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Signal-Based Modal Analysis 
•  With the advent of large numbers of PMUs, 

measurement based modal analysis is increasingly 
used to understand power system behavior  
–  The goal is to determine the damping associated with the 

dominant oscillatory modes in the system 
–  Approaches seek to approximate a sampled signal by a 

series of exponential functions (usually damped sinusoidals) 
•  Techniques can also be used in dynamic simulation 

applications  
•  Several techniques are available  

–  Prony is the oldest, dating to 1795, with power system 
applications from about 1980's 
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Presentation Overview 
•  Presentation discusses an approach to quickly handle 

a large number of signals  
–  Goal is to make modal analysis and visualization an easy 

part of standard engineering studies; fully integrated into 
PowerWorld Simulator  

–  Results can be extended to determine and visualize the 
source of oscillations 

•  Many of results are from  
–  W. Trinh, K. Shetye, I. Idehen, T.J. Overbye, “Iterative Matrix Pencil 

Method for Power System Modal Analysis”, Proc. HICSS Jan 2019 
–  I. Idehen, B. Wang, K.S. Shetye, T.J. Overbye, J.D. Weber, "Visualization 

of Large-Scale Electric Grid Oscillation Modes," Proc. 2018 North 
American Power Symposium, Fargo, ND, September 2018 
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Ring-down Modal Analysis 
•  A variety of different techniques can be used to 

approximate a signal, yorg(t), by the sum of other, 
simpler signals (basis functions) 
–  Basis functions are usually exponentials, with linear and 

quadratic functions used to detrend the signal 
–  Properties of the original signal can be quantified from 

basis function properties  
•  Examples are frequency and damping 

–  Signal is considered over some time window, with t=0 
defined as the beginning of the window 

•  Starting point is time-varying signal, yorg(t), that is 
then assumed to be uniformly sampled 
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Example Application 
•  An example application is to make sense of the 

frequency response following a contingency 
–  Below example at the shows the frequency variation at 

8400 substations 
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Quick Access to Modal Analysis 

Two click access 
to modal analysis 
of a signal or a group 
of signals 

6 



Quick Access to Modal Analysis 

One click modal analysis of 
a single signal with default 
time period based on 
simulation events 
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And to Accuracy Verification 

PWDVectorGrid Variables
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Graph compares the 
original signal to the 
reproduced signal, 
quantified with a cost 
function value 
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Issue is How to Handle a Large 
Number of Signals 
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There are Now 8400 Signals to 
Consider 

Next few slides show how this can be done with good 
computational efficiency, and the results both quantified and  
visualized.  
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Measurement-Based Modal Analysis 
•  Vector y consists of m uniformly sampled points 

from yorg(t) at a sampling value of DT, starting with 
t=0, with values yj for j=1…m 
–  Times are then tj= (j-1)DT 
–  At each time point j, the approximation of yj is 

11 

1

i

i+1 1

ˆ ( , ) ( , )

where  is a vector with the real and imaginary eigenvalue components, 

with ( , )  for  corresponding to a real eigenvalue, and 

( , ) cos( t ) and ( )

i j

i j

n

j i i j
i

t
i j

t
i j j i

y b t

t e

t e

α

α

φ

φ α

φ α φ

=

+

=

=

= =

∑α b α

α

α

α α i+1sin( t )  

for a complex eigenvector value

i jt
jeα α



Measurement-Based Modal Analysis 
•  Error (residual) value at each point j is 

•  Closeness of fit can be quantified using the 
Euclidean norm of the residuals 

•  Hence we need to determine a and b; PowerWorld 
has three techniques for determining a, and then one 
for b  

•  Approaches can be quickly used with multiple 
signals 
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Matrix Pencil Method 
•  The a vector can be calculated using the Matrix 

Pencil Method (MPM) 
•  First, with m samples, let L=m/2 
•  Then form a Hankel matrix, Y such that 

•  Calculate its singular values with an economy SVD 
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The computational 
complexity increases 
with the cube of the 
number of measurements! 
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Matrix Pencil Method (MPM) 
•  The ratio of each singular value is then compared to 

the largest singular value; retain the M ones with a 
ratio greater than a threshold 
–  This determines the modal order 
–  Assuming V is ordered by singular values (highest to 

lowest), let Vp be then matrix with the first M columns of V 
•  Then form the matrices V1 and V2 such that 

–  V1 is the matrix consisting of all but the last row of Vp  
–  V2 is the matrix consisting of all but the first row of Vp  
–  Discrete-time poles are found as the generalized 

eigenvalues of the pair {V2
TV1, V1

TV1} 

•  Then calculate the eigenvalues 
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Computational Considerations 
•  MPM can be applied to multiple signals, with 

computational order scaling according to the cube of 
the number of samples and linearly with the number 
of signals 

•  The MPM can become computationally difficult with 
large numbers of signals 

•  A key insight is just a small number of signals are 
needed  to calculate a; b can then be quickly 
calculated for each signal 
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Quick Determination of b 
•  A key insight from a technique know as the variable 

projection method (VPM) is  

i
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M is the 
number  
of retained 
modes, 
and is usually 
very small 



Iterative Matrix Pencil 
•  The Iterative Matrix Pencil (IMP) is used to iteratively 

improve a to better match a large number of signals 
by sequentially adding signals to be included in the 
calculation of a
–  The b for each signal, and its associated costs function, 

can be quickly calculated 
•  The algorithm arbitrarily selects one signal, and then 

sequentially adds another signal, often the one with 
the highest cost function (i.e., the worst fit); usually 
only a small number of signals needs to be 
considered (approximately 10) 
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8400 Signal Example 
•  In previous 8400 signal example if 

just one signal is included in the  
calculation of a then just four modes 
are found: (0, 0.029, 0.21, 0.42Hz) 

•  The best and worst signal matches are shown 
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8400 Signal Example 
•  When ten signals are included there are eight 

modes, and the overall match for all the 8400 
signals is much improved 
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Processing all 8400  
signals with 190 samples  
each takes about 
25 seconds on a laptop 



Results Screen for the 8400 Signals 

Results here are sorted 
by the cost function Each signal is geo-mapped 

Right-
click on 
row to get 
the mode 
details 
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8400 Signal Example: Contouring the 
Cost Functions 

The contour 
shows the 
locations in 
which the signals 
are well matched 
and where they 
are less well 
matched (perhaps 
indicating bad 
measurements 
or unusual system 
behavior) 
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Mode Details 

Dialog shows 
the participation 
of each signal 
in the selected 
mode 

22 



Application: Mode Shape Visualization 
•  Participation of each signal in each mode can then be 

readily visualized using geographic data views (GDVs) 
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Oscillation Source Visualization 
•  When the signals are bus voltage angles the mode j 

component of the voltage angle at bus k is 

•  For an undamped oscillation sj = 0 
•  Using the dc power flow approximation, the flow of 

mode j power can be approximated as 
 
 

•  The source is found by tracing the flows 

   

( ), , j ,( ) cosjt
k j k j k jt A e tσθ ω φ= +

( ) ( )( )m, j m, n, j n,
1 cos cosmn j j
mn

P A A
X

φ φ= −
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Application: Visualizing the Source of 
Oscillations 

•  The results can also be used to visualize the source 
of sustained oscillations; images show results for a 1 
Hz forced oscillation 
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Application: Visualizing the Source of 
Oscillations at 0.34 Hz Forced 

Graph shows 
the frequency 
response at 
all 6400 
substations 
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Modal Results, Iterative Matrix Pencil 

Analysis was done from 10 to 20 seconds  
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Visualization of Modal Line Flows 
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   495 kV    539 kV

   548 kV

   548 kV

TABLE M T

M AXWELL

   534 kV

   - 25 Deg

   534 kV

   - 28 Deg

30025

30015

California-Oregon Intertie (COI)

  4792 MW

  4896 MW

North of Malin/Captain J ack

North of Grizz ly/Marion

  7711 MW
North of Grizz ly

  5150 MW

North of J ohn Day               

  7814 MW

North of Echo Lake              
  -424 MW

NORTH of Hanford (NOH)          

  4434 MW

  1424 MW
Wes t of Lower Monumental (WOLM) 

South of Summer Lake

  4658 MW

Wes t of J ohn Day               
  2535 MW

Wes t of Slatt                   

  3554 MW

Wes t of McNary (Scheduling)     

  2684 MW

Wes t of McNary (Main Grid)      

  2039 MW

Wes t of McNary (Sub Grid)       

   622 MW

Pac ific  DC Intertie             
  3220 MW

     3 MW

Alturas  Project                 

  4795 MW

NWACI

  1854 MW

South of Cus ter SOC             

  3790 MW
Wes t of Cas cades  - North (WOCN) 

 -2494 MW
Northwes t-Britis h Columbia      

SYCAN _12

SYCAN _11

FO RT_RK_12

SYCAN _22

SYCAN _21

FO RT_RK_22

SAN D _SP_22

SAN D _SP_21

SYCAN _32

SYCAN _31

FO RT_RK_32

FO RT_RK_31

SAN D _SP_32SAN D _SP_12
   541 kV

SAN D _SP_11
   554 kV

   571 kV SAN D _SP_31
   552 kV

   542 kV    541 kV

BURN S_CAP
   527 kV

   543 kV

FO RT_RK_11
   543 kV FO RT_RK_21

   529 kV

   529 kV    541 kV

   541 kV

   547 kV

   539 kV

   542 kV

   517 kV

   543 kV

   539 kV

ALVEY_CAP

D IXN VILE_CAP

MERID IN P_CAP

   538 kV

   549 kV

   550 kV

Northwes t-Britis h Columbia (Wes t)
 -2235 MW

Northwes t-Britis h Columbia (Eas t)

  -265 MW

Montana-to-Northwes t             
   447 MW

Hemingway-Summer Lake           

     4 MW

Wes t of Cas cades  - South (WOCS)       

  4068 MW

Raver - Paul (RP)                 
  1040 MW

Paul - Alls ton (PA)               

  2583 MW

Keeler - Pearl                    

  1293 MW

South of Alls ton SOA                

  3502 MW

Idaho-to-Northwes t              

  -423 MW

SNOGOOSE

   - 15
   543 kV

44516
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Application: Visualizing the Source of 
Oscillations at 0.34 Hz 

Grand Coulee

Chief  Joseph

Gordon M. Shrum

John Day Ph

M ir a Lom a

West wing

Kem ano

Revelst oke

Table M t .

M ica

He rm iston Power Pro je ct

C O B  E n e r g y  F a c ilit y

Ma l in

Talbot

Sedro Woolley

R o u n d  M o u n t a in

Per kins

Snow Goose

Transient Stability Data Not Transferred

Actual 
source; the 
net flow from 
this location 
was 6 times 
greater than 
the next 
largest.   
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Conclusion and Questions 
•  Measurement based modal analysis is becoming 

widely available for the analysis of power system data, 
both from actual measurements and simulation results 

•  Presentation has shown an iterative matrix pencil 
approach that can be used to quickly calculate values 

•  Results can also be easily visualized 
•  A simple but seemingly quite useful approach for 

locating the source of oscillations was presented 
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