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Abstract- In this paper, the oil-paper insulation system of the 

power transformer is analyzed in the frequency domain. 

Different factors that influence the dielectric insulation of oil-

paper, such as the temperature, moisture in cellulose, 

conductivity, and oil aging, are described. The analysis for the 

dielectric response is carried out by analyzing the dissipation 

factors and the complex capacitance through the Frequency 

Domain Spectroscopy (FDS) method. This tool analyzes the 

dielectric responses of the oil-paper insulation system, by 

measuring a series of dissipation factors at different frequencies, 

typically distributed over the range of 0.001 Hz to 1000 Hz. The 

result of the experiments shows that the temperatures, moisture 

in cellulose, conductivity, and oil aging have a significant 

influence, in the low-frequency range than in the high-frequency 

range. 

 

Index Terms- Frequency Domain Spectroscopy (FDS), 

dissipation factor, temperature influence, moisture in cellulose, 

conductivity, oil aging. 

I. INTRODUCTION 

n recent years, diagnostics to determine the state of the          

insulation system of a power transformer has become 

increasingly important due to technical and economic reasons 

[1,2]. The power transformer is the most important and 

expensive equipment in the power system, therefore, it is 

necessary to know the state of the insulation system in order to 

plan future preventive maintenance and prevent possible 

equipment failure. The insulation system is basically constituted 

of cellulose and oil, factors such as moisture, temperature, oil 

conductivity and aging have greatly influenced for reduction of 

the insulation [1-3].The main methods to measure the dielectric 

response in the power transformer are Polarization 

Depolarization Current (PDC) and Recovery Voltage 

Measurements (RVM), which are in the time domain; whereas, 

Frequency Domain Spectroscopy (FDS) represents the frequency 

domain [4-7]. The FDS method presents a small influence from 

electromagnetic noise than PDC and RVM, and the obtained 

results are more reliable [8, 9].This article aims to analyze how 

factors such as moisture, temperature, oil conductivity, and aging 

influence in dielectric responses using the FDS method. 

 

II. PRINCIPLE OF DIELECTRIC FREQUENCY 

RESPONSE 

When the external electrical field E(t) is applied in a dielectric 

material, the material became polarized and the density current 

according to Maxwell is equal to [10-14]:  

                                           J(t) = 𝜎0E(t) +
𝑑𝐷(𝑡)

𝑑𝑡
               (1) 

Where: σ0 is the dc conductivity of the dielectric material, and 

D(t) is dielectric induction. The D(t) is equal to: 

                             D(t) = 𝜀0𝐸(𝑡) + 𝑃(𝑡)                 (2) 

Where: P(t) is polarization, ε0 is permittivity in the vacuum. In 

the frequency domain the polarization will be [7-9]: 

                               P(ω) = 𝜀0[𝜀∞ − 1 + 𝜒(𝜔)]𝐸(𝜔)       (3)    

Rewrite equation (1) in frequency domain applying Fourier 

transform it will be: 

          J(ω) = 𝜎0E(ω) + JωD(ω)               (4) 

Using equations (1) and (2) in (4), the current density is equal to: 

J(ω) = jω𝜀0 {𝜀∞ + 𝜒′(𝜔) − 𝑗 [
𝜎0

𝜀0𝜔
+ 𝜒′′(𝜔)]} 𝐸(𝜔)  

J(ω) = jω𝜀0{𝜀′(𝜔) − 𝑗𝜀 ,,(𝜔)}𝐸(𝜔)           (5) 

Where: ε’(ω) is the real part of the complex permittivity ε(ω) 

(doesn’t contribute to power loss)  and ε''(ω) is the imaginary 

part of the complex (contribute to the power loss). Equation (5) 

rewritten in terms of capacitance will be [15-17]:   

 

         I(ω) = jω𝐶0 {𝜀∞ + 𝜒′(𝜔) − 𝑗 [
𝜎0

𝜀0𝜔
+ 𝜒′′(𝜔)]} 𝑈(𝜔)  

    I(ω) = jω{𝐶′(𝜔) − 𝑗𝐶′′(𝜔)}𝑈(𝜔) = 𝑗𝜔𝐶(𝜔)𝑈(𝜔)       (6)  

Where: C0  is the geometrical capacitance, I(ω) is the response 

current, U(ω) is the voltage, C'(ω) is the real part  and C''(ω) is 

the imaginary part of the complex capacitance. The effects of 

moisture content, Aging effects, and temperature in the insulation 

system of power transformer will change these quantities in the 

I 
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different frequency range  [18,19]. The Dissipation Factor 

represents the dielectric loss (DF), when high is the dissipation 

factor the more are the electrical losses. [10]:  

DF = tan(δ) =
𝜀′′

𝜀′ =
𝐶′′

𝐶′             (7) 

III. FREQUENCY DOMAIN SPECTROSCOPY (FDS) 

The FDS method is performed, by measuring a series of 

dissipation factor measurements at different frequencies, 

typically from 1mHz to 1kHz as shown in the curves of the 

figure (1) [12, 20].The dielectric response is carried out by 

analyzing the dissipation factors and the complex capacitance. 

 

Fig.1 Typical curve of dissipation factor [14, 15, 16].  

 

 

IV.EXPERIMENTAL LABORATORY TEST  

4.1. Materials 

To carry out the experiments and to verify the different behavior 

of the oil-paper in the insulation system, the vegetable oil and 

paper with a good degree of polymerization were used. The 

temperature of 120º C was used to accelerate the oil aging 

process by using an oven shown in figure 2 (b). The dielectric 

response curves were obtained by Megger IDAX 300 figure 2 (c). 

The vat with three electrodes, for modeling the oil-paper 

insulation system of the power transformer as shown in figure 2 

(a) and the setup of the test system as shown in figure (3). 

 
Fig. 2 a) Vat white 3 electrodes, b) oven, c) Megger IDAX 300. 

 
Fig.3 The setup of the test system. 

 

4.2. Experimental results analysis 

To understand the influence of conductivity, cellulose, humidity, 

and oil aging in oil-paper insulation behaviors were analyzed, 

through the complex capacitance (real and imaginary part), and 

the dissipation factor in the different frequency domain. 

 

4.2.1. The influence of temperature 

Increasing the temperature of the power transformer reduces the 

dielectric properties of the insulation. The figures (4) and (5) 

show the different dielectric responses of capacitance and 

dissipation factor with different temperatures. It can be seen that 

the effect of the increase in temperature has a greater influence 

on low frequencies. When the temperature increases, the 

dissipation factor also increases with the frequency variation. 
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a) Real part of capacitance in different temperatures. 

 

b) The Imaginary part of capacitance in different temperatures 

Fig.4 Complex capacitance in different temperatures. 

 

Fig.5 Dissipation factor in different temperatures. 

 

 

 

4.2.2. The influence of moisture on cellulose 

The water content in the insulation system continuously increases 

due to moisture ingress from the atmosphere, either through the 

loss of transformer tank tightness, leakage by the joints or welds, 

as well as poor conservation of silica gel and degradation of the 

insulation system (cellulose and oil)  [20,21,22]. Water in the 

insulation system (oil-paper) causes dangerous effects such as 

accelerated cellulose aging,  emission of bubbles, and a decrease 

in dielectric withstand strength. 

Moisture increases the losses in power transformers. Figures (6) 

and (7) show different dielectric responses for different moisture 

in cellulose, keeping the temperature constant. In the graphs of 

capacitance and dissipation factors, it can be seen that the 

increase in cellulose moisture has great effects at low frequencies. 

It increases the capacitance (mainly, the imaginary component 

that reflects the dielectric losses), and consequently, the increase 

in the dissipation factor and this effect is not noticeable for high 

frequencies. With the increase in moisture in the cellulose, the 

capacitance and dissipation factor graphs tend to shift to the right 

with an increase in frequency. 

 
a) The real part of capacitance with different moisture content in 

cellulose 
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b) The Imaginary part of capacitance with different moisture content in 

cellulose. 

Fig. 6 Complex capacitance with different moisture content in 

cellulose. 

 
Fig. 7 Dissipation factor with different moisture. 

4.2.3. The influence of oil conductivity 

The process of oil deterioration occurs when oxygen from the air 

dissolved in this liquid and released by the oxidation of the 

insulating paper.This is accompanied by the water brought on the 

surface by the humidity of the air or released by the oxidation of 

cellulose.This comes into contact as an insulating oil and, from 

catalysts (such as copper and iron) and accelerators (heat, high 

voltage, vibration, and electrical surges) initiate the process in 

which soluble, mainly acidic, products are formed.As the process 

continues, the soluble products formed become insoluble, which 

in turn will compose the sediment that causes the dielectric 

acidity of the oil to be lost and consequently increases the 

conductivity [23,24]. 

The graphs in figures (8) and (9) show that the effect of the 

increase in conductivity of the oil affects the dielectric response, 

especially at low frequencies (1mH to 10Hz). Moreover, the 

increase in capacitance and the dissipation factor is verified from 

the constant moisture in the cellulose in the order of 2 to 2.1%. 

The graphs of capacitance and the dissipation factor tend to shift 

to the right with an increasing frequency. Furthermore, the 

conductivity increases the dielectric losses in the transformer due 

to the loss of dielectric stiffness in the insulating oil. 

 

 

a) The real part of capacitance with different oil conductivity. 

 

b) The imaginary part of capacitance with different oil conductivity 

Fig.8 Complex capacitance with different oil conductivity. 

 

Fig.9 Dissipation factor with different oil conductivity. 
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4.2.1. Influence of aging oil 

Discharges of partial tensions in oil and thermal stress contribute 

greatly to it's aging and depending on the time of aging present in 

different dielectric responses [20, 24]. The graphs of figure (10) e 

(11) show different dielectric responses of oil aged at different 

aged time intervals having the dissipation factor and capacitance 

curve tends to shift to the right with increasing frequencies. The 

oil was aged at a temperature of 120o C. Therefore, aging implies 

an increase in oil conductivity and a loss of its dielectric strength. 

The dielectric losses occur at low frequencies as shown in the 

capacitance and dissipation factor graphs. 

 

a) The Real part of capacitance at a different time aged. 

 

b) The imaginary part of capacitance in different time aged 

Fig.10 Complex capacitance in different time aged 

 

Fig.11 Dissipation factor in different time aged. 

 

5. DISCUSSION OF RESULTS  

The dielectric response in a wide frequency range of insulation 

systems of power transformers allows the analysis of the 

influence of the temperature, moisture, conductivity, and aging 

of oil. With increasing temperature, moisture content, or aging of 

oil, the curve of the DF and complex capacitance increases to the 

higher frequencies. The graphs of the dielectric responses for 

both capacitance and the dissipation factor show that the 

influence of cellulose moisture, temperature, conductivity, and 

oil aging has a greater influence at low frequencies. 

 

6. CONCLUSION 

Dielectric diagnostic methods deduce moisture in a paper of 

insulation system of power transformers, from dielectric 

properties such as polarization and depolarization currents (PDC 

method), complex capacitance, and the dissipation factor (FDS 

method), in this paper is analyzed only the FDS method using 

complex capacitance and dissipation factor. Aging effects due to 

moisture content and temperature will change these quantities in 

different frequency ranges. With the increasing moisture content, 

aging, or temperature, in the insulation system of power 

transformers, the curve of the dissipation factor shifts towards the 

higher frequencies. Moisture influences in the curve of the 

dissipation factor at low-frequency and high-frequency range, but 

his effect is more noticeable in the low-frequency. The increase 

in the conductivity of the oil implies an increase in the 

dissipation factor and the consequent displacement of the graph 

to the right with the increase in frequency and this displacement 

are more accentuated at low-frequencies.  The effects of 

moisture, oil conductivity, and temperature according to the 

measurement results show that have more effect at low-

frequencies (0.001Hz to 100Hz), Utilizing this range of the 

frequency is possible to save time to get the dielectric response. 
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