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Abstract 
  

For over more than two decades, the application of advanced signal processing techniques to power system measurement 
data for the estimation of dynamic properties has been an important research subject. Recently, many techniques have been 
applied to transient (or ringdown) data, ambient data, and to probing data. Some of these methodologies are now being 
included in off-line analysis software, and are now being incorporated into software tools used in control rooms for 
monitoring the near real-time behavior of power system dynamics. In this study we illustrate the practical application of 
some ambient analysis methods for electromechanical mode estimation in Nordic and Mexican power systems. The 
discussions and results in this study are of value to power system operators and planners as they provide information of the 
applicability of these techniques via readily available signal processing tools, and in addition, it is shown how to critically 
analyze the results obtained with these methods. Comparison with eigenanalysis results allows engineers to realize the value 
of ambient analysis techniques as a supportive tool for the more common eigenanalysis methods. 
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1. Introduction 
 
The techniques used on ambient signals are a subset of signal processing methods for linear prediction, 
optimum linear filters, and power spectrum estimation which have a relatively long history of their own 
[6,7]. In the power systems field, the seminal works in [3, 5] introduced the basic assumptions needed 
to apply these methods to power system data and showed by solving the Wiener-Hopf linear prediction 
equations that power system modal frequency and damping estimates can be obtained from ambient 
data exclusively. The fundamental assumption is that there are random changes, mostly comprised of 
load variations, which excite the small-signal dynamics of a power system. Hence, ambient data 
analysis can be used to estimate the inherent oscillatory modes of the power system when the main 
source of excitation of the system modes are random load variations resulting in a low amplitude 
stochastic time series referred to as “ambient noise” [1]. 

Under this basic assumption, non-parametric and parametric power spectrum estimation 
techniques can be used to estimate the power spectrum from synchrophasor measurements (PMU data). 
In this paper we focus on block-processing algorithms which encompass these two techniques. The first 
application of block processing is reported in [5]. These algorithms operate on blocks of data, that is, a 
parcel of continuously-recorded time-synchronized PMU data usually ranging from 5 to 15 minutes. 
Using a fixed block length a new mode estimate is calculated for each block, all blocks being equally 
weighted. Updated mode estimates can be calculated as often as necessary, but they will need a block 
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of the most recently measured data. The automated and continuous application of this identification 
process is known as a “mode meter”' algorithm. From the available methods used in block-processing 
algorithms, here we focus on the use of a non-parametric method, the Welch Periodogram [4,6], and a 
parametric method, the Yule-Walker (YW) method [5, 8]. As a result of applying these techniques and 
by focusing the analysis in the range of 0.1 to 1 Hz, the electromechanical modes are manifested as 
visible peaks in power spectrum density estimate (PSD). Narrow peaks in the estimated spectrum 
indicate light damping, and broader peaks indicate a well damped mode. With any algorithm, there will 
be estimated modes that are numerical artifacts, and not true system modes. To discriminate between 
these two results, a “modal energy”' method can be used to determine which mode in the inter-area 
mode range has the largest energy in the signal [8, 2]. 

We have focused our discussion to the application of block processing techniques for mode 
frequency estimation. Although some results on damping estimation are also provided we do not 
discuss them in detail and use the results only to highlight some current challenges (for a more detailed 
discussion on mode damping estimation see [8]). In this study we emphasize the analysis of several 
hours of synchrophasor measurement data originating from the Nordic power system. The discussions 
and results in this study are of value to power system operators and planners as they provide 
information of the applicability of these techniques via readily available signal processing tools, and in 
addition, it is shown how to critically analyze the results obtained with these methods. Comparison 
with eigenanalysis results allows engineers to realize the value of ambient analysis techniques as a 
supportive tool for the more common eigenanalysis methods. 

 
2. Block Processing Algorithms 
 
Block processing algorithms operate on blocks of data. Using a fixed block length a new mode estimate 
is calculated for each block, all blocks being equally weighted. Updated mode estimates can be 
calculated as often as necessary, but they will need a block of the newest data of the same fixed length. 
To provide these mode estimates, block-processing algorithms implement non-parametric and/or 
parametric spectral estimation methods. 

From the many available methods, here we focus on the use of a non-parametric method, the 
Welch method [4, 6], and a parametric method, the YW method [5, 8]. The Welch periodogram [6, 4, 
9] is a specially robust non-parametric spectral estimation method which gives an estimate of a signal's 
strength as a function of the frequency; the spectrum is computed using the FFT algorithm. It does not 
assume an underlying model, and the estimated spectrum is based on a finite record of data. The 
algorithm allows for a fairly direct trade-off between frequency resolution (i.e. the ability to resolve 
closely space frequency components) and the statistical variability of the PSD estimate. The block of 
data is divided into shorter segments. The FFT of each segment is computed and the squared 
magnitudes are averaged. This averaging is what reduces the statistical variability in the estimates. The 
length N  of each segment is what determines the frequency resolution =1/ ( )f NTΔ  where T  is 
the sampling period 4. The segments can each be multiplied by a window function to reduce leakage. 
The segments can also be overlapping to further reduce the variability, but overlapping much beyond 
50% has little extra benefit because of the lack of new data in each piece. The estimated modes are 
manifested as visible peaks in the power spectrum density estimate. Narrow peaks in the estimated 
spectrum indicate light damping, and broader peaks indicate a well damped mode or modes that are 
closely spaced in frequency. Computational requirements of the Welch method can be found in [6]. 

Even though nonparametric methods are very robust and insightful, because they do not assume 
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an underling model they cannot provide numerical estimates of the damping ratio and mode frequency 
of the modes. On the other hand, parametric methods assume an underlying model whose parameters 
can be estimated from the measurement data. Once these parameters are estimated, the power density 
spectrum is computed from the model. As a result, the frequency resolution is much better than the one 
from nonparametric methods. A commonly used parametric method is the overdetermined modified 
YW algorithm [5, 8] which is used to estimate the system modes using an 
autoregressive-moving-average (ARMA) model. Several variations of this method have been proposed 
in the literature [1]. In this paper the traditional YW algorithm was applied to an autoregressive (AR) 
model. 

The resulting PSDs from these methods are complementary. When the YW method is used to 
provide mode estimates, the YW spectrum should be compared for consistency with the non-parametric 
Welch Periodogram spectrum estimate. If a strong similarity in the spectrum is not observed, the 
validity of the estimates can be questioned. The two methods discussed in this section are used for 
mode estimation in the following sections. 

By repeating this process on several consecutive overlapping blocks of data, a time-frequency 
image of the Welch Periodogram can be constructed. We referred to this image as a “Welch 
spectrogram”. When the YW method is used, the time-frequency plot of the AR spectra of the sliding 
blocks of data is referred to as an “AR spectrogram”. These spectrograms provide crucial information 
about the changing dynamics of power systems. 
 

 
Figure x.1: Eastern Denmark PMU Locations 

 

3. Mode Estimation for the Nordic Power System using PMU Data 
 
 In this section PMU data obtained from two different substations of the Nordic power system 

located in Eastern Denmark are analyzed, their locations are shown in Fig. x.1. Data from the Radsted 
substation (RAD132, in Fig. x.1) were obtained during 03-20-2008 and 03-21-2008. Data for the 
Hovegaård substation (HVE400, in Fig. x.1) were obtained during 04-15-2007 and 04-16-2007. 



 
(a) Sample pre-processed 10 min. data block 

 
(b) PSDs from the Welch and Yule-Walker Methods 

Figure 2: A pre-processed 10 min. data block of the 1P  signal of Radsted, and its estimated PSDs 
using the Welch and Yule-Walker methods 

 
3.2. Data Pre-processing and Power Spectrums for Individual Blocks     
 
The data is segmented in blocks of 10 minutes, and pre-processed for analysis. Active power flow 
signals are derived from the voltage and current phasors5, and bus frequencies are computed by taking 
the numerical derivative of the voltage angle. First, linear trends are removed from these signals using 
the detrend algorithm. Because these analyses focuses on the inter-area mode range, a low-pass finite 
impulse response (FIR) filter with 2 Hz cut-off frequency is used to remove high frequency 
components beyond this cut-off frequency. The data is down sampled to 5 Hz and a FIR high-pass filter 
with cut-off frequency of 0.1 Hz is used to remove low frequency components related to governing 
control. To each 10 min. block of pre-processed data the Welch and YW methods are applied. 

First, the Welch method is applied to the pre-processed data to obtain estimated PSDs. We use 
100 sec for both the block segments and the number of FFT points used to calculate the PSD. To these 
segments a Hanning window with 50% overlap is applied. Fig. x.2(b) shows the estimated periodogram 
for the 10 min. data block in Fig. x.2(a). Next, the YW method is applied. The estimated periodograms 
from Welch's method are used to refine the AR model order of the YW method by obtaining good 
agreement between the PSDs of both methods, while trying to maintain the model order as low as 
possible (in this case the order model is p =40). As a result, an excellent agreement was obtained 
between the PSDs estimated from each method. In Fig. x.2(b) the YW PSD is shown along with the 
one obtained by Welch's method. Notice the close agreement between both spectrum estimates. 
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Subsequently, both methods were applied to all the remaining signals from Radstead and 
Hovegård for a similar 10 min. block. Note that the estimates for Hovegård were obtained for a 
different date than those of Radsted. Common to all of the data sets were three dominant modes at 
approximately 0.36, 0.54, and 0.83 Hz, as indicated by the peaks in the spectra of Fig. x.2(b). The 
presence of a low-frequency oscillatory component at approximately 0.277 Hz is discussed below. 
 

(a) Welch Spectrogram for 1P  
 

(b) AR Spectrogram for 1P  
Figure x.3: Welch and AR Spectrograms for the 1P  signal from Radsted. The red colors represent 
maximum values and the blue colors represent minimum values of the power spectrum density [dB]. 
The time is given in hours in (UTC) starting from 00:00:00 hrs, local time is given in UTC+1 hr. 
 

 

 
(a) Welch Spectrogram for 4P  

 
(b) AR Spectrogram for 4P  

Figure x.4: Welch and AR Spectrograms for the 4P  signal from Radsted. The red colors represent 
maximum values and the blue colors represent minimum values of the power spectrum density [dB]. 
The time is given in hours in (UTC) starting from 00:00:00 hrs, local time is given in UTC+1 hr. 

     
      



3.3. Time-Frequency Analysis (Spectrograms) for 48 hr Data Sets     
 

Next a time-frequency analysis for the whole 48 hr. data set is performed, and the spectrograms 
in Fig. x.3 were obtained for the 1P  signal, and in Fig. x.4 for the 4P  signal of Radsted. For the 1P  
signal of Radsted its Welch spectrogram is shown in Fig. x.3(a), and its corresponding AR spectrogram 
in Fig. x.3(b). Observe the close agreement between both spectrograms confirming the existence of the 
modes discussed above. Similarly, the same modes were confirmed for the 4P  signal by inspecting the 
spectrograms in Figs. x.4(a) and Fig. x.4(b). The changing dynamics of the power system are revealed 
by the 48 hrs. spectrograms. Note that 03-20-2008 was a “typical day”' (in terms of the power system 
loading), while 03-21-2008 was a national holiday with decreased loading. It is important to note that 
the frequency and damping ratio of the electromechanical modes are influenced by the system loading 
and configuration of the power grid. For example, Mode 2 (around 0.54 Hz) is present throughout 
03-20-2008, however it is not visible during the 32-42 hrs. segment (9:00 am - 7:00 pm in local time of 
03-21-2008 ), which includes regular weekday working hours, it is likely that during this time frame 
there was a decrease on the system loading. It is interesting to observe that as a result of the different 
loading conditions the frequency of Mode 2 varies during hours 0-32 hrs. As similar behavior is 
observed by Mode 1 (around 0.36 Hz), and Mode 3 (around 0.83 Hz). The reader might be misled by 
the distortions appearing around 24 hrs. in Figs. x.3 and x.4 which is a result of the selected range of 
the temperature bar giving the coloring to the spectrogram. To clarify, in Fig. x.5 we show an 
enlargement of Fig. x.4 for = [16 32]t − , centered at 24 hrs and with a different setting for the 
temperature bar. Note that with this new range the ``blur'' is not longer present and the modes discussed 
above can be clearly appreciated. 

Close inspection of the Welch spectrograms for 1P  and 4P  (Figs. x.3, and x.4) reveals an 
important feature of this particular data set. As mentioned earlier, an oscillatory component is present 
at about 0.28 Hz. This component must be critically analyzed, and the Welch spectrograms serve to this 
purpose. The Welch spectrograms show that the 0.28 Hz component appears almost persistently at a 
very narrow band, centered at approximately 0.28 Hz, from hour 3 - 32 and 42 - 48. Also important to 
note is that the intensity of this component is quite consistent through the time frames mentioned. To 
further discuss the nature of this component, an enlargement of Fig. x.4 is shown in Fig. x.6. 

Note that from Fig. x.6 the behavior of the 0.28 Hz component is much different from the one 
observed of Mode 1 where the mode has a broader variation frequency range and change of intensity. 
By inspecting Fig. x.6 it becomes apparent that the 0.28 Hz component has a narrower and better 
defined frequency band. 

 
Figure x.5. Enlargement of Fig. x.4(a) for t = [16 − 32], centered at 24 hrs. Note that the range for 
temperature bar has been also modified. 
 



 
Figure x.6. Enlargement of Fig. x.4(a) for t = [0−16] and f = [0.1−0.4] Hz. Note that the range for 
temperature bar has been also modified. 
 

 
Figure x.7. Harmonics visible in the range of t = [0 - 16] of Fig. x.4. Note that the range for 
temperature bar and the frequency has been also modified. Rectangular red outlines indicate narrow 
frequency bands. 
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The behavior shown by this 0.28 Hz oscillatory component corresponds to what is expected of a 

sinusoid or forced oscillation. A more careful inspection of the Welch spectrograms reveals that 
presumably another sinusoid is present at about 0.18 Hz for the time frames of 0-3, 32-37, and 40-43 
hrs. A this point, it should be realized that it is very likely that both of these components are harmonics 
of a fundamental sinusoid of 0.09 Hz. In fact, in Fig. x.7, it is possible to observe traces of other 
harmonics at n = 2-6, 8-13, 15-19 and 21, where n  is the number of the harmonic, with 
corresponding harmonic frequencies of nf =0.18, 0.28, 0.37, 0.46, 0.55, 0.74, 0.83, 0.92, 1.02, 1.11, 
1.20, 1.39, 1.48, 1.57, 1.66, 1.76 and 1.94 Hz (the last two are not shown in Fig. x.7). The origin of the 
sinusoid and its harmonics is unknown; it could be possibly due to a process in the system (as a control 
system going into a limit cycle), aliasing from higher-frequencies, or communication or measurements 
issues. It is important to note that some of the sinusoid harmonics are superimposed over the “true” 
system modes.  

 
3.4. Damping Estimation Issues with Forced Oscillations   

Regardless of their origin, the harmonics discussed above will create difficulties to obtain 
accurate damping estimates of the true system modes. Mode meter algorithms [8] will have difficulties 
resolving the portion of the frequency spectrum that is due to ambient load variation from the portion 
due to the forced oscillations. To illustrate the most relevant issue regarding the presence of forced 
oscillations, the damping corresponding to the 0.18 and 0.27 Hz components was computed as shown 
in Fig. x.8.   

 

 
                  (a) 0.18 Hz Component                       (b) 0.27 Hz Component 
Figure x.8. Damping and frequency estimation of the 0.18 and 0.27 Hz components. The damping and 
frequency estimates are accompanied with the corresponding Welch Spectrogram. The time is given in 
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hours in (UTC) starting from 00:00:00 hrs, local time is given in UTC+1 hr. 
The computed average frequency for the compent in Fig. x.8 (a) was of 0.184 Hz with a standard 
deviation of 0 Hz. Although the average estimate for the damping during 48 hrs was 3.37%, this 
average comes with a standard deviation of 9.82%. Close inspection of this Fig. x.8 (a) reveals that the 
damping estimates for the most are about 0%, hence supporting the prescence of this component as a 
forced oscillation. For the component in Fig. x.8 (b) the average frequency computer over 48 hrs. is of 
0.276 Hz (with std. deviation of 0 Hz), and an average damping of 0.59% (with std. deviation of 
1.08%). For this component the estimation results (a much lower std. deviation) give confidence that a 
forced sinusoid does exist, and furthermore, that the estimated damping of these components is zero.  
 

The main concern is not necessarily that these forced sinusoids exist, but more importantly is to 
realize that some of the sinusoid harmonics are superimposed over the “true” system modes. Hence, it 
should be expected that the damping estimates for “true” system modes will be affected by the presence 
of forced oscillations. Similarly to the results shown in Fig. x.8, the average frequency and damping for 
each of the modes discussed in the last section were computed. Table 1 shows the computed averages 
along with their respective standard deviation. While it is possible to have confidence on the estimates 
for the frequency, it is not possible to do so for the damping estimates for the “true” system modes 
(Mode 1 through Mode 3). Thus, it is possible to conclude that the presence of the superimposed 
harmonic components of the forced oscillation deteriorate the damping estimates for each of these 
frequencies. As mentioned above, the mode meter algorithm is not capable of resolving the portion of 
the frequency spectrum that is due to ambient load variation from the portion due to the forced 
oscillations, and as a consequence the analyst should be skeptical of the resulting damping estimates. 
The difficulties exposed above poses a new research challenge to improve the accuracy of mode 
damping estimates in mode meters.  

 
Table  1: Mode Meter Estimates for Radstead 

 
 Mode Signal  f  (Hz)  fσ  d  (%) dσ  
  Mode 1   1P   0.3615 0.0044985 4.384 7.3948 

 3P   0.36038 0.0063084 8.0646 9.1122 
 4P   0.36064 0.0048168 5.6049 7.7743 

  Mode 2   1P   0.55561 0.0066281 4.9269 9.1952 
 3P   0.55556 0.0071702 6.4337 8.7984 
 4P   0.55532 0.0062926 5.1723 6.4484 

  Mode 3   1P   0.82916 0.0049452 2.5384 5.4367 
 3P   0.83052 0.0051476 3.8604 6.8673 
 4P   0.82996 0.0049805 3.2916 5.5067 

  
3.5. Comparison with Eigenanalysis   

In this Section we compare the estimated modes from ambient data analysis to those reported in 
an extensive eigenanalysis investigation of the Nordic system [10]. Additional results of this 
eigenanalysis study not available in [10] are also reported. The modes determined from [10] are 
obtained for a high load (winter) scenario, while the ambient analysis was performed using 
measurements from Spring '07 and Spring '08. Therefore, differences between the results of both 
methodologies are expected. Table 2 shows the interarea modes obtained by each study. The interarea 



mode frequencies estimated in this study are in agreement with the interarea modes reported in [10] 
within certain acceptable assumptions. 

 

 
(a) Mode 1 (0.3 Hz)          (b) Mode 2 (0.5 Hz)          (c) Mode 3 (0.82 Hz) 

Fig x.9.. Bus Voltage Angle Mode shapes derived from eigenanalysis of a 3000 bus model of the 
Nordic power system 

 
The eigenanalysis study [10] determined the most important mode shapes for the Nordic 

System. For Mode 1 (0.3 Hz) the mode shape shows generators in Finland oscillating against the rest of 
the Nordic system, including Eastern Denmark. For Mode 2 (0.5 Hz) the mode shape shows generators 
in Southern Norway and Finland oscillating against the rest of the system, as shown in Fig. x.9. The 
eigenanalysis study focused on determining modes that were most observable and controllable within 
the Finish grid. During this eigenanalysis study several modes within the frequency range of 0.80 - 0.88 
Hz were observed. These modes behave either as local modes in Eastern Denmark or interarea modes 
in Southern Sweden and Denmark, and are therefore outside the scope of the discussion in [10], 
however, are relevant for the ambient analysis presented in the last section. 

Within the frequency range mentioned above, there was a highly observable mode in Eastern 
Denmark with a frequency of 0.82 Hz, and damping of 11.12%. This 0.82 Hz mode is an interarea 
mode between Sweden and Eastern Denmark. A mode shape derived from eigenanalysis of a 3000 - 
bus model of the Nordic power system is shown in Fig. x.9 (c). The average mode frequency and 
damping for Mode 3 (0.8 Hz) from ambient-data analysis is 0.83 Hz and 3.23% damping.  

Table 2 gives a comparison of the results obtained from eigenanalysis and ambient data 
analysis. As mentioned before, the frequency and damping of oscillatory modes are closely related to 
the operating state of the power system. Therefore, the difference in operating state between the studies 
should be regarded as one of the influencing factors on the deviation in their results. As it can be noted 
from Table 2, the estimated frecuencies are within an acceptable range considering the limiting factors 
mentioned before. Nevertheless, skepticism should be raised about the damping estimates due to the 
superimposed harmonic of the forced oscillation discussed in the last section. 

 
4. Conclusion 

 This study has illustrated the application of ambient data analysis techniques for 
electromechanical mode estimation over multiple hours of data in the Nordic power system, and 
provided insight on how to critically analyze the results derived from these techniques. It is important 
to recognize that ambient data analysis results should be closely examined for sinusoids or forced 
oscillations. The presence of these sinusoids will ultimately pose a challenge for mode meter 
algorithms to provide damping estimates, opening a further research window in this area.  



 
 
 
Table 2: Mode Estimates Comparison with Eigenanalysis Study for the Interarea Modes 

Mode Eigenanalysis Ambient Data Analysis 
 f  (Hz) d  (%) f  (Hz) d  (%) 

Mode 1 0.33 0.99 0.36 6.02 
Mode 2 0.48 5.05 0.55 5.51 
Mode 3 0.82 11.1 0.83 3.23 
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