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ABSTRACT In on-site measurement, as the transformer’s structure is often unknown, the application
of frequency domain spectroscopy (FDS) is greatly limited in moisture assessment of transformer. This
paper proposes a moisture assessment method for oil-immersed paper based on the dynamic characteristic
frequency even for an unknown transformer structure. FDS tests are performed on the oil-paper insulation,
corresponding oil-immersed paper, and mineral oil under different moisture conditions. The moisture
criterion of oil-immersed paper and the influence of the structural parameters on the calculated frequency
spectroscopy at different frequencies are discussed. It is concluded that the moisture criterion’s effectiveness,
which indicates the sensitivity of assessed moisture content to the error of the tand, changes at different
frequencies. Moreover, there are some frequencies at which tané is not influenced by structural parameters
and is close to the measured value, which are regarded as “‘characteristic frequencies.” Based on the
characteristic frequency, the moisture content of oil-immersed paper is assessed according to the frequency
spectroscopy of oil-paper insulation without the structural parameters. The result shows that the assessing
frequency changes under different moisture conditions, and the error of the assessed moisture content is less
than 0.1%.

INDEX TERMS Frequency domain spectroscopy (FDS), oil-paper insulation, oil-immersed paper, moisture

assessment, dynamic characteristic.

I. INTRODUCTION

The oil-immersed transformer is the crucial equipment in
power system. The major insulation of oil-immersed trans-
former is oil-paper insulation, and undergoes degradation
by several factors, such as thermal, electrical stresses, and
especially water content [1], [2]. Water content can not only
reduce the dielectric properties of transformer, but also accel-
erate the aging process and significantly shorten the trans-
former life [3], [4]. Therefore, it is essential to evaluate the
moisture content of the transformer.

The dielectric response diagnostic method due to non-
destructive property, are widely used in the field of
moisture assessment of oil-impregnated electrical equip-
ment, especially power transformers [5]-[7]. In time
domain, the dielectric response diagnostic methods include
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polarization/depolarization current (PDC) [8] and recovery
voltage measurement (RVM) [9]. In frequency domain, the
dielectric response diagnostic method mainly is frequency
domain spectroscopy (FDS) [10]. Due to the limitation
of measuring instruments, PDC and RVM can only indi-
cate the dielectric response of transformer below 1Hz [11].
Besides, RVM is inevitably influenced by leakage and sur-
face currents, according to the CIGRE brochure [12], [13].
Compared with the two dielectric response diagnostic tech-
nique performed in time domain, FDS has the advantage of
more abundant dielectric response information and robust-
ness against electronic interference, while taking more time
for measuring (50 minutes when the measuring frequency
is 1mHz~10kHz) [14]. Therefore, FDS is a better dielec-
tric response diagnostic method when the measuring time is
unstinted.

Using FDS, the frequency spectroscopy of a trans-
former’s major insulation is measured. Then, the frequency
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spectroscopy of oil-immersed paper can be calculated by
the transformer’s structural parameters [15]-[17]. Based
on the frequency spectroscopy of oil-immersed paper, the
transformer’s moisture content can be evaluated [18]-[24].
Though a lot of researchers have conducted extensive
research and proposed significant conclusions about the
moisture assessment, most of the research is moisture anal-
ysis based on the frequency spectroscopy of oil-immersed
paper. Few studies have been done on the extraction of oil-
immersed paper’s frequency spectroscopy and the moisture
evaluation of transformer with unknown insulation construc-
tion, which is common in the on-site measurement. There-
fore, the moisture content of transformer cannot be evaluated
based on the frequency spectroscopy of transformer, which
greatly limits the application of FDS in the field of moisture
assessment.

This paper proposes a moisture assessment method for
oil-immersed paper based on the dynamic characteristic fre-
quency to evaluate the moisture content with the unknown
structure of the transformer. The derivation of oil-immersed
paper’s frequency spectroscopy from oil-paper insulation is
introduced first. FDS tests are then performed on the oil-paper
insulation, corresponding oil-immersed paper, and mineral
oil under different moisture conditions. Then, the moisture
criterion of oil-immersed paper at different frequencies is
discussed. With the unknown structure of the transformer, the
influence of the structural parameters used in the calculation
on oil-immersed paper’s calculated frequency spectroscopy is
analysed. Finally, the moisture content is assessed according
to the frequency spectroscopy of oil-paper insulation without
the structural parameters.

Il. DERIVATIONOF OIL-IMMERSED PAPER’S FREQUENCY
SPECTROSCOPY FROM OIL-PAPER INSULATION

For most oil-immersed transformers, the major insulation
consists of insulating oil, oil-immersed paper, and spacers
used for propping the barriers and forming oil ducts, as shown
in Fig. 1(a) [25]. By concentrating the oil, oil-immersed
paper, and spacers, which are in different locations, the major
insulation of transformers can be further simplified as the XY
model [26], [27], which is shown in Fig. 1(b). X represents
the ratio of the thickness of oil-immersed paper to oil, and
Y represents the ratio of the width of the spacers to oil. For
most oil-immersed transformers, X is limited within the range
of 0.2-0.5, and Y is limited within 0.15-0.25.

The material of spacers is normally regarded as insula-
tion paper. Therefore, the XY model represents a typical
kind of oil-paper insulation. The relationship between the
complex permittivity of oil-paper insulation, mineral oil and

HV-winding
Oil-immersed .
paper Lo !
) ” HV-winding
Mineral Oil
Spacer 1-X oil Spacer
; Oil-immersed
LV-winding X paper
LV-winding
(a) Major insulation (b) XY model

FIGURE 1. Major insulation and XY model of oil-immersed transformer.

oil-immersed paper is as follows:

" 1-Y .
Ewhole = T—x | X __ + Y‘gpaper 1
S:il é‘;aper
where:
&k ole = complex permittivity of oil-paper insulation
8(’;1 = complex permittivity of mineral oil

SSaper = complex permittivity of oil-immersed paper.
Equation (1) can be expressed in the form of the quadratic

equation whose unknown is &5,

1-X)Y ., 1-X
* ;aper +d-X+XY - * E:Vhole)‘g;aper
€oil €oil
- Xg:;hole =0 2

. * * *
After measuring 3, . and %, €50, can be calculated as

(3), shown at the bottom of the page.

Asseenin (3), there are two solutions of £7,...., but only one
is reasonable, as it meets the condition that e, and g, o
are both positive. The proof goes as follows.
Define 8;aper = a(R; £ Ry).
where:
_ 4
T aa=xy @)
Ry ==Xk — (1 =Y +XY)ek (5)

Ry = v R% + 4a8j¢holeg(>)kil (6)

The relationship of R and R, can be written as follows:
2 2 2 2
Ry — Ry = R| — (R] +4aeygeeq1) = —4acypgecon  (7)

Define ey, |. = my — jny, ey = my — jna(m;, n; > 0,

i = 1, 2). Equation (7) can be written as follows:

R? — R} = dae’, .6k = —da(my — jny)(my — jng)

W
= —da(mimy —nyny — j(nimy + namy))  (8)
As0 <X < 1,0 <Y < 1, ais positive; therefore:
imag(R% - R%) >0 ©)]

Define the two solutions of &5,
Uy = alR1 + R2), U, = a(R; — Ry). By reduction

to absurdity, the following proves that there is only one of

w.

8;aper = (i\/((l Y+ XY)S:il - - X)‘g:/hole)2 +401 - X)YXS*holeS:;il

+d - X)S;kvhole -
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U, and U, that meets the condition that real(U;) > 0,
imag(U;) < 0, (i =1, 2).

Assuming real(U;) > 0, imag(U;) < 0, as a is positive,
according to (9), the relationship of R; and R, can be written
as follows:

real(Ry +Ry) > 0 (10)
real(R; — Ry) > 0 (11)
imag(R;1 + R2) < 0 (12)
imag(R; — R2) < 0 (13)
imag(R} —R3) > 0 (14)

Define R} = s1 —jt1, R2 = 52 — jt2. According to (10-14):

s1+s2 >0 (15)
S1 — 82 > 0 (16)
h—1n>0 (17)
1+ >0 (18)
sotr — s1t1 > 0 (19)
According to (15, 17):
S1H — Sty + st — 51t > 0 (20)
According to (16, 18):
S1t — S2tr + s1tp — sot1 > 0 21)

According to (20, 21), it is shown that s1#; > s2t>, which
contradicts (19). Therefore, there is only one of U; and U,
that meets the condition that real(U;) > 0, imag(U;) < 0
i=12).

As a result, according to (3), &5, can be calculated by
Enhole ANd €51 As &1, and ep, ., are both positive in only
one of the two solutions, the correct one can be easily chosen.

*

Ill. EXPERIMENTS

A. SPECIMEN PREPARATION

The mineral oil used in our experiments is 25# KARAMAY
oil, a widely used transformer oil. The insulation paper is a
kind of kraft paper provided by the transformer factory. The
material was dried first. Then, the mineral oil and insula-
tion paper were placed in a vacuum oven for 72h at 90°C/
50 Pa [28]. Afterwards, the moisture of the dried oil is 8 ppm,
and the moisture of the paper is 1.2%.

Following this, the insulation paper was placed in a temper-
ature humidity chamber to absorb moisture. The temperature
is 45°C, and the relative humidity is 80%. The weight of
the paper was constantly monitored to achieve the desired
moisture content. Five kinds of paper with different moisture
contents were made for experimental purposes.

Lastly, various types of oil-paper insulation with differ-
ent moisture conditions were made. The oil-paper insulation
comprised mineral oil and two types of insulation paper,
as seen in Fig. 2. The Type I paper was round and served as
the oil-immersed paper in the oil-paper insulation, while the
Type II paper was toroidal and served as the spacer.
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FIGURE 2. Insulation paper in oil-paper insulation.
TABLE 1. Insulation paper parameters.
Structural
Type I paper Type II paper parameters
D(mm) H(mm) D,(mm) Dsmm) Hy(mm) X Y
200 1 150 135 3 0.25 0.19

The diameter and thickness of these two paper types deter-
mined the structural parameters X and Y of the oil-paper
insulation, as shown in Table 1. The effective diameter of
the Type I paper should be the diameter of the measuring
electrode D4, which was 150 mm. The structural parameters
X and Y can be calculated as follows:

H
X = (22)
Hy
D2 —D?
Y 202 3 (23)
4

The insulation paper with different moisture contents and
the dried mineral oil were put into a sealed plate sample elec-
trode system at 45°C for moisture equilibrium. The moisture
equilibrium time for the oil-paper insulation sample is shown
in Table 2.

After the moisture equilibrium was reached, the moisture
content of oil and oil-immersed paper was measured, as seen
in Table 2. According to IEC 60814 standards [29], [30], the
measurement was performed by a Karl Fischer coulomet-
ric titrator (METTLER TOLEDO C10s & DO308), as seen
in Fig. 3.

The moisture content of oil can be directly measured by
putting 2ml oil sample into the titration vessel cell. The
moisture content of oil-immersed paper was measured by
putting 1g paper sample into the drying oven and heat the
sample to 100°C. The heating drives off all the moisture from
the sample to the titration vessel cell.

B. ELECTRODE SYSTEM

Two types of electrode systems were used in the experiments.
The plate sample electrode system was used to measure
the dielectric response of the oil-immersed paper and oil-
paper insulation. The liquid sample electrode system was
used to measure the dielectric response of the mineral oil.
Both electrode systems were comprised of three electrodes:
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TABLE 2. Moisture content of oil and oil-immersed paper in the oil-paper
insulation with different moisture conditions.

Sample
Code

Moisture
equilibrium 6h 24h 2d 4d 7d
time

A B C D E

Moisture
content of 1.1 2.1 34 45 55
paper (%)
Moisture
content of 10 15 22 30 42
oil (ppm)

FIGURE 3. Karl Fischer coulometric titrator.
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(b) Actual photograph
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FIGURE 4. Plate sample electrode system.

voltage electrode, measuring electrode, and guard electrode.
The electrode material was copper.

The plate sample electrode system is shown in Fig. 4. The
diameter of the measuring electrode was 150 mm. The gap
between the voltage and measuring electrodes depended on
the thickness of the oil-immersed paper and spacer, which
was 4mm.

The liquid sample electrode system (HIOKI SME-8330) is
shown in Fig. 5. The width of the oil gap is Imm, the radius
of the measuring electrode was 15mm, and the height of the
measuring electrode was 51mm.

C. FDS TEST

The FDS test system of the oil-immersed paper, mineral
oil, and oil-paper insulation employing a frequency domain
dielectric response tester (Megger IDAX 300) is shown in
Fig. 6. The HI port of the IDAX 300 connected to the voltage
electrode of the plate or liquid sample electrode system.
The ground port and LO port of the IDAX 300 connected
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FIGURE 5. Liquid sample electrode system.

to the guard and measuring electrodes, respectively, by a
coaxial line. The black part of the FDS test system had the
equipotential connection with the LO port of the IDAX 300.
This part was vulnerable to electromagnetic interference of
the test system. Thus, it was fully protected by the guard
electrode and shield layer of the coaxial line, which effec-
tively prevented electromagnetic interference and guarantee
the accuracy of measurement. The maximum amplitude of
the applied voltage was set at 200 V, and the frequency range
of the test was from 1 mHz to 1 kHz.

Voltage
_ Measuring electrode
electrode ™ ‘/
—

. Coaxial
connector

Insulation Diagnostic
Analyzer IDAX 300

FIGURE 6. FDS test system.

For every oil-paper insulation sample with different mois-
ture contents, the FDS of the oil-paper insulation, oil-
immersed paper, and mineral oil were measured at 45°C.
After measuring the FDS of the oil-paper insulation using
the plate sample electrode system, the spacer of the oil-paper
insulation was removed, and the oil-immersed paper’s spec-
troscopy was measured. Next, a 25-ml mineral oil sample was
taken from the plate sample electrode system and measured
by the liquid sample electrode system.

IV. EXPERIMENTAL RESULTS AND MOISTURE
CRITERION DISCUSSION
A. EXPERIMENTAL RESULTS AND VERIFICATION
OF XY MODEL
The frequency spectroscopy of the oil-paper insulation sam-
ples with five different moisture contents (Samples A-E) is
shown in Fig. 7. The frequency spectroscopy of the corre-
sponding oil-immersed paper and mineral oil is shown in
Fig. 8 and Fig. 9.

According to the XY model and (3), with the known insu-
lation structural parameters X and Y, oil-immersed paper’s
frequency spectroscopy can be calculated by the frequency
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FIGURE 7. Frequency spectroscopy of oil-paper insulation sample with
different moisture contents.
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FIGURE 8. Frequency spectroscopy of oil-immersed paper in oil-paper
insulation with different moisture contents.
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FIGURE 9. Frequency spectroscopy of mineral oil in oil-paper insulation
with different moisture contents.

spectroscopy of the corresponding oil-paper insulation and
mineral oil. The comparison of the calculated and measured
frequency spectroscopy of oil-immersed paper is shown in
Fig. 10. The solid and dotted lines indicate the measured and
calculated frequency spectroscopy of oil-immersed paper,
respectively.

Rca1 and Rynea are defined as the calculated and measured
frequency spectroscopy of oil-immersed paper, respectively.
The relative error of the calculated frequency spectroscopy
compared with the measured value can be written as follows:

Aerror = M (24)
Rmea

Fig. 11 shows the relative error of oil-immersed paper’s
calculated frequency spectroscopy compared with the mea-
sured value. In most moisture and frequency conditions, the
relative error of the calculated frequency spectroscopy is less
than 20%. The relative error increases at low frequency and
high moisture content, but oil-immersed paper’s calculated
frequency spectroscopy generally agrees with the measured
value.

Therefore, with the known insulation structural parameters
X and Y, according to the XY model, oil-immersed paper’s
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FIGURE 10. Comparison of calculated and measured frequency
spectroscopy of oil-immersed paper.
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FIGURE 11. Relative error of oil-immersed paper’s calculated frequency
spectroscopy compared with measured value.

frequency spectroscopy can be calculated from the oil-paper
insulation with minor deviation.

B. MOISTURE CRITERION OF OIL-IMMERSED PAPER

Fig. 8 shows that oil-immersed paper’s frequency spec-
troscopy with different moisture contents varies at different
frequencies. According to the frequency domain dielectric
response, the moisture content of oil-immersed paper can be
assessed. The moisture criterion is based on the dielectric
dissipation factor (tand) to avoid the influence of the size of
oil-immersed paper.

Fig. 12 depicts the measured tané of oil-immersed paper
with different moisture contents. It is seen that except for the
tand curve with 5.5% moisture content at low frequency, the
tand increases monotonously with the increase of the mois-
ture content. Therefore, the moisture content can be assessed
by the tand of oil-immersed paper.
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FIGURE 12. tan$ curves of oil-immersed paper with different moisture
contents.
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FIGURE 13. Relationship between moisture content of oil-immersed
paper and tans at different frequencies.
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FIGURE 14. Moisture assessment of calculated oil-immersed paper
frequency spectroscopy at different frequencies.

Fig. 13 shows the relationship between the moisture con-
tent of oil-immersed paper and tan § at different frequen-
cies, which is also the moisture criterion. According to the
calculated frequency spectroscopy of oil-immersed paper in
Fig. 10, the assessed moisture contents based on the mois-
ture criterion at different frequencies are shown in Fig. 14.
Compared with the measured moisture content, oil-immersed
paper’s assessed moisture content error is small under most
moisture and frequency conditions.

There are three types of moisture-frequency conditions
in which the moisture assessment is not good enough.
In Condition I, where the moisture content is higher than
4.5%, and the frequency is lower than 0.01Hz, the moisture

15188

content cannot be assessed because the tans of oil-immersed
paper does not increase monotonously with the increase of the
moisture content, as seen in Fig.12. In Conditions II and III,
where the moisture content is higher than 4.5%, and the
frequency is between 2Hz and 20Hz, or the moisture content
is lower than 3.4%, and the frequency is higher than 200Hz,
the moisture assessment error is larger than those in the other
conditions because the tand of oil-immersed paper is not
sensitive to the moisture content. A slight change of tand may
greatly influence the moisture assessment. The effectiveness
of the moisture criterion depends on the slope of tand to the
moisture content, which is defined as follows:

= 0 log;o(tan §) 25)
aom
where m is oil-immersed paper’s moisture content.
Fig. 15 intuitively shows the relationship between x and
oil-immersed paper’s moisture content at different frequen-
cies. In Condition I, the color is pure white, which indi-
cates that x is negative, and the moisture content cannot be
evaluated. In Condition II, III, and IV, the color is lighter
than those in the other conditions, which indicates that x is
smaller and the moisture assessment is more susceptible to
the relative error of the tandé of oil-immersed paper. In other
conditions, the tand is sensitive to moisture content, and the
moisture content can be assessed with small error. The best
frequency band to evaluate the moisture content of paper is
[20, 100] Hz, as the tand of oil-immersed paper is always
sensitive to the moisture content under all moisture condition.

1 X
61 1 4
B 5( ; 0.3
=
84
3
0.1
23 111
2
Z
[=]
=2 0.03
1
L I | I I | =5
10° 102/ 10" 10° 10! 102 10° 104
v
Frequency (Hz)

FIGURE 15. Relationship between x and moisture content of
oil-immersed paper at different frequencies.

Therefore, according to the moisture criterion proposed,
under most moisture and frequency conditions, the moisture
content of oil-immersed paper can be assessed by the tand of
oil-immersed paper at any frequency.

V. MOISTURE ASSESSMENT OF OIL-IMMERSED PAPER
BASED ON DYNAMIC CHARACTERISTIC FREQUENCY

A. INFLUENCE OF STRUCTURAL PARAMETERS ON
OIL-IMMERSED PAPER’S CALCULATED

FREQUENCY SPECTROSCOPY

Section A of IV shows that with the known insulation struc-
tural parameters X and Y, oil-immersed paper’s frequency
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spectroscopy can be calculated from the oil-paper insulation
with minor deviation. However, in on-site measurement, due
to the unknown structure of the transformer, X and Y cannot
be determined and may not be the actual structural parame-
ters. This section discusses the influence of X and Y on oil-
immersed paper’s calculated frequency spectroscopy for the
given frequency spectroscopy of oil-paper insulation.

For the measured frequency spectroscopy of oil-paper
insulation in Fig. 7, according to (3), oil-immersed paper’s
calculated frequency spectroscopy using different X and Y
is shown in Fig. 16 and 17. Fig. 16 shows the influence of
X and Y with low moisture content, while Fig. 17 shows the
influence of X and Y with high moisture content. X = 0.25,
Y = 0.19 are the actual structural parameters of the given
oil-paper insulation.

7 : . ; :
—— X=0.25Y=0.19 —>— X=0.35Y=0.2
X=02Y=015 —<— X=0.35Y=0.25
| —4—X=02,Y=02 —%— X=0.5Y=0.15
- A X=02,Y=0.25 —4— X=05Y=02
= v X=0.35Y=0.15 —— X=0.5,Y=0.25
Saf
2af
1073 102 107! 10° 10! 102 10° 10
Frequency (Hz)
(a) Real part of complex permittivity
102 . T T .
—e— X=0.25Y=0.19 —>— X=0.35,Y=0.2
1 X=0.2Y=0.15 —<— X=0.35,Y=0.25 | |
10 —4—X=02Y=02 —— X=05Y=0.15
=) A X=02Y=025 —+— X=05Y=0.2
> 1 00{ v X=035Y=0.15 —+— X=0.5Y=0.25
=
E 10"
[P
(=9
102
107 3 2 1 0 1 2 3 4
107 10" 10° 10 10 10 10 10

Frequency (Hz)

(b) Imaginary part of complex permittivity

FIGURE 16. Calculated frequency spectroscopy of oil-immersed paper
with 1.1% moisture content using different X and Y.

As seen in Fig. 16, under the 1.1% moisture content con-
dition, at 1073-10~2Hz and around 10 Hz, X and Y have
little influence on oil-immersed paper’s calculated frequency
spectroscopy. At other frequencies, the error of the calculated
frequency spectroscopy increases with the deviation of X
and Y compared with the actual structural parameters. When
X = 0.2, Y = 0.15, the calculated frequency spectroscopy
is even negative at 1072-10°Hz and cannot be represented
in log-log coordinates. Under the high moisture condition
seen in Fig. 17, different X and Y increase or decrease oil-
immersed paper’s whole calculated frequency spectroscopy.
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FIGURE 17. Calculated frequency spectroscopy of oil-immersed paper
with 5.5% moisture content using different X and Y.

Fig. 18 shows the tand curves of oil-immersed paper’s
calculated frequency spectroscopy using different X and Y
under different moisture conditions.

B. ANALYSIS OF MOISTURE ASSESSMENT RESULTS

As shown in Fig. 18, when the moisture content is 1.1%,
at 1073-10~2Hz and around 10 Hz, the tand of oil-immersed
paper’s calculated frequency spectroscopy using different X
and Y is rather close to the measured tand. According to the
moisture criterion in Fig. 13, the moisture assessment result
is 1.1% at these frequencies regardless of the X and Y used.
On the contrary, the moisture assessment result could be 2.1%
at 0.1Hz when X = 0.5, Y = 0.25.

Under other moisture conditions, for the tand curves of oil-
immersed paper’s calculated frequency spectroscopy using
different X and Y with moisture content of 1.1%, 2.1%, 3.4%
and 4.5%, there are some frequencies at which tand is not
influenced by X and Y and is close to the measured value.
These frequencies are the ““characteristic frequencies” in the
moisture assessment.

The ““characteristic frequency” is the frequency at which
oil-immersed paper’s tand is equal to that of the mineral oil
in the oil-paper insulation. At these frequencies, the tand of
oil, oil-immersed paper and oil-paper insulation are the same.
The proof goes as follows.

As tan8paper = tand,i, define 8]’;a or =Mm—jn, ek = C(m—
jn) (m,n > 0,0 < C < 1). According to (1), &* can be

whole
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FIGURE 18. tans of calculated frequency spectroscopy of oil-immersed
paper using different X and Y under different moisture conditions.
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FIGURE 19. Ratio of tans of mineral oil to that of oil-immersed paper in
oil-paper insulation.

TABLE 3. Characteristic frequencies with different moisture contents.

Moisture
content (%) 1.1 2.1 34 45 55
Characteristic | v spmp 002Hz  0.2Hz /
frequency I
x(f) 0.34 0.63 0.51 0.63 /
Characteristic 20Hz 2z 0.5Hz / /
frequency II
x(f) 0.79 0.65 0.42 / /

written as follows:

. I—y _
Ewhole = ~1_x x T Y(m — jn)
C(m—jn) m—jn
Y L hm-in @6
=\ m—1n
1-X)/C+X ]

Therefore, when tandyi = tandpaper, tandpaper and tandwhole
are always the same and not influenced by X and Y. The
ratio of the tand of mineral oil to that of oil-immersed paper
is shown in Fig. 19. The characteristic frequencies are the
frequencies at which the ratio is near 1. The characteristic
frequencies with different moisture contents are shown in
Table 3. There are two characteristic frequencies of each tané
curve under the low moisture condition. With the increase of
the moisture content, the characteristic frequencies approach
0.1Hz gradually. When the moisture content of paper is 5.5%,
tandoil/tandpaper < 1 at all frequencies, which indicates that
there is no characteristic frequency within [10~3, 10*] Hz.

According to (25), x is defined as the slope of the tan§
curves of oil-immersed paper to the moisture content, which
indicates the sensitiveness of the assessed moisture to the
calculated tan$. The bigger x is, the less sensitivity of the
assessed moisture to the error of tand. The x of the charac-
teristic frequencies for each moisture content is also shown
in Table 3. Therefore, as there are two characteristic frequen-
cies when the moisture content is less than 4.5%, the better
characteristic frequency can be chosen.
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TABLE 4. Moisture assessment result with different moisture conditions.

Moisture
content (%) 1.1 2.1 34 4.5 5.5
Assessing 20Hz 2Hz  002Hz 02Hz  500Hz
frequency
tang 0.0038 0.054 1.69 1.26 0.246
Assessed
moisture (%) 1.14 22 348 4.52 5.46
Anisture (%0) 3.6 47 2.4 0.4 -0.7

When the moisture content is 5.5%, there is no character-
istic frequency within [1073, 10%] Hz. But the best accessing
frequency can still be chosen based on . As seen in Fig. 20,
the maximum of x is 0.877 when the frequency is 500Hz,
which is the assessing frequency.

2 T T

—8—55%

Assessing Frequency

)(max=0. 877
/=500Hz 1

107 102 107 100 10 102 10% 104

Frequency/Hz

FIGURE 20. Relationship between x and frequency with 5.5% mositure
content of oil-immersed paper.

Therefore, for the measured frequency spectroscopy of
the oil-paper insulation in Fig. 7, assuming the structural
parameters are unknown, the frequency for the assessment
of moisture content and the assessed moisture content are
shown in Table 4. The relative error of the assessed moisture
compared with the actual value is defined as:

Nass — Mact

x 100% Q27)

Amoisture =
Mact

where:

mass = assessed moisture content

mact = actual moisture content

As seen in the table, the relative error of assessed mois-
ture content is rather small. It is concluded that without the
structural parameters of the oil-paper insulation, the moisture
assessment based on the dynamic characteristic frequency is
effective.

VI. CONCLUSION

This paper proposed a moisture assessment method for oil-
immersed paper based on the dynamic characteristic fre-
quency to evaluate the moisture content with the unknown
structure of the transformer. The moisture criterion of oil-
immersed paper at different frequencies was discussed, and
the influence of the structural parameters on oil-immersed
paper’s calculated frequency spectroscopy was analysed. The
moisture content of oil-immersed paper was assessed accord-
ing to the frequency spectroscopy of the oil-paper insulation

VOLUME 10, 2022

without the structural parameters. The main conclusions are
as follows:

1) With the known insulation structural parameters X
and Y, oil-immersed paper’s frequency spectroscopy can be
calculated from the oil-paper insulation with minor deviation
compared with measured frequency spectroscopy.

2) Under most moisture and frequency conditions, oil-
immersed paper’s moisture content can be assessed by tand
at any frequency. The effectiveness of the moisture criterion,
indicating the sensitivity of assessed moisture content to the
error of tan§, changes at different frequencies with different
moisture contents.

3) With the unknown structure of the transformer, the
influence of the structural parameters used in the calculation
on the tan$ of oil-immersed paper differs. There are some
frequencies at which tand is not influenced by structural
parameters and is close to the measured value, which are
regarded as ‘“‘characteristic frequency.”

4) Based on the characteristic frequency, oil-immersed
paper’s moisture content can be assessed according to the
frequency spectroscopy of the oil-paper insulation without its
structural parameters. The assessing frequency changes under
different moisture conditions, and the error of the assessed
moisture content is less than 0.1%.
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