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Abstract. Dielectric Frequency Response, also known as 

Frequency Domain Spectroscopy (FDS), was introduced about 

a decade ago as the preferred method for measuring moisture 

content in the cellulose insulation of power transformers. A 

conventional FDS measurement is carried out as a frequency 

sweep down till 100 µHz, thus causing unavoidable large 

measuring time due to the very low frequency oscillations. 

Nevertheless, FDS is the favored choice for on-site 

measurements due to its robustness against noise. Noisy 

environment also increases the averaging time of the lock-in-

amplifier measurement technique commonly used in 

commercial FDS equipment. This contribution proposes a 

newly developed modification to the FDS measurement 

technique where we propose to reduce the measuring time by 

measuring multiple sinusoidal oscillations simultaneously. 

Digital Fourier Transformation (DFT) is used to separate the 

individual oscillations in the frequency domain. The 

capacitance and dissipation factor (tan δ) is then calculated for 

each individual oscillation. The proposed advancement reduces 

the measuring time considerably.  
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1. Introduction 

 
The deregulation of the electric utility industry in   North 

America and Europe in recent years has caused new 

trends and approaches towards maintenance. The 

catchword in utility companies nowadays is condition-

based maintenance or even life management as opposed 

to time-based or preventive maintenance which has been 

in place since the birth of the electricity supply industry 

[1]. This new approach was born out of the need to cut 

costs without endangering a reliable supply of electricity 

to demanding customers. The driving force for the 

development and application of improved diagnostic 

methods is the continuously increasing age of expensive 

High Voltage (HV) components. Diagnostics to 

determine the state of a power transformer, which is one 

of the most expensive components in a power systems 

assembly, have hence become more and more important 

due to technical and economic reasons.  

The main concern for a power transformer is its 

insulation system, namely Oil-Impregnated-Paper, which 

essentially determines its lifetime. Dielectric response 

analysis is an off-line diagnostic method which basically 

measures the complex capacitance and dielectric 

dissipation factor of the insulation within a very wide 

frequency range and subsequently calculates the moisture 

content using advanced modeling techniques [2]. Due to 

the necessity of shutting down the transformer, the time 

duration of dielectric response measurements is also a 

cost factor. As already mentioned, the time duration 

required to perform a Frequency Domain Spectroscopy 

(FDS) is relatively long. There has been therefore already 

been attempts in [4], [5], [6] and [7] to reduce the 

measuring duration. These attempts, while reducing the 

time duration by cleverly combining the FDS and 

Polarization and Depolarization Currents (PDC) methods, 

inadvertently inherited the disadvantages of the PDC 

Method in the time domain.  

The central idea of a new approach presented in this 

paper is to accelerate the existing FDS method. Instead of 

performing a conventional frequency sweep using 

sequential discrete sinusoidal perturbation signals, the 

new approach uses a perturbation signal that consists of 

multiple sinusoids of different discrete frequencies. 

Various measuring frequencies can hence be 

simultaneously acquired and analyzed. The acquired 

response is then evaluated for the complex impedance. 

The complex admittance, complex capacitance as well as 

the dissipation factor (tan) are then derived from the 

complex impedance, just as in a conventional FDS 

measurement. This accelerated measuring method will 

hence forth be referred to as xFDS for purposes of 

clarity. It is only logical that the results of xFDS must be 

identical with those of the conventional FDS. Due to its 

time saving nature, a higher spectral resolution can be 

obtained using the xFDS. The subsequent curve-fitting 

method employed to an insulation model for the moisture 

analysis benefits from the higher spectral resolution, 

consequently resulting in a more accurate diagnosis. In 

the following, the basic principles and design of the 

xFDS are presented and discussed.   
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2.  Excitation Signal 
 

A. General Concept 

 

The perturbation signal will hence forth be referred to 

as up(t), the index p referring to perturbation. A signal 

consisting of z sinusoidal oscillations with a frequency fi 

can be mathematically expressed as: 
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It is of utmost importance to know exactly the oscillation 

period Tp of the mathematical expression in (1) in order 

to optimize the time saving. At least one complete period 

of the excitation signal and its response signal need to be 

digitally acquired in order to carry out the signal 

decomposition and spectral analysis using Digital Fourier 

Transform (DFT). If the period Tp of the signal exceeds 

the sum of each individual sinusoidal period Ti = 1/fi, this 

could lead to a xFDS measuring duration that is even 

longer than that of the conventional FDS. As a very 

general definition, the frequencies fi will be chosen as a 

multiple of a base frequency f0. Since the base frequency 

should also be the smallest frequency component, all the 

frequency coefficients end up being greater than unity: 
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The oscillation period of each sinusoid is thus given by: 
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If each sinusoid completes an integer multiple of its 

oscillation Ti at exactly Tp, then Tp becomes the 

oscillation period of the perturbation signal. Fulfillment 

of this requirement means that each sinusoid has 

undergone at least one complete oscillation after Tp and 

that the perturbation signal just repeats itself after Tp. 

This at the same time fulfills the requirements needed to 

avoid spectral leakage due to incomplete oscillations. An 

example with three superimposed oscillations comprising 

frequencies f0 = 1 Hz, f1 = 1.5 Hz and f2 = 2.5 Hz is 

shown in Fig. 1. The oscillation period can be clearly 

deduced as Tp = 2 s. 

 

 
Fig. 1.  Perturbation signal and its component sinusoids 

 

From a mathematical point of view, the oscillation 

period is the Least Common Multiple (LCM) of each 

individual period Ti, independent of the respective 

amplitudes.  
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It has been shown in Fig. 1 that the periodic time of 

the mixed signal could end up being greater than that of 

the base frequency. The frequency coefficients ki thus 

have to be chosen in such a way that the period Tp 

becomes as short as possible. Starting with the frequency 

distribution of the excitation signal, the smallest 

frequency f1 = f0 and its corresponding frequency 

coefficient k1 = 1, the minimal period and its 

corresponding conditions are given in (5). 
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B. Amplitude Scaling 

 

Taking into consideration that the transformer 

insulation exhibits ohmic-capacitive behavior, it would 

be disadvantageous to have an excitation signal with 

constant amplitudes as the spectrum of the measured 

current response would then be proportional to 

frequency. This leads to a Signal to Noise Ratio (SNR) 

that is inversely proportional to frequency which 

ultimately leads to decreasing measuring accuracy in the 

lower frequency region. This disadvantage can be 

partially rectified using amplitudes that are scaled 

exponentially. This exponential scaling is implemented 

using the factor g. 
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For the case that g = 0, constant amplitude 

distribution is set, whereas increasing g leads to more 

signal energy in the lower frequencies of the spectrum. 

The amplitude and hence the energy of the higher 

frequencies are reduced. By this means, the capacitive 

effects of the insulation are reversed to improve current 

response measurements in the lower frequency region. 

For the practical investigations during the course of 

this work, a Digital to Analog Converter (DAC) with a 

maximum voltage range of ±10 V was used, which 

explains the scaling of the perturbation signals shown in 

Fig. 2.  

 

 
Fig. 2.  Perturbation signal with different Bandwidths 

 

 

The signals cover bandwidths of one and two decades 



respectively, with the frequency coefficients distributed 

logarithmically. The periodicity of both perturbation 

signals after 1 s can be clearly seen in Fig. 2. 

 

C. Crest-Factor optimization 

 

Another aspect besides the periodic time that could be 

optimized is the utilization of the maximum voltage 

range. As seen in Fig. 2, the positive and negative 

maximum of both signals seldom reach the maximal 

voltage level. It would be advantageous to generate a 

signal that reaches the maximal voltage level more often, 

as this would mean an increased SNR during 

measurement. In this context the Crest Factor (CF) is 

defined as the ratio of the absolute maximum to the Root 

Mean Square (RMS) value. In an ideal situation, the 

RMS value is as large as possible to obtain more signal 

energy, while at the same time the absolute maximum is 

as small as possible in order to utilize the maximum 

voltage range. The CF should therefore be minimized. In 

order to obtain additional parameters which do not extend 

the periodic time of the perturbation signal, phase shifts 

are introduced into the sinusoids. The variable phase 

shifts do not affect the RMS value, but they cause 

changes to maximum value and hence to the CF. The 

minimization of the CF is based on a method explained in 

[8], which actually is based on a clipping algorithm 

presented in [9] and [10]. A general solution for this 

minimization problem is nonexistent, but a variety of 

iterative algorithms can be implemented for the 

approximation of an optimal phase distribution. The 

clipping algorithm was deployed in the course of this 

work as it was easy to implement and reliably delivered 

good results. 

 

Fig. 3.  Results of CF optimization, g = 0.5 

 

3. Spectral Analysis 

 
After concluding the conception of the perturbation 

signal, this section deals with the methods utilized for the 

spectral analysis of the recorded voltage (perturbation) 

and current (response) signals. The general intention is to 

determine the amplitude and phase shift of each 

frequency component and consequentially the complex 

impedance or rather capacitance. Due to the overlapping 

multiple sinusoids, it is impossible to carry out this 

determination in the time domain, which is why the 

analysis is carried out in the frequency domain. Since the 

signals are digitally sampled with a sampling frequency 

Fs, the recorded signals are discrete in nature hence 

requiring the DFT for the transformation into the 

frequency domain. 

 

A.   Leakage effects and windowing 

 

Spectral leakage results from an assumption in the 

DFT algorithm that the sampled data exactly repeats 

itself infinitely. Thus, signals in a sampled data are 

periodic at intervals that correspond to the length of the 

acquisition. When DFT is used to measure the frequency 

content of data, the transforms assume that the finite data 

set is one period of a periodic signal. Therefore, the 

finiteness of the sampled data results in a truncated 

waveform with different spectral characteristics from the 

original continuous-time signal, and the finiteness can 

introduce sharp transition changes into the measured 

data. The sharp transitions are discontinuities which 

produce leakage of spectral information. Spectral leakage 

produces a discrete-time spectrum that appears as a 

smeared version of the original continuous-time 

spectrum. Spectral leakage distorts the measurement in 

such a way that energy from a given frequency 

component appears to spread over adjacent frequency 

lines or bins, resulting in a smeared spectrum. Due to the 

assumption of periodicity of the waveform, artificial 

discontinuities between successive periods occur when a 

non-integer number of cycles are sampled. To overcome 

the limitations of a finite time record, windowing is used 

to reduce the spectral leakage. Since the perturbation 

signal and its response are sampled synchronously, an 

integer number of cycles can hence be guaranteed. 

Therefore a rectangular window with an exact length of 

one complete oscillation is used in this work.  

 

B.   Impedance calculation 

 
The derivation of the dielectric quantities is 

performed for a mono-frequent perturbation signal and is 

then extended to the multi-frequent perturbation signal. 

Transforming a general, time-discrete and mono frequent 

signal into the frequency domain using DFT gives us a 

spectrum containing two complex spectral components 

[11], mathematically expressed as two Dirac-Pulses. 

Taking the Fourier transform of the perturbation signal 

and that of the resulting response signal allows 

determination of the transfer function, e.g. the system 

impedance may be obtained from: 

 
 

  
  

 
  
  







jC

jC
j

tuDFT

tiDFT

jjZj
jC

Re

Im
tan

11





   (7) 

 

4. Simulations 
 

Before the concepts outlined so far are brought 

together into a measurement system, this section presents 

the simulations run in MATLAB
®
 to verify the basic 

operation and the robustness of the algorithms to external 

noise signals. The simulation software is the core of the 

measurement software used later to control the hardware 

devices. For the simulation, an ohmic-capacitive circuit is 

assumed to represent the transformer main insulation. 
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Fig. 4.  Insulation model for simulation 

 

B.   Response to random noise 

 

In order to simulate random noise which could be 

caused by a number of reasons, a noise signal is added 

unto the current response before the spectral analysis is 

conducted. The addition of random noise showed that a 

sampling rate just fulfilling the Nyquist sampling 

theorem is insufficient. The dissipation factor curve 

shows considerable deviation from the ideal response. 

The effects noticed are due to the fact, that for small 

dissipation factor values, the real part of the current 

becomes very small leading to smaller SNR. This is seen 

in the imaginary curve of the capacitance. The same 

effect is seen at the other end of the frequency spectrum. 

As the frequency decreases, the capacitive impedance 

increases causing very small imaginary currents leading 

again to smaller SNR. This time around, the effects are 

noticeable on the real part of the capacitance. Increasing 

the sampling frequency by a factor  reduces 

these effects to a certain extent.  

 
 

 
 

 
Fig. 5.  Effects of random noise on spectral analysis 

a) Variation of SNR, sampling factor Ks=20 

b) Variation of sampling factor, SNR = 40dB 

 
C.   Response to discrete noise 

 

Finally, it is still necessary to consider the impact of 

discrete noise of higher frequencies which are assumed to 

be sinusoidal. One possible source for this can e.g. be the 

line noise with a frequency of 50/60 Hz or noise from 

nearby inverters. Since the measured insulation current is 

in the nano-Ampere range, interfering signals are easily 

coupled with either inductive or capacitive means. As the 

current response is analyzed using the DFT, all discrete 

noise signals which do not overlap with the measurement 

frequencies should not pose a problem. Spectral leakage 

can occur if the frequency of a discrete interference 

fDiscrete is not exactly represented by the frequency 

resolution. The previously discrete spectral lines become 

broader, fanning over several neighboring frequencies. 

This increases the likelihood that adjacent measuring 

frequencies are influenced. If the frequency of an 

interfering signal is higher than the highest measurement 

frequency, this really should not affect the measured 

frequency points. This however only holds true as long as 

the Nyquist sampling theorem is fulfilled. Otherwise 

aliasing due to undersampling occurs, causing the 

interference to be mirrored into the measuring frequency 

range. The sampling rate can be increased so as to satisfy 

the sampling theorem, preventing aliasing and leakage 

effects. 

  

 

 
Fig. 6.  Example of spectral leakage and mitigation 

a)  interference aliased into measuring range 

b)  no aliased interference 

 

5. Test setup 
 

After verifying the basic operating method of the 

xFDS algorithm with the simulations, the next step was 

setting up the measurement system. In order to quickly 

get results for this work, commercially available standard 

instruments and converters were utilized. This approach, 

although not achieving a completely optimized test setup, 

was seen as an ideal compromise in line with the goal of 

researching the possibilities of the xFDS method and not 

developing a commercial measuring instrument. 

Converters from National Instruments' CompactDAQ 

range were deemed to be suitable for this purpose. They 

consist of a wide range of different devices, all serving as 

an interface between the analog and the digital world. An 

added advantage was simple control of the devices via 

Universal Serial Bus (USB) directly by MATLAB
®
 as 

well as their compact design which requires no additional 

circuitry such as a power supply or an analog signal 

processing. A picoamperemeter from Keithley 

Instruments was used to measure the current response as 

the current amplitudes lie in the nano-Ampere range. 

 

 

a) 

b) 

a) 

b) 



 
 

Fig. 7.  Overview of test setup 

 

The software structure builds on the simulation 

program. A new feature is the ability to control the 

measuring instruments, i.e. the Analog to Digital 

Converter (ADC), DAC and the picoamperemeter. The 

Data Acquisition Toolbox and the Instrument Control 

Toolbox provided by MATLAB
®
 was used for this 

purpose. Another major difference of the final software 

package is the separation of measurement and analysis in 

two independent programs. 

The xFDS measurement program is only responsible 

for the perturbation signal generation and recording the 

current response and saves the records of all partial 

measurements in individual files. The reason for this 

separation is the high Central Processing Unit (CPU) and 

memory usage during the DFT of the records, which if let 

to run concurrently with the data acquisition, disrupts the 

communication between the host computer and the data 

acquisition modules. 

 

6. Test results 
 

Figures 8-12 show the complex capacitance curves of 

the xFDS measurement superimposing very well with the 

reference FDS measurement. This shows the quality of 

the measurement although the signal energy is spread 

over many frequency points compared with the FDS 

which focuses all the signal energy on one discrete 

frequency. The frequency range of measurements extends 

from 1 Hz to 100 µHz. 

 
Table II: Specifications of measured transformers 

Transformer Manufactured 
Power Ratio Temperature 

MVA kV/kV  °C 

DT1 1977 0.4 20 / 0.4 22 

DT2 1967 0.25 30 / 0.4 22 

VT1 1961 0.00024 42 / 0.2 22 

T1 2009 850 410 / 27 18 

T2 1967 25 110 / 21 7 

 

 
Fig. 8.  Measurements on DT1 

 
Fig. 9.  Measurements on DT2 

 

 
Fig. 10.  Measurements on VT1 

 

 

A.   On-site tests 

 

In order to test the measuring system under real 

conditions, measurements were performed on-site during 

routine maintenance of power transformers. The 

specifications of two transformers to be presented in this 

work are shown in Table II and the results in figures 11 

and 12. Due to time restrictions during the maintenance 

of transformer T1, the xFDS measurements were only 

performed until 1 mHz instead of the usual 100 µHz. 

 

 
Fig. 11.  Measurements on T1 

 

 
Fig. 12.  Measurements on T2 

 

 



The results on large power transformers correspond 

better to the FDS measurements compared with the 

measurements performed in the laboratory. This is due to 

the larger capacitance of large transformers which causes 

a larger current to flow for a given voltage, hence 

increasing the SNR.  

 

7. Conclusion 

 
The results presented show that the main objective of 

the xFDS, namely a time-optimized FDS method was 

achieved. The measurement time of each sub-

measurement was slightly longer than the theoretical 

minimum to guarantee a steady state current response 

devoid of transients. The total measuring time however 

remained largely independent of the desired frequency 

resolution. A shortcoming of the xFDS method that has 

to be mentioned however is the restriction placed on the 

frequency factors in (5) and the associated restriction of 

the frequency resolution. The xFDS measurement 

method definitely has the potential to be a fast and yet 

reliable alternative to the conventional FDS method. 
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