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1. NANNIINIIUA UFIUTDY Vapor
Phase Drying (VPD)

Taoialuuda vPD ussuuilimanzdmi
mMIsuuissaafinminamiawdasiviihaunalvauay
Lt‘wﬁuqaﬁ; 110 KV vi3aunnin ‘i'm'f]"\mﬁauﬂmﬁl,ﬂﬂﬁuq

HugumMaieuees VPD walsfiu (Kerosene)
Fofulzarivszumlalasmiven sxgnlieanadounas
semplunmzgaamasuiadula (Vapor) gumgiig
lovauielsfiutiazndud (condense) WindudaiuRazas
Hunuvdsusaiivinin (Active Part) fifigumgiisiiniy
nanduszedlowlsuiiasfimameaadouun (Latent
heat) aany1Uszu1 306.6 KJ/Kg AINTDULHT
suhliigunpgRaasuseiimwingedu donaliinadu
Tudsaunufianswasusouzdula mendsannns
chumm‘m%ﬂuLLNqaanmLﬁTiﬁuﬁﬂg'luﬁm'awmmm
gy isunauluiidaweisiae$ (Evaporator) Ll
Wianusausunaaiulauasdarudnaniiueafinnsn
fnede dnfuusaiimwinazigumgivindusthoseiilos
Tusaiziintuansduiegludusezssimenaneiy
loatinvsadnaiuiu ‘[mf'lﬁ'izmﬂaanma:gnﬁaaan
NLAIDU (Autoclave) w‘i'a'lﬁmmuuﬁmugmi

2. Formmuasmsuloaawin s lussuy VPD
anantiRzaclzaiiwd ililuszuunmsauudie

VPD dawsdmiiuediefaielududssdniam

mslduuazanulasaty deseafiulymudouly

soluil

- amasulavaslaanuiildfosinianusulezsai
ineanszanBnmnseuuisauiussdustiuains
WANANTENI AN e (ANEU) WAz
ANuRUWIAGEN (Anusulazadluaiu) *

- amaSauudizasn1anduszaslranuinIsidmn
fgainfiiulyls

- Toanwiseslaifiguaaifihivengnisldnuau
udeanaa

- Tranuiiignidenldismiunszuauns VPD Ae alsfu

Y ' & A
* fianadugendn 30 mbar YszinaumasANaduiazgn
=< A’ o .
Aepanananiileauruszegludnynzaey Laminar Flow
FepBueldinuaun1suae Hagen-Poiseuille #n

G= d vy (P;-P,)
32 v gl
where G moisture extraction rate in kg/h
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sum of all pore cross-sections in m
mean pore diameter in m

specific gravity of vapour in kg/m®
viscosity of vapour in kg h/m?
mean pore length in m
acceleration due to gravity in m/s?
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1. S2UUNITILINENIDD 1 IWaLTIABS (Evaporating
System)
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saseuduludunsumaviguamAstfugs (Fine
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The drying process consists of 5 main operating phases:
R Preparation Phase

H Heating Phase
IPL Intermediate Pressure Lowering

PR Pressure Reduction Phase
FV  Fine Vacuum Phase =

) 510 8
E Aeration Phase L

Pressure [mbar|

Temperaturs ['C]

VAPOUR PHASE PROCESS
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(2) Yemperature of wanstormer
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3. i"unaumfanmwﬁu (Pressure Reduction Phase)
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Power Transformers

Using Dielectric Response Analysis

By
Dr.-Ing. Stephanie Raetzke, Dr.-Ing. Maik Koch, Dipl.-Ing. Martin Anglhuber
OMICRON elect Qnics, Oberes Ried 1, 6833 Klaus, Austria

Abstract

Proper drying of the solid insulation is one
determining factor for the lifetime of power transformers.
During manufacturing or after repair it is necessary
to dry the solid insulation e.g. down to less than
e.g. 0.5% water content in cellulose for new units.
However, different sizes, designs and raw materials
require different drying times, which make the definition
of drying times challenging. A direct monitoring of
the insulation wetness during the dryout process
would help for optimizing this process. However,
presently only indirect methods are used for estimating
the residual moisture during drying, which imply
various uncertainties. This paper introduces a new
approach of using the dielectric response analysis
for monitoring the drying process. The dielectric
response analysis is widely known as a reliable method
for moisture determination of power transformers in
service. Using a new database for nonimpregnated
cellulose this method can be applied as well for
monitoring of the drying process, e.g. inside a vacuum
oven or for hot oil spraying. The method provides
continuous information about the water content
during drying. The software repeatedly starts the
measurements. After each measurement the automatic
analysis algorithm calculates the water content
and determines the trend. The method was tested
for different drying techniques. The development of
dielectric response curves, obtained from measurements
on real power transformers is shown. The analysis
is explained and influencing factors like temperature
or insulation material are discussed. Finally, a variety
of case studies prove the capability of this method
for monitoring the drying process of power transformers.
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1. Introduction

The drying process of power transformers
has a strong influence on the quality of manufactured
units or the lifetime after repair. Water in the solid
insulation is accelerating the ageing (1) and therefore
decreasing the life expectance. The paper and
pressboard consists of cellulose, which ages in service
mainly due to hydrolysis. Water abets this chemical
reaction, which results in further water. Therefore a
proper drying after assembling, typically down to 0.5%
water content, assures a long life expectance. Also
after repair, drying of the solid insulation might be
necessary. For repairs on active parts of power
transformers, the tank is opened and the oil is drained
so that the paper and pressboard is directly subjected
to the ambient humidity. Water from the surrounding
air can migrate into the insulation. This process is
faster for high insulation temperatures or new cellulosic
material, which is not oil impregnated. However, even
for oil impregnated insulation at ambient temperatures
the water content will increase significantly after a
few days.

Nowadays it is still challenging to define an
adequate drying time. An unnecessary long drying
time should be avoided. The high temperature during
the drying process might deteriorate the cellulosic
material and the degree of polymerization is decreasing.

The drying time strongly depends on the
initial water content, which itself depends on several
changing factors, like the humidity or temperature
in the factory. Typical methods for determining the

water content in the solid insulation are not applicable.
The Karl-Fischer-Titration on the paper sample would
provide the highest accuracy, but during the process
no paper samples can be taken. Therefore a paper
sample can be analyzed only after the drying process.
In case of insufficient dryness, the drying process
has to be restarted. This involves a high effort in
time and energy.

During the drying process, indirect methods
like a measurement of dew point or water vapor
pressure can be used. However, these methods are
measuring the ambience in the vacuum chamber and
not the insulation itself. The water content is often
underestimated, since mainly the water in the outermost
layer is contributing to the result. Measuring the
abstracted water rate can only give a value for the
remaining water content if the initial water content
is known.

Even more challenging is defining the drying
time for aged transformers. They cannot be dried to
the same water contents like new transformers. The
achievable water content strongly depends on the
condition of the solid insulation and is typically not
known. Additionally different transformer sizes and
designs need to be handled in repair shops.

Due to the issues mentioned above, there
is a need for a measurement method, which is able
to monitor the water content during drying, directly
measured at the insulation itself.
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2. Dielectric Response for Transformers in
Service and During Drying

The dielectric response analysis is a widely
known method for determining the water content of
the solid insulation for power transformers in service.
The dissipation factor is measured in a wide frequency
range and enables to distinguish between different
effects. The comparison of the measured dielectric
response to a model curve derived from a data base
delivers values for e.g. water content, oil conductivity
and insulation geometry (2).

The typical approach is an onsite and offline
measurement of power transformers in use. In this
case the tank is oil filled and the resulting dielectric
response curve has a typical S-shape like shown in
Figure 1. The curve is influenced by temperature.
An increasing temperature will strongly shift the curve
towards the high frequency range. The curve is derived

=}

= 10 moisture of
“g cellu_lose,
-i .l . aging
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a U.Iow

0,11

0,011

moisture of
cellulose
and aging
insulation
geometry

oil
conductivity

low u,

0,001 :

0,0001 0,001 0,01 0,1 1 10 100 1000

Frequency (Hz)
Figure 1
Typical Dielectric Response for a Transformer
with an Oil Filled Tank

Dissipation factor

from the superposition of the dielectric response of
pressboard and paper, oil and interfacial polarization
(Figure 3). The dielectric response of pure pressboard
or paper material is rather flat, having a minimum
at higher frequencies and a linear slope at low
frequencies. The water content influences the slope
mainly in the low frequency range. No significant
difference between the dielectric response of cellulosic
materials like pressboard and paper can be observed.
The oil curve is a straight line (Figure 3 (b)).
Increasing oil conductivity will shift this line towards
higher frequencies. The interfacial polarization causes
a hump at low frequencies and is strongly influenced
by the insulation geometry (Figure 3 (c)). All influencing
factors can be observed as well in S-shaped
superimposed curve.

5
2
1 temperature
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02 high
0.1 F water contani
005 | low 7
002 | O high
001
! . —
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Figure 2
Typical Dielectric Response for a Transformer
without Oil
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Figure 3
Dielectric Response Components Caused by Pressboard (a), Oil (b) and Interfacial Polarization (c)

Most efficient drying methods necessitate
draining the oil. Due to this the resulting dielectric
response curve (Figure 2) is similar to the dielectric
response of pressboard material itself (Figure 3 (a)).
The main influencing factors are the temperature
and water content, like mentioned above.

During manufacturing process, the paper
and pressboard typically is not oil impregnated and
the properties differ from cellulosic materials, which
are oil impregnated. In order to analyze such new
insulations as well, an additional database was
developed

Sample

3. Development of Database and Verification

As dielectric response analysis is based on
the comparison of the insulations dielectric response
to a data base, the accuracy of moisture determination
depends on the accuracy of the data base. In case
of not oil impregnated paper or pressboard the work
of previous research from (3) to (6) cannot be used
and a new data base needs to be made.

Voltage

Guard

Current

T

Measurement cell
In oven

Capacitance
Measurement System
Figure 4
Test Set-Up for the Dielectric Response of
Cellulose Samples
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Figure 5
Dissipation Factor over Frequency for Non-Impregnated Pressboard Samples
at 0; 1; 2; 3; 4; 5 and 6 % Water Content at 20C

Not oil impregnated pressboard and paper
samples have been measured by capacitance
measurement systems at various defined temperatures
and water contents in a shielded measurement cell
like shown in Figure 4. This cell is placed inside an
oven. The actual water content was determined using
coulometric Karl Fischer titration with heating
temperature of 160°C (4). Figure 5 depicts the

—>e'1.5 1%95C
== e'1.5 1%55C
——e'1.5 1%20C

10

dielectric response as dissipation factor over the
very wide frequency range of 10 uHz to 10 uHz for
not oil impregnated pressboard of HD quality. The
graph for 0% water content has been extrapolated
from measurements at 0.3% water content. With
increasing water content, the losses in the material
increase as well.
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Figure 6
Influence of Temperature on the Dielectric Response of Pressboard Samples
Having 1 % Water Content at 20, 55 and 95C
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The temperature influence has to be
investigated as well. Figure 6 shows the dielectric
response of pressboard samples having 1% water
content at insulation temperatures of 20, 55 and 95°C.
In this case a representation as real and imaginary
part of permittivity is used. Using the gathered
information a new data base was created. To verifying
the sensitivity to low water contents 1 mm thick high
density pressboard samples were examined. For
monitoring the drying process of non-impregnated
cellulose materials the setup as shown in Figure 7
was used. The pressboard sample served as the
dielectric of the cylindrical measurement cell. The
dissipation factor and the complex capacitance were
measured using a dielectric response analyzer. The
actual water content was determined using coulometric
Karl Fischer titration with heating temperature of
160°C (4).

Sample Electrodes
[\
\oltage
Guard l
Current
Measurement System
Cylindric
measurement cell
in vacuum oven —
Figure 7

Measurement setup with cylindrical specimen
and test instrument

The cellulose samples were dried in an oven
with and without vacuum. While applying vacuum, the
higher effective pressure gradient between the partial
water vapor pressure inside the sample and its
environment allows drying to lower water contents (7).
Nevertheless, the temperature and not the pressure
is the most important factor in the drying process.
The higher the temperature the higher is the partial
pressure of the water molecules inside the sample.
Increasing the pressure gradient by raising the
temperature is more significant than the increase by
reducing the ambient pressure in the oven (7).

With all the considerations above it is most
efficient to dry with the highest feasible temperature,
which is limited by insulation deterioration. After heating
the pressboard without vacuum it is recommended
to use vacuum for the further drying process. Figure
8 shows the dielectric response of the pressboard
samples using the cylindrical measurement cell during
a drying process at constant temperature of 120°C.
The sample was dried without vacuum to a minimum
water content of 0.8%, then the oven was evacuated
and 0.3% water content was reached. The time interval
between the tests was 10-15 min. The measured
dissipation factor trace decreases continuously with
longer drying times. Due to the elevated temperature,
especially the frequency range from 1 Hz to 1 kHz
is sensitive to the drying process as the differences
are more significant than for the lower frequency range.
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Figure 8
Dissipation Factor for Different Water Contents of 1 mm Pressboard during Drying at 120°C

The investigation confirmed that the insulation A higher temperature ends in the same results as
temperature is a critical factor for correct water higher water contents and vice versa. Therefore the
assessment. Higher temperatures lead to higher temperature is a very important factor in monitoring
molecular motion and thus to higher losses as visible the drying process and must be known exactly.
in C", while the real part C" is constant (Figure 9).
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Figure 9

Complex Capacitance of 1 mm Pressboard with a Water Content of 0.3%
at 80°C and 120°C Insulation Temperature
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4. Measurement Setup for Different Drying
Processes

The application of using the dielectric
response to monitor the drying process strongly
differs from the measurement of transformers in
service. Besides the need of an additional data base
for higher temperatures and not oil impregnated
materials, the aim is different. The focus of onsite
diagnostics is to assess the current insulation
condition. Therefore a single measurement is providing
sufficient data. The drying application focuses on

monitoring a whole process. Several measurements
are necessary to observe the change of condition.
Due to the long duration, the drying processes cannot
be supervised by technical personal, e.g. during night.
A software was developed which automatically
restarts cyclic measurements and provides a full
automatic analysis. It recognizes the aimed dryness
and informs the operating personal. Furthermore
hardware adaptions to existing devices were necessary
to use it for the higher temperatures and vacuum
during drying.

in service (too wet) qfter repair |l during manufacturing

| onsite and online l | onsite and offilne]

b
offsite and offline

A 4

oil drying plant, e.g.
« separator
= molecular filter sieve

\Iﬂ repair shop or 1aciory

hot oil spray
& vacuum

temperature
(& vacuum)

« treatment with temperature LFH vapor phase
(and vacuum) & vacuum & vacuum
Figure 10

Overview about Typical Drying Methods and Their Application

The requirements of the monitoring system
depend on the applied drying method. An overview
about different drying methods is given in Figure 10.
The dielectric response analysis is only applicable
for offline methods, since an existing electric field
would interfere with the dielectric response readings.
Therefore it is not possible to monitor online drying
methods, which are processing the oil for a long time
(months to years) to decrease the water content
significantly. Methods like the hot oil spray, low
frequency heating or a combination of both are in-tank
methods which can be used onsite. Transportation
to a repair shop or factory is not necessary and the
time need (some days) is much shorter compared
to online methods. For electrically passive methods

like the hot oil spray, the dielectric response
measurements can be done during the whole process.
However, in case of low frequency heating, the
vacuum phases have to be used for the dielectric
response measurements. In case of such in-tank
drying methods the typical dielectric response setup
can be used like shown in Figure 11. The setup for
the measurement is similar as for a dissipation factor
measurement at power frequency. For a two winding
transformer, the high voltage windings are shortened
as well as the low voltage windings and the dissipation
factor of the main insulation between both windings
is measured. Additionally a guard is applied to prevent
of influences by leakage currents.
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Figure 11
Setup for a Dielectric Response Measurement in-Tank

Figure 12
Setup for a Dielectric Response Measurement
in an Autoclave

In repair shops and factories, often autoclaves
are used. Here high temperatures, vacuum and
sometimes kerosene vapor are applied. Especially
the vapor phase processes are highly efficient,
ensuring shortest drying times. In these cases the
transformer inside the autoclave has to be connected
to the measurement device outside. Therefore
measurement bushings need to be installed as
shown in Figure 12.

5. Results of Field Tests

The software and adapted hardware were
tested for different drying methods. Two case studies
given here show the results for a typical hot air
process (elevated temperature and vacuum) and a
hot oil spray process.

Drying of an Aged Distribution Transformer inside
a Vacuum Oven

The first example shows a drying cycle of
an aged distribution transformer in a vacuum oven.
For this application, measurement bushings were
installed at the flange of the oven (Figure 13 and
Figure 14). A dielectric response analysis was done

before draining the oil to compare the results with
the readings during the drying process. Both were
in good agreement. Since the insulation was already
oil impregnated, the data base for the oil impregnated
materials had to be used.

Figure 13
View on Measurement Bushings
from Outside the Vacuum Oven

Figure 14
View on Measurement Bushings
from Inside the Vacuum Oven

The software automatically started a
measurement every thirty minutes and provided an
automated analysis. A summary of all results is shown
in Figure 15. In general, the dielectric response curves
are increasing towards low frequencies. The increasing
temperature as well as the decreasing water content
influences the curve shape. In this case the temperature
increase is dominant, shifting the curves up towards
higher frequencies, whereas lowering the water content
is causing a smaller shift to the opposite side. The
readings during 13.5 hours show, that the water
content dropped from 3% to 2.7%.
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Figure 15
Setup for a Dielectric Response Measurement in-Tank

Drying of a Power Transformer Using Hot
Oil Spray

In this case study the drying of a new power
transformer using hot oil spray was investigated. The
dielectric response analysis was done during the last
drying phase including the final fine vacuum phase.
Since the drying was already in process for some
days, the temperature was nearly constant at 110G
and the curves are influenced only by the decreasing
water content. A summary of the results are given in
Figure 16, showing only initial curves of this cycle
and final curves for better visibility. It can be clearly
seen, that the initial curves derived from the transformer
having a water content of 1.8% are shifted up and
towards higher frequencies compared to the final
readings, indicating a water content of 0.3%. The
qualitative changes in the curve therefore are the
same as the results investigated in the laboratory
(Figure 8). Since the geometry of a power transformer
is more complex and the insulation thickness is
different, the absolute values are different.
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Figure 16
Drying of a power transformer using hot oil spray
from 1.8% water content (blue) to 0.3% water
content (brown)

6. Summary

Proper drying of power transformers ensures
a high life expectance, since water in the solid
insulation will accelerate the ageing. Nowadays, the
estimation of the drying time is still challenging. This
investigation focused on the application of dielectric
response analysis to monitor the water content in the
solid insulation during drying process. This method
is applicable to offline drying methods. An additional
database was created, enabling the analysis of new
cellulosic material which is not oil impregnated. The
sensitivity to very low water contents was shown in
laboratory tests. For the drying application on real
transformers, a software was created which is
automatically measuring and analyzing the readings.
The measurement system was tested for different
drying methods. Two case studies are given, one for
drying in a vacuum oven and one for the hot oil spray
method. In both cases the automated system was
capable of monitoring the drying process.
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(Life Assessment)
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(1875-1956)
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Down conductor fault is hardly detected in
conventional protection system and the occurred
fault causes danger to people, animal and property.
This thesis study proposes the novel technique to
detect the fault by time shifting method and invents
the protective equipment for down conductor fault.
Distribution system model is designed for down
conductor fault simulation in 22 kV systems, with
39.5 kilometers long feeder line and distribution
transformers distributed along the feeder line. Down
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conductor fault is simulated in 2 types, by EMTP-
program and by real distribution system model in the
laboratory. Fault simulated from the model is used
to design the detective scheme and the protective
equipment. The protective equipment installed on each
phase is the electronic circuits that can response
the down conductor the occurred fault in the system.

According to the result of both types, the
whole line current is changed both in magnitude and
period time. When fault occurred, the period time is
shifted from the ordinary of 20 ms. The protective
equipment installed in the distribution system model,
sent alert signal at 18.33 ms on phase A, 17.27 ms
on phase B and 13.83 ms on phase C.
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