measurement results
(Fig. 11), the deviations were under 10 % for majority of
measuring points, except for t,=0.02 s and t.=5 s. When
the GA was used for fitting of the calculation results, all
deviations were under 3 % (Fig. 12).

Numerous GA simulations indicated that the
polarization resistance and the capacitance are uniquely
determined for known parameters Rj, Cg, Umax, tpeak and
te.
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devialtion (%)

Fig. 11. Deviation of polarization capacitance and resistance
(GA fitting of measurement results)

devialtion (%)

Fig. 12. Deviation of polarization capacitance and resistance
(GA fitting of calculation results)

The change of the fitness value throughout the
generations, for the GA fitting of calculation results, is
shown in Fig. 13. For t.=0.02 s the fitness limit of 0.5 %
was reached after 26 generations.
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Fig. 13. Change of fitness value throughout generations for GA fitting
of calculation results (t.=0.02 s)

V. Application of the Method for
Calculation of Polarization Parameters
of Transformer Insulation
After the method was successfully tested, it was used

to determine the R,C, elements from the results of the
RVM that was performed on the power transformer
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6.3/35 kV, 8 MVA, YNd5. Ri=5900 MQ and C4=13178
pF of the transformer were obtained from [25]. Fig. 14
shows the test arrangement for the RVM. DC voltage of
2000 V was applied on LV windings, while HV
windings were short-circuited and grounded.

RVM
instrument

System ground

Fig. 14. Test arrangement for RVM

Measurement was performed with the RVM
instrument [26], and the results are shown in Table | and
Fig. 15.

TABLE |
RVM RESULTS - 8 MVA POWER TRANSFORMER
() Unx (V)  toea(s) S (Vhs)

002 124 0695 130
005 272 0995 171
01 498 1200 208
02 906 1300 280
05 187 1490 467
1 288 1680 649
2 362 2100 730
5 343 3590 559
10 278 8000 338
20 230 1750 188
50 200 4060 947

Lol Ll
10"

Fig. 15. Measured polarization spectrum curve

The GA was used for fitting of RVM results shown in
Table I. In each simulation the population size was
10000. Polarization capacitance and resistance in real
transformer are not constants, and they change for each
charging time, due to the effect of polarization (Figs. 16
and 17). gz, varies from 0.11 s to 31.04 s (Fig. 18).
Changes of fitness value throughout generations for the
GA fitting of measurement results are shown in Fig. 19.
For t.=0.02 s, fitness limit of 0.5 % was reached after
158 generations.
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Fig. 20. Best fitness value as a function of charging time

The average temperature of the transformer oil during
the recovery voltage measurement was 42°C. Analysis of
the measurement results and the oil temperature showed
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in operation, the
% (Fig. 20) and the
<0.5 % was

drying of the insulation system was suggested. The best

a significant moisture level equal to 2.8 % in the
fitness values were less than 0.3

insulation system of a power transformer.
moisture level after more than 40 years
number of generations needed to obtain ey
less than 600 for all simulations (Fig. 21).

The new method was also applied on RVM results
obtained from the power transformer 12/123 kV,

35 MVA, YNd5. Measurement results are shown in

Table Il and Fig. 22.

Fig. 21. Number of generations needed to obtain ¢<0.5 % for each t.

—y=-==3===99

10

Fig. 22. Measured polarization spectrum curve

Fig. 18. Polarization time constant as a function of charging time
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Ri=6190 MQ and C,=17.664 pF of the transformer
were obtained from [27].

TABLEII
RVM RESULTS - 35 MVA POWER TRANSFORMER

6 W bw® SV
0.02 3.83 0.996 48.6
0.05 4.38 1.59 46.2
0.1 4.67 2.59 36.4
0.2 481 4.49 23.7
0.5 5.36 10.7 11.1
1 6.95 30.3 6.3
2 10.4 60.7 3.6
5 20.6 95.5 2.34
10 36.5 103 2.02
20 62 118 2.16
50 118 139 3.15
100 175 152 441
200 209 186 451
500 222 232 3.74
1000 216 307 2.87
2000 186 388 2.10
5000 122 417 1.29

The calculated polarization capacitance and resistance
are shown in Fig. 23 and Fig. 24. 7, varies from 0.15 s to
30009 s (Fig. 25).

The average temperature of the transformer oil during
the recovery voltage measurements was 20°C. Based on
the results of the RVM measurement and the oil
temperature, the acceptable moisture level of 1.3 % was
obtained in the insulation system of the power
transformer which has been in operation for 4 years.
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V1. Conclusion

The RVM method was mathematically described
using the Laplace transform. The polarization process
was represented using a single polarization branch with
variable R,C, elements. Simple measuring circuit
describing the polarization behavior of an insulation
system was used to test the calculation method based on
the Laplace transform. The calculated and measured
maximum values of Upa, tea and Sy showed good
agreement.

After the GA was successfully tested on a simple
measuring circuit, it was used for determining the
polarization elements from the RVM results of two
power transformers located in hydropower plants. In the
end, the influence of t. on polarization elements was
analyzed. This analysis showed that the polarization
elements depend on the t. and the moisture level that is
present in the transformer insulation system. The
polarization time constant z, increased with the increase
of the t.. It was pointed out by the authors of [28] that
R,C, elements may be a function of t.. Therefore, the ED
model has to be modified by taking into account the
effect of the parameter t.. The proposed method can be
used to identify the equivalent circuit that takes into
account the polarization process within the transformer
insulation system. Polarization process is represented by
a single RC branch with variable elements, taking into
account the effect of t, on those elements. Analysis of
change of insulation polarization elements at different
stages of transformer life can improve the knowledge
about the effect of moisture ingress and aging on the
insulation time constants. The analysis presented in this
paper can lead to more accurate information about the
polarization processes in the insulation by simple use of
the polarization spectrum.
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