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Abstract: This paper is devoted to recovery voltage as a diagnostic non destructive
method for an assessment of an insulating state of power transformers. The insulating
pressboard used in power transformers is tested for different moisture levels.
Experiments were carried out with samples from the same material intended to power
transformers building. A charge and discharge of a capacitor having pressboard paper as
dielectric is a suitable tool for an appreciation of the polarization and relaxation
processes. The polar character of the water’s molecules has an influence on the
permittivity. Then the polarization of the paper will be affected by a moisture presence.
Time evolution of the recovery voltage for different durations of the charges was
examined. An increase of the recovery voltage with the moisture content was observed.
The maximum of recovery voltage occurs much later starting from the moment of the
opening of the circuit for higher moisture for all examined levels. Thus, the time
separating the short circuit and the maximum's occurring can be considered like an
important parameter allowing an appreciation of the moisture state of oil impregnated

paper.

Index Terms: Dielectric polarization- Moisture - Nondestructive testing - Paper
insulation - Power transformer insulation - Relaxation processes.

1. Introduction

Ageing processes as well as lifetime of power transformers are mainly dependent on the
degradation state of the materials ensuring their electrical insulation. The insulating paper used
in these transformers is the material which is strongly exposed to decomposition phenomena
because of its affinity for the moisture. The degradation of the cellulose, the main component
of the paper, is very known and amply described by scientific literature [1-3]. The damage
caused to the insulating paper is generally expressed by a significant reduction of the
cellulose’s polymerization degree [4,5]. The increase of the paper’s temperature due to the
different losses leads to its decomposition followed by a water production, or a generation of
species which lend itself to a partial polarization or ionization [1,6]. Another side of the
question reveals that a bad handling of the transformer during its build or its transportation can
be a source of water introduction in the oil tank [1].

The moisture can be seen as the worse contamination of an insulation using the oil
impregnated paper. Therefore, the decision to continue or to stop the transformer exploitation
is closely dependent on a perfect knowledge of the moisture levels [7-13]. Because of the effect
of moisture on the insulation’s global behavior several researchers undertook studies on the
subject. These studies can be divided into two main groups, the conventional studies related to
the humidity effect on the conductivity and those related to dissolved gases analysis (DGA)
[14,15].

New methods of diagnostic have been established as a High Performance Liquid
Chromatography (HPLC) or a Dielectric Response Analysis (DRA) [16,17]. This method
based on polarization and depolarization currents, generally named PDC method, has been
used by several authors [9,11,18-21]. One of these new methods is based on a recovery voltage
phenomenon occurring after voltage application followed by a short circuit. This method was
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used as early as the seventies by the Budapest Technical University in Hungary [22-24].
Although the method seems to be enough old, a great interest was expressed toward it
nowadays [23-26]. The method is designed by the acronym RVM (Recovery Voltage Method)
and the experiments are generally carried out by mean of an apparatus named recovery voltage
meter [8,23-28]. With a standard recovery voltage meter the times of exposition to the
electrical field as well as the duration of the short circuit are fixed. Generally the exposition
time equals twice short circuit duration. This restriction in addition to the fixed level of the
acting voltage, are a further difficulties to fundamental research in a laboratory.

In this article, we focused our attention on the temporal evolution of a recovery voltage
(also called return voltage) in order to establish a correlation with the rate of humidity in the
insulating paper. The main aim of the work appears then as an aid for an easy determination of
the humidity rate in an insulation system. This can be obtained by a good knowledge of the
time corresponding to the maximum value of the recovery voltage.

The experiments were carried out with an oil impregnated paper containing different
moisture levels. The samples are provided by our partner, the Electro-Industries factory,
specialized in transformers building. The specimens are exposed to the electrical field during
periods varying from 5 to 30 minutes. The condenser containing the paper as dielectric is
discharged by a short circuit during 5 minutes. This short circuit phase is followed by a circuit
opening and the examination of the voltage evolution. The recovery voltage is measured by
mean of a programmable electrometer characterized by very high input impedance. The high
impedance, reached by a Keithley 6514 Electrometer System, is needed to take into account the
extremely great internal resistance of the experimental system.

2. Theoretical Considerations
The general principle of the Recovery Voltage Method is schematically given on figure 1.
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Figure 1. Schematic principle of Recovery Voltage Method.

- U, represents the dc applied voltage,

- T, 1is the time of the voltage application (time of charge).

- T4 is the period when the system is short-circuited (time of discharge).

- U, (t) is the recovery voltage curve which presents a maximum value V, .

Almost all the authors interested by the subject have worked on polarization spectra giving
the maxima for different values of Tc and Ty = T /2 [1,8,22,25,28]. This method was used to
detect a moisture level in the paper of power transformer insulation. Let’s notice that the
interpretation of the RVM measurements remains still a topical question, although it is enough
old [27-29]. The great advantage provided by the RVM lies in its simplicity, its non destructive
character and its ability for a fast use directly on site. These considerations explain the interest
expressed towards the method. Seeing the numerous works dedicated to this method, there is
not doubt that its application field will be still larger in the future. However the method
remains imperfect and several authors, among them Aschenbrenner et al. [27], have mentioned
its shortcomings. According to them, the correct standardization of a recovery voltage meter
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will not be totally completed in the near future because of the absence of a normalization of the
experimental conditions. The cause of recovery voltage being polarization and relaxation
phenomena, the thermal agitation must be taken into account. However, when the experiments
are carried out at ambient temperature this can be neglected, especially if the aim of the work is
a comparison between samples treated in the same conditions.

For theoretical considerations, a classical modeling of the dielectric matter is represented as
serial parallel combination of several entities themselves constituted by a capacitances and
resistances as showed by figure 2 [10,17,21].

gﬁgg

CO R RPi - CPi RPn_ CPn

Figure 2. Schematic Representation of a real sample of dielectric matter.

On the Figure 2, R is the resistance of the sample, and C, represents the geometric
capacitance. The quantities R;-C,; are elementary components (resistances and capacitances)
giving an image of the polarization processes. During the time of charge T, under a dc voltage,
the polarization processes occur. In that case, the capacitance Cy may be totally charged in
contrast to the capacitances C; if R,;.Cyi<T., otherwise these capacitances will be partially
charged only. During short circuit period, the capacitance C, will totally lose its charge since
this one corresponds to a free charge provided by the voltage source because of the presence of
the object’s geometric capacitance. The capacitances C,; will not be totally discharged since its
time constant are greater than the short circuit duration. The capacitances Cpare related to
polarization charge which is often named linked charge since it is the result of the orientation
of electric dipoles. When the circuit is opened, after a short circuit period, the charged
capacitances C,; will transfer a part of their charge to the capacitance Cy and an increase of
potential occurs. Increasing will continue until the potential reaches a maximum. The
maximum of the potential is reached when the depolarization phenomena become predominant.
After the maximum is reached, one can notice a decrease depending on characteristics of the
material especially its permittivity and its resistivity.

3. Experimental Setup and Testing Procedures

The global experimental device is showed on photograph given in figure 3. This device is
similar to ones described and used by several researchers with synoptic representation given in
figure 4 [8,27-29]. The tested samples are disks of pressboard paper having a 0.5mm thickness
and 100mm diameter. They were inserted between the two stainless steel condenser’s plates.
The diameter of the plates is 95mm. The stainless steel was chosen to avoid possible chemical
effects. Once the moisture is determined by weighing, the impregnation is realized following
the same protocol used in the transformer's filling. After the moisture level determination, the
impregnation of 48 hours is effectuated under a vacuum of 0.65 torr. During testing the
samples remain immersed in order to avoid any modification of their moisture level. The
pressboard samples were tested for moisture levels of 0.7%, 1.8%, 2.4% and 4.3%.
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Figure 3. Global experimental setup.

Electrometer

S,

S
Figure 4. Schematic representation of measurement device.

The experimental procedure is achieved in accordance with the following protocol :

e During the charge time T, S;is switched on while S, and S; remain open, thus the sample
is submitted to the electric field effect. The electric field is obtained by an application of dc
voltage of 2 kV.

e During the discharge time Ty, S; is opened and S, closed S; remains in open position. The
condenser is then short-circuited and should be totally discharged.

e After this discharge phase, S, is opened and simultaneously S; is closed. Then the recovery
voltage will be measured. The recovery voltage is automatically recorded each second
during a total time of 120 seconds.

4. Experimental Results
A. Temporal Evolution Of The Recovery Voltage, After A Short Circuit Of 5 Min, For Different
Moisture Levels And Different Time Of Charge.

Figures 5 to 8 give the curves of the recovery voltage time evolution for moisture rates of
0.7%, 1.8%, 2.4% and 4.3% respectively. For each moisture level the evolution is given for
different times of charge. A fine examination of curves shapes brings out several results.

a). One can notice that these curves reveal an increase of the recovery voltage with the voltage
stress duration. This might be due to a polarization process characterized by a large time
constant. The initial slope of the curves is greater when the time of charge is longer and we
also note that the curves do not present a clearly defined maximum.
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Figure 5. Recovery voltage evolution for a moisture
level of 0.7% and different times of charge.
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Figure 6. Recovery voltage evolution for a moisture
level of 1.8% and different times of charge.
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Figure 7. Recovery voltage evolution for a moisture
level of 2.4% and different times of charge.
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Figure 8. Recovery voltage evolution for a moisture
level of 4.3% and different times of charge.

b). Concerning the recovery voltage magnitude we note, for all the charge durations, a general
trend towards an increase with the moisture level. This trend is illustrated by figure 9 which
give the results in the case of 30 min of charge and 5 min of discharge.

e < 4.3%%
— 2.4%

0 " 1 " 1 " 1 " 1 " 1 " 1

0 20 40 60 80 100 120 140
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Figure 9. Recovery voltage evolution for different moisture levels.
Time of charge : 30 min ; time of discharge : 5 min.

Another characteristic of the recovery voltage is the knowledge ofUyits maximum value
and Ty the time needed to attain it. In this aim, the corresponding data were taken from the
curves and reported in table 1. These data show that the maxima practically occur after a same
time, regardless of the time of voltage application. It was also noticed a displacement of these
maxima towards a larger times with the moisture rate increase. For example, the maximum is
reached after 26s with a moisture level of 0.7% when that occurs after 80s in the case of 4.3%.
However, it is important to note that the time corresponding to the recovery voltage maximum
presents a technical importance. In fact we note that the time of the recovery voltage maximum
occurs after periods varying in accordance with the moisture content.
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Table 1. Recovery voltage characteristics for different moisture levels.
Applied voltage 2 kV- Time of discharge : 5 min

Time of charge (min

05 10 15 20 25 30
Un (V) 4.01 4.87 5.83 6.59 7.20 7.88

= | 07% Tw (5) 26 26 25 26 27 26
3 Uy (V) 4.26 4.94 6.02 6.71 7.40 8.00

o 1.8% Twu (s) 46 46 46 46 46 46
2 Uy (V) 5.02 5.62 6.34 7.24 7.73 8.34

S | 24% Tw (5) 61 60 59 61 59 59
= Uy (V) 5.61 6.57 7.52 8.00 8.37 8.71

4.3% Tw (5) 80 80 81 79 82 80

B. Influence of The Applied Voltage on The Time Evolution of The Recovery Voltage

On figure 10 are given the recovery voltages for lowest moisture level 0.7% and that for
several voltage stresses. The chosen period for the charge was 10 min. and the discharge time 5
min. The results show an increase of the recovery voltage with the voltage level. Consequently
the maximum values increase but they occur practically after a same period, independently of
the voltage level. It was also noticed on figure 10 that the curves concentrate with the increase
in the voltage level. This seems to indicate that a saturation phenomenon takes place and that
the recovery voltage heads towards a limit.
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Figure 11. Influence of the applied voltage on the recovery voltage
time evolution. Charge time : 10 min ; Discharge time : 5 min

5. Discussion and Interpretation of The Results
A. Discussion of The Experimental Results

Experimental results presented in this article show an increase of the recovery voltage with
the moisture level. This is due to the lowest resistivity caused by the high moisture as expected
in accordance with our earlier work [15,30]. It appears then that the presence of water has two
opposite effects. The first effect is an increase of the permittivity because of the presence of
water molecules which are known for their strongly marked polar character. This will have as
result an increase of the recovery voltage, in accordance with the supposition above mentioned.
The second effect is a decrease of the resistivity which will lead to the recovery voltage
reduction by conduction.

Another side of our results shows a growth of the recovery voltage with the level of the
electrical constraint; this can be explained by the fact than the energy of the electric field
depends on its intensity. However, a saturation state seems to take place. Such behavior is in
conformity with equilibrium between the electric field effect and the thermal energy for a given
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voltage level. We also noticed that the recovery voltage depends on the time exposition to the
electric field. That would be related to a great electrical viscosity of the material. Indeed, a
great viscosity is quite possible if we consider the important dimensions of cellulose
molecules.

B. Phenomenological Approach

In addition to the precedent theoretical considerations, a phenomenological description of
the processes might be expressed as follows:
let’s consider a condenser having between its plates a dielectric material charged under a dc
voltage. It will appear, at the surfaces of its plates, an electricity quantity Q. Then the electric
displacement D will have the following expression:

D = gy(EotP) 1

E, is the electric field corresponding to the free space, P is the polarization vector while g,
is the vacuum permittivity. Thus one can consider that the charge consists of two artificially
dissociated parts Qv and Qp. Qy is the part of charge required to create the electric field
corresponding to the free space E,. This field is the one we would obtain between the plates in
absence of the dielectric material. Qv is given as:

QV: CoV (2)

Where V is the applied voltage while Cy is the geometrical capacity which only depends on
condenser’s form. Then the total charge is given by:

Q=Qv+Qp 3)

Qp is the charge delivered by the voltage source to compensate the polarization effects. It is
well known that the insertion of any dielectric material in a condenser will induce an additional
charge. When the condenser is short circuited the first part of the charge disappears quasi
instantaneously since the voltage is zero. Unlike the first, the second part which compensates
the induced charge will remain if the relaxation is not total. When we open the circuit the
relaxation phenomenon continues but the neutralization of the charge surplus becomes
impossible. Then the potential will increase due to the charge surplus, the voltage which
appears is the recovery voltage that will depend on polarization relaxation phenomena. The
charge surplus following the dipolar relaxation will be neutralized after a longer time by a
conduction process within the material bulk. With this model it clearly appears that the
material’s resistivity has an important role in the temporal evolution of recovery voltage. The
additional charge being due to the polarization, one also can understand the importance of the
permittivity. The phenomenon of polarization and relaxation of dielectrics is often related to
the electric viscosity which plays an important role in high voltage engineering. Then the
evolution of the recovery voltage might be an appropriate information source on the
characteristics of insulating materials used in power transformers.

6. Conclusion

The most significant result of this work remains certainly the established correlation
between the moisture level of an insulation system and its recovery voltage. Since the paper is
one of the main insulation materials used in power transformers, the present work can be a
valuable tool for a test method aiming the moisture evaluation of the apparatuses. The recovery
voltage method has been previously used but only to appreciate the aging, without
investigations involving the effect of water which remains the main and hardest contaminant. It
was clearly established that value of the recovery voltage is important and the time
corresponding to recovery voltage maximum has crucial information about the moisture
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content. Indeed, the moisture content of the insulation is all the more high when time
corresponding to the maximum of recovery voltage is larger.
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