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Abstract

The installation of phasor measurement units (PMUs) around
the world enables wide-area monitoring and control applica-
tions. To incorporate PMU data in grid operations, system
operators must understand, validate, and correct phasor mea-
surements before using them in higher-level applications. In
this paper, we first discuss the phasor measurement process
that takes place inside a PMU, then we present a phasor state
estimator to correlate and validate PMU data across a network,
and finally we discuss a two-level interarea mode damping
controller using remote phasor measurements.

Introduction

Today, there are several Wide-Area Measurement Systems
(WAMS) operating around the world. Despite the different
development stages and applications found in different coun-
tries their Independent System Operators (ISOs) recognize
the importance of wide-area monitoring and control. The US
power grid is currently installing close to 1,000 new phasor
measurement units (PMUs) as part of the US DOE Smart
Grid Investment Grant (SGIG) activity. It is envisioned that the
high-sampling-rate data captured by PMUs distributed across a
power grid can be used to improve the visibility across control
areas and enhance system reliability.

The paper will be divided in three main parts. In the first
part, the phasor measurement estimation process is discussed.
The understanding of the phenomena involved in the phasor
measurement process is necessary for correct phasor data anal-
ysis as well as for design of advanced control and protection
schemes. This process knowledge also allows the identification
of potential sources of errors helping the incorporation of
phasor measurement in the state estimator process.

In the second part, a phasor state estimator (PSE) capable of
correcting phase biases and scaling factors will be described.
The application of this phasor state estimator to the central
New York power system will be illustrated. With sufficient re-
dundancy, the PMUs on six substations allow signal calibration
and voltage phasor calculation on seven neighboring buses. As
a result, the impact of internal and external disturbances on the
major power transfer paths in central New York can be studied
in greater details. Currently we are planning on expanding the
coverage of this phasor state estimator to additional regions in
New York.
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Fig. 1. Basic Phasor estimation architectures [1]

In the third part, interarea mode damping using remote PMU
signals will be presented. Here the emphasis is on two-
level control schema design. For a damping controller to be
effective, it has to provide appropriate phase compensation,
mostly of the lead type. The two-level control shown a bet-
ter performance when compared to the decentralized control
schema.

Phasor Measurements Architectures

Figure 1 illustrates the two basic PMU architectures [1]. The
basic block diagrams for the two schemes are similar and can
be divided into:

o Sampling and filtering;
« Frequency and Phasor (Discrete Fourier Transform - DFT)
estimators.

The main difference between the architectures is in the way
the signal is sampled:

o A uniform (fixed) sampling rate;
o A non-uniform (variable) sampling rate.

The first architecture was the first being used because uniform
sampling simplifies the data acquisition process and the signal-
processing analysis. Most of PMU algorithm development



activities are based on exploring and improving uniform sam-
pling methodologies [2], [3], [4], [5], [6] and [7]. As a result,
this paper will focus on the uniform sampling rate approach.

There are some non-uniform sampling methodologies avail-
able from the literature. An early result is available in [8],
followed by a few papers [6]; and some US patents [9] [10].
The main technical issue is to relate the time-tag given by the
GPS clock to the sampling clock generated by the local power
system frequency measurement.

Uniform Sampling Phasor Measurement Processing

The uniform sampling phasor measurement process is divided
in three main parts: phasor estimation using (recursive or
non-recursive) discrete Fourier Transform (DFT), frequency
estimation, and post-processing (using calibration factors and
filtering), as shown in Figure 2. Under off-nominal frequency
operation, the post-processing layer is necessary to correct
the effects caused by the leakage phenomenon. The leakage
phenomenon results from the truncation of sampled data
outside the data window. Consequently, the estimated phasor
is attenuated by two complex gains, P, and @,,.

Xest — PXtrue + Q(Xtrue)* (1)
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From Equation (2), the effects of the complex gain P,, (shown
in Figure 2) can be readily computed from the sampling win-
dow size (IV), the frequency deviation (Aw) and the sampling
period (At) [2]. The magnitude of P, is an attenuation factor,
and the phase angle of P, is a constant offset in the measured
phase angles. As the window size (/N) and sampling period
(At) are fixed, P, can be readily estimated for a frequency
range and stored in a table (Block 1 in Figure 2). In real-
time, frequency deviation estimation is necessary to compute
the correct P,, value.

The complex gain @, introduces a magnitude and phase angle
variations at frequency 2wy + Aw =~ 2wy (approximately)
in the estimated single-phase phasor. The second harmonic
(2wy) oscillation is shown in Figure 3 (blue curve). In contrast
to a static offset, this oscillation is not easily removed. A
conventional way to minimize its influence is to use a three-
point-average filter (Block 2 in Figure 2) [2], which can reduce
the harmonic components by more than 50%. Other filtering
techniques are presented in [11]. It should be noted that a
similar behavior shows up in positive-sequence estimation
under unbalance power system networks.
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Frequency Estimation In normal power system operation,
the power system frequency is never steady. This deviation
can be small, when related to generation load mismatch,
or large, during loss of generation disturbances. Thus, the
frequency estimation methodology plays a key role in the
phasor computation process. An interesting overview of the
power system frequency concept is found in [1].

Several frequency measurement methodologies can be found
in the literature [12]-[18]. The main available methods are:
Zero Crossing [13], Least Error Squares [19], Kalman filters
[20], Demodulation [14], [18] and Phasor-Based [13], [16],
[17].

The Phasor-Based method is generally used into commercial
PMUs. This method provides satisfactory performance under
large frequency variation and noisy environment.

Phasor State Estimation

In this section, we describe a phasor state estimator (PSE)
for improving the quality of PMU data for use in higher-level
applications. We extend the PSE concept in [21] to include
tap position estimation, current channel scaling, and line
parameter estimation. We apply the technique to PMU data
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Fig. 4. Observable sub-network of a Central NY with several power transfer
interfaces

from the high-voltage Central NY subnetwork (Fig. 4), which
has greater redundancy and wider geographical coverage than
the small system in [21]. In addition, the flows on five major
power transfer interfaces (labeled as A to E) can be computed,
showing the dynamic impact of various disturbances.

For the NY system in Fig. 4, voltage phasor measurements are
available on five buses (Buses 1, 4, 5, 10, 11, and 12), as well
as all line current phasors from those buses. The redundancy
of phasor data in the NY system allows for error corrections of
angle bias and current magnitude scaling, and the data can be
employed to estimate transformer tap ratios and transmission
line parameters. This allows for more precise and consistent
PSE solutions, which will be shown in the next two sections.

Phasor Measurement Error

Measurement noise is typically assumed to be independent
Gaussian white noise [22]. In our approach, we include
corrections for three specific types of error in the PMU data:
inaccurate line parameters, instrumentation bias, and PMU
algorithm discrepancies. We correct inaccurate line parameters
or transformer tap ratios by estimating the parameter in
question simultaneously with the voltage phasor states. To
improve the PSE solution, selected current measurements are
adjusted using a correction factor. Phase angle measurements
are sensitive to inaccurate synchronization, which can cause
an angle bias. For each multi-channel PMU, we introduce one
angle bias correction factor, as described in [21].

Least-Squares Estimation

To estimate the network state based on a set of phasor
measurements (M), we solve a weighted least-squares (WLS)
problem

min Y Wie? )

subj to e; =z; — hi(z;a), VieM 5)
where = is the state vector and « is a vector containing
augmented variables such as angle biases, current magnitude
scaling factors, and line parameters to be estimated. The ith
phasor measurement z; is related to the states = via the func-
tion h;(x). We minimize the residual (e;) between a measured
value and the state of the underlying system model. A weight
W, is applied in the objective function to account for the
variance of each measurement and we solve the optimization
using the Gauss-Newton iterative method [23]. The results
provide the estimated state of the system, i.e., voltage phasors
at all buses and estimates for the augmented variables. To set
up the WLS problem, we develop the measurement model
for voltage and current phasor measurements and form the
residual equations e; = z; — h;(x; ).

PSE Measurement Equations

For each voltage phasor measurement on Bus i, we have two
measurement equations (magnitude and phase). We include
an angle bias term in the angle equation to account for the
phase angle error introduced by shared timing circuitry and
phasor processing algorithms of a multi-channel PMU. We
express the voltage phasor in polar form instead of rectangular
coordinates, such that the angle bias term only appears in
one of the equations. When phase angle bias is included, the
measurement equations are

eVi — ‘/; _ V;_meas (6)
e, = 0; — 0" — oy @)

where V;°* and 6;"°* are the measured synchrophasor
quantities and V; and 6; are the voltage magnitude and angle
states, respectively. The angle bias term ¢, is associated with
the m-th PMU.

For the current phasors, we set each measurement equal to the
current phasor calculated using the m-model of the line and
the voltage states. As in the case of the voltage phasors, we
express the currents in polar form and include an angle bias
term in the angle equation.

We can include a current scaling correction factor to account
for poor calibration and/or nonlinearity of the CTs. If the
current magnitude measurement is to be corrected, its scaling
correction factor c¢;; appears only in the magnitude equation
(8). If no scaling correction is applied to a particular line
current measurement then its corresponding c;;, term is set
to zero.



On a line connecting Buses 7 and k, a current phasor mea-
surement from PMU m yields error equations given by

er,, = (1 + cig) Lip, — L™ (3)
€5 = dir, — Zp;lﬁeas — bm 9)

where I7;°* and 0]3°* are the magnitude and phase of the
current phasor measurement, respectively. The direction of the
current is taken to be from Bus 7 to Bus k. I;;, and §; are the
magnitude and phase values of the calculated current phasor,
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where If,ge and I},ﬁ“ are the real and imaginary parts of the
estimated current phasor,
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Thus the calculated current phasor quantities I;;, and §; are

functions of the voltage states and w-model line parameters
R, X, and B.

For transformers, we use (10)—(13) with some modifications,
namely setting B = 0 and including the tap ratio by taking
into account that current phasors at each end of a transformer
are related by

I, = —alrk; (14)

Thus we have the different equations for each side,
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where a is the transformer tap ratio and (R, X7) are the

transformer series parameters. For simplicity, we assume a is
continuous and real (no phase-shifting).

Itk =

Itk =

Gauss-Newton Solution Method

We employ the Gauss-Newton iterative method [23] to the
solve the phasor state estimation problem for a single time-
aligned sample of phasor measurements. When no previous
solution is available, we initialize the iteration using a linear
state estimator, omitting bias and scaling factors [24].

In our formulation, we take the augmented state vector ap-
proach to estimate phase angle biases, current scaling factors,
line parameters, and transformer tap ratios.

We assemble the residual equations given by (6)-(9) into
vectors ey, ey, €1, and eg, and denote the residual error vector
e, state vector x, and augmented parameter vector « as

ey (b
c
e= co , T = [‘g}, a=|X (17)
er B
es a

At each iteration, we update the states and parameters by
solving for the increment given by the weighted least-squares
problem

Az

WH {Aa} =We (18)

where H is the measurement Jacobian matrix and W is a
diagonal matrix consisting of all weights W;.

To compute H, we take the partial derivatives of the residual
equations with respect to the states and parameters to obtain
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Rank Conditions

For the PSE to have a unique solution, the measurement
Jacobian H has to have full rank. Thus it is necessary that

2Ny +2N; > 2Np + N, (20)

where Ny and Nj; are the number of unique voltage and
current phasors, Np is the number of buses, and N, is the
total number of estimated parameters, including angle biases,
current scaling factors, tap ratios, and line parameters.

The following are additional rank conditions required for
estimating various correction factors and parameters.

Phase Angle Bias Because the phase angle bias depends on
angular differences among different bus voltage phasors, we
set one PMU as the reference, so its angle bias term is equal to
zero (¢rer = 0). To satisfy the rank condition of H, we require
at minimum one current phasor measurement connecting the
PMU to the rest of the network.

Current Scaling  Estimating a current scaling factor requires
redundancy of the current magnitude. Compared to the con-
ditions for angle bias estimation, this condition is more strict,
thus we do not estimate scaling factors for every current
channel.



Line Parameters and Transformer Tap Ratios Only one
current phasor measurement is required to calculate the trans-
mission line parameters (X, B) or transformer parameters
(X, a). The voltage phasors at the ends of the line do not
need to be directly measured as long as (20) is satisfied.

Application to Central NY Power System

We apply the phasor state estimator to five disturbance events
to test the angle bias, current scaling factors, and line param-
eter estimation under various conditions. We also demonstrate
the use of the PSE to monitor power transfer interfaces. Table
I provides a list of the events.

TABLE I
RECENT DISTURBANCE EVENTS

Name Description

Event 1 Loss-of-generation to the East (500 MW)

Event 2 Loss-of-generation to the East (800 MW)

Event 3 Loss-of-generation to the East (700 MW)

Event 4 Loss-of-generation to the West (800 MW)

Event 5 Loss-of-generation to the East (No PMU data from Bus 5)
Event 6 Tap changing (to demonstrate tap ratio estimation)

In Events 1-4, all of the PMUs were reporting data but in
Event 5, PMU 5 was not providing data. For each event, we
run the PSE at 30 samples per second for a 20-second window
of data that includes the disturbance, using the line parameters
from the SE model. We choose the data windows such that
the disturbances occur between ¢t = 2 and ¢t = 3 seconds.

Data Quality and Parameter Consistency Analysis

For Events 1-4, we estimate the parameters listed in Table
II. In Event 5, the loss of redundancy reduces the number
of parameters we can estimate, so we do not estimate the
parameters for Line 4-5 (X455, Bss) and the angle bias ¢5 at
Bus 5 is no longer meaningful to estimate.

TABLE 11

PARAMETERS
Name Description
Gret =0 PMU 1A (at Bus 1) is the reference for angle bias
b1 Angle bias for PMU 1B (at Bus 1)
b4 Angle bias for PMU 4 (at Bus 4)
b5 Angle bias for PMU 5 (at Bus 5)
b10 Angle bias for PMU 10 (at Bus 10)
b11 Angle bias for PMU 11 (covers Buses 11 and 12)
c46 Scaling correction for current measurement 46
c45 Scaling correction for current measurement I45
X5 Series reactance for Line 4-5
Buas Shunt susceptance for Line 4-5
a1-10,1 Transformer tap ratio on Branch 1-10, Circuit 1
ai—10,2 Transformer tap ratio on Branch 1-10, Circuit 2
a11—12 Transformer tap ratio on Branch 11-12

In Figure 5, we plot the scaling factors for two current
measurements, I4g and I45. The results show a 8-12% error
for 146 and consistent 7% for I,5. Aside from transients during
the disturbances, the scaling factors remain relatively constant,
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Fig. 6. Angle Bias for PMUs 4 & 5

which can indicate a systematic scaling problem for these two
current measurements. Such scaling problems can be readily
corrected by adjusting values in the PMU configuration file.

For Events 1-4, we estimate the line parameters on Line 4-5
and compare them to the values from the SE model. We find a
10-15% difference between the nominal and estimated values,
which may be due to the fact that Line 4-5 is not transposed.

We observe that for all PMUs, the estimated angle bias is quite
small, less than 0.5°. Figure 6 shows the angle bias estimation
for PMUs 4 and 5.

Detection of a Timing Signal Problem In the angle bias
estimation, we observe a small-amplitude variation (about
0.03°) with periodic, sawtooth-like behavior. Its presence in
all of the angle bias variables indicates that the problem is
with the reference (PMU 1A). Note that the angle variation is
quite small.

Closer examination reveals a period of 2 seconds with tran-
sients at the top of each second, which is consistent with a
GPS clock pulse. Figure 7 shows the angle bias of PMU 1B
and we can see that this problem was resolved by fixing the
timing signal circuitry.



0.5 ;
—e— ¢1, Before Timing Circuitry Repair
—4—¢1, After Timing Circuitry Repair
0.45
l
E oL NN
ki \
\w/ 0.4.‘:\“’“ " I bl W 1 Y A 2
= \[’M Ve
aa] MY
035 :
0.3
0 5 10 15 20
Time (sec)
Fig. 7. Angle Bias before/after Timing Circuit Repair
1.04 ¥
[} ©.
= 1.03
3 ",
~ > g
2 e
< 1.02 Lk &
= i
v » —e—0a1-10,1
1.01 v —4—01-10,2 |
0 20 40 60 80 100 120 140 160 180
Time (sec)
Fig. 8. Transformer Tap Ratio Estimation

Missing PMU Data During Event 5, the data from the PMU
at Bus 5 was not being reported, which means we cannot
calculate Bus 9, Interface E, or line parameters and scaling
factors on Line 4-5. Despite the data loss, we can still estimate
the current scaling error on Line 4-6 and all of the results are
consistent with the other events (Fig. 5).

Transformer Tap Ratio Estimation We employ the voltage
and current phasor measurements at Buses 1 and 10 to
estimate the tap ratio of the transformers, which are made
by different manufacturers and have different tap ranges and
numbers of steps. The tap ratio was found to be constant
for Events 1-5, but in a separate dataset (Event 6), the PSE
indicated several tap changes. Figure 8 shows the tap ratios for
both transformers, indicating four tap changes (two for each
transformer). Note that the tap functions are slightly nonlinear,
as the tap change in Transformer 2 causes the tap estimate of
Transformer 1 to change by about 0.1 %.

Data Quality Improvement

To demonstrate the improvement in data quality, we compare
the residual error with and without correction of angle bias in
Table III. The RMS error is calculated separately for each
group of measurements: voltage magnitude, voltage angle,
current magnitude, and current angle. Within each group of
measurements, we also list the maximum error. The values in
Table III are averaged over the entire 20-second dataset for
each event. In all cases the error is decreased when the angle
bias is included, but we only include Events 2 and 4 here for

brevity. Note that the current scaling factors are used in both
the uncorrected and corrected PSE solutions.

TABLE III
RESIDUAL ERROR FOR MULTIPLE EVENTS

Current scaling Current scaling and
Residual error correction only angle bias correction
RMS Max RMS Max
ey (Event 2) | 0.0146 0.0236 | 0.0126 0.0207
ey (Event 2) | 0.0939 0.2397 | 0.0764 0.1563
ep (Event 2) | 0.1025  0.2209 | 0.0913 0.1873
es (Event 2) | 0.1201  0.2819 | 0.0817 0.1890
ey (Event4) | 0.0138 0.0230 | 0.0121 0.0204
ey (Event 4) | 0.1152  0.2860 | 0.0904 0.1910
ep (Event 4) | 0.1097 0.2335 | 0.0755 0.1411
es (Event 4) | 0.1004 0.2341 | 0.0653 0.1418

As a further demonstration of data quality improvement, we
show that the standard deviation of the errors is significantly
decreased when bias correction and scaling factors are used.
Table IV lists the average standard deviation of the residuals
with and without angle bias correction. The results show that
the outliers in the data are brought in line with the rest of the
data and the PSE solution is more consistent.

TABLE IV
STANDARD DEVIATION OF PSE RESIDUAL ERROR

Current scaling Current scaling and
Residual error correction only angle bias correction
Std. dev. o Std. dev. o

ey (Event 2) | 7.3123 x 103 5.9782 x 10~3
er (Event 2) | 8.3864 x 10~2 6.9853 x 10~2
eg (Event 2) | 1.3550 x 10—3 1.2591 x 103
es (Event 2) | 1.7974 x 103 1.2357 x 103
ey (Event 4) | 6.5456 x 1073 5.6627 x 1073
er (Event 4) | 10.202 x 10~2 8.1418 x 102
eg (Event 4) | 14.676 x 10~4 9.8815 x 10~4
es (Event 4) | 14.275 x 10~4 9.3691 x 10~4

In Table V, we show a decrease in total vector error (TVE)
when angle bias correction is used. Here we treat the PSE
solution as the exact solution and compare it to the measure-
ments. The values in Table V are averaged across all PMUs
and over the 20-second window for each disturbance event.

Interface Flows for Disturbance Events

After the phasor state estimation is completed, we can compute
the interface flows for the observable network. We look at two

TABLE V
MEAN TOTAL VECTOR ERROR (TVE)

Current scaling Current scaling and
Event correction only | angle bias correction
Mean TVE Mean TVE
Event 1 1.162% 0.890%
Event 2 1.106% 0.907%
Event 3 0.993% 0.701%
Event 4 1.051% 0.852%
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loss-of-generation events (Events 2 and 4).

Event 2: Loss of Generation to the East Event 2 is a loss-
of-generation event occurring in the external system beyond
Bus 2. The power system responds by increasing the power
flows across Interfaces A, B, D, and E. Figure 9 shows the net
change in interface power flow and angle separation between
Bus 1 and Bus 9 for this event.

There is little change in flow across the North-South Interface
C but on the other hand, there is a 250-300 MW increase in
active power across Interface E, representing about one-third
of the generation lost. We also observe an increase in the angle
separation that settles around 1.2° from its original value.

Event 4: Loss of Generation to the West In Event 4, we see
a net decrease in flow across the interface because power is
lost to the west. The net decrease in flow is due to the fact that
power flow is normally in the opposite direction. The change
in interface flows and angle separation is shown in Figure 10.
We see that 300 MW of the 800 MW lost is supplied from the
East (across Interface D) and the flow decrease across Interface
E is quite small. The angle separation between Buses 1 and
9 rapidly decreases by 6°, but settles around 2.5° lower than
the original value.

With these two loss-of-generation events, we demonstrate the
utility of the PSE method for computing unmeasured line flows
and constructing a high-fidelity picture of the transmission
system, enabling wide-area system monitoring and control
using PMUs.

Oscillation Mode Damping

The oscillation mode damping using PMU measurement
has been discussed in several papers [25]-[27]. The current
structure of power system controllers aiming at damping
electromechanical oscillations is decentralized. Power system
stabilizers (PSSs) use local signals and their outputs act on
the excitation system of the synchronous generators. Power
system stabilizers are tuned to be effective on local and
interarea modes in a range of system conditions. Although
the current control structure tends to be robust and very
effective, requirements of optimization and robustness in the
PSSs design would be desirable, given the current constraints
in transmission system expansion, leading to a more intensive
use of the existing transmission assets and to lower stability
margins. However, a comprehensive design of all controllers
in a large system could face several problems because it
involves the need of retuning PSSs in several utilities and
the selection of parameters to achieve not only local but also
the global performance requirements. Besides, changes in the
system configuration as new lines and interconnections are put
into operation may require global retuning of PSSs as new
oscillation modes emerge.

Hierarchical control structures using the facilities provided by
phasor measurements could add to the existing solutions for
the problems discussed above. Hierarchical control structures
were proposed in [27]-[31]. In this work a hierarchical control
scheme with two-levels, a decentralized control structure and
a centralized control structure, is utilized. The former uses a
decentralized structure, acting locally at the excitation system.
This is the conventional decentralized control structure found
in the power industry. The later is a higher level centralized
controller. This is quite different from the current control
structures used in the industry, but with the development of
phasor measurements and communication facilities it can be
considered as a serious possibility in the control of future
power systems. The basic control structure is presented in
Figure 11.

Decentralized control structure

This is the conventional decentralized control structure used
in the power industry. In this case local controllers, the PSSs,
act on the excitation system in each plant. The local structure
ensures a minimum performance of the system, even in the
event of loss of communication links or a failure that makes the
central control unavailable, and the stabilizing action for local
modes for which global information may not be necessary.
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Fig. 11. Two-level control structure

Centralized controller

The centralized structure consists of a central controller and
allows the optimization of the global performance of the
system. The input could use all the available information
acquired by the phasor measurement system. The output is
transmitted to the excitation system of the plants that are under
this central control. In this work it is assumed that the function
of the central controller is performed by the PDC (Phasor Data
Concentrator).

The centralized controller can perform several functions be-
sides the optimization of the performance as measured by
higher damping levels of the oscillation modes. Robustness
requirements can be included in the design of the central
controller to take into account changes in the system topology
and large variations in load and power flows. Currently, taking
robustness as a requirement faces difficulties of implementa-
tion because it requires retuning of PSSs in several utilities
with global goals that may not be so clear for the utilities, or
implementing new techniques, such as adaptive control, that
are not well-tested for power systems applications. Supple-
mentary damping sources such as FACTS devices, currently
used for other goals as voltage control and power flow control,
could additionally be used by the centralized control for
optimization and robustness purposes.

The remote signal generated by the central control acts at the
excitation system as shown in Figure 12.

Because the remote control signal is calculated in the PDC
acting as a central controller, there are two time delays
involved, one from the signal measurement point to the PDC
and one from the PDC to the power plant, as shown in
Figure 11

Design of power systems damping controllers

The controllers for enhancing power systems small-signal
stability use output feedback, because the large dimension

Generator

AVR @

Input
Signal
——» Local PSS

Central Controller
Signal

Fig. 12.  Actuation of central control signal

turns difficult to use state feedback.

However, the design of output feedback controllers is still an
open problem in control theory [32]. It is recognized as a
difficult problem, specially in the case in which the controller
order is much lower than the controlled system. The inclusion
of robustness requirements makes the problem even more
difficult. Many publications tackle this problem, but power
system engineers have had difficulties in applying these results
to real systems.

A considerable range of control design methods applied to
power systems are based on optimization. The quadratic reg-
ulator problem (LQG) has been applied in several variants to
power systems. The performance index is a functional and the
minimization is achieved by a solution of a Riccati equation
[27]. However, it has a non-explicit relation with the closed-
loop performance indexes and does not include robustness
requirements

Optimization of objective functions that incorporate closed-
loop performance indexes has been proposed for the design
of power system controllers [33]-[36]. The success of this
approach depends on the nature of the optimization problem.
If the performance index leads to a nonsmooth, nonconvex
objective function, the optimization method must be able
to deal with those characteristics. That is the case of the
algorithm used in [37]. It uses a hybrid algorithm mixing
quasi-Newton BFGS, bundling and gradient sampling. Its
advantage is its capability in handling nonsmooth, nonconvex
optimization problems. This allows that performance indexes
directly related to the closed-loop performance, but leading
to nonsmooth and nonconvex optimization problems, be op-
timized. A different algorithm is used in [?], where a direct
search method that can deal with nonsmoothness is applied for
the design of power system stabilizers. It is worth remarking
that metaheuristics has been proposed as an alternative for
solving the problem of designing power system controllers
by the optimization of closed-loop performance indexes. Such
methods include genetic algorithms [38], simulated annealing
[39] and swarm optimization [40]. Robustness requirements
can be included. A comparative assessment of the performance
of both approaches for the design of power system controllers
involving nonsmooth and nonconvex functions must yet be
carried out.



Damping Improvement The design method proposed in [27]
is applied to a 33-bus, seven-machine equivalent model of
the Southern Brazil system (Fig. 13). This equivalent was
specially prepared to test applications in the Southern Brazil
system. The generators are represented by a fifth-order model.
Generator saturation is included. Besides AVR and PSS, speed
governors are represented. Wash-outs are included in the local
and central PSS and all devices are represented considering
their limits. The complete system data is found in [27].

S. Osério 1047 UHE
soro G. B. Munhoz

Cascavél

839

Bateias
2458 895
Curitiba

UHE S. Caxias,
Blumenau

AREAA 964

Caxias
230KV

Fig. 13. Equivalent of Southern Brazil system.

The system is originally well-damped with the decentralized
control. All modes present damping above 13%. However,
under critical topological changes, the system damping can
decrease significantly. For instance, the permanent disconnec-
tion of the transmission line 995-1060 (Ita-S. Santiago) causes
the emergence of a low-damped mode (Table VI, Row 1).
This mode is associated to the oscillation of generators Ita
and Machadinho against the rest of the system. The system
performance can be improved by retuning of the conventional
PSSs but this is time consuming and can restrict temporarily
the optimal real-time operation. A two-level control can be
promptly enabled from the EMS in order to ensure a high
damping for the new topology and is an alternative to the
retuning of the PSSs in several utilities.

TABLE VI
TEST SYSTEM DOMINANT OSCILLATION MODES

Row . Frequency | Damping
Case Number Eigenvalue (Hz) (%)
Local control 1 —0.12 £ 4.92¢ 0.78 2.53
Two-level control 2 —0.57 £ 6.42¢ 1.02 8.86

Controller design

The synthesis of the central controller can be cast as an
optimization problem. A H,, norm minimization is applied
between the voltage reference and the angle speed, this time
at the Machadinho power plant. The central controller was
designed using as input signals the generator speeds of Salto
Caxias, Ita, Salto Osorio and Machadinho with outputs at the

same power plants. The selection of input and outputs was
based on the analysis of the controllability and observability
factors corresponding to the low-damped mode. Time delays of
200 ms, between the PMUs and the PDC, and from the PDC to
the generators under the central controller, in a total of 400 ms,
were considered. The system order, including time delays, was
chosen. The computing time for the Southern system is in the
order of seconds, a much shorter time than in the case of the
Southern/Southeastern system. The improved system damping
with the two-level control is shown in Table VI, Row 2.

Conclusions

In this paper, three main components related with the phasor
measurement research were discussed, contribuing to improve
the power system operation performance. First, it necessary to
have a better understanding of the way the phasor is measured
in off-line analysis. Second, the PMU like any other device
may present measurement errors during regular operation and
needs to be corrected to provide a trustable data for the
applications. Third, an advanced application is considered
showing the potential of the technology in improving power
system operation.
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