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Abstract: Numerous frequency estimation algorithms are 
available for power quality assessment of frequency. In this 
paper, a comparative study in terms of accuracy, number of 
operations and memory cost is presented to select the best 
solution for implementation in a digital signal processor, in 
the context of typical power quality frequency disturbances 
measurements. 

 
2.   ALGORITHMS 

In this section, the different algorithms that will be 
compared are described and their main advantages and 
disadvantages are presented. 

The input power signal is digitized with an Analog to 
Digital Converter (ADC), with a total of  samples, 
acquired at the sampling frequency

 N
Keywords: Frequency estimation, power quality 
assessment. 
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2.1. FFT 
1.   INTRODUCTION The FFT algorithm is one of the simplest ways to 

estimate a signal frequency. However, when the objective is 
to estimate time-varying frequency, it has strong limitations 
because of its spectral resolution. In fact, the spectral 
resolution 

Frequency estimation algorithms for time-varying 
frequency signals have been analyzed due to its transversal 
application in electrical and electronics engineering. In 
particular, many algorithms were developed for power 
quality, once frequency is, by itself, an important power 
quality indicator. In addition, several disturbance detection 
algorithms are based on the precise knowledge of the signal 
instantaneous frequency [1]. 

fΔ  is the inverse of the time window size 
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In this comparative study, published algorithms or 
relevant innovative techniques are analyzed, tested and 
compared. They include FFT based algorithms like 
interpolated FFT (IpDFT) [2], Chirp-Z Transform (CZT) 
[3], adaptative filters like Kalman filtering based methods 
[4] and least-squares methods like sine-fitting [5]. 

 In frequency changing signals,  should be as small 
as possible to maximize time resolution of the frequency 
estimation. However, with the FFT, this causes poor 
frequency resolution. 

windowt

Two techniques can be used to improve frequency 
resolution: IpDFT and CZT. Both allow improving the 
spectral resolution without having to increase . 

Testing is focused on selected algorithms accuracy and 
frequency change response. Since DSP implementation is 
the final purpose, evaluation takes into account its 
performance when implemented. Therefore, algorithms are 
also evaluated in terms of number of operations, memory 
cost and overall velocity performance. 

windowt

2.2. Interpolated Discrete Fourier Transform  

IpDFT is a well known technique that allows improving 
the frequency estimation resolution of a signal with a strong 
fundamental frequency peak. Convoluting the used window 
function spectrum with a pure frequency signal, a theoretical 
function for expected spectrum of the frequency peak is 
obtained. Interpolating the FFT peak results with this 
function, improved frequency estimation is obtained.  

A noisy and harmonic signal with fundamental 
frequency typical from a power system signal is used to test 
each algorithm. Signal to Noise Ratio (SNR) changes helps 
to define a threshold for each algorithm that can define its 
usefulness for implementation in DSPs to analyze power 
signals. 



Even so, there are some algorithm limitations: slight 
changes on frequency during time window can generate 
deviations on fundamental frequency peak, reducing 
algorithm precision – issue addressed in [5]. Also, powerful 
spurious or harmonic frequencies near the fundamental 
frequency can distort the resulting interpolation. 

According to [6], five periods are required to achieve the 
best coefficients estimation. During those five periods, the 
signal is supposed to have a constant frequency. This 
obviously limits the algorithm time resolution when the 
power signal frequency suffers quick variations. 
Nevertheless, the algorithm can still be applied to records 
containing less than five periods. The algorithm has very 
good precision even in the presence of harmonics as the 
sine-fitting algorithm acts as a very narrow band pass filter 
centered on the signal frequency. However, since it is a 
iterative algorithm, convergence depends on the initial 
algorithm estimations [7]. In each iteration a matrix with 
four columns and  rows needs to be built, multiplied with 
its transpose and the resulting matrix (

2.3. Chirp-Z Transform  

The Chirp-Z Transform (CZT) is an algorithm for 
numerically evaluating the Z-transform of a sequence on N 
samples. The algorithm is based on the fact that the values 
of the Z-transform on a circular or spiral contour can be 
expressed as a discrete convolution.  N

4 4×One of the applications of CZT method is to provide 
narrowband frequency analysis. In this case the frequency 
resolution is  
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) must be 
inverted and again multiplied with the transposed matrix. 
Finally the result is multiplied with a vector containing the 
acquired samples. All these operations and the number of 
iterations take a toll on the total number of required 
operations. 

2.6. Continuous Wavelet Transform  
where  is the chosen spectral window where extra 
resolution is required. This algorithm allows improving 
frequency resolution without changing the time window. 

windowf
The wavelet transform is a signal processing tool often 

used in power quality analysis [8], which provides signal 
representation corresponding to a time frequency plane. The 
Continuous Wavelet Transform (CWT) is defined by However, the number of operations for CZT is  

whereas for FFT it is . This will lead to poor DSP 
implementation performance. Problems can also arise from 
the selection of spectrum window to analyze. Nevertheless, 
CZT method is a good candidate for power quality 
frequency estimation since typical fundamental frequency 
deviation is 10% around 50 Hz, making the selection of 
frequency spectrum interval simple. 

2N
2logN N

( ) *1( , ) −⎛ ⎞= ⋅ ⎜ ⎟
⎝ ⎠∫x

tCWT s x t dt
ss

ψ ττ ψ , (4) 

where ψ is the mother wavelet; s is a scale corresponding to 
the frequency; τ is translation corresponding to the location 
of series of wavelets that are derived from the mother 
wavelet. The scale for each frequency analyzed is 2.4. Kalman filtering 
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The Kalman filtering technique has been extensively 

used for signal frequency estimation. Published papers try to 
improve the maximum frequency slew-rate that can be 
estimated [4]. Noise and process variance optimization 
techniques were used for Non-linear Kalman filters (EKF) 
as well as heuristic algorithms to reset the covariance matrix 
in the presence of disturbances for the same EKF filters.  

 , (5) 

where is central frequency of the mother wavelet, 
 is the sampling period and  is the used scale which 

corresponds to . To achieve a good frequency 
resolution, many values of   are required and therefore 
more evaluations of 

mother waveletf

windowt ia
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The linear Kalman filter proposed in [4], specifically 

developed for power quality, is the algorithm tested. It is a 
complex data linear Kalman filter to estimate the phase that 
can be used to estimate the frequency. Its formulation allows 
very good stability due to its linear base. It has a good 
processing velocity by avoiding matrix inversion 
calculations since it is composed by one single state. The 
referred model can be expanded to include harmonics and is 
presented in [4] also for three-phase signals frequency 
estimation. 

(4) are needed. In this case the CWT is 
not appropriate for precision frequency estimation. 
However, it is still considered in this paper as a possible 
frequency estimation algorithm. 

2.7. Short Time Fourier Transform  

The Short Time Fourier Transform (STFT), also called 
windowed Fourier transform, has numerous applications in 
speech, sonar, and radar processing. The STFT is used for 
the time and frequency representation of the input signal . 
This is the advantage for the analyzing of non-stationary 
signals [9].  

2.5. Sine-fitting 

Sine-fitting of digitized records, as presented in [6], 
allows estimation of the frequency, phase, amplitude, and 
DC value of a input signal 

The STFT can be defined by 

( ) ( ) ( )*, jSTFT t x w t e dωτω τ τ
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after digitalization by minimizing the least square error. 

 τ  (6) 



where  is the window function which is used for the 
time and frequency resolutions. The use of a wide window 
will give good frequency resolution but poor time 
resolution, while the use of a narrow window will give good 
time resolution but poor frequency resolution. The 
frequency resolution in this case is 

( )w t The noise level was modified to change the signal to 
noise ratio (SNR) and test the algorithms effectiveness to 
different situations. 
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For the frequency estimation the best frequency 
resolution is needed. It means that the used window should 
be the widest. However, this affects the algorithm 
performance for time-varying frequency signals. 

2.8. Hilbert Transform  

The Hilbert transform technique [10] is useful for 
analyzing the signal frequency as a function of time. The 
basic idea in the Hilbert transform analysis is to obtain the 
envelope and instant phase of the input signal. With 

 

( )x t  as 
the input signal, the Hilbert transform is 
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With, ( )x t  and ( )y t , a complex signal ( )z t  can be 
defined as, 

 . (9) 
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( ) ( ) ( )z t x t jy t= +

The phase of  is ( )z t  

Fig. 1. Simulated harmonics (top) and noisy (bottom) signals 
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while the instantaneous frequency is 
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The Hilbert transformed series has the same amplitude 
and frequency content as the original real data and includes 
phase information that depends on the phase of the original 
data. The Hilbert transform is useful in calculating 
instantaneous attributes of signals, especially the amplitude 
and frequency. The instantaneous amplitude is the amplitude 
of the complex Hilbert transform and the instantaneous 
frequency is the time rate of change of the instantaneous 
phase angle.  

3.   NUMERICAL SIMULATIONS 

The proposed algorithms were used for the evaluation of 
the frequency estimation considering three types of signals: 
pure signal, signal with harmonics and noisy signal. In both 
situations, the fundamental frequency is 50 Hz – Fig. 1. 

The noisy signal was simulated adding Gaussian white 
noise 

 ( ) ( )tntAtxn ++= )cos( ϕω . (12) 

The signal with harmonics contains the 5th and 9th 

harmonic with 1 % and 5 % level of 1st harmonic. The 
harmonic signal is 

( ) ( ) (cos( ) cos 5 cos 9
100 20h

A A )x t A t t t= ω +ϕ + ω + ω  . (13) 

For the CZT, the frequency range corresponding to the 
analyzed window was chosen centered at 50 Hz with a range 
of ± 5 %. The frequency resolution is . 0.001 HzΔ =f

In the case of CWT an appropriate mother wavelet             
is proposed. The mother wavelet is the sine function with 
sampling frequency 50 kHz. By carefully selecting             
the correct scales, the frequency resolution is 0.0416 Hz for              
50 different scales. The frequency estimation is determined 
as the frequency/scale where the minimum value of the 
maximum absolute value of the coefficient is obtained 
(Fig. 2). 

For the STFT algorithm, the appropriate window 
function with proportional size must be selected. The Hann 
window function with the widest length is used with a 
frequency resolution of 0.01 Hz.  

For the other algorithms, there is no need to set extended 
properties because the frequency estimation is derived 
directly from the principle of each algorithm. 
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Fig. 2. Mother wavelet (top) and example of frequency detection 
with the CWT and the proposed mother wavelet (bottom) 

 These algorithms are tested for frequency estimation. 
Each algorithm needs different settings for good 
performance of frequency estimation. The frequency 
deviation from nominal value, time of performance and code 
lines are some of parameters tested for each algorithm. In 
the case of noisy signals the SNR is changed from 10 dB up 
to 40 dB. 

 
In Fig. 3, the evaluation of frequency estimation 

algorithms based on SNR level of white noise is presented. 
All algorithms have stable frequency estimation for 

. Up to  the frequency estimation 
is not stable because of the relatively high level of noise. 
The IEEE standard [11] defines that the level of noise in 
case of power systems is approximately 1 % of typical 
voltage magnitude that corresponds to . 

Fig. 3. Frequency estimation of noisy signals 

20dBSNR > 20dBSNR =

40dBSNR =

For the determination of the best frequency algorithm the 
accuracy, stability, number of code lines and overall velocity 
performance must be evaluated. In Table 1, some of these 
properties are described for the different algorithms. From 
these results it is clear that the best algorithm is the IpDFT 
with the lowest time for evaluation. On the other hand the 
time for the CWT algorithm is the worst because number of 
scales is very high to achieve good frequency resolution. 

In Fig. 4, the IpDFT is tested with a simulated                    
time-varying signal. The signal frequency changes from 
50 Hz up to 52.5 Hz with steps of 0.1 Hz each taking 0.4 s. 
The relative frequency error (also shown in Fig. 4) shows 
that the algorithm error never exceeds 0.05 %. 
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Fig. 4. Frequency estimation of simulated signal with                              

time frequency change. 



Table. 1. Evaluation of frequency estimation algorithms for a sampling rate of 50 kS/s and 5000 samples. 
 

Chirp-Z 
transform 

Kalman 
filtering 

Hilbert 
transform IpDFT Sine-fitting CWT STFT Signal type Parameter 

Time [s] 0.1373 

4.   EXPERIMENTAL RESULTS 

The IpDFT was used to monitor the algorithm of a real 
power signal. The system setup used was presented and 
calibrated in [12] and uses a closed loop Hall effect sensor 
from LEM [13] and a 16-bit National Instruments DAQ 
USB-9215B operated at 50 kS/s for the sensor data 
acquisition. The sensor output time signal was measured 
during 7 hours. The frequency estimation during this 
interval is shown in Fig. 5. 
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Fig. 5. Frequency estimation of real power signal. 

5.   CONCLUSIONS 

A comparative evaluation between different algorithms 
to estimate frequency for power quality assessment has been 
presented. The conclusions point to the IpDFT algorithm as 
the most precise, accurate and fastest algorithm. 
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