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The condition of the insulation is an essential aspect for the 
operational reliability of electrical power transformers, genera-
tors, cables and other high voltage equipment. Transformers 

with high moisture content can not without risk sustain higher loads. 
Bushings and cables with high dissipation factor at high temperature 
can explode due to ‘thermal runaway’. On the other hand it is also 
very important to identify ‘good’ units in the ageing population of 
equipment. Adding just a few operating years to the expected end-
of-life for a transformer or bushing means substantial cost savings 
for the power company.

50/60 Hz dissipation factor measurements

A common insulation diagnostic test is measuring capacitance and 
dissipation factor at 50/60 Hz. This is the standard test performed 
whenever there is a need for investigating insulation properties. 
Tests are typically done at ‘any’ temperature using a test voltage 
from about 30 V up to about 10 kV for field tests and up to nominal 
voltage in factory measurements. There are also tests with variable 
voltage (tip-up/ step-up testing) as well as tests where tan-delta over-
temperature is measured. Analysis is based on standards, historical 
statistics and comparing factory values. Since insulation properties 
are pending temperature, temperature correction is commonly used 
for measurements not performed at 20°C, this is normally achieved 
by using temperature correction table values for certain classes of 
devices [1]. In IEEE 62-1995 [1] and C57.19.01 [2], typical power factor 
(dissipation factor/tan-delta) values for transformers and bushings 
are categorised.

 

Typical Power Factor values @ 20°C

‘New’ ‘Old’ Warning

-alert limit

Power 

transformers,

oil insulated

0,2 - 0,4% 0,3 - .5% >0,5%

Bushings 

(OIP)

<0,5% <1% >1%

Table 1: Typical power factor values.

Figure 1: Typical dissipation factor temperature corrections.

It is obvious that the given values are approximate guidelines only. 
IEEE 62-1995 states; ‘The power factors recorded for routine overall 
tests on older apparatus provide information regarding the general 
condition of the ground and inter-winding insulation of transform-
ers and reactors. They also provide a valuable index of dryness, and 
are helpful in detecting undesirable operating conditions and failure 
hazards resulting from moisture, carbonisation of insulation, defective 
bushings, contamination of oil by dissolved materials or conducting 
particles, improperly grounded or ungrounded cores, etc. While the 
power factors for older transformers will also be <0,5% (20C), power 
factors between 0,5% and 1,0% (20C) may be acceptable; however, 
power factors >1,0% (20C) should be investigated.’ Moreover in IEEE 
C57.12.90-2006 [3]; ‘Experience has shown that the variation in power 
factor with temperature is substantial and erratic so that no single 
correction curve will fit all cases.’

Dielectric frequency response measurements

The first field instrument for DFR/FDS measurements of transformers, 
bushings and cables was introduced 1995 [4]. Since then numerous 
evaluation of the technology has been performed and as an exam-
ple, several international projects/reports define dielectric response 
measurements with insulation modelling as the preferred method 
for measuring moisture content of the cellulose insulation in power 
transformers [5-8]. In DFR tests, capacitance and dissipation/power 
factor is measured. The measurement principle and setup is similar 
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to traditional 50/60 Hz testing but with the difference that a lower 
measurement voltage is often used (140 V) and instead of measuring 
at line frequency 50/60 Hz, insulation properties are measured over 
a frequency range, typically from 1 mHz to 1 kHz.

The results are presented as capacitance or tan delta/power fac-
tor versus frequency. Measurement set-up is shown in Figure 2 and 
typical DFR results from measurement on transformers in different 
conditions in Figure 3.

Figure 2: DFR/FDS test set-up.

Figure 3: DFR measurements on four different transformers at different
temperatures with moisture content ranging from 0,3 to 3,4%.

Moisture assessment

The capability of DFR to measure dissipation factor as function of fre-
quency, gives the user a powerful tool for diagnostic testing. Moisture 
assessment is one example. High moisture levels in transformers is 
a serious issue since it is limiting the maximum loading capacity [9] 
and the ageing process is accelerated. Accurate knowledge about 
the actual moisture content in the transformer is necessary in order 
to make decisions on corrective actions, replacement/scrapping or 
relocation to a different site in the network with reduced loading. 
The method of using DFR for determining moisture content in the 
oil-paper insulation inside an oil-immersed power transformer has 
been described in detail in several papers and articles [5-8], and is 
only briefly summarised in this article.

The dissipation factor for an oil/cellulose insulation plotted against 
frequency shows a typical inverted S-shaped curve. With increasing 
temperature the curve shifts towards higher frequencies. Moisture 
influences mainly the low and the high frequency areas. The middle 
section of the curve with the steep gradient reflects oil conductivity. 

Figure 4 describes parameter influence on the reference curve.

Figure 4. Parameters that effect the dissipation factor at various frequencies.

Using DFR for moisture determination is based on a comparison of 
the transformers dielectric response to a modelled dielectric response 
(reference curve). A matching algorithm rearranges the modelled 
dielectric response and delivers a new response curve that reflects 
the measured transformer. The moisture content along with the oil 
conductivity for the reference curve is presented. Only the insulation 
temperature (top oil temperature or winding temperature) needs to 
be entered as a fixed parameter.

Figure 5: MODS moisture analysis.

Two different transformers are shown in Figure 6. The two units 
have the same 0,7%, 50/60 Hz dissipation factor, characterised by 
IEEE 62-1995 as ‘warning/alert’ status calling for ‘investigation’. The 
investigation is done as moisture analysis using MODS.

Figure 6: MODS analysis for two transformers with different oil quality and 
moisture content.
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The two transformers are very different and maintenance measures 
for the two would also be different. Transformer 1 has good oil but 
needs drying. Transformer 2 has low moisture but needs oil change 
or regeneration.

Individual temperature correction (ITC)

DFR measurements and analysis together with modelling of the insu-
lation system includes also temperature dependence. A new method-
ology (patent pending) is to perform DFR measurements and convert 
the results to dissipation factor at 50/60 Hz as a function of temperature 
[10]. This technique has major advantages in measurement simplic-
ity for bushings. Instead of time consuming heating/cooling of the 
bushing and doing several measurements at various temperatures, 
one DFR measurement is performed and the results are converted to 
50/60 Hz tan delta values as a function of temperature. The method 
is based on the fact that a certain dissipation factor measurement at 
a certain frequency and temperature corresponds to a measurement 
made at a different temperature at a different frequency. The conver-
sion calculations are based on Arrhenius’ law/equation, describing 
how the insulation properties relate to temperature.

  0·exp(-Wa/kT) with activation energy Wa  and Boltzmann constant k

The relationship is depicted for single-material insulation and three 
different activation energies in Figure 7.

Figure 7: Relationship between power factor values at different frequencies 
taken at different temperatures.

Temperature correction tables such as in IEEE/C57.12.90 give average 
values assuming ‘average’ conditions and are not correct for an indi-
vidual transformer or bushing. This is confirmed in field experiments 

and some utilities try to avoid applying temperature correction by rec-
ommending performing measurements within a narrow temperature 
range [11]. Examples are shown in Figures 8 and 9. Dissipation factor 
was measured at 10 kV on four transformers and three bushings of 
different age, condition and at various temperatures. Temperature 
dependence is very different for the transformers and bushings and 
using standard temperature correction tables will not give correct 
values for the 20°C reference value.

Figure 9: Tan delta values as function of temperature (ºC) for three
different bushings [10].

With DFR and the technique for converting data to temperature 
dependence, it is possible to do accurate, individual temperature 
correction (patent pending). For a ‘good’ component, the temperature 
dependence is weak. When the component gets older and/or deterio-
rated, the temperature correction factor becomes much larger, ie the 
temperature dependence is a function of ageing status. This is in line 
with several projects and studies [12-14]. An example of using the 
technique is shown in Figures 10 and 11. Samples of Kraft paper with 
various moisture contents was measured at different temperatures 
[15]. The dielectric response for dry paper, moisture content <0,5%, 
is shows in Figure 10.

Figure 10: Dissipation factor as function of frequency for dry Kraft paper.

Using DFR technique to estimate temperature dependence based 
on measurements at one temperature only, gives the results shown 
in Figure 11. As seen in the diagram, the calculated temperature de-
pendence matches very closely to the actually measured dissipation 
factors at different temperatures.

Figure 8: Tan delta values as function of temperature (ºC) for four 
different transformers [11].
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Figure 11: Tan delta at 50Hz for dry Kraft paper as function of temperature.

Another example, applying individual temperature corrections for 
transformers of various ages is shown in Figure 12. Transformer data 
is summarised in Table 2.

Manufacturer Year Moisture Power 
rating

Status

Pauwels 2005 0,4% 80 MVA New, at factory

Pauwels 2000 0,3% 20 MVA New, at utility

Westinghouse 1985 1,5% 40 MVA Used, spare at 

utility

Yorkshire 1977 4,5% 10 MVA Used and

scrapped

Table 2: Transformer data.

As seen in the figure, each transformer has its individual tempera-
ture dependence. New units have a ‘negative’ correction for slightly 
elevated temperatures and will show dramatically different results if 
standard tables are used. Aged transformers show the same behav-
iour as the standard tables but with a much stronger temperature 
dependence compared to the IEEE temperature correction.

Figure 12: Temperature correction for transformers in various conditions.

Bushing diagnostics

Deterioration through ageing of high-voltage bushings is a grow-
ing problem and manufacturers as well as utilities and test system 
providers are suggesting and testing various methods for detecting 
bushing problems before they turn into catastrophic failures destroy-
ing a costly transformer. This includes on-line monitoring as well as 
off-line diagnostic measurements [12- 16]. 50/60 Hz tan delta measure-
ments are the most common insulation diagnostic test on bushings. 

C1 (UST) is a common test and typical guidelines for evaluating the 
C1 dissipation factor are:
•	 Between	nameplate	tan	delta	and	up	to	twice
•	 nameplate	tan	delta	-	bushing	acceptable
•	 Between	twice	nameplate	tan	delta	and	up	to	three	times	name-

plate tan delta - monitor bushing closely
•	 Above	three	times	nameplate	tan	delta	–	replace	bushing

Looking at the numbers in Table I, we can identify typical bench-
marking values for oil-impregnated paper (OIP) bushings as shown 
in Table 3.

Type Tan delta @ 20°C

‘New’ ‘OK’ ‘Monitor’ ‘Replace’

OIP 

bushings

<0,5% 0,5-1% 1-1,5% >1,5%

Table 3: Tan delta values for typical OIP bushings.

Measuring the bushings over temperature and in particular at high 
temperature gives further information about the condition of the insu-
lation and indication of ageing/high moisture content. See examples 
presented in Figures 13 [6] and 14 [9].

Figure 13: Dissipation factor (%) vs temperature for OIP bushings with vari-
ous moisture content, [12].

Increased dissipation factor at higher temperatures is a good indica-
tor of bushing problems. Catastrophic bushing failures (explosions) 
may be caused by what is called ‘thermal runaway’. A high dissipa-
tion factor at higher temperatures result in an increased heating of 
the bushing which in turn increases the losses causing additional 
heating which increases the losses even further and the bushing 
finally explodes.

Figure 14: Power factor (%) vs temperature (°C) for ‘good’ and ‘bad’ bush-
ings, [15].
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   GE type U – Accelerated ageing tests

GE Type U bushings have exhibited a poor record of performance 
and provided utilities with major assets replacements. In a research 
project initiated by Ontario Hydro (Canada) and Pacific Gas & Electric 
(USA), an accelerated ageing program was performed on six 155 kV 
Type U bushings and various diagnostic tests were performed on 
the bushings [16]. The bushings were subjected to simultaneous 
thermal and electrical ageing. During the ageing program a voltage 
of 66 kV (nominal line-to-ground voltage) was applied to the bush-
ings. Thermal ageing was accomplished by means of circulating 
power frequency current through the bushings, starting at 1 200 A 
and slowly increasing to 2 000 A. Two bushings failed (#3 and #4) 
at elevated current (1 900 A) during the ageing program. The bush-
ings were selected for test on the basis of tan delta (power factor) 
measurement results. Two units had low values, two units had high 
values and two had ‘intermediate’ values, see Figure 15. Nameplate 
tan delta is assumed to be 0,25%.

During ageing, periodic and continuous diagnostic tests were per-
formed. Tan delta, capacitance, DFR, PD, DGA etc. Parts of the results 
from the traditional test methods have been reported elsewhere [16] 
but until now, not the DFR measurements and results from this very 
interesting experiment.

Figure 15: Dissipation factor (%) for the six GE Type U bushings at 20°C.

•	 DFR	measurements

DFR measurements were performed in the beginning of the program. 
The bushings were tested at various voltages (tip-up tests) and tem-
peratures, see Table 4. Insulation temperatures are estimates based 
on using DFR data at ambient temperature to determine temperature 
dependence (ITC).

Table 4: DFR measurement on GE type U bushings.

Low voltage DFR results are presented in Figure 14. The differences 
in dissipation factor between the bushings are much larger at low 
frequencies compared to 60 Hz values.

Figure 16: Tan delta vs frequency measured at 0,13 kV and ambient tem-
perature.

•	 Temperature	dependence

Using the technique described in section V, we can use the DFRA 
data to estimate temperature dependence. The results are shown in 
Figure 17 as tan delta temperature dependence for the six bushings. 
Temperature dependence for bushings #5 and #6 corresponds to fac-
tory data indicating that these bushings are in good condition. The 
other bushings have stronger temperature dependence. Bushing #2, 
classified as M/’intermediate’ has the same temperature dependence 
as the ‘bad’ bushings #3 and #4

Figure 17: Tan delta temperature dependence (relative tan delta) for the six 
bushings (temperature on x-axis).

DFR measurements at three temperatures are presented for two 
bushings in Figures 18 and 19.

Figure 18:  DFR measurement on bushing #1 at 
different temperatures.

Bushing ‘OA’, ambient/21°C 

Measured @ kV

‘1 200 Ã 50°C 

Measured @ kV

‘1 600 A, - 65°C Measured 

@ kV

0,1 3 6 9 12 14 0,1 3 6 9 12 14 0,1 3 6 9 12 14

1 (M) x x x x x x x x x x x x

2 (M) x x x x x x x x x x x x

3 (H) x X x x x x x x x

4 (H) x

5 (L) x x x x x x x x x x x x x x x

6 (L) x x x x x x x x x x x x x x
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Figure 19: DFR measurement on bushing #5 at different temperatures.

From the data in Figures 16 and 17 it is possible to define a frequency 
range of interest where the tan delta differences between bushings 
are large. As an example we can select 1 Hz, corresponding to a 60 
Hz measurement at around 80°C, and compare with nominal and 
measured 60 Hz values. Table 5 summarises this approach.

Bushing #1 #2 #3 #4 #5 #6 Nom

Tan 

delta 

60 Hz

0,58 1,07 1,60 1,46 0,23 0,24 0,25

Actual/

nominal 

ratio

2,31 4,28 6,40 5,84 0,94 0,96 1,00

Tan 

delta 

1 Hz

6,5 33,6 23,6 24,4 0,27 0,32 0,3

1 Hz/60

Hz ratio

11,3 31,4 14,8 16,7 1,15 1,34 1,20

Table 5: Tan delta @ 1 Hz relative to 60 Hz.

The deteriorated bushings have the highest deviations versus nomi-
nal values and also the largest 1 Hz versus 60 Hz relative increase.

•	 Tip-up	measurements

Two tip-up results are shown in Figures 20 and 21.
60 Hz tan delta values are almost independent of test voltage and 
not sensitive to ageing effects. At lower frequencies there is a ‘tip-
down’ effect. 
For the ‘good’ bushing the effect is very small.

•	 Moisture	assessment

The DFR measurements can also be used for moisture assessment 
using the same modelling technique as for oil-immersed power 
transformers. Results for the six bushings are presented in Table 6. 
Measurements performed at ambient temperature.

Bushing Moisture content Moisture classification

 (IEC)

1 (M) 2,5% ‘Moderately wet’

2 (M) 3,0% ‘Moderately wet’

3 (H) 3,3% ‘Moderately wet’

4 (H) 3,2% ‘Moderately wet’

5 (L) 0,8% ‘Dry’

6 (L) 1,0% ‘Dry’

Table 6: Moisture assessment of GE type U bushings.

GE Type U and T – Field Test

This is results from field testing a 1 000 MVA 324/26 kV transformer 
with HV GE type U and LV GE type T bushings. C1 DFR measurements 
on HV and LV bushings are presented in Figures 22 and 23. Insulation 
temperature was about 10°C.

Figure 22: C1 DFR measurement on 220 kV GE type U bushings.

Looking at the HV bushings results we can see that 60 Hz tan delta is 
low/as nameplate. Also the 1 Hz values are about the same as 60 Hz 
values, indicating low temperature dependence. Conclusion is that HV 
bushings are in good condition. Looking at the LV bushings reveals a 
somewhat different situation. 60 Hz data differs between phases but 
are all within the 0,5% ‘OK’ limit. However 1 Hz low frequency data 
differs, especially for X3, indicating higher temperature dependence.Figure 20: DFR tip-up measurement on bushing #3 (‘bad’).

Figure 21: DFR tip-up measurement on bushing #5 (‘good’).
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Figure 23: C1 DFR measurement on 26 kV GE type T bushings.

Temperature dependence for the LV bushings is presented in Figure 
24. We can see that X3 tan delta @ 20°C is > 0,5% and temperature 
dependence is rather strong. This bushing should be ‘closely moni-
tored’ or maybe replaced.

Figure 24: Tan delta temperature dependence, 26 kV GE type T bushings.

Factory testing

A bushing manufacturer is regularly testing bushings at different 
steps in the production. Figure 25 presents DFR results performed 
on a series of newly manufactured bushing insulations (without 
porcelain). In this example we see that 50 Hz data for one of the bush-
ings is increased and at low frequency the difference in the dielectric 
response is substantial. Based on the measurements, the bushing 
with high deviation was taken out for inspection and a manufactur-
ing fault was found.

Figure 25: DFR measurements on a series of bushings.

The temperature dependence of the dissipation factor of an insulat-
ing material needs to be considered when comparing measurement 
results between phases, with previous tests or factory values. Histori-
cally this has been done by the use of average temperature correction 
tables. Results are disappointing and asset owners try instead to 
perform diagnostic measurements at a specific (narrow) temperature 
range. The new method of using frequency data and estimate the 
temperature dependence of the actual component offers an alterna-
tive to waiting for the ‘correct’ temperature and then do the test. It 
gives the possibility to have correct 20°C reference values and also 
to make a correct comparison to previously measured non-corrected 
data at other insulation temperatures. The temperature dependence 
can also be used as an analysis method for bushings. Comparing 
the measured temperature dependence with manufacturer data 
for temperature correction will tell if the bushing condition is good 
or not. In bushing diagnostics, strong temperature dependence ie 
increased dissipation factor at high temperatures, is a strong indica-
tor of bushing insulation deterioration. Principally, high dissipation 
at high temperature is the same phenomena as high dissipation at 
low frequencies, and this makes dielectric response measurements 
a powerful tool for investigating bushing insulation in the field as 
well as in manufacturing.

Conclusion

Dielectric Frequency Response (DFR/FDS) measurement is a tech-
nique or methodology for general insulation testing and diagnostics. 
In comparison with 50/60 Hz dissipation factor measurements, DFR 
measurements provide the following advantages:
•	 Capability	 of	 performing	 individual	 temperature	 correction	 of	

measured 50/60 Hz dissipation factor at various temperatures to 
values at reference temperature, 20°C.

•	 Capability	of	estimating	 temperature	dependence	 in	an	object	
and from measured dissipation factor at a certain temperature 
calculate the Capability of estimating the moisture content of 
oil-immersed cellulose insulation in power transformers and 
bushings.

•	 Capability	of	generally	investigating	causes	for	increased	dissipa-
tion factor in power components.

The insulation properties are very important for determining the con-
dition of a power system component. Knowing the condition helps 
to avoid potential catastrophic failure, and identifying ‘good’ units 
and decide upon correct maintenance, can save significant money 
due to postponed investment costs.
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Abbreviations

DFR – Dielectric Frequency Response
DGA – Dissolved Gas Analysis
FDS – Frequency Domain Spectroscopy
ITC – Individual Temperature Correction
OIP – Oil Impregnated Paper
PD – Partial Discharge
UST – Ungrounded Specimen Test
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