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Abstract. This work presents an in-depth study of the evaluation of oil paper as an insulating material of a 

transformer using the frequency dielectric spectroscopy (FDS) method. The research focuses on comparing 

power oil transformers with different ratings and insulation properties under the same internal temperature 

conditions. The FDS method was used to determine the characteristics of the capacitance and dissipation 

factor, which allows a comprehensive analysis of the dielectric response. However, the analysis revealed a 

significant limitation in the influence of the geometric configuration of the insulation system, which 

introduces a dependence on the transformer type and rated power. By analyzing the ratio of the capacitance 

at a given frequency to the reference value at 50 Hz, it is possible to significantly suppress the influence of 

the transformer geometry, but it has a limited ability to distinguish differences in paper moisture. The 

analysis of the dissipation factor showed the disadvantages of accurately determining the moisture content 

in the paper above a frequency of 0.02 Hz at low temperatures and good oil condition. 

1 Introduction 

Power transformers represent high-value and 

strategically important assets whose replacement is 

associated with considerable financial costs and long 

lead times. For this reason, systematic condition 

monitoring plays a key role in ensuring their reliable 

operation and preventing unexpected outages. Particular 

attention must be paid to the insulation system, 

including bushings, as insulation degradation remains 

one of the dominant causes of transformer failures. In 

both transformers and bushings, the primary insulating 

medium consists of cellulose-based paper impregnated 

with insulating oil. The aging of this composite 

insulation system is strongly influenced by thermal 

stress, while the presence of moisture significantly 

accelerates its degradation processes. 

The mechanisms of insulation aging and long-term 

deterioration in power transformers have been 

extensively investigated in numerous studies, which 

highlight the combined effects of temperature, moisture, 

and electrical stress on insulation performance [1–2]. To 

evaluate the actual condition of the insulation system, a 

wide range of diagnostic techniques and measurement 

methods have been developed and applied. These 

include both off-line and on-line approaches, 

encompassing chemical analyses as well as electrical 

measurement techniques capable of detecting early 

signs of insulation degradation [3–4]. 

Such diagnostic methods provide valuable 

information regarding key insulation parameters, 

including dielectric losses, electrical conductivity, and 

moisture content. The assessment of insulation 
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condition is typically based on the evaluation and 

interpretation of measured data, often supported by 

comparisons with historical records or reference values. 

While many diagnostic techniques yield only an 

approximate indication of the insulation aging state, this 

information is nevertheless essential for effective 

maintenance planning and risk assessment. 

From an asset management perspective, the highest 

diagnostic reliability is achieved by combining multiple 

complementary methods rather than relying on a single 

measurement technique. Decision-making must 

carefully balance the costs associated with diagnostic 

testing against the potential economic and operational 

consequences of insulation failure. For smaller and 

relatively inexpensive components, replacement may be 

more cost-effective than extensive diagnostics. In 

contrast, for large and critical assets such as power 

transformers, which are costly and time-consuming to 

replace, the application of multiple diagnostic methods 

is fully justified. In such cases, it is crucial not only to 

acquire relevant diagnostic data but also to ensure their 

correct validation, interpretation, and integration into 

maintenance strategies [5–6]. 

2 Description of the measuring and 
diagnostic FDS method 

Frequency Domain Spectroscopy (FDS) is a diagnostic 

method used to evaluate the dielectric characteristics of 

insulation systems by examining parameters such as 

dielectric loss factor and capacitance over a broad 

frequency spectrum. During the measurement process, a 
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sinusoidal excitation voltage with gradually changing 

frequency is applied to the tested insulation, and the 

resulting total current response is recorded. From these 

measured quantities, the frequency-dependent 

impedance of the insulation system is subsequently 

derived. 

The overall dielectric response of a transformer is 

governed by the combined contribution of several 

components, including oil-impregnated paper, 

pressboard structures, insulating oil, and the spatial 

configuration of the insulation system. Consequently, 

correct interpretation of FDS data requires the 

application of analytical models that describe the 

influence of temperature and moisture on the electrical 

properties of both the liquid and solid insulation 

materials [7]. 

As a narrowband measurement technique, FDS 

offers enhanced accuracy through effective noise 

suppression by frequency-selective filtering. 

Nevertheless, at very low frequencies—typically below 

0.001 Hz—the acquisition of reliable dielectric loss data 

becomes considerably time-intensive. This is due to the 

necessity of recording multiple sinusoidal cycles, 

particularly when elevated moisture levels in solid 

insulation result in pronounced dielectric losses, as 

illustrated in Figure 1. Under such conditions, 

capacitance evaluation represents a more efficient 

alternative, as it can be carried out at higher frequencies 

with shorter measurement times. 

An important limitation identified from the 

frequency-dependent characteristics shown in Fig. 1 is 

the strong influence of temperature on the estimation of 

oil conductivity. To mitigate this effect, suitable 

temperature correction functions or modeling 

approaches must be applied [8–9]. For this reason, 

modern diagnostic instruments based on the FDS 

principle are typically equipped with automatic 

temperature compensation, which adjusts the measured 

values to reference conditions and significantly 

improves the reliability of diagnostic conclusions. 

In practical testing, a sinusoidal voltage—commonly 

around 140 V—is applied to the transformer terminals 

across a wide frequency range. The high-voltage 

winding is short-circuited, while the low-voltage 

winding is connected to the measuring input of the 

diagnostic device. Owing to the high immunity of the 

measurement cables to electromagnetic interference, 

this configuration enables efficient and accurate 

assessment of insulation properties using frequency 

dielectric spectroscopy without the need for excessive 

test voltages [10–11]. 

The resulting measurement data yield frequency-

dependent values of dielectric loss factor, capacitance, 

and relative permittivity. These parameters play a key 

role in estimating the moisture content within solid 

insulation and in evaluating the conductivity of the 

insulating oil. Such analyses rely on the precise 

detection of extremely small currents, typically in the 

nanoampere to picoampere range, highlighting the high 

sensitivity of the FDS diagnostic method [12]. 

 

 

Fig. 1. Transformer insulation condition analysis using the 

FDS method with a typical frequency response curve. 

3 Description of the experimental 
measurement 

Experimental measurements were performed on four 

shut-down distribution transformers marked T1 to T4 

with oil-paper insulation, which were located in the test 

hall under controlled conditions. All transformers were 

out of service for a long time and left at rest before the 

measurement to ensure stabilization of their temperature 

state. The measurements were carried out at a constant 

ambient temperature of approximately 10 °C, which 

minimized the effect of temperature on the frequency 

response of the insulation system and enabled mutual 

comparison of the measured characteristics without the 

need for additional temperature corrections. 

Diagnostics of the oil-paper insulation system was 

performed using the MEGGER IDAX instrument (Fig. 

2), which is designed to measure the frequency 

dependences of the loss factor tg δ and capacitance in a 

wide frequency range. The Frequency Domain 

Spectroscopy (FDS) method allows for a detailed 

analysis of the dielectric properties of the insulation, 

while it is particularly sensitive to changes in humidity 

in the paper insulation and the conductivity of the 

transformer oil in the low-frequency range. 

All measurements were performed under the same 

test conditions and the same connection of the 

measuring instrument, which ensured the comparability 

of the results between individual transformers. Due to 

the constant measurement temperature, it was possible 

to consider the temperature effect on the measured 

characteristics as negligible and to analyze the 

differences in frequency waveforms solely as a 

consequence of the different technical condition of the 

insulation system of individual devices. 

When diagnosing the insulation system of two-

winding oil-immersed transformers using the FDS 

method by IDAX instrument, the basic geometric 

capacitances between individual parts of the windings 

and the ground are measured (Figure 2). These 

capacitances represent key diagnostic quantities for 

assessing the condition of the oil-paper insulation and its 

frequency response.  
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Fig. 2. Connecting the Megger IDAX instrument to the 

measured two-winding transformer using the FDS method. 

The CHL capacitance represents the capacitive 

coupling between the high-voltage (HV) and low-

voltage (LV) windings of the transformer. The CHL 

measurement is extremely sensitive to the condition of 

the main inter-winding insulation and allows for the 

assessment of humidity and aging of the paper insulation 

between the windings. The CHG capacitance expresses 

the capacitive coupling between the high-voltage 

winding and the ground (transformer tank). This 

configuration allows for the assessment of the insulation 

condition between the HV winding and the metal 

structure of the transformer. The CLG capacitance 

describes the capacitive coupling between the low-

voltage winding and the ground. The CLG measurement 

provides information on the insulation condition 

between the LV winding and the ground, in particular 

on the humidity and conductivity of the oil in this area. 

Figure 3 shows the frequency dependences of the 

measured capacitance over a wide frequency range for 

transformers T1 to T4 with oil-paper insulation. Fig. 4 

shows the calculated ratio of the capacitance at a given 

frequency to the reference value at 50 Hz, which can 

achieve significant suppression of the influence of the 

transformer geometry. 

Figures 5 and 6 show the frequency dependences of 

the loss factor tg δ for transformers T1 to T4 shown on 

and without a logarithmic scale. 

 

 

Fig. 3. Frequency dependences of measured capacitance for 

transformers T1 to T4 

 

Fig. 4. Frequency dependences of measured capacitance for 

transformers T1 to T4 

 

Fig. 5. Frequency dependences of the loss factor tg δ for 

transformers T1 to T4 shown in logarithmic scale 

 

Fig. 6. Frequency dependences of the loss factor tg δ for 

transformers T1 to T4 shown without logarithmic scale 

4 Discussion 

Based on the displayed frequency characteristics of 

capacitance by the FDS method for transformers T1–T4 

with oil-paper insulation (Figure 3), the following 

analysis can be performed: 

In the low-frequency range (approximately 0.001 – 

0.1 Hz), a significant increase in capacitance is evident, 

which is related to polarization phenomena in paper 

insulation and oil conductivity. The most significant 

increase is shown by transformer T4, which corresponds 

to the highest paper moisture content (2.9 %) and at the 
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same time significantly increased oil conductivity (30.2 

pS/m). This behavior is typical of a degraded insulation 

system with increased moisture content and deteriorated 

dielectric properties. 

Transformers T1 and T2 show a more moderate 

increase in capacitance at low frequencies, which 

corresponds to a lower paper moisture content (1 % and 

2.2 %) and low oil conductivity (1.7 pS/m). Their curves 

stabilize already at lower frequencies, which indicates a 

relatively good state of solid insulation. Transformer T3 

is located between these states - its capacitance curve 

indicates slightly increased losses and polarization 

effects, but without the extreme increase typical of 

significantly moistened insulation. 

In the medium and higher frequency range (above 

approximately 1 Hz), the capacitance characteristics of 

individual transformers converge significantly and 

remain almost constant. This part of the spectrum is 

determined significantly by the geometric capacitance 

of the windings and is partially influenced by the 

moisture state in the paper. The significance of 

conductivity in oil above a frequency of 1 Hz is 

negligible, which is in accordance with the FDS theory. 

Based on the normalized frequency characteristics of 

the capacitance (ratio Cx/C50Hz) shown in Figure 4, the 

following expert analysis can be formulated: 

Normalization of the capacitance to the value at 50 

Hz effectively suppresses the influence of geometric 

differences between transformers of different power 

classes (630–1000 kVA). This is especially evident in 

the frequency range above approximately 0.2 Hz, where 

all curves practically converge and have a very similar 

course. In this range, the behavior of the system is 

dominantly determined by the geometric capacitance of 

the insulation and the dielectric properties of the 

materials, which do not differ significantly between 

individual transformers. 

However, in the low-frequency range 

(approximately below 0.1–0.2 Hz), significant 

differences between individual transformers are evident. 

The largest increase in the normalized capacitance is 

shown by transformer T4, which corresponds to its 

significantly increased oil conductivity (30.2 pS/m). 

This result confirms that after normalization the 

influence of oil conductivity on the frequency response 

is more pronounced and better readable, especially in 

the very low frequency range, where the conductivity 

component of dielectric losses dominates. 

On the contrary, the influence of paper insulation 

moisture is less clear in this type of display. 

Transformers T1 and T2, despite the different moisture 

content in the paper (1.7% vs. 2.2%), show very similar 

normalized waveforms. This suggests that 

normalization to 50 Hz alone suppresses not only 

geometric differences, but also partially the sensitivity 

to changes in paper moisture, especially if the moisture 

content is in a relatively narrow range and the oil has a 

similar conductivity. 

Figures 4 and 5 show the frequency dependences of 

the loss factor tg δ for four shut-down distribution 

transformers T1 to T4 with oil-paper insulation, 

measured by the FDS method at a stable temperature of 

10 °C. From the point of view of diagnosing moisture in 

paper insulation, the low-frequency region of the 

spectrum (0.001 – 0.1 Hz) is crucial, where the dielectric 

response is dominantly influenced by polarization 

processes in cellulose insulation. However, in the 

available measurement range (from 0.005 Hz), this trend 

is only partially captured in the loss factor, since the 

problem in capturing lower values below 0.005 Hz was 

probably insufficient grounding of the machine. For the 

capacity in Figures 3 and 4, a frequency point of 0.002 

Hz was added based on the trend curve. 

Nevertheless, it can be observed that the transformer 

T4 with higher moisture content in the paper (2.9%) 

shows higher values of tg δ and a more significant 

increase in the loss factor towards lower frequencies 

compared to transformers T1 to T3. However, the 

difference between T1 (1%) and T2 (2.2%) is not clearly 

distinguishable in this frequency range, which confirms 

that without measurements below the threshold of 0.005 

Hz, the sensitivity of the FDS method to smaller 

moisture differences is limited. 

For this reason, it can be stated that the measurement 

would be significantly more informative if it were 

extended to the ultra-low frequency range, where the 

trend of the curves due to the moisture content in the 

paper would be more clearly manifested. 

A significant difference is observed in the 

transformer T4, which has a significantly increased 

specific conductivity of the oil (30 pS/m). In this case, 

there is an overall shift of the tan δ curve towards higher 

frequencies, which is a typical manifestation of an 

increased conductivity component of dielectric losses. 

This phenomenon is well identifiable in both types of 

display and represents a clear diagnostic indicator of oil 

degradation. 

5 Conclusion 

A comparison of the curves shows that the FDS method 

allows sensitively distinguishing changes in the state of 

oil-paper insulation, especially in the low frequency 

range, where conductive and relaxation mechanisms 

dominate. The results clearly confirm that the 

combination of increased paper moisture and higher oil 

conductivity leads to a significant deformation of the 

frequency dependence of the capacitance, which can be 

used as a reliable diagnostic indicator of aging and 

degradation of the transformer insulation system. 

The results show that the ratio analysis of 

capacitance versus 50 Hz is a suitable tool for comparing 

transformers with different geometries and power and at 

the same time increases the sensitivity of the FDS 

method to changes in oil conductivity. However, for a 

more accurate assessment of the moisture content of 

paper insulation, it is necessary to combine this 

approach with the analysis of the loss factor (tan δ) or 

with a model evaluation of the entire frequency 

spectrum, where the effect of moisture is more 

pronounced than in the normalized capacitance 

characteristic alone. 

The display with a logarithmic scale of tg δ allows 

capturing a wide dynamic range of values and better 

visualizes differences in the low-frequency region, 
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which is crucial for assessing moisture in paper. It is 

therefore more suitable for professional interpretation of 

dielectric processes and comparing trends between 

transformers. 

On the contrary, the linear display of tg δ suppresses 

subtle differences at lower values and highlights 

extreme values at the lowest frequencies. It is clear in 

terms of comparison of absolute losses, but less 

sensitive to differences between transformers with 

similar insulation conditions. However, its advantage is 

the elimination of the influence of geometry and better 

visual comparability of the shape of the curves. 
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