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Abstract – The dielectric spectroscopy method is 

an excellence instrument for the diagnostics of high 

voltage insulation and assessing quality of HV 

equipment such as transformers, cables, capaci-

tors, etc. This method allows the state of HV insu-

lation to be estimated by using the dielectric re-

sponse over the frequency range. The possibility of 

assessing the insulation quality of HV capacitors is 

shown in this paper. It was found that the dielectric 

spectroscopy method allows us to estimate not only 

the HV insulation quality but also a moisture pres-

ence in composite insulation.  

1. Introduction 

Application of solid polymeric dielectrics as HV insu-
lation in the power engineering and electrical engi-
neering results in a necessity of development of new 
effective methods of diagnostics of their pre-
breakdown state under the electric field. Diagnostics 
of the insulation state of HV capacitors both after pro-
ducing and during exploitation period is very impor-
tant problem as damage of insulation of HV capacitor 
can result in the destroy of unique HV equipment.  

Traditional measurements of loss factor tanδ or 

overall conductivity γ at the fixed frequency can not 
give synonymous appreciation of the insulation qual-

ity as these methods allow the integral value of tanδ 

and ρ of composite insulation to be measured. As a 
consequence, alternative non-destructive methods are 
of considerable interest for assessing the state of com-
posite insulation. 

In particular, the dielectric spectroscopy method 
(DSM) in frequency domain is widely used for assess-
ing quality of the oil-paper insulation of power trans-
formers [1–3]. A sinusoidal signal is applied to the 
high voltage bushing and the frequency response 
measured at the other terminal. The insulation system 
of HV equipment frequently is a composite of some 
dielectric media. It is important to realize that each has 
its own dielectric response and, when putting them 
together, the total response will not only reflect prop-
erties of each material, but also the way they are com-
bined. 

This method allows both the moisture content in 

oil-paper insulation and the degree of ageing of insula-

tion of HV power transformers and HV power cables 

to be estimated [4–6]. Besides, the given method can 
be used for the quality assessment of novel composite 

polymeric materials [7, 8]. 

The study of possibility of DSM application for 

assessing quality of HV capacitors was the main aim 

of this work.  

2. Experimental procedure and samples 

The measurements of real part ε′ (or C) of the com-

plex permittivity and tanδ (or imaginary part ε″ of the 
complex permittivity) of paper samples were carried 

out under AC voltage 3 V at temperatures 20–100 °C 
in the frequency range from 10–2 Hz to 1 MHz by us-

ing the Solartron Instrument (Impedance/Gain-Phase 

Analyzer Solartron 1260 + Dielectric Interface So-

lartron 1296) [9]. The experimental setup is shown in 
Fig. 1.  
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Fig. 1. Experimental setup: 1 – frequency response analyzer 

Solartron 1260; 2 – dielectric interface Solartron 1296; 3 – 

computer; 4 – test cell with a sample; and 5 – temperature 

   controller 

Measurements of С and tanδ or ε″ for capacitors 
were carried out in the frequency range from 10–1 Hz 

to 104 Hz by using the same measuring instrument.  

Samples of paper 75 × 75 mm with thickness of 

100 μm were used in this study. On both surfaces of 
samples graphite electrodes 25 mm in diameter were 

made. All samples were conditioned in vacuum at 

100 °C for 4 h before the measurements. Three groups 
of samples were prepared: A, dry paper; B, dry paper 

impregnated with hydrocarbon oil; and C, humidified 

paper-oil insulation.  
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Others studied objects were HV impulse capacitors 

HCEI 50-0.25 and HCEI 50-0.1. Figure 2 shows a 

general view of impulse capacitor HCEI 50-0.25. 
 

 

Fig. 2. High voltage capacitor HCEI 50-0.25 

Insulation on these capacitors was made as a com-

bination of paper and PET films of thickness 10 μm 
impregnated by castor oil. 

3. Experimental results and discussion 

The experimental results of the study of frequency 

dependencies of the overall admittance for three 

groups of samples are shown in Fig. 3.  
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Fig. 3. Frequency dependencies of admittance for dry paper, 

  oil impregnated paper and wet paper  

It can be seen that the value of admittance are 

practically unchangeable for all samples with decrease 

in the frequency approximately up to 103 Hz. For the 

frequencies lower than 103 Hz the admittance value is 

increased significantly for the oil-impregnated and 

especially for wet paper samples (B and C groups) 

compared to that for the dry paper (group A). For ex-

ample, the values of the admittance at 60 Hz for the 

samples of B and C groups are increased by a factor of 

1.9 and 11, while at 10–1 Hz by a factor of 7.5 and 400 
compared to that for the dry non-impregnated paper 

respectively (Fig. 3). It is conditioned by that in B and 

C groups an additional dielectric loss related with the 

polarization of molecules of oil and water are ob-

served. This results in the increase in dielectric loss 

due to the current increase through oil-paper insula-

tion. 

However not only the admittance value but also 

parameters of the dielectric relaxation spectra depend 

on the experimental conditions of oil-paper insulation. 

Figure 4 shows typical dielectric relaxation spectra for 

three groups of samples. 
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Fig. 4. Frequency dependencies of capacitance (a) and tanδ 

  (b) for dry paper, oil impregnated paper and wet paper  

It is obvious that the value of tanδ is practically in-
variable in the high-frequency range for all groups of 

samples. The frequency dependencies of tanδ for B 
and C groups in the low-frequency range are shifted 

towards the lower frequency (< 10–1 Hz) compared to 

that for the dry paper. The most significant changes of 

tanδ are observed in the medium frequency range. 

Characteristic tanδ relaxation peaks corresponding to 

the oil and water are observed at 1 and 30 Hz respec-
tively. These dielectric losses will give the significant 

contribution into the total dielectric loss of oil-paper 

insulation.  

Figures 5 show frequency dependencies of tanδ for 
samples: 3 layers of polyethylene terephthalate (PET) 

film + 3 layers of paper. The thickness both of PET 

film and paper was 10 μm. Total thickness of samples 
was equal to the insulation thickness in the capacitor 

sections. Samples were no dried before measurements. 

Two cases were considered. First, when a PET layer 

of sample was turned to the measuring electrode of 

measuring instrument (1). Second, when the opposite 

paper layer of sample was turned to the measuring 
electrode (2).  

It can be seen that the difference between two 

curves in Fig. 5 is negligible in the high frequency 



Pulsed Power Technology 
 

374 

range, while the value of tanδ in the low frequency 
range is sharply increased for the second case. Relaxa-

tion tanδ peak for both cases is observed at ∼ 2–3 Hz. 
The difference between two dependencies in the low-

frequency range in Fig. 5 may be related with various 

moisture contents in paper and PET and with dissocia-

tion of H2O molecules during measurements.  
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Fig. 5. Dielectric relaxation spectra for paper/PET samples 

Frequency dependencies of the imaginary part of 

complex permittivity ε″ = ε′⋅tanδ for HV capacitors 
are represented in Fig. 6.  
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Fig. 6. Dielectric relaxation spectra for HV capacitors at 

  20 °C  

It can be seen that characteristic relaxation peaks 

of the imaginary part of the complex permittivity ε″ 

are observed at ∼ 0.5–0.6 Hz in the dielectric relaxa-
tion spectra of both capacitors. The maximum value of 

ε″ for capacitor HCEI 50-0.25 at F ≈ 0.5–0.6 Hz is 

increased by ∼ 65% compared with a capacitor 
HCEI 50-0.1. Difference between two capacitances in 

the high frequency range is negligible. Minimum di-
electric losses for both capacitors are observed at 

∼ 80 Hz.  

It should be noted here the dielectric loss maxi-

mum is not related with paper, PET or castor oil. This 

maximum may be conditioned by the combined water 

in spite of the capacitor insulation drying.  

The comparison of Figs. 5 and 6 shows that the re-

laxation maximum of tanδ is shifted from 0.5–0.6 to 
2–3 Hz for capacitors and for PET/paper samples re-

spectively. This may be related with availability of 

water both on the surface and inside the paper in 

PET/paper samples. 

Figure 7 shows frequency dependencies of tanδ for 

two capacitors HCEI 50-0.1. One of them was made 
by the ordinary technology. Impregnation of capacitor 

sections with castor oil were carried out after drying in 

vacuum at the temperature ∼ 105 °C. Other capacitor 
was not dried before the impregnation with castor oil.  

 

Capacitance Tan Delta 

 
Frequency, Hz 

Fig. 7. Dielectric relaxation spectra for a capacitor  

  HCEI 50-0.1 at 20 °C  

It is obvious that the value of tanδ for the latter ca-

pacitor is increased by ∼ 70–75% compared with dried 
one. Besides, the presence of moisture in the insula-

tion of the second capacitor results in the shift of the 

dielectric relaxation spectrum towards the higher fre-
quency compared to that for the first capacitor. The 

shift of the dependency tanδ = f(F) can be estimated 

by the shift of the tanδ minimum. In this case, the fre-

quency corresponding to the tanδ minimum for the 

second capacitor is increased by a factor of ∼ 7 com-

pared to that for the first capacitor (see Fig. 7).  
However, main differences between both capaci-

tors are observed in the low-frequency range and as-

sessing the moisture content in paper/PET insulation 

by the value of tanδ at fixed frequency (for example, 
at 1000 Hz) is impossible. In this case the values of 

tanδ for both HV capacitors are practically close to 
each other. 

Thus, the comparison of relations in Fig. 7 allows 

us to find difference between two dielectric relaxation 

spectra for dry and wet insulation of HV capacitors. 

This fact can be used for non-destructive assessing 

quality of HV capacitors after producing. 
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By using preliminary study results, a novel non-

destructive method of the dielectric strength definition 

of HV equipment insulation was proposed. The 

method is based on measurement of parameters of 

dielectric relaxation spectra and calculation of the 

breakdown strength by using the low voltage charac-

teristics of insulation system without high voltage 

application [10]. However for the verification of this 

method for impulse HV capacitors an additional study 
is needed. Knowledge of the dielectric properties of 

the insulation components is needed for this purpose. 

Nevertheless, at present the dielectric spectroscopy 

method may be applied for the quality assessment of 

insulation of HV capacitors as a non-destructive 

method. 

4. Conclusion 

It was shown that the dielectric spectroscopy in fre-

quency domain can be applied to diagnostics of HV 

capacitors and assessing the quality of HV insulation 
without high voltage application. The dielectric spec-

troscopy method allows the presence of moisture in 

the capacitor insulation to be detected.  
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