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Abstract— This paper addresses on-line early detection of 
inter-area electro-mechanical oscillations in power systems 
using dynamic data such as currents, voltages and angle 
differences measured across transmission lines in real time. 
The collected data are evaluated in real-time with the main 
objective to give the transmission operator qualitative 
information regarding stability margins. In our approach an 
oscillating systems have been modelled by second order 
autoregressive system using forgetting approach. The stability 
margins are proposed to define by poles analysis. The 
approach is demonstrated using real retrospective voltage data 
registered in 500 kV power grid. 
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I.  INTRODUCTION  
Power systems characterized by many modes of electro-

mechanical oscillations caused by interactions of its 
components. During such oscillations, mechanical kinetic 
energy is exchanged between synchronous generators as 
electric power flows through the network. For example one 
generator rotor could swings relative to one another. The 
inter-area modes are usually associated with groups of 
machines swinging relative to other groups across a 
relatively weak transmission line. These impacts cause 
oscillations in state variables of the electric system such as 
voltage, current, power and frequency are conventionally 
measured by PMU devices (Phasor Measurement Units). 

The amplitudes of the swinging state variables are mainly 
determined by the following factors:   

    • The position of the subsystem in the whole power 
system.  

    • The distribution of the natural damping elements 
such as series resistance of the lines, and shunt resistance of 
the loads.  

    • The number and position of special damping 
controllers, e.g. Power System Stabilizer (PSS) and Static 
Var Compensators (SVC) such as Thyristor Controlled 
Reactor (TCR) and Thyristor Switched Capacitor (TSCs) 
which are intrinsic parts of Flexible Alternating Current 
Transmission System (FACTS) technology.  

 
PSS controllers are among the most effective and robust 

solutions [9], SVCs are also widely used for stabilization by 

modulating voltage at strategic locations of the power system 
(see e.g. the example of Mexico System [9, 7]). 

There are two distinct types of oscillations causing 
problems in power systems: local mode oscillations and 
inter-area oscillations. Local mode oscillations occur when a 
generator (or group of generators) under voltage regulator 
control at a station is swinging against the rest of the system. 
Inter-area oscillations involve combinations of many 
machines on one part of a system swinging against machines 
on another part of the system. It is to be noted that the local 
mode of oscillations are well damped by the traditional PSS 
controllers, but normally fails the inter-area ones  [10] 

In this paper we address the problem of robust detection 
of inter-area oscillations which needs more sophisticated 
approaches in order to ensure accurate monitoring of system 
dynamics and reliable detection of dangerous oscillations 
with noise-polluted PMU measurements. It is to be noted 
that oscillations themselves could not be dangerous as long 
as they do not become unstable [1]. The key objective of this 
paper is to design algorithm to establish stability margins. 

The paper is organized as follows. In Section 1 we 
provide the motivation of our studies, next we briefly discuss 
the related techniques employed for on-line oscillations 
prediction. Section 2 presents oscillations detection 
algorithm based on regularized exponential forgetting 
suitable for non-stationary data analysis of power systems. In 
Section 3 we present application of the designed technique 
for real retrospective data corresponding to inter-area 
oscillations event recorded in 500kV power grid. The 
concluding remarks and possible ways for improvements of 
the proposed techniques are briefly listed in Section 4. 

 

II. PROBLEM   STATEMENT 
 

A. State-of-the-art Techniques  
The deregularization of power market causes the 

substantial demand for development of new tools for electro-
mechanical oscillations prediction. Many classical non-
adaptive algorithms such as Yule-Walker, Burgs, lattice and 
Prony's methods (see e.g. [5], [6] and [3]) have been applied 
in the field. Also recursive least squares (RLS) and least 
mean squares (LMS) methods are among typical solutions. 
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Recently, Kalman filtering techniques has been employed by 
Korba et al [2] for on-line oscillations prediction. 

B. Techniques Comparisions 
These methods are typically based on treatment of the 

underlying process as a linear system. Detection of the 
oscillations is based on two basic results of linear systems 
theory: 

1. poles of oscillating linear systems have non-zero 
imaginary part,  

2. poles of unstable linear systems are greater than one 
in absolute value.  

Application of these facts to detection of oscillations is as 
follows: (i) the observed process is locally approximated by 
a linear system, (ii) parameters of the linear system are 
estimated, (iii) poles of the system are computed from the 
estimates, and (iv) stability and oscillatory behavior is 
analyzed. 

The above mentioned methods differ typically in (i) and 
(ii). For example, detection methods based on fixed window 
assume that all data in the window were generated by the 
estimated linear system with identical weight. An alternative 
is represented by RLS with discounting which assumes 
exponential decrease of importance of older data records. 
The difference in (ii) is typically in the assumption whether 
the variance of the measurement noise is known (Kalman 
filter) or unknown (RLS-type methods). However, the 
methods rarely differ in (iii) and (iv) where a point estimate 
of the poles is being analyzed. We aim to address mainly this 
issue. 

The traditional point estimate approach provides a single 
option for all poles for given time. Without any uncertainty 
bounds on the result. Thus, it is hard to assess reliability of 
this value. In this paper, we are concerned with Bayesian 
approach, i.e. we develop full posterior density of the 
parameters of the linear system and transform this density to 
density on poles.  

 

III. OSCILLATIONS   DETECTION   ALGORITHM 
    We consider the signal to be represented by a second-
order linear system with unknown time-variant parameters: 

ttttttt eybyay ��� �� 21=  (1) 

 where ty  is the observed signal, ttt ba �,,  are its 

unknown parameters, and te  is Gaussian noise with zero 

mean and unit variance, ).1,0(Net �  In probabilistic 
formulation, (1) defines probability density function (pdf) of 
the observed random variable ty : 

 
).,(=),,,,|( 2

2121 �� ���� � tttttttttt ybyaNbayyyp  (2) 
Estimation of system (2) with stationary 

parameters is a well known task in statistics, with posterior 
density of Normal-inverse-Gamma type. Extension of this 
approach to non-stationary system can be achieved by 

specification of the parameter evolution model, 
),,|,,( 111 ��� tttttt cbabap � . Specific choice of such model 

yields a task of Bayesian filtering, which can be solved in 
some cases by the Kalman filter. 
   However, we consider a simpler alternative, known as 
forgetting or discounting. In this approach, the time-variant 
system is treated similarly to the time-invariant system, but 
the resulting sufficient statistics is multiplied by a constant 
�  smaller then one. In effect, delayed data records, kty �  

are weighted by k�  which correspond to application of 
exponential window. This simple approach has however 
some shortcomings such as numerical instability when data 
are not informative. 
   We will apply an improved version of forgetting, [11] 
where regularized exponential forgetting is formalized as 
follows: 

 
),,,,|(),,|,,( 211 tttttttttt bayyypyybap �� ����  

            
�� ),,|,,( 11111 ����� tttt yybap �         (3)

            .),,|,,( 1
11111

�� �
����� tttt yybap �

 Here, )(	p  denotes an alternative probability of the 
parameters. This probability expresses an alternative (prior) 
knowledge about location of the parameters. However, in 
our case, we have no extra information and thus, we will 
choose a flat non-informative alternative. 

One advantage of (3) is that for system (1) it 
preserves posterior density of the Normal-inverse-Gamma 
type,  

),,(),,( ttttt VNiGbap 
� �  (4) 
 the statistics of which are recursively computed as follows:  
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 and 
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 )(11= 1 ����tt . Here, 
,V  denote 
statistics of the alternative pdf. 
   Important moments of this posterior density are mean 
value,  
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 which is equivalent to the result of RLS with discounting 
(under the choice of 0=V ). 
    Since the main parameters of interest are parameters 

],[ tt ba  we marginalize (4) to obtain marginal density of 
Student-t type. An important property of this density is that 
it is not as sharply concentrated as a Gaussian, hence it 
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assigns higher probability to values distant from the mean. 
The difference is greatest for 20<t
 , which arise for 

0.95<� . For more details, see [12]. 
 
    Transformation of this density to density on the poles is a 
non-trivial task due to their nonlinear mapping. As a first 
step, we transform the density numerically, using Monte 
Carlo sampling technique. The probability of unstable 
oscillations is then evaluated as expected value of poles 
being complex with absolute value greater than one. 
 
   Final oscillation detection algorithm is then following: 
 
Off-line: choose initial alternative statistics, 
,V  and 
forgetting factor � , and number of samples, n . 
 
On-line: at each time t  do:   

1. update statistics 
,V  using (5), 

2. generate n  samples, n
i

i
t

i
t

i
t ba 1=

)()()( },,{ �  from (4), 
3. for each sample compute roots of polynomial 

0=)()(2 i
t

i
t bxax �� , and their angle, i� , and 

absolute value, i� . 
4. compute probability of unstable oscillations as 

follows 

1)>(0)>(1=)(
=1

ii

n

i
AND

n
yunstabilitp ���

 
 
 
Remarks: 
Sampling based computation of the pdf of the roots is rather 
computationally expensive and can be replaced by simpler 
techniques, such as evaluation of deterministic points at (3) 
standard deviations from the mean. However, we present 
Monte Carlo in the simulation part since it is the most 
accurate method. 
Once a physically based model of parameter estimation is 
constructed, the forgetting operator (3) will be replaced by 
proper Bayesian filtering algorithm. 
In our opinion, the forgetting approach has the advantage 
over the approach based on Kalman filtering [2] in being 
able to estimate covariance of the observation, t�  (1). 
 

IV. RESULTS  ANALYSIS 
In order to verify the designed techniques, the 

time-synchronized retrospective data has been employed. In 
particular, the time series of voltage (see Fig. 1 Top higher), 
active and reactives powers have been used. The time series 
has been registered using PMU devices from 500kV power 

grid [4] with one millisecond sampling period. The total 
duraction of the registered event is less then 1 minute. 

It is to be noted that oscillations are easily 
detectable to a human. However, correct assessment where 
they start is non-trivial. For example, oscillatory behavior 
was detected relatively early, as is documented by non-zero 
angle of the pole computed from point estimates (6), Fig. 1 
Middle higher. However, the absolute value of the pole is 
lower than 1, indicating stable oscillations. When the 
oscillations become unstable is quite difficult to estimate. 
On the other hand, the computed probability of oscillations 
marks the start of the oscillations quite clearly and can be 
easily adopted to give the transmission operator qualitative 
information regarding stability margins. 
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Figure 1. Results for voltage amplitude data. Top: observed data. Middle higher: angle of the first pole. Middle lower:  
absolute values of both poles, respectively. Bottom: computed probability of unstable oscillations. 
 

Volumn 3



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


