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ABSTRACT

The oil-paper insulation in power transformers is subjected
to various stresses due to environmental conditions, voltage
and fault stresses. Such stresses can cause deterioration of
the oil-paper insulation in transformers. The condition of
oil can be reversed back with the help of present technology
such as on-line oil filtration. The degradation of paper
insulation, however, is irreversible. Thus, the life of a
transformer can be effectively determined by the life of its
paper insulation. When paper degrades, it produces several
by-products such as CO, CO,, and Furans and they migrate
to the oil. There has been a growing trend throughout the
world to study and estimate the deterioration of insulation
strength of paper using such by-products as indicators.
There are more direct approaches to obtain indications of
paper insulation degradation such as Tensile Strength (TS)
and Degree of Polymerization (DP) measurements of paper.
But these approaches require shutdown on the transformer
and are considered intrusive. Therefore, this paper attempts
to estimate the age of paper insulation in 33/11 kV Power
Transformers by using a Mathematical Modelling based on
the by-products of paper insulation degradation.

INTRODUCTION

The most commonly used insulating materials in
transformers are paper and mineral oil. Basically, apart from
providing overall insulation to the transformer, the mineral
oil acts as coolant to the transformers, assisting in
extinguishing arcs, and dissolves gases and moisture
produced arising out of various phenomena within the
transformer [1]. Whereas paper, it provides insulation to the
conductor in the transformer windings.

Presence of H,O (water or moisture) in paper insulation has
been linked to the decomposition of the paper fibers that is
irreversible and eventually causes the paper to lose its
mechanical and dielectric strength [2,3]. As for O,
(oxygen), its presence causes oxidation on the mineral oil
that leads to the deterioration on the oil insulation quality
and the formation of acids. With acids present in the
mineral oil, paper insulation is again exposed to
deterioration and eventually ageing [3].

Ageing of paper insulation has been directly linked to its

mechanical strength [2,4]. Studies have been done focusing
on how long the paper can retain its mechanical strength as
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it ages before it loses its dielectric strength. Studies have
also been done to estimate the life of transformers by
studying the life of the paper insulation [4,5].

PAPER INSULATION DEGRADATION

The paper used as insulation in transformers is mainly
cellulose fibers that consist of cellulose molecules that lay
side by side to other cellulose molecules. Each cellulose
molecules have different length and these different groups
of cellulose molecules are held adjacent to each other via
the hydroxyl group (-OH). Each cellulose molecule consists
of a linear glucose molecule polymer. These glucose
molecules or the D-anhydro-glucopyranose units are held
together through a B-1, 4-glycosidic bond as indicated in
Figure 1a and 1b [6] below:

CH,O CI)H ?Hzo

H CH,O + OH
Glycosidic Bond
Figure 1a: Structural Formula of Cellulose

CH,OH

HO

OH
Figure 1b: Structural Formula of Glucose

The number of glucose molecules forming on the cellulose
chain determines the length of the cellulose molecules. The
differing length of the cellulose molecules has been used as
the base for measuring the strength of the cellulose
molecules that is also known as the Degree of
Polymerization (DP). Basically, DP denotes the average
number of glucose units per cellulose molecules. The higher
the number of glucose units per cellulose molecules, the
higher the DP is [3]. Generally, new paper insulation has a
DP of 1200 and paper insulation is deemed to reach its
useful life limit when the DP is measured at 200 [7].

Three most common degradation factors of cellulose have
been identified as thermal, oxidative, and hydrolytic [3].

Thermal Degradation

When the cellulose is exposed exclusively to heat up to
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200°C, the beta linkages or glycosidic bonds tend to break
and open the glucose molecule rings. By-products of this
reaction include free glucose molecules, moisture (H,0),
CO, CO,, and organic acids [3].

Oxidative Degradation

The presence of oxygen (O;) promotes oxidation which
cellulose molecules are prone to. The reaction of oxidation
on these cellulose molecules causes the glycosidic bond to
weaken and can cause scission to the cellulose molecule
chain. Moisture (H,O) is the by-product from this oxidative
reaction [3].

Hydrolytic Degradation

With water and acids present, the glycosidic bond is
exposed to slicing which in turn produces free glucose [3].

Degradation By-Products

It can be observed that the immediate by-products related to
paper degradation are CO, CQO,, moisture (H,0), organic
acids and free glucose molecules. Presence of H,O and
organic acids in the mineral insulating oil can further
degrade the free glucose molecule into 5-hydroxymethyl-2-
furfuryl or SH2F [3].

SH2F is an unstable compound and can decompose further
into 4 other furaldehyde or Furans that includes furfuryl
alcohol (2FOL), 2-furaldehyde (2FAL), 2-acetyl furan
(2ACF), and 5-methyl-2-furfuryl (SM2F) [3].

H,O0 and organic acids, even though are produced through
paper insulation degradation, are also present due to other
reasons such as moisture leakage into the transformer,
mineral oil degradation, and absorption of O, from the
atmosphere.

USING THE BY-PRODUCTS AS INDICATORS
TO PAPER INSULATION CONDITION

From the previous discussion, CO, CO,, and Furans can be
regarded as appropriate indicators to paper insulation
condition. Furans are deemed appropriate as indicators to
paper insulation condition due to the fact that Furans are
exclusive by-products of paper degradation. [3,7].

CO and CO,

The formation of CO and CO, can be due to the
degradation of cellulose or paper insulation and such
formation increase rapidly with higher temperature. A ratio
of CO»/CO in Rogers Ratio Method of analysis is useful in
determining whether a fault is affecting the paper insulation.
It should be noted that Rogers Ratio Method of analysis
aids in analyzing fault i.e. gives an indication what
problems exist in the transformer rather than detecting fault.
Since CO and CO; can also be produced from mineral
insulating oil degradation, additional indicators, such as
Furans, are still needed to support the analysis using
CO,/CO ratios. [1]

CIRED2007 Session 1

Paper No 0784

Furans

Furans concentration has been shown to have direct links to
DP and TS of the paper insulation. Researchers have
concluded that Furans concentration increases over time as
more cellulose degrades over time. DP and TS, on the other
hand, decrease over time [5]. These two findings concluded
that ageing in paper insulation causes an increase in Furans
concentration found in the mineral insulation oil but at the
same time indicated that ageing reduces the DP and TS of

paper.

Studies have shown that of all the 5 Furans above, 2FAL
can be found in abundance if compared to the other
compounds [2]. It has also been proven that 2FAL is the
most stable of all Furans [8]. From these two findings,
2FAL can be considered as the choice indicator to paper
insulation degradation.

MATHEMATICAL MODELLING

Data from 16 selected transformers were used to develop a
mathematical model to help estimate the DP of paper
insulation based on CO, CO,, CO,/CO, and 2FAL as:

DP =f(CO, CO,; CO/CO,2FAL).........c.cccceeunnn.. (1)

Non-Linear Relationship between Age and
Degradation By-Products Concentration

The following non-linear relationships were observed
between the paper degradation by-products (CO, CO,,
2FAL) and the transformers age.

CO vs. AGE

700 L 2

o ¥ =478.4100%
CO oo R®=0.3075

0.00 10.00 20.00 30.00 40.00
AGE

Figure 2: Relationship between CO and Age

From Figure 2, the relationship between CO and Age can be
written as:
CO=Ae™™ i, )

and after applying log natural (In) to both sides of the
equation, Equation (2) can be simplified as:

Yl = aoXl A (3)
where Y, =Age and X; = InCO.
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Y= 26X Q7 (9)
CO, vs. AGE where Y, = Age and X, = In2FAL.
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Figure 3: Relationship between CO, and Age AGE

Similarly, Figure 3 illustrates that the relationship between
CO, and Age that can be written as:
COy=Ae™™ i, @)

and simplified as:
Yo = @)X F Q3 (5)
where Y, = Age and X; = InCO,.

CO,/CO vs. AGE
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Figure 4: Relationship between CO,/CO and Age

Figure 4 indicates the relationship between CO,/CO and
Age and can be written as:
CO/CO=Ae® (6)

and eventually, simplified as:

where Y3 = Age and X; = In(CO,/CO).

By wusing a similar approach, Figure 5 shows the
relationship between 2FAL and Age and can be written as:

2FAL = Ae B2 (8)

and simplified as:
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Figure 5: Relationship between 2FAL and Age

From the above relationships between the degradation by-
products (CO, CO,, 2FAL) and the transformer age, and
the fact that the paper insulation DP reduces over time,
Equation (1) can be written as :

DP=f (Y, Yo Y3 Ya)eoioioiiiiiiiiin, (10)

Weightages of the Degradation By-Products

During the paper degradation processes, the generation of
the CO, CO,, and 2FAL can vary depending upon
numerous factors such as the temperature, faults, and
chemical properties of paper. Thus, the weightages of the
degradation by-products are regarded to be differenti.e. ky,
ko, ks, and k, are weightages that are assigned to CO, CO,,
CO,/CO, and 2FAL respectively.

The mathematical modeling must also satisfy the boundary
condition as given below:
k1+k2+k3+k4=1 .............................. (11)

where k;, k,, ks, and k4 should be between 0.1 and 0.7.

Thus, to relate DP with CO, CO,, CO,/CO, and 2FAL, the
proposed mathematical model shall include the respective
weightages as follows:

DPZk]YI +k2Y2+k3Y3+k4Y4 ............... (12)

where Y,, Y,, Y53, and Y, is the relationship between AGE
and the concentration of CO, CO,, CO,/CO, and 2FAL
respectively. By applying Equations (3), (5), (7), and (9),
Equation (12) can be written as:

DP = k] (30X1+al) + kz (32X2+a3) + k3 (34X3+35) + k4
(AEX A7) ot (13)

Actual DP Measurement

With the paper extraction done on 5 transformers, actual DP
measurements are as in Table 1:
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No. | TXID Year of Service DP Value
1 3 21 825
2 4 21 945
3 7 18 940
4 8 18 985
5 9 13 921

Table 1: Actual DP Measurement

From the above measurement, there is a general trend
between transformer age and DP i.e. in normal operational
condition, the higher the age of a transformer, the lower the
DP value is. However, other factors such as exposure to
high fault current can influence the DP measurement as
shown by TX No. 9.

Development of the Mathematical Model

By using multiple linear regression technique and software
codes, the constants of the proposed DP Estimation
Mathematical Model are determined and Table 2 shows the
values of the weightages and constants:

Weightages Constants
k, | 0.40 a 98.89
k, | 0.10 a 0.02
k; | 0.10 ay | -668.42
k4 0.40 ag -72.21

Table 2: Values for Weightages and Constants
and
k1*31 + kz*a3 + k3*3,5 + k4*a7 =1127.68

Thus, the DP Estimation Mathematical Model is:

DP= (39.56)*InCO + (0.002)* InCO, + (-66.842)*
In(CO,/CO) + (-28.88)* In(2FAL) + (1127.68)

The values of the constants are obtained with high precision
with the calculated RMS error being 0.003851212.

Validation of the Mathematical Model

Based on the above DP Estimation Mathematical Model,
the calculated DP value is compared with the actual DP for
TX No. 8. The calculated DP is 1098.58 as compared to the
actual measurement of 985. The percentage error is
reflected in the MAE calculated as 8.72%.

CONCLUSION

This proposed multiple linear regression technique has
demonstrated its efficiency in developing a complex non-
linear real world function in order to estimate the DP of the
paper insulation. However, higher accuracy can be achieved
if unknown factors that can influence the results of this
mathematical model can be controlled and better samples
are used during the study.

From the mathematical model, it can be observed that

2FAL and CO has the higher weightages when compared to
CO; and CO,/CO. Such results can be expected since
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2FAL is an exclusive by-product of paper degradation
while CO is the major gas produced when cellulose is
exposed to high temperature thermal heating.

The above DP Estimation Mathematical Model can be
used to estimate the DP of the paper insulation and
eventually the age of transformers with a confidence level
of 91.28% and should be further developed to improve on
its accuracy.

REFERENCES

[1] June 2003, Transformer Maintenance in Facilities
Instructions, Standards, and Techniques,
Hydroelectric Research and Technical Services
Group, United States Department of the Interior
(Bureau of Reclamation), Vol. 3-30

[2] Sparling, B.D., April 2000, “Assessing the Life of the
Transformer - When Is It Time to ‘Pull the Plug?’”.
GE Syprotec Inc

[3] Unsworth, J., Mitchell, F., August 1990,
“Degradation of Electrical Insulating Paper Monitored
with High Performance Liquid Chromatography”.
IEEE Trans. On Electrical Insulation, Vol.25, No. 4,
737-746

[4] Emsley, A.M., Heywood, R.J., Ali, M., Xiao, X.,
November 2000, “Degradation of cellulosic in power
transformers. Part 4: Effects of Ageing on the tensile
strength of paper”. IEE Proc. Sci. Meas. Technol., Vol
147, No. 6, 285-290

[5] Thomas, P., Shukla, A.K., Raghuveer A.K., June 25-
29, 2001, “Ageing Studies On Paper — Oil to Assess
the Condition of Solid Insulation Used in Power
Transformer”, IEEE Int. Conf. on Solid Dielectrics,
69-72

[6] Blue, R., Uttamchandani, D., Farish, O., April 1998,
“Infrared Detection of Transformer Insulation
Degradation Due to Accelerated Thermal Ageing”.
IEEE Trans. On Dielectrics and Electrical Insulation,
Vol. 5, No. 2, 165-168

[7] Sans, J.R., Bilgin, K.M., Kelly, J.J., June 1998,
“Large-Scale Survey of Furanic Compound in
Operating Transformers and Implications for
Estimating Service Life”, IEEE Trans. On Electrical
Insulation, 553-543

[8] Allan, D., May 25-30, 1997, “Recent Advances in the
Analysis and Interpretation of Aged Insulation from
Operating Power Transformers”. Proc. 5" Int. Conf.

on Properties and Applications of Dielectric Materials,
202-205

Page 4/4



