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Abstract 

In this paper, a multivariate statistical projection method 
based on Principal Component Analysis (PCA) is proposed for 
detecting and extracting unusual or anomalous events from 
wide-area monitoring data. The method combines PCA with 
statistical test to detect and analyze anomalous dynamic events 
from measured data. 

Simulations based on a transient stability model of the New 
England Test System are used to demonstrate the ability of the 
method to detect and extract system events from wide-area data. 
 
1 Introduction 
During the last decade, detecting and visualizing power 

system events has emerged as a new and promising 
research area. Event detection and analysis techniques are 
key parts of Wide-area Monitoring and Control Systems 
(WAMCS). The recently published IEEE task force report 
on the identification of electromechanical modes stresses 
the importance of data processing and visualization as 
means to monitor the operational status of the system [1]. 

A variety of techniques have been proposed for 
automatic extraction and characterization of dynamic 
features from measurements during ambient and transient 
operation. Parametric and non-parametric mode estimation 
algorithms have been specifically designed for detecting 
the impact of system disturbances on the dynamic stability 
margin of the system [1]. However, on-line estimation and 
visualization of modal parameters are very challenging, 
and may require long records of data and pre-filtering to 
obtain useful information [2].  

Data visualization and analysis tools may provide 
operators with a more complete understanding of evolving 
system dynamics [3]. In [4], Frequency Disturbance 
Recorder (FDR) measurements were used to provide a 
real-time view of the power system frequency behaviour. 
Using voltage and frequency measurements it is possible 
to determine the location and extent of system damage by 
tracking changes in key modal parameters.  

More recently, statistical techniques with the ability to 
collect and process vast amounts of data have been 
proposed. In [5], a multidimensional characteristic 
ellipsoidal technique was used to detect system 
disturbances and stressed operation conditions. Along 
with these efforts, statistical techniques based on 

multivariate dimension reduction schemes, have been 
proposed to detect system faults [6], the temporal 
variability and spatial distribution of wind power [7], and 
the identification of coherent generators [8]. 

In this paper, a multivariate statistical projection method 
based on Principal Component Analysis (PCA) is 
proposed for detecting, localizing and characterizing 
system damage on a global basis. The technique can be 
used to detect anomalous dynamic events from large and 
complex data sets, locate the source of damage and 
provide some estimate of its extent and distribution. 
Conceptually, the PCA-based approach transforms the 
data in order to remove correlations among variables and 
reduce their dimensionality without significant loss of 
information [9].  

When combined with a Wide-Area Monitoring System 
(WAMS), the proposed framework allows determining 
security margins with respect to faults or changes in the 
system operating conditions. 

Simulations based on a transient stability model of the 
New England test system are used to demonstrate the 
ability of the method to detect and extract system events 
from wide-area data. 

The issues of automation of the process, unsupervised 
fault detection and the incorporation of operational 
constraints are discussed. The directions for future 
research and development are also identified. 

2. System Reduction by Principal Component 
Analysis Modeling   

Wide-area measurement systems provide a large 
amount of information about system dynamic behaviour 
that needs to be processed and correlated in near real-time 
for detection and visualization of system disturbances.  

Given a set of simultaneous observations at locations xl, 
l=1,…,m of a transient process, the observation (data) 
matrix can be defined as: ࢄ ൌ ሾ࢞ଵ ଶ࢞ … ሿ                       (1)࢞

where each column represents the time evolution of a 
physical variable (the individual sensor signals).  

Figure 1 provides a physical interpretation of the 
proposed framework. 
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Fig. 1 Overview of the proposed approach. 

Power system measurements are multi-scale, noisy and 
may contain missing data, trends and outliers, which mask 
the presence of system damage, and make the analysis and 
visualization of specific system behaviour very 
challenging. Moreover, monitoring large interconnected 
systems may be data intensive prompting the need for the 
use of efficient model reduction techniques. 

In what follows, PCA is used to identify, extract and 
monitor critical dynamic events from multivariate, noisy 
data on a global basis. Techniques for real-time event 
detection and the determination of the source location are 
proposed and tested. The dimensionality reduction is used 
to facilitate the visualization and classification of large and 
complex data sets. 
2.2   Principal Component Analysis for Event Detection 

The event detection and prediction involves comparing, 
in near real-time, spatio-temporal data against event data 
patterns. Due to the high dimensional nature of the data, 
model reduction techniques are needed to capture the 
relevant dynamic features. 

To deal with model reduction of large datasets with 
minimum loss of information, high-dimensional data is 
projected onto a lower-dimensional space which contains 
most of the variance of the original data [9].  

More formally, the original data space כࢄ א Թே, is 
decomposed  as the product of matrix  ࢀ and ࡼ plus a 
residual matrix E, as: כࢄ ൌ ்ࡼࢀ  ࡱ ൌ ∑ ்ୀଵ࢚  ∑ ்ୀାଵ࢚          (2)

where  ࢀ א Թே, and ࡼ א Թ, are related with the 
principal component scores and loadings. ࡱ א Թே,, 
represent the residual variability which is not captured by 
the Principal Components (PCs) scores and K is the 
number of PCs [9]. On the other hand, the ࢚ score vectors 
contain information on how the samples relate to each 
other and the columns of the loading matrix, , are 
eigenvectors of the covariance matrix, ࡿ א Թ, defined 
by [9] 

ࡿ ൌ ଵேିଵ (3)                                    כࢄ்כࢄ

The loadings provide information as to which physical 
variables contribute to the most to individual principal 
components. 

To detect variations from typical or expected behavior, 
the observation data is centered and scaled, by subtracting 
the column means (ࢍ࢜ࢇࢄ א Թଵ,ே) and dividing by the 
standard deviation (ࢊ࢚࢙ࢄ א Թଵ,ே). This results in a 
reference data set of the form כࢄ ൌ ൫ࢄ െ .൯ࢍ࢜ࢇࢄ ⁄ࢊ࢚࢙ࢄ                       (4)

where l is a vector of ones (l א Թே,ଵ) and ./ indicates 
element-by-element division. The centering and scaling 
process removes engineering units and also results in a 
more stationary data set which is more suitable for data 
monitoring. 

From the PCA model described in the equation (2), we
can obtain statistical quantities analysing data projections 
onto PCs model subspace. For instance, let us assume that 
vector sample ࢞כ א Թଵ, is decomposed in two orthogonal 
vector as follows:  ࢞כ ൌ തതതכప࢞   ࢋ

where: ࢞పכതതത ൌ ்ࡼࡼכ࢞ ൌ (5)                            ܥכ࢞
where  א Թ,, is the model projection matrix. In a 
similar way, the projection to residual subspace of data 
matrices can be carried out using: ࢋ ൌ כ࢞ െ തതതכప࢞ ൌ ࡵ൫כ࢞ െ ்൯ࡼࡼ ൌ ࡵሺכ࢞ െ ሻ        (6)
where ࢋ א Թଵ, and ሺࡵ െ  ሻ is called the residual
projection matrix and ࡵ א Թ, is identity matrix.  

The projections on the space model given in (5) and 
residual space in (6) has direct relationship with 
multivariable control charts [10].  

The reduced model is the first statistical approach to
define the secure operation margin and also to provide a 
framework for real time monitoring changes in the selected 
features of the system. 

3. Estimation of Secure Operated Margin and 
Detection of System Disturbances. 

Based on the above development two statistical tests used 
in statistical multivariable process control are adopted [10] 
to estimate the operating security margin and detecting the 
system disturbances. 

 3.1  Estimation of Operation Security  Margin  
Initially, two multivariate statistical indices are used in 

conjunction with PCA reduced model to define secure 
operating margins in statistical terms. 

As a first step, the Hoteling’s statistic [11] for 
observations ࢞כ א Թଵ, is calculated as: T୧ଶ ൌ ࢀపෝ࢚ࢫపෝ࢚ ൌ iൌ   ,    ்כ்࢞ࡼࢫࡼכ࢞ 1,2, . . , ܰ   (7)  
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where ࢫ א Թ࢚ ,ܭ,ܭ݅ א Թ,, and ࡼ are the diagonal matrix 
of selected eigenvalues of S,  ݅௧ score row vector of ࢀ 
and loading matrix obtained from the reduced model, 
respectively. The Hoteling’s test represents the total 
amount of inherent variability that is inside the system 
behaviour. The statistical distribution of its values follows 
the F-distribution [10]. 

We consider that the data reference system is under 
normal conditions for a given significance level α, if: T୧ଶ  Tࢻ ൌ ൫ேିଵ൯ே൫ேି൯ ,ܭሺࢻࡲ ܰ െ  ሻ               (8)ܭ

where ܰ is the number of samples used to construct the 
reference data model, ܭ is the number of selected PCs and  ࡲఈሺܭ, ܰ െ  ሻ is the critical value for an F distributionܭ
with N and (N-K) degrees of freedom at the (1-α) 
confidence level. Typically, α takes values between 1% 
and 5%. 

A complementary test  on  the ܳ  statistic, defined as 
the sum of squared residual of the selected PCs, is used to 
measure the variation in the residual space not accounted 
for by the PCA model,  

ܳ ൌ ்ࢋࢋ ൌ ࡵ൫כ࢞ െ  (9)                      ்כ்࢞൯ࡼࡼ

which is also interpreted as a measure of the “best fit” of 
the PCA model, showing the distance between the actual 
and the predicted data.  

A suitable threshold for statistical significance of ܳ  is 
given by: 

ܳ  ܳఈ ൌ ଵߠ ഀඥଶఏమఏభ  1  ఏమሺିଵሻఏభమ ൨ଵ ൗ
   (10) 

with ߠ ൌ ∑  ; ୀଵ,ଶ,ଷெୀାଵߣ   ;  ݄ ൌ  1 െ ଶఏభఏయଷఏభమ  

where ܳఈ  is the upper confidence limit for the residual 
model ܳ  with significant level and ܿఈ is the normal 
deviation corresponding to the upper (1- α) percentile.  

 
Fig. 2: Data projection on two PCs. 

Taken  together, both the statistical tests let us identify 
whether the event is associated with unusual variability 
within the normal subspace defined by the selected PCs or 
by variations not explained by the retained PCs. Figure 1 
illustrates two types of unusual variation captured by the 
statistical test [10]. 

3.2 Detection of System Disturbances 
In this paper, we used two ways to detect system 

disturbances which are used in a complementary manner: 
• Control charts 
• Score plots 

Control charts are obtained from the indices (7) and (8), 
and are especially useful when the numbers of PCs are 
higher than 3 and cannot be represented by a 
tridimensional ellipsoid.   

Once that secured operating margin has been estimated, 
the tracking process to detect system disturbances is 
carried out. The new observations of each PMU are mean-
centred and scaled with respect to the mean and standard 
deviation obtained in (4). These observations are denoted 
by ࢞ෝכ א Թଵ,; the statistical indices are then updated as 
follows: Tଶ ൌ ܳ (11)                            ்כෝ்࢞ࡼࢫࡼכෝ࢞ ൌ ࡵ൫כෝ࢞ െ  (12)                      ்כෝ்࢞൯ࡼࡼ

Both indices are compared again with their respective 
thresholds as computed in (8) and (10). If a sequence of 
the new values of Tଶ or ܳ  is above a given threshold, the 
fault process is occurring. 

In the second approach, the scores associated with the 
selected PCs have been used. To illustrate this index, 
consider that a suitable number (e.g. 2 or 3) of PCs 
represent the secure operated margin; the selected scores 
denoted by ࢀ, the eigenvalues of S and their corresponding 
eigenvectors, provide the orientation and the semi-axis 
length of the ellipse or 3D ellipsoid representation [11]. 
Figure 3 depicts the result of modeling the data system כࢄ with the 2 or 3 largest PCs.  

 
Fig. 3: Data projection on score plot. 
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The ellipsoid defines a region where the system is 
operating under normal conditions. The new observations 
denoted by ࢞ෝכ א Թଵ, ,  are used to estimate the new row 
score: ࢚ො ൌ ݆    ,     ࡼכෝ࢞ ൌ ܰ  1, ܰ  2, . . . ,  (13)           ܮ

within the control region (2D ellipse or 3D ellipsoid), one 
can map the data ࢚ො א Թଵ, for a segment onto the same 
axes. If the new observation lies outside the ellipsoid for a 
given period of the time is identified as a fault -- see Fig. 
3. Otherwise they would be considered as a false alarm. 
Both cases indicate changes on the data covariance, which 
are also reflected in the indices (7) and (9). 

 

3.3 Estimation of Fault Localization Based on 
Contributions Plots. 

Additional information may be extracted from the 
contribution plots to identify the source of the fault.  For 
instance, consider that a successive number of new 
observations fall outside the ellipsoidal surface or that the 
new values for Tଶ and ܳ   are above the critical values 
given in (8) and (10). This indicates that one event has 
occurred, but it does not provide information about the 
nature or source of the event. In this regard, contribution 
plots may be used to determine which PMU detects the 
event first, providing quick estimation about where the 
fault occurs as well as how the fault is spreading across the 
system.  

According to [12], the contribution plots may reveal the 
group of variables making the highest contribution to the 
model PCA or to the residuals. In the context of our 
problem, the individual contribution of the ݉௧ variable 
(PMU) to the ܭ௧ score is denoted as: ܿቀTೕమቁ ൌ כෝ࢞, ቀ௧መ಼ఒ಼ቁ                         (14) 

where ̂ݐ  and ߣ , represent the value and the variance of 
the K-score respectively and ̂, is the element of the 
matrix ࡼ, and ݔො is ݉௧ value of the current data vector ࢞ෝכ. In this paper, we examined the contribution from each 
PMU at each time period rather than individual 
contributions. Using the total contribution defined in [12], 
we can evaluate the contribution of the ݉௧ time period to 
the Tଶ, which is taken as the sum of all contributions to the ݉௧ variable: ܿݐቀTೕమቁ ൌ ∑ ܿቀTೕమቁୀଵ                             (15) 

 
where r represents the number of abnormally large score 

variables. Variable contribution can also be computed to ܳ  statistic, more details are given in [12].  
 
 

 4. On-line Monitoring and Fault Analysis  
The basic procedure for monitoring the system based 

on the PCA method can be derived according to the 
section 3.1 that covers PCA model building and sections 
3.2 and 3.3 that deal with fault detection and fault 
contribution. The proposed algorithm for a fault detection 
and identification consists of the following steps: 

1. Data selection and standardization: 
• Selection of the reference data: the size of initial 

matrix ࢄ with N observations and m variables 
must be long enough to characterize the normal 
system variability.  

• Scaling and centering of the input data matrix 
that is used for process model building. 

2. PCA model building:  
• Covariance matrix calculation based on 

standardized input data matrix. 
• Eigenvalues and eigenvectors calculation. 
• Number of PCs selection that will be retained in 

the model. 
• Determination of confidence limits. 

3. Test of the new data: 
• Scaling and centering of the new data. 
• Projection of new data to the existing space. 
• T୧ଶ and ܳ  values calculation for each sample.  
• If T୧ଶ or ܳ  sample values exceed the confidence 

limits, abnormal event has occurred. 
• If the event persists for 2 second or 20 samples, 

using a sampling frequency of 10 Hz, a fault is 
occurring in the system. 

4. Fault localization  
• Draw the total contribution plot to estimate the 

fault localization and evaluate its propagation 
across the system. 
 

To improve the visualization of system disturbances, we 
use the score plot. Refer to section 3.2 for details about 
how to obtain this plot. 

 
5. Numerical Results 

As an illustrative example, the proposed algorithm is 
applied to the New England test system [13]. The 
measurements of the voltage phasor outputs of 20 PMUs 
were recorded at a sampling frequency of 10 Hz. 16 
measurements are related to the generation nodes and the 
last four are related to strategic network nodes, selected by 
an extensive study based on centrality measures [14]. The 
marks in green colour indicate the locations of PMU nodes 
in Fig. 4. Two cases of interest will be considered in this 
research. 



 

 

Fig. 4:  Test system. 
 

5.1 Building PCA model 
Using the proposed data analysis 

statistical model of dimension ࢄ א Թସ,
construct the PCA model. The reference d
measurements of voltage phasor collected 
200 sec (4000 observations) at the no
conditions. 

Considering that the best performan
under Gaussian distribution, an off-line 
conducted; the Q-Q plot and its histogram
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As an example, in Fig. 5 shows the Q
histogram for the voltage at node 2. Bo
that reference data follows a norm
providing statistical support to the const
model. Similar results were obtained for 
of the system. Results shown in Fig. 5 a
the PCs may have a similar statistical distr

Fig.5: Q-Q plot and Histogram of voltage da
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Fig. 7: Score plot of data reference. 
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Fig. 9: Records with a three phase fault at li
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Fig. 10: Monitoring results using T୧ଶ and ܳ 
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Figure 11 shows the score-doma
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Fig. 11: Score plots for a three phase fault at line 8-9
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Fig. 12 Total contribution map for  T୧ଶ  at fault incept
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Fig. 13: Total contribution map visualization
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9. Appendix A: Multi-Way 
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Fig. 18: Multiway unfolding process of a three-way batch data set. 
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