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1.  Introduction 
 
     This document describes the study of wide-area monitoring system (WAMS) data from the 
Entergy Transmission network.  The accompanying CD is intended to be comprehensive and 
has a lot of duplication including old versions of programs.  Please note that only the directory 
Analyze2 contains the most current version of the analyzer program.  The root directory of the 
accompanying CD contains the following files and folders: 
 
Allback2--directory containing event search program and related files  
Analyze2--directory containing event analyzer program and related files   
August14--directory containing Entergy WAMS data from August 14, 2003   
DataDir--directory containing PPSM files read by Matlab script file readfile.m                
DataTake--directory containing DataTake and documentation          
DSItools--directory containing DOE/CERTS/PNNL Dynamic System Identification Toolbox                
Hauer--directory containing reports by John Hauer and others (major support from DOE)  
wams02--directory containing Entergy WAMS files and documentation           
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abman.pdf--documentation of program written by Guang Li to search data for events  
Bykhovsky_Chow.pdf--draft of paper written by Alexander Bykhovsky and Joe Chow 
explaining an event analyzer algorithm that was implemented for Entergy by Kejun Mei 
FETF Report r4 (June 25 2002).doc--NERC report on frequency changes around 10pm   
indxrank--list of buses sorted according to ranking scheme proposed by Innocent Kamwa and 
implemented for Entergy by Guang Li 
Ingleson_Nagle.pdf--paper by Jim Ingleson and Makarand Nagle on the decline of frequency 
stiffness in the Eastern interconnection  
readfile.m--example of Matlab code for extracting and manipulating data from PPSM files  
report01.doc--final report for Entergy/NSF/LTU WAMS project 2001-2   
report02.doc--final report for Entergy/NSF/LTU WAMS project 2002-3   
secure52.con--switching specification files for 52 stable contingencies used in the WAMS 
placement study that produced indxrank 
trigger.f--program in Fortran for calculating trigger quantities   
 
 
2.  Event Search Program 
   
During 2002-3, the criterion for finding events in the search program was changed to a 
variance-based calculation similar to the RMS quantity described toward the end of Section 
6.2.  The term variance-based is intended to include both variance and its square root, which is 
standard deviation.  The standard deviation of points taken from an interval of a signal is 
equivalent to the RMS-value.   
 
The documentation about Allback provided by Guang Li is contained in the file abman.pdf, 
which has been included in the root directory of the accompanying CD for convenience.  All 
the files associated with the event search program can be found in the directory Allback2.   
 
Overview of Allback2 documentation contained in abman.pdf: 
 
I. Application File List and Requirements 
II. Installation 
III. Configuration  
IV. Launch Allback Event Scan Tool  
V. Interface for Allback Event Scan Tool  
VI. Main Implementation for Allback Event Scan Tool  
VII. Supportive Implementation for Allback Event Scan Tool  
VIII. Implementation for Autoback Event Scan Tool  
IX. Implementation for Simback Event Scan Tool  
 
The following files are necessary to run the application: 
 
· allback.p --- MATLAB GUI application for Allback Event Scan Tool 
· allback.fig --- MATLAB figure file storing the graph components for allback.p 
· abcover.fig --- MATLAB figure file storing the version information for allback.p 
· autoback.p --- MATLAB CUI application for Autoback Event Scan Tool 
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· simback.p --- MATLAB CUI application for Simback Event Collector Tool 
· sincfilt.exe --- executable file to filter data using SINC function 
· varifilt.exe --- executable file to filter data by variance vectors 
· PPSMREAD.P --- MATLAB function to retrieve data from PPSM format files 
 
The basic required software platform is MATLAB 6.0 (Release 12).  Note, however, MATLAB 
6.0 may be not completely compatible.  The recommended software platform is MATLAB 6.5 
(Release 13). 
 
 
3.  Event Analyzer Program 
   
Events with known causes were used to adjust the event analyzer program logic in order to 
make the output consistent with known events as described at the beginning of Section 5.  The 
most current version of the analyzer program is contained in the directory Analyze2.  The user 
can just copy this directory to his or her hard drive and run the analyzer program from Matlab 
as described below.   
 
The following files are necessary in order to run the event analyzer program.   
 
· amanda.fig --- default figure file 
· amanda.p --- event analyzer loader 
· loadrule.p --- DT rule understanding 
· noise.p --- noise preprocessing 
· sevt.p --- event data loading and displaying 
· tree1.rul --- thresholds for DT rules 
· update.p --- GUI update 
· *.dat --- various event example data 
 
The argument passed to the event analyzer has the same format as for the ringdown program.  
If event1 is an L x 2 matrix like this: 
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where the y(kT) are power system frequency measurements, then the event analyzer can be run 
by typing at the MATLAB prompt: amanda(event1) 
 
After the program has started you can also load a new event by clicking the 'Load Event' 
button.  The frequency measurements from the selected event are plotted with a solid blue 
curve.  To analyze this event, click the 'Analyze' button.  A red plot of measurements averaged 
over a few seconds is added to the display after an event is analyzed, and all the calculated 
results are updated at the same time.  'Calc. Power' is intended to estimate the power change 
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according to the frequency shift and the beta value; the beta parameter reflects the frequency 
sensitivity to power changes in the system.  Users can specify a value for beta and the program 
will estimate the amount of power change corresponding to the change in average frequency.  
Alternatively, users can specify a value for the power change and the program will calculate 
beta.       
 
Application Notes 
·  This program requires MATLAB 6.1 (Release 12)  
·  There should be no more than one event in the window, and there should be a few seconds of 
data included both before and after the event.    
·  The output file is called 'report.txt'.   
·  The event type is encoded as follows: 

1: a nearby load trip 
2: a remote load trip 
3: a nearby generator trip 
4: a remote generator trip 
5: a nearby line fault 
6: a remote line fault 
7: an oscillation or unknown event 

·  This program is modeled after the function of the event analyzer program that was 
implemented by Joe Chow and Alexander Bykhovsky.    
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4.  WAMS Site Placement Study 
   
This section describes the use of an information index [1] for selecting additional buses to 
equip with monitoring units.  The formulation used in this study involves the determinant of the 
correlation matrix and it is closely related to [1].  In the context of linear regression analysis 
reference [2] says:   
 

"Some computer printouts show the magnitude of the determinant of the correlation 
matrix of the X variables.  A near-zero value for this determinant implies both a high 
degree of linear association among the X variables and a high potential for round-off 
errors" 

 
In Matlab if you have a matrix such as  
 

Z =  , 
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then you can calculate the determinant of the correlation matrix as 
 
index = det(corrcoef(Z)) 
 
Similar to [1] we also calculate 
 
index = det(corrcoef(Z))^(1/N) 
 
where  N  is the number of columns of  Z.  N = 5 for the  Z  shown above.  Raising to the power 
(1/N) is done because the units of the determinant are the units of one element raised to the 
power N.  Raising to the power  1/N  keeps the size of the index in a familiar range as  N  
varies.  For example .00032^(1/5) = 0.20 .    Given time, we could probably figure out whether 
the value of the determinant (not raised to the power  1/N ) only decreases as  N  increases, 
when  N  is increased by adding vectors to  Z.     
 
 
4.1  Illustrative Calculations of Index 
 
These are sample calculations that illustrate the information index.  Vectors A, B, and C are 
uncorrelated because they are orthogonal after subtracting the mean from each element.   
 
     A     B     C    A+B  A+B+C 
 
     1     1     1     2     3 
     1     1     0     2     2 
     1     0     1     1     2 
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     1     0     0     1     1 
     0     1     1     1     2 
     0     1     0     1     1 
     0     0     1     0     1 
     0     0     0     0     0 
 
If  Z  contains all five vectors then det(corrcoef(Z))^(1/5) is approximately zero 
because some vectors are linear combinations of the others.  In the calculations below Z 
contains three vectors so  N = 3.   
 
Example 1 signal matrix Z = 
 
     A     B     C 
 
     1     1     1 
     1     1     0 
     1     0     1 
     1     0     0 
     0     1     1 
     0     1     0 
     0     0     1 
     0     0     0 
 
 
corrcoef(Z) = 
 
     1     0     0 
     0     1     0 
     0     0     1 
 
det(corrcoef(Z))^(1/3) =  1 
 
The second three vectors are linearly dependent. 
 
Example 2 signal matrix Z = 
 
     A     B    A+B   
 
     1     1     2 
     1     1     2 
     1     0     1 
     1     0     1 
     0     1     1 
     0     1     1 
     0     0     0 
     0     0     0 
 

 7 



Study Support for Wide Area Monitoring System Enhancement 

corrcoef(Z) =  
 
    1.0000         0    0.7071 
         0    1.0000    0.7071 
    0.7071    0.7071    1.0000 
 
det(corrcoef(Z))^(1/3) =  approximately zero 
 
The last three vectors are independent but the vectors are not uncorrelated.   
 
Example 3 signal matrix Z = 
 
     A     B   A+B+C 
 
     1     1     3 
     1     1     2 
     1     0     2 
     1     0     1 
     0     1     2 
     0     1     1 
     0     0     1 
     0     0     0 
 
 
corrcoef(Z) = 
 
    1.0000         0    0.5774 
         0    1.0000    0.5774 
    0.5774    0.5774    1.0000 
 
det(corrcoef(Z))^(1/3) =  0.6934 
 
4.2  Use of Index for WAMS Expansion  
 
The information index is well suited for deciding how to expand an existing WAMS network.  
Let the matrix  Z  contain simulated frequency signals from all the existing WAMS locations 
plus one other candidate location.  The calculation is repeated for all candidate locations and 
the one resulting in the largest index value is selected as the next location to add a WAMS unit.  
We will use the following notation:   
 
∆t : sampling interval. 
z1 - z4 :  Simulated frequency signals from existing WAMS monitor locations Waterford, 
Grimes, Mabelvale, Ray Braswell. 
z5 :  Simulated frequency signal from candidate WAMS monitor location. 
B :  Set of buses such as B = {6WATFRD,7GRIMES,8MABEL,8R.BRAS, 8DELL  5}.   
M :  Number of samples.  
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N :  Number of existing WAMS locations plus one. 
 

ZB =  . 



















∆∆∆∆

∆∆∆∆
∆∆∆∆

∆

∆
∆

)()()()(

)2()2()2()2(
)()()()(

)(

)2(
)(

5432

5432

5432

1

1

1

tMztMztMztMz

tztztztz
tztztztz

tMz

tz
tz

MMMMM

 
Let  z1  be a vector representing the first column in  ZB : 
 

z1 =   . 
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The transpose is a row vector: 
 

z1
T =  [ ])()2()( 111 tMztztz ∆∆∆ L  . 

 
The following shorthand notation will also be used: 
 

z1(i) ≡ z1(i∆t) . 
 
The average value of the elements in  z1  is  1z  , which is the signal average: 
 

1z  = ∑
=

M

iM 1

1 z1(i) . 

 
Let 1z

r
  be a vector the same size as  z1  having each element equal to 1z : 
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If    is the difference shown below then the mean value of elements in    is zero:  1
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The reader should understand that the quantity  z1

T z2  equals the dot product: 
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z1
T z2 =  z∑

=

M

i 1
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The correlation coefficient  rij  can be calculated as:  
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where    || zj || = j

T
j zz  .   Let  R  denote the correlation matrix: 
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The indices calculated in this study and elsewhere are 
 

Reference [1]:  J = det(ZB
T ZB)1/N 

This study:  J = det(R)1/N 
 
The reference [1] uses signals that represent deviations from average values, and for these 
signals it should be true that ≈jz~  zj . In case  jz~ =  zj and || zj || = 1 then  R = ZB

T ZB   exactly.  
When the index is used to decide where to add another WAMS monitor, the scaling or 
normalization (referring to  || zj ||  and whether it equals one) may not make much difference 
because the same scaling is used in the index calculations for all candidate locations.    
 
The preceding text explained how to evaluate the index for one simulation.  Multiple 
simulations can be handled by averaging their indices as in [1].  If J(ev1) is the index for one 
simulation and the number of simulations is L, the arithmetic average is: 

Javg =  ∑
=

L

iL 1

1 J(evi) . 

 
4.3  Results for Entergy Network 
 
The results reported here are based on 52 stable simulated transient events.  Only the frequency 
signals were used in this study.  Fig. 4.1 shows the simulated frequency signals from 226 buses 
for one stable event.  Reference [1] computes the geometric mean of the indices from voltage, 
angle and frequency signals, which makes sense for quantities on different scales.  The 
covariance calculation involves normalization by  || zj ||  and therefore scales end up not 
mattering as much.  It would be reasonable to use the arithmetic average in order to combine 
the quantities  det(corrcoef(Z))^(1/N)  from different signals such as voltage and 
frequency. 

 10 



Study Support for Wide Area Monitoring System Enhancement 

 

 
Figure 4.1: Simulated frequency from 226 buses for one stable event.   
 
The complete ranking of buses is contained in the file indxrank on the CD accompanying 
this report.  Only the top and bottom of the list are shown below.   
 
  NO;BUSNUM; BUSNAME ; VOLTAGE ;   INFOINDEX 
   1;98729 ;6BATESV  ; 230.000 ;     0.56965 
   2;98735 ;6ENID  2 ; 230.000 ;     0.56126 
   3;98789 ;6TILTOB  ; 230.000 ;     0.54255 
   4;99651 ;6RITCH   ; 230.000 ;     0.51657 
   5;99742 ;8DELL  5 ; 500.000 ;     0.51237 
   6;98701 ;6HN LAK  ; 230.000 ;     0.50837 
   . 
   . 
   . 
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 220;98540 ;6HOOKER  ; 230.000 ;     0.12768 
 221;98541 ;6UCARBD  ; 230.000 ;     0.10756 
 222;97546 ;7FRONTR  ; 345.000 ;     0.00890 
 223;98537 ;6WATFRD  ; 230.000 ;     0.00009 
 224;98930 ;8R.BRAS  ; 500.000 ;     0.00008 
 225;99565 ;8MABEL   ; 500.000 ;     0.00005 
 226;97513 ;7GRIMES  ; 345.000 ;     0.00000 
 
The top ranked buses are located in the northeastern part of Entergy network. The first three 
stations Batesville, Enid and Tillatoba are next to each other. The others are also nearby [3].  
Because the study assumes that the existing WAMS locations include Waterford, Ray Braswell, 
Mabelvale and Grimes, it would give zero improvement to install a second monitor in one of 
these locations.  This observation is evident from the fact that these buses are ranked lowest.   
 
 
4.4  Summary and Conclusions on PMU Placement 
 
The determinant of a correlation coefficient matrix provides a test for linear dependence among 
signals.  The quantity calculated in this test is called an information index.  This index is 
adapted from a paper on PMU placement studies by Innocent Kamwa and Robert Grondin of 
Hydro-Quebec/IREQ [1].  A similar test is also used in statistical analysis programs to detect 
linear dependence among variables.  The formulation of the index used in statistical analysis 
incorporates shifting and scaling the signals to have zero mean and unit norm, which reduces 
the need for pre-processing the signals and for post-processing the index to compensate for 
nonzero means and different scales.   
 
Once the signals are arranged in a matrix, the index can be calculated using a one-line 
command in Matlab.  This section begins with some simple example signals in order to gain 
familiarity with the characteristics of the information index.  The index is later applied to 
transient stability simulation data in order to determine how to expand the Entergy WAMS 
network from four to five monitors with minimal redundancy.  For a given contingency, 
simulated frequency signals from the existing WAMS sites are combined with the frequency 
signal from each candidate site.  The combination having the largest index indicates the best 
location to add a new WAMS unit with regard to the simulated contingency.  The results for 52 
stable contingencies are averaged together to provide the final ranking.  The best location for a 
new WAMS unit, according to the PMU placement study, is in the northeastern part of the 
Entergy network.  The results are consistent with engineering judgment, and enough details are 
provided that it would be straightforward to extend the study for further expansion of the 
Entergy WAMS network.   
 
 
4.5  References 
 
[1]  I. Kamwa and R. Grondin, "PMU configuration for system dynamic performance 
measurement in large multiarea power systems," IEEE Trans. on Power Systems, Vol. 17, No. 
2, pp. 385-394, May 2002. 
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[2]  J. Neter, W. Wasserman, and M. H. Kutner, Applied Linear Statistical Models, 3rd ed., 
p.295, Burr Ridge, Ill., Irwin, 1990. 
 
[3]  S. Mandal, Entergy Transmission, 2003. 
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5.  Simulation Model Verification Study 
   
This section presents the analysis of events having known causes and some simulation results 
from a roughly 13,000-bus model of the Eastern interconnection.  The events of known causes 
were used to check and improve the event identification algorithm.  The events of known 
causes were particularly important for assessing and improving the algorithm's prediction of 
nearby versus remote events.  The simulation model had a lot of oscillation, which made 
frequency signals from many locations be categorized as nearby events.  It is probably better to 
leave the identification algorithm tuned for the real system than to adjust it to fit the 
simulations.  Some preliminary issues that will be discussed include aligning curves and also 
calculating the post-event frequency.     
 
 
 
 
 
5.1  Aligning Curves by Mean Adjustment 
 
One step in curve alignment involves subtracting the mean value from each signal.  If y is a 
vector then mean(y) is a scalar and in Matlab it is possible to subtract a scalar from every 
element of a vector with the command: 

ynew = y - mean(y) ; 
After the mean value is subtracted similarly from several signals, another constant value may 
be added to all the signals such as 60 Hz or the mean of one of the signals.  The ease and 
benefit of performing this operation reduces the need for calibrating the offset (mean or average 
value) of the measuring equipment.   
 
While experimenting with aligning different signals, the scaling of the frequency signal at 
Mabelvale was found to be off by exactly a factor of two.  This factor of two can be corrected 
easily while subtracting the mean from every element. One can either multiply a vector by two 
and then subtract the mean or else subtract the mean first then multiply by two.  Both sequences 
produce the same result because once the mean is zero, multiplying by two does not change the 
mean.   
 
An error was introduced when detrending the curves as shown in Figure 5.1.  The unmodified 
curves are shown further below in Figure 5.3 and it is clear that the detrending for Mablevale 
was different from the others.      
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Figure 5.1:  An error was introduced when detrending the curves so frequency signals 
have different slopes.  The approximate time of the event at 10.90 seconds in the figure is 
04:31:34 on Jan. 12, 2003.   Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
5.2  Aligning Curves by Time Adjustment 
 
Aligning the time at which each measurement experienced a change in slope, as shown in Fig. 
5.2, enabled us to synchronize the records from different locations.  The alignment was 
performed based on frequency signals and also based on voltage signals.  The two strategies 
produced alignments that agreed to within one or two samples (0.05 to 0.1 sec) of each other, 
and the report uses the alignments based on frequency.   
 
The January 12, 2003 disturbance contained two events spaced about 25 seconds apart.  Fig. 
5.2 shows the alignment according to the first event in that sequence.  The first event begins 
with a fault.  With this alignment the zoom on the second event does not look as good as Fig. 
5.2, but it could be made to look as good as Fig. 5.2 by moving one or more signals one or two 
samples in time.   
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Figure 5.2:  Beginning of fault near Frisco 04:31:09 on January 12, 2003.  Curves must be 
properly scaled and aligned in order to see this magnified picture.   
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 

 
Figure 5.3:  Same as Figure 5.1 except not adjusted for slope.  These are not detrended 
measurements.     Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
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5.3  Calculating Post-Event Average 
 
An important issue is when to calculate the post-event average.  There is often substantial drift 
in the average value as shown in Fig. 5.3.  For real measurements it is best to calculate the pre- 
and post-event averages as close together as possible.  Fig. 5.4 shows a simulated generator trip 
in which the average frequency after 20 seconds is approximately 59.99.  The average of the 
second full swing occurring between approximately 7 and 10 seconds in Fig. 5.4 (2 and 5 
seconds after event) appears closer to 59.98.  Thus some governor response occurs between 5 
to 10 seconds after the event in simulation and this observation is consistent with the authors' 
experience.   
 
We measure beta for both the simulations and the measurements using the same event analyzer 
program.  We also make rough checks by hand such as supposing the early post-event 
frequency (7 to 10 sec in Fig. 5.4) in Fig. 5.4 is 59.983 then beta is 7218, which is comparable 
to values calculated below.  The event analyzer program by Kejun Mei seems fairly robust to 
differences in damping when determining the event end point.  The location of the end point is 
important for calculating the post-event average. 
 

 
Figure 5.4:  Simulated loss of 1227 MW at Grand Gulf.   
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
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5.4  Events in Reverse Chronological Order 
 
We know the causes of three events including the loss of about 1275 MW generation at Grand 
Gulf April 24, 2003, the loss of 486 MW generation at Ninemile #5 March 18, and the loss of 
load and generation near Waterford January 12.  We simulated some events that were not 
entirely similar to the actual events but did contain some of their components.  For example, the 
simulation shown for comparison with the April 24 measurements only contains the loss of 
generation at Grand Gulf.  Still there are striking similarities.  This model of the eastern 
interconnection is especially detailed in the Entergy area and therefore suitable for simulating 
events in this area.  We will benefit from knowing about the causes of any more major events 
occurring in the Entergy area.   
 
The following information is provided for each event.   
 
Event at 20.95 sec in Fig 5.x 
08 : 48 : 34.40  ( - 0.0 sec)  event time reported 
08 : 48 : 33.10  ( - 1.30 sec) Mabelvale event time 
08 : 46 : 35.80  ( - 118.60 sec) Ray Braswell event time 
09 : 46 : 27.90  ( - 126.5 sec) Waterford event time 
 
There does not seem to be a fixed pattern in the time delays between records.  A difference of 
approximately one hour was introduced after daylight savings time began in April.  There is a 
corresponding comment later in the report that says:  (Time delay calculated for Waterford 
neglects hour difference) 
 
The event analyzer program processed frequency signals from each of the working monitor 
locations.  The value PG is known for these events and the value of beta is averaged over three 
measurement locations.  The resulting information: 
 
Mabelvale: This event looks like a remote generator trip.  
For ∆PG = - 1227 MW , beta = 6742 
 
Ray Braswell: This event looks like a nearby generator trip.  
For ∆PG = - 1227 MW , beta = 6855 
 
Waterford: This event looks like a nearby generator trip. 
For ∆PG = - 1227 MW , beta = 6705 
 
is compressed for the report as follows: 
 

Mabelvale: remote gen trip 
Ray Braswell: nearby gen trip 
Waterford: nearby gen trip 
For ∆PG = - 1227 MW , beta = 6767 
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Please note that (6742 + 6855 + 6705) / 3 = 6767 .   
 
 
Grand Gulf Event at 09:48:34.4 on April 24, 2003 
 

Mabelvale: remote gen trip 
Ray Braswell: nearby gen trip 
Waterford: remote gen trip 
For ∆PG = - 1275 MW , beta = 3369 

 
Event at 20.95 sec in Fig 5.5 
08 : 48 : 34.40  ( - 0.0 sec)  event time reported 
08 : 48 : 33.10  ( - 1.30 sec) Mabelvale event time 
08 : 46 : 35.80  ( - 118.60 sec) Ray Braswell event time 
09 : 46 : 27.90  ( - 126.5 sec) Waterford event time 
(Time delay calculated for Waterford neglects hour difference) 

 
The actual event started with a three-phase fault when a switch blew closed, and it involved a 
generator trip that removed approximately 1275 MW power injection at Grand Gulf. 
 

 
Figure 5.5:  Loss of approximately 1275 MW at Grand Gulf at 09:48:34.4 on April 24, 
2003.  Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
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Simulated Loss of 1227 MW at Grand Gulf   
 

Mabelvale: remote gen trip 
Ray Braswell: nearby gen trip 
Waterford: nearby gen trip 
For ∆PG = - 1227 MW , beta = 6767 

 
This simulated event does not contain the short circuit event or the loss of lines but there are 
many similarities between Figs 5.5 and 5.6.  There are also differences such as the simulation 
model being twice as stiff as the actual system in terms of frequency regulation.  The 
frequencies of oscillation are also somewhat lower in the measurements than in the simulation.   

 
Figure 5.6:  Simulated loss of 1227 MW at Grand Gulf.   
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
Ninemile Event at 12:11:27 on March 18, 2003 
 

Mabelvale: remote gen trip 
Ray Braswell: remote gen trip 
Waterford: nearby gen trip 
For ∆PG = - 486 MW , beta = 2771 
 
Event at 10.10 sec in Fig. 5.7 
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12 : 11 : 27.00  ( - 0.0 sec)  event time reported 
12 : 11 : 24.30  ( - 2.70 sec) Mabelvale event time 
12 : 10 : 05.35  ( - 81.65 sec) Ray Braswell event time 
12 : 09 : 50.00  ( - 97.00 sec) Waterford event time 

 
It looks like the frequency was declining in general when this event occurred.  This decline 
may have contributed to the low beta estimate.  In general, larger generator trips give more 
reliable estimates of beta.   
 

 
Figure 5.7:  Loss of 486 MW at Ninemile at 12:11:27 on March 18, 2003.     
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
Loss of Oxy Taft generation at 04:31:34 on January 12, 2003. 
 

Mabelvale: remote gen trip 
Ray Braswell: nearby gen trip 
Waterford: nearby gen trip 
For ∆PG = - 350 MW , beta = 3665 
 
Event at 10.90 sec in Fig. 5.8 
04 : 31 : 34.20  ( - 0.0 sec)  event time found from the first event 
04 : 31 : 29.35  ( - 4.85 sec) Mabelvale event time 
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04 : 31 : 05.85  ( - 28.35 sec) Ray Braswell event time 
04 : 30 : 38.10  ( - 56.10 sec) Waterford event time 

 
 
These measurements have been detrended as described earlier in this section.  The fact that the 
signal from Mabelvale does not line up indicates an error introduced in detrending.   
 

 
Figure 5.8:  Loss of 350 MW at Oxy Taft at 04:31:34 on January 12, 2003.  The curves in 
Figure 5.8 have had a constant-slope line subtracted from them.  This is the same picture 
as Fig 5.1 and it contains an error introduced during detrending.  
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
Simulated Loss of 340 MW at Oxy Taft 
 
Mabelvale: nearby gen trip 
Ray Braswell: nearby gen trip 
Waterford: nearby gen trip 
For ∆PG = - 340 MW , beta = 7434 
 
The different classification for Mabelvale between actual and simulated signals may be caused 
by the additional oscillation in the simulation model.   
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Figure 5.9:  Simulated loss of 340 MW at Oxytaft.   
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
Fault near Frisco and Loss of Load at 04:31:34 on January 12, 2003. 
 

Mabelvale: remote load trip 
Ray Braswell: nearby load trip 
Waterford: nearby load trip 
For beta = 3300 , ∆PG = 681 MW  
 
Event at 15.70 sec in Fig. 5.10 
04 : 31 : 09.00  ( - 0.0 sec)  event time reported   
04 : 31 : 04.15  ( - 4.85 sec) Mabelvale event time 
04 : 30 : 40.65  ( - 28.35 sec) Ray Braswell event time 
04 : 30 : 12.90  ( - 56.10 sec) Waterford event time 

 
A positive value for ∆PG is used to represent loss of load.  The total amount of load lost is not 
known because loads may have tripped in locations farther from the fault.  In this event and in 
others that contain two or more contingencies, the assessment of near/remote may not be 
reliable.  This is our only example of a load loss event.  More examples are needed in order to 
confirm whether beta for loss of load in the real system is about the same as beta for loss of 
generation.  The value 3300 above is just a guess.   
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Figure 5.10:  Fault near Frisco and loss of loads at 04:31:09 on January 12, 2003.     
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
Simulated Loss of 908 MW Load  
 
Mabelvale: nearby load trip 
Ray Braswell: nearby load trip 
Waterford: nearby load trip 
For ∆PG = 908 MW , beta = 6360 
 
For the simulation model, beta has similar values when calculated from loss of load compared 
with loss of generation events.   
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Figure 5.11:  Simulated loss of 908 MW load.  Three loads in various locations were 
selected for tripping based on their large size: '1DOWGEN', '6HOOKER', '8DELL  5'.   
Legend:     ... Mabelvale     -- Ray Braswell      __ Waterford 
 
 
5.5  Discussion of Governor Response 
 
Droop refers to how far a positive frequency excursion would have to go in order to reduce the 
power to zero.  For a 60 Hz system 5% droop is 3 Hz, which means the power should 
theoretically go to zero around 63 Hz.  A typical power versus frequency characteristic is 
depicted in Fig. 5.12.  In this picture the effective droop for under-frequency events is different 
than the 5% expected from the setting.  Reference [1] by Kehler explains the effective droop, 
which can be seen from the more gradual slope for frequencies less than 60 Hz.  For some 
plants there is no reserve and a long dead band before reduction in power output occurs.  This 
situation is illustrated in Fig. 5.13 and also described in [1,2]. 
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Figure 5.12:  Normal generator power output versus frequency.     
 

 Power 

Frequency 
60 Hz

Dead band 

 
Figure 5.13:  Characteristic of generator with no reserve and large dead band.     
 
R.P. Schulz [3] says the controls that can block governing response include: "turbine follow", 
"sliding pressure control", and "integrated boiler turbine controls" with a frequency bias on the 
"MW master setting" that is bypassed, disconnected, passed through a dead band device, etc.  
 
Ingleson and Nagle [4] show a decline in beta for the interconnection from approximately 3700 
down to 3400 during 1994-99.  The seasonal variation was roughly between 3200 and 4200.  
The average for most months was closer to 3200 than to 4200.  Calculations of beta for 
individual events range from 2500 to 4500.   
 
 
5.6  Summary and Conclusions on Calibration 
 
The process of combining and comparing measurements from different locations provided 
insight and information regarding measurement calibration.  Techniques were developed to 
determine and compensate for calibration problems in the data.  The findings about calibration 
problems provided valuable feedback to engineers at Entergy who have worked to correct the 
calibration.   
 
The calibration issues encountered during this study mainly involved time synchronization of 
measurements and the calibration of frequency signals.  The initial response to a transient event 
is characterized by sudden and noticeable changes in the slopes of measured quantities.  This 
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feature was used to document persistent discrepancies in the time synchronization of the 
measurements from different locations.  Jerry Berndsen of Entergy reports that the source of 
the error resulted from WAMS computers in different domains having their clocks updated by 
different servers.  Jerry reports that the timestamp issue has been resolved as of September 
2003 by synchronizing all the WAMS computer clocks to the same server.   
 
Special properties of system frequency measurements were helpful in diagnosing problems 
with the frequency signal values as well as with the time synchronization.  Average frequency 
is approximately the same throughout the interconnection during equilibrium or quasi-steady-
state conditions.  The integral of the difference in frequency between two locations corresponds 
to the change in relative phase angle difference between them.  This integral equals the 
difference in average frequencies multiplied by the time period of integration.  If the beginning 
and end points of the integration interval occur during equilibrium conditions, and if system 
conditions have not changed too drastically, the change in relative phase angle difference is 
reasonably small.  Consequently, if the time interval is long enough, the average frequency will 
be approximately the same even for periods of integration that contain transient events.  This 
fact was used to determine and compensate for differences in the offset and scaling of 
frequency measurements as well as to help determine the proper time synchronization.   
 
The frequency measurements analyzed in this study could be aligned fairly well by adjusting 
for offset, scaling and synchronization differences.  Thus, it appears that the frequency 
transducers are quite accurate for measuring frequency deviations.  Future measurements can 
be corrected fairly easily by adjusting constants in the *.das configuration files on the 
monitoring computers.  The scaling of frequency at Mabelvale differs from the others by a 
factor of two.  Specifically, a frequency deviation of 0.1 Hz is recorded as a frequency 
deviation of 0.05 Hz.  After correcting the coefficient(s) affecting scaling, the coefficient(s) 
affecting frequency offset could be adjusted as well.   
 
 
5.7  Summary and Conclusions on Model Verification 
 
Recorded events of known causes were used to tune the event-analyzer program to correctly 
classify events as nearby or remote with respect to each monitor location.  In the process, it was 
observed that the simulation model was much more oscillatory than the actual system.  The 
amount of oscillation in the model could result from the generation-load pattern representing 
summer (peak) conditions, which is likely to have been the case but it is not known for sure at 
this time.   The recorded events that were used for model verification occurred during January, 
March and April.  In any case, the event-analyzer program was tuned to produce accurate 
classification for the recorded rather than the simulated measurements.  It would be a good idea 
to study the amount of oscillation in measurements recorded during the summer, and to 
similarly evaluate the event-analyzer program’s performance on summer peak condition 
measurements.  A review of the plots in this section also shows that Waterford tends to have 
larger oscillations both in simulation and in reality.  This observation, which is reinforced by 
the analysis in Section 6, suggests it may be challenging to tune a single program to correctly 
classify recordings from different locations.   
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The actual system tends to experience greater frequency change from loss of generation than 
the simulation model does.  The apparent explanation is that many generators operate with no 
reserve and therefore cannot respond to under-frequency events.  The actual frequency 
deviation resulting from a loss of generation event is about twice as large as that predicted by 
the model.  A possible correction could involve setting the maximum output for roughly half 
the generators equal to their actual output.  Simulation studies could then be performed to 
determine whether the resulting model change affects the stability outcome for a significant 
number of transient events.     
 
System frequency is affected by changes in generation and load throughout the network.  The 
net result is a gradual and often random drift in the system frequency.  The drift is large enough 
to substantially affect calculations involving frequency change associated with loss of 
generation/load events.  Consequently, estimates of the constant of proportionality, beta, can 
vary widely.  An accurate estimate of beta requires analyzing a large number of events having 
known causes.  Because there are relatively few events involving large amounts of load loss, 
and because it is harder to determine the amount of load lost in an event, it is challenging to 
estimate beta for loss of load events.   
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6.  Statistical Analysis and Triggers 
 
6.1  Introduction 
 
It is difficult to perform meaningful statistical analysis directly on quantities such as voltage 
and frequency because these and other parameters vary with the operating condition.  As 
reported in [1]: 
 
"The out-of-bound triggers were almost useless, since the normal range of variation of the 
monitored parameter was found to change with loading conditions.  To avoid excessive false 
alarms, the thresholds for voltages and frequencies must be set higher than the voltages and 
frequencies that occur in routine conditions.  DRDs with only these triggers rarely detect 
spontaneous oscillatory events." 
 
Frequency is normally regulated close to 60Hz, which makes it more suitable for out-of-bound 
triggers.  Average frequency is nearly uniform around the entire network, so the following 
numbers for frequency should apply everywhere in the Eastern interconnection.  The settings 
for voltage pertain to one particular substation and they are not expected to generalize as well 
as the frequency thresholds.   
 
Table 6.1: Some trigger settings from [1] 

Trigger Settings (Hz) Dwell Time (sec) 
Frequency Range 1 < 59.965 or > 60.025 15 
Frequency Range 2 < 59.955 or > 60.035 2 
Frequency Range 3 < 59.940 or > 60.050 2 

Voltage Range < 99% or > 104% 3 
 
An alternative is to analyze derived quantities such as the rate of change or the variance 
calculated over a sliding window.  The square root of the variance is the signal RMS value, 
which can also be called the standard deviation.  The properties of this quantity turn out to be 
similar to the oscillation detectors in [1] and [2].  The schemes described in [1], [2] are also 
related to amplitude modulation (AM) signal receivers.  This report and [2] say explicitly that 
these criteria can also be used to detect sudden changes and other events.  The ability to detect 
a step change is illustrated below for the RMS criterion and for the quantity described in [1].  
The RMS value calculated over a sliding window appears to give the clearest picture of event 
location.  Please note that this language refers to the location in the record (in time) rather than 
geographic location.  The methods in [1], [2] are more efficient computationally because their 
calculations are based on linear filters and other fast operations such as the absolute value of a 
signal.    
 
 
 
6.2  Calculation of Trigger Signals 
 
A transfer function can be converted to a differential equation and then discretized as shown 
here.  Consider the transfer function  
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Y(s) / F(s) = 8 / (s + 8) .   
For simpler notation later, let H(s) = Y(s) / F(s) .  From 

(s + 8) Y(s) = 8 F(s) ,  
it can be seen that this transfer function represents the differential equation  

y'(t)  + 8 y(t) = 8 f (t) ,  
y'(t)  = 8 ( f (t) - y(t) ) .   

Then the iterative numerical solution is calculated as 
y((k+1)∆t) = y(k) + ∆t  y'(k∆t) , 
                   = y(k) + ∆t  8 (f (k∆t) - y(k∆t)) .  

For the Entergy WAMS measurements  ∆t = 0.05 (1/20 sec) .   
 
The transfer function for the low-pass filter we used is H(s) = 8 / (s + 8) , same as  H(s)  
discussed above.  The frequency response is obtained by letting  s = jω :  

H(jω) = 8 / (jω + 8) = 1 / (1 + jω/8) .   
The Bode magnitude plot for this function is fairly close to 0 dB for frequencies below  ω  = 8 
rad/sec  =  8/2π  Hz  ≈  1.27 Hz.   For frequencies above 1.27 Hz the graph of 20 log10 |H(jω)|  
versus  log10 ω  slopes downward at approximately 20 dB per decade.  One decade refers to a 
factor of 10 difference in frequencies.   
 
The high pass filter represented by H(s) = s / (s + 2) in Fig. 6.1 is actually depicted in [1] as a 
negative feedback loop with forward path G1(s) = 1 and feedback path  G2(s) = 1 / (T1 s)  [1].   
The recommended value for constant T1 = 0.5 sec.  The transfer function of the high pass filter 
with this value for  T1  and rearranging is:   
Y(s) / U(s) = G1(s) / (1 + G1(s) G2(s)) =  s / (s + 2) .  
This transfer function block is realized by first calculating the response  ytemp(t)  of  H1(s) = 1 / 
(s + 2)  to the input  u(t) .  Please note  u(t)  refers to the inverse transform of  U(s)  in Fig. 6.1.  
The response of H(s) =  s / (s + 2)  to the input  u(t)  is the derivative of  ytemp(t) .  This 
derivative is calculated during the solution of  ytemp(t) .  Its variable name in the Fortran code 
at the end of this section is  yprime(t) .  The variable  Y  in Fig. 6.1 corresponds to  yprime(t)  in 
the Fortran code below.  Variable  yabs(t)  represents the signal denoted  |Y|  in Fig. 6.1.  
Trigger output  X  is the response of  X(s) / Yabs(s) = 1 / (s + 0.2)  to the input  yabs(t).   
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Figure 6.1:  A block diagram for the trigger mechanism using recommended parameter 
values [1]. 
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The frequency response for the combination of the smoothing filter  H(s) = 8 / (s + 8)  and the 
block  H(s) =  s / (s + 2)  is shown in Fig. 6.2.  The magnitude is within 3 dB of its peak value 
between approximately 0.2 and 1.5 Hz.  
 

 
Figure 6.2:  Bode magnitude plot for the first two blocks in Fig. 6.1. 
 
The absolute value block performs a nonlinear operation so there is no transfer function or 
frequency response defined for it.  The final block in Fig. 6.1 is a low pass filter.  The corner, 
break or cutoff frequency refers to the location on the frequency axis where the bend in the 
Bode magnitude plot occurs.  Using the recommended value T2 = 5 sec, the cutoff frequency is 
very low: 0.2 rad/sec  ≈  0.032 Hz.  This filter averages |Y|  (the amplitude of  Y) over roughly 
5 seconds somewhat similar to calculating the RMS value over a 4 second window.   
 
The trigger [1] and RMS calculations are demonstrated for the pair of events shown in Fig. 6.3.  
The first-order smoothing filter has a moderate phase shift, so there is not much delay in the 
filtered signal.  The filtered signal in Fig. 6.3 has been purposefully raised 0.01 Hz for better 
viewing because the time delay is so minimal.     
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Figure 6.3:  Frequency recording and filtered signal.  The filtered signal has been shifted 
up 0.01 Hz in this plot.   
 
The quantities  X,  Y, and RMS-average  are shown in Fig. 6.4.   
The RMS signal has better signal to noise ratio, but requires more time for calculation.  The 
RMS value is calculated over the past four seconds. 
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Figure 6.4:  Trigger output X, intermediate variable Y, and RMS average over a four-
second window.   
Legend:     ... Y  ;     -- X  ;     __ RMS 
 
 
The variables in Fig. 6.1 are represented in the Fortran code as follows.   
 
W = W(k) 
U = U(k) 
** = Ytemp(k) 
Y = Yprime(k) 
|Y| = Yabs(k) 
X = X(k) 
** means not shown in Fig 6.1  
 
* Let  N  represent the number of data points  
* The number N-5 could probably be changed to 
* N-1 but the current value provides some margin 
 
      do 80, k = 1, N-5 
         Uprime = 8 * ( W(k) - U(k) )  
         U(k+1) = U(k) + 0.05 * Uprime 
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         Yprime(k) = U(k) - 2 * Ytemp(k)  
         Ytemp(k+1) = Ytemp(k) + 0.05 * Yprime(k) 
         Yabs(k) = abs(Yprime(k)) 
         Xprime = Yabs(k) - 0.2 * X(k)  
         X(k+1) = X(k) + 0.05 * Xprime 
80    continue 
 
 
6.3  Statistical Analysis and Thresholds 
 
The density function in Fig. 6.5 is the measured probability distribution of the trigger output 
signal.  (More correctly speaking, it is a scaled copy of the estimated distribution.)  The trigger 
output has large spikes in the output during events and its density function is much different 
than a Gaussian distribution.  The tail of the function in Fig. 6.5 is shown magnified by a factor 
of 5000 in Fig. 6.6.  The portion of the tail visible in Fig. 6.6 includes almost exactly the set of 
trigger outputs exceeding 0.01, which is the threshold we ended up using.  The familiar rule 
about 3 standard deviations away from the mean assumes an approximately Gaussian 
distribution and does not apply here.  Instead, we arrived at the threshold 0.01 through 
experience and we report its performance on 13 daylong frequency recordings at the end of this 
section.    
 

 
Figure 6.5:  Estimate of probability density function for the trigger output X based on 13 
daylong frequency recordings.   
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Figure 6.6:  Magnified view of density function tail. 
 
This study covered 3 days from Mabelvale, 6 from Ray Braswell, and 4 from Waterford. 
Sometimes a whole day of data was not available for one or more substations because data was 
broken into multiple subdirectories; we did not try to reconstruct whole days from such data.  
The 13 daylong records were taken from days around and including January 12, March 18, and 
April 24, 2003.  It appeared that the trigger algorithm with threshold value 0.01 captured all the 
known major events, although we did not keep exact count of this aspect of performance.  The 
trigger algorithm did identify a number of significant events in addition to the events known 
already.   
 
The frequency measurements at Waterford seem to be more oscillatory than the others.  This 
phenomenon can be seen in both the measured and simulated plots of the events on January 12, 
March 18, and April 24, 2003.  Oscillation and/or noise frequently caused the trigger output 
from Waterford to exceed 0.01 during non-major events.  The numbers of events found per day 
using the 0.01 threshold are shown below.  The algorithm as implemented here would trigger 
twice on the same event if the output remained above 0.01 for more than 15 seconds.  In the 
data below, the word "events" actually refers to the number of trigger operations.   
 
Mabelvale: 5 events in 3 days: 1.7 events per day 
Ray Braswell: 13 events in 6 days: 2.2 events per day 
Waterford: 37 events in 4 days: 9.2 events per day 
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6.4  Summary and Conclusions on Triggers 
 
Previous work reported in the literature confirms that applying thresholds to raw measurements 
has limited value because the steady state operating condition varies substantially.  For 
example, the most sensitive out-of-bound thresholds recommended in [1] for system frequency, 
a tightly regulated quantity, are 59.965 Hz and 60.025 Hz.  For comparison, the loss of a 1300 
MW generator, which produces on the order of a 0.040 Hz frequency change in the Eastern 
interconnection, may not activate these thresholds if the frequency before the event is 
somewhat high.  The thresholds for raw frequency measurements may be useful as redundant 
criteria for finding events, because such large frequency deviations probably indicate 
interesting behavior.   
 
Broadly effective trigger criteria can be achieved by applying thresholds to derived quantities 
such as rate of change and amplitude of oscillation.  After researching existing trigger 
algorithms, it became apparent that the variance-based criterion currently used in the search 
program has characteristics similar to oscillation criteria documented in the literature.  The 
properties of variance-based criteria, including RMS value, and the oscillation detectors 
reported in [1],[2] can be summarized as representing the amplitude of deviation from the 
mean, so they could all be described as amplitude-oriented criteria.  The previous criterion used 
in the search program was based on point-to-point differences, which is similar to other rate of 
change criteria.  Experience with the search program over a period of years has led us to 
strongly favor the variance-based criteria over the rate of change criteria.  Reference [2] and 
this report explicitly state and/or provide evidence that oscillation detection criterion make 
good general-purpose triggers.   
 
The distribution of values of an amplitude-type criterion were shown to be non-Gaussian, so 
familiar rules about setting thresholds three standard deviations from the mean do not 
necessarily apply.  Definitive answers about appropriate settings must be found by searching 
data using different thresholds, and examining events that meet the criteria.  A threshold of 0.01 
was found to be reasonably appropriate for the oscillation criterion from [1] applied to 
frequency measurements.  A similar threshold, perhaps 0.009, would be appropriate for the 
RMS value calculated over a four-second window.  The 0.01 threshold was chosen small 
enough to not miss any significant events, but resulted in a disproportionate number of event 
detections at Waterford.  Examination of the events indicated the frequency measurements 
from Waterford were in fact more oscillatory than the frequency measurements from other 
substations.  One conclusion is that the amount of oscillation at Waterford could potentially 
become a cause for concern.  Another conclusion is that a single threshold value may not be 
suitable even for similar quantities from different locations.   
 
The Allback search program in its present form effectively applies different thresholds to 
different quantities from different locations.  It handles this task by using a channel-specific 
average to normalize the short-window variances.  This channel-specific average is the average 
over time of all the short-window variances from a given channel.  This is a heuristic method 
derived through experience that is somewhat similar to setting a threshold three standard 
deviations from the mean for a Gaussian distribution.  It would be interesting to compare the 
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method used by Allback with the other triggering techniques outlined in this section of the 
report. 
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7.  Summary and Conclusions 
 
This report describes work on developing methods to process Entergy WAMS data.  The work 
was performed by Steven Rovnyak and students in collaboration with staff at Entergy and co-
sponsored with matching funds from the National Science Foundation.  Activities performed 
and documented include a placement study for a new monitoring site, model validation studies 
and investigations of triggers described in the literature.   
 
An information index similar to the index proposed in a publication by Innocent Kamwa in the 
IEEE Transactions on Power Systems is applied to transient stability simulation data in order to 
determine how to expand the Entergy WAMS network from four to five monitors with minimal 
redundancy.  For a given contingency, simulated frequency signals from the existing WAMS 
sites are combined with the frequency signal from each candidate site.  The combination having 
the largest index indicates the best location to add a new WAMS unit with regard to the 
simulated contingency.  The results for 52 stable contingencies are averaged together to provide 
the final ranking.  The best location for a new WAMS unit, according to the PMU placement 
study, is in the northeastern part of the Entergy network.  The results are consistent with 
engineering judgment, and enough details are provided that it would be straightforward to 
extend the study for further expansion of the Entergy WAMS network. 
 
Special properties of system frequency measurements were helpful in diagnosing problems 
with the frequency signal values as well as with the time synchronization.  Average frequency 
is approximately the same throughout the interconnection during equilibrium or quasi-steady-
state conditions.  The integral of the difference in frequency between two locations corresponds 
to the change in relative phase angle difference between them.  This integral equals the 
difference in average frequencies multiplied by the time period of integration.  If the beginning 
and end points of the integration interval occur during equilibrium conditions, and if system 
conditions have not changed too drastically, the change in relative phase angle difference is 
reasonably small.  Consequently, if the time interval is long enough, the average frequency will 
be approximately the same even for periods of integration that contain transient events.  This 
fact was used to determine and compensate for differences in the offset and scaling of 
frequency measurements as well as to help determine the proper time synchronization.   
 
The frequency measurements analyzed in this study could be aligned fairly well by adjusting 
for offset, scaling and synchronization differences.  Thus, it appears that the frequency 
transducers are quite accurate for measuring frequency deviations.  Future measurements can 
be corrected fairly easily by adjusting constants in the *.das configuration files on the 
monitoring computers. 
 
Recorded events of known causes were used to tune the event-analyzer program to correctly 
classify events as nearby or remote with respect to each monitor location.  In the process, it was 
observed that the simulation model was much more oscillatory than the actual system.    The 
amount of oscillation in the model could result from the generation-load pattern representing 
summer (peak) conditions, which is likely to have been the case but it is not known for sure at 
this time.   The recorded events that were used for model verification occurred during January, 
March and April.  In any case, the event-analyzer program was tuned to produce accurate 
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classification for the recorded rather than the simulated measurements.  Waterford tends to 
have larger oscillations both in simulation and in reality.  It may be challenging to tune a single 
program to correctly classify recordings from different locations.   
 
The actual system tends to experience greater frequency change from loss of generation than 
the simulation model.  The apparent explanation is that many generators operate with no 
reserve and therefore cannot respond to under-frequency events.  The actual frequency 
deviation resulting from a loss of generation event is about twice as large as that predicted by 
the model.  A possible correction could involve setting the maximum output for roughly half 
the generators equal to their actual output. 
 
Previous work reported in the literature confirms that applying thresholds to raw measurements 
has limited value because the steady state operating condition varies substantially.  Broadly 
effective trigger criteria can be achieved by applying thresholds to derived quantities such as 
rate of change and amplitude of oscillation.  After researching existing trigger algorithms, it 
became apparent that the variance-based criterion currently used in the search program has 
characteristics similar to oscillation criteria documented in the literature.  The properties of 
variance-based criteria, including RMS value, and the oscillation detectors reported in [1],[2] 
can be summarized as representing the amplitude of deviation from the mean, so they could all 
be described as amplitude-oriented criteria.  The previous criterion used in the search program 
was based on point-to-point differences, which is similar to other rate of change criteria.  
Experience with the search program over a period of years has led us to strongly favor the 
variance-based criteria over the rate of change criteria. 
 
The distribution of values of an amplitude-type criterion were shown to be non-Gaussian, so 
familiar rules about setting thresholds three standard deviations from the mean do not 
necessarily apply.  Definitive answers about appropriate settings must be found by searching 
data using different thresholds, and examining events that meet the criteria.  A threshold of 0.01 
was found to be reasonably appropriate for the oscillation criterion from [1] applied to 
frequency measurements.  A similar threshold, perhaps 0.009, would be appropriate for the 
RMS value calculated over a four-second window.  The 0.01 threshold was chosen small 
enough to not miss any significant events, but resulted in a disproportionate number of event 
detections at Waterford.  Examination of the events indicated the frequency measurements 
from Waterford were in fact more oscillatory than the frequency measurements from other 
substations.  There should be continued monitoring at Waterford to see whether the amount of 
oscillation at Waterford might potentially become a cause for concern.      
 


