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Abstract

It has been experienced by many power engineers that one of the major problems in high voltage (HV) transformers
system is breakdown of insulation components. The failures of insulation mostly occur as result of partial discharges.
One of the most important and sensitive insulation part of transformer is the insulation between the HV winding and
the tank, including the HV bushings. The determination of the quality of transformer insulation, the quality of material
to be used and the design play an important role and are decisive about lifetime of power transformers. Due to PD,
properties of exit insulation systems deteriorate enormously. In the end, breakdown takes place and entire power
system might collapse. Therefore, continuous monitoring and detection of PD is the one of the important task for
electrical engineer to keep the high voltage power equipment in healthy condition. When we compare pressboard
barrier system with insulation made by full wrapped crepe paper in terms of moisture and ageing; soft crepe paper
absorbs more moisture. This absorbed excessive moisture is exposed to a longer drying process. Crepe paper insulation
is aged due to this longer process. Particularly problematic is moisture (excessive or ppm) in transformers; it affects
both solid and liquid insulation. Most of the water is in the form of dissolved water and is available to move from the
oil to the crepe and solid insulation as the transformer progresses towards equilibrium. We aim to examine ageing and
moisture effects on the electric breakdown strength of pressboard and crepe paper insulation under AC voltage
condition. The barriers have main function to increase the dielectric strength due to divide tighter gaps. So it is possible
to optimize of HV transformer lead exit system. Actually barrier system (oil gap) is using also in the windings. A
barrier is a structure which is designed to stop electrons that is spreading. In case of non-uniform field oil gaps, the
gaps can be divided into narrow spaces. In order to determine these spaces, designers have to use FEM programs and
special design curves. This paper will focus on the points of electrostatic stress, moisture behavior, partial discharge
and ageing.
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1. Introduction

In order to ensure a long life time of a transformer the water content in cellulose must be equal to or lower than
9%0.5 during manufacturing. Yet, cellulose based insulation materials and components display various behaviours
against heat and vacuum due to structural differences and geometrical and thickness differences in the place of use.

The period from afterwards of active part drying till when the transformer is placed in the tank and vacuum
impregnated is a very critical process. In the meantime, the active part may be kept in production area for a period
reaching to several hours. At the same time, moisture absorbing characteristics of insulation materials may vary
according to structural properties of material and usage area.

Probable mistakes that can be made during the processes as drying, idle position, vacuum impregnation,
conditioning and testing may lead to decades of shortening the lifetime of a transformer which is expected to have a
service time more than 50 years under proper conditions.

For this purpose, paper and board, two main materials conditioned equally were compared in terms of drying
behaviour, influence on transformer oil, moisture absorption/loss via some basic test methods.[1][2][3]

2. Experimental Design and Procedures

Models of insulation structures were examined using two types of materials commonly used in exit insulation
system: Crepe paper and moulded pressboard. Examination started with firstly forming two models equivalent to each
other in terms of “electrostatic field intensity” via FEM software. The systems were equalized by using same safety
coefficient for different levels of voltage. A comparative study is conducted for the simulation of the systems used in
lead connection.
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Model A — Crepe Paper (CP) Model B — Moulded Presshoard (MPB)

Model A, 1 mm and 4 mm of crepe paper (CP) insulation on aluminium tube, 50% overlapping (IEC 60554-3-3)
Model B, 1 mm moulded pressboard (MPB) and also 1 mm moulded pressboard barrier (IEC 60641-3-1)
Below studies were conducted on equal models of insulation structures in terms of electrostatic field intensity

2.1 Electrical Experiments
Electrical Strength and Partial Discharge Inception Voltage (PDIV)

2.2 Chemical Experiments

a. Observing Amounts of Water Content in Two Models (One week, dried at 105°C, <0,01 mbar)

b. Influence on Transformer Oil via Contamination Tests (One week, at 105°C and 1 month, 105°C)
c. Degree of Polymerization (DP)of Initial and After Drying (for 1 week)
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2.1 Electrical Experiments

High electrical field intensity causes Partial discharges and DP value to reduce in time and significant ageing on
the insulation materials. This information should be taken into consideration during the design process. The insulation
determines the lifespan of material and consequently transformer service life.

Under operating conditions, long term applications of operating voltage in combination with other factors
(temperature, mechanical stress, ionization radiation etc.) reduces the electric strength of insulation material and
ultimately takes it out of service due to aging. [4]

The insulation in transformers can be classified as major and minor insulation. The major insulation involves
insulation between the windings, the windings and the core, high voltage LEADS and ground while minor insulation
is the insulation within the windings, for instance: interturn and interdisc insulation. [5] A decreased electric field
intensity at the initial stage of design is aimed for HV and UHV systems. The influence of the geometries is huge in
terms of arranging and smoothing the electric field which can be reduced to expected levels by adjusting geometries
and distances.

A reduced maximum dielectric stress is usually not enough for a good dielectric perfomance., Volt — time
characteristic and partial discharge inception level of insulation material, waveform of the voltage applied, electrode
shape and surface conditions, impurities, moisture etc. should also be taken into consideration. [5]

Decreasing regional high stress location and bigger overlaps for better creepage strength, production without voids,
uniform electrical fields are some of basic points of insulation design. [6] Positioning of insulation in known
geometries will help in better optimization and design of safer systems. Optimized designs can be adapted during the
design stage by considering the operating and production conditions of the insulation materials (pre-conditioning,
processes, drying, oil absorption etc.).

Two different models of insulation structures are compared in point of strength of oil ducts in below simulation
by calculating the electric field between a spherical electrode and a cylindrical electrode details of which are given
above. The two models of insulation structures examined are moulded pressboard barrier system and thick insulation
made of crepe paper.

Comparison curves and results;
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Figure 1 - Model A - Geometry of Crepe Paper Insulation (Wrapped) Figure 2 - Model B - Geometry of Moulded Pressboard Barrier
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simulation Pressboard barrier system
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Figure 3. Model A - Electrostatic Field Distribution between Moulded Presshoard Barriers
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Systems were equalized by keeping the same safety factor in electric fields studies at similar voltage levels.

The studies are made with the curves of partial discharge inception voltage versus width of oil duct for degassed
oil. [7]

The oil duct electrical strength for thick crepe paper and thin moulded pressboards barriers are similar according
to simulation above. But simulations calculate geometries for optimum conditions. For a more inference the results
of the tests conducted are shown below:

Electrical Strength - 1 mm PDIV-1mm
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Figure 8 — Electrical Strength of 1 mm Insulation Figure 9 — PDIV of 1 mm Insulation

1 mm crepe paper insulation wrapped on aluminium tube, 50% overlapping (IEC 60554-3-3)
1 mm Moulded Pressboard (MPB) on aluminium tube (IEC 60641-3-1)
Below studies were conducted on equal models of insulation structures in terms of electrostatic field intensity

Comparison of the models made of 1 mm crepe paper insulation and 1 mm Mouldable Pressboard from the point of
Electrical Strength and Partial Discharge Inception Voltages are given above. Partial Discharge Inception Voltages
seem similar as per trend lines. Nevertheless Mouldable Pressboard produces better results compared to crepe paper
in terms of Electrical Strength. [8]

Breakdown Voltage [kV] Partial Discharge Inception Voltage (PDIV)
170 170
] Moulded PB [ ] Mouldable PB
A Crepe Paper A Crepe Paper
150 ‘ ® - = = = Moulded PB 150 ‘ ] - = = = Moulded PB
130 A ----------- Crepe Paper 130 A """"""""" Crepe Paper
210 | o4 O T TRIT----- 6 - e 10| a4 O " TRIIT--- e - '
A 9. ) A ’ ........ [ J
o | ® LS wol|® & e
B O A
70 70 .
A A
50 50
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Number of Tests Number of Tests

Figure 10 - Breakdown Voltage of Insulation Systems (Model A and B) Figure 11 - PDIV of Insulation Systems (Model A and B)
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Although crepe paper system is the same as the barrier system with Moulded Pressboard in regards to oil duct
strength in the simulation results, the barrier system with Moulded Presshoard is stable when the test results are
compared.

2.2 Chemical Experiments

a. Observing Amounts of Water Content in Two Models (Crepe Paper and Mouldable PB)
(1week, 168 h, under 0,01 mbar, at 105°C)

250 Water Content of Insulation Material [ppm] W_ater content tests wer;a conducted on two models
' dried for 1 week at 105°C under 0,01 mbar in same
L furnace.
2,00 o . ®
L Moulded presshoard (MPB) reached to required
150 ||@ ° values but it was concluded that the water content of
- crepe paper was not at acceptable level. A water
1,00 content 1-2 % was measured on crepe paper.
[:J Due to thickness of the crepe paper, the drying is not
0,50 practicable. The water content remained has a
0.00 significant effect on ageing of material. [9][10][11]
5565656665282 ¢8
== =2 =2

Figure 12 — Water Content of Insulation Material

The main factors in the aging of insulating winding paper and pressboard in a transformers are the presence of
oxygen, temperature and humidity.[12][13][14][15]
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Figure 13. Expected life for solid insulation and its dependence upon moisture and temperature

Ageing of cellulosic insulation in transformers is caused by oxidation, carboxylic acids, and water, which
enhance the catalytic efficiency of the acids by promoting their dissociation. [16][17][18][19]
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b. Influence on Transformer Qil via Contamination Tests

(1 week, at 105°C and 1 month, at 1
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Figure 14 — Water Content of Oil
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Figure 15 — Breakdown Voltage of Oil

In order to observe moisture absorption, MPB and CP
were conditioned at 23°C, 30% RH for 1 hour, 5 hours
and 25 hours and then immersed into transformer oil
at 105°C for 1 month. The goal here was examining
the influence of MBP and CP water absorption rates
to transformer oil. When the water content is
measured at the end of 1 month, it was ended up
discovering that the sample produced with CP caused
increment of water content of transformer oil. [20]

It was expected the first influenced property would
be the breakdown voltage (BDV) and it ended up as
expected. As seen on the graph, the breakdown
voltage value of the transformer oil decreases
dramatically. Main point of study here is the
excessive reduction of breakdown voltage for the
transformer oil in which CP sample was immersed.
[20]

c. Degree of Polymerization (DP)of Initial and After Drying (for 1 week)

Initial DP values and DP values after 1 week of conditioning at 105°C was measured.
When the results are compared the heat endurance of these two samples are given in the figure 14 and 15.
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Figure 16 — DP Value of Initial of Insulation
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Figure 17 — DP Values of Insulation after Drying
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Figure 18 illustrates the influence of operating temperature on moisture and degree of polymerisation of a winding
model at the end of 1200 days thermal aging period at 125 °C. Since moisture absorption capacity is directly
proportional with temperature, the distribution of the moisture content is reciprocal compared to temperature. The
conductor insulation is moister than the barrier in this example however it is usually the opposite. Thermal energy has
the main impact on degradation of paper, the degree of polymerisation is lowest on top of the winding where the
temperature reaches its highest value. [21][22][23][24]

100 100 + 100
=—4— Conductor
=2 -~ Barrier
E
=
()]
T
504 504 50+
O T v T D T T hl O w1 T
0 50 100 150 0 1 2 3 4 0 500 1000 1500
Temperature [°C] Moisture Content [%] Degree of Polymerisation

Figure 18: Distribution of Temperature, Moisture and Degree of Polymerisation in the Conductor and Barrier Insulation of a Winding Model

Conclusion:

This experiment researches on two insulation technics, moulded pressboard and crepe paper insulation, through
comparison of degree of polymerisation (DP), oil contamination and water content values that are followed by PD
inception voltage, breakdown voltage tests on equivalent electrode system which is commonly used in exit
insulation systems.

Thin oil ducts make the system more stable as well as increasing the efficiency of the pre-conditioning process
compared to thick crepe paper. Drying and oil impregnation processes are easier on Moulded Pressboard barriers
thanks to thin layers. The differences obtained as a result of this comparison will be bigger at rates of 420-550 kV and
800 kV. When thick wrapped crepe paper insulation is used for exit insulation system at 420-550 kV, 24-36 mm
thickness crepe paper must be wrapped on a conductive metal tube. An equivalent system is formed by using 5 mm
basic insulation on conductive tube and 3 pieces of 3 mm thickness Moulded Pressboard barriers.

Thanks to oil ducts, the heat spreads homogeneously in exit insulation systems produced with Moulded Pressboard
barriers. A massive structure occurs in the systems made of crepe paper. Therefore, distribution of heat in barrier
systems is more effective. Ageing dependent on temperature is decelerated thanks to the fact that barrier systems
allows the heat distribution.

Vaporization of the water in barrier systems with Moulded Presshoard is easier as well as the absorption of water
is harder. Longer durations and higher temperatures of drying is needed for crepe paper systems due to the fact that
the water content must be lower than %0.5. This causes the DP value of the material to decrease in no time. Decrease
in DP value means the shortening of transformer life.
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