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ABSTRACT

MODULARIZED GLOBAL DYNAMIC STATE
ESTIMATION FOR POWER SYSTEMS

By

M. Hasan Modir Shanechi

The subject of this thesis is "Modularized global
dynamic state estimation for power systems". Based on
a linearized model of the electromechanical dynamics of
each generator, this dynamic state estimation problem is
formulated to estimate the voltage angle and frequency at
any set of load and generator buses which constitute a
subarea of the power system where such a dynamic state
estimate is desired.

This dynamic state estimation problem is formulated
such that measurement and model information from the
system external to the subarea are not required. The
elimination of the need for external model data and
measurement is achieved by measuring the power flows on
the tie lines connecting the external and internal
system.

Three different dynamic load models are developed
which assume that the load at each load bus can be de-

composed into different load types and that each load
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type can be modeled by a Markov process. Identification
of the parameters of these load models and incorporating
them in the dynamic state estimator eliminates the need
for measurement at all load buses.

The study system for the dynamic state estimator
is divided into modules and the dynamics of each module
is decoupled from any other module, thus eliminating the
need for synchronized measurements at all points of the
study area and the process of modularization permits the
model to be updated on-line and with minimum on-line
computation for changes in unit commitment, network con-
figuration and load flow. Since these changes are local
in character and thus every module will not have to be
updated for each system change, and since the network
reduction of all modules simultaneously requires less
computation and is more accurate than a single network
reduction of the network for the entire study area, the
on-line computation for model updating can be kept at a
reasonable level.

To get all angle and frequency estimates from all
modules referenced to a common reference, a global re-
ferencing procedure is developed. This procedure uses
the already measured tie line power flows between the
modules in a least squares algorithm and not only pro-
vides referencing, but also provides for bad data de-
tection, identification and rejection of these tie line

power flow measurements.
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A computer program for estimation of the angle

and frequency at a module is developed and used against
the dynamic simulation of MECS to provide;

a) verification of the assumption that a classical
stability model can be used for each generator,

b) determination of maximum measurement error and
minimum sampling rate that will result in
accurate estimates of angle, frequency
fluctuations and a rms coherency measure,

c) determination of the sampling rate and the
number and location of measurements necessary
in order to provide accurate and fast recon-
vergence of state estimates after a major dis-
turbance,

d) determination of the level of accuracy of the
parameters of the linear model needed to ob-
tain accurate estimates. In doing so it was
also verified that neglecting voltage regulator
dynamics would not affect the accuracy of the

estimates unduly.
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CHAPTER I

INTRODUCTION

Dynamic state estimation is a prerequisite for
several significant improvements in the security and
stability of a power system which will result by enhanc-

ing the following power system operating functions:

(1) - security assessment
(2) - security enhancement; and
(3) - control in the normal, alert, emergency

and restorative operating state.
A global dynamic state estimator would assist
security assessment [1,2]

(1) in its security monitoring task by providing

an accurate estimate of electrical frequency
at every bus in the system and/or a measure
of coherency between any two buses as a func-
tion of time.

(2) in its security analysis role by providing data

for possible transient security measures [3,4]
and a better data base for developing dynamic
equivalents for transient security analysis

[5,6,7].



The global dynamic state estimator could assist
in security enhancement [1,2] by providing data for new
preventive and corrective controls, which would operate
in the alert and emergency operating states respectively,
and would

(1) adjust levels of generation, using an optimal
power dispatch that minimizes both the total
cost of generation and a weighted sum of on-
line estimates of the coherency measure [4]
between pairs of buses. This power dispatch
would adjust generation to relieve line over-
loads and thus increase the dynamic structural
integrity and security of the system;

(2) perform line switching operations to improve
the coherency between coherent groups based
on an on-line estimate of the coherency
measure between pairs of buses;

(3) adjust relaying logic [4] in order to main-
tain the relative level of coherency between
coherent groups when loss of é line would
cause a serious loss of coherency between these
groups and affect system security;

(4) adjust relaying logic [2] so that lines con-
necting coherent groups could be opened on
command to form islands when total system

collapse appears imminent.



Dynamic state estimation could improve control in
the normal, emergency, and restorative state in several
ways. A global dynamic state estimator would be required
for the optimal automatic generation control [8] proposed
to improve the response of the power system to changes in
load and compensate present power system dynamics. A
local dynamic state estimator could be used to provide
local state information on a particular generator and the
buses it is directly connected to for discrete control
strategies [9], which are used in the emergency operat-
ing state to maintain synchronization after a severe con-
tingency. Global dynamic state information could also
be used in the emergency operating state for optimal load
shedding algorithms [4] which could be used to reduce
local mismatch in generation and load based on the dynamic
estimate of frequency or a dynamic coherency measure de-
termined from the dynamic state estimator. Finally, a
global dynamic state estimator would be used in restorative
operating state to reconnect sections of the system after
a breakup. The reconnection would require an accurate
estimate of frequency at buses which are being synchronized
and then reconnected by switching in a transmission line.

Global dynamic state estimation of an entire

power pool or some subarea or local dynamic state estima-

tion of a generator and the buses it is directly con-

nected to has been very difficult for the following two

reasons:
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(1) an accurate model of power system dynamics
is difficult to determine because the
dynamics are nonlinear and depend on the
operating condition which is constantly
changing;

(2) the huge size of a power system and the in-
ability to decouple the dynamics of some
portions of this system from other portions
where a dynamic state estimator is not de-
sired has made dynamic state estimation
impractical. Particular difficulties that
are associated with this problem are;

(a) the computational burden of computing
the dynamic state of the entire power system
in real time; (b) the data burden of obtain-
ing and constantly updating model informa-
tion for this entire system; (c) the
communication and instrumentation burden of
making measurements at a fast sampling rate
(greater than 5/sec.) throughout this power
system and then transmitting this data to

a central computing facility.

From the discussion of the applications for

state estimation, there are two basic types of

state estimators required, global and local
state estimators which are discussed in more de-

the following two subsections.



1.1 Local Dynamic State Estimators

Local dynamic state estimator, would provide in-
formation on the state of the generator to be controlled
in relation to buses that are directly connected to it.
This estimator would provide dynamic state information
for use with discrete controls used to maintain synchro-
nization in the emergency operating state. A very
desirable feature for this estimator would be to require
only measurements on the generator bus where the dis-
crete control is to be applied and require model informa-
tion only for the generator being controlled and the
transmission lines that are directly connected to it.

Zaborszky et al. [10,11,12] have obtained a local
equilibrium state estimator based on the following
assumptions:

(1) separate state estimators would be imple-
mented to provide estimates of real and
reactive power injections from the gen-
erator, real and reactive load power
fluctuations, and the voltage behind tran-
sient reactance, but the local equilibrium
state estimator would not be based on a
single dynamic model of the generator
voltage regulator, the governor turbine
energy system, and the electrical network
connected to the generator high side trans-

former bus;



(2)

(3)

The
is that

(1)

(2)

(3)

all measurements on the high side transformer
bus are perfect;

the complex voltage at buses directly con-
nected to this controlled generator are con-
stant.

advantages of this local dynamic estimator

it provides a dynamic estimate of the
accelerating power that will attempt to move
the generator away from its local equilibrium
reference and which must be compensated for
by emergency state control procedures;

it does not require any measurements of
voltage or power except at the high side
transformer bus at which the generator to

be controlled is located;

it does not require model information on
transmission lines or generators except those
that are connected to the high side trans-

former bus where these measurements are made.

The major limitations of this local equilibrium

state estimator are

(1)

it could only be used for the discrete con-
trol strategies in the emergency operating
state and could not be used for security

assessment, security enhancement and control



in the normal, alert and restorative operat-
ing state applications because it does not
provide estimates of voltage angles and fre-
guencies at every load and generation bus
required for such applications. Each local
equilibrium state estimate is referenced to
equilibrium reference angle that are in no
way referenced to a common bus and which are
dynamic and not constant as assumed.

(2) The local equilibrium state estimator is
susceptible to gross errors due to bad data
because this estimator does not use a
composite model of the generator, turbine
energy system, and electrical network, bad
data detection and identification for
measurement and model data is not possible.

(3) A linear simple state model based on the
local equilibrium state, which is required
for computing on-line control, is only valid
for a very short interval after the con-
tingency occurs and thus the model and any
resultant control based on it would be
limited to a short duration after the con-
tingency.

A second local dynamic state estimator is that

of Miller and Lewis [13,14]. The generator to be



controlled is represented by a fifth order linear model
(not a linearized one) with flux linkages as states. This
is an accurate model of the individual generator, but the
state of this model is not the local equilibrium state

and thus is not useful for control strategies that attempt
to modify the accelerating power experienced by the unit.
However the state of this model permits accurate estimates
of real and reactive power and currents Iq and Id out of
the machine which would be useful in discrete controls
that affect the network or the voltage regulator. Major
disadvantages of this estimator are;

(1) it could not be used for global dynamic state
applications not only because it could not
provide direct estimates of angle and fre-
quency but also because the sampling rate
and integration step sizes required would
pose too large a computation and communica-
tion burden with present technology.,

(2) bad data detection and identification for
this estimator would be difficult because
the estimator does not use a composite model
of the generator, governor energy system,
and electrical network and thus could not
effectively check a set of redundant measure-

ments and model data.



1.2 Global State Estimators:

Several global dynamic state estimators reported
to date have been tracking static state estimators [15,
16,17].

Measurements are routinely taken on different
locations of power system and on different elements or
functions of elements of the state vector. Writing the
network equations using Kirchhoff's law and using these
measurements to solve the resulting equations analytically,
a load flow solution is obtained. Measurements are not
always reliable and they usually are in error by some
maximum deviation or percentage error. Therefore many
more measurements are taken than are needed for the load
flow solution. Assuming the system to be in steady state
condition and using these redundant measurements in a
least squares algorithm, an optimal static estimate of
the states of the system is obtained.

Therefore [15] "a static state estimator is a
data processing algorithm (set of equations) for use on
a digital computer to transform (process, convert) meter
readings and other information available up to the present
time into an estimate of the value of the static state
vector at the present time".

The static estimator algorithm has to be repeated
in its entirety every AT seconds where AT is the sampling

period of the measurements and information system. This



10

implies that the estimator has to be reinitialized every
AT seconds or at best every few sampliig periods. This
difficulty is compounded because dynamics of the system
are neglected.

To overcome the problem of initialization some
authors [15,16,17] have proposed using the previous
estimated state as the initial value with the reasoning
that [16] "if no appropriate state transition model is
available one supposes a model with the state remaining
the same except for an increase in uncertainty or noise".
A model for the system is assumed in which state at
time T + AT is regarded unchanged from its values at time
T except for addition of some disturbance, where this
disturbance is modelled by a stochastic process.

Although [17] "these proposed techniques do pro-
vide for dynamic up-dating of the system state variable
estimates, they do not provide for the estimate of
dynamic changes which are likely to occur. This is true
due to the associated stochastic nature of load demands,"
and lack of a representative dynamic model of system and
load. Thus, these techniques may be classified as a
dynamic tracking state estimator since they track the
system's present response and do not estimate the future
response.

A second approach to global dynamic state estima-

tion is to linearize the dynamics of the entire U.S.
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power system for some system configuration and operating
condition. The research [18] has centered on the develop-
ment of separate dynamic state estimators for individual
subsections of this system which either:

1. do not have complete system model information

outside its own area, or

2. do not have complete set of measurements on

the system outside its own area.

The performance of the global state estimator,
made up of these separate estimator modules, is obviously
seriously degraded as the quantity of information on the
model or measurement outside the area which it is to per-
form state estimation is decreased. The problem of up-
dating the model parameters based on system configuration
or operating condition changes has not been dealt with as

part of the research.
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1.3 Research Objectives

The objectives of the research in this thesis is
to develop a global dynamic state estimator for angle and
frequency signals at all load and generator buses in a
pool or area in order to provide information for the
security assessment, security enhancement and control
functions described earlier in this chapter. The only
application discussed for which global dynamic state
estimation would be inappropriate is supplementary discrete
controls, which are used in the emergency operating state
and require an estimator that can provide estimates of
large dynamic fluctuations in both P-f and Q-V dynamics.

The global dynamic state estimator estimates angle
and frequency deviations using a linearized classical
stability model based on a classical generator model and
a static state estimator that indicates network configura-
tion, unit commitment, and load flow information. The
dynamic state estimate of angle and frequency, composed
of the sum of the static state estimate and the dynamic
Kalman state estimate, of dynamic deviations from these
static estimates, is thus more accurate and reliable than
the tracking static estimate [15,16] that uses no dynamic
model information.

The global dynamic state estimator will not need
either model information or measurements of the system

external to the study area, where the dynamic state
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estimate is desired, because the effects of the external
system dynamics are represented by measurements of the
power flows on lines that connect the internal and
external system model which are used as inputs into the
internal system model. This estimator thus overcomes the
tradeoff between performance of the estimator and the
amount of data (model information and measurements of

the external system) which occurred in the work of Tacker
[18].

Four extremely important aspects of global dynamic
state estimation that have not been adequately addressed
in the previous literature, and which will be investigated
in this thesis, are:

(1) the need to update the dynamic system model
used in the estimator for changes in unit
commitment, network configuration, and load
flow conditions that are known from the
static state estimator

(2) the need to provide capability for bad-data
detection and identification as in static
state estimation so that the data base pro-
vided by the dynamic state estimator is re-
liable and can be used for the security
assessment, security enhancement and control

functions mentioned earlier
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(3) the need to provide a dynamic load model as
a means of eliminating the necessity to
measure the dynamic load fluctuations at
every bus

(4) the need to keep the on-line computation and

communication requirements to a minimum.

The need to quickly update the system model on-
line based on unit commitment, network configuration, and
load flow information from the static state estimator is
accomplished by modularizing the state estimation of the
study area by decoupling the dynamics of subareas or
modules within the study area by measuring the power flows
on lines connecting each module with every other module.
A local dynamic state estimator for each module is then
developed based on a linearized dynamic model unit commit-
ment, network configuration and load flow conditions with
the power flow measurements on lines connecting this
module to other modules and the external system used as
inputs. The dynamic model for each module can be easily
updated because the number of load and géneration buses
in any module is kept small so that updating the network
model and subsequent network reduction to obtain a state
model of angles and frequency deviations at internal gen-
erator buses is feasible. The modularization overcomes
the large computational burden of repeatedly updating the

entire dynamic model of the study area because
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(1) the effects of changes in unit commitment,
network configuration and load flow are
local in character and thus every module
will not have to be updated for each system
change

(2) the network reduction of all modules

simultaneously requires less computation

and is more accurate than a single network
reduction of the network for the entire study
area.

The modularized dynamic state estimators are all
locally referenced to a particular bus within that module
and thus the global dynamic estimator could not be used
for utility- or pool-wide tasks such as security assess-
ment, security enhancement, or control unless the re-
ferences for each modularized dynamic state estimator are
referenced to a common bus in the study area. Global
referencing procedures are developed that reference these
modularized dynamic state estimators using the power flow
measurements on the lines that connect modules.

The need to detect and identify bad-data for each
modularized dynamic state estimator is accompolished by
using a dynamic model for each module and providing
redundancy in measurements of frequency and power. Bad
data detection and idertification is accomplished on the

global reference procedure by using a least squares
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algorithm based on redundant measurements of power flows
on all lines connecting all modules.

Three different dynamic load models are proposed,
discussed, and investigated in this research. The
dynamic load models do not depend on voltage or frequency
at a bus but are based on the same logic used for develop-
ing models for load prediction [19].

The need to limit computation and communication
requirements for the dynamic state estimator is accomplished
by

(1) modularizing the dynamic state estimation of
a study area so that on-line update of the
dynamic model is computationally feasible;

(2) modularizing the state estimation of the study
area and thus eliminating the need for synchro-
nizing measurements taken in each module and
eliminate the need of model and measurement
from other modules in the state estimation of
each module

(3) development of load models that eliminate the
need to communicate load measurements from

every bus in the study area.



CHAPTER 2

DYNAMIC STATE ESTIMATION IN POWER SYSTEM

The purpose of this chapter is to discuss the
objectives of, and the differences between the global
and local dynamic state estimation. Specifically, the
following topics are discussed:

(1) The general constraints on the size of the
study area for both the local and global
dynamic state estimators;

(2) The general constraints placed on the data
available from the external area for both
local and global dynamic state estimators;

(3) a discussion of two local dynamic state
estimator formulations that satisfy (1) and
(2) and their advantages and disadvantages;

(4) research objectives and a general discussion
of a global dynamic state estimator that meets

the constraints (1) and (2) above.

2.1 General Constraints on the Study Area for a Dynamic

State Estimator

The formulation of any dynamic state estimator
must satisfy certain constraints on the study area, where

17
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a dynamic state estimate is desired, and the external
area, where no dynamic state estimate is needed. The
local equilibrium dynamic state estimator [10,11] has

been the only dynamic state estimator that has effectively
dealt with these constraints. Once these constraints are
clearly stated local and global dynamic state estimators
can be formulated that meet these constraints.

The size of a study area for either a local or
global dynamic state estimator must be chosen based on
the following criteria

(1) The instrumentation and data acquisition

system requirements to measure and collect
the data sampled synchronously at a rate
sufficient for the particular dynamic state
estimator should be minimized; and

(2) The computational requirements for performing

dynamic state estimations must be minimized.

The instrumentation, data acquisition, and com-
putation requirements are quite different for the local
and global dynamic state estimator.

For a local dynamic state estimator the study area
should be the external generator bus, its high side
transformer bus, and all buses that are connected to this
generator bus by transmission lines. The size of this

study area is chosen based on the following facts
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(1) The purpose of the local dynamic state
estimator is to provide dynamic information
on the state of the generator and the state
of the buses directly connected to it for
the discrete controls in the emergency
operating state,

(2) The ease in determining the state of the
internal generator bus and all buses con-
nected to the high side transformer bus by
measurement of the voltage on this bus and
complex powers flowing into this bus (high
side transformer) from the generator and
transmission lines.

For the global dynamic state estimator the study
area is generally the pool or subarea under control of
some pool or coordination center. The size of the area
in some cases may be constrainted by;

(1) the instrumentation and data acquisition re-
quirements to make synchronized measurements
at several locations at a 5/sec. sampling
rate. This sampling rate is slower than for
local dynamic state estimator because the
purpose of the global estimator is to estimate
dynamic fluctuations in the angle and fre-
guency at all buses in the study area and need
not estimate voltage magnitude or reactive
power dynamics for the applications dis-

cussed in Chapter 1.
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(2) The computational requirements to update the
dynamic model used for dynamic state estima-
tion so that the model remains valid for
changes in unit commitment, network configura-
tion, or load flow conditions which occur
over a time period of minutes, hours, etc.

The modularization of the dynamic estimator
for a study area will affect the computation
requirement for updating the model for the

estimator.

2.2 General Constraints on Data from the External Area

The feasibility of dynamic state estimation is
not only determined by the instrumentation, data acquisi-
tion and computation requirement for the internal area
but also by these same requirements for the external area.
It is clear that for a dynamic state estimator to be
feasible no model information and no measurements must be
assumed to be available from the external area. The
study and external area dynamics are generally tightly
coupled through the power flows on the transmission lines
that connect them. Since the purpose of this research is
to estimate the state of the study system on-line, the
need to explicitly model the external system can be
eliminated if the power flows on these transmission
lines are measured and used as inputs for the study

system model required for the dynamic state estimation.
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For the local dynamic state estimation, the
measurement of voltage on the high side transformer bus
and the complex power from the generator and all trans-
mission lines permit the determination of the voltage
magnitude and angle of the internal generator bus and
all buses connected to the high side transformer bus by
transmission lines. This determination of the state of
the electrical network from measurements at one bus can
be referenced to the local equilibrium state [10,11], to
the voltage angle of an imaginary machine running unloaded
and at the same speed as the generator, that is the
internal bus angle of the machine [13,14], or the angle
of the high side transformer bus. Thus there are at
least three possible forms for the local dynamic state
estimator. 1In each case the local dynamic state estimator
based on the dynamic model of the generator would provide
a dynamic state estimate of the generator and the state
of the network directly connected to it without measure-
ment or model information from the external system, which
is all lines, buses, and generators not airectly con-
nected to the high side transformer bus for the single
generator where dynamic state estimation is desired.

For the global dynamic state estimation the
measurements of real power injections at terminal buses
of a study area connected to the external area will serve

as inputs to the linear dynamic model for the study area
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used in the global dynamic state estimator, thus
eliminating the need to make measurements or model the
external area. However, in this case these measurements
are not sufficient to determine the global dynamic state
estimate because the study area for the global dynamic
state estimator is large. This difficulty can be partially
alleviated, as is shown later, by modularizing the study

area.

2.3 Local Dynamic State Estimation Problem

The purpose of a local dynamic state estimator
is to provide an accurate state estimate of the state of
generator dynamics and the state of the electrical net-
work directly connected to it for local control in the
emergency operating state. Therefore the estimator should
estimate both P-f and Q-V dynamic fluctuation for the
study area and should use a model that is valid for large
excursions due to contingencies. Thus both generator-
exciter-voltage regulator as well as governor-turbine
energy system dynamics should be included in the model
used for the local dynamic state estimator.

There are three possible reference frames upon
which local dynamic state estimators which meet the study
area and external area constraints, could be based. A
local dynamic state estimator based on the local equili-
brium state [10,11] is not a single dynamic state

estimator based on a single dynamic model for deviations
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from the equilibrium state but rather is a composite of
(1) a dynamic estimator for the voltage behind transient
reactance based on generator; exciter, voltage regulator
dynamics [20]; (2) a dynamic state estimate of injected
electrical power at the internal generator bus based on
a model of turbine energy system dynamics [21]; (3) est-
imates of load power based on a dynamic load model; and
(4) measurements of complex voltage on the high side
transformer bus and complex powers from the generator and
on each transmission line. This local dynamic state
estimator has the advantage of using the local equilibrium
state so that the null state is the global equilibrium
and thus the state is the essential information for any
discrete controls used on the generator during the emergency
operating state. The principal disadvantage is that bad
data detection and identification, which would be desir-
able for the assurance that the state estimate is reli-
able and can be used for control, would be difficult be-
cause there is no composite model of the generator,
turbine energy system, and electrical network referenced
to the equilibrium reference for the study area, and thus
a check of the measurements and model data would be
difficult due to lack of measurement redundancy in each
separate estimator.

A second local dynamic state estimator could be

formulated based on a composite network model, generator-
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exciter model, and turbine energy system model referenced
to the angle of the high side transformer bus. Bad data
detection and identification could be performed more
easily to check measurement and model data because the
composite model would check every measurement and model
parameter against each other. However, since the state
of the model is not the local equilibrium state it would
not be as useful for the discrete control strategies used
in emergency control. However this local dynamic state
estimator could provide the data base for computing the
local equilibrium state and thus would

(1) provide the information needed for control

(local equilibrium state)
(2) perform bad data detection, identification
and rejection to make the estimate reliable.

This approach to obtaining a local equilibrium
dynamic state estimator appears superior to the one pro-
posed by Zaborszky [10,11]. This topic is not persued
because the major research topic of this thesis is
global dynamic state estimation which has many applica-
tions and which is far less developed both theoretically

and conceptually.

2.4 Global Dynamic State Estimation

The purpose of the global dynamic state estimator
is to provide dynamic estimates of angle and frequency at

all load and generation buses in a pool or area for the
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security assessment, security enhancement, and control
functions mentioned in Chapter 1 with the exception of
discrete supplementary control which requires local dynamic
state estimator. The model used for the estimator only
requires P-f dynamics because these applications based on
global dynamic estimation do not require knowledge of
Q-V dynamics and because inclusion of these dynamics would
require such small integration step sizes and sampling
periods that hardware requirements for global dynamic
estimation would make implementation impractical.
Governor turbine energy system dynamics are eliminated to
reduce the order of the model and is justified because it
will be shown that frequency measurements and adjustment
of damping in the model can compensate for elimination of
these dynamics. A linearized classical stability model
will be used to develop a Kalman st;te estimator for the
dynamic deviations in angle and frequency signals because
these deviations are assumed small and because a static
state estimate provides slowly time varying estimates of
the nominal values of these angle and frequency signals.
The dynamic estimate of the angle and frequency signals at
all load and generator buses is thus the sum of the static
and dynamic state estimates of the variables.

The global dynamic state estimator to be developed
will be based on having a classical generator model and
accurate data on the unit commitment, network configura-

tion, and the static estimate of the state from a static
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state estimator. The dynamic deviations from this static

state estimate will be determined using a Kalman estimator

and thus should be much more accurate and reliable than a

tracking static estimator due to the use of system model

information.

The global dynamic estimator is prcduced by:

(1)

(2)

modularizing the global dynamic estimator in
order to reduce the computation and thus permit
quick on-line update of the linearized dynamic
system model based on changes in unit commit-
ment, network configuration, and load flow.
Each of these modularized dynamic state
estimators is locally referenced to a bus in
the module,

a global referencing procedure that references
each of the modularized dynamic state estimators
to a common reference bus in the study area

so that the global dynamic state estimator can
be used for pool or area security assessment,
security enhancement, and control applications

discussed in Chapter 1.

Bad data detection and identification would be per-

formed on each modularized dynamic state estimator and on

the global referencing procedure to permit bad data rejec-

tion necessary to provide the reliable data base needed for

the applications discussed in chapter 1.



CHAPTER 3

MODULARIZED GLOBAL DYNAMIC STATE ESTIMATION

The modularized dynamic state estimation problem
is now formulated. A model of generator, electrical net-
work, load and measurement process will be developed and
justified for this application. To make dynamic state
estimation feasible, the system model is modularized and
the Kalman filter equations for each module are developed.
In the next chapter a referencing procedure is developed
to aggregate these modularized dynamic state estimates

into a global dynamic state estimate.

3.1. Modularization of the Study Area

The study area, which could be a power pool or
a company's operation, is split into sections which are
here called modules. These modules could be overlapping
or nonoverlapping. The composite of all these modules
comprise the study area. For each module the rest of
the study area together with the external area con-
stitutes that module's external area. It is assumed
that there are M modules and N generators in the
study area, and Nj generators in the jth module with

M
N < ) Nj' as there could be some generators common
i=1

27
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to two or more modules. Also it is assumed that there
are K 1load buses in theNstudy area and Kj load buses
in module 3j, with K < .Zl Ky- It should be noted here
that the high side trans%;rmer bus of each generator is
represented by a load bus.
The modularization of the global dynamic state
estimator requires that
(1) the dynamic system model for each module be
decoupled from the dynamics of other modules
so that model information and measurements
in one particular module is the only data
required to produce the state estimate for
that module
(2) that a common, reliable reference be estab-
lished for all modules so that the estimators
for each module can be combined to form a
global estimator for security assessment,
security enhancement and control applications
for large utilities or pools.
The purpose of decoupling the dyhamic model and
state estimator for each module is
(1) to eliminate the need to transmit model data
and measurements to one central processor;
(2) to eliminate the need to synchronize measure-
ments taken in each module; which can be a

very costly requirement;
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(3) to permit rapid on-line update of model para-
meters which change due to changes in unit
commitment, network conditions and load flow
provided by the static state estimator. The
decoupling of the model for each module re-
duces the computational requirements by
(1) reducing the number of lines in the net-
work for which synchronizing torque coeffic-
ients must be updated and (2) by reducing the
order of the matrix to be inverted in order to

update a closed form dynamic model.

3.2. Electrical Model of Generator

A classical voltage behind synchronous reactance
generator model will be used for the global dynamic state
estimator because

(1) this estimator is only intended to provide

an accurate estimate of the dynamic fluctua-
tions in the deviations of voltage angle and
frequency at any bus in the study area. This
estimator is not intended to estimate the
large transient angle and frequency deviations
immediately after a contingency because;

(i) the linearized power system model, which
makes state estimation for a large system
feasible, would be invalid for representing

the effects of large excursions after a
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contingency, (ii) a higher order nonclassical
generator model would be required, which in-
cludes generator and voltage regulator
dynamics, if estimates of the state were re-
quired immediately after a contingency,
(iii) the sampling period for measurements,
and the itegration step size for an estimator
which models generator and voltage dynamics
would be so small that the data acquisition
and computational hardware reguirements would
make global state estimation for transient
conditions impractical

(2) the applications for which this global dynamic
state estimator is proposed, which were dis-
cussed in chapter one, do not require;
(i) estimates of voltage magnitude or reactive
power deviations; (ii) accurate estimate of
angle and frequency deviations immediately
after a contingency, but would require accurate

estimates seconds after such a contingency.

3.3 Governor-Boiler-Energy Systems Model

Assuning the frequency fluctuations to be so small
that torque and power are proportional, the electromechanical

model for the ith generator in the jth module has the form;
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g—t- Adfj(t) = dug (1)

% Buj {t) = M—i'j-(APMij(t)- APG; (t)) - (DijM:jKij) Buj 5 (£)

i= 1,2,000085 4 3 = 1,2,..0,M

where

ij(t) the angle at the internal generator bus of the
ith machine in the jth module in the
synchronous frame of reference (SF) - radians

wij(t) the frequency at the ith machine in the jth
module - radians/seconds

Mij the inertia of the generator

Dij the damping coefficient of the generator

Kij the added term for the damping of the
governor-turbine-energy system and voltage
regulator

PMij(t) the mechanical input power to the generator -
P.U.

PGij(t) the electrical output power of the generator -
P.U.

i= 1,2,...,Nj index numbering the generators

j=1,2,...,M index numbering the modules.

In this model, the governor-boiler turbine energy
system dynamics are neglected and their effect is modeled
as an added damping term. This is reasonable because the

objective is to develop a model that will accurately
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represent the synchronizing oscillations in a power system
and let the measurements of real power and frequency
account or correct for the slower dynamics associated with
the governor-turbine-energy system. Also APMij(t) is
set equal to zero since for the above reasons it has

slow dynamics. The random fluctuations of APMij(t) can
be represented in a compensenting noise term added to

other input noise terms if needed.

3.4. Linearized Model of the Network

The network equations of the jth module in polar
form are linearized with the real power equations de-

coupled from the reactive power equations to obtain;

r N — -
9PTG. (t) 3PTG. (t) )
APTG (t) — g — 3 Agj?(t)
285 (€) 265 (£)
OPTL. (t) 9PTL. (t)
APTL. (t) — — 265 (t)
J 365 (t) 365 (t) e R
_ J U4 =3 D
S SO
85(8) = 85°(1)
S SO
t) = 859t
05 (t) = 5°(t)
(0]
= BE.(t
E;(t) = ES(t)
_ (o]
v, (8) = VJ(t)
T _
PTGj(t) = [PTGlj(t), PTsz(t),...,PTGij(t)]
T _
PTL; (£) = [PTLy (), PTLy (), ..., PTLy 4 (t)]

J
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Q?T(t) = lafj(t), 5§j(t),...,5§jj(t)]

e?T(t) = [05.(t), 65.(t),...,85 .(t)]

=3 13 23" T TURS]

ET(t) = [Eq.(t), Eo:(t),.u. By :(t)]

= 13 27 ij

VE(t) = [Vi(t), Vo.(t),eee,V, . ()]

—j 13 2] KjJ

where

PTGij(t) real power injection at internal generator
bus i into module 3j in P.U.

PTLij(t) real power injection at load bus i into
module j in P.U.

dij(t) as defined before with the operating point
value of Gig(t)

eij(t) the voltage phase angle at load bus i in
module j in the synchronous frame of re-
ference (SF), with the operating point
value of ef;(t);

Eij(t) the magnitude of voltage behind synchronous
reactance of the ith machine in module 3j;

Vij(t) the voltage magnitude at load bus i in

module j.
It should be noted that PTLij(t) is equal to
- PLij(t), the power withdrawn by load at bus i if
bus i 1is only a load bus and does not have any connec-
tion with the external area for module 3j, that is

PTLij(t) = -PLij(t). If bus i is a terminal bus for
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module j, which implies, a transmission line connects
it with the external area for that module, then

PTLij(t) is the sum of the power injected to the module
from external area at this bus PEij(t), and the power

withdrawn for load at this bus -PLij(t), i.e.

PTLij(t) = PEij(t) - PLij(t).

These equations depend on the present operating
point (g;oyg) and (§§ §§°) and the present electrical
network configuration. This data would be obtained from
the static state estimator and would be updated at a
rate sufficient to maintain model validity for changes in
unit commitment, network configuration or load flow con-
ditions. For large changes in the network, the model may
not be valid for a certain period until an update occurs
based on an updated static state estimate. 1In this case
the accuracy of the updated model, the redundancy of
measurements, and the short time interval where the model
is invalid, should all contribute to a very quick recon-
vergence of the dynamic state estimator.. The update rate
for this network model and the level of measurement re-
dundancy needed to assure reconvergence and a sufficient
speed of convergence will be partially investigated in
this research.

It has been noted that the network model includes

injections at terminal buses. Measuring these injections
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over time and using these measurements as inputs into
the linearized state model eliminates the need to model
the external area because the coupling of the state of
the module under study and external area are accounted
for in APEij(t). It should be noted that APTLij(t)
is not just the injection on the tie line that connects
to terminal bus i in study area j but also the load
injection at that bus. To determine APTLij(t) re-

quires measurement of both the real power on the tie

line and the load at terminal bus 1i.

3.5. Dynamic Model for a Module in the Study Area

A reference bus for each modularized dynamic
state estimator is necessary so that the state is not
referenced to some completely independent synchronous
reference, which may not be operating in synchronism with
the power system. The angle and frequency fluctuations
in the system can only be placed in proper perspective in
terms of stability and security if these fluctuations are
somehow referenced to the system module in which they
occur.

For module j the reference angle is chosen to
be the angle of internal bus voltage of generator number
one, Glj(t). When referenced to this angle the system
equations are going to be in a reference frame called

machine one angle frame of reference [12].
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The state vector for the jth module is then de-

fined to be;

A8 (t)
X (8) =
Agj(t)
§T(t) = [6,.(t) §. . ()]
83 23 %) 1Oy
OI(E) = [was(E))enn,we «(£)]
—‘J lj ’ 4 NjJ
Also define;
6T (t) = [0, (t) 6. .(t)]
83 13 (&) oo o O3
where
_ S _ S
dij(t) = éij(t) 51j(t)
_ S - S

Since only the difference between angles is desired, the
s superscript angles can be in any frame of reference

SF or otherwise [12].

Given this notation the generator model would ke

d = - -
(D.. + K..)
a_ = -1 - _ij ij
1] 1]

i=l'oo.,Nj, j=l,2'o--’I‘i

or in the vector matrix form;
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X.(t) = X.(t) +
=] -1 -] -1
0 -M."D. =M.
- =] ) =]
where
r-_l =
-1
I.=| : 1
——J . —
-1 »
£= diag{l, l'-oo,l}
_:j = dlag{Mlj' sz,.oo’Mij}
gj = dlag{(Dlj + Klj)""’(DN.j +
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J

ARG

K. .
N.
JJ

j(t)

)}.

(1)

The linearized network model for the jth module would

then be

~
APTGj(t)

| PTL, (t)

Define

-

=

(spT6. (t)  apre.(e) || [
355 () 385 ()
) 9PTL; (t)  3PTL (t)
285 (£) 28,4 (t) L
5.
[
E
v
OPTL; (t)
Iy = 55;7{7—— and

-

A8 (£)

88 (£)

-

J(t)

j(t)

j(t)

j(t)

59 (t)
o

eg(t)
ES (£)

O
v (t)

(2)
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OPTL. (t)
™ =

e 384 (E)

then from the last of these equations

-1 -1
A6 (t) = 1. () - T, . : .
85(t) = 14 APTL, (t) 15 T 885 (t) (3)

Substituting in the upper half of these equations re-

sults in the following expression;

ARG, (t) = APTG,(t) = T, A8, (t) + Sy ORTL () (4)

J
where
APTG. (t) 9PTG. (t)  _;
T, = [ee—pd - 1. m.]
=j 08. (t) 06. (t) -3 -J
=] =]
and

3PTG. (t)

5w &

Further substitution of (4) into (1) results in a closed

form state model for module j;

X.(t) = A.X.(t) + B. PTL. (t 5
R (t) = AX,(t) + By APTL,(t) (5)
— N n
0 I. T r 0
-— _J —-—
éj = and gj = .

-M71 g, -n71p. -m1s,
=j =3 =j =3 =j =3
L _J . -

The invertibility of matrix 15 is proved in

reference [10].
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The ability to perform a rapid update of T.

and §j each time the static state estimate is computed

depends on the number of generators Nj and load buses

Kj in a module since the elements of matrix

9PTL. (t) 9PTL. (t)
—==5 il
9d. (t) 96. (t)
=] =]
aPG. (t) OPTL. (t)
=5 £iL
9d8.(t) 96. (t)

_ —J =J »

must all be updated, matrix

3PTL. (t)
j - 58 (t)

must be inverted, and gj and §j must be calculated.
Increasing the number of modules M both (1) decreases
the total number of synchronizing torque coefficients

to be updated since these coefficients will not be cal-
culated for lines that connect modules and (2) decreases
the computation to form {gj}?=l and {§j}?=l since M
matrix inversions each of small dimension requires less
computation than one matrix inversion of large dimension
due in part to the extraordinary efforts needed to invert
large matrices accurately. Moreover, since the effects
of unit commitment, network configuration or load flow
changes are often localized, the model for each module

need only be updated when the effects on model parameters

is sufficient to warrant an update. If there were only
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one module for an entire power pool, the entire model could
need to be updated every time a subsection of it required
updating, vastly increasing the computational require-
ments for model updating.

Reducing the size of the modules and thus in-
creasing the number of modules will however increase the
total number of measurements required to perform dynamic
state estimation in a study area because:;

(1) measurements are required in each module for
all the real power flows on all lines that
connect this module to other modules. This
condition not only imposes a requirement to
measure line flows in the study area which
would not necessarily be measured if one
module were used but also requires measure-
ment on each end of these lines to get the
correct PEij value for each module.

(2) a certain level of measurement redundancy
is required in each module in order to assure
bad data detectability and identifiability in
each module. These measurements must be in
addition to line measurements because the
line measurements are inputs and do not pro-
vide information on the state of the module.

Reduction of module size will thus reduce the computa-

tion for updating the state estimate and thus reduce
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computer hardware requirements for dynamic state estima-
tion but will increase the instrumentation and data
acquisition costs for retaining a reasonable level of
measurement redundancy in each module. The subject of
bad data detection and identification for dynamic state
estimation on a power system is beyond the scope of this
thesis and is a subject for further research. The level
of measurement redundancy for good estimation and fast
reconvergence after a disturbance however will be con-

sidered in this research.

3.6. Dynamic Load Model

A dynamic model for load power deviation Aggj(t)
in module Jj has not been required since it was assumed
that the load power was measured and known perfectly at
every bus Kk in the module. This assumption requires
many measurements all synchronized and taken at a fast
sampling rate which may not be practical.

A dynamic model of the load power deviations
AEEj(t) is proposed in this section in order to eliminate
the need to make synchronized measurements of load power
at all load buses at this high (> 5/sec) sampling rate.
Three different load models will be developed which assume
that the load at each bus can be decomposed into different
load types and that each load type can be modeled as a
Markov process. These models differ from those presently

being developed under EPRI and DOE support in that
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(1) the dependence of each load type on voltage
magnitude and frequency is ignored
(2) the Markov models ignore all structure informa-
tion available from particular knowledge of
the load type and assumes a structure that
lacks any dependence on voltage and frequency
at the load bus
(3) the parameters and order of these Markov pro-
cess models need to be identified based on
measurements of load of each type and cannot
be derived based on knowledge of the kind of
load being modeled.
Although the work done under the EPRI and DOE projects
[22] may provide load models that could be used for dynamic
state estimation, the Markov process models proposed
here are simple and reflect the general forms of the models
that are possiktle.
A general model of the load power deviation will
be proposed and the three specific load models will then
be discussed and developed based on the general model form.
The load power deviations in module Jj are assumed to

satisfy

APL, () = Hy Agy(t)

Aéj(t) = F5AQ, (t) + GiW, (t)

where ﬂj(t) is a white process
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E{ﬂj(t)} =0
E{W. (t,)Wo(t.)} = Q.6(t, - t.)
e RS SR 25015 2
with initial conditions

_ T _
E{aq5(0)} = 0 E{Agy(0)8q; (0)} = ¥,

E{8q;(0) WS ()} = 0.

3.6.1. Low Pass White Noise Model

The simplest dynamic model for load power devia-
tions APLj(t) is to assume that the loads at every load
bus k are independent, low-passed, white noise pro-

cesses with bandwidth fkj such that

OPLy 5 () = Agy s (t)

By () = =f,  hqu s (t) + £ W (t)
E{ij(t)} = 0, E{ij(tl)wkj(tz)} = G(tl - tz)ij
such that
Ej =1
Ej = diag{—flj,-fzj,...,-ijj}
Ej = —Ej = diag{flj'ij""’ijj}
9, = diag{Q;y Qy --- Qij}
WI(E) = (W) 5 (8), Wyl ()50 Wy S (8))

]

T _ T =
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A more general and realistic model might occur if the
white processes ﬂj(t) were correlated so that gj was

not diagonal.

3.6.2. Load Component Model

A second load model assumes that the load at
each bus in module j can be decomposed into zj dif-
ferent load types Aqij(t), i= 1,2,...,2j such as

commercial, residential, agricultural, etc. and

Aqij(t), k=1,2,...,K.

j .
= J
APij(t) = ; hki 3

here hii is the percentage of load type i (Aqij(t))
present at load bus k in module j (APij(t)) with

[
J .
hi. = 1. Each of these load components Aq..(t) is

i=1 ** +

assumed to be independent Markov process with a dif-

ferential equation of order n, that is

ij’
n
(n..) ij . (n,.-n)
sy () = zl £ 8.7 (8) + g
n:

i3 ()

i3Vi5
where Wij(t) are scalar white noise processes with

statistics

E{Wij(t)} =0

and

E{Wi j(tl) Wi

. j(t2)} =0 , i1 # i2 \J il,i2 € [l,lj].

2
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Now define the auxiliary variables

Aqijl(t)I---lAqijnij_l(t)
by the relations
(nij—l)
Aq. . _(t) = Aq,. (t)
ljnij 1 ij
T =
Agij(t) = [Aqij(t),Aqijl(t),...,Aqijnij_l(t)]
Then
Agij(t) = EijAgij(t) + gijﬂij(t), i= l,...,2j
where
( -
F.. = .'.
—1J 0 1
£ ... £
in. . il
— Tij -
T _
gl] - [0:0:---rgij]-
Aggregating these models for each load component, define
bg5 (£) = (o] (t) ,o.n by 5 ()]

then

]
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= ul -
A&kj (t) - Ekj Agj (t), k - 1'2’...’Kj
where
nlj term nzj terms nljj term
T 3 — T o
Hes = [hg,,0,0, 0, hly,0,...,0,..., B j,o,o,...
and APL. (t) = H.AQ. (t
_J( ) H, 513( )
H, =| :
-—J .T
H, .
550

and Agj(t) satisfies the differential equation

Agj(t) = F. Agj(t) + G. Hj(t)

J J
T =
— -
Flj 0 o ... ©0
0 F,.
F. = =23
=J
0 0 F, .
— _23—4
G5 O 0 0
0 Sy .
G. = .
—J .
go 0 ggj-J
gj = diag{Qljlo ..'sz} .

In the above discussion it was assumed that wij

(t)

are

uncorrelated, dropping the assumption results in a more

general case and a nondiagonal gj matrix.
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3.6.3. Geographical Load Model

The fact that each geographical area has a
particular load characteristic, provides the basis for
the third load model. Assuming there are lj different
geographical areas, each with a load dynamic given by a
Markov process Aqij(t), and that the load at each load
bus is composed of a percentage (hii) of the load
Aqij(t) of each of the zj geographical areas in

module Jj so that
2.
- J
Ag&kj(t) = izl hkiAqij(t) .

Assuming a differential equation of order nij for load

type Aqij(t), the structure of the geographical load

model will be identical to the structure of the component

load model and thus

APL, (t) = Hy Ag; (t)

Aéj(t) = F5 g (t) + Gy Wy(t)

E{Ej(t)} =0

T - -
E{yj(tl)ﬂj(tz)} = 6(t) - t5)Q,

where matrices Ej' Ej

structure to those for the component load model. Here

and gj will have identical

again gj may or may not be diagonal.



48

3.7. Complete State Space Model of a Module

In this section a complete state space model for
the system is developed and the measurement vector is
defined. It is shown that the model of a module has the

following general form

X(t) = A X(t) + B u(t) + G W(t)

(6)

Y(t) = C X(t) + v(t)

where u(t) represents the known measured signals; W(t)
is a white disturbance process that is used to produce
the stochastic load model or the measurement noise
associated with the measurement of injected power. The
process v(t) is the measurement noise on those measured
signals used to produce the dynamic state estimate. The

white processes W(t) and v(t) are uncorrelated with

statistics:
E{ﬂ(t)} =0
(7)
T = -
E{ﬂ(tl) W (t2)} =Q G(tl tz)
E{v(t)} =0
(8)

l'p
E{v(ty)) v (t;)} = R §(t; - t,) .

The initial conditions are assumed to be un-

correlated with v(t) and W(t) with statistics
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E{X(0)} = 0
(9)
E{X(0) X' (0)} = J(0).

In this section the Jj subscript which refers
to the module under consideration is dropped for the
ease of notation but it is understood that the following
equations are derived for an individual module.

In section (3.5) the linearized model for module

j was derived. It is repeated here for the ease of

reference. (The Jj subscript is dropped.)

B3 (t) 0 Io|fesw 0

. = -1 -1 + -1 APTL (t) . (5)
po(t)] | -MTtT -M D | sw(t) -M s

To completely specify the model APTL(t) dynamics has

to be specified. As was mentioned in section (3.6) the
dynamic fluctuation of APTL(t) can be followed by (1)
measurements at each load bus or by (2) modeling the load
dynamics and measuring the power injections into the
module. The first option is generally not feasible for

a large utility or a pool due to the cost of measuring
and communicating these load measurements at every load
bus in the study area to a central processor. Thus in
general a load model has to be developed so that

(dropping subscript j)

APTL(t) = APE®(t) - APL(t) (10)
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where Aggo(t) are the measured line power injection
into module j from other modules and the external area

and the load power model is (dropping subscript jJj)

APL(t) = H Ag(t)

Ag(£) = E 8g(t) + GW_(t) (11)

(t, = t

= T =

Q.8

T _
E{X(0) W (t)} =0

where the subscript g is added for notational con-
venience. The measurements of power injected into the

module has white measurement noise

PE°(t) = PE(t) + W_(t)
(12)

= T = -
E{ﬂE(t)} =0 E{Hﬁ(tl)ﬂz(tz)} = QEG(tl t,)
where W.(t) is uncorrelated with Eq(t) and X(0).
Substitution of the above equations (11, 12)

in equation (5), the following augmented state model

results
S (t) 0
awit) | = | -M"1T
Ag (t) 0
-M *S | APE(t) + - (13)

o
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To put this equation in the form of equations (6), (7)

define;
r B
A6 (t)
o W (t)
X(t) = [dw(t)| u(t) = APE (t) W(t) =
W_(t)
Aq (t) 4
— -
0 10 [0
a=|-vlr -d'p wlsn| B=|-M's
0 0 F L 0
0 0 Q 0
- = “E = T _
co|Mls o Q = E{X(0) X7 (01} = [(0)
211 = = - 0 0
0 G . —q_J
- —-q

Having developed the state model (13), input
vector u(t), and disturbance W(t), the measurement or
output vector is now discussed.

An initially attractive set of measurements are
the frequency and real power at every generator in the
module

(o]
APG (t) = APG(t) + W_.(t)
— — =G (14)

bu®(t) = Dw(t) + W, (t)

where the measurement noise EG(t) and gw(t) are un-
correlated with each other and with the system input
disturbance W(t) and initial condition X(0) and

have statistics;
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E{W,(t)} =0

(15)
E{W_(t,) Wi(t.)} = Q. 8(t, - t.)
Wolty) Hgle, Qs 0(ty 2
E{w (£)} =0
(16)
T = -
E{Ww (t;) W (t;)} =0 8(t; - t,)

These observation equations can be expressed in
the form of the model state using equation (4) in Section

3.5

APG(t) = T ASs(t) + S PTL(t)

and equation (10) and (12) of this section so that

Y(t) = C x(t) + v(t)
y(t) = [aPG°(t) - s APE®(t)
Agé(t)

(¢ 0 -sH AS () W.(t) + sw_(t)
= = =1|°* =G =E
01 o |fawwr| ”
- Ag(t) W (t)

., [z o -su We(t) + 8 Wp(t)

¢ = v(e) = |7 - F
01 0 W, (t)

The measurement process statistics (8) for this set of

observations are
E{v(t)} = 0  E{v(t;) v (t))} =R 8(t; - t,)

where



(-
[

0 Q

Since the Agg?(t) measurement has been used both as in-
put vector and also as part of the observation vector,
the resulting measurement process disturbance v(t) would

be correlated with the system input disturbance

T
sos’ o

o 0

T = -
E{W(t)) V' (t,)} = §(t) - t,) .

2

Therefore the conventional Kalman filter equations can
not be used since these equations require that W(t) and
v(t) should be uncorrelated.

The observation vector for the modularized dynamic
state estimator is thus limited to measurements of fre-
quency to avoid correlation of the measurement and input

disturbance processes. The observation equation then becomes

Y(t) = C x(t) + v(t)
= bw(t) + W (t)
where
c= 1[0 I 0] v(it) = W (t).
= - = = - W
The statistics of the measurement process are
therefore

E(v(t)} = 0 E{y(t;) v (t,)} = R 6(t; - t,)

where R = gw'
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It should be noted that an initially attractive
method of reducing the computation necessary to compute

the dynamic state estimator is to use dynamic model

b1 o1 7[as 0
- | = _ + . |APG(t)
by 0o -M1p|law M

and measure APG(t). Although the network model does not
have to be determined or updated, the resultant dynamic
state estimator would be very susceptible to gross errors
due to bad data because the model has so little structural
information that it would not effectively detect ©Or
identify bad data. This estimator would also be very
susceptible to measurement errors in APG(t) and Aw(t)
and to roundoff errors in computation because of the

lack of network structural information in the model.

3.8. The Kalman Filter Equations for a Module

In the last section the general form of the system
equation and its observation vector, in the continuous
time form, were derived. 1In this section the system
equation in (1) the sampled data form and in (2) the dis-
crete time form are derived and for each case the Kalman
filter equations for the optimum, unbiased estimate of the

states of the system are presented.

3.8.1. The Sampled Data Form of Equations of the System

In the previous discussion the input vector u(t)

and the observation vector y(t) were treated as
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continuous time signals. Actually they are not measured
continuously but in a sampled data fashion, such that
u(t) and y(t) are known only at time instants nAT,
where AT is the sampling period. Keeping u(t) con-
stant and equal to u(nAT) for the time interval

[nAT, (n+l1)AT) would result in the following form for

the system;
X(t) = A X(t) + B u(nAT) + G w(t), nAT < t < (n+l)AT
Y(nAT) = C X(nAT) + v (nAT) (18)

E{v(naT)} = 0

E{v(naT)v" (mAT)} = R 6
EW(t)} = 0

T = -
E{W(E W (£,)) = Q 8(ty - t,)

E{W(t)v® (nAT)} = 0

E{X(0) XT(0)} = J(0)
E{X(0)} =0

E{X(0)W (t)} = E{X(0)vT (naT)} = 0 .

The Kalman filter equation for this sampled data
form of the system equations are now presented [24, 23].

Suppose the best (in the mean squares sense)
estimate of the state at time tn = nAT immediately after
the observation Y(nAT) is taken is i(tn/n) i.e.
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X(t /n) = E{X(t)/¥(isT), i = 1,2,...,n}
with error variance matrix
Tty/n) = BUIX(£) - X(t /m)1IX(k) = X(g /m)17) .

In the time interval (nAT, (n+l)AT), no new observation
is available. Therefore the best state estimate

g(t/n) is governed by the system differential equations;

X(t/n) = A X(t/n) + B u(t)), t € (nAT, (n+1)AT]

(19)
u(t ) = u(naT)

with initial condition X(t/n)|,_ = X(t_/n) and the

nAT
error variance matrix for this estimate [ (t/n) satisfies

the differential equation;

m
-

Je/m) = a Jie/n) + J(e/maT + G QG (20)

with initial condition }(t/n)|, _ @ = l(t,/n). The

solution to these differential equations in terms of the

system transition matrix ¢(t,t) = exp[A(t-1)] 1is given
by;
. . t
X(t/n) = o(t, t )X(t /n) + f 2(t,1)dt B u(t ) (21)
tn
T t T,T
Yit/n) = (t,t )] (t /n)e (t,t ) + J 8(t,7T)G Q G & (t,7)drt
- - t
n (22)

t € (nAT, (n+l)AT].

At time t sl = (n+1) AT the state estimate vector given
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by (21) is g(tn+l/n) with the associated error variance
Z(tn+1/n), but at this time a new observation Y[(n+l)AT]
becomes available so that the state estimate vector and
the error variance matrix have to be corrected by the

following relations;

X(t_,;/n+1) = X(t . /n) + K(n+1) {Y[(n+1)8T] - C X(t_,,/n)}
(23)
L(tpq/n+1) = J(t 4/n) - K(n+D)C J(t ,y/n) (24)
where
Kine1) = Lee/mctie D /mc® v w7t @)

Having these updated values for the state estimate and
error variance, they can be used in equations (21) and
(22), with n replaced by n+l and so on. The whole

algorithm starts with the initial conditions

X(t /o) =0

(26)

Lt /o) = J(0) .

3.8.2. The Discrete Version of the Model and its Optimal

Kalman Filter Equations

By discretizing the sampled data equations of the

system (18) we obtain for the system equations [24],
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X(n+l) = ¢ X(n) + Bpu(n) + W(n)

Y(n+l) = C X(n) + v(n)

E{X(0)} = E{v(n)} = E{W(n)} =0 (27)
E{W(n) W (m)} = @) &,

Ely () vy (m} = R §

E(X(0) XT(0)} = (0)

E{v(n) Wi(m)} = 0

E{X(0) vi(n)} = E{X(0) W (n)}

where;
% = exp(AAT)

AT
f exp[A(AT - 2)1B dr

|w
[

AT T T
9 [ exp[A(AT - 2)G Q G exp[A” (AT - 2)]dr

For this discrete model the Kalman filter equa-

tions are [22, 23];

X(n+l/n+l) = ¢ X(n/n) + Bpu(n) +

K(n+1) {Y(n+1) - CI® X(n/n) + Bpu(n)]} (28)
L(n+l/n+1) = Z(n+l/n) - K(n+1)C ] (n+1/n) (29)
where
K(n+l) = J(n+l/m)cIc J(m+1/m)c” + RI7E
(30)

I(n+l/n) = ¢ J(n/m)o” + g @ G
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The algorithm starts with initial conditions;

J(0/0) = J(o) and X(o/o) =0 (31)



CHAPTER FOUR

GLOBAL REFERENCING FOR MODULARIZED DYNAMIC
STATE ESTIMATORS

The decoupling of the dynamic model of each
module from the dynamic models of the other modules by
measuring the real power flows on all transmission lines
that connect the modules is essential if a global
dynamic state estimation is to be feasible. However,
the modularized dynamic state estimators cannot provide
a global dynamic state estimate for the whole area be-
cause each of the modularized state estimators has a
separate reference generator and these reference gen-
erators have not been referenced to a global reference
for the entire area. Thus, the modularized state
estimators could only be used to assess security and
stability margins within the subarea where it provides
a dynamic state estimate and could not be used together
for global security assessment, security enhancement, or
control tasks in the area unless a global reference was
provided. Also the dynamic state estimator for a module
is vulnerable to bad data in the measurement of the in-
jected power flows from other modules, because these

power flows are used as input to the system and there is

60
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no consistency check on these measurements to detect and

identify bad data.

To overcome these two disadvantages, two general
methods of referencing the modularized dynamic state
estimators are presented. It is shown that by globally
referencing these modularized estimators, a global dynamic
estimate of the entire study area and a procedure for
bad data detection and identification on power flow measure-
ments between modules are obtained.

Some preliminary remarks are necessary before the
referencing procedure can be discussed. 1In the referencing
procedure the following assumptions and notations have
been used;

1 - Without loss of generality it is assumed that the re-
ference angle for module one Gll(t) is the reference
angle for the static state estimator and also it is
going to be used as the reference angle for the global
dynamic state estimator referencing. 1In case the
static state estimator's reference is not the same as
the angle chosen to reference the global dynamic state
estimator, it is sufficient to subtract the value of
this angle, as given by static state estimator, from
all incoming static state angle estimates, to get them
all referenced to Gll(t). The value of this angle,
Gll(t), is then arbitrary and can conveniently be set

equal to zero at all times, i.e. Gll(t) =0 V t;
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2 - with the above convention the static state estimates
of internal generator bus angles 6;j(t) and the
load bus angles eﬁj(t) for module j are referenced
to the generator bus angle Gil(t) = 0.

3 - The dynamic angles of these same buses are §..(t)

1]
and ij(t) where

= &Ko P =

Gij(t) = Gij(t) + Adij(t) i 1,2,...,Nj
j=1,2,...,M

ij(t) = eﬁj(t) + Aekj(t) k = 1,2,...,Kj .

Here dij(t) and ekj(t) are globally referenced
angles and Adij(t) and Aekj(t) are the dynamic
angle deviations which are globally referenced to
AGll(t) = 0 where Gll(t) = dil(t) + Aéll(t) = 0;
4 - For module j, the angle estimates given by the
modularized dynamic state estimator, Agij<t) and
Aékj(t), are referenced to the deviation of the

internal generator bus angle, AS§..(t), so that

13
Aalj (t) = Aéij (t) - Adlj (t) l = 2:3!-.-1Nj
~ j=2,3,...,M

and for angles in module one

i = 2,3,.-0'N
Aekl(t) = Aekl(t) - Aéll(t) = Aekl(t)
k=1,2,...,K

1

1
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Therefore the globally referenced angles are

dij(t)

Sij(t) + Aéij(t) + Aélj(t)

B3 (£) = 8P (£) + 8By () + 88 . (t) .

Since the first two terms in the right of the equality
sign are available from the static state estimator
(the first term) and dynamic state estimator (the
second term) all that is needed to reference module j
to the global reference is to somehow estimate the
value of Aalj(t) (the deviation of the local re-
ference angle with respect to the global reference)
and add it to the already available static state
estimate and locally referenced modularized dynamic
state estimate.

A very simple method for providing a global re-
ference frame for these modularized dynamic state estimators
is to make one generator be common to all modules and
thus all modules would be referenced to the internal gen-
erator bus of this generator. Note that this procedure

implies
5lj(t) = 8,;(t) =0, j=2,3,...,M.

If the use of a common generator for reference is impos-
sible, which may often be the case for large systems, two
other approaches are possible and given in the following

subsections.
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4.1. Reference by Association

In this scheme
(1) one generator should be common to and its

internal bus angle, 6., (t) used as reference

s

11
to as many modules as possible;

(2) each of the remaining modules, which do not
contain this reference generator, should share
a generator with a module that has the re-
ference generator. The angle of the internal
bus of this common generator in the module
without the reference generator will be used
as reference for this module and constrained
to be the same as its value in the module with
reference generator.

For the first group of modules, those with the

reference generator, the angles Glj (t) are of course
1l

constrained to be identical, that is,

6 . (t) = dll(t) = 0 ’ jle [1121"'IMl]

ljl
which implies Aéljl(t) = Adll(t) = 0 since

where Gil(t) is the estimate of the internal generator
bus angle for the reference generator, obtained from the

static state estimator and assumed zero.
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K.
J
The global state estimates {6, . } 1 ana
kjl k=1
"5
1 . .
{dijl}i=l for modules i = l,2,...,M1 are simply the

sum of the static state estimate and the local modularized

dynamic state estimate

ekj (t) 0 (t) + A8

(t) k=1,2,...,K.
1 1 ]

k3 1

.. (t . -
lJl( ) i3,

n
O
[
!

(t) + Aaijl(t) = 1'2'...’Nj1

For the second group of modules, those sharing
a common generator other than reference one for the first
group dll(t), generator (ljz) in module j2 is generator
(ljl) in module jl' A reference by association would
require that the reference angle 61j (t) for module

2
= o

be equal to the angle Gljl(t) Gljl(t) + Aaljl(t)

J)
where

2{ e {112’.-"le}l jl E {1'2'000'M1}' j2 6 {Ml+l’..-'M}.

To produce global state estimates for modules

j2 e {M1+1,oo.’M},AG

lj2(t) =A6£jl(t) must be added to
K, N,
{6, (£)) 2 ana {6, (£)) 2
J2 k=1 J2 i=1
B.. (t) = 6°. (t) + A6, . (t) +A8,. (), k =1,2,...,K.
.. (t) = 8°. (t) + AS.. (t) +AS, . (), i =1,2,...,N.
132( ) 132( ) 132( ) le( ), 1 ’ -12
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The reference by association procedure suffers
from two major difficulties which would prevent it from
ever being implemented as a practical referencing pro-
cedure;

(1) The referencing procedure is vulnerable to

bad data, because if Aszjl(t) were in error

all the global estimates in module would

j2
be in error and hence not useful.

(2) (M-1) extra generator models would be needed
since the reference generator models for all
modules j2 € {M1+1,...,M} would be common
with generator models (ljl) in module
jl € {1,...,M1} and because the reference

generator models in modules j, € {1,...,Ml}

represent a single generator.

4.2. Reference by Line Measurement

It may be more desirable to split the study area
into completely nonoverlapping modules and for each module
to treat the rest of the study area as part of external
area.

A procedure for global referencing is developed
that utilizes the measurements of dynamic power fluctua-
tions on lines that connect the modules. These measure-
ments are required to decouple the dynamic models for
each module and since they are already available, their

use to provide a reliable accurate global reference for
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the modularized dynamic state estimator is desirable.

The development of this global referencing procedure will

be carried out in three stages.

(1)

(2)

- It will be shown that module j can be referenced

to module one using the following data:

(1) The dynamic measurement of the real power on
a single transmission line connecting them;

(II) The static and the dynamic state estimates of
the voltage angle at both ends of this line;

(ITI) The static estimate of voltage magnitude at
both ends of this line. Here measurement of
voltage magnitude and reactive power at only
one end of the line would provide this informa-
tion if the static estimate of voltage magnitude
at both ends of the line is not available or
its use is not desirable;

(IV) The line parameters.

This data is used to calculate the reference angle

Aélj(t) that references module j to the reference

angle of module 1 assuming that this angle is always

zero.

- It will be shown that module j can be much more

accurately and reliably referenced to module 1 if a

least squares procedure is used to estimate the re-

ference angle A§,.(t) from the data on all lines

13
connecting module one and 3j. The least squares
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estimates can be more accurate and reliable using the
data on all lines rather than on just one single line
because the errors in the dynamic measurement of
real power, the static estimate of voltage magnitudes
at two ends of the line, and the static and dynamic
state estimates of voltage angles at both ends of the

line can be averaged out and because bad data on a

particular line can be detected, identified and
eliminated from use in the referencing procedure.
This least squares procedure for referencing any two
modules could be used to reference

(a) dynamic state estimators for different areas
or pools where 1 and j would represent
areas rather than modules within an area;

(b) a global referencing procedure for an area
where all modules j = 2,3,...,M could be
referenced to module j = 1.

(3) - It is shown that the least squares procedures for
referencing module j to module 1 by estimating
Aslj(t) from the data on all lines connecting these

M

two modules can be extended to estimating {Aélj(t)}3=2

in one step so that these estimates could be based
on the data (as listed in (1) above) on all lines

connecting all modules within the area rather than
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just on data for lines connecting module 1 to a
particular module j for each Jj.
Three stages of development for the global re-
ferencing procedure are presented in the next three sub-

sections.

4.2.1. Referencing Two Modules from Line Measurements

As was mentioned earlier, all that is needed to
reference module j to module 1 is to add the devia-

tion of local reference angle, Adlj(t) (with reference

to module 1), to the sum of locally referenced dynamic
estimate of angle deviation Agij(t) and 5kj(t), and
the globally referenced static estimate of the angles

6;j(t) and eﬁj(t) and thus obtain global dynamic estimates

Gij(t) = 6ij(t) + Adij(t) + Aélj(t) i= 1,2,...,Nj
ekj(t) = ekj(t) + Aekj(t) + Aélj(t) k = 1,2,...,Kj
where Aéll =0 and Aglj =0 j=1,2,...,M

Aélj(t) can be obtained and module Jj can be

referenced to module 1 if a line exists connecting load

bus kl in module 1 to load bus kj in module j. Using

the measurement of real power flow in this line Pk k (t)
i1
and the static estimates of the voltage magnitudes at

both ends of the line |V£ (t)| ana |V§ (t)| and also
3j 1l
the line parameters Rk K and xk k. * The angle dif-
il i1
ference ekj(t) - ekl(t) is obtained from the formula

[19, 25];
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2
= [R [ve (t) |
2 2 kyky kg

+ X 3
Rkjkl kK,

- Ry ox
j

1|v]:j(t)||v§l(t)|cos(ekj(t) - ekl(t))

+ X [V2 (&) ||V2 (t)|sin(6,.(t) = 6,,(t))]
kyky kg kg K k1
or the approximate equation [24]
__1 - )
P k. (B) = i;_;_[lvﬁj(t)I|V£1(t)l51n(ekj(t) By (B 1.

1 551

Since

ekj(t) = eﬁj(t) + Aekj(t) + ASlj(t)
le(t) = Bﬁl(t) + Aekl(t) + Aéll(t)

the reference angle satisfies

Adlj(t) = (ikj(t) - le(%j) - (Gij(t) + Gﬁj(t))

~" AN -~ —/
1 2
+ (Oﬁl(t) + Aekl(%)) . (32)
3

In the right side of the above equation, the first term

is obtainable from the power flow measurement; the second



71

term is the sum of static and dynamic estimates of angle
and angle deviation as given by the global static and
local dynamic state estimators which is assumed known at
module 3j; the third term is similar to the second term
except that it is known in module 1 and must be trans-
mitted to module j to determine Adlj(t) that is used
to obtain the global dynamic state estimates in module j.
No reference angle need be determined for module 1 since
the global reference is in this module and its value is
arbitrary and set equal to zero.

Although the above scheme is capable of providing
the Aélj information it is not very reliable since there
is no redundancy in measurement and if the measurement
device gives bad data all the angles in this module would
be in error with no way of detecting, identifying and re-
jecting this bad data. It should be noted that the bad
data detection and identification algorithm of the dynamic

state estimator of module 3j cannot detect any erroneous

measurement of the inter module tie line flow measurements
as these tie line flows are inputs to this estimator and
thus there is no consistency check for them. 1In this
agrument it is supposed that estimation for each module

is done in different geographical locations because the
modules are assumed to be different utilities or pools.

If all the estimators for different modules were to be done
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in one location as in the case when all modules are in a
single utility or pool, there could be consistency checks,
but as will be discussed later in this section a more gen-
eral algorithm for finding Aélj would be used in this

case.

4.2.2. Least Squares Method of Referencing Two Modules

Suppose there are LS tie lines connecting

jl
buses k,1,...,k. 1,...,k. o, 1 in module one to buses
1 h le
klj,...,khj,...,kLo j in module Jj respectively, then

jl

fOI‘ bU.S khj’ h 6 [1'...'L]°.j]

6, .(t) =062 j(t) + A8

o3 N j(t) + Aélj(t)

k k

h

subtracting ek 1(t) from both sides gives;
h

j(t) = 0, q(E) = 62 (t) + A6 j(t)

6
k h hJ h

h

h

. e ~
But since ekhl(t) = ekhl(t) + Aekhl(t) + Aéll(t) and
Adll(t) = 0, the above expression becomes;

8, .(t) - 6 (t) = 62 .(t) - 62 L (t)
kh] khl khj khl
+ A6

. (t) - Aek l(t) + Adlj(t)

h

from which
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Aélj(t) = (6 j(t) - Gk 1(8)) - @ﬁhj(t) + A8,

. j(t))

k

h h

+(0° ,(t) + A8, . (t))
khl khl

which is identical to (32) in the previous section, so
that the discussion of how to obtain each term applies
here exactly.

To provide measurement redundancy and also a
means for detecting and identifying bad measurements le

of the power flow measurements (le < L;l) would be

used in a static state estimation algorithm to obtain
the optimum, unbiased, least squares estimate of Glj(t).

Defining the measurement vector

T =

kj(t)'-oolzk

j(t)r-o-rzk j(t)]

1 h le

where 2, .
khj

measurements on line h, and the static and local dynamic

(t) is the value of Adlj(t) obtained from

state estimates, given by

z, .(t) = (8, .(t) - 6 (t)) =-(82 .(t) - AB, - (t))
khj khj khl khj kh]
+(82 (t) + A6 (t)). (33)
khl khl
Then gjl(t) = QleAGlj(t) + ﬂjl(t) where
h = [1,1,...,1] is a le x 1 vector of 1's and
—gjl w (t)] W.,(t) 1is
= L] o o o N : t e o o . —'
Ejl(t) [Wk ](t)' l“khj( ) ’ kLgl jl

1
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the noise associated with this model and it is composed of

the following components

ﬂjl(t) = yjl(t) + gjl(t) + g;l(t) + glj(t) + gij(t)

+ slj(t)
where
T —
jl
T —
Bt = (g 50,y (0]
jl
oT = o o
E51(8) = L 5(e) ety (0]
jl
jl
-g-ij(t) = [Eﬁll(t),---:gﬁL l(t)]
jl
T =
Elj(t) [Ekllj(t),---.ekL lj(t)]
jl
thj(t) noise in obtaining (ekhj(t) - ekhl(t)) from
the power flow measurements at module j;
g, .(t) a posteriori noise associated with A8 . (t),
khj khj

the output of the local dynamic state estimator
for module j;
. (t), the output of

J
h
static state estimator, this term also contains

gk . (t) noise associated with eﬁ

the communication noise if static state estimation
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is done globally and the states are transmitted

to module 3j;
£ (t) a posteriori noise associated with Aé (t),
khl khl

the output of dynamic state estimator for module

one;
Ei l(t) a posteriori noise associated with 6; 1(t),
h h
the output of static state estimator. It also
includes the communication noise of transmitting
this information to module one;
€x lj(t) communication noise in transmitting eﬁ l(t) +

h - h
Aek l(t) from module one to module j.
h

The statistics for these noise vectors follows

ElW;) (£)] = E[V,) (8)] = E[g;; ()] = EIE3; (£)] = E[£;,(£)]

= E[£5,(8)] = Elg;5(0)] = 0

Elg) 4 (t) gfj(t)l = Zlel‘t’
Elgy) (£) £5(8)] = ilej(t)
E[g],(t) £55(8)] = Ip, 1
E[£9) (£) ggf(t)] = zijlj(t)
Eleyj(8) £15(68)] = € (t)
E[Vy) (t) ggl(t)] = Ejl(t)
E[£3,(6) £3;(8)] = [ 0 5 (0)
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E[ES. (t) E°5(t)] = V. o (t)
._j]_ _1j _‘_jl°,lj°

o T _
E[£S)(6) £75(8)] = Jipo 15(8)

-o(t)

oT -
E[E4)(t) E°)5(0)] = T4q 95

T -
E[E4) (€) £145(8)) = 14y 14(8)
o T -
ELE]5(8) £15(0)] = D140, 5(8) -

The nine remaining covariance matrices are zero because
€15 and le can be assumed uncorrelated with each other

and the other errors. From this we get

T _ _~
E[Wyp (£) Wiy (£)] = Ryy(t) = Ry (€) + ngll(t) + Zlej(t)

+ 00 S(t) +J° L(t) +CoL(t) + 2[Jiq0 44 ()
_lel —lej 13 £jl1e°,3j1

lie,150 ) * Lo 150 Lyn 0508 # Ly g5 (0)

* Lige,15(®)]

The optimal, unbiased, least squares estimate of

Aslj(t) would be

2 _ T
88)5(8) = s, (B)hy (t)

R.I(t) z.
j1 791 7

31

where Sjl(t) is the a posteriori variance of the estimate,

T -1 -1
S.1(t) = (h R.7(t) h. ) .
jl —le =jl —le
If gjl(t) is considered to be diagonal gjl(t) =
L
: 2 2 - jl _ 1 -1

dlag(rkl(t),...,r] (t)). Then Sjl(t) (Zh=1 = (t))
and 31 k

h
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X L.1 Zkhj(t)
AS, . (t) = 8., (t
613( ) Jl( )(£=1 ;f—TET—)
*n
when all diagonal elements of gjl(t) are identical
2 _ .2 :
rkh(t) =r“t) YV h € {l,...,le} then
2
Sjl(t) i(t)
jl
and
le
12, (%)
< h=1 KnJ
Aélj(t) = T
j1

This static state estimator gives Aglj(t) for
modules having direct connection to module one. If there
is any other module j2 which does not have direct con-
nection to module one then the same procedure could be
followed using the tie line flows between this module and
any module jl which does have connection with module one

to get the difference A8 (t), then the actual difference

33, -
(t) + AS

"

1d be AS8,. (t) = AS. .
wou e lJ2( ) 331 15

all the modules can be referenced to the global reference.

(t). In this way
1

Although this scheme gives a good estimate of
Aslj(t) YVje [1,2,...,M] it is not using all the avai-
able information, since for each inter module tie line
there are two measurements, one at each end, available
and this procedure uses less than half of these measure-
ments. Therefore it should be used only when dynamic
state estimation is done in separate locations, and the

state in the global reference frame is needed at individual
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module locations, perhaps to be used in an optimal or

suboptimal local control strategy.

4.2.3. The Global Least Squares Referencing Procedure

If a central computer is doing the dynamic state
estimation for all the modules, all the available informa-
tion can be used in a single static state estimator to

obtain the maximum consistency and minimum uncertainty.

For any two modules jl and that have

j2
L. . direct tie line connections define

J2d1
(t) = h AS. . (t) + W. .
szjl 313, 329

Z. . (t)
—J2J1

Sp0dy  [1ye.. M)

(t) = h AS. . (t) + W.

Z. . .

where 2. . and Z. . are L. . x 1 vectors with
—J231 —J332 J231
elements similar to (33), Eg j = [1l,...,1] 1is a
2-°1

L. . x1 wvector of 1's, W. . (t) and W, . (t) are
J2d —J2 —Ji132

L. . %X 1 relevant noise vectors and
J23y

AS. . (t)
J2J

(t)

AS, . (t) - AS, .
lJl( ) 13,

AS. . (t) Adlj (t) - Adlj (t)

3132 2 1

Define the state vector for the static state estimation

to be
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Define the state vector for the static state estimation

to be

— -

A dlz(t)

A 613(t)

83 (t)

and the observation vector

T _ T T T T T T
ZU() = (250 (£) 2], (6) unn, By (£),20,(£), 253, (£) , 2,55 (E) .0 .

T T T

JZs . (),Zr L (t),. (t£),25 ()]
172

Tt rSMM-1 -M-1M

where jl < j2 and jl,j2 € [1,2,...,M] such that there

is at least one tie line directly connecting modules

A
and j2.
The model for static state estimation thus would
be
Z(t) = HAS (t) + W(t)
where
T _ T T T T T T
E (t) = [EZI(t) 'Elz(t)’...’_Ml(t) 'HlM(t)I_w_32IE23(t)’oo-
T
ST . (E), We . (), ...
3231 —J132

with E[E(t)ﬂ?(t)] = R and E[W(t)] = 0 and H, repre-
sented on the next page, is a matrix with elements 1,
-1, 0. This matrix has M-1 columns and L rows where
L is twice the total number of tie lines between all

modules.
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Here the covariance matrix R(t) is very com-
plicated, but nevertheless obtainable from the available
information. Since the dominant noise terms in each com-
ponent of W(t), say, Ej i (t) are the measurement noise

2
V. . (t) and communication term €. . (t), and these
terms are mutually independent and uncorrelated one

simplifying assumption would be to consider

R(t) = Block dlag[§21(t),glz(t),...,ng(t),BiM(t),§32(t),
R,,(t),...,R. . (t),R. . (),...] .
=237 70T ISo0) T 3,
At any rate from this model the optimal unbiased,

least squares estimate of A§(t) is

88(t) = s(t) BT RL(e) z(t)

where §S(t) is the a posteriori variance matrix of the

estimate;

s(t) = (5T R Y(t)m L.

Once the estimation problem is put in the above
form, there are a host of efficient optimal or suboptimal
algorithms together with associated bad data detection and
identification schemes, available for this static state
estimation. This subject is not pursued further in this
research but could be the subject of some further study

to find out the most appropriate scheme.
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It was noted before that the dynamic estimation
algorithm for each module cannot detect or identify bad
measurements in the tie line flows, it should be pointed
out here that this static estimation algorithm, besides
being used to obtain the global reference information,
provides a means for detecting and identifying bad data

in the tie line flow measurements.

4.3. Implementation

The global dynamic state estimator for a large

area could be implemented either,

(1) using a single large central computer to
compute all modularized dynamic state
estimates and reference angles for each
module, or;

(2) using a distributed computer network where
each modularized dynamic state estimate is
computed by a separate minicomputer and
then this local state estimate along with
power flow measurements on the tie lines
between modules is sent to a central pool
or area control center computer where these
modularized dynamic state estimates are
referenced globally.

The centralized computer implementation would re-

quire that frequency measurements at generator buses in

the module and power measurements on all lines connecting



83

this module with other modules and the external system be
communicated to the central computer for each module. It
is assumed here that global static state estimation is done
at the location of this central computer such that this
information does not require communication.

The distributed computer implementation would re-
guire that frequency measurements at generator buses in the
module and the power measurements on all lines connecting
this module with other modules and the external system be
communicated to the local computer. This requires the
same amount of communication as the previous case. 1In
addition to these information;

a) local static state information from the central
computer has to be communicated to the local
computer for each module,

b) local modularized dynamic state estimates has
to be communicated from the local computer back
to the central computer, and;

c) the power measurements on all lines between
modules has to be communicated to the central
computer for computation of the reference angles,
since it is assumed that reference angles for
each modularized dynamic state estimator are
estimated in the central computer.

It should be noted that even if reference angles

were to be computed at the local computer as in 4.2.2, it
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would not result in less communication since in this case
for each line between modules the angle at the other end
of this line had to be communicated to the local computer
for referencing.

Since centralized computer implementation requires
far less data communication than the distributed computer
implementation, it seems more reasonable to do the global
dynamic state estimation in a central computer and in
module form. The benefits of performing global dynamic
state estimation in modules for a study are:

(1) - to minimize the number of parameters in the
matrix given in (5) to be updated, because
the total number of elements in matrices
for the M modules will be less than the
number of elements in a one matrix for an
entire study area. Moreover parameters to
be updated due to a change in operating
condition or network structure can be kept
to the local module or modules where it has
occurred and thus eliminate the need to
change all parameters, which would be nec-
essary if one module covered the entire
study area;

(2) - make possible the on-line network reduction
necessary to determine the matrix Ej‘

This network reduction can either be
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accomplished using standard network reduc-
tion algorithms or by inverting the matrix

OPTL.

T, = [__l

to eliminate the need to syndhronize all

1.

power and frequency measurements made in

an area. Since the computation of the
estimates for each module do not depend on
measurements for other modules, the measure-
ments for one module need not be made
synchronously with measurements made in
other modules. The elimination of the re-
quirement of synchronization of all measure-
ments can drastically reduce the cost of the

data acquisition system required.

In selecting the module size and its components

there are some constraints that have to be met and some

considerations that have to be observed;

(a)

- The first constraint is the module size, it

cannot be too big, as then the network re-
duction for each module would become too
time costly or equivalently the dimension
oPTL.
agj
that the computer cannot invert it. This

of the matrix T4 = [ ] would be such

matrix has dimension ki x ki where ki

is the number of load buses at each module.
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Since every generator's high side transformer
bus is represented by a load bus, kj would
be the actual number of high side transformer
buses in a module. The number of high side
transformer buses in a module is constrained
and cannot be increased more than a certain
level decided by the particular computer's
capability.

(b) - The topology of the network has to be con-
sidered during the modularization. Com-
ponents for each module should be selected
such that the number of connections be-
tween modules be minimum, because each tie
line between two modules necessitates two
measurements, one at each end of it. So an
effort has to be made to include those gen-
erators and load buses that are strongly
connected to each other, as part of one
module. This implies that each strongly co-
herent group should comprise one module. No
effort has been made in this research to
investigate possible benefits of modulariz-
ing around the boundaries of coherent groups
against possible inclusion in one module of

generators from different coherent group.
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(c) - Overmodulization should be avoided, because
the more the study area is split the less
consistency is present in the model and the
higher is the overall number of measurements.
It seems a good strategy to try to maximize
the size of the modules up to the limits set
by the restrictions in (a) and (b) above.

In the final analysis the choice of different ways

of modularization depends on the specific pool, its avail-

able computer and communication facilities and the policy

of its member companies.



CHAPTER FIVE

PERFORMANCE OF THE DYNAMIC STATE ESTIMATOR

The objective of this chapter is twofold:

1 - To validate the assumption that the linear approxima-
tion to the nonlinear dynamic system is a good one,
and

2 - To investigate the performance of the dynamic state
estimator as a function of; a) the size of the error
in measurement of frequency, b) the sampling rate of
measurement under both normal and transient condi-
tion, c) the location and the number of frequency
measurements taken and, d) error in obtaining the

model parameters.

5-1 The Test System

A seven station dynamic equivalent model of The
Michigan Electric Coordinated Systems (MECS) was used to
provide the data for investigation of the above mentioned
objectives. This equivalent model is described in detail
in reference [26]. In this model all the load buses have
been eliminated through a Ward-Hale network reduction,
so that only internal generator buses are retained. The
Kyger station was treated as the external system and the

88
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ties between the Kyger station and three stations namely,
Ludington, Karn and St. Clair were cut to provide the
systems with some internal buses. Stations Palisades,
Monroe 1, 2 and Monroe 3, 4, then were the only boundary
buses with ties to the external systems (Kyger station).
The power flows over the tie lines between these boundary
buses and the Kyger station were used as input to the
system.

For the linear model it was assumed that the ratio
of the damping over inertia for all the machines in the
study area were the same, so that the linear state space
representation of the study system in Uniform Machine One

Frame of Reference [12] was;

X=AX+BU+GH

where

~ -
&1 Asy , [A“’z‘]

=iy ST S
L 22 I ;

_ s _ s s _ s

Aéi = Adi AGl and Awi = Awi Awl

ir 0 APEl

] = = A
07 Wy
} .

W= W, =| :

- L_Hl_l -1 W
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o 1
A= |
MT oL
- _
[‘-122.82 20.57 3.38 19.94 22.29
| 9.75 -66.91  -2.03  11.68 12.85 |
MT = |  1.65 1.88 -60.83 4.31 4.48 |
| 10.37  13.11 0.55 -103.82 41.10 !
. 12.46  14.68 0.93 41.50 -109.36

and o = 0.31811.

The value of MT was obtained based on a base case load
flow solution and the value of ¢ was obtained by the

procedure described in the next section.

5-2 Determination of the Added Term to the Damping

The damping used in the linearized model consists
of two parts, one part is the actual damping Di associated
with the machine and the load, and the second part is the
contribution of the governor loop to the damping.

The governor loop has a low fregquency gain
Ki = Pi/R where P, is the machine capacity and R 1is
the regulation constant. The gain KiGi(w) of this loop
decreases with frequency and the justification for re-
presenting this loop by a constant is not immediately
apparent. The assumption that the governor loop can be
represented by a gain fiKi is based on the fact that the

dominant modes of the synchronizing oscillations lie in a

range between 0.5 and 2.0 Hz. and the frequency response
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of the governor loop KiGi(w) is relatively constant over
this range. Thus it is possible to approximate the

gain of the governor loop as
K;G, Juw=K;f,, ™ < w < 4m rad./sec.

An additional assumption is made that one can use an average
damping ratio on all machines that is defined as

o= % z§=1 D,+fK,/M; and thus o can be varied by varying
f.

To verify these assumptions the nonlinear dynamic
system was simulated under a set of steady state initial
condition and deterministic loading. After two seconds of
steady state simulation the angle at Karn station was
increased by five degrees to simulate a fault. The power
flows between external system and internal system deter-
mined from this simulation were used as input for dif-
ferent simulation runs of the linearized model under the
same set of initial conditions. The damping ratio o was
adjusted until the linearized dynamic model with constant
gain governors approximated the response from the non-
linear dynamic model with dynamic governors. That is, a
damping ratio of o = % Zg=l Di+fKi/Mi was used in the
linear model with different values of f and the resulting
trajectories were compared with the original nonlinear
dynamic simulation. Comparison of these results demon-

strated that f = 0.05 is the most appropriate value.
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Figure 5-1 is a comparison of the angle trajectory
of Karn station as obtained from nonlinear dynamic
simulation with governor dynamics versus the linear dynamic

. . . _ 1 ¢6 _
simulation with o = g Zi=l D,+0.05K,/M, = 0.31811 used

as the uniform damping ratio.

5-3 Validation of the Linear Model

To validate the assumption that a second order
linear model with appropriate damping ratio represents the
nonlinear seventh order model with dynamic governor models
under both normal and transient condition the following
additional simulation was performed.

The nonlinear model was simulated under the pre-
sence of random load and after two seconds of steady state
simulation the angle at Karn station was increased by
five degrees. The linear second order state space repre-
sentation of the study area was simulated with the tie
line flows between the study area and external area (Kyger
station) obtained from the nonlinear simulation and used
as input to this linear model. A value of o0 = 0.31811
was used for the damping ratio.

In Figure 5-2 plots of the angle trajectory at
Karn station is shown for these two simulations, which
clearly confirms the validity of the above assumption,
since the linearized model with constant gain governor
tracks the machine responses from the nonlinear model with

dynamic governors for both steady state operation where
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random load fluctuations are present and the transient
condition where an instantaneous change in angle occurs

on the Karn machine.

5-4 Performance of the Dynamic State Estimator

To investigate the performance of the dynamic
state estimator under different conditions, the nonlinear
dynamic system was simulated under random loading condi-
tion and after two seconds of steady state simulation an
accelerating power of 3.3 per unit was applied at Karn
station for 3 cycles to simulate a fault condition.

The standard deviation for the random loads were
chosen so that the standard deviation of the simulated
power and frequency fluctuations in the steady state would
be identical to those found on actual measurements of tie
line powers [27].

The power flows between internal and external
system and the frequency at different buses of the system
were stored to be used partly as measurement vector for
the dynamic state estimator and partly for comparison with
the output of the dynamic state estimator. The measurements
of frequency and power used as inputs to the dynamic state
estimator are formed by sampling the stored data from this
simulation and adding a discrete white noise with variances

o and o

p £ to power and frequency respectively.
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5-4-1 Effect of Different Measurement Noise Levels

To investigate the performance of the dynamic
state estimator under different measurement noise levels,
the sampled frequency values stored from the nonlinear
dynamic simulation were corrupted by independent white
noise with 30f maximum errors of 0.01 Hz., 0.001 Ez.
and 0.0001 Hz. respectively at a sampling rate of 20 samples
per second. Using these different values of measurement
noise, the steady state covariance matrix of the estimated
dynamic angle and frequencies were calculated.

The range of values of the steady state 30 maximum
error in estimated frequency and angle for different buses
and for these different measurement noise levels are
tabulated in Table 5-1.

This table shows that frequency measurements with
maximum frequency measurement error of 0.0l Hz. is just
barely adequate for dynamic state estimation, since the
maximum error in estimated frequency at any bus is at most
0.005 Hz. which is approximately one quarter of the maximum
frequency deviations due to the presence‘of random load
under normal operating conditions.

The frequency estimates are significantly more
accurate than the frequency measurements at a maximum fre-
quency measurement error of 0.0l Hz. The maximum error of
frequency estimates is approximately equal to the maximum

error in measurements when this maximum measurement error
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is 0.001 Hz. and 0.0001 Hz. since the dynamic model for
the estimator does not effectively filter the noise from
the measurements at these low measurement noise levels.
The maximum error of angle estimates changes significantly
as the maximum measurement error decreases from 0.01 Hz.
to 0.001 Hz., but does not change significantly as the
maximum measurement error decreases from 0.001 Hz. to
0.0001 Hz. because apparently the accuracy of the angle
estimates depend more on the accuracy of the dynamic model
than on frequency measurement error when this measurement
error is small.

A power frequency recorder [27] can presently
measure frequency at a rate of five samples per second with
a maximum error of 0.001 Hz. and a new Real Time Digital
Data Acquisition System (RTDDAS) can measure frequency at
twenty samples per second with a maximum error of some-
thing less than 0.001 Hz. It is thus clear that the RTDDAS
samples sufficiently fast to provide frequency estimates
with maximum errors of less than 5% of the maximum fre-
quency deviations due to random load fluctuation and much
less than 5% of maximum frequency deviations due to con-
tingencies. The accuracy of the angle estimates using the
RTDDAS are excellent and could not be appreciably improved
if a more accurate frequency measurement were possible.

Based on the above results and discussions, for the

rest of this chapter, it is assumed that the dynamic
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state estimator has measurements with maximum error of

3of = 0.001 Hz. available.

5-4-2 Effect of Measurement Sampling Rate

As discussed in Chapter Three there are two sets
of measurements required for dynamic state estimation,

a) the power flows between external and internal system to
be used as input to the linear model and b) the frequencies
at different generator buses in the internal area to be
used as the measurement vector.

To investigate the effect of the rate at which
these measurements are taken on the performance of the
estimator the 30 steady state maximum error for fre-
quency and angle at different buses of the system are
calculated for different sampling rates. Table 5-2 is a
comparison of these results which show that as the rate of
sampling increases the error in the estimated value of
frequency and angle decreases. The increase in accuracy
for frequency estimates is negligible, as the frequency
measurement is very accurate (30f = 0.001 Hz.). The
accuracy in angle estimates improves more noticeably, since
it is about twice as accurate in case of 20 per second
than in case of a 5 per second sampling rate. But overall
because of the excellent accuracy of 5 per second sampling
rate on one hand and the higher cost of implementation for
10 and 20 per second sampling rate on the other it is con-
cluded that a rate of five measurement per second is

adequate for dynamic state estimation.
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It should be noted that as the natural modes of
tie line power fluctuations are between 0.5 and 2 Hz., it
is not desirable to use sampling rates less than 5 per

second.

5-4-3 Effect of Location and Number of Measurements Taken

To determine the effects of the number and loca-
tion of measurements taken, the steady state error co-
variance matrix was calculated and compared for the dif-
ferent cases considered. The following results were ob-
tained:

a) Table 5-3 shows the maximum 30f and 30a error in
the estimated values of frequency and angle at bus number
three, namely the St. Clair station. The frequency of

this bus was measured in every run while frequency measure-
ments at other buses were dropped one by one. It can be
seen that as the number of measurements decrease, the
accuracy of the estimates decreases too, but this de-
crease in the accuracy of the estimates is very very small.
Also it is seen that the change in the accuracy of the
estimates due to the location of measurements is negligible
(compare lines 2 and 3 or 4 and 5).

Based on these results it is concluded that as long
as the frequency measurement at a bus is available to the
dynamic state estimator, the accuracy of the estimated
angle and frequency at that bus is almost constant regard-
less of the number and location of other frequency measure-

ments.
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b) Table 5-4 shows the maximum 30f and 3oa
error in the estimated values of angle and frequency for
normal random load fluctuations for bus #6 (Monroe 3-4)

when measurements at that bus are not available and measure-
ments at other buses are eliminated one by one. The first
line of this table gives the maximum 30f and 30a error
for frequency and angle at bus #6 when all the frequency
measurements are available and has been included as a
benchmark against which the results for subsequent runs

can be compared.

In the second run frequencies at all buses except
bus #6 are measured and it can be seen that the maximum
errors in estimated angle and frequency increase almost
three and eight times respectively. This maximum error
in estimated frequency is about as big as half the maximum
error in frequency due to the oscillation of frequency under
random loading. Lines three and four in this table show
the results for runs when an additional frequency measure-
ment is eliminated. In both of these cases it is seen
that the maximum error has increased from the previous
case but it is seen that the maximum error is much larger
when the measurement at bus 5 is eliminated because bus 5
is much more coherent with bus 6 than bus 2 and thus
helps supply more information about the frequency and
angle at bus 6. The additional two runs confirm that the

error in angle and frequency estimates at a bus where no
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measurements is available continue to increase if addi-
tional measurements at other buses are eliminated.

From these runs it can be concluded that when
the frequency at a bus is not measured the maximum error
in the estimated frequency becomes comparable with the fre-
quency deviations due to random load; that is, it shows
that the model and the frequency measurements at other
buses are unable to estimate frequency at this bus
accurately enough so that the effect of random fluctuation
of load on frequency would be detectable. Therefore in
the normal operating state and in the absence of any dis-
turbances the coherency measure, which is important in
order to determine (1) weaknesses in the network and thus
the dynamic structure and (2) the dynamic stability of any
portion of the power system, cannot be obtained. Thus it
would be imperative to measure frequency at every sig-
nificant generator bus if this coherency measure were to
be determined in the normal state. When a disturbance,
fault or switching operation, occur then the angle
fluctuations would be of a much higher magnitude than the
fluctuation due to random load and thus in this case,
as will be seen later, the coherency measure can be ob-
tained even if some buses do not have frequency measure-
ments.

This run also shows that the location of the

frequency measurements has a significant effect on the
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accuracy of the estimated states. If the frequency at a
bus is not measured but the frequency at a bus coherent
with it is measured (line 3) the error in estimated value
is far less than if a bus which is not as coherent had
frequency measurement instead (line 4).

This result suggests that if in implementation
there is a constraint in the number of measurement devices
such that not all the buses could have frequency measure-
ment available, an effort has to be made to include at
least one frequency measurement from every coherent group.

c) By comparing the plotted error in estimated
angle for different number of measurements it is concluded
that when frequency measurement at any bus is available
the error in estimated angle at that bus is negligible and
the convergence of the estimate at that bus is immediate
regardless of how many additional measurements are avail-
able. Figure 5-3 shows the error in estimated angle at
Karn station when the only measurement available to the
estimator is the frequency measurement at this bus. It
can be seen that after the insertion of the fault, the
error increases momentarily but after 6 cycles the
measurement corrects this error and the estimator con-
verges. It should be noted that this is the worst case
since Karn in the bus with the fault, so that the error
in estimated angle and the time to converge is far less
for other buses if they have frequency measurements avail-

able and observe the effects of the same contingency.
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‘When a bus does not have frequency measurement
available, the overall number of measurements are impor-
tant. In general the more measurements that are avail-
able the lower will be the error in estimated angle and
the faster will be the convergence at a bus without fre-
quency measurements. In this case the location of measure-
ments are very crucial, since, with the same number of
measurements, the error in estimated angle at a bus with-
out frequency measurement is far less and its convergence
is much faster if a bus coherent with this bus has fre-
quency measurement available. Figure 5-4 is a comparison
of error in estimated angle at Monroe 3-4 station (bus
number 6) when only one frequency measurement (beside the
frequency measurement at bus number one which is the re-
ference bus and always has the frequency measurement) is
available. The plot with the symbols is the error when
bus number three which is very coherent with bus number
six has frequency measurement and the solid plot is error
when bus number two, which is not as coherent with bus
number six, has measurement. It is seen that, although
bus number two is the bus with the fault, since it is not
very coherent with bus number six its measurement is not

as effective as the measurement at bus number three.

5-4-4 Effect of Error in Model Parameters
Dynamic state estimator uses a linearized model

based on the operating point information given by the
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static state estimator. When this information is erroneous
due to either operating point changes as the normal slow
change to follow the load or a contingency, the parameters
in the linearized model are no longer exact. To find out
how much the model parameters can be in error and how far
the operating point can change before it becomes necessary
to update the linearized model, the matrix MT was
multiplied by a constant K in the range .4 to 1.6; that
is, the parameters were changed from 40% to 160% of their
true value and the 3oa and 30f maximum error in
estimated angle and frequency at bus number six and the
coherency measure between this bus and the other buses of
the system were calculated. The result showed that when
all buses do have frequency measurements, although the
errors in estimated values increase by changing the para-
meters, this error is so small that it would not pose any
problem.

Table 5-5 shows the values of 30a and 3of
maximum error in estimated angle and frequency at bus
number 6 as calculated statistically, whén frequency at
this bus is not measured. It also shows the coherency
measure between this bus and buses number three and four.
Bus number three is strongly coherent with bus number six
whereas bus number four is not.

From this table it can be seen that as the model

parameters are increased from their true value to 160%
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Table 5-5
K 30a in 30f ‘ C64 C63
degree in Hz.
1.6 1.0483 . 0406 .243930 .031544
1.5 .9586 .0362 .243957 0.031464
1.4 .8580 .0314 .243988 0.031385
1.3 .7535 .0266 0.244029 0.031289
1.2 .6685 .0223 0.244074 0.031225
1.1 .6489 .0200 0.244123 0.031209
1.0 .7390 .0200 0.244170 0.031225
.9 .9342 .0258 0.244215 0.031432
.8 1.2075 .0333 0.244266 0.031749
.7 1.5€66 .0430 0.244350 0.032311
.6 2.0959 . 0556 0.244520 0.033377
.5 2.9761 .0794 0.244859 0.035637
.4 4.3670 . 0904 0.245353 0.040087
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of it the errors increase by 100% whereas when they are
decreased to 40% of their true value these errors increase
by more than 500%. Also from the coherency measures it is
seen that when parameters increase both coherency measures
decrease but this decrease is very small. 1In the other
direction when the parameters decrease coherency measures
increase and this increase is more pronounced and less
proportional. It should be pointed ©ut that in this
particular test system, because of the large difference be-
tween coherency measures, even with parameters at 40% of
their true value, the coherency evaluation can be carried
out without much problem. However, if in a system the
coherency of the machines is not as clearly determined
then having too large an error in parameters could pose
problems in coherency measure evaluation.

It can be concluded that the performance of the
estimator does not depreciate significantly when the
parameters are up to 40% overvalued or 20% undervalued.
This result further validates the assumption of constant
voltage behind syncromous reactance and the ignoring of the
voltage regulator dynamics made in Chapter Three, since
changes in voltage are not going to change the parameters

more than the range considered here under normal conditions.



CHAPTER SIX

CONCLUSION AND FUTURE INVESTIGATION

A local dynamic state estimator would provide
state information on a single generator and the buses
directly connected to the high side transformer at this
generator. This local dynamic state estimator can pro-
vide the information for improved supplementary discrete
control strategies that would either reduce accelerating
power or stiffen the network connected to this generator.
This dynamic state estimator is practical because
measurements are only required at the generator bus and
because the dynamic model used is decoupled from the
dynamics of other generators or loads. This local
dynamic state estimator cannot provide information for
global power system applications because it does not in-
dicate angle and frequency estimates referenced to a
single slack bus, which are required for the application
of a global dynamic state estimator.

The global dynamic state estimate of frequency
and angle at every bus in a particular utility or pool

can provide the following information

113
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- transient power imbalances and their pro-
pagations through a system, by the observation
of changes in frequency and angle at all buses,
due to contingencies such as line switching,
generator dropping, load shedding, or
electrical faults. This information could be
used in global control strategies when relay-
ing or supplementary discrete control strategies
have not adequately compensated for the con-
tingency and the effects of the contingency
are large and spread throughout the system.
- global power imbalance through observation
of large frequency deviations on all buses in
a region, utility, or pool for improved
steady state secure dispatch.
- weakness in dynamic structure due to
a) - weakness of a particular equivalent line
connecting two internal generator buses
b) - weakness in all equivalent lines connected
to a particular generator bus indicating
that this bus may be susceptible to loss
of stability for a contingency at that bus
c) - weakness in the equivalent lines in an
entire region, utility or pool indicating
a possible dynamic stability problem by

on-line computation of an rms coherency
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measure as a transient security measure.
Other transient security measures such as

transient energy could also be estimated.

These weaknesses in dynamic structure can be

compensated for by

optimal generation dispatch to unload over-
loaded lines

load shedding to unload overloaded lines
line switching to improve coherency
series capacitor switching to improve co-
herency

phase shifting transformer adjustment to
unload overloaded lines

relay logic adjustment to prevent further
loss of coherency between buses in dif-
ferent groups that are very incoherent

The coherent groups in a power system de-

termined from on-line computation of the rms

coherency measure. The identification of

coherent groups can be used to

(a) - coordinate control on coherent groups

that swing as a single generator

(b) - adjust relaying logic so that if con-

trolled islanding is necessary the islands
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will be the structurally coherent groups
that can best survive the islanding pro-
cess.
(5) - The rms coherency measure required in the
optimal secure dispatch for emergency,
extremesis, or restorative operating state.
Incorporation of the properly weighted rms
coherency measure in the objective function of
the optimal secure dispatch algorithm has
been shown to cause generation shifting and/
or load shedding that would
a) stiffen weak lines by unloading the lines
b) improve the transient security of the
system for a contingency at a particular
bus by stiffening all equivalent lines
connected to this particular bus by un-
loading these lines

c) improve dynamic stability by stiffening
the entire network by unloading all lines.
This process will tend to stiffen weak
lines most and will thus unload lines con-
necting coherent groups. This has the
beneficial effect of preparing the system
for controlled islanding by reducing the
mismatch in any group if the relaying logic

caused the islands to be the coherent groups
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d) maintain very secure operation in the
restorative operating state as the system
is reconnected.

(6) - Transient operating constraint violations
for optimal secure dispatch. These transient
constraints could be imposed on the secure
dispatch problem only with dynamic state in-
formation to determine violations.

(7) - The external fluctuations necessary for
determination of dynamic equivalents required
by on line transient stability programs.

The principal contribution of this research is to
develop a global dynamic state estimator that can be used
in the above applications. Specifically the contribution
of this research are:

(1) - establishing the feasibility of global

dynamic state estimation by developing a com-
putational procedure that, a) does not require
measurement or model information on the ex-
ternal system. The need for éxternal system
model and measurement data is eliminated by
measuring the power flows on the tie lines con-
necting the external and the internal systems
and using these tie line power flows as input
into the linear dynamic model of the internal

system, b) does not require measurements at
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all load buses in the study system. The
elimination of the need for power measurement
at all load buses is accomplished by using

a dynamic model for the loads. Three dif-
ferent and distinct dynamic load models are
developed which assume that the load at each
load bus can be decomposed into different load
types and that each load type can be modeled

by a Markov process. c) uses a simple
classical transient stability model for each
generator thus reducing the order of the model
and keeping the measurement sampling rate at
below 20 per second. d) does not require
immense number of synchronized measurements and
immense on line computation for obtaining the
state estimates. The study system has been
divided into modules and the dynamics of each
module has been decoupled from every other
module thus eliminating the need for synchronized
measurements at all points of the study area
and keeping the computation for computing the
estimates at each module at a manageable level.
e) does not require immense off-line computation
to update the model for changes in network con-
figuration, unit commitment or load flow. The

model can be updated on-line and with minimum
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on-line computation since the effects of
changes in unit commitment, network configura-
tion and load flow are local in character and
thus every module will not have to be updated
for each system change and since the network
reduction of all modules simultaneously re-
quires less computation and is ﬁore accurate
than a single network reduction of the network
for the entire study area. £f) permits bad
data detection, identification and rejection
schemes to be used to not only determine bad
model and measurement information in each
module but also bad power flow measurements
between the modules. Because of modulariza-
tion of the study system a global referencing
procedure is required to get all angles and
frequencies referenced to a single common
reference. A global referencing procedure is
developed that uses the already measured tie
line power flows between the modules in a
least squares algorithm which not only pro-
vide referencing but also bad tie line power
flow measurement detection and identification.
(2) - determining the maximum measurement error and
minimum sampling rate that will produce accurate

estimate of angle, frequency fluctuations and
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rms coherency measure.

(3) - determining the sampling rate and the number
and location of measurements necessary in order
to provide accurate and fast reconvergence of
state estimates after a major disturbance.

(4) - determining the level of accuracy of the
parameters of the model needed to obtain
accurate frequency, angle and rms coherency
measure estimates. In doing so it was also
verified that the neglection of voltage
regulator dynamics would not affect the
accuracy of the estimate unduly.

(5) - verifying the validity of the assumption
that a classical transient stability model
can be used for each generator.

This research has established the feasibility of
global dynamic state estimation. To be able to incor-
porate and make full use of the on-line global dynamic
state estimator more research has to be done in the
following two areas:

1 - further investigation of the dynamic state

estimation algorithm itself.

2 - development of security indices and controls
to fully use the global dynamic state
estimator in improving the security of the

power system.
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The first category would include:
further investigation of the validity of the assump-
tion of the adequacy of using a classical transient
stability model for the dynamic state estimator. This
assumption was partially verified by showing that the
performance of the dynamic state estimator derived
based on a specific load flow condition was insensi-
tive to small changes in load flow conditions in the
system simulation (which were not included in the
dynamic state estimator model). The validity of using
the classical transient stability model for the dynamic
state estimator should be further verified on a non-
classical transient stability simulation model where
dynamic rather than static changes in system voltages
occur.
investigation of the modularization procedure. In
this research the importance of the modularization in
making the dynamic state estimation feasible was pointed
out but no simulation or analysis was done to find out
which of the two methods proposed would be the best
considering both accuracy of referencing procedure and
the computational cost. As was mentioned in chapter
four the size of each module is limited by the
capability of the particular computer to be used and
by the capability of the measurement and communication

devices which are to provide synchronized measurements
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for each module. Once the upper limit on the size of
the module is determined, no precise procedure for
choosing the appropriate buses belonging to each module
has been determined and is thus a second topic for in-
vestigation with respect to modularization. It was
shown in this research that when two coherent generators
are present in the same module measuring frequency at
one of them would result in state estimates of the
other which is quite accurate for the desired applica-
tion. This fact suggests that modularization around
boundaries of coherent groups would result in saving

on the amount of measurements and communications re-
quired. More research is needed in this area to deter-
mine exactly how the modularization has to be carried
out when a module is either too large or too small to
include a complete coherent group.

investigation of the form of computer implementation.
Since the dynamic state estimator is modularized it

is possible to carry out the estimation process either
using one large computer (array processing), or using
mini computers to process different modules (dis-
tributed processing). Further investigation is
necessary to establish the advantages of one of these
methods.

choice of the appropriate bad data detection schemes.

The referencing procedure described earlier provides
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for bad data detection schemes of the static state
estimator to be used for the power flow measurements.
Research is needed in choosing the most appropriate
bad data detection, identification and rejection
schemes or developing new algorithms for both the
referencing as well as the modularized dynamic state
estimator components of this global dynamic state
estimator.

identification of the parameters of the load model.
A general dynamic model for the load was developed to
be used by the dynamic state estimator. The para-
meters of this load model have to be identified.
Since this load model parameters are system dependent,
cooperation of industry in their identification is
crucial. Also, this load model does not depend on
the frequency but the dynamic state estimation pro-
cedure, as developed in this research, can handle the
first order dependence of load on frequency. There-
fore more research has to be done in the identifica-
tion of the load model parameters andAinvestigation
of the appropriateness of making the load model fre-
quency dependent.

In the second category areas needing further re-

search are:

a)

development of global control strategies that use

transient power imbalance and their propagation
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e)
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g)
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through the system and serve as a back up for discrete
control strategies when they are unable to control the
effects of a contingency locally.

development of algorithms to compute an on-line rms
coherency measure as a transient security measure and
manual and automatic controls that would compensate
for the dynamic structural weakness in the system ob-
served through this coherency measure. These controls
would strengthen the weak lines according to the
methods enumerated at the beginning of this chapter.
defining suitable transient operating constraints and
incorporating them in the control strategies and dis-
patch schemes to result in a more secure transient
alert and transient emergency operation state.
development of algorithms to use global power im-
balance in steady state secure dispatch.

development of altorithms to identify coherent groups
in the system and possibly coordinate system voltage
and AGC control strategies based on these coherent
groups.

development of algorithms to identify on-line or fre-
quently updated dynamic equivalents from the dynamic
state estimator for the external system to be used by
the on-line transient stability programs.

improving the local dynamic state estimator based on
the understanding of and information given by the

global dynamic state estimator.



BIBLIOGRAPHY



BIBLIOGRAPHY

[1] Debs, A.S. and A.R. Benson "Security assessment
of power systems", 1975 Henniker conference
on systems engineering for power.

[2] Hajdu, L.P. and R. Podmore "Security enhancement
for power systems", 1975 Henniker conference
on systems engineering for power.

[3] Schlueter, R.A., U. Ahn and H. Modir "Modal
analysis equivalents derived based on the
RMS coherency measure", Presented at IEEE
Winter Power Meeting, New York, 1979.

[4] Akhtar, H. "A transient coherency measure and its
application to transient security-enhancement
of electric energy systems", Ph.D. Thesis,
Michigan State University, 1979.

[5] Price, W., F.C. Schweppe, E. Gulachenski and R.F.
Silva "Maximum likelihood identification of
power system dynamic equivalents", 1974
Conference on Decision and Control.

[6] Ibrahim, M.A.H., 0.M. Mostafa and A.H. El-Abiad
"Dynamic equivalents using operating data
and stochastic modeling", PAS, Vol. PAS-95,
No. 5, Sept.-Oct., 1976.

[71] Dopayo, J.F., M.H. Duwarakanath, J.J. Li and A.M.
Sasson "An external system equivalent model
using real time measurements for system
security evaluation", IEEE PES meeting,
Portland, Oregon, 1976.

[8] Reddock, T.W. "Load frequency control performance
criteria with reference to the use of advanced
control theory", 1975 Henniker conference on
systems engineering for power.

[91] "A description of discrete supplementary controls
for stability", Report by the task force on
discrete controls of dynamic system performance
working group of the IEEE Power Engineering
Committee.

125



126

[10] Zaborszky, J., A.K. Subramanian, T.J. Tarn and
K.M. Lu "A new state space for emergency
control in the interconnected power system",
IEEE Transaction on Automatic Control, Vol.
AC-22, No. 4, Aug. 1977.

[11] Zaborszky, J. and A.K. Subramanian "On the con-
trol of a class of large, nonlinear, variable
structure systems typified by the power
system in emergency", Proceeding of 1977
joint automatic control conference.

[12] Meisel, J. "Reference frames and emergency state
control for bulk electric power systems",
Proceedingof 1977 joint automatic control
conference.

[131] Miller, W.L. and J.B. Lewis "Dynamic state
estimation in power systems", IEEE trans-
action on automatic control, Vol. AC-16,
No. 6, Dec. 1971.

(141 Miller, W.L. "Dynamic state estimation in non-
linear multimachine power systems", Ph.D.
Dissertation, Dept. Elec. Eng.,
Pennsylvania State U., Dec. 1970.

[15] Masiello, R.D. and F.C. Schweppe "A tracking
static state estimator", IEEE Summer
Power Meeting, Los Angeles, Calif., July
1970.

[(16] Debs, A.S. and R.E. Larson "A dynamic estimator
for tracking the state of a power system",
IEEE transaction on power apparatus and systems,
Vol. PAS-89, No. 7, Sept./Oct., 1970.

(171 Srininasan, K. and Y. Robichand "A dynamic
estimator for complex bus voltage deter-
mination", IEEE PES Winter Meeting, New
York, 1974.

(18] Sanders, C.W., E.C. Tacker, T.D. Linton and
R.Y.S. Ling "“Specific structures for large-
scale state estimation algorithms having
information eschange”, IEEE Transaction on
Automatic Control, Vol. AC-23, No. 2, April
1978.

[19] Sullivan, R.L., Power System Planning, McGraw-
Hill, 1977.




(201

[21]

[22]

(23]

[24]

[(25]

[26]

[27]

127

Okongru, E.H., W.J. Wilson and J.H. Anderson
"Optimal state feedback control of a micro-
alternator using an observer", IEEE Trans-
action on Power Aparatus and Systems, Vol.
PAS-97, No. 1, March 1973.

Park, J.L., R.A. Schlueter and M.A. Needles
"State estimation of a simulated turbine
generator", IEEE PES Summer Meeting, San
Francisco, Calif., July 1972.

"System engineering for power", Program Report,
January 1978, U.S. Dept. of Energy.

Schweppe, F.C. Uncertain Dynamic Systems,
Prentice Hall, 1973.

Applied Optimal Estimation , Analytical Science
Corp. - Technical Staff, Gelb, Arthur,
1974, MIT Press.

Elegad, O.I. Electric Energy Systems Theory:
An Introduction, McGraw-Hill, 1971.

"Papers and reports on dynamic stability of
electric power systems", Division of
Engineering Research, Michigan State Univer-
sity, April 1977.

Andrews, K.H. and J.L. Park "Dynamic frequency,
power and voltage measurements", ISA Trans-
actions, Vol. 10, No. 2, 1971.



