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Abstract: This paper provides a methodology to

characterize the accuracy of PMU data (GPS-synchronized)
and the applicability of this data for monitoring system 

stability. GPS-synchronized equipment (PMUs) is in general

higher precision equipment as compared to typical SCADA
systems. Conceptually, PMU data are time tagged with

precision better than 1 microsecond and magnitude accuracy

that is better than 0.1%. This potential performance is not
achieved in an actual field installation due to errors from

instrumentation channels and system imbalances. Presently,

PMU data precision from substation installed devices is 
practically unknown. On the other hand, specific applications

of PMU data require specific accuracy of data. Applications

vary from simple system monitoring to wide area protection
and control to voltage instability prediction and transient

stability monitoring. The paper focuses on the last application,
i.e. transient stability monitoring. We propose an approach

that is based on the energy functions (Lyapunov indirect

method). Specifically, we provide a methodology for
determining the required data accuracy for the reliable real

time estimation of the energy function. When the data meet

these requirements, the estimated energy function can be
visualized and animated providing a powerful visual tool for

observing the transient stability or instability of the system. 

Index Terms— PMU, GPS-synchronization, Data Accuracy,

Energy Function, Transient Stability.

Glossary

GPS: Global Positioning System

PMU: Phasor Measurement Unit 

CT: Current Transformer

VT: Voltage Transformer

CCVT : Capacitor Coupled Voltage Transformer

Introduction

Monitoring the operating state of the system and assessing its

stability in real time has been recognized as a task of

paramount importance and a tool to avert blackouts. It is also 

recognized that when real time data are used to derive the real

time dynamic model of the system, it is possible to predict the

behavior of the system and therefore will enable preventive

action. This paper presents preliminary work in this area. The

paper is focused on the utilization of the available data for

extracting a real time dynamic model. The procedures

described are decentralized, i.e. the data are utilized at each

substation/generating substation of the system and they are 

globally valid. It is shown that if GPS-synchronized data are

available at each substation this is possible. We describe the

technology of GPS-synchronized measurements first. The

utilization of this data for extracting the real time dynamic

model is described. This model is used to predict system

stability.

An important issue is the accuracy of the available data. 

Specifically, GPS-synchronized equipment (PMUs) is in 

general higher precision equipment as compared to typical 

SCADA systems. Conceptually, PMUs provide measurements

that are time tagged with precision better than 1 microsecond

and magnitude accuracy that is better than 0.1%. This
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potential performance is not achieved in an actual field

installation because of two reasons: (a) different vendors use

different design approaches that result in variable performance

among vendors, for example use of multiplexing among

channels or variable time latencies among manufacturers

result in timing errors much greater than one microsecond, and

(b) GPS-synchronized equipment receives inputs from

instrument transformers, control cables, attenuators, etc. which

introduce magnitude and phase errors that are much greater

than the precision of PMUs. For example, many utilities may

use CCVTs for instrument transformers. We refer to the errors

introduced by instrument transformers, control cables,

attenuators, etc. as the instrumentation channel error. The end 

result is that “raw” phasor data from different vendors cannot

be used as highly accurate data. 

GPS-synchronized data offer the possibility of dramatically

improved applications, such as real time monitoring of the

system, improved state estimation, direct state measurement,

precise disturbance monitoring, transient instability prediction,

wide area protection and control, voltage instability prediction

and many others. For proper functioning of each one of these

applications, a certain precision of the data is required. The

table below illustrates the data precision required for different

applications in a qualitative way. 

Application Required

Data

Accuracy

Steady State Monitoring Low

Disturbance Monitoring Moderate

State Measurement High

State Estimation High

Wide Area Protection Moderate

Transient Instability Monitoring High

Conceptually, the overall precision issue can be resolved with

sophisticated calibration methods. This approach is quite

expensive and faces difficult technical problems. It is

extremely difficult to calibrate instrument transformers and the

overall instrumentation channel in the field. Laboratory

calibration of instrument transformers is possible but a very

expensive proposition if all instrument transformers need to be

calibrated. In the early 90's the authors directed a research

project in which we developed calibration procedures for

selected NYPA’s high voltage instrument transformers [9].

From the practical 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 equipment are known and

the instrumentation feeding this equipment is also known.

We propose a viable and practical approach to correct for 

errors from instrumentation, system imbalances and data

acquisition systems. It is important also to note that this

process is integrated with the process of estimating the real 

time dynamic model of the system. The overall approach is

based on an estimation process at the generating

susbstation/substation level for correcting these errors.

Specifically, we propose a methodology that performs as a 

“super-calibrator”. This method and computational procedure

may reside at the substation, and it can operate on the

streaming data. The method can be implemented using

standard communication protocols, such as the IEC 61850.

The process is fast and therefore it can be applied on real time

data on a continuous basis introducing only minor time

latencies. The proposed methodology is based on a statistical

estimation methodology that requires (a) the characteristics of 

GPS-synchronized equipment (PMUs), (b) a detailed model of

the substation including the model of the instrumentation, and

(c) the detailed model of generating units.. Subsequent

paragraphs present the models of the GPS-synchronized

equipment as well as the substation and generating unit(s)

model with the instrumentation channels.

The overarching long-term objective of our work  is to achieve

a multi-scale symbiotic relationship between measurement and 

simulation. The work described here is part of a larger

project to investigate fundamentally new algorithmic and

sensing methods which can be introduced at multiple spatial

scales to achieve real time simulation.  We will investigate the

coupling of well established power flow simulation techniques

with computationally less intensive methods such as neural

networks [12] to perform large scale real time applications

which incorporate dynamic feedback from a network of grid

monitoring sensors.  This work will be based on the paradigm

of Dynamic Data Driven Applications Systems (DDDAS) [13]

to dynamically inject real-time grid data into power grid

simulations as they execute.  This should enhance the

predictive capabilities of existing transient power grid stability

simulations to impact the prevention of large-scale grid

failures.  The incorporation of real-time data will also enhance

the ability to gather all the data contributing to a major

blackout and to analyze and identify the current limitations of

the processes used to control and operate the grid.        The

work described in this paper is an important first step towards

this goal.

Method Description

The methodology is based on a detailed, integrated model of

the power system, instrumentation channel and data

acquisition system. The power system model is a detailed

three-phase, breaker oriented model and includes the

substation, the generating units and the interconnected

transmission lines. The instrumentation channel model

includes instrument transformers, control cables, attenuators,

burdens, and A/D converters. The modeling approach is

physically based, i.e. each model is represented with the exact

construction geometry and the electrical parameters are 

extracted with appropriate computational procedures. As the

data stream, each set of data at a specific time tag is processed

via a general state estimation process that “fits” the data to the
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integrated model. The procedure provides the best estimate of

the data as well as performance metrics of the estimation

process. The most important metric is the expected value of 

the error of the estimates. The best estimate of the data is used

to regenerate the streaming data flow (this data is now

filtered). The overall approach is illustrated in Figure 1.

PMU
Streaming

Data

C37.118

SupercalibratorSCADA Data

Relay Data

Estimated
PMU
Streaming
Data

C37.118

Error Estimates
of Streaming
Data

Substation
Estimated
State

Error Estimates
of State Variables

Figure 1. Inputs and Outputs of the Super-Calibrator

Generating Substation State Estimation

Instrumentation and other measurement data errors are filtered 

with state estimation methods. We describe a dynamic state

estimation method. To introduce the method, consider the

single line diagram of the substation of Figure 2. The state of

the system is defined as the minimum number of independent

variables that completely define the state of the system. For

the substation of Figure 1 the state of the system consists of:

(a) the phasor voltages of phase A, B and C of the two buses

(transformer high side and low side), and (b) the generator

speed (frequency) and acceleration (frequency rate of change). 

In summary, the state of the generating substation of Figure 2 

is defined in terms of 6 complex variables and two real

variables.

The number of measurements for this system from GPS-

synchronized equipment, relays and standard SCADA system

is quite large. Typically, the direct voltage measurements

alone will have a redundancy of two to three, i.e. two to three

times the number of voltage states. The available current 

measurements will generate a much larger redundancy

considering that there will be CTs at each breaker,

transformer, reactors, etc. For the system of Figure 2, and with

a typical instrumentation, there will be more than 120

measurement data. This represents a redundancy level of 

850%.

1 2

Substation B

Voltage Measurement IC
Substation B, 115 kV Bus

BUS02H SOURCE02

BUS02-1

BUS02-2

SOUTHBUS2

NBUS2MS NBUS2MSI

NORTHBUS2

NORTHBUS2

Figure 2. Breaker-Oriented Three-Phase Generating

Substation Model 

The state of the system is defined as the phasors of the phase

voltages at each bus and the generator speed (frequency) and

acceleration (rate of change of frequency) for each generating

unit. A bus k will have three to five nodes, phases A, B and C,

possibly a neutral and possibly a ground node. Under normal

conditions the voltage at the neutral or ground will be very

small and it will be assumed to be zero for this application.

The state of the system at this bus is the node voltage phasors.

We will use the following symbols.

iAkrAkAkAk jVVVV ,,,,,,

~~

iBkrBkBkBk jVVVV ,,,,,,

~~

iCkrCkCkCk jVVVV ,,,,,,

~~

dt

df
andf

gi

gi ,

And all internal state variables for the generators (see 

Appendix A).

The state of the system is defined by the vector x which

contains all above real variables.

The measurements can be GPS-synchronized measurements,

relay data or usual SCADA data. A typical list of

measurement data is given in Table 1. The measurements are 

assumed to have an error that is statistically described with the

meter accuracy.
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Table 1. List of Measurements

Phasor Measurements Non-Synchronized

Measurements

Description Description

Voltage Phasor, V
~

Voltage Magnitude, V

Current Phasor, I
~

Real Power Flow, fP

Current Inj. Phasor, injI
~

Reactive Power Flow, fQ

Frequency Real Power Injection, injP

Rate of frequency change Reactive Power Inj., injQ

Each measurement is related to the state of the system via a 

function. Since the instrumentation channel introduces

substantial error, we include the instrumentation channel

model in the overall model of each measurement. Specifically,

consider measurement j, represented with the variable .

This measurement can be a GPS-synchronized measurement

(phasor) or a non-synchronized measurement (scalar).

Consider the instrumentation channel model and the transfer

function of the instrumentation channel for this measurement

defined with the function . Then the

measurement on the power system side, , is: 

jy

frequencyffg j :),(

jz

Hzfg

y
z

j

j

j
60

Each measurement, , can be expressed as a function of the

substation state. We provide here examples of measurements

and the mathematical expression that relates the measurement

to the state.

jz

Phasor measurement of voltage: Consider the phasor

measurement of the phase A voltage of BUS161. The model

for this measurement is: 

na

j

ir VVeGjzz ,1,1111

~~
1

Phasor measurement of current: Consider the phasor

measurement of the phase A current of line L1. The model for

this measurement is: 

aL

j

ir IeGjzz ,1222

~
2

The model of the instrumentation channel is obtained from the

physical characteristics of the instrument transformers, control 

cable, termination impedances, A/D conversion devices, etc.

The physical structure of instrumentation channels is depicted

in Figure 3.

Phase Conductor

Potential

Transformer

Current

Transformer

Phasor

Measurement

Unit

Computer

Burden

Instrumentation

Cables

v(t)

v1(t) v2(t)

v3(k)

Burdeni2(t)i1(t)

i(t)

Attenuator

Attenuator

Figure 3. Typical Instrumentation Channel for

PMU/Relay/IED Data Collection

In addition, since it is not practical to measure the generator

internal states, a number of pseudomeasurements are

generated and added to the measurement set. The 

pseudomeasurements are described in Appendix B.

Given a set of measurements, the state of the system is

computed via the well known least square approach.

Specifically, let  be a measurement and  be the

function that relates the quantity of the measurement to the

state of the system. The state is computed from the solution of

the following optimization problem.

iz )(xhi

2

)(

i i

ii xhz
JMin

where i  is the meter accuracy. 

Solution methods for above problem are well known. In

subsequent paragraphs, the models of the measurements and

the details of the hybrid state estimator are described.

Description of Measurement Model 

This section presents the overall measurement model. This

model expresses each measurement as a function of the system

state. By appropriate selection of the power component

models, the relationship of the measurements to the states is

linear or at most quadratic. The measurement set consists of 

the actual measurements (for example those that are defined in

table 1) and a set of pseudo measurements (see Appendix B). 

The power system model consists of algebraic equations as

well as dynamic equations; see for example the generator 

model in Appendix A. We convert the dynamical equations

into algebraic by use of the quadratic integration method. The

end result is that the power system model consists of algebraic

equations which are a combination of complex and real

equations. The state of the system has been defined in the

previous section. The model equations, i.e. the equations that

relate the state to the measurements are given below.

154

Downloaded from http://iranpaper.ir
http://www.itrans24.com/landing1.html



AkAkVAkV VHzgz ,,,,,

~
60

AkAkVAkV VHzgz ,,,,,

~
60

AkAkVAkV VHzgz ,,,,,

~
60

xCI T

AkdAkd ,,1,,1

~
,  similarly for phases B and C.

2

,,

2

,,,, 60 iAkrAkAkAk VVHzgV

*

,

,

,

,

,

,

,,1,,,1,,1

~

~

~

~

~

~

~
Re60

Ck

Bm

Am

Ck

Bk

Ak

T

AkdAkAkpdAkd

V

V

V

V

V

V

CVHzgP

*

,

,

,

,

,

,

,,1,,,1,,,1

~

~

~

~

~

~

~
Im60

Ck

Bm

Am

Ck

Bk

Ak

T

AkdAkAkdqAkd

V

V

V

V

V

V

CVHzgQ

To facilitate the definition and the measurements and to devise

a scheme for interfacing with the three-phase quadratized

power system model, each measurement is defined with the 

following set: 

phasebusdevicetypemeas nnnmS

where:

typem : measurement type defined as in Table 3.1

devicen : power device ID, plus manufacturer and IED

(relay, RTU, etc.) ID

busn : bus name

phasen : measurement phase, A, B or C

The above set allows complete correspondence between

measurement and system state.

Description of the Hybrid Three-Phase State
Estimator

The hybrid three-phase state estimator uses standard SCADA

data and synchronized data together with a full three-phase

system model to estimate the system state. The measurement

data has been discussed in the previous section. The

measurements are assumed to have an error that is statistically

described with the meter accuracy. As an example, the 

measurement of a phase voltage phasor has the following

mathematical model.

AkVAkAkVAkV VHzgz ,,,,,,,
~~

60

where AkV ,,
~

 is the measurement error. 

In general, the measurements will have a general form as 

follows:

GPS-synchronized measurements:

sss xHz

Non-synchronized measurements

ni

T

nn xQxxHz

Note that the GPS-synchronized measurements are linear with

respect to the substation state, while the non-synchronized

measurements are quadratic with respect to the substation

state.

Now, the state estimation problem is formulated as follows:

synnonphasor

JMin
22

* ~~

It is noted that if all measurements are synchronized the state 

estimation problem becomes linear and the solution is 

obtained directly. In the presence of the non-synchronized

measurements and in terms of above formulation, the problem

is quadratic, consistent with the quadratized power flow.

Specifically, using the quadratic formulation and the

separation of the measurements into phasor and non-

synchronized measurements as has been indicated earlier and

repeating these equations:

sss xHz

ni

T

nn xQxxHz

In above equations, the subscript s indicates phasor

measurements while the subscript n indicates non-
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synchronized measurements. The best state estimate is given

by:

Case 1: Phasor measurements only. 

s

T

ss

T

s WzHWHHx
1

ˆ

Case 2: Phasor and non-synchronized measurements.

xQxxHz

xHz
WHWHHxx

inn

ssTT
T

ˆˆˆ

ˆ
ˆˆ

11

where:

n

s

W

W
W

0

0 ,

qnn

s

HH

H
H

Implementation

The proposed methodology for correcting errors from various

manufacturers is being implemented into a general state

estimation method. The computer model has been named the

“super-calibrator”. Presently the methodology operates on the

data from one substation at a time. The overall approach is 

shown in Figure 4.

Phase Conductor

Potential
Transformer

Current
Transformer

PMU
Vendor A

Burden

Instrumentation
Cables

v(t)

v1(t) v2(t)

Burdeni2(t)i1(t)

i(t)

Attenuator

Attenuator
Anti-Aliasing
Filters

Relay
Vendor C

PMU
Vendor C Proprietary

Protocol

Measurement Layer

Substation
PDC

Data
Processing

IED Vendor D

Figure 4. Conceptual Illustration of the Super-Calibrator

Application to Stability Monitoring

The output of the supercalibrator is the state of the substation

including the full operating condition of the generators in case

of a generating substation. Specifically, the generator speed,

torque angle and acceleration is obtained from the

supercalibrator. This information is enough to monitor the

dynamics of the generator. Use of visualization techniques can

display this information in a meaningful way to system

operators. As an example, Figure 4 illustrates such a 

visualization. Note that the visualization shows many

generators as it will be the case when the supercalibrator is

implemented in all generating substations. The visualization

shows the position of each generator according to its torque

angle. In addition the speed of the generator (above or below

synchronous speed) is shown with arrows that are proportional

to the numerical value of the speed. Note that as the

information is updated from the supercalibrator, the

visualization provides an animation of the motion of the

system. Specifically, the supercalibrator may “run” at a rate of

60 times per second thus updating the visualization 60 times a 

second. This refresh speed is more than adequate to provide an 

excellent animation of the dynamics of the system in real time. 

Figure 5. Visualization of Generator Real Time State

We also propose to go one step further. Specifically, we

propose to use this information to predict the stability of the

system. For this purpose we use the output of the

supercalibrator to compute the total energy of the system.

Note that the total energy of the system is defined in terms of

generator torque angle and speed. At the same time the energy

function can be used to determine stability boundaries. If the

total energy of the system is greater that the energy at the 

boundaries the system motion will be unstable. This basic

principle and the ability of the supercalibrator to provide the

total energy of the system is used to predict the stability of the

system. Presently we are working to develop appropriate

visualization of the stability predictor.

Conclusions

This paper presented methodologies for filtering available data

in substations (for example phasor data, relay data and

SCADA data) for the purpose of extracting a real time

dynamical model of the system. The real time dynamical

model is used for monitoring system stability and it is capable

to predict any instability that may arise. 

The innovations presented here is that the entire filtering

process is confined to the substation, the instrumentation

channels are explicitly represented and the substation model is

a breaker-oriented three-phase model and generator dynamics

are included in the model. The methodology provides the

means for correcting errors from instrumentation channels,

phase shifts of different PMU manufacturers and
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accommodates unbalanced operation and system model

asymmetries.

The proposed super-calibrator provides a precise dynamic

state estimator for power systems at the substation level. The

estimator is ideally suited for monitoring the stability of the

system as well as predicting any instability before it occurs.

Applications of this concepts can be extended to protection of 

the system with improved out of step protection and wide area

special protection schemes.
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Appendix A: Quadratized Two-Axes Generator Model

A two-axis quadratized synchronous generator model is

developed for the representation of generators. The basic

phasor diagram is presented in Figure 3. The angle of rotor

position (d-axis) )(t  and the rotor angular velocity )(t are

defined and then the rotor angle is defined as:

2
)()( ttt s

, (15)

where
2

)(t  is the angle difference between the rotor (d-

axis), rotating at speed )(t , and a synchronously rotating

reference frame at speed 
s
. After quadratizing the model and 

introducing additional state variables, so that the differential

equations are linear and the algebraic at most quadratic, the 

model equations in compact form are:
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where

gI
~

: armature current (positive direction is into the

generator),

r  : armature resistance,

dx  : direct-axis synchronous reactance,

qx  : quadrature-axis synchronous reactance,

gV
~

 : terminal voltage,

s
 : synchronous speed,

H : inertia constant of the generator,

mT : mechanical power supplied by a prime-mover (in p.u.),

DT : damping torque (p.u.), which can be approximated by

)( sD DT  with  constant,D

jEeE
~

is the internal generator voltage; it is an input to

the model and its magnitude is specified by an

exciter system.

The state vector of the model is defined as: 
TTT xxx 21

,

with

qdg

T IIEVx
~~~~

1
,

)()()()()()()()()( 21212 tctstttwtwtztztTx a

T .

Again the same procedure is followed here as for the motor to

cast above model in the form of equation (1). Specifically, the

differential equations are integrated. The resulting equations

from the integration are grouped with the other equations of

the model to form a set of equations in the structure of

equation (1).

Appendix B: Pseudomeasurements for Generator Internal

States

Since it is not practical to measure the generator internal

states, a number of pseudomeasurements are introduced that

provide the generator internal states. The pseudomeasurements

are computed from actual measurements of generator terminal

voltages and currents and frequency. The computational

procedure for the pseudomeasurements is described next.

First the vector A is computed:

aqag IjxIrVA
~~~~

Above vector defines the location of the q-axis. Then by the

geometric construction, illustrated in Figure A-1, the

components of the internal states of the generator are

computed. Specifically:

Currents  are the projections of the terminal current on 

the d and q axes.

qd II
~

,
~

The internal voltage is computed from:

qqddqdg IjxIjxIIrVE
~~

)
~~

(
~~

The quantities c(t) and s(t) are computed as the cosine and sine

of the angle of the q-axis, etc. 
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