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Abstract — The accuracy of the dynamic phasor estima-
tion, utilizing steady state signal model can be greatly
improved by employing subspace based techniques of
spectral estimation. This paper has utilized TLS-ESPRIT
and Propagator Method for this purpose and provides a
comprehensive performance analysis based on Total Vec-
tor Error (TVE), frequency error and the step response.
The validity of the subspace based technique has been,
further, investigated through simulation of fault on 10
machine 39-bus system. The phasor estimation by the
Propagator method, without eigen decomposition, has
outperformed the accuracy requirement and, hence, can
be considered for the dynamic phasor estimation in PMUs.
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1 INTRODUCTION

In the recent years, monitoring and control of large
interconnected power systems has become a challeng-
ing task. A steady state operating condition of the pow-
er system is perturbed by various events, like sudden
addition or rejection of bulk loads, severe faults, and
loss of transmission lines or generators. The occur-
rences of such disturbances cause the entire power sys-
tem to drift from equilibrium and may lead to instabili-
ty, if remedial actions are not taken in time. Hence,
effective and fast monitoring of the system dynamic
states is desirable, which has become possible with the
advent of synchrophasor based measurement system
[1]. The three phase voltage phasors at all the buses in a
power system form the states, which provide complete
observability of the system. The synchrophasor based
Wide Area Monitoring System (WAMS) can provide
voltage phasors at buses, which are located geographi-
cally apart. Typically, WAMS consists of Phasor Mea-
surement Units (PMUs). A Global Positioning System
(GPS) clock is used to generate a reference phasor and
the instantaneous bus voltage measurements are ana-
lyzed at PMUs to define corresponding voltage vector
with respect to this reference phasor. The time stamp in
the phasor data enables the real time monitoring and
control of the power system. The instantaneous values
of the voltages are sampled over a short time interval
and the Discrete Fourier Transform (DFT) [1] based
algorithm has been, generally, used to compute the
amplitude and phase of the voltages over the data sam-
ple window. The steady state operation of the power
system is well visualized by voltage phasor complying
IEEE Standard 37.118-2005 [2], which defines stan-
dards and performance requirements of the synchro-

phasor measurements in terms of Total Vector Error
(TVE within 1%), and tests to ensure these limits as
well as the communication data protocol. However,
under a dynamic condition, the static signal model,
which is used to derive the voltage phasor using the
DFT algorithm, fails to report the actual phasor value
due to drifting of the system frequency to off nominal
value, phase jumps and amplitude change. Hence, stan-
dards for dynamic phasor measurements are under de-
velopment [3]. The phasor reporting rates for the dy-
namic phasor estimation have to be extended in mul-
tiples and submultiples of the system nominal frequency
(from)s ranging from 30 phasor per second for a 60Hz
system to 2f,,, for effectively capturing the dynamic
scenario under transients.

During recent years, several versions of the DFT al-
gorithms have been developed considering the dynamic
signal model. Yang et al. [4] have proposed a robust
frequency estimation technique, but it takes only one
non integral harmonic into consideration. Demodulation
based frequency estimation algorithm has been sug-
gested in [5], which uses filters of 4 cycles, resulting
into delay of 2 cycles and frequency error greater than
0.4 Hz. Dynamic phasor measurement has to comply
with the high speed estimation requirement. A half
cycle dynamic phasor estimation has been proposed in
[6]. This utilizes a lookup table and orthogonal finite
impulse response filters, which also suffer from non
flat top mid band gain and higher side lobes. These
characteristics of the FIR filters result in spectral lea-
kage and inaccurate phasor measurements. Phasor esti-
mation, by incorporating frequency deviation in the
signal model, has been attempted by Wang et al. [7],
which shows good phase and frequency estimation.
Phasors are fitted to second order Taylor polynomial by
Serna [8] using least square approach, and the frequen-
cy response of the second order model is studied.

In this paper, phasors under power system dynamic
conditions are estimated by using subspace based tech-
niques. The subspace based techniques are well
known high frequency resolution techniques for spec-
tral estimation in signal processing. Various algorithms
available in this class of spectral estimation are MUSIC
(Multiple Signal Classification), TLS-ESPRIT (Total
Least Square-Estimation of Signal Parameters via Rota-
tional Invariance Techniques) [9] and Propagator Me-
thod (PM) [10]. The Subspace based method for spec-
tral estimation involves formation of correlation matrix
from the signal samples of measurement window and,
then, solving an eigen value problem. Frequency of the
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fundamental signal component is estimated by using
TLS-ESPRIT and PM. By solving the signal model with
known frequency, amplitude of the fundamental signal
component is estimated. The Phase estimation by TLS-
ESPRIT method is based on the eigen decomposition of
the correlation matrix of the reference signal samples
and, instead of using the first shift of the signal eigen
vector, the eigen vector of the correlation matrix of the
reference signal is employed. Similarly the correlation
matrix of the reference is also used for calculating the
phase difference by PM. The performance of the dy-
namic phasor estimation by TLS-ESPRIT and PM is
evaluated on the basis of the Total Vector Error (TVE).
The test cases attempted for the performance evaluation
are sinusoidal signals with off-nominal system frequen-
cy, introducing frequency ramp, step change in phase
and amplitude of a synthetically generated signal. The
phasor estimation by subspace based technique is, fur-
ther, validated by introducing fault in New England
(NE) 39-bus system.

2 BRIEF DESCRIPTION OF TLS-ESPRIT AND
PROPAGATOR METHODS

The fundamental voltage in a power system can be
expressed as real sinusoidal signal, of the form given
below.

s(t)=X,, cosQr fit+¢) (1)
where, X, is the peak value, ¢ is the initial phase, f, is
the fundamental frequency. The phasor value of the
above signal is § = (Xml/\/f)éqﬁ

Under a disturbance, the amplitude and phase no
longer remain constant, but become functions of time.
The dynamic model of the voltage for phasor estimation

can be expressed as a band pass signal, with amplitude
and phase dependent on time, of the form.

5(6) = X, (1) cos(27 fy + 4(1)) ®

The dynamic phasor at a time instant ¢ can be defined
as (1) = (X, (0/N2) £9(0)

The voltage signals are sampled at fixed interval and
the sampled values are accumulated to form a vector of
data size M. Similarly the reference waveform is also
generated and synchronously sampled to form a refer-
ence vector of same length. The discrete signal model
of the reference and the voltage signals can be ex-
pressed as given below.

x(n)=s(n—-D) 3

y(n)=sn)+zmn), n=0,1,..,M -1 3

p .
where, s(n) = Zaie”’""

i=1

“)

The s(n)is modeled by sum of p complex sinusoids, in
which amplitudes g, are unknown complex value con-
stants with corresponding normalized frequency @, in

rad/sec and D is the sample delay reflected as phase.
The factor p is pre estimated by the user. The complex

white Gaussian noise for the data signal is denoted

by z(n) , while the internal generated reference signal is
assumed to be noise less.

2.1 TLS-ESPRIT method

The real signal can be expressed as a pair of complex
exponentials, one having frequency negative of the
other. Hence, the data vector of length M can be ex-
pressed as

y(n) 5,(n) z(n)
y(n+1) s, (n+1) z(n+1)
=y . + (3)
y(m+M-1) s, (n+M-1)| [z(n+M -1)

For K real harmonic components, the signal can be
represented as a linear combination of p =2K expo-

nential basis as follows:
!

Jjoy

e

s, (n)=a.e™ (6)
_e’”””% ]

Substituting (6) in (5) provides

y(n)=AS +z(n) 7

~ ~ ~ T ~ ji
where, S = [al,az,...,ap} ,a, = o™ and

1 1 1

J(M-1)o, e,(M-nwZ ej(M—l)mp

e

The correlation matrix, formed from the sampled da-
ta, has a rotational invariance property of the signal
subspaces spanned by two displaced data vectors. This
characteristic is exploited by the Estimation of Signal
Parameters via Rotational Invariance Techniques
(ESPRIT) [11]. For a sinusoidal model, the time shift
can be modeled as a phase shift. Hence, the time shifted
data vector is expressed as

[Y(n 1), y(n+ M)]" = ATS + 2 8)

where, T =diag{e’ ¢/”...e"” }is the phase shift
matrix, which is a rotation on a unit circle.

The actual auto correlation matrix is defined as fol-
lows, where E(») denotes the expectation

R, = E(y(n)y" (n)) = ARA" + 071 (10)

where (+)" denote the Hermitian transpose, Rgis the

covariance matrix of the signal and o is the variance of
the Gaussian noise. The covariance matrix from the data
vectors is factorized into symmetric orthogonal basis by
Singular Value Decomposition (SVD). The eigen vec-
tors corresponding to the significant p eigen values

form the signal space and the remaining eigen vectors
are basis of the noise subspace. The first (M-1) rows of
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the signal subspace are formed as U, and one row

shifted M-1 rows of the signal subspace is formed
as U, of the total M rows of the signal subspace. Final-

ly, the total least square estimation of the rotation of the
two subspaces is obtained, which is denoted by‘i’, as

given in [12]. The eigen values of W are computed,
which are expressed as a diagonal matrix, previously
denoted by I'. The imaginary part of the natural loga-
rithm of I divided by the sampling time gives the fre-
quency in rad/sec. The calculation of phase shift of the
signal with respect to the reference is obtained by re-
placing the U, matrix of the signal subspace by first M-

1 rows of the signal subspace of the covariance matrix
formed from the reference vector.

2.2 Propagator method

The frequency estimation by propagator method is a
subspace based technique which does not involve eigen
decomposition of cross correlation matrix of the re-
ceived signal. The data vector of the signal of length M
is arranged in ™/ x M/, Hankel matrix as follows [13].

»(0) y(1) (44 =1)
y  y(2) (%)
y= (11)
v =1 y(%) y(M -1)

From the signal model, the Hankel matrix can be
written as Y =[r(0) r(1)..... r(*4—1)]. The i" column

of Y is given by

ri)=A, (o)) a+u, i=01,..,"-1 (12)
where,
1 1 1]
e’ e’ e’
A =
ej(i‘%fl)m] ej(i‘%fl)mz ef(”%—l)w,,
and, @(o) = diag{e’ &’ .....e'" }, a=[a,,a,,..... ,ap]r

Thew,are the 2K frequencies in the real signal
and a is the complex amplitude vector. The matrix A is
partitioned into two matrices A, , and A, , having dimen-
sions as px p and (M4 — p)x p , respectively. The propa-
gator matrix P is related to A, and A, as

PYA (0)= A, (@)

where, (+)” denote the Hermitian transpose.

13)

The Hankel matrix, when partitioned by p rows and
("4 — p)rows denoted by Y,andY,, does not actually

satisfy the propagator equation. Hence, a least square
estimate of the propagator is calculated from the parti-
tioned Hankel matrix as follows.

P = arg min|[Y, B Y, [ = (%,¥/) v, ¥/ (14)

The estimated matrix P is augmented by negative
identity matrix of dimension (4 — p)x(*4— p), which

is denoted by E to make it full rank.

L

Ideally, the basis of Eis orthonormal to array re-
sponse matrix A, . But due to the noise, the orthonormal

15)

projection matrix Q is calculated from the estimated E
as Q=E(E"E)"'E” (16)

Now MUSIC algorithm [14] can be applied to calcu-
late the basis of A, . The Multiple Signal Classification

(MUSIC) is a noise space based method for spectral
estimation. MUSIC finds the basis vector, which is
orthogonal to the noise subspace by finding the peaks of
the inverse product of the basis vectors and the noise
subspace.

@, = arg max 17)

ALQA,

In MUSIC algorithm, the resolution of the frequency
can be provided by the user. The resolution should be
carefully selected considering slow changes in the sys-
tem frequency. The frequency resolution considered in
this work is 2e-04 Hz.

The phase of the data signal with respect to the refer-
ence signal can be calculated by the propagator method,
which is discussed below.

The data vectors of both the signals and the reference
of length M are employed to construct individual
Mg x M/ Hankel matrices, which are combined as fol-

X
lows Z:[ }
Y

The discrete signal model reduces the expression of
X as

X=[A,QaA Qpa. A Qp” a]

e— Jjba, }

(18)

19)

- jDay e—.waz

where, Q = diag{e
The Propagator matrix is obtained by partitioning the
combined Hankel matrixZinto Z,and Z,, having
dimensions px”4 and (M — p)x "/, respectively
P=(2,2""'2,Z! (20)
The obtained Propagator matrix P is partitioned into
three sub matrices, P, and P,, each having dimension
M4 —p)x p,and lA’2 having dimension px p .
The phase angle is the argument of the eigen values
of f’z , which corresponds to the p complex sinusoid.

However, in the model of the data signal consi-
dered, its p frequencies are taken same as that of the

reference signal. This assumption is not true, when the
system frequency drifts. Hence, off-nominal frequency
compensation has been done for the phase, which is a
function of the calculated instantaneous frequency ob-
tained from the PM.
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3 PERFORMANCE EVALUATION

The dynamic phasor estimation of the voltage signal
consists of correct measurement of the amplitude,
phase, frequency and rate of change of frequency dur-
ing steady state and transient conditions. The accuracy
of the estimated phasor has been measured by its TVE,
which is defined as follows.

— J(Xr ()= X,)" + (X, () = X,)’
X +X;

where X (n) and X, (n) are the real and imaginary

ey

components of the measured value of the phasor, given
by the algorithm utilized, and X, and X, are the corres-

ponding theoretical true values of the input signal at the
time of the measurement. Other than TVE, frequency
error is also evaluated from the instantaneous estimates
of the frequency by TLS-ESPRIT and PM. The Fre-
quency Error (FE) is defined as the absolute value of
the difference between its theoretical value and the
estimated/measured value, in Hz.

FE=|ftrue - measured| (22)

The measured and true values are for the same in-
stant of time, which, in practice, can be picked up from
the timetag of the estimated phasors. This is achieved
by using proper group delay compensation. The group
delay is a time lag for the actual occurrence of the event
and the time when the algorithm generates the response.
Any inconsistency in the reporting time causes different
errors with different algorithms due to inconsistency in
the reporting time. In this work, the absolute time of the
center of the measurement window is considered as the
reporting time. This is justified because the event occur-
ring within the measurement window may be consi-
dered as an averaging effect on the data within the win-
dow.

The second harmonic content of the voltage signal is
very less or negligible. Hence, half cycle estimation of
the voltage signal can be safely implemented for syn-
chrophasor applications. The performance of the phasor
estimation by the TLS-ESPRIT and the PM are eva-
luated on mathematically generated signals and, then,
on signal data acquired from PSCAD/EMTDC [15]
simulation on the NE 39-bus test system. Various
events are incorporated in the mathematically generated
signals, like off nominal frequency, phase shift, fre-
quency ramp and step change in the amplitude and the
phase. The test signals are sampled at a rate of 8.3 kHz
and a data vector, of length 70, is created, which corres-
ponds to approximately half cycle of the voltage signal.
The internal reference signal, generated by using the
ticks of the high precision GPS clock, is also synchron-
ously sampled with the same sampling rate and accu-
mulated as the reference vector of the same length as
the signal data vector. The sliding window type data
vector updating is implemented, which means that the
most recent sample shifts the entire vector, thus, dis-
carding the most obsolete data. As the present method is
employed for dynamic phasor estimation, high reporting
rate is desirable. The PMU, having reporting rates less

than 10/sec, may not be required to comply with the
dynamic test requirement. With the increasing commu-
nication bandwidth and reduced latency, the technology
has become mature enough for higher reporting rates, as
high as 100/sec and 120/sec for the 50 and 60Hz sys-
tems, respectively. In this work, reporting rates of
120/sec has been considered for the 60 Hz systems.

3.1 Off-nominal frequency test

The system frequency may be at off-nominal value,
when load generation imbalance occurs. Figure 1 shows
the phase estimated with the DFT, TLS-ESPRIT and the
PM methods for a sinusoidal signal with frequency of
62Hz. The nominal system frequency is 60Hz.

142}

140+

138+

136

DFT

........... TLS-ESPRIT

-PM
ACTUAL -

134}

phase in (Degree)

132+

130 /n o 4

0.18

0.19 0.195
time in sec.
Figure 1: Phase estimated for system frequency of 62 Hz

0.185 0.2

The large error in the calculated phase value in Fig-
ure 1 with the DFT is because the DFT algorithm does
not accommodate off-nominal frequency and, hence,
the phase and amplitude oscillates significantly, while
there are no amplitude oscillations in case of TLS-
ESPRIT. Keeping view of this, the DFT has not been
considered for comparison in the subsequent work. The
plot of TVE with the TLS-ESPRIT and PM is shown in
Figure 2. The phase computation by the TLS-ESPRIT
has oscillations, because the change in the system fre-
quency does not satisfy the shift invariance, unless the
phase shift is compensated by the actual frequency
deviation while considering the signal subspace of the
data correlation matrix. The phase plot of the PM prac-
tically overlaps with the actual phase value in Figure 1.
The TVE with the PM is below 0.2% as can be ob-
served from the Figure 2.

5

TVE in %

0.14 0.16 A
time in sec.
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Figure 2: TVE for the system frequency of 58Hz

0.01

- TLS-ESPRIT
PM

0.005¢

freq error in Hz

time in sec.
Figure 3: FE in Hz for the system frequency of 62Hz

As shown in Figure 3, the frequency error for both
the subspace based methods is less than 0.005Hz. Thus,
both the TLS-ESPRIT and the PM can estimate off-
nominal frequency accurately.

3.2 Initial Phase shift with frequency offset

The estimation of the phase offset when frequency is
off-nominal has been identified as a test criteria. Figure
4 shows the TVE for a phase shift of 90°, when system
frequency is 59.75Hz. The maximum frequency drift
for measuring the phase shift can be restricted to
0.25Hz. The maximum TVE observed in case of the PM
for this test is less than 0.1%.

time in sec.

Figure 4: Phase shift of 90° with system frequency of
59.75Hz.

3.3 Frequency ramp test

The acceleration of the rotor causes the system fre-
quency to change from its nominal value. The signal
model for such a scenario can be expressed as a ramp in
the frequency parameter.

X, = X, cos(a,t + 7R, 1)
X, = X, cos(a,t =%+ R 1)
X, = X, cos(w,f +2% + 7R, 1)

(22)

where, R, =2 Hz/sec is the frequency ramp rate con-

sidered. The ramp was initiated at 0.1 sec. and contin-
ued till 0.5 sec. It is also desired that the error calcula-
tion may exclude the first 2 samples from the inception
of the frequency ramp. The steady state frequency,

before and after the ramp, are 59.8Hz and 59Hz, respec-
tively.

The plot of the frequency is shown in Figure 5. Fig-
ure 6 shows the error in the frequency for the ramp test,
which lies well below 0.01Hz, with both the TLS-
ESPRIT and PM.

60
.......... ACTUAL
:'l\:l —— - TLS-ESPRIT
T 595 =
>
(&)
C
g
3 59 i
o
58.5 ‘ ‘
0 0.2 0.4 0.6
time in sec.
Figure 5: Frequency ramp of 2Hz/s
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N PM
T
£ | I
S 0.005 ! \= AT Vs
5 T i
g i ;L':' ._ ,&:.ﬁ _.;! {5 3 l' ﬁ i 1
- | .-[ | - ”~1:I 1T 11’ h"ll-"’l
OI | a0 |
0.2 0.25 0.3
time in sec.

Figure 6: Frequency error for ramp of 2Hz/s

2
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TVEIn%

05!t

timeinsec.
Figure 7: TVE for frequency ramp 2Hz/sec

The TVE with the PM reaches a maximum value of
0.05% in the whole run, as shown in Figure 7.

3.4 Amplitude and phase step response

The step response is a phenomenon of instantaneous
change of the system states from one value to the other.
The performance under the step response is evaluated
on the basis of the response time, response delay and
maximum overshoot. The definition of the parameters,
for evaluating a step response, is shown in Figure 8.

17" Power Systems Computation Conference

Pscc

Stockholm Sweden - August 22-26, 2011



1.14
1.12F
T 1% TVE ‘
1.1~ Overshoot _:_
1.081
Response
1.061 delay —p
1.041
1.021- >
1% TVE Response
time
1
«—— Time of step input
0.98 L L L L L L L L L L
-0.2 01 a 0.1 02 03 04 05 068 07 08

Figure 8: Definition of various parameters for evaluating
step response.

The step change in the amplitude is considered as the
10% of its nominal value and that in the phase as 10°.
The actual and the estimated values of the response for
the step change in amplitude, with the two methods, are
shown in Figure 9.

.......... ACTUAL
. - TLS-ESPRIT
>S5 PM
o
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(O]
©
2
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€
©
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0.08 0.09 0.1 0.11 0.12
time in sec.

Figure 9: Response for step change in amplitude

The response time for the PM is 0.0044 sec and the
TLS-ESPRIT method is 0.0076 sec, which is well be-
low 1/Phasor reporting frequency. The maximum over-
shoot with the PM is 3% and there is practically no
overshoot with the TLS-ESPRIT method. The step
response for phase change is shown in Figure 10. The
response time for the PM is 0.0044 sec and that with the
TLS-ESPRIT is 0.0082 sec, which is also below
1/Phasor reporting frequency. The maximum overshoot
with the PM is 6.6% and there is practically no over-
shoot with the TLS-ESPRIT method.
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Figure 10: Response for step change in phase.

3.5 Fault case in NE 39-bus system

The subspace based algorithms, verified on the test
signals, have given satisfactory results in terms of the
TVE, the frequency error and the response time. The
error in the phase estimation by the TLS-ESPRIT me-
thod increases as the system frequency becomes more
off nominal. But it provides equally efficient frequency
estimation. The Propagator method scans the system
frequency from 54Hz to 66Hz, as a result the precision
depends on the resolution in which the frequency range
is divided. The validity of the TLS-ESPRIT and the PM
are further tested by placing a PMU at one of the buses
in the NE 39-bus system [16] and simulations obtained
by the PSCAD/EMTDC. The PMU was assumed to be
placed at bus 2. A 3 phase fault is applied on a line
connecting buses 2-19 at 0.5 sec and cleared at 0.15 sec.
The time of the fault and the fault impedance have been
chosen such that the power oscillations of substantial
magnitude are not generated. The acquired data is
processed by both the TLS-ESPRIT and the PM algo-
rithms. The phase voltage plot is shown in Figure 11.
Before the fault, the peak of the voltage is approximate-
ly 277kV, which is estimated correctly by both the
TLS-ESPRIT and the PM. The recovery of the bus
voltage, after the fault is cleared, can be seen in Figure
12. The phase jumps are also tracked by both the TLS-
ESPRIT and the PM. The effectiveness of the subspace
based methods can also be visualized by the frequency
estimates, which show minor fluctuation with the PM in
Figure 14.
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Figure 11: Phase voltage in kV
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Figure 12: Amplitude estimates in kV (NE 39-bus system)
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Figure 13: Angle estimates in (Deg) (NE 39-bus system)
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Figure 14: Frequency estimates in Hz (NE 39-bus system)

4 CONCLUSION

This paper proposes the application of TLS-ESPRIT
and Propagator methods for achieving accurate dynamic
phasor estimates. The effectiveness of the two subspace
based methods for dynamic phasor estimation has been
studied under various test cases, which include the off-
nominal system frequency, phase shift in the presence
of frequency offset, frequency ramp test and step re-
sponse for amplitude and phase. The PM has been
found to be highly accurate in terms of TVE, FE and
step input response. The performance of the subspace
based algorithm, using half cycle data samples, has
been tested through simulation of a fault in NE 39-bus
system using PSCAD/EMTDC, which shows satisfacto-
ry result of the dynamic phasor estimation.
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