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Abstract—This paper gives a survey of two approaches 

applied to detection of critical oscillatory modes in electric power 
systems. The developed techniques are based on models identified 
in real-time from measured data. The resulting models yield the 
actual power system dynamics and can be used for monitoring 
purposes as well as for tuning of stabilizing power oscillation 
damping controllers applied to any fast acting power electronic 
devices installed in modern power systems such as HVDC, 
FACTS devices or excitation systems of synchronous generators. 
The described monitoring algorithms have been implemented 
using existing hardware and recently productized. This allows 
the authors to share with the reader some experience and results 
collected in practice in cooperation with transmission system 
operators in several pilot installations. 
 

Index Terms--Power oscillation, wide-area monitoring and 
control, phasor measurement, FACTS/HVDC, PMU, small 
disturbance stability, power system dynamics, power system 
control. 

I.  INTRODUCTION 
ower oscillations are a growing concern among power 

system operators world-wide. Traditionally, the main 
countermeasure against dangerous power oscillations has been 
the installation of power system stabilizers (PSS). Essentially, 
the potential for inter-area power oscillations depends on the 
strength on the tie lines between different areas and the load 
on the ties. From a European perspective, with the anticipated 
integration of remote renewable energy sources such as 
offshore wind power in the North-sea region and solar power 
from southern Europe or Africa, one can expect the average 
transmission distances to grow – consequently, also tie line 
flows will grow. Unless tie lines will be reinforced too, we can 
expect more power oscillation events in the European power 
grid in the near future. 

From the power system operation point of view, it is 
therefore of high priority to enable the estimation of damping, 
frequency and the amplitude of oscillations reliably in real-
time in order to take appropriate and timely measures in case 
damping becomes poor. Recent developments in wide-area 
phasor monitoring have resulted in several power oscillation 
monitoring algorithms that uses typically multiple 
measurements from different locations in the grid. An 
equivalent system model of the power grid is estimated in 
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real-time and based on this model, the damping and frequency 
as well the activity of oscillatory modes can be determined 
from ambient process variations. As a basis for this, a wide-
area measurement system (WAMS) can provide time 
synchronized signals from phasor measurement units (PMUs) 
that can measure voltage, current and frequency with adequate 
accuracy and resolution in time. This paper shows results from 
a pilot operation of the new application at swissgrid and 
STATNETT using two different approaches, including 
recordings from actual and representative events in the 
interconnected power systems. These examples demonstrate 
the performance of the developed applications. It also provides 
information about the oscillatory modes present in the 
continental ENTSO-E system today. 

The experience published in the literature shows that one 
can consider many different approaches to detect oscillations 
in power systems. They can be characterized e.g. from the 
signal processing point of view as signal-based [1]-[2] or 
model-based [3]-[7] ones; from a practical point of view, 
perhaps more importantly as those based on the capability to 
capture rather short infrequent [1]-[3] or frequent power 
oscillations [5]-[6], [10]-[12]. In particular, techniques such as 
Prony analysis [1], Hilbert transform [2], subspace 
identification [3], [7]-[10], [17], [18], [24], Kalman Filter [6], 
[17], Yule-Walker methods have been reported for 
identification of low frequency mode estimation in power 
systems. The common characteristics is that for a reliable 
analysis, system-wide synchronized phasor measurements 
combined with robust mathematical methods are required in 
order to estimate all parameters characterizing the oscillations 
(frequency, damping, amplitude, phase etc.). 

To quickly capture short infrequent oscillations, the signal 
processing problem is usually formulated recursively [6]. 
These tend to give a faster response for the operator (and/or 
for the damping controller) and, unfortunately, to be less 
precise [8]. If the problem is formulated as a batch process 
over a window of collected/buffered data, it tends to result into 
a slower response [9]. In addition, short and/or infrequent 
power oscillations can hardly be detected. However, it gives in 
a steady-state usually more precise results [10]. In order to 
obtain information about phases of different oscillations or 
oscillatory parts, the problem should be formulated in a multi-
variable framework (based on signal processing of multiple 
measured signals) [8]-[10]. Another important factor is 
whether or not an external perturbation (excitation signal) can 
be applied to installed actuator(s) and considered as additional 
input signals in the estimation procedure [11]-[16]. FACTS 
and HVDC systems can serve as powerful actuators to control 
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inter-area oscillations, providing that they are equipped with 
appropriate controller extensions. In particular, for the control 
of inter-area oscillations, remote measurements have proven 
useful [12], [13], [15]. The paper also outlines the technical 
aspects and suggests a design procedure for controller 
extensions based on local or remote measurement in order to 
improve the damping of inter-area power oscillation. 

II.  CONSIDERED MODAL FREQUENCY AND DAMPING 
In the case of a single wide area electromechanical 

oscillation mode, the relationship between power flow, y(t), 
and the unmeasured load demand, u(t), can be modeled by a 
second order linearization  

( ) ( )
2

2
2 2 n n

d y dy y t u t
dtdt

+ ζω + ω =      (1)  

where ζ is the damping ratio and nω  is the natural 
frequency of the oscillation. If ζ is positive and less than one, 
an impulsive change in ( )u t  gives a decaying transient 
oscillating response. This response typically occurs after a 
fault or major system disturbance and is called a transient or 
ring down. On the other hand, random changes in ( )u t  excite 
a persistent oscillation at the natural frequency, which may be 
of small amplitude and largely hidden in noise. This is called 
ambient conditions.  

Eigenvalues are the complex roots, λ1 and λ2, of the 
characteristic equation arising from (1). There are also many 
ways to estimate eigenvalues from time series of 
measurements y(t), including subspace identification which is 
used in this paper. If the eigenvalue is expressed in Cartesian 
form as λi = α ± jωt, an the expression for damping ratio is 

2 2
tζ = −α α + ω . Another common measure is the time 

domain damping which can easily be obtained as the ratio of 
two successive peaks in a recorded oscillation as illustrated in 

Fig. 3, or from the eigenvalues as 
2 2

2

1 t
td e

πα

α +ωζ = − . 
Throughout this paper the general term damping refers to the 
time domain damping tdζ . 

III.  APPLICATION FOR MONITORING POWER OSCILLATIONS 
USING AMBIENT DATA 

The application is based on a system identification procedure 
that is carried out using a sliding window. This yields a time-
varying dynamic equivalent of the power system, which is 
analyzed using modal analysis, resulting in the desired 
information about the active inter-area modes in real-time. The 
information includes: 

• The number of detected active oscillation modes  
• The frequency and damping of each mode. 
• The amplitude of the oscillations in each mode and in 

each measurement signal. 
• The modal observability, i.e., a measure of how well 

and the relative phase in which each oscillatory mode 
is visible in each measurement signal. 

The configuration of the application defines: 

• The selection of measurements to use as input. 
Experience has shown that voltage angle difference 
measurements and frequency measurements are 
particularly useful for this purpose. A general rule is 
to select measurement from the edges of the system 
since they usually offer the highest observability of 
inter-area modes. 

• The length of the sliding window which is typically 
around 10-15 min. 

• The update rate which is typically once every 30 
seconds. 

• Maximum number of modes to detect and strategy 
for selection and sorting of the identified modes. The 
different strategies include ranking by lowest 
damping, proximity to certain known oscillation 
frequency and sorting by absolute mode frequency. 

The mathematical background of the algorithm, results from 
simulation experiments and measurements in the Scandinavian 
power grid are described in [24]. It was benchmarked against 
other damping monitoring algorithms in [9]. 

IV.  WIDE-AREA MONITORING SYSTEM AT SWISSGRID 
Since 2004, Swissgrid has been monitoring the Swiss 

transmission grid using PMUs [19]. The system has been 
successively extended and is now interconnected with WAMS 
systems from the same vendor at APG, Austria and at HEP in 
Croatia, enabling real-time exchange of phasor data. 
Additionally, phasor measurements are exchanged with 
WAMS systems from other vendors in Denmark, Slovenia, 
Italy, Portugal, Greece and Turkey. Phasor data is exchanged 
using the SynchroPhasor standard protocols over a secure 
Inter-TSO communication network. In total, the WAMS 
system collects data from 22 PMUs with the full time 
resolution of 10 Hz. The setup now has excellent capabilities 
for monitoring inter-area oscillations in the ENTSO-E 
Continental European Synchronous Area (CESA).  The 
architecture of the hierarchical WAMS system at Swissgrid is 
illustrated in Fig. 1. 

 
Fig. 1 - Architecture of the hierarchical WAMS system at swissgrid. 

A.  CASE STUDY: ENTSO-E CESA 
A large interconnected power system such as the ENTSO-E 

Continental European Synchronous Area (CESA), which 
spans from Portugal to the West, Denmark to the North, Italy 
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in the South and Greece in the East, harbors a large number of 
oscillatory modes. These modes range from local plant modes 
with relatively high frequency of 0.9-2 Hz to the slow 
dominant inter-area modes that relate to the coherent speed 
variations of generators in entire network areas against those 
in other areas. Although the damping monitoring application 
will detect also local modes, the investigation here focuses on 
the inter-area modes. Since September 2010, the Turkish 
power grid is connected to the ENTSO-E CESA system, 
currently in trial operation. As discussed below, the 
connection of Turkey resulted in a new dominant mode. 

The new damping monitoring application has been in pilot 
operation at swissgrid since December 2010, and has 
continuously monitored the damping and frequency of inter-
area modes in the CESA system. The application has been 
configured to use real-time frequency measurements with a 
time resolution of 10 Hz from the seven locations shown with 
circles in Fig. 2. This figure also illustrates the inter-area 
oscillation modes that have been detected by the damping 
monitoring application in the CESA system. 

The East-west mode involves coherent movement of 
generators in Portugal and Spain against those in Turkey. This 
mode typically shows a frequency of 0.13-0.15 Hz and 
appeared following the connection of Turkey. Under normal 
operating conditions, this is the dominant mode with the most 
oscillatory energy. Prior to the connection, detailed simulation 
studies and measures were taken to ensure damping of this 
anticipated mode. Those measures included for example 
retuning power system stabilizers to damp this new inter-area 
mode and the addition of active shunt compensation such as 
STATCOMM and SVC with damping modules. 

 
Fig. 2 - Map display showing the dominant inter-area modes in the ENTSO-E 
grid. The circles indicate the location of the PMU frequency measurement 
used by the damping monitoring application. 
 
The field recordings using WAMS indicate that those 
measures have been effective. The estimated time-domain 
damping ( tdζ ) most of the time is in the interval 45-70% 
which we consider adequate. 

The Former East-west mode involves coherent movement 
of generators in Portugal and Spain against those in Greece. 

This mode typically exhibits a frequency of around 0.17-0.2 
Hz and is best visible in frequency measurements from Greece 
and from Portugal. Nowadays, this mode mostly also has good 
time-domain damping ( tdζ ) around 40-50 %. 

The North-south mode involves coherent movement of 
generators in southern Italy against northern Germany and 
Denmark. This mode typically exhibits a frequency of around 
0.23-0.27 Hz. Good measurement signals for observation of 
this mode are frequency and voltage angle measurements from 
southern Italy or Denmark, or active power flow measurement 
on the cross-border lines between Italy and Switzerland. 
Because of the significantly lower combined rotating mass of 
generation units in southern Italy the amplitude in the 
frequency measurements is there much higher here compared 
to the measurement from Denmark. The WAMS recordings 
show that this mode typically exhibits the lowest damping of 
the three dominant modes, although a significant improvement 
can be seen during the second half of 2011. 

The results of the damping monitoring application 
correspond well with anticipations from system studies and 
engineering expectations regarding the dynamic characteristics 
of the ENTSO-E CESA system. 

B.  Huge Power Generation Loss in Turkey 
On October 25, 2011 five units of a major hydro generation 

plant were tripped due to a nearby busbar failure. The result 
was the loss of around 1300 MW generation in the Turkish 
part of the interconnected grid, which as expected excited the 
East-west mode.  As designed, a system protection scheme 
(SPS) in the Turkish grid executed around 270 MW of load 
shedding in the Turkish part of the system to protect tie lines 
to Greece and Bulgaria. 

 
Fig. 3 - Frequency response in Temelli following the hydro generation plant 
trip October 25, 2011 recorded by the swissgrid WAMS. Time axis is in 
seconds after 15.00 CET. 
 

Fig. 3 shows the frequency response in Temelli, Turkey, 
following the generation loss as recorded by the swissgrid 
WAMS. Following the trip there is a rapid decline in the local 
frequency of around 100 mHz followed by a well damped 
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oscillation. From the figure, the time-domain damping ( tdζ ) 
of the transient oscillation can be determined to be 
approximately 70%.  

C.  Results of the Damping Monitoring Application 
Fig. 4 shows the estimated modal damping and frequency 

during half an hour before the event, illustrated by red 
asterisks, and half an hour after the event, illustrated by blue 
crosses. Clusters corresponding to the known oscillatory 
modes are clearly visible. In the top left of the diagram the 
cluster corresponding to the North-south mode with a detected 
frequency of around 0.25 Hz, and average damping of 30% is 
visible. The clusters from before and after the disturbance are 
mostly overlapping. Thus we can draw the conclusion that the 
event had no significant effect on the damping or frequency of 
the North-south mode. 

The cluster around 0.18-0.19 Hz corresponds to the Former 
East-west mode. The average damping before the disturbance 
was around 60% and around 50% after. This indicates that the 
event has caused a reduction of the damping of around 10%. 
However, the damping of this mode is still to be considered 
adequate after the disturbance. The reason for the reduction in 
damping is not yet clear, but a plausible explanation is that the 
load that was disconnected by the system protection scheme 
was mostly of an industrial nature, and may have been 
contributing to the damping of this mode. Another explanation 
could be that the flow patterns in the grid changed in a way 
leading to lower damping of this mode. 
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Fig. 4 – Scatter plot showing the output of the damping monitoring algorithm 
for 59 executions of between 14.30 CET and 14.59 CET marked with red 
asterisks, and for 61 executions between 15.00 CET and 15.30 CET marked 
with blue crosses. 
 
The cluster to the bottom right in the figure corresponds to the 
East-west mode with frequency 0.13 Hz and average damping 
of 60% before as well as after the disturbance. Thus, we can 
conclude that the plant trip appears not to have significantly 
changed the damping of this mode, and that adequate damping 
resources were available even though the lost generation units 
were equipped with power system stabilizers tuned to damp 
out this mode. 

An interesting observation is that the damping monitoring 
application was able to determine the post-disturbance 
damping of the East-west mode close to its true damping using 
only the ambient pre-disturbance data. This gives additional 
confidence in its effectiveness as an early-warning system 
against poorly damped oscillation that may arise also due to 
transient events. 

V.  WIDE-AREA MONITORING IN SCANDINAVIA 
The Nordic power system comprises the interconnected 

power systems in Finland, Sweden, Norway and East 
Denmark (the Nordic synchronous area) and West Denmark 
(being synchronously connected to the UCTE system). Iceland 
is also part of the Nordel cooperation, but has an isolated 
power system. Four dominating inter-area modes are listed 
and described below – they represent one typical operating 
condition. Both frequency and damping of the oscillatory 
modes show significant variations depending on the actual 
operating point, more details are given in [20]. 

 
Table I. Results of modal analysis 

Freq. Dmp. Observability (mode shape): 

0.33 Hz 4.34 % 
Inter-area mode, observable as power 

oscillations between Finland and South 
Norway 

0.48 Hz 2.34 % 
Inter-area mode, observable as power 

oscillations between and South Norway 
and Sweden/Denmark. 

0.54 Hz 2.21 % Local area mode, observable in 
northern Norway. 

0.76 Hz 1.40 % Local area mode, observable in 
western Norway. 

 
The most important functions and applications to be 

included in this WAMS installation were identified and 
selected in close collaboration with the Norwegian system 
operator Statnett and the Norwegian research organisation 
Sintef. The modal analyses referred to in Table I was applied 
to the full (large scale) Scandinavian power system model and 
used among other criteria (such as practical accessibility of the 
corresponding geographic locations as well as availability of 
fast internet access) as a basis for selecting the sites for the 
PMU installations. Finally, four locations were selected 
according to the observability of all critical oscillations in 
Norway, see Fig. 5. In the next future, several new actuators – 
Static Var Compensators (SVC) – are going to be installed as 
indicated in Fig. 5 too. 

A.  Power Oscillation Monitoring 
Efficient detection of power oscillations was identified as 

one of the most important functions to be included in the 
WAMS setup. 
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R: Røssåga 
F: Fardal 
K: Kristiansand 
H: Hasle 
T: Tunsjdal 
V: Viklandet 
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Fig. 5: PMU (R, F, K, H) and SVC (H, T, V) installed recently in Norway. 
 
    1)  Kalman Filtering Approach 

A model-based approach was developed, implemented and 
productized as part of the selected WAMS in the past. It 
utilizes carefully selected PMU measurements, a linear 
autoregressive model with time varying coefficients and 
Kalman Filtering techniques for identification of parameters 
characterizing critical oscillations. The information about 
oscillations and their progress in time is obtained from the 
estimated model for the actual set of its time-varying 
parameters. Several evaluations, the tuning procedure for this 
algorithm and all other details have been given in [6]. 

Note that the logic for alarms and warnings indicating the 
presence of dangerous power oscillations is in practice built on 
estimates obtained in the frequency-domain (such as relative 
damping) and combined with the information obtained in the 
time-domain (e.g. the current oscillatory amplitude). In 
addition, to achieve a higher reliability, the actual as well as 
the past estimated values are used. Hence, before an alarm 
and/or warning are triggered, the minimal damping and/or 
maximal allowed oscillatory amplitude must occur (and 
persist) for a certain minimal period of time. 
    2)  Experience with Kalman filtering approach 

An incident from August 14, 2007 is briefly discussed here. 
It was a day with light summer load, but with high generation 
from hydro power plants in western and northern parts of 
Norway. The total power export from Norway was about 3890 
MW in the hour between 13:00 and 14:00 CET (corresponding 
to more than 30% of the total load at the time). A sample 
screenshot from the SCADA monitor, see Fig. 6, indicates that 
‘something’ happened just before 14:00 in the afternoon. With 
the installed power oscillation monitoring (POM) application 
of the WAMS system presented here, it was possible to 
analyze this incident in detail. 

The focus is put on the 3 minute period indicated in Fig. 6. 
The four PMUs in Norway monitor voltages and currents on 
the main lines connecting the four substations. In addition 
there are PMUs in Finland that can be used to supplement the 
Norwegian measurements. From these measurements power 
flows on several important transmission lines are computed 
and can be displayed by the WAMS showing that this was 
clearly a wide area incident. 

 

Fig. 6 Screenshot in SCADA showing power flow on 420 kV line in Røssåga 
 
This disturbance turned out to be a good case for a real life 

test of the described power oscillation monitoring application 
based on Kalman Filtering described here. The recursive 
power oscillation monitoring algorithm was running in real 
time. The input signal was provided by the installed PMUs. 
The results are shown in Fig. 7 to Fig. 10. As one can see, the 
inter-area 0.48Hz mode listed in Table I was excited and 
detected. A very fast response of the adaptive algorithm can be 
observed in Fig. 8 and Fig. 10: Excited by a fault in the power 
system, both estimated parameters of the dominant oscillation 
(the relative damping and the oscillatory amplitude) captured 
very fast a change in the dynamic behavior of the power 
system – they can be both used to trigger an alarm/warning for 
the operator. On the other hand, before and after the fault 
happened (in Fig. 8 - Fig. 10 at time t = 30sec), the poor 
ambient noise on the top of the measured signal (see also Fig. 
7) was clearly not sufficient to enable reliable estimation of all 
parameters with the recursive Kalman Filter approach; so 
called persistent excitation problem described in more detail in 
[6]. This is the main difference from the multivariable method 
presented in Section III. , which operates with longer time 
windows and thereby can provide reliable damping estimates 
also under ambient conditions. Observe that the estimation of 
the amplitude of oscillations carried out in the time-domain as 
described in [6] and shown in Fig. 9, works reliably under all 
conditions. These two facts led to a simple idea of combining 
both signals for triggering alrms and warnings reliably: Using 
a set of rules such as IF damping low AND oscillatory 
amplitude low THEN no alarm. Since all estimates become 
reliable very quickly whenever a significant oscillation occurs, 
the estimation method with this triggering mechanism is used 
for a signalization. In general, it is very difficult to estimate all 
parameters (mainly, the modal damping) precisely during 
periods of time of low system excitation (ambient conditions). 
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Fig. 7: Measured power flow - input signal for the analysis 

 

Fig. 8: On-line outputs of the developed WAMS application: estimated 
frequency of the dominant oscillatory mode 

 

Fig. 9: On-line outputs of the developed WAMS application: estimated 
amplitude 

 

Fig. 10: On-line outputs of the developed WAMS application: estimated 
damping of the dominant oscillatory mode 

 
Since Kalman Filtering techniques are recursively 

formulated it is very straightforward and natural to extend the 
monitoring method to an adaptive controller design [15]. 

 
    3)  SUBSPACE IDENTIFICATION 

As shown in the previous section, it is very difficult to 
estimate reliably the modal frequencies & damping from 
measured signals in practice during periods of time with low 

system excitation because of the low modal activity 
observable in measured signals. And secondly, depending on 
which modes are excited, oscillations may only be visible in 
few particular measurements. This fact has been a motivation 
to address the problem in a multivariable framework. 
Furthermore, if the ambient process noise is just not sufficient 
to excite the power system dynamics to carry out a reliable 
parameter estimation, this could still be done introducing a 
suitable probing (excitation) input signal through some 
available actuator(s) such as FACTS, PSS, HVDC etc. to 
excite shortly oscillatory modes of interest [7], [11]. This 
section describes another method applied to the Nordic power 
system model to assess its stability which can be characterized 
as follows: multiple measurements are considered in the 
employed multivariable state-space framework (with regard to 
both inputs as well as output signals) and any external 
perturbation signal(s) can easily be incorporated in the model 
identification.  

Unlike the polynomial model structure used in approaches 
based on ARMAX models (Auto-Regressive Moving Average 
with eXternal input), this approach is based on estimating 
parameters of the system matrices DCBA ,,,  and eventually K 
forming in the state-space the description given by (2). 

)()()()(
)()()()1(

kekDukCxky
kKekBukAxkx

++=
++=+      (2) 

where DCBA ,,,  describe the system dynamics and K  
describes the way the noise affects the system. The vectors 

)(),( kukx  and )(ky  are the internal states, external 
(probing signal) inputs and the measured outputs, respectively. 

There are several approaches how to estimate the 
parameters of the above state-space model: Ranging from 
optimization-based methods (formulated in identification 
schemes known as Output-Error problem or Prediction-Error 
Minimization) to algebraic solutions of the entire 
identification problem. In general, the optimization problem to 
solve here is highly non-linear. The task is to find for a given 
set of input and output measurements )(),( kyku  an 
appropriate order n – i.e. the number of unknown internal 
states )(kx  – and then also all the elements of the matrices 

DCBA ,,, . An important achievement of the control research 
in the past was to demonstrate how the states can be obtained 
from input-output data using robust tools and techniques of 
numerical linear algebra such as QR, singular value 
decomposition and orthogonal projections, more details can be 
found e.g. in [17],[18]. Methods called subspace identification 
(SI) techniques are the mentioned algebraic solution of the 
above described (nonlinear optimization) problem. SI have 
become very popular mainly for their computational efficiency 
– this is a very appealing feature for their usage in power 
system applications which are known for high order models 
and a high number of input and output signals. In this work, a 
numerical algorithm for subspace state space system 
identification called multivariable output-error state space 
(MOESP) was used. For monitoring purposes, only the 
autonomous state-space model can be considered having the 
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form (3). 

)()()(
)()()1(

kekCxky
kKekAxkx

+=
+=+        (3) 

Unlike the Kalman filter, the subspace approach to identify 
all elements of matrices A , C  and K  cannot be easily 
adopted in a recursive way. But the selected measurements 
can be collected and stored over a certain period of time (say, 
over a window of several minutes) and subsequently analyzed 
– i.e. applied to a SI routine followed by a modal analysis of 
the obtained model. The sliding window is then moved in time 
(filled with new measurements). Thus, the fast response to 
changes in the monitored system gets often lost. For the 
presented analysis based on the available large scale Nordic 
power system model [21] developed in the PSS/E environment 
[22], a commercially available tool PacDyn [23] could be used 
for the model analysis based on model linearization. The 
signal based results presented here were achieved with an 
engineering tool developed for PMU signal processing, model 
identification & analysis and tuning of power oscillation 
damping controllers called PSAC (Power System Analysis & 
Control) [10],[11]; a screenshot is shown in Fig. 11. 

 

 
Fig. 11: User interface of the signal-based PSAC tool 

 
Whereas PacDyn works around the linearized full order 

continuous-time model, PSAC carries out the identification of 
a reduced order equivalent state-space model in the discrete-
time domain. Selecting an input-output channel and using the 
bilinear Tustin’s transform, the identified model can be 
converted to the same form (4) used also by PacDyn 
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where  are the identified matrices of the dynamic 
system order n, iλ  are n eigenvalues of A equal to the transfer 

function poles ip , iR  are n residues and iz are the transfer 
function zeros. Recall that the residues are constructed from 
the matrices CB,  and the eigenvectors of A . They are the 
products of modal observability and controllability for a 
selected mode iλ . Hence, it is easy to compare results 
achieved with PacDyn (linearization approach) with those 

achieved by PSAC (signal-based, model identification 
approach) comparing for example a set of identified complex 
residues iR  and modes iλ , see Fig. 12 and Fig. 13. 

 

Fig 12: Plot of dominant poles in s-plane – poles calculated by PacDyn (six 
red stars) after linearization vs. eigenvalues of the model identified with 
PSAC (four blue squares); two modes with low modal observability in the 
measured signals could not be identified 
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Fig. 13: Plot of complex residues calculated from the large scale PSS/E model 
by PacDyn (solid lines) vs. results identified from signals by PSAC (dashed 
arrows) showing a very good match for all dominant oscillatory modes listed 
in Table in selected input-output channel. Two modes with poor observability 
(reflected by short red solid lines) can be obtained numerically or analytically 
from the full model, however, not identified from measured signals 
 

The match between the results achieved by PacDyn and 
PSAC has been very good in general. Clearly, only the 
observable and excited modes can be identified from 
measured signals while the linearization of the full model can 
give all calculated modes in the selected frequency range. This 
explains why one can see in the s-plane shown in Fig. 12 more 
modes obtained with PacDyn than with PSAC. In particular, 
there have always been two modes not identified by PSAC. 
This is due to their low modal observability in the selected 
signals. The low observability is reflected also in the residue 
plots obtained by PacDyn and shown in Fig. 13. 

VI.  CONCLUSION 
The main conclusion is that the (nearly) real-time 

monitoring systems are able to quickly and accurately identify 
the amplitude and frequency of the dominant oscillatory 
mode(s). Identification of modal damping is more difficult, 
particularly when the magnitude of the ambient oscillations is 
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in the range comparable with random load variations. 
Multi-variable identification techniques applied to a set of 

measured signals can increase the quality of the identified 
model – especially, in terms of captured modal damping, and 
give additional information about the phase shift between 
oscillatory modes. Furthermore, the identification results are 
improved if a probing input signal can be injected. Also, the 
identified model can then be used for a damping controller 
design. In a comparison with an existing large scale power 
system model, a very good match between the identified and 
calculated oscillatory modes has been shown. 
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