Paper accepted for presentation at 2009 IEEE Bucharest Power Tech Conference, June 28th - July 2nd, Bucharest, Romania

Possibility of enhancing classical weighted
least squares State Estimation with
linear PMU measurements

C. Bruno, C. Candia, L. Franchi, G. Giannuzzi, M. Pozzi, R. Zaottini, M. Zaramella

Abstract--The introduction of Phasor Measurement Unit
(PMU) technology is generally expected to significantly improve
existing State Estimation (SE) algorithms regarding accuracy,
observability, convergence. Since PMUs measure current and
voltage phasors, in case of complete observability of all the
network with PMUs, the PMU based SE will be linear, and
consequently the SE algorithm faster and more accurate.

Indeed, the complete observability of the network just with
PMUs is, for many Transmission System Operators (TSOs), quite
far to be reached; therefore, it becomes necessary to find suitable
strategies in order to use all data by PMUs, in the best way in the
classical SE.

This paper deals with the possibility of using PMUs
information in the classical real time least squares SE, with
particular attention to the Italian case. Simulations on the
complete 380/220 kV Italian transmission system are reported, in
order to show the obtained benefits.

Index Terms-- Power system state estimation, Wide area
measurement system, Phase measurement, Interconnected
power systems.

1. INTRODUCTION

fter the bulk outage experienced in 2003, TERNA, the

Italian TSO, has undertaken a number of different actions
to improve system security. The most innovative one was the
implementation of a Wide Area Measurements System
(WAMS), equipped with Phasor Measurement Unit (PMU)
devices, for monitoring and control purposes ([1]).

The introduction of PMU technology is expected to
significantly improve existing State Estimation (SE)
algorithms regarding accuracy, observability, convergence,
bad data detection and topology estimation properties ([2]).
The SE application is considered a fundamental piece of
modern EMS systems. It is designed to run periodically to
provide a consistent and reliable state of the system based on a
group of measurements and other information that the EMS
maintains. The SE is expected to deal with very large models
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and with a higher frequency rate of execution, imposing hard
performance requirements on the currently serial process of
executing network security related applications. The WAMS
technology gives both the possibility of enhancing SE
algorithm performances, and the opportunity of adding new
control functions at control centers ([3], [4], [5], [6]).

The Italian WAMS system currently features up to 30 PMU
devices and exchanges real-time data with two European
partners, Slovenia and Switzerland. Each PMU provides
voltage and current phasors at a rate of 50 samples per second
(i.e. one phasor update at each cycle at fundamental
frequency). Sampled data are continuously sent to the National
Control Center (NCC) through a private communication
network. As shown in Fig. 1, at the NCC collected measures
are stored in the shared memory of a server machine where
they are available for on-line processing purposes. The server
machine holds the data about phasors in its memory for 15
minutes. Older measures are moved to a relational database
where they are stored for the following 10 days, available for
off-line processing algorithms.

PLANNING
HISTORICAL ARCHIVES

NETWORK ANALISYS
DOCUMENTATION

I

PERTURBATIONS

MANAGEMENT

PERFORMANCE INDICES
RISK INDICES

OCAL LOGGING
AND SIGNALLING

REPORTS

REALTIME TRENDS ~ ADAPTATVE

ALARMS CONTROL
L (AUTOMATIC)

CORRECTIVE
ACTIONS
(MANUAL)

CONTROL ROOM

Fig. 1. Logical scheme for PMU data collection at the control center

II. PMU POSITIONING

Power station where PMU devices are installed have been
carefully chosen during the first design stage. The choice of
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Fig. 2. PMUs currently in service in the Italian transmission network

the most suitable power station may depend on many factors:
several studies ([7], [8], [9], [10]) have been carried out
providing different criteria to select PMU locations. Each
criterion was devoted to maximise a specific monitoring need,
such as electromechanical oscillations identification, voltage
instability prediction, event identification. Although SE
purposes have not been considered during the PMU
positioning, also an algorithm to find locations suitable for
linear SE was developed ([9]). That algorithm advised which
was the minimum PMU set necessary to solve the linear
estimation problem, also under a certain degree of redundancy.
Unfortunately, a complete linear SE algorithm, even without
any PMU redundancy, would have required a number of
measurement devices up to 25-30% of network buses (i.e.
around 100 PMU devices for the Italian HV grid).

Power stations addressed by each positioning technique
were finally merged together identifying the first 20 power
stations were PMUs have been installed. Fig. 2 depicts the
locations of the PMUs currently in service within the 380/220
kV Italian network.

III. REAL-TIME STATE ESTIMATION

Generally, the measurements that are transmitted in a
traditional way to a NCC can not be all correct. For this
reason, measurements may not be directly used to assess the
state of the electrical system, but they must be processed by SE
in order to detect, identify and eliminate bad data and
determinate the correct state of the system.

Moreover, the traditional measurements are not all
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synchronous, and so, even if they are correct, they may be
referred to different time frames, so introducing some
uncertainties that must be corrected by SE. On the contrary,
the PMUs are very accurate and reliable, and they can take
measurements synchronously. Since PMUs measure current
and voltage phasors, if all the network is observable by PMUs,
the PMU based SE will be linear.

Notwithstanding the careful choice in the their positioning,
in Italy PMU devices are still too few to make a linear real-
time SE possible. The SE problem is solved on-line every 15
minutes with a Newton-Rhapson iterative Weighted Least
Square (WLS) algorithm, where the inputs are the voltage
magnitudes, the values of active and reactive power of the
branches; no possibility to use current phasor measures as a
direct input.

IV. OFF-LINE STATE ESTIMATION

A replica of the on-line SE algorithm is present in the
CRESO tool ([11]) for off-line analyses: this tool is used and
developed by TERNA in co-operation with CESI for a
numerous set of off-line simulations.

The same input data used by the on-line SE are also
available for off-line simulations: the off-line SE has been used
to assess the possibility of enhancing the classical weighted
least squares SE with PMU measurements. Recently the off-
line SE algorithm has been enhanced with the possibility of
using voltage phase as an input, and it is undergoing the test of
the same enhancement also in the on-line SE.

Since the current phase measurement is not an input for



neither the on-line nor the off-line SE, it would be necessary to
change the WLS algorithm with the analytical description of
the dependency of the current phases from the state variables,
i.e. the nodal voltages. In any case, such a change in the WLS
algorithm would lead to a new SE still not linear, so without
the advantages of a SE entirely based on PMU measurements.

In order to use all the PMU measurements without changing
the WLS algorithm, the procedure adopted consists in
transferring the measure of the phase of the current to the
second extreme voltage value (magnitude and angle) of the
involved branch. In this way, the PMU information is not lost,
with no need to change the classical SE algorithm.

For instance, if in Fig. 3 a PMU device measures the
current phase at bus i, the input data to be used in the classical
SE in substitution of the current phase is the voltage magnitude
and phase at bus k. In this case, the relation used to convert the
current phasor at bus i to a voltage phasor at bus k is the
following:
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Fig. 3. Transfer of the current phase of bus i to the voltage value of bus k of a
transmission line

Where:
I, +jI i [A] is the current phasor (measured by PMU) at

bus i expressed in Cartesian coordinates;
Vg, + le_q [V] is the voltage phasor (measured by PMU) at

bus i expressed in Cartesian coordinates;
R, + jX, [Q]is the value of the line impedance;

Y; and Y, [S] are the values of the line susceptances;

Via +jV,, 1s the searched voltage phasor at bus k

expressed in Cartesian coordinates [V].

If the considered line is a tie-line with a foreign country,
with a PMU device at the Italian side, the phase current is not
transformed into a voltage measurement at the foreign side, but
it is transformed into an active P and reactive Q power
injection, according to:

P+jQ=V-I"=(V,+jV,)-U,+jI,) 2)

Fig. 4 represents a transformer of ratio #, where a PMU
device measures the current phase at bus i In this case, the
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Fig. 4. Transfer of the current phase of bus i to the voltage value of

bus k of a transformer of ratio ¢

equivalent voltage expression at bus k to be used in the
classical SE instead of the current phase is the following:
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V. SIMULATIONS

The performance of the SE based on WLS algorithm with
the addition of PMU samples has been tested on a
representation of the Italian 380/220 kV transmission network
in the off-line CRESO tool. The Italian 380-220 kV
transmission system is roughly constituted by 1200 buses, and
1500 measurements.

The behavior of the classic SE algorithm in presence of
PMU input data has been tested starting from snapshots of the
electrical system given by the SCADA tele-measurements, and
from the closest PMU samples stored in the WAMS database.
The analysed snapshots represent the Italian system in some
days of September 2008 and they have been chosen in order to
represent different operating conditions (rush hours, night
hours, ...) of the transmission network.

For each snapshot, three different SE calculation have been
performed, in order to compare the results:
¢ SE using only the SCADA tele-measurements as input;

e SE using as input the SCADA tele-measurements and the
voltage phases directly given by PMUs;

e SE using as input the SCADA tele-measurements, the
voltage phases directly given by PMUs and the voltage
phases calculated through (1), (2) and (3) starting from the
current phases given by PMUs.

The different snapshots have proved to have very similar

behaviors, and for this reason the following results are shown

for just one typical snapshot (referred to a rush hour of

September 26", 2008).



A. Comparison between SCADA and PMU data

SCADA snapshots have a rate of one sample per 15
minutes, while PMU data a rate of 50 samples per second.
Starting from a given SCADA snapshot, the PMU data to be
used for the comparison have been built with the average of all
the PMU samples referred to the minute of the SCADA
sample. The standard deviation for traditional SCADA voltage
instruments is assumed to be equal to 5% of the rated voltage
[kV], while for PMU devices is set to 1 kV. The standard
deviation for the voltages calculated with (1), (2) and (3) is set
to 2kV. For each snapshot, data from SCADA and PMU
have been compared, in order to highlight whether and where
PMU and TM data are significantly different.

Fig. 5 is referred to a typical snapshot and it shows, for all
high voltage buses with PMU devices, the percentage of them
with difference among PMU and TM voltage measures smaller
to a fixed value: over 85% of the PMU data are far less than
3kV to the corresponding tele-measurements.
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Fig. 5. Differences between PMU and TM measures

B. Comparison metrics

In general, SE metrics ([12]) may be referred to the
accuracy (how close estimated value is to “true” value),
performance (measure convergence properties and timing),
robustness (ability to perform in the presence of bad
measurement data), completeness (ability to provide
information in parts of the network with little redundancy).

For the purposes of this paper, the convergence of the
different SE calculations (with and without PMU data) has
been compared on the basis of the following metrics:

e Average error of measure x (current, voltage, active or
reactive power)

ERR(x) = Z((’L‘t(")_i’”’mjz / Ms 4)
o

where

inp(x) measured value

out(x) estimated value
o standard deviation of measurement device
Ms number of available measure of x type

4

The average errors are computed after the SE
convergence and they are linked to the difference of the
estimated values from the given measures.

e Number of dubious estimated values: an estimated value
is considered dubious if its difference with the
correspondent measurement is greater than three times the
standard deviation of the measurement device

e  Convergence parameter CP

CP= —ERR 5)
Ms—N
where
N number of independent variables (i.e. observable
voltages)
ERR= ) Err(x)’ (©)
x=V,8,P,0,1

C. SE with PMU voltage phasors

Table I presents the comparison, for a typical snapshot,
between SE results with only SCADA measurements and with
the addition of PMU voltage phase measurements. The
convergence parameter is improved in case of SE with the
addition of PMU input data. The voltage magnitudes measured
through PMU devices are about the 10% of the total: because
of the more accurate precision of a small number of
measurements, there is an increase of the average error on
voltage magnitudes, even if the total average error is kept
constant.

Although the used SE algorithm accepts current magnitudes
as input, no current values are present in SCADA data.

TABLE I
COMPARISON BETWEEN CLASSICAL SE AND SE WITH PMU VOLTAGE
MEASURES
SE with only SE with also
TM measures PMU measures
Convergence 7.08 7.05
parameter
Degrees of 2166 2204
freedom
Average N° N°
value value

errors on: measur. measur.
V magnitude 0.31 422 0.37 427
V phase 0.00 0 0.11 33
P power 1.49 2081 1.50 2081
Q power 2.27 2077 2.28 2077
Current 0.00 0 0.00 0

Total 1.83 4580 1.83 4618
N° dubious 194 191
measures

D. SE with PMU voltage and current phasors

Table II presents the comparison, for the same snapshot of
Table I, between SE results with only SCADA measurements
and with the addition of PMU voltage phase measurements
and current phase measurements transformed according to (1),



(2) and (3). Moreover, also the current magnitudes measured
by PMU devices are considered as input data. The PMU input
data introduce 152 new measured elements: in particular 81
voltage phases, 10 voltage magnitudes and 61 current
magnitudes are available in addition to the SCADA input,
while other SCADA voltage magnitudes are replaced by the
PMU data. Moreover, values of active and reactive injections
at some border load buses (like in Rondissone and Redipuglia
stations) are replaced by PMU values.

TABLE II
COMPARISON BETWEEN CLASSICAL SE AND SE WITH PMU VOLTAGE AND
CURRENT MEASURES
SE with only SE with also
TM measures PMU measures
Convergence 7.08 6.82
parameter
Degrees of 2166 2318
freedom
Average N° N°
value value

errors on: measur. measur.
V magnitude 0.31 422 0.41 432
V phase 0.00 0 0.36 81
P power 1.49 2081 1.51 2081
Q power 2.27 2077 2.28 2077
Current 0.00 0 1.59 61

Total 1.83 4580 1.83 4732

5 -

N° dubious 194 191
measures

With PMU data, the SE gives results with a better CP and a
total average error unchanged, even if calculated on a greater
number of measures. The limitation of the expected benefits
are due to the fact that PMU devices are still few with respect
to the entire extension of the Italian transmission network.
Even if PMU devices are installed around the whole network
(see Fig. 2.), they cover just only the 20% of the SCADA
voltage tele-measurements.

E. Consideration about the measurement precision

Generally, the estimated values greatly depend on the
weight which is given to the measured value, i.e. on the
standard deviation assumed for the measurement instrument.
Since their great accuracy and reliability, PMU devices have a
standard deviation lower with respect to traditional devices:
for this reason, SE algorithm tends to compute voltage values
very close to PMU values where available, with the
consequence to have greater differences with the measurement
from traditional devices.

Fig. 6 reports, for all the buses with PMU devices, the
difference between the calculated values by SE with and
without PMU data. The percentage of the high voltage buses
with difference around 5 kV is about 80%; the aggregation that
can be seen between 3 and 5 kV is due to the buses on the
220kV voltage level.

VI. CONCLUSIONS

This paper has investigated the possibility of using PMU
information in a classical weighted least square SE, with the
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Fig. 6. Differences between estimated voltage magnitudes with and
without PMU

purpose of enhancing the set of input data and of obtaining
more accurate results. Simulations are reported for the entire
Italian 380/220kV transmission network.

Even if the PMU devices are still few with respect to the
Italian transmission network, the number of available phasorial
measurements is increased by the described procedure, which
consists in replacing the branch current phasors with voltage
phasors at the second extreme.

The reported results show that the presence of PMU data
gives benefits also to a classical WLS SE algorithm, in terms
of convergence parameters and average errors. The tests have
been made using directly the SCADA measures also used by
the on-line SE algorithm; in this way, the off-line tool may be
used as a validation environment for future upgrades of the on-
line SE.
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