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Abstract

Present technology allows the integration of
relavs, DFRs, merers and other [EDs in
substations. In fact the promise of Substation
Autamarion is to make available all data 1o all
wsers in a refiable and timely manner. This
integraiion fucilitates advanced applicarions.
Two such applicarions are described in this
paper, The first relates ro utilizing relay and
DFR data in a meaningfal and user friendly
manner, Specifically. recorded data are
correlated 1o the svstem model and displaved in
an animated wav. This approach provides a user
friendly and self-intuizive visualization of the
Jfaulr conditions and the location of the fault, The
second applicarion refares to wiilization of the
refay, DFR, meter, ete. data for state estimation.
In case of existence of GPS synchronized relays
or PMUs, the approach provides a fully
distributed and highly reliabie siate estimator as
upposed to present stdle estimalor performance
which is not 100% reliabie. Specifically, there is
significant probabiiity thar the state esiimators
may nor converge to an accepiabie solution. On
art indusiry wide basis, the probability of non
convergence 1y abont 5%. The reasons for this
performance have been investigated and have
heen reporied in varlier papers. In this paper we
report on a new approach that alleviares the
sources of staie estomator unveliabiliy and ar the
same time distribuies the computarional
procedure 16 each substation of the system,
assuming there is ar least one GPS-synchronized
device (velay, PMU, recorder, meter, ere.) at
each subsiarion. This results in q true distributed

estiimator. The results of the distribured state
estimator are comumunicated io the control
center where the overall svstem state is
constructed. The approach has been previously
implemented to two subsystems of nwo
substations each. Both of the above mentioned
advanced applicarions will be demonstrated on a
spectfic substation of the VIWAPA svsiem. It is
shown that state estimation can be performed
once a second, a remarkable achievement,

Glossary

COMTRADE

GPS: Global Pesitioning System

PMU: Phasor Measurement Unit

CT: Current Transformer

VT: Voltage Transformer

CCVT : Capacitor Coupled Voltage Transformer

1. Introduction

The concept of distributed state estimation
has been introduced in the garly to mid 30°s asa
new state estimation approach in an altempt to
improve the efficiency of state estimation. [1]
This concept has been extended in the following
vears and is currently still a research topic that
attracts great attention. [2]-{5] The introduction
of PMUs has also wiggered changes m the
traditional state estimation approaches  and
provided significant possibilities by allowing



direct measurement of system bus angles [3].
[31-[9}.

I'he ability to perform GPS-synchranized
measurements with time accuracy of one ar two
microseconds (Macrodyne PMU, Jay Murphy
1992) has opened up many possibilities in power
system monitoring and control. One of them is to
improve the state estimation process. Efforts to
enhance the state estimator technology with
PMU measurements have been dated back to
1993 [6]-[8]. Presemtlv there are two main
approaches. The first approach is to utilized
existing state estimator technology and augment
the measurement set with GPS svnchronized
measurements [3], [5]. [9]. This approack resulis
to what we refer to as PMU assisted state
estimator. The approach improves the
performance of the state estimator. but does not
address the biases of the estimator from
unbalances and asymmetries. The second
approach is to drastically change the model and
the measurement set. Specifically, to use a three
phase model for the system and use three phase
measurements. In this way the biases from
unbalances and system asymmetries are
alleviated [10]-[14]. In addition. since GPS
synchronized equipment are of higher accuracy
than conventional SCADA system it is important
0 consider and correct for errors from the
instrumentation channels [12]. [15]-[22]. This
approach led to the concept of the
SuperCalibrator reported in earlier papers [23].

2. Distributed SE Using the
SuperCalibrator

The concept of the “SuperCalibrator” has
been introduced, as a substation-based state
estimator that utilizes a detailed three-phase
breaker-oriented moadel of the substation. with
explicit representation ol the instrumentation
channels. The concept of the “SuperCalibrator”
i5 an exiension of the harmonic measurement
system developed for NYPA in the early 90°s
using the Macrodyne PMU and appropriate error
correction  algorithms  [6).  {7]. Numerical
experiments have validated the
“SupsrCalibrator™  approach.  Whiie  the
“SuperCalibrator” is applied to the streaming
data of PMUs (typically 30 samples per second)
in this project the SuperCalibrator is used at each
SCADA cyele (typicaily, avery 2 to 6 seconds) or
at a user selected time cycle. The overall
appreach consists of {a) execution of the state

estimation locally at each substation and (b)
transmission of the [ocal state estimates to the
control center for reconstruction of the system
wide operating conditions. This capability has
been named “state measurer” by Terry Boston of
TVA. Theoretically. the “state measurer” is
achievable if the capability of GPS-synchronized
equipment to time tag measurements with
precision in the order of 1 to 2 microseconds is
appropriately utilized.

The implementation is based on the
mentioned three-phase, breaker-oriented.
instrumentation  inclusive  model of the
subsystem. It is recognized that certain PMU
measurements (PMUs from wvarious vendors
have been evaluated and rested earlier) provide
much more accurate phase measurements from
magnitude measurement. To take advantage of
this fact. the state estimator is not based on the
total vector error defined in the standards (IEEE
Std C37-118). but rather on a segregated
magnitude and phase error.

The performance of the overall approach has
been compared with a number of metrics as
described below: (a) using statistical analysis of
the state estimator results, such as the chi-square
test, evaluation of standard deviation of
estimated states and estimated measurements,
and statistical properties of residuals; (b) by
comparing the subsystem state estimate to the
system state estimates using again statistical
properties. The combination of these technigues
quantifies the accuracy of the distributed state
estimator. While the output of the distributed
stale estimator is a three-phase estimate, in order
Lo maintain compatibility with other applications,
the positive sequence model and analog values is
also provided by applying the symmetrical
transformation on the three-phase estimated
values,

The overall approach and tasks are
illustrated in the functional description of the
distributed state estimator of Figure 1. Note that
the first output is the positive sequence of the
estimated states. The figure also shows the data
input to the estimator. The state estimation
coerdinating algorithm is exercised only at the
research period or the commissioning period.
The coordination  algorithm  checks  the
consistency of the estimated line flows obrained
from the two terminating substations. The two
estimates must be identical within the accuracy
of the distributed state estimator. If there is
discrepancy the state estimation coordination
algorithm will be exercised. This algorithm is
similar to the disiributed state estimator except
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now the subsystem may contain  several
substations,

1 Crfented, Instrumantation inclusive
T Mﬂmkesubammnh’nm

Flgure‘i Functional Descnptson of the
Distributed State Estimator.

The substation fevel state estimator using all
available data allows sharp bad data detection
and identification and alarm analvsis and root
cause identification. The advantage comes from
the fact that at the substation level there is
greater redundancy of data than a fypica
centralized state estimator based on SCADA data
alone. This redundancy facilitates the detection

bad data and system topology errors. In
addition. the state estimator problem is much
smaller in size and therefore the powerful
hypothesis testing method is applied for both bad
data and topology errors without substantial
deterioration of the compurtational efficiency.
Note that comprehensive hypothesis testing in
centralized state estimalors & a practical
impossibility because of the large number of
hypotheses and the size of the system. The use of
the  thres-phase  breaker-oriented  model
facilitates the identification of symunetric and
asymmetric topology errors (one pole stuck.
etc.). The traditional symmetric state estimators
cannot identify asvmmetric root cause events.

It is important to recognize that the next
generation of substations will have standards
such as the IEC 61830, which will make
available all the data from relays, PMUs,
SCADA, meters, estc on a common bus
accessible from any other device, In this case the
praposed system will simply access the 61830
bus to retrieve the dara and perform the
estimation.

3. Distributed State Estimation
Formulation

This section presents an everview of the basic
building blocks of the distributed state estimator.
Detailed description of all the blocks is given in
subsequent sections,

3.1. Basic Building Blocks
The basic building blocks are:
I.  The three-phase breaker-oriented power
svstem mode)
The inteilizent electronic device (RTU,
relay. meter, disturbance recorder.
PMU) with instrumentation mode!
3. The substation level static state
estimation method
4. The substation level dynamic state
estimation methed
A brief description of each of these blocks i
given below.

-

Three-Phase Breaker-Oriented Model:
Two sources of errors and biases for present-day
state estimators are (a) svstem imbalances and
(b} system asymmetries. These sources can be
alleviated by using a three-phase breaker
oriented meodel for the power svstem. And in
particular, we use a physically based model from
which the three-phase breaker-oriented model is
extracted. The physically based model is a three
dimensional model of the system inputted with a
variety of user interfaces. Once the physical
model is entered the mathematical model of the
three-phase breakér  oriented  model  is
automatically constructed. This eliminates or
minimizes human error in the construction of the
nodel.

[EDs/PMUs and Instrumentation
Channel Model: An important issue is the
accuracy of the available data. Specificaily.
GPS-synchronized equipment (PMUs) is in
generai higher precision equipment as compared
to typical SCADA systems. Conceptually, PMUs
provide measurements that are time tagged with
p ecision better than | microsecond and
magnitude accuracy that is better than 0.1%. This
potsmmi performance is not achieved in an
actual freld installation because of two reasons:
(a) different vendors use different design
approachies that result in variable performance
among vendors, for example use of multiplexing
among channels or variable time latencies among
manulacturers result in timing errors much
greater than one microsecond, and (b) GPS-
synchronized equipment receives inputs from
instrument  wansformers,  control L’fih]t‘\'
attenuators. ete. which intreduce magnitude and
phase errors that are much greater than tle
accuracy of PMUs. For example, many utilities
mayv use CCVTs for instrument transfarmers. We
refer 1o the errors introduced by instrument



transformers, control cables, attenuators, etc, as
the instrumentation channel ervor. The end result
is that “raw” phasor data from different vendors
cannot be used as highly accurate data.

Conceptually, the overall precision issue can
be resolved with sophisticated calibration
methods. This approach is quite expensive and
faces difficult technical problems. Specifically, it
is extremely difficult to calibrate instrument
transformers and the overall instrumentation
channel m the field. Laboratory calibration of
instrument transformers is possible, but a very
expensive proposition, if not all, of instrument
transformers need to be calibrated. In the early
90's the authors directed a rescarch project in
which we developed calibration procedures for
selected NYPA's high voltage instrument
transformers [20], From the practicai point of
view, this approach is an economic impossibility.
An alternative approach is to utilize appropriate
filtering techniques for the purpose of correcting
the magnitude and phase errors. assuming that
the characteristics of the various GPS-
synchronized pieces of equipment are known and
the instrumentation feeding this equipment is
also known,

We propose a viable and practical approach
to correct for errors from imstrumentition,
Specifically, the models of the IEDs, PMUs and
the associated instrumentation channel model is
all integrated into a single model that provides
the transfer function from the high voltage side
1o the output of the IEDs and PMUs, This model
is also integrated with the three-phase breaker-
oriented model that was described earlier. The
end result is an accurate représentation of the
physical system by which the measurements are
raken.

Substation Level Static State Estimation:
The static state estimation algorithm utilizes the
integrated model of the three-phase breaker-
oriented instrumentation channel inciusive model
and the set of measurements (excluding
frequency and rate of change of frequency) to
perform a state estimation, bad data detection
and identification, topology error detection and
identification for the purpose of extracting the
real time model of the systern. The overall
mathematical process is assisted with a number
of pseudomeasurements,

Substation  Level  Dynamic  State
Estimation: The dynamic state estimation
algorithm utilizes the integrated model of the
three-phase  breaker-oriented  instrumentation
channe! inclusive model and the set of
measurements (including frequency and change

of frequency) to perform a state estimation, bad
data detection and identification, topelogy error

detection and identification for the purpose of

extracting the real time model of the system.
In this paper we focus on the substation
level static state estimator.

3.2. State and Measurement Set

The ‘%t*ibutﬂ state  estimator  takes
advantage of the existing GPS-synchronized
measurements for the purpose of partitioning the
state  estimalor in an  arbitrary  manner.
Specifically, for practical purposes the state
estimation is defined at the substation level.
Consider for example a substation as it i1
Hustrated in Figure 2. The substation is
connected to four other substations. The state
estimation problem is defined for the network
that is included within the boundaries of the
substation and the interconnecting lhnes. The
state that needs to be evaluated is the state of the
substation only. For reasons of developing the
simplest  possible  mmplementation we  also

7!

Include the voltage variables at the other end of

the transmission lines. However the evaluation
of these state variables is performed via pseudo-
measurements for the purpose of avoiding the
requirement of obtaining and wansmitting via
communication channels measurements from
other substations.
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Figure 2. State Definition at Substation

Level.

States within the substation: V', . and V, .
States outside the substation:
Ve Vous Vi amd ¥y

Note that each one of the above states 1s a 4x1
complex vector as follows:
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Measurements: The measurements utilized
in this approach are all available measuremenis
in the substation mainly from SCADA. Relavs.
IEDs, fault disturbance recorders and PMUSs. The
meastrements are categorized o GPS-
synchronized and  non-synchronized  ones.
Mathematically these two categories are treated
differently.

The GPS-synchronized phasor measurement
set consists of voltage and current measuremennts,
both magnitude and phase in all three phases.
Veltage  measurements are  dirsct  state
measurements. Current measwrements can be
expressed in terms of linear measursment
eguations with respect to the system state,
provided that a rectangular  coordinate
formulation is used.

Non-synchronized measurements consist of

SCADA measurements of voltage and. possibly,
current magnitude, active and reactive power
flows at each side of the substation transformer
and on the substation end of the lines. Such
measurements are typically obtamed via analog
measurement devices and are in general related
to the system state via a sét of non-linear
equations. In our formulation such measurement
equations are of degree at most quadratic. In
addition to the zctual measurements the approach

15 facilitated by a number af

pseudomeasurements. These are defined below,
Pseudomeasurements of the voltages at

other end of lines (ncighboring substations):

These pseudo measurements are iltustrated in

Figure 3. Given measurements of [, (all three

N

phases) and f i three phases) of a line /at a

substation /& and & 3-phase model of the line. of
Lhe generalized pi-equivalent form;
f LTI 7
_?

}
[ |

J v, ks _
Then the voltage pseudomeasurcment at the
other end of the ling (neighboring substation) is
defined by:

(1-2,%,)
[z, 2,] [F %,T°

where = ° o and Tis
LZ;. Zy | Ly T

the identity mairix of appropriate dimension.
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Figure 3. Pseudo-measurements of
Voltage at Other End of Lines.

Pseudomeasurements  from  Kirchoff's
current taw: These pseudemeasurements are
illustrated i Figure 4. In general it holds that

Z k1 =0. where k is the voltage level (kJ7

level), ut each internal note of the substation.
I'herefore, for the substation shown in Figure 4,

the following equations define
pseu usdomeasurements:

IL+L+T, =0

Three Lquauom one for each phase

I s F 1’ f

Three equations, one for each phﬂb\.

K+ T )+ k(T +T )+ T

Three equations. one for each phase

{ . is the transformer magnetizing current, Since
its' value is rather small. it can be negiected
without significant loss of accuracy. The
coefficients &, and k&, are the two voltage
levels that define the wansformation ratio of the
pawer transformer.
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Figure 4. Pseudo-measurements from
Kirchoff's Current Law.

Pseudo-measurements of the individual
phase voltages: These pssudo measurements
are introduced if the measurement of a single
phase is missing or is not available. Assuming
that phase A voltage measurement exists. while
phase C voltage measurement does not. In this
case the following equation is introduced,
defining a pseudo-measurement equation for
phase C:
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Pseudomeasurements of the

neutral/shield wire current: These pssudo
measurements are introduced as follows:

FTiEure 5. Pseudo-measurements from
Neutral/Shield Wire Current.

Given a line mode] we can compute the ratio of
shield/neutral current over the return current as:

sea

1
= =

ol a
-\, +1,+1)
Then the fellowing pseudomeasurement s
introduced:
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Pseudomeasurements of the
neutral/gsround voltage: The neutral’ground

valtage is computed as the product of the
substation ground impedance and the earth
current. The earth current is the sum of all earth
currents of all fransmission lines conmected to
the substation. The equations are:

:t:ﬁim;‘ﬁ-m = _R:' Z (] . sz ‘)(.}::2‘.-’ + —]?f'-“f ai F.é )

where R, is the substation ground resistance and

the coefficient & is the ratio of shield/neutral
current over the return current.

Note that under normal operating conditions
the neutral/ground voltage will be negligibly
small. However during a fault condition or a
stuck breaker the neutral/ground voltage may be
elevated to a substantial value.

3.2. Instrumentation Model

PMUs. SCADA, relaying. metering and
disturbance recording use a system of instrument
transformers to scale the power system voltages
and currents into instrumentation level voltages
and currents. Standard instrumentation level
voltages and currents are 67V or 115V and 5A
respectively. These standards were established
many  vears ago {0 accommodate  the
electromechanical relays. Today. the instrument
transformers are still in use, but because modern
relays. metering and disturbance recording
operates at much fower voltages, it is necessary
to apply another transformation from the
previously defined standard voltages and
curtents to another set of standard voltages of
OV or 2V. This means that the modern
instrumentation channel consists of typically two
ransformations  and  additional wiring and
possibly burdens. Figure 6 illustrates tvpical
mstrumentation channels, a voltags channel and

i)
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Figure 6. Typical Instrumentation
Channel for Data Collection.

Note that each component of the
instrumentation channel will introduce an error.

I B B B B I Bn O Bn O Bn B O Bn O  BERn B O Bh OB BE OB O Ba O EBn B S @b O Ba S S O da O dn s o Es  omw e e



Of importance is the net error introduced by all
the components of the instrumentation channel.
The overall error can be defined as follows. Let
the voltage or current at the power system be:
v.(1), i,1)

An ideg) instrumentation channel will
cenerate a waveform at the output of the channel
that will be an exact replica of the waveform at
the power system, If the nominal transformation
ratio is k. and k, for the voltage and current
instrumentation channels respectively, then the
output of the ideal channels will be:

D=k (D) () =k (1)
The error is defined as follows:
vvrr:-r {I) = "“nu.‘ {‘” - 1’}:;.‘.-;:" U )

Fopner (D) =0, (Y =14 (1)

where the subscript “out™ refers to the actual
output of the instrumentation channel. The error
waveform can be analyzed to provide the rms
value of the error, the phase error, etc. The
overall instrumentation channel error can be
characterized with the gain function of the entire
channe! defined with (for voltage and current
measurement respectively):

cn KAL) en Lalf)

{f}:m and g,.{_f)=ﬁ}'T'-
n . mn .f)

The instrumentation error can be computed
by appropriate  models of the entire
istrumentation channel. It 1s important to note
that some components may be subject w0
satyration (CTs and PTs), while other
components may include resonant cireults with
difficult 1o model behavior (CCVTs). In general
i1 Is straightforward to model the instrumentation
channel and compute the transter function. Then
the transfer function is integrated into the state
estimation model.

Vv

g

3.3. Distributed State Estimator
Algorithm

The formulation is presented with the
following postulated model:
Z=Nhx)+7
where z is a vector of three phase measurements;
x is a vector of the state (three-phase state); nis a
vectar of error; h is a vector function depending
on the system modeling, The three-phase state
sstimator 1§ formulated by selecting the three-
phase state, the three-phase measurements and
the three-phase systern  model. These are
described next.

The hybrid estimation process minimizes the
following objective function which includes all
the available measurement data:

| 7,1, 7.7,
Mn J= Y 2oy —_

pr) 2 2
: sor venan-syn O

v

It is noted that if all measurements are
svnchronized, the state estimation preblem
becomes linear and the solution is obtained
directlv. In the presence of non-synchronized
measwrgiments and in terms of the above
formulation. the problem can be made quadratic.
Specifically, using the quadratic formulation, the
measurements can be separated inte phasor and
non-synchromized  measurements  with  the
following form:

z,=Hx+n

&

g, = H o+ 51Q .\'_:‘-'r n,

In the above equations, the subscript § indicates
phaser measurements while the subseript #
indicates non-synchronized measurements. The
best state estimate is given by:

ase ]: Phasor measurements only.

i=(glwy, )V BIW:,

“ase 2; Phasor and non-synchronized

L
measurements.
e NS S | z =M ]
Pl (HTWH] HTH e w,‘l
’ [z, = H.8 -3 OF ._!

where:
= W (}'} . | H,

0 W - |H +H,

= = and - b

4. Quantification of SupcrCalibrator
Output Accuracy

The everall accuracy and performance of the
SuperCalibrator can be evaluated using the
concept of the confidence level as in the case of
the traditional state estimator. Again one has to
identity the number of states, the number of
measurements for the purpose of computing the
degrees of freedom. Then at the state estimate.
the value ol the objective function should be
computed.

More specifically, with respect to the quality
of state estimation, there are two related
problems. The first one relates to the vahdity of
the data (measurements). If the measurements
are polluted with reasonable measurement error



{within the specifications of the measuring
instruments), and assuming there is enough
redundancy, the state estimate will be reasonably
accurate. However, if one or more data have
large errors (due to a number of reasons). the
state estimate will not be accurate. Thus, it is
necessary that the state estimator be able to
detect and reject bad data. The second problem
relates to the error transmitted to the state
estimate from the measurement error. This errer
is measured with the standard deviation of the
state estimate. It should be expected that in the
presence of statistically reasonable measurement
errors, the standard deviation of the state
estimate should decrease as the redundancy
increases.

Consider a measurement of a physical
quantity of an electric power system. We have
discussed the fact that this measurement is
obtained via an instrumentation channel that can
be complex. The measurement process will
exhibit seme error. For simplicity, we introduced
a number of assumptions regarding the
measurement error. Consider the normalized

error for measurement i, §,:
h(x)=b,
§ =
G,
where /1,(x)is the measurement model. b, the
measurement  value and @, the standard

deviation of the measurement. It {5 assumed that
the normalized errors are Gaussian distributed
with standard deviation 1.0 and zero cross
correlation,

Given the meter accuracy defined above. two
problems can be defined as follows: (a) what is
the probability that all data are located within
expected bounds (goodness of fit) and (b) what is
the zceuracy of the computed sohition. These
problems will be addressed next. Te approach is
the same staristical approach as in the traditional
state estimation, therefore the description will be
brief.

Goodness of Fit: The goodness of fir is
defined as the probability that the distribution of
the measurement errors are within the expectad
bounds. This probability is computed via
standard hypothesis testing, using the chi-square
distribution, with 71~ 1 degrees of frecdom. of
the normalized measurement residuals. 71 is the
total number of measurements. # is the number
of estimated state variables.

Solution Accuracy: The accuracy of the
solution is expressed with the covariance matrix
of the state estimate, X. Specifically, let X be
the rrue, but unknown, solution, and X be the
sclution to the least squares problem. The
definition of the covariance matrix is:

C,=E(x-3(x-%)"]

Note that a linearized expression for X —X is as
follows (which is obtained by applying the state
estimation algorithm at point X)

X—=X=(H WH) H'Wr (for least square
solution )

where r=h(X)—b and H is the Jacobian
matrix of the measurement eguations. The
Jacobian is supposed o be cemputed at the true
state X. However, since the true state is not
known. we approximate the Jacobian matrix at
the known best estimate of the state. X. As we
discussed. the residuals 7 represent the
measurement errors, i.e. 7 =17 . The statistics of

the measurement error are £[77]=0 and

T
Elgn =W~
Upon substitution of above into the definition of
the covariance matrix, the following is obtained
C, =E{(H'WHY H'Wan W H(H "WH)")
and the above equation is simplified to vield:
C, =(H'WH)™

Once the covariance matrix of the solution
has been compured. the standard deviation of a
component of the solution vector X is given with

o, = \fIC: (i.7)

where, C' (i.7) is the ith diagonal entry of the
covariance matrix.

In summary, the quality of the state estimate
is quantified as follows: A measure of data
validity is expressed with the confidence level
obmained from the chi-square distribution. The
accuracy of the estimated state variables is given
with the diagonal entries of the information
matrix which express the square of the standard
deviation.

3. Implementation and Demonstration
Projects

The distributed state  estimator was
demonstrated on  two  subsystems. each
subsystem comprised two substations, The
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approach described in this report has been
implemented to two systems of two substations
each interconnected with a transmission line. The
sysiems are:

The MARCY and MESSINA substations of the
New York Power Authority (NYPA) system, and
The PANAMA and ROMEVILLE substation of
the Entergy system.

These two test systems consist of two
interconnected  substations each. Figure 7
itlustrates the NYPA test system. while Figure 8
illustrates the Entergy test svstem,
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Figure 7. One-Line Diagram of NYPA Test
System Superimposed on NY State Map.

AFirgu?re 8. fdne:!_ir-ie- Di}téi%i'h of En'{éréry
Test System Superimposed on an Aerial
Picture of the Area.

For brevity we describe the ENTERGY
svstem in more detail. Figures 9 and 10 show the
one-line diagram of Panama and Romeville
substations respectively, The models include
detailed representation of the substation
topology. breaker confizurations and niodels of
the PMU units located in these substations.

=Y

Figure 9. PANAMA substation one-line
diagram.

b

Figure 10. ROMEVILLE substation one-
line diagram.

Figures | and 12 show the 3D models of the
two substations. Each component of the svstem
is graphically represented und the models are
also interactive, allowing the user to go from the
graphical medel (in both 2D and 3D
representation) to the user imterface of the
mathematical model of each device. and specify
or madify the compenent parameters.

Figure 11. 3D model of PANAMA
substation.




Figure 12. 3D Model of ROMEVILLE
Substation.

Typical results (snapshots) of the distributed
state estimator for the Panama-Romeville system
are shown in Figures 13 and 14. The results are
with actual data collected at the two substations,
The  GPS-synchronized device at  both
substations was SEL 421 relays. Note that Figure
13 predicts that with probability 99% the
expected error of the distributed state estimator is
approximately 4 times the accuracy of the best
measurenment in this case the GPS synchronized
measurements that have accuracy o' 0.02 degrees
for phase and 0.1% for magnitude. The actual
residuals for phase A of the voltages at the two
substations are less than 0.322 kV for magnitude
and between 0.051 and 0.023 degress for the
phase (see Figure 14). This is a superior
performance when compared to the traditional
state estimator,

] State Estimation Seiution Repart
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Figure 13. Results of chi-Square Test for One
Snapshot of the Distributed State Estimator

Figure 14. Visualization of Voltage Magnitude
and Phase Residuals Amplified by 300 for
Phase and by 20 for Magnitude

6. Conelusions

This paper presented recent work and
advances in the SuperCalibrator concept. The
complexity of state estimation using the
SuperCalibrator  approach appears to be
significantly higher, compared to the traditional
state estimation. however, there are significant
advantages that fully justify the approach.
Compared to more traditional state estimation
approaches the SuperCalibrator presents the
foliowing advantages:

o Utilization of full three-phase system models:
More accurate system modeling results in
more realistic and accurate measurement
equations and thus more precise estimation
results. Such a modeling can capture system
imbaiances that frequently occur. even at the
transmission  level as well as system
asymmetries. :

 Inclusion of instrumentation  channel
modeling: Instrumentation channels may play
an important role in the accuracy of the data
and can introduce significant errors. Their
modeling can elminate most of such errors
via software.

o Utilizatien of all available data: In the
presentad approach all data at the substation
level coming from various measuring devices
are utilized and included in the sstimation
process. Such data can come from PMUs.
relays, other TEDs or the SCADA system and
can be either synchronized of not. Therefore.
the estimate is more accurate and the
redundancy  of measurements  increases
dramatically. Furthermore. no data that are



already available are “wasted” by being
ignored in the state estimation algorithm.

e Distributed SE approach: The SuperCalibrator
concept operates on all available (static and
streaming) data ar the substation level. Only
data obtained locally are utilized, therefore
minimizing communication  burden  and
latencies as well as compurational burden.

e Quantification of data accuracy: The output of
the algorithm also  quantifies the dam
accuracy: thus is can bz used to remotelv
calibrate the measuring system. This is also
where the name SuperCalibrator came from.

¢ Minimization of transferred data: This is a
very important advantage of SuperCalibrator,
Since all the computations are performed
locally, on a disributed basis, and also only
local data are used significant improvements
can be achieved in terms of communication
latencies. Omiy the results of the local
estimation need 1t be communicated,
therefore we have only communication of
information and not raw data. The amount of
data of the estimation results at each
substation is orders of magnitude less than the
amount ol available row data.
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