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Experience With Return Voltage Measurements
for Assessing Insulation Conditions
In Service-Aged Transformers

Tapan Kumar Sah&enior Member, IEEEBnd Zheng Tong Yadviember, IEEE

Abstract—This paper describes the investigation of the insula- electrical and mechanical properties and the effect of oxidation
tion condition of a number of power and distribution type trans-  on the degradation process. The results have been described in
fo_rmers of(_jlfferent manufacturing dates and with different oper- a number of papers [5], [8]. In this research we have also in-
ating histories. Return voltage measurements were conducted for . N
these transformers. Effects of moisture and aging on the oilpaper v_estlgated a number of power a_nd distribution transformers of
insulation of these transformers were investigated and results are different manufacturing dates with the return voltage measure-
presented in this paper. Moisture in oil samples at known tempera- ment technique. Results obtained from these measurements on
ture was measured for these transformers. Previously accelerated fy|| transformers will be presented in this paper. A comparison

aging experiments were performed on paper wrapped insulated ot ragyyits with those obtained form the accelerated aging exper-
conductors in different environments over a temperature range of . . . .
iments will be also be investigated.

115to0 145°C. Results from the measurements on transformers are L .
compared with those of the accelerated aged samples and are de- These transformers were owned by local transmission/dis-

scribed in this paper. tribution and generation companies, and hence, we had lim-

Index Terms—Condition monitoring, dielectric measurement, 'ted_ access. For obvious reasons, we did not have any oppor-
insulation aging, insulation life, molecular weight, polarization, tunity to open the tanks of these transformers for collecting
power transformer, transformer insulation. paper/pressboard samples. Hence, molecular weight measure-
ments by either traditional viscosity measurements (for DP cal-
culation) or by gel permeation chromatography measurements
(for molecular weight distribution) were not investigated on any

N RECENT years, there has been a growing interest in tpaper/pressboard samples from these transformers. The corre-

condition assessment of transformer insulation. Primarilgtion between RV parameters and the molecular weight mea-
this is due to the increasingly aged population of transformersgnrements based on accelerated aged samples also will be ana-
utilities around the world. A large proportion of existing powelyzed in this paper to further explain the results obtained from
transformers within electric utilities are approaching the end e full-size transformers.
their design life. Many, perhaps most, seem to be operating satThe oil samples were collected from transformer tanks at am-
isfactorily. However, insulation degradation continues to betent temperatures and moisture contents of oil samples were
major concern for these aged transformers. Insulation materialeasured by the Karl Fischer titration technique. The moisture
degrade at higher temperatures in the presence of oxygen aodtents of solid insulation can be estimated by standard equi-
moisture. The degradation from thermal stress affects electrididrium curves [2]. Some insight into the aging and moisture
chemical, and mechanical properties [9]. impacts on RV parameters will be described in this paper.

In our previous research projects, two comparatively new di-
agnostic technigues were investigated for analyzing the con-
dition of accelerated aged cellulose insulation. These are: in-
terfacial polarization spectra (IPS) measurement by the returnVhen a direct voltage is applied to a dielectric for a long pe-
voltage (RV) method and measurement of molecular weight di¢od of time, and is then short circuited for a short period, after
tribution by gel permeation chromatography (GPC). The resufgening the short circuit, the charge bounded by the polarization
from these experiments have been presented elsewhere [3], il turn into free charges i.e., a voltage will build up between
[6]. In our recent research project, accelerated aging expdhe electrodes on the dielectric. This phenomenon is called the
ments were completed under air and nitrogen environments ot/ voltage. Now, the process of polarization and the equa-
the temperature range 115—-1%5. tions to describe this process will be described in detail [12],

The objectives of these experiments were to study the nat{#8]-
of cellulose and oil degradation, the deterioration of chemical, When a dielectric material is charged with an electric field

the material become polarized. The total current dengity
is the summation of the displacement current density and the

Manuscript received May 16, 2001; revised April 18, 2002. conduction current density, which is given by
The authors are with the School of Information Technology and Electrical
Engineering, The University of Queensland, Brisbane, Australia (e-mail:
saha@itee.uq.edu.au; zheng@itee.uqg.edu.au). . dD
Digital Object Identifier 10.1109/TPWRD.2002.803722 J(t) = oE(t) + —- 1)

. INTRODUCTION
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whereos is the dc conductivity, and(¢) is the electric displace- TABLE |

ment given by (2) SET OF CHARGING/DISCHARGING TIMES USED FORRV MEASUREMENT
D(t) = eE(t) + AP(t) = e,,E(t) + AP(t) ) ?hargmg time (s) (I))lsscharglng time (s)

where ¢, is the vacuum permittivity, and,. is the relative 2 ;

permittivity at power frequency (typically 4.5 for cellulose 8 2
paper/presshoard and 2.2 for transformer hydrocarbon oil).  Continued until peak value of the max. RV is obtained
The termA P(t) is related to the response functig(t) by the
convolution integral shown in

. open circuited dielectric. Equation (8) shows that the return
AP(t) = ¢, / f(t = 7)E(r)dr. (3) Voltage depends on the conductivity relative permittivitye,.

Jo and dielectric response functigfift). These parameters are all
affected by aging and moisture in the insulation. The response
function can be obtained from the polarization and depolariza-
tion currents. These currents depend on the geometric capaci-

Fpolarization = B (0 + €0 f(1)). (4) tance and on the applied step excitation. The response function
and conductivity can be calculated from equations (5) and (6)
If we consider the case where an insulation system with gabthe geometric capacitance of the transformer composite insu-
metrical capacitanc€’, is exposed to a step voltag€,, the lation C, is known. If the proper geometry of the transformer

If we expose the insulation to a step voltage at time 0 the
charging current density is given by

charging/polarization current can be given by oilpaper insulation is known then by solving (8), return voltage
for a transformer can be estimated. The return voltage also de-

ipolarization = CoUu {i + f(t)} ) (5) pends on the applied electric field and if the dielectric material
€o is assumed to be linear this problem is resolved easily for the

If the step voltage is now disconnected from the insulation interpretation of results [7]. A modeling tool can be very useful
to investigate the impact of geometry on RV results.

idepolarization = _COUH, {f(t) - f(t + t(‘,harging)} (6)

gives the discharging/depolarization current. The charging time ) ] i
normally should be at least ten times larger than the time forAN @utomatic experimental set up was developed and imple-
which the response function is calculated then the second tdfgnted to measure the return voltage of a two terminal dielec-
in (6) can be neglected. Therefore, the response fungtjion rc system [8]. The charging voltag(_a was 1QOO \Y QC. Adsorbed
becomes proportional to the depolarization current. Hence, th@isture and temperature of the oilpaper insulation affect the
response function and conductivity can be calculated simulf&iurn voltage measurement. Therefore, the return voltage mea-
neously by using polarization and depolarization currents. Vepirement was always conducted at ambient environmental con-
often, the response function needs to be expressed in a paraf#iens (20-30), and after each measurement, the moisture con-

terized form. The response function can be written in the genef@t of the oil was measured with known oil sampling tempera-
form ture. Our experience suggests that RV measurement result is not

very reproducible at relative humidity above 70%. To eliminate
#_ (7) this problem, all measurements were conducted at ambient con-
(o) + ()™ dition of lower than 70% relative humidity. One thousand volt
. . dc was applied for a preselected charging time between shorted
The response funcpon describes the funda_ment_al memory prﬁﬁ?nary terminals and shorted secondary terminals. Then, the dc
erty.of any d|electr.|c systg m and can provide S|gr_1|f|cant mfos: pply was turned off and the shorted primary—secondary termi-
Zi]?(;[l'ﬁtn azogaé?ee'fouﬁgzg rt?attirelzal.oﬁtr?zract)irc))in\l/\r/]iﬁ ttSren Sizfr'i Is were short circuited together to discharge through ground
' 9 y P fora preselected time. After this discharge time, the short circuit

free charges i.e., a voltage will build up between the electrod\%s removed and the open-circuit voltage between the shorted
on the dielectric. This phenomenon is the return voltage. T

; . . imary and secondary side was measured. This voltage is the
return voltage arises from the relaxation processes inside the

. . . . return voltage.
electric materlgl. The current density during the return voltageAS interfacial polarization is predominant at longer time con-
measurement is zero and

stants, the spectrum of the return voltage was investigated by
P dD d changing the charging and discharging times over a range of
i) =oE() + dt oE(t) + E(E"a”E(t) +AP() times greater than 0.5 s until the peak value of the maximum re-
. d 't turn voltage was obtained. The ratio of charging and discharging
J(t) =0 B(t) + EOETEE(t) T {/0 ft - T)E(T)dT} time was two [11]. Table | shows a set of charging and dis-
(8) charging times used for RV measurement.
A typical return voltage wave shape from a retired 25-MVA

gives the expression of current density, whei@) is the elec- transformer is shown in Fig. 1. The relevant parameters (max-
tric field resulting from the return voltage build up across thenum return voltage, initial slope and central time constant—the

I1l. RETURN VOLTAGE MEASUREMENTSTECHNIQUE

ft) =
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25 MVA transformer, charging time 64 second
;
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Fig. 1. Typical return voltage wave shape from a retired transformer. 0.1 1 10 100 1000
Central time constant-Time (s)
TABLE I

Fig. 2. Spectra of maximum return voltage for transformers T1-T4.
DETAILS OF THE TRANSFORMERSINVESTIGATED

Identity Capacity | HV LV Year of 7

No MVA KV KV Manufacture —6— 1MVA 1952 inilial slope(T1)

Tl 1 10.5 0415 [ 1952 00 | 7 Vv 1955 it e 12

T2 1.5 33 11 1955 = - =X- - 1.5MVA 19686 initial slope (T4)

T3 1.5 33 11 1955 $® :

T4 1.5 33 11 1966 E"’ AR

T5 2 11 3.3 1953 % : :
T7 5 33 11 1960 Z‘;‘ 2

T8 5 33 11 1965

T9 5 33 11 1966 10 [

T10 10 33 11 1983 . : ) ;
T11 25 33 11 1997 0.1 1 10 100 1000
Ti12 145 295 13.8 1971 (new*) Central time constant-Time (s)

Fig. 3. Spectra of initial slopes for transformers T1-T4.
time at which the return voltage is maximum) are identified in
Fig. 1. Initial slope is the slope of the return voltage graph (with TABLE Il

linear approximation) for first few seconds. SUMMARY RESULTS OFRV MEASUREMENTSFROM TRANSFORMERST1-T4
Then the spectra of maximum return voltage and the initial
slope were plotted versus the central time constant (the time at Transfor | Peak max. | Central | Initial | Oil Water | Temp.

. . . mer Return Time Slope Content 0il
which the return voltage is maximum). The peak value of the voltage Constant | (Volt/s) | (PPM) Sample
maximum return voltage (from the return voltage spectrum) and = (1‘;°15‘) %?4 = % (3 g)
the corresponding initial slope (from the initial slope spectrum), 5 %o 28 %0 57 31

along with central time constant (from either of the spectrum), 3 70 e o4 28 34
are the parameters used to assess the insulation condition from Tz 51 164 16 24 30
the return voltage measurements [6], [7], [11]. Details of the
transformers tested are shown in Table Il.

and age (based on the manufacturing year of 1955) produced

V. RESULTS almost identical return voltages.

Fig. 2 and Table Ill show that the variation of the central
time constant for different transformers is very significant. For

Return voltage measurements were carried out on four tratrensformer T4, the central time constant is 164 s (still rising),
formers of ratings up to 1.5 MVA. They are identified as T1, T2and for transformers T2 and T3, it is only 48 and 47 s, respec-
T3, and T4 in Table Il. The spectra of maximum return voltagively, whereas for transformer T1, it is only 0.4 s. In general,
and initial slopes for transformers T1-T4 are presented in Figsh2 central time constant decreases sharply with aging and mois-
and 3, respectively. Summary results from the RV spectra meare content [5]-[7]. However, the individual impact of moisture
surements (from Figs. 2 and 3) are presented in Table lll.  and aging on RV result cannot be predicted from this result. T1

It can be observed from Table Ill that there was a consitias higher moisture content compared to the other three trans-
erable variation in peak maximum return voltage for differeribrmers. In particular, for the oldest transformer T1 (based on
transformers. Two transformers (T2 and T3) of the same ratinganufacturing date), the central time constant dropped sharply.

A. Transformers of Ratings 1-1.5 MVA
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Table 11l shows that the variation of the initial slopes for dif- 7 :
ferent transformers is also very significant. From the results, it o | TTZMVAISSIMAXRV(TS) |
is also clear that peak maximum return voltage and initial slope =~ 3.15 MVA New MAXRV (Te)] |\,
have some dependency on the rating of the transformer (for dif- so : T
ferent geometric capacitance and insulation resistance).

It has been reported by Gafvet al.[12] that the geometric
capacitance of a core type transformer can be estimated by the
cylindrical capacitance as given in (9), shown below, where
is the average winding height amg andr; are, respectively,
the inner and outer radius of the insulation between windings.
If the design of the transformers insulation is available, the geo-
metric capacitance can be calculated. Otherwise, geometric ca- Central time constant-Time (s)
pacitance can be estimated by measuring the capacitance be-
tween the measured electrodes (same as during RV meastig4. Spectra of maximum return voltage for transformers T5 and T6.
ments) and dividing by the effective permittivity of the combi-

40 [ o e e e e

/
8
: |
s Lo gy ]
/

: ’
; /

Maximum return voltage (V)

100

nation of materials. From (9) " i
€o2mh
=— 9 _

*= Toa(ry/ra) ©) 2
it is observed that the geometric capacitance varies with the in- 2‘
sulation structure, which is dependent on the MVA rating. We 5
did not measure capacitance during RV measurement and the E
design of these transformers was not available. Therefore, we N prarrrere——— ]
find it hard to compare the initial slope result of a 1-MVA trans- 5= 3.15 MVA New Initial stope (T6) | °
former to those of 1.5-MVA transformers without any normal- 0

1 10 100

ization. A modeling tool can help to explain this problem and
we are investigating this in our current research project. T2 and
T3 showed almost identical results in all respects, including thg. 5. Spectra of initial slopes for transformers T5 and T6.
oil moisture content. However, T4 shows lower peak maximum

return voltage, lower initial slope and longer central time con- s 1 T T
stant compared with those of T2 and T3. T4 has slightly lower :

Central time constant-Time (s)

\ H
moisture content compared to T2 and T3. Their oil sampling 40 [ ";'5"\ S ]
temperatures were also in a similar range (30233 Finally, ; N :
it can be concluded that transformer T1 shows a combined high op e Vo ]
level of insulation degradation and high moisture level. Simi- Tf' AN

20 fooeeee

larly T2 and T3 in the 1.5 MVA group have shown relatively
higher insulation degradation and slightly higher moisture level
compared to T4. As mentioned previously, the RV parameters
change due to moisture and aging. The moisture content of oil
samples shows this dependency. However, the direct impact of ’ ] o 00 1000
aging on RV parameters cannot be quantified based on this mea- Central time constant-Time (s)

surement results. For this reason a number of authors suggested

some form of equivalent moisture content due to the combinEl- 6. Spectra of maximum return voltage for transformers T7-T9.
effect of moisture and aging [11]. We are currently conducting a

—6—5 MVA 1860 Max RV (T7)
-B— 5MVA 1965 Max RV (T8)
—0— 5 MVA 1966 Max RV (T9)

Maximum Return Voltage (V)

group of experiments to separate the impact of aging and mois- * ' ’ :

ture on RV parameters. Hopefully, some preliminary findings 30 ]

will be reported in the CIGRE 2002 Paris Session. = 2 1

S

B. Transformers of Ratings 2-5 MVA g’“ E
Return voltage measurements were carried out on five trans- “7’_6 1 E

formers of ratings between 2-5 MVA and are identified as T5, 2, | E

T6, T7, T8, and T9. The spectra of maximum return voltages - _G_SMVA'MD’WW prpmy (98

and initial slopes for transformers T5 and T6 are presented in * 1 22 SMVA 1888 Inkia siope (TE) I

Figs. 4 and 5, respectively. The spectra of maximum return volt- 0 i

0.1 1 10 100 1000

ages and initial slopes for transformers T7-T9 are presented in Central time constant-Time (s)

Figs. 6 and 7, respectively. Summary results from the RV spectra
measurements (from Figs. 4-7) are presented in Table IV. Fig. 7. Spectra of initial slopes for transformers T7-T9.
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TABLE IV e T
SUMMARY RESULTS OFRV MEASUREMENTSFROM TRANSFORMERST5-T9 >
g 80
Transformer | Peak Central Initial oil Temp. S
max. Time Slope Water 0il IS
Return Constant | (Volt/s) Content Sample c 6o
voltage (s) (PPM) °C) 2
(Volt) °
T5 10.5 2.3 12.3 18 32 g ‘0
T6 62.3 62 11 28 30 E \
T7 23 1.9 20.5 23 28 é 2 “"# —o— 10 MVA 1983 MAX RV(T10)
T8 34764 32 13 |28 /o | o= 25 MVA 1087 wAX RVCTHY)
T9 45 9.4 25 13 28 0 L

10 100 1000

Central time constant-Time(s)

It would appear from Table IV that the 45-yr-old 2-MVAFig. 8. Spectra of maximum return voltage for transformers T10 and T11.
transformer (T5) shows a significant degradation with a very
small central time constant compared to a 5-yr-old transformer
of 3.15 MVA (T6). The spectra of the two transformers (T5
and T6) are altogether different. As mentioned previously, the
maximum value of return voltage is dependent on the rating of
the transformer as well as the insulation resistance of the trans-
former. With these limited measurements, it is difficult to com-
ment on the variation of peak maximum return voltage magni-
tude. The initial slope is also dependent on the corresponding
maximum voltage and we find it difficult to compare initial

slope of one transformer with other transformers of different rat- 2 o | —e—10 MVA 1983 initial slope(T10)
ings -5~ 25 MVA 1097 nltial slope

Initial slope(V/s)

Moisture content of oil from transformer T5 was lower than v Contral fime c‘;°nstam_ﬁme © 1000
that of T6. The temperature of oil sampling was not very dif-
ferent. Hence, the moisture in papgr inSUIat.ion inT6 was highﬁ{;. 9. Spectra of initial slopes for transformers T10 and T11.
than that of T5. RV results provide information about the status
of aging of the insulation as well. Although it is commonly be-

: : : ; TABLE V
lieved that RV resyltg are predommantly .Inﬂuence_d by mois- SUMMARY RESULTS OFRV MEASUREMENTSFROM TRANSFORMERS
ture content, our findings suggest that moisture definitely has a T10AND T11
strong impact on RV results. At the same time, the influence of
aging products on RV results cannot be ignored. Higher aging in  Transformer | Peak g?fmfal g}iﬁal (V)\;lt g?{“r’-
T5 shows the lower central ime constant compared to T6. Here R | Constant (V(:)r;:/s) Contont S;mple
the aging impact might be more pronounced than the moisture voltage | (s) (PPM) | (O
impact. (Volt)

The three transformers of 5-MVA rating (T7, T8, and T9) 110 453 114.6 40 8 33

T11 82 88 13 22 30

were all in service for more than 30 yr. They all showed very
small central time constants and large initial slopes. Inter-com-

parison between the three 5-MVA transformers showed that 16, .4 of maximum return voltage and initial slopes for trans-
1960 made transformer (T7) had the lowest central time COjli a1 T10 and T11 are presented in Figs. 8 and 9 respectively.

stant foIIowecri] bY t_h,elT? and T9 tralllnsfornggrﬁ. Both the transformers were 33/11 kV. Summary results from the
, However, the initial slopes are all very high compared to th?\/ spectra measurements (from Figs. 8 and 9) are presented in

-MVA new transformer (T11) has a large maximum

trend. Overall, transformers T5, T7, T8, and T9 have very dgs, i \oltage compared to the 10-MVA 15-year old transformer
graded insulation condition and need refurbishment to mprc;g

h ¢ insulai i th ; in ol f 10), but their central time constants are in a similar range.
the status of insulation. Once again, the moisture in oil for T8, ever. as the initial slopes are dependent on their peak max-

and T9 were muph smaller than T_7' Hovyever, the RV resuﬁ.ﬁum return voltages, they do not show any specific trend.
were not much d|ff_erent than T7. This again suggests that ag'ngﬁ\lthough T10 was 15 yr old, the moisture content of oil was
also has a strong impact on RV results. also found to be very low. Usually, we expect to have several
) hundred seconds of central time constant for a new transformer

C. Transformers of Ratings 10 and 25 MVA, 33/11 kV with low moisture content.

Two transformers of 10 and 25 MVA were tested with RV This suggests some aging products may have affected the
measurements, they are identified as T10 and T11. T10 wasnae constant of T10. Transformer T11 was never placed in ser-
15-year-old transformer, while T11 was a new transformer. Thié&ce and the insulation system was expected to be in very good
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100 I ! j T After this initial step (as shown in Fig. 10), the return voltage
: ; maximum value continues to rise. In fact, the return voltage was
80 B R R 7 still rising after 1000 s charging.

As the trend was clearly defined, after 1000 s charging the
measurement was finally stopped. This transformer has not been
in operation after rewinding. Previously we have experienced
similar unstable results when the oil and paper equilibrium has
not been properly achieved. This initial step presumably was
from insufficient oil and paper equilibrium. This does not show
: : 1 : any evidence of degradation within the transformer.

T T T e T T e T e e Among the RVM parameters, the initial slope at peak max-
Central time constant-Time (s) imum return voltage is 1.7 V/s. This is much smaller than the
normal initial slope (as measured from a number of new and old
Fig. 10.  Spectra of maximum return voltage of 145-MVA transformer (T12)transformers). From the RV parameters and spectra in Figs. 10
and 11, the insulation paper has shown no degree of degrada-

80 |-r

40 Fooe A

Maximum return voltage (V)

20 foooeon .

10 ] g ; ; n tion. The oil moisture content is measured and is only 8 PPM.
5 : : : Since the initial slope is very low and the central time constant is
.8 1 high (comparable with the usual several hundred seconds for a
§ new insulation), the general paper insulation conditions in these
Qe ] windings show no evidence of degradation.
2 From the RVM spectra, it is observed that the insulation be-
s 7 tween the winding is not associated with any degradation (as ex-
£ pected). This result would be of great interest to compare with
z E other similar size and aged transformers as well as with mea-
: ‘ : _ ; surements of this transformer after several years in service.
" oo w0 om0 100 1200 From the analyses in this section, central time constant has
Central time constant-Time (s) been consistently found to vary with moisture and aging. As
mentioned previously, RV peak maximum voltage and initial
Fig. 11. Spectra of initial slope of 145-MVA transformer (T12). slope depends on the rating of the transformer and hence need
further investigation. Similarly the separate impact of aging and
TABLE VI moisture on RV parameters needs to be investigated.
SUMMARY RESULTS OFRV MEASUREMENTSFROM TRANSFORMERT 12
Transformer | Peak Central | Initial | Oil Temp. V. COMPARISONWITH ACCELERATEDAGING RESULTS
max. Time Slope Water Oil
Retun | Constant | (Volt/s) | Content | Sample In our present research project, accelerated aging experiments
Z%fge © @®PM) | (O were conducted under air and nitrogen environments over the
Ti2 815 1093 17 3 25 temperature range 115-14& [8]. In these experiments, two

insulated conductors were placed side by side to form the test
specimen, the thickness of paper insulation between the conduc-
condition. The central time constant of this transformer migmrs was 1.0 mm. The insulation structure was different from a
have been affected by improper drying of the insulation.  fyll size transformer. This means the capacitance of the sample
would be different than that of the full size transformer. There-
D. Return Voltage Measurement on a 145-MVA Transformerfore, we will not compare peak maximum return voltage and
The rating of the transformer (T12) is 145 MVA and voltagénitial slope. The central time constant has been the most signif-
rating is 13.8/295 kV. The year of manufacture was 1971. Theant parameter, which showed most consistency in explaining
transformer was in operation for more than 25 yr. After a failuré¢he conditions of different transformers insulation. Therefore,
the windings of the transformer were replaced by new ones aaual attempt will be made to compare the RV results (particularly
the old oil has been replaced with new oil. The RV measuremargntral time constants) from full size transformers with those of
was carried out for the bulk insulation between the primary amdcelerated aging experiments.
the secondary windings. It was observed that the variation of the central time constant
The spectra of maximum return voltage and initial slopes féor different aging times was very significant for air aging. Ini-
transformer T12 are presented in Figs. 10 and 11. Summarytialy up to 14 days at 143C aging, the central time constant
sults from the RV spectra measurements (from Figs. 10 and i3s many hundreds of seconds, while it became only a few
are presented in Table VI. seconds after 21 days of aging in the presence of air. In gen-
In the graph of maximum return voltage versus central timexal, the central time constant decreased sharply with respect to
constant spectra shown in Fig. 10, it can be seen that there &géng time. In particular, after 21 days, the central time constant
small step ataround 105 s. This can also be observed in the grdpipped sharply. At 135C up to 12 days aging, the central time
of initial slope versus central time constant spectra in Fig. 1donstant was several hundred seconds, while it became only a
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few seconds after 37 days of aging in the presence of air. In con- ~1.510° e
trast, it was found that the central time constant was unaffected © L f a
by aging in nitrogen. The most degraded samples (similar two & L ———y = 59710 + 46,425x R= 0,70935 1
y aging in nitrog g p Sy _ y = 59 i ]
conductors side by side forming the specimen) from a 25-yr-old et _ i ]
transformer showed central time constants in the range of 20 to Eo ; i ]
35 s [7]. A good replication of the insulation condition in the ; 1 105—_— ------------------ o eeed A/ ----------------- —:—
aged transformer was observed for high temperature aged sam- = r P /i ]
ples of the insulated conductor for 21 days of aging at1@5 E /‘ s ]
for 37 days of aging at 13%C, for 67 days of aging at 125C L; B s & ]
and for 125 days of aging at 12& in the presence of air. p ok &f """" P i ]
Transformer T12 (145 MVA) had a central time constant of § 107 gy
1093 s. This is comparable to unaged samples. While trans- Central time constant (s)

formers T1, T5, T7, T8 and T9 had central time constants in the
range of 0.4 to 10 s. These time constants were even smaller thigni2. Correlation between central time constants and molecular weights of
the corresponding times for 21 days of aging at 1@5for 37 ~samples aged under air.

days of aging at 135C, for 67 days of aging at 125C and for

125 days of aging at 11%C in the presence of air. These trans- 1810°
formers had significant degradation in their insulation systems.
While transformers T2 and T3 have central time constants in
the range 45-60 s. This group of transformers has shown some
degree of degradation and still can be used after proper refur-
bishment. Transformer T4 has a central time constant of 164 s.
The insulation conditions can be predicted as good, while some
moisture trapping might have affected the central time constants
to lower values than several hundred seconds, as would be ex-
pected for new insulation systems.

----------- ¥ = J2421 * x*(-0,13277) R=§,69215

110° -

Molecular weight (g/mol)

Our experience with the accelerated aging of paper wrapped R
insulated conductors has been reported previously [6], [7]. N N s
These findings were somewhat different than those found with o o : w0
the full size transformers due to the influence of size/ratings. Initial slope(v/s)

In the case of paper wrapped insulated conductors, both the
initial slopes and central time constants were found to be verg. 13. Correlation between initial slopes and molecular weights of samples
sensitive to aging. The samples were identical in geometfJed under ar.

The samples geometry did not have any impact on the results. ionifi v d |  the chain b |
The geometric capacitance and the insulation resistance wt@rgmp significantly due to cleavage of the chain between glu-

the same for all samples during unaged state. The experime‘?ﬂ§e fings in the_ paper polymer du_e to t_hermr_;ll and oxidative
were conducted under controlled conditions. However, tifigdradation. So it may be worthwhile to investigate the corre-
transformers were of different ratings and have differetlﬂt'on between the results from RV and molecular weight mea-
geometric insulation resistance and capacitance at the unaﬁ%rcfmems ;‘]rom thhe accelcTrqtedsged samhples. lecul ioh
state. As a result, the return voltages and corresponding initiaf '9- 12 Shows the correlation between the molecular weight

slopes were all different for different ratings. We are current d central time constants for air-aged samples. Although there
investigating this by developing a modeling tool re few scatter points, which is a clear indication of some re-

Il%t_ionship exists between the two parameters. As the central

As mentioned previously, DP measurement has been col] . - .
ime constant increases logarithmically, the molecular weight

monly used by utility engineers for assessing insulation con Similarly. Fia. 13 sh th lation bet >
tion in aged transformers. DP provides intrinsic strength of thacreases. simiarly, Fg. 1o snows the correlation between ini-

insulation paper. The major drawback with this measurememt'%! slopes and molecular weight. Once again, some relat|or_1
that paper samples need to be taken from the transformer t Wsm between the parameters: As expected the |n|t|§1l slope is
As we have performed lots of molecular weight measureme{hg?ner for de_graded samples with lower mole_cula_r weight, and
on accelerated aged samples it would be worthwhile to examl glal sl_ope IS _smaller for unaged s_amples with h|gher molec-
the correlation between molecular weight measurements by ryvelght. W'thOUt much reservation, it can be said that some
permeation chromatography with the RV measurements on %gtlonshlps exist between the RV parameters and molecular
celerated aged samples obtained from our experiments. As \meéghts.
paper sample degrades due to thermal and oxidative degrada-
tion, a number of polar by products are produced. These polar
functionalities are expected to change the RV spectra parameReturn voltage measurements have been applied to a number
ters. As we have reported earlier, the significant changes weifgpower and distribution transformers. The RV parameters are
observed on central time constants (time to peak maximum feund to vary significantly and consistently with the aging con-
turn voltage) and initial slopes. The molecular weight was fourdition of insulation systems as well as with moisture levels.

VI. CONCLUSIONS
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Among RV parameters, a central time constant has beeré] T.K.Saha, M. Darveniza, D. J. T. Hill, and T. T. Le, “Electrical & chem-

found to be the most sensitive to aging and moisture. While the
peak maximum return voltage and initial slope are dependent
on the geometry of the insulation, it was difficult to compare [7]
these for different ratings of transformers. For the same rating
transformer the initial slope was found to be easy to compare. 8
Some fingerprints from RV measurements will definitely
help to standardize the interpretation procedure. Our rec-
ommendation is in favor of “central time constant,” which 4
can be used for assessing the condition of aged insulation in
power transformers. Moisture content of oilpaper insulation
was found to have a strong impact on RV results. Based OHO]
accelerated aged samples, we have also established that RV
parameters have strong correlation with molecular weight o
cellulose insulation. The problem with full-size transformers
remains the lack of paper samples and that was the only reason
molecular weight measurement by viscosity (to find DP) or byl12]
GPC was not possible to investigate. The question of separation
of moisture and aging impacts on RV results still remained13]
unanswered. We are currently investigating this phenomenon

and findings from this study will help to interpret RV results
more accurately.

(1

[2

(3]

[4]

[5] T.K.Saha, Z.T. Yao, T.Le, M. Darveniza, and D. Z. T. Hill, “Investiga-
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