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Abstract—The objective of this paper is to rank phasor mea-
surement unit (PMU) measurements for oscillation monitoring
based on two approaches: oscillation mode observability and
Prony analysis. In the first approach, the system model is
assumed known and the critical oscillation mode observability of
different measurements are compared. In the second approach,
the dynamic model of the system is not known. Prony analysis
is employed to identify critical oscillation modes based on PMU
measurements. Measurements at different locations are compared
for their characteristics in Prony analysis. Specifically, singular
values of Hankel matrices are compared. The two approaches
lead to the same conclusion. Their internal connection is pre-
sented in this paper. As a step further, sensitivity analysis of model
order assumption and noise level in Prony analysis is conducted
to show singular values of Hankel matrices can indeed serve as
indicators of the quality of oscillation monitoring.

Index Terms—PMU measurements, Prony analysis, observabil-
ity, Hankel matrix, singular values.

I. INTRODUCTION

HASOR measurement units (PMUs) have been put into
power grid for real-time monitoring. Using PMU data
to identify electromechanical oscillations has been studied in
the literature and an IEEE PES taskforce report [[1] has been
published in 2012. For ringdown signals, or measurements
captured for a transient event, Prony analysis and Eigen-
system Realization Algorithm (ERA) are two measurement-
based identification methods [2f]. More specifically, Prony
analysis has been introduced in power system oscillation mode
estimation in 1980s by J. Hauer [3]. As an extension, Prony
analysis based on multiple channel data was presented in [4]].
In the authors’ prior work [S]], multiple channel Prony analysis
was formulated as a weighted least squares estimation problem
with the weights obtained from single-channel Prony analysis.
The estimation accuracy shows significant improvement.
Prony analysis accuracy also depends on the specification of
system model order and sampling rate. Experiments have been
conducted on Prony analysis to show the influence of model
order and sampling rate on oscillation estimation accuracy [6].
The remarks on sampling rate influence on experiments in [6]]
are corroborated based on the analysis carried out in [[7].
The objective of this paper is to examine estimation accu-
racy of Prony analysis and relate the indicator of accuracy to
the physical system dynamic analysis.
Prony analysis is essentially to solve a least squares estima-
tion (LSE) problem notated as Da = Y where D is the Hankel
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matrix built upon measurements, Y is the measurement vector,
and a is the parameter vector to be found. Since the solution
of the overdetermined problem a is determined by the normal
equation: ¢ = (DTD)~1DTY, a larger conditional number
of DT D (the ratio of the maximal singular value versus the
minimum) indicates a worse estimation accuracy. In ERA,
singular value decomposition (SVD) of Hankel matrices will
be conducted to construct dynamic system matrices. The above
information indicates that singular values of Hankel matrices
can give indication regarding estimation accuracy. A paper in
2013, indeed relies on SVD of Hankel matrices to judge PMU
placement for dynamic stability assessment [8]].

To investigate how singular values of a Hankel matrix relate
to a physical system model, we use dynamic modeled-based
observability to rank measurements generated from a known
system model. The rank based on the observability will be
shown to match the rank based on Hankel matrix singular
values.

To this end, it is clear that the singular values of a Han-
kel matrix reflect signal observability of oscillation modes
and hence they provide reasonable indication of estimation
accuracy. Built upon this knowledge, we further studied the
sensitivity of system model order assumption and noise level
on estimation accuracy using the singular value plots.

The rest of the paper is organized as follows. Section II gives
a brief introduction on Prony analysis. Section III presents
modal decomposition based observability computation. Sec-
tion IV presents test case results using the two approaches:
observability computing based on a known dynamic model and
measurement-based Hankel matrix singular value computation.
Section V concludes the paper.

II. PRONY ANALYSIS
A. Prony Analysis

Consider a Linear-Time Invariant (LTI) system with the
initial state of z(0) = z( at time ¢ = 0 second. If the input is
removed from the system, the dynamic model can be expressed
as the follows.

(1) = Az(t) (1)
y(t) = Cux(t) 2)

where y € R is defined as the output of the system, z € R"
is the state of the system, A € R™*" and C € R'*" are
system matrices. The order of the system is defined by n. If
the \;, p;, and ¢; are the i-th eigenvalue, the corresponding
right eigenvector, and left eigenvectors of A respectively, (I)



can be represented as:
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where R; = p;q! is a residue matrix. Based on (), the y(t)
can be expressed as:

= Z CR;xoe™. 4)

The observed or measured y(t) consists of N + 1 samples
which are equally spaced by At as: y(tx) = y(k),k =
0,..., N. @) can be written in the exponential form as:
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where z; is the eigenvalues of the system in discrete time
domain and z; = eiAt,

Note that z; (i = 1,---,n) are the roots of the n-th
characteristic polynomial function of the system as follows.

%) =0. (6)

While the roots z; might be complex numbers, the system
polynomial coefficients a; are real numbers.
From (6, we have
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A linear prediction model (8) can be formulated since y(k) is
the linear combination of z¥ based on (3)). Therefore,

+any(0).  (8)

Enumerating the signal samples from step n to step N, we
have 9): Y = Da.

y(n) =ary(n — 1) + agy(n — 2) + ...

y(n) y(n —1) y(0) ax
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The best estimate of a is found from the following normal
equation.

a=(D'D)"'DTy. (10)

B. Singular Value Decomposition of the D Matrix
The SVD of the D matrix of the Prony analysis is the

factorization of this matrix into the product of three matrices,
and can be expressed as follows.

D=UxV* (11)

The dimension of D is (N —n + 1) x n. where U is (N —
n+1) x (N —n+1) matrix, ¥ is (N —n + 1) x n diagonal
matrix of positive real singular values of matrix D, and V* is
the conjugate transpose of V' which is n x n matrix. U and

V' are unitary matrices, and the diagonal matrix ¥ is given by
the follows.

E:Fl],n<(N—n+1) (12)
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where Y is the diagonal of {0y, 09, -
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,0n}, and note that

III. OBSERVABILITY OF MODES

A. Modal decomposition

The system matrix A has the following characteristic related
to an eigenvalue \;:
where v; is right eigenvector associated with );. Then
can be represented as the following:
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where V is the right eigenvector matrix and A =

diag{\1, -, A, }. We may further find
A=V"1AV (15)
A=VAV L (16)

The dynamic model can be expressed by the following:

i(t) = VAV 1a(t) (17)
Define z = V;lx (or x = V), then the dynamic system
represented by X is as follows.

(18)

The time domain expression of every element of the new
state vector £ can be found independently with the i-th
eigenvalue:

F(t) = eN'z;(0) (19)

The output of the system will be expressed as the following:

zy (0) et n
y(t) = CVE(t)=CV = Qi#;(0)eM!
i=1
(20)
where () = C'V is the observability row vector corresponding
to each eigenvalue.

From the output or measurement expression y(t), it can
be seen that for the same initial condition notated by z(0)
and further Z(0), different measurements will have different
observability of each eigenvalue. Thus, ) will be computed for
measurements and |(2;| will be used to rank the measurements
based on their observability to the i-th eigenvalue.

T (t)ern?



IV. CASE STUDIES

The two approaches for measurement ranking will be ap-
plied to two systems: the 2-area 4-machine case and the 16-
machine 68-bus system. The measurement data are generated
using the power system toolbox (PST) [9]. PST also has the
capability to conduct small-signal perturbation and give the
linear system matrices. The observability vectors are computed
based on the system matrices obtained. Though MATLAB’s
signal processing toolbox has a Prony analysis function that
can give a discrete system transfer function from a given time-
series signal, it does not provide the intermediate information
regarding Hankel matrix. As such, an in-house Prony analysis
toolbox developed for [Sf], [10] is utilized to conduct Prony
analysis, including least squares estimation to find coefficient
vector a, eigenvalue computing, and signal reconstruction.

A. Two-area four-machine system

The classic two-area four machine system for inter-area
oscillation study (shown in Fig. [I) is used for the first case
study. The four generators are assumed to have a second-order
swing dynamics each. Twenty seconds simulation is conducted
for a short-circuit transient event. The measurements are
resampled to have equal time steps.
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Fig. 1: The two-area four machine test case in PST.

TABLE I
THE OBSERVABILITY APPROACH OF BUSES 1, 13, AND 101 WITH
DAMPING RATIO AND FREQUENCY OF THE 13-BUS SYSTEM.

Mode Observability Damping Ratio Frequency (Hz
Bus 1 Bus 13 Bus 101
1 0.04 0.02 0.11 0.00 0.56
2 0.05 0.04 0.04 -0.00 1.20
3 0.03 0.05 0.06 0.00 1.21

a) Comparison of different signals: The sampling rate is
chosen to be 0.03 s. Three voltage signals for three different
buses (buses 1, 13, and 101) are selected. Research in [[11]] has
a given detailed analysis on interarea oscillation observability
for buses on a radial path. It is found that the bus located in
the middle of the path is shown to have the best observability.
In turn, Bus 101 is expected to have the largest absolute value
for its observability corresponding to the inter-area oscillation
mode.

This is confirmed by the observability analysis conducted
base on the linear system matrices. The observability along
with the damping ratio, and frequency of the system modes
are also presented in Table [} In this system, three oscillation
modes are identified and shown in Table [l 0.56 Hz inter-area
oscillation mode and two local oscillation modes at 1.20 Hz
and 1.21 Hz. We can see clearly that Bus 101 has a larger
observability on the 0.56 Hz mode than the other two buses.

It is known that the angle difference between the buses
located in two areas should better reflect inter-area oscillations
compared to the angle difference between two buses located
in the same area. In addition to the three voltage signals, three
angle difference signals are also selected: 83— 61, 6011 —6;, and
011 — 012. Since PST does not give the measurement matrix
on the bus angles, the observability for angle differences is

omitted.
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Fig. 2: Singular values for the Hankel matrices related to the six
signals. The system order is 220.

The Hankel matrices D of the six selected signals are built
based on the simulation data. Fig. 2] shows the singular values
of the D matrices of the three voltage signals and the three
angle signals. It can be clearly seen that the singular values
related to Bus 101 (in the middle of the path) and the angle
difference of buses in two areas (f1; — 61) have singular
values on the top. On the other hand, angle difference for
two buses located in one area (617 — 6#12) is on the bottom
of the chart. The singular value plots confirm that Bus 101’s
voltage magnitude and the angle between two areas have the
best observability of interarea oscillation mode.

) Fig. [3] presents the reconstructed signals against the original
measurements (thin blue lines).

b) Comparison of model order assumption: For the angle
difference signal (617 — 612) related to two buses in Area
2, Prony analysis with different model order assumptions are
carried out. The model order is assumed to be 50, 120 and 220,
respectively. The singular value plots of the corresponding
Hankel matrices are shown in Fig. @]

The singular value plots clearly show that high-order results
in better estimation accuracy. This point has been recognized
generally (see [12] Chapter 10). The reconstructed signals are
presented in Fig. [5] It can be seen that high order assumption
results in better match between the reconstructed signal and
the original signal.
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Fig. 3: Comparison of the reconstructed signals against the original
measurements (thin blue lines).
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Fig. 4: Singular values for the Hankel matrices related to three
orders: 50, 120 and 220.
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Fig. 5: Comparison of the reconstructed signals against the original
measurements for different model order assumptions. Blue lines are
the original measurements while the red lines are the reconstructed
signals.

B. 16-Machine 68-Bus System

A larger power system, which is the 16-machine, 68-bus
system, is used to further validate that both of the observability
calculation and Prony analysis singular value examination lead
to the same findings. This system is a reduced model of the
New England Test System (NETS)-New York Power System
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Fig. 6: 16-machine, 68-bus test case [13].

(NYPS) interconnected system [13]] and has five areas. NETS
is represented by area 4 which has generators G1 to G9, while
NYPS is represented by area 5 which has generators G10 to
G13 as shown in Fig.[6] The other three areas have equivalent
generators G14 to G16.

Three voltage signals in different areas are chosen: Bus
5, Bus 29, and Bus 67. Their observability related to four
modes with lowest frequencies are computed and the results
are shown in Fig. From this figure, it can be seen that
Bus 29 is more observable compared to Bus 5 and Bus 67
for the four modes. Among the four modes, modes 1 and 3
are identified as inter-area oscillation modes, with their mode
shape and participation factors shown in Fig. [§]
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Fig. 7: Observability of different buses. (a) Four low-frequency
modes. (b) Buses 5, 29, and 67 observability of the four indicated
modes.

The simulation data generated by PST is used for Prony
analysis. The system order are set to be n = 150 and the
sampling rate is defined to be 0.03 s. The singular values of
the Hankel matrix D of buses 5, 29, and 67 are shown in Fig.
[ The singular value plots show that Bus 29 will result in best
estimation accuracy. This finding corroborates with that from
the observability shown in Fig.

The reconstructed signals are presented in Fig. [I0] It can
be seen that the match of Bus 29 is better compared to that
of Bus 5.

c) Sensitivity analysis of noise level: Bus 29’s voltage
measurement is polluted with uniformly distributed random
noise. The singular value plots are generated (shown in Fig.
@) for the measurement with noise at signal noise ratio (SNR)
of 80 dB, 40 dB, and 20 dB. Note that PMU data usually has
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Fig. 8: Oscillation modes 1 and 3 participation factor of the 68-bus
system. (a)Compass plot of rotor speed of mode 1 and (b)mode 3.
(c)Real part of speed participation factor of mode 1 and (d)mode 3.
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Fig. 9: Singular values of the Hankel matrix corresponding to bus
voltage measurement at 5, 29, and 67.
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Fig. 10: Comparison of the reconstructed signals against the original
measurements. Blue lines are the original measurements.

a SNR at 40 dB [/14]]. It can be clearly seen that large noise
leads to inaccurate estimation.
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Fig. 11: Singular values of the Hankel matrix for different
noise levels.

V. CONCLUSION

This paper demonstrates that the singular values of the
Hankel matrix built for Prony analysis or ERA can serve as an
indicator for estimation accuracy. Signals with large observ-
ability also show large singular values. In addition, influence
of model order and noise level can also be demonstrated
by the singular values. Two test cases, which are the two-
area four-machine and the 16-machine 68-bus systems, are
used to illustrated the relationship between singular values and
dominant oscillation mode observability.
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