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(ABSTRACT)

This work presents a centralized control scheme applied to a power system. The
~ scheme has adaptive characteristics which allow the controller to keep track of the
changing power system operating point and to control nonlinear functions of state var-
jables. Feedback to the controller is obtained from phasor measurements at chosen
power system buses, generator field voltage measurements, and state estimators. Con-
trol effort is aimed at minimizing the oscillations and influencing the power system state
trajectory through the control of linear and nonlinear functions of state variables during

a power system disturbance.

The main contributions of this dissertation are the simultaneous introduction and
utilization of measurement based terms in the state and output equations in the deriva-
tion and implementation of the control law, the study of limits on controller perform-
ance as the state residual vector becomes very large, and the simulation of the
performance of local state estimators to prove the need for faster phasor measurement

systems.

The test system is a hypothetical 39-Bus AC power system consisting of typical com-
ponents which have been sufficiently modelled for the simulation of power system per-

formance in a dynamic stability study.
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Chapter 1

Introduction

The dynamic stability of an electric power system can be enhanced substantially
through the application of appropriate control input signals during a disturbance. The |
control input signals are normally applied to the excitation and speed-governing systems
of each generator. An adaptive control scheme will be studied in this work. An essential
component of this planned adaptive scheme are the phasor measurement systems located
at appropriately chosen power system buses. Real-time phasor measurements performed
on the power system allow the presently existing power system state to be known at any
time. Results of these phasor measurements, together with those of the state estimators
and field voltage measurement systems, are brought to a power system control center
through fast communication links. The control input signals_are then computed by a
controller situated in this centralized location and brought back to the appropriate

control elements.
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This work is about a new development on optimal controllers applied to a nonlinear
power system. Much of the past work on optimal controllers assumed a linear regulator
acting on a very small power system. In the present work, a system-wide centralized
controller acting on a reasonably large AC power system will be studied. The controller
has mechanisms to keep track of changing power system operating point and to control
nonlinear functions of the state variables. Unlike the optimal regulator approach, the
present formulation has adaptive characteristics which allow the postfault steady-state

conditiog of the power system to be different from the prefault operating point.
The optimal controller assumes the following system equations :
X(0) = 4X(e) + BU(t) + o)
X(0) = CX(1) + ()

The cost function is

1= [“TURU+ - X" - Xl &

where Y,(1) is the target trajectory for the output vector ¥(z).

A recent work [77] has taken into account the existence of the state residual f{¢) but
with §(f) =0. With the introduction of the output residual s(¢), control of nonlinear
power system state variables and their functions become possible. The residual vectors
J(1) and s(¢) represent power system nonlinearities (such as the higher order terms in the
Taylor's series expansion) and possible changes in power system configuration and op-

erating point during a disturbance.
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Using the results of phasor and field voltage measurements, the value of any element
of X(¢) at any time is known either from direct measurements or from state estimators
which make use of the measurements. Mathematical models of the system components
are assumed to be known and are used to compute the real-time value of X(£). Elements
of Y() are measurable quantities (such as bus voltages) which are to be controlled,
hence, they are also known in real time. The residual terms are thereby effectively

“measured” through the power system equations :
f) = X(1) — 4X(1) — BU())

s(n) = X(r) — CX(1)

Two figures illustrate the control scheme to be studied in this work. Figure 1.1 is drawn
from a functional viewpoint while Figure 1.2 is drawn from a more dynamical perspec-
tive. In both cases, a centralized controller is assumed which continually communicates
with the control elements and measurement systems through fast communication links
[67]. The control elements consist of devices which apply the control input signals to the
generator excitation and speed-governing systems. The measurement systems consist
of the phasor and field voltage measurements, and the state estimators whose outputs

are used for feedback to the controller.

In this work, controller performance will be evaluated and studied through simulation.
A typical, medium-sized AC power system will be assumed in the simulations. Subse-
quent chapters will deal with some details pertaining to the simulation procedure itself
and with some important questions related to the centralized controller and the state
estimators. In many of the simulation studies in this work, the output vector X will

contain nonlinear functions of the controller state variables (i.e., generator terminal
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voltages). In the chapter on the centra;lized controller, power system response to various
types of optimal controllers will be studied. Variations are mainly in the choice of vari-
ables for the control input vector L(¢), for the state vector X(#), and for the output vector
Y(1). In two cases, a different feedback matrix 4 was chosen to induce large state resi-
dual terms. In another case, power system response to several local controllers (instead
of one centralized controller) is dealt with. In two more cases, the effects of varying the
elements of the Q matrix in the cost function are studied. In the chapter on state esti-
mators, interaction between the centralized controller and decentralized state estimators
is assumed. As stated earlier, feedback to the centralized controller is provided by the
measurement systems and the output of the state estimators. An interesting question
which arises is the effect of reducing the pha;or measurement rate on the controller
feedback and power system response. This question is motivated by the upper limits on
measurement rates imposed by presently existing measurement systems. The chapter
on state estimators will determine if detrimental effects are introduced by the reduced
phasor measurement rate. The last chapter of this work will deal with conclusions based

on the results of this work and some recommendations for future work.
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Chapter 2

Literature Review

The use of excitation systems in the automatic voltage regulation of synchronous
generators under varying load conditions has been a widely accepted practice for decades
[78, 79]. Due to the relative slowness of the dynamics of these systems, their effects on
‘the transient stability of a power system were not considered great. Transient stability
studies (covering a time span of one second or less) normally represented generators by
voltages behind their respective transient reactances [78, 79]. Dynamic stability studies
(covering a time span of several seconds), however, which went beyond the first power
system swing following a disturbance normally included existing excitation systems in

the generator representations.

The significant capability of excitation systems to enhance or destroy the dynamic
stability of the power system has caused great active research efforts to be expended on
them. Initially, research has been in the direction of studying the benefits and potential

harm provided by excitation systems with fixed reference signals [1]. Later on, research
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was directed towards various methods to derive appropriate input signals to the
excitation systems which were superimposed on the reference signals for at least a period
of time [1-33 , 40, 42, 43, 45, 47, 49, 50, 52, 53, 57-60, 65-67, 69, 73, 75-77). The methods
were aimed not only to counteract the potential dangers but to turn their existence to

advantage by using them to enhance power system dynamic stability.

DeMello and Concordia [1] carried out a detailed study of the effects of an excitation
system applied to a single machine connected to an infinite bus. The influence of the
voltage-regulator-exciter system on the synchronizing and damping torques of the ma-
chine under various operating conditions was dealt with. Using a linearized system
model about the nominal operating point, they have shown that the excitation system
contributed substantial positive synchronizing torques under most conditions while
contributing negligible negative synchronizing torques in rare situations. An important
result shown was the existence of substantial negative damping torques originating from
a high-gain excitation system under easily attainable conditions. These resulted in either
a highly oscillatory or unstable power system behavior following a disturbance. The
authors pointed out the use of suitable input signals derived from either the machine
speed, terminal frequency, or terminal power to provide a sufficient amount ‘of positive
damping during a disturbance. Using the linearized model,‘ they have established some
basic observations and guidelines in the choice of a transfer function (single-input
single-output) for the power system stabilizer (PSS). In particular, they simulated the
performance of some speed-sensitive PSS’s. Parameter settings in the PSS transfer

functions were determined by trial and error.

Systematic determination of PSS transfer function parameters using shaft speed, elec-

trical power, or frequency as input signals to the stabilizers has been proposed
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[2-12,16-22]. Many of these methods. used an infinite bus to represent the part of the
power system external to the generator to be equipped with a stabilizer. Root locus [4],
frequency response [4,6,7,10], and optimal output feedback pole assignment [8,9] meth-
ods have been tested in off-line studies. On-line fine tuning of stabilizer settings have
also been carried out [6,7). Laboratory implementation of a digital controller designed
using s-domain and mapping techniques to derive the stabilizing signal applied to the
generator exciter has also been reported [10]. These design methods were aimed mainly

at damping out local electromechanical modes of oscillations.

Some papers have appeared on stabilizers designed to damp out tie-line power oscil-
lations [11,12] as well. Bollinger, et.al. [11] determined first the external plant transfer
function G(s) from the bode plot obtained using conventional frequency response tech-
niques. G(s) assumed the signal to the automatic voltage regulator (stabilizer output)
as its input and the generator electric power (stabilizer input) as its output. The root
locus method was then used to determine the parameters of the controller transfer
function H(s) for improved system damping. Bollinger and Windsor [12] measured the
tie-line power and fed it to the stabilizer through a frequency modulated communication
link. The transfer function relating the disturbance and stabilizer-derived signal to the

tie-line power was used to obtain the closed-loop characteristic equation
1 + GrLs(8)Gpu()Hi(s) = 0 1)

Stabilizer parameters were chosen to maintain stability of the control loop within ac-

ceptable gain and phase margins.

Although these papers considered overall system performance to some degree, they

assumed specific stabilizer locations in the power system without justifying them.
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Hence, they did not necessarily represent the most effective form of power system sta-
bilization. Out of economic, practical, and theoretical considerations, it was not deemed
appropriate to install a PSS at every generator location in a multimachine system
[13-21]. In most cases, it was sufficient to install a single PSS for an entire inertia group

of generators. Moreover, an inertia group did not necessarily require a stabilizer.

DeMello, et.al. [13] proposed a sequential procedure, backed up by power system
simulations, to address the problem of PSS site selection in a multimachine system. The
method was applied to a multimachine system which exhibited dynamic instability and
poor damping of several inter-machine modes of oscillation. A machine represented ei-
ther a single unit or an inertia group. The effectiveness of placing a PSS at a particular
machine location was evaluated by observing the improvement in damping of the lower
frequency modes associated with the machine swing equations. An ideal PSS was in-

troduced as one where the gain
E._.
qt
s=—- (22)
1

was constant. The first stabilizer location was determined by placing an ideal PSS with
nonzero gain at various locations, one machine at a time. The most effective location
was one where the greatest improvement in the damping of the lowest frequency me-
chanical mode was achieved. Assuming a realistic speed-sensitive PSS installed at the
newest location, a simulation of power system behavior was performed to determine the
need for additional stabilizers. If so, the process was repeated for machines which still
did not have a PSS while observing the damping of the next lower frequency mechanical

mode of oscillation. Power system simulation was once more performed, taking into
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account the existence of new and previously established PSS locations. The process was

terminated when simulation results showed adequate damping characteristics.

Hiyama [14] presented a coherency-based scheme for the identification of optimum
sites for PSS applications. Arguing that use of a stabilizer in a generator belonging to
a certain coherent group did not improve modes of oscillations exhibited by a different
coherent group, he proposed the use of a single stabilizer in each group placed at an

optimally chosen generator location. Using the coherency index

Fi= D 186 jwy) — Adfjeoy) | 2.3)
k=1

where w, denoted one of the m generator electromechanical modes and Ad, the rotor
angle deviation, coherent inertia groups of generators in the power system were identi-
fied. The best PSS location in each coherent group was then identified using the per-

formance index

I = j > Awfdt 2.9)
0 j:G
Based on the results for a 39-Bus power system, it was concluded that the best way to

stabilize the poorly damped modes of oscillation in each of the four coherent groups was

to attach the PSS to the central generator (i.e., the generator that was “most” coherent

to every other generator in the group).

Abdalla, et.al. [15] presented an alternative sequential procedure for the selection of

the “best” machines to be equipped with a power system stabilizer. The objective of
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placing a PSS in a machine location was to apply an input signal which created a posi-
tive damping torque (in-phase with the speed) in the corresponding swing equation. The
criteria used in the selection was the amount of leftward shift in the complex plane lo-
cation of the eigenvalues related to the rotor oscillations as damping terms were sys-
tematically introduced in increasing magnitudes in the swing equations, one machine at

a time. Two quantities were defined in the paper.

Real Part of Eigenvalue With K4 Positive
Real Part of Eigenvalue With K4 Zero

NRP = (2.5)

K4 = Coefficient of Damping Introduced in the Swing Equation (2.6)

Assuming an initially stable system, the value of NRP for a given K, was a measure of
the effectiveness of placing a PSS in the machine where additional damping was intro-
duced in terms of damping out the mechanical mode associated with the computed
NRP. Stabilizers were installed as long as improvements in the mechanical mode
eigenvalue locations were significant. The process was terminated as the NRP’s ap-
proached the value of unity regardless of PSS location.. In the computation of system
eigenvalues for a PSS location being tested, previously installed PSS’s were accounted
for (thus increasing system size) . Settings for the PSS’s were determined by trial and
error, as a compromise between improvement in damping of critical eigenvalues and the

deterioration in damping of other system eigenvalues.

The next problem in the stabilization of multimachine systems using a number of PSS’s
was the coordinated tuning of parameters [16-21). Solutions have been proposed either
to assign resulting closed-loop eigenvalues to specific locations or specific domains in the

complex s-plane or to cause the machines to exhibit desired damping characteristics.
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Fleming, et.al. [16] utilized the small signal transfer function from the voltage regulator
reference Ae,, of the machine where the stabilizer was to be applied to the speed devi-
ation pé, of that machine. Mutual machine interactions were not explicitly included in
the local closed-loop transfer functions which were used mainly to compute for the pa-
rameters of the stabilizer in the corresponding locations. Stabilizer locations were cho-

sen using the sequential procedure suggested in reference [13].

Gooi, et.al. [17] proposed an iterative procedure based on complex frequency analysis
in which the parameter settings of all PSS’s in the power system were coordinated so as
to yield desired effective damping coefficients in each machine. Mutual machine inter-
actions were taken into account, thus avoiding the rightward drift in the complex plane
of the mechanical mode eigenvalues. The drift characterized procedures which deter-
mined PSS settings without including mutual machine interactions [16]. The paper by
Gooi assumed a speed sensitive PSS with the generalized transfer function denoted by

AV

Aoy GEi(s) (2.7

In each machine, the mutual interactions were represented through a linearized model
which extended the one originally used by DeMello and Concordia [1]. The model used
for machine ‘i’ in block diagram form is shown in Figure 2.1. Every machine was re-
presented by the giv;n block diagram whose values were partial derivatives evaluated at
the nominal operating point. To determine the synchronizing and damping torque
contribution to every machine from every source in the system, the system signal flow

graph had to be constructed and the general gain formula
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N
G, Q
G= Yout =z k>*k (2.8)

had to be used. A truth table to map interactions of various nodes in the system was
used to facilitate the use of the preceding formula. Assuming known mechanical mode
eigenvalues within each iteration, each electrical torque contribution to every machine
was decomposed into a synchronizing and a damping component (with s = A). Thus,
each machine was described by a second-order differential equation with modified syn-
chronizing and damping torque coefficients. These coefficients were the composite sums
of the damping and synchronizing components of the electrical torques from every
source in the system. For each machine, the torque component produced by the

regulator-exciter action in response to the speed-derived signal was

AT = Ky 5iG(s)AV

= K ;iGri(5)G(s)Aw; (2.9
= DeAw;
where
G,(s) = transfer function of the ith reactive loop (2.10)
D,; = desired positive damping coefficient from ith stabilizer (2.11)

For maximum poéitive damping, AT, must be in-phase with Aw;. This requirement,

imposed on each machine at every iteration was expressed by
|G(s) + [Ggi(s) =0 (2.12)
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The procedure was repeated at every iteration until the desired damping coefficients were

obtained.

Doi and Abe [18] proposed the use of eigenvalue sensitivity analysis and linear algebra
to assign the resulting closed-loop eigenvalues to specified regions in the complex s-
plane. These regions were determined such that each open-loop eigenvalue A, was
shifted by at least Ag, to the left, while vertical movements were limited to at most
+ yw,. The minimized objective function was the weighted sum of individual PSS gains.
The proposed method allowed the simultaneous determination of the most effective PSS
location and synthesis of the required transfer functions. It also tended to damp out all
local and inter-area modes of oscillations. Its drawback was its reliance on a
linearization which assumed small changes in the eigenvalues (caused by corresponding

changes in PSS parameters).

Lim and Elangovan [19] used the complex frequency approach to determine the ap-
propriate PSS parameters that would set the mechanical mode eigenvalues to specified
locations in the complex plane. The state vector x consisted of rotor angles and speeds.
Each stabilizer was assumed to have two unknown parameters. After incorporating the
PSS transfer functions into the original system of equations, closed-loop system

equations became
[s]—A(s))x=0 (2.13)

where A(s) was an operational transfer matrix. Assuming k PSS’s to be installed, it was

shown that the condition

* L]

|sI—A4(s)| =0, s= sl,s;,...,sj,.y yeeerSkoSsSk (2.14)
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was equivalent to k second-order characteristic equations
2 .
s+ hjs + oy =Sisibifis) 1 J = L,k (2.15)

where F(s) was the transfer function of the jth stabilizer. The problem was posed such
that the k eigenvalue pair (s,,s;) were known while the parameters T, and X, of each
stabilizer were to be determined. Moreover, the terms f,,.f;.fy,6; in the jth characteristic
equation were constants if all other PSS settings except those of F{s) were known. An
iterative procedure was developed from these observations. Initial estimates for the
T,’s and K/'s were assumed. Iteration steps then consisted of improving the estimates
T,,K, by using the second-order characteristic equations and current estimated values of
the other parameters. The procedure was terminated until convergence was achieved for

all values of PSS parameters.

Chen and Hsu [21] proposed an efficient solution to the exact eigenvalue assignment
problem. Assuming known PSS locations, each transfer function used had four param-
eters of which two were unknown (stabilizer gain K, and a numerator parameter T)).
These parameters were determined to assign m eigenvalue pairs corresponding to the
electromechanical modes to specified locations. The authors succeeded in decomposing
the known eigenvalue requirements through a decentralized modal control algorithm

into 2m simultaneous equations for the 2m unknowns. Thus,
j;'(Kl’Tll’KZ’TIZ’“'KM'Tlm) =0 ’ i= l,2,...,2m (2.16)

A numerical iterative procedure (e.g.,the Newton-Raphson method) was then used to

solve the 2m simultaneous equations.
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Lefebvre [20] used a linear algebra approach to solve the coordinated PSS tuning
problem. The question of parameter optimization was posed as an eigenvalue assign-
ment problem. The form of the PSS transfer function was assumed known with the
parameters still to be optimized. The parameters to be set were defined as elements of
a real matrix K, . State variables arising from the introduction of PSS’s were included
in the state vector. The linearized equations which included the effects of the stabilizers

were described by

X=AX+ BU=AX + BK X

= (4 + BK4O)X (2.17)

U was the vector of input signals to the excitation systems while Y was the vector of
machine speeds. An algorithm was derived based on the parametrization of the vector

of specified eigenvalues A and required settings K, .
Adn) =Ag + (A = Ay) (2.18)

K,(r) = matrix of PSS settings giving rise to A(r) (2.19)

There, 7\,, was the vector of eigenvalues corresponding to K,(0), the matrix of initially
assumed settings. The submatrix K(r) was defined to consist of the nonzero rows and
columns of K,(r) (only k < NG machines will have installed PSS’s). The paper has

shown the following relation to be true:

K(r) = K(0) + L’[P * (A = Ag) + V(s)a(s))ds (2.20)
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where P*(r) was the Moore-Penrose pseudo- inverse (general right inverse) of P(r) de-
rived from the system eigenvectors at K (r). The term V(r)a(r), which could be arbitrarily
set to zero, allowed the optimization of a cost function under the specified constraint
of eigenvalue assignment. Lefebvre selected a(r) to minimize the shifting of the

eigenvalues that were not specified in the problem formulation.

The previously described fixed-parameter controllers have been designed to operate
best under a given nominal power system operating point. Under a given disturbance
(permanent or temporary) from this operating point the performance of the controllers
may get degraded. The use of digital adaptive controllers to stabilize a power system
has been a subject of research for some years now [23-31]. In particular, the self-tuning
type has received substantial attention with generator excitation control being the in-
tended application [23-31]. A block diagram of a self-tuning adaptive regulator taken
from reference [25] is shown in Figure 2.2. In self-tuning adaptive control studies, a
model was assumed for the system to be controlled. This model had parameters which
were identified at every sampling instant based on output and input measurements using
a suitable algorithm (e.g., a form of recursive least squares) [23-35]. The updated pa-
rameters were then used to synthesize the control input signal to satisfy some criteria
(e.g., pole-shifting or minimum output variance) [23-27,29-31,33-35]. Hsu and Liou [28]
proposed adaptive techniques to derive the equivalent parameters of a proportional-
integral-derivative (PID) PSS in real time. Cheng, et.al. [29] simulated adaptive con-
trollers which stabilized a multimachine power system. Model parameters of a particular
unit were identified using purely local measurements of the input and output signals.
Stating that present measurements actually reflected existing power conditions, the au-
thors were able to justify their method. Malik, et.al. [27] proposed a multi-micro-

computer based dual-rate self-tuning scheme to increase the control rate five times which
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in turn improved controller performance. Use of a lower identification rate helped in
eliminating unmodeled system dynamics in the parameter estimates. At every instant
that the control input signal had to be updated, the controller used the most recent value
of these estimates. Improvements were reported over the single-board implementation

which used identical rates for estimation and control.

At present, the use of adaptive excitation control techniques for power system sta-

bilization are still in the simulation stage.

The above schemes employing single-input single-output transfer functions have been
referred to as conventional controllers. Controllers employing multiple-input multiple-
output transfer functions derived from Optimal Control Theory have produced other
schémes referred to as optimal controllers. Although some of these devices are admit-

tedly sub-optimal, the term has been applied to the entire class of controllers.

This literature review will now consider optimal controllers which aim at minimizing
the deviations of defined power system “state” variables from some nominal or target
values over time by applying control input signals to either or both excitation and
speed-governing systems of each generator [42-45, 47-54, 57-60, 65-67, 73, 75-77]. In
particular, stabilizers with control laws derived from quadratic cost functions will be
dealt with. Optimal controllers employing other means or other performance criteria

[36-41, 55, 56] will not be considered.

Yu,et.al. [47] was the first to propose the use of an optimal controller for power system
dynamic stabilization. The method presented by the authors was applied to a single
salient-pole synchronous machine connected to an infinite bus. The machine was as-

sumed to have a second-order exciter-voltage-regulator system where the first input sig-
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nal was applied, a third-order governor-hydraulic system where the second input signal
was applied, and a third-order synchronous machine (including the swing equations).
These models determined the choice and size of the state vector used to design the op-
timal controller. The scheme made use of complete state vector feedback and a linear

control law. Given the system of equations

x=Ax+ Bu (2.21)

where x was the vector of state deviations from their nominal values and a quadratic cost

functional

T
J= -;— J (x'Ox + ' Ru)dt 2.22)
1]

the optimal control input signals were given by the control law

u=—-RBKx (2.23)
where K was the solution to the steady-state Riccati equation
—A'K—KA+KBR™'BK—-Q=0 (2.24)
The closed-loop system was thus given by

#=(4-BR7'BK)x (2.25)

The matrix Q in the cost functional was determined using a trial and error approach.
Elements of the matrices for Q and R were varied until the “best” optimal performance

was achieved.

Literature Review 20



Fosha and Elgerd [48] shortly applied the previous principles to the two-area
megawatt-frequency control problem. Each coherent area was assumed to have a tur-
bine control arrangement such that the control input signal could be defined as the in-
cremental change in the speed changer position. The complete state and control input

vectors were

X=[x x3 . 9] (2.26)
U=y u2]T (2.27)
where

xy = [ APy 0t = [ Tixte — xg)t

..X'2 = J‘Afl dt X = JAfzdt

X3 = Afl X7 = Af2 (228)
-"4=APGI x8=APGZ

xs =AXGv) x9 = AXGv2

uy = APCI Uy = APC2

Here, AP, was the incremental change in generated power in area i, Af, the incremental
change in frequency, AXgy, the incremental change in speed governor position, and
AP,,, the incremental change in tie-line power from area i. The system equations were

then expressed as

X=A4X+ BU+TAP, (2.29)
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where AP, was the vector of incremental changes in demand power. For the direct ap-
plication of results from the optimal linear regulation problem, the state vector was re-

defined as the deviation from its steady-state value.

x'=x-X, (2.30)
Thus,
'=ax'+BUu ,Xx'0)=-X, (2.31)

Several cases corresponding to changes in relative values of nonzero elements of Q and
R were then presented. In one of the cases, the performance measure (cost function)

was the expression

T = (AR + (8) + (APye 1) + ( f Afjdty® + I (AfdY)? + uf + u? (2.32)

from which the appropriate Q and R matrices were deduced. The paper stated that
controller performance can be improved by using all available information from the state
vector as opposed to using only the information on tie-line power and frequency devi-
ations (as in most control strategies that were then presently existing). Moreover, for
weakly coupled coherent areas, independent individual suboptimal controllers may be
used in each area with satisfactory results. This was demonstrated by Feliachi in 2 much

later paper [54].

In the paper by Yu and Siggers [49], comparison was made between the performance
of two types of conventional stabilizers, power-derived and speed-derived, and that of

an optimally derived controller. All three methods substantially improved system
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damping and thus established optimal control as a serious alternative to the use of con-
ventional stabilizing signals. Comparison was made both for the single-machine and
multimachine systems. For each machine, twelve state variables were used in the simu-
lation program arising from a fifth-order machine model, a third-order exciter, and a
fourth-order speed governor. The design of the optimal controller, however, assumed
constant shaft power and defined only four measurable state variables in each machine
given by the vector [Aw AV, AV, AT,]". The linear control law was derived to minimize
a quadratic performance index J for several cases using various weighting factors for Q

and R.

In the first of two joint papers by Yu and Moussa [42], a new formula for the sensi-
tivity of the real and imaginary parts of the stable eigenvalues of the 2n x 2n matrix M
with respect to changes in the diagonal elements Ag of the Q matrix in the quadratic

performance measure was developed. The matrix M was given by

A —BR'B
M= [ ] (2.33)
-0 - A

and use was made of its properties and eigenvectors to derive the sensitivity expressions
S(i,j) = 04,/dg, Denoting the number of distinct real parts in the set of closed-loop
eigenvalues by m and the shift in the ith distinct real part by A{({) , a weighted total real

shift £ was defined.
I = B1AE(L) + BrA8(2) + ... + Bué(m) = &'Aq (2.34)

The positive f’s were chosen so as to implement a leftward shift of the dominant

eigenvalues (stable eigenvalues closest to the right-hand side of complex plane) while
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basically maintaining the locations of the other eigenvalues. The adjustments of the di-

agonal elements of Q were in the direction of steepest descent,
Ag=—k¢ , k>0 (2.35)

The process of updating the diagonal elements of Q was repeated until a satisfactory
eigenvalue shift was made or until practical controller limits were reached (e.g. extremely
large elements in the gain matrix K). This method of determining the diagonal elements
of the matrix Q was then used to study several cases of optimal controller applications.
All this applications pertained to a single machine connected to an infinite bus. The

cases covered included:
~ 1.Optimal excitation control without optimal governor control

2.0ptimal governor control (without optimal excitation control) with and without

dashpot
3.Combined excitation and speed-governor control
The authors arrived at the following conclusions:

1.0ptimal governor control without dashpot provided a comparable quality of

control to that of optimal excitation control.

2.Combined excitation and speed-governor control provided an even better

controller performance.

Utilizing the results of their first joint paper, Yu and Moussa [50] considered the

question of including complete system dynamics in the design of the optimal controller.
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Various possibilities were considered for a three-machine system. The first two cases
included system dynamics at all locations in the power system to design the controller.
In the first case, the control input signal was assumed to exist in one machine only while
in the second case, control input signals were applied at every machine. The third (one
independent controller) and fourth (independent controller in each machine) cases cap-
tured local dynamics only in the design of the controllers, i.e., the rest of the power

system outside each machine was assumed to be an infinite bus.

It was found that the controller of Case 2 performed better than that of Case 1 while
that of Case 1 performed better than that of Case 3. The last case which made use of
individual machine controllers designed locally was detrimental to overall system stabil-
ity. The paper showed the need to include machine dynamic couplings in the design of

the optimal controller (as a linear regulator) for the multimachine system considered.

Formulation assumed static transmission networks, a seventh-order machine model
(including swing equations and machine flux equations), second-order exciter and volt-
age regulator system, and a fourth-order governor-hydraulic system. Thirteen state
variables for each machine were defined. In each formulation, the state equations were

written in the form

Y=AY + BU (2.36)

In the linearization process, use was made of all machine fluxes and transmission line
and generator currents resolved along the d-q axes of the individual machines, the dis-
placements of which with respect to the system d-q axis were obtained by solving the

equations at the nominal system operating point.
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Davison, et.al. [51] utilized output feedback from measurable quantities (machine
speed and angle) to study optimal decentralized regulators utilizing two forms of control

law:
a) u= Ky,
b) @ = Ky + K

The vector y,, denoted measurable output variables thus eliminating the need to estimate
the nonmeasurable states. The gain matrices K, K|, K; were computed to minimize the

performance index:

J(k) = Iow@'Qy + @ RE)dt 237

where k was a vector of relevant elements of the gain matrix(ces), Q and R positive
definite matrices, and y a vector of desired outputs not necessarily identical to y,. An
interaction index was also used to predict unfavourable interactions among the decen-

tralized controllers.
3 3 3
P(kykg) = D*(ky kg) — D*(0,0) (2.38)

Contrary to the results obtained by Yu [50], Davison obtained results which showed

satisfactory performance by localized controllers (for the three-machine system studied).

Habibullah and Yu [43] attempted to design an optimal controller which would per-
form satisfactorily under varying load conditions. The study system was a single-

machine connected to an infinite bus. Starting with machine fluxes and rotor angle and

Literature Review 26



speed as state variables, the order of the machine model used was reduced by neglecting
stator transients, an initial step justified through eigenvalue analysis. Initially, the state

vector was defined as
X =[AS Aw AY; AV Ay g AE] (2.39)

The transformation matrix M utilizing linearized terms was then calculated such that the

resultant state vector consisted of physically measurable quantities.
Z = MX =[AS Aw AV, AP Aif AEyY (2.40)

An algorithm was then presented to enable the system equation to be expressed in

canonical form through the transformation matrix T

Y=T"'2 (2.41)
Y=FY+G,U (2.42)

where U was the input to the generator excitation system. A performance index (cost

function) J was then defined to design an optimal controller

=1 I “[r'o, Y + U'RUIdt (2.43)
0

where Q, = qI, and R =r. Appropriate values (q/r) were then determined by examining
the effects of the ratio on the combined optimal state and costate (adjoint) eigenvalues
and implementing as much leftward shift on the complex plane as is reasonable on the
mechanical mode eigenvalues. A suitable controller was thus found for the equivalent

performance index
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1=+ f *(2'0Z + U'RUydt (2.44)
0

where
Q=qg(r7Ty! (2.45)

The controller was designed using full-load condition assumptions. While it performed
satisfactorily at lighter loads, the authors stated that possible difficulties may arise at

heavier loads because of reduced damping.

In a similar paper, Habibullah [44] used speed-governor control to test the principles

developed in the preceding paper.

Raina, et.al. [65] used an integral control law to derive the control input signal to the
‘excitation system. The state vector included state variables from a conventional
stabilizer which may also be present. The formulation assumed a single machine con-
nected to an infinite bus. A vector Ay, which represented unknown disturbances external
to the generator was defined. The state equations were then rewritten in terms of output
and input variables derived from deviations of the original state variables from their de-
sired steady-state incremental changes. The desired incremental changes were assumed

known from the disturbance. The control law was derived to minimize the performance

index
J ® =Th A= T —Tpa=
=J. {A7" Q1A + h' Q;h + Ay RAG; }dt (2.46)
0
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subject to

MR AHS

The resultant integral control law was

t
u =y + Ky — yo) — KyMy(uye — uy) + szo (u) — uye)dt (2.48)

where the superscript “0” denoted nominal values while the subscript “e” denoted de-

sired values at steady-state.

Wilson and Aplevich [53] employed the linear regulator with full state feedback ap-
proach to derive the local control input signals for multimachine stabilization. Local
generator state variables were chosen such that they were directly measurable while the
external power system was represented by a dynamic equivalent the states variables of
which were calculated by a state estimator. The state vector of the local controller in-
cluded both the generator local and external state variables. The proposed method had
adaptive properties while minimizing the need for state estimators and eliminating the

need for a centralized controller with a very large number of state variables.

Ohtsuka, et.al. [52] reported an actual implementation of an optimal controller with
adaptive properties. The local generator controller was designed using discrete-time
formulation with the rest of the power system represented by a time-varying reactance
and voltage. During transient conditions, the precalculated controller gains were used.

Longer control periods, however, allowed the gains to be updated approximately after
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every four seconds. By augmenting the controller state vector to include set point vari-

ations, model and measurement errors were taken into account.

Abdel-Magid and Aly [57] proposed the use of a two-level stabilizer in place of a single,
centralized (integrated) controller. A subsystem was defined for each plant (equivalent
machine). State equations for each of the N subsystems were written neglecting the
coupling terms in the complete system matrix. Individual controllers (suboptimal linear
regulators) were then designed in the usual manner with local input signals computed

through local state feedback ,i.e.,

uf = — KX, (2.49)
where

K;= R 'B{P; (2.50)
P Ay + AT P;— P.B;R7'BIP,+ 0, =0 (2.51)
and

X= A4 X+ Bl ,i= 12N (2.52)

For a strongly coupled system, a global control 4 was introduced to reduce the effect

of coupling, i.e.

u() =uf + uf (2.53)

18 was a component of the global vector signal «¢ which was determined such that
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Buf+CX=0 (2.54)

The CX vector represented the mutual machine interaction terms in the original com-

plete state equations. Thus,
u=u’ +uf=u’ —BCX | (2.55)

There, B’ was the pseudo-inverse of B. The complete state equations were given by

X=AX+ Bu (2.56)

Savings in computational effort at the subsystem level was achieved at the cost of some

deterioration in performance as compared to linear integrated optimal formulation.

In the paper by Chan and Hsu [66] , an optimal variable structure stabilizer was de-
signed with low sensitivity to plant parameter changes and external disturbances. The
results of single-machine and multimachine system simulations showing reduced over-
shoot and settling time of the torque angles following a disturbance reflected the reduced
sensitivity. After defining a similarity transformation of the original state vector, the
switching vector was determined by minimizing a quadratic performance index with re-
spect to transformed variables in the switching mode. This was accomplished by for-
mulating the equations in the sliding mode as an optimal control problem. The linear
state feedback law was a piecewise constant function, the constants determined through
a trial and error approach. The solution presented was based on a slight modification
of the theory presented by Utkin and Yang [68]. One input signal was defined for each
generator and was applied to the excitation systems. The linear state feedback parame-
ters were chosen such that the controller was sensitive only to the angular and speed

deviations of the machines. The solution as presented in the paper follows.
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Given that
x=Ax+ Bu (2.57)

where A and B are n X n and n X m matrices, define a similarity transformation y = Mx

such that

0
MB= [ ] (2.58)
B,

where B, has rank m and is square. Then,

N An An[n 0

= + u (2.59)

2 Ay Axndlyz B,
The motion of the system in the sliding mode is given by
n=Ay + 4127 (2.60)
o(y) = ey + €102 =0 (2.61)
The switching vector CT has the property o(x) = C’x = 0. Hence,
Tyr—1

[Ch Gd=C'M (2.62)

Without loss of generality, C,; was set equal to I, in the paper. The subsystem described
by », and o(y) was regarded as an open loop control system with state vector y, and

control vector y,. The form of control was given by
y2=—C Gy =— Cun (2.63)
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Elements of C,, were optimized by minimizing the performance index

J=% J yToy dt (2.64)
t.'

with respect to y, where the sliding mode of operation starts at 7. An alternative ex-

pression for the performance index was

1= [Tol o + 2w+l e 2.69)
l’

Using the well-known results for a linear optimal regulator, if
1.Q,, is positive-definite
2.(A,B) is controllable
3.(4,; — A,,Q5QF, D) is observable where DD = Q,, — 0,,0+ 0%

then the optimal control law was given by

y2=— (05 45P + 05' 00w = - Cun (2.66)
where

’ ’ T ’ ’ -1 ’ T ’
PA’ +(4)' P—PB(R) (B)' P+Q =0 . (2.67)
A= Ay — 41205, 01 (2.68)
R =05, (2.69)
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B =A), (2.70)

Q' =D"D =0y - 01205 02 271)
Thus,

cT=1¢, 1M 2.72)
ofx)=CTx=0 (2.73)

where C, was the ith column of C. The control input signals of the original system were

computed as

n
T
w=—¥x=— ) Yy (2.74)
i

withi = 1,2,..,mand j = 1,2,...,n. The feedback elements were

o ,if x0,>0
u/qi={ R } (2.75)

— oy , if x0;<0

The a, elements were determined using a trial and error approach while satisfying some
inequality constraints. Another paper by the same authors [69] showed these constraints
for a single machine system. «, = 0 if j did not correspond to machine angle and speed,
thus removing the need for a state estimator. If physical constraints existed in the sys-
tem, the gains «, were reduced to maintain stability. In the performance index, Q was

assumed known. Selection of its elements depended on the criterion that the dominant
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closed-loop eigenvalues of the system in the sliding mode be shifted leftward as far as

possible to obtain maximum stability.

Chen and Kusic [45] presented a paper which dealt with the efficient determination
of an appropriate weighting matrix Q in the cost function to assign some closed-loop
system eigenvalues to prescribed locations. Although the system considered was a
multimachine system with an impedanceless transmission network, the technique pre-
sented to compute the feedback gain matrix K and weighting matrix Q is easily extended
to other systems. The state variables defined were all measurable quantities and were
linear combinations of the incremental changes in the original system variables by as-
sumption. This was accomplished through the usual linearization about the nominal

operating point. With the new n-state vector denoted by X,

X=AX+BU (2.76)

An initial choice Q, for the quadratic performance measure was used to compute the

initial feedback gain matrix K, producing the closed loop system

X=(4+BK))X (2.77)

The eigenvalues of (4 + BK,) were then investigated to determine r, the number of
eigenvalues 4, which will have to be reassigned to specific values S, A real transforma-

tion matrix T derived from a modal matrix of A was then used such that
X=TY (2.78)
A further transformation Z = HY where

H={[I, 0] , anr x n matrix (2.79)
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was used to finally arrive at
Z=N,Z+HT 'BU=FZ+GU (2.80)

The reduced form for Z was subjected to an appropriate pole assignment technique [46]

such that the closed loop system
Z=(F+GK)Z (2.81)

had eigenvalues exactly equal to the r specified values S, With Q, being the weighting
matrix in the quadratic cost function J, of the reduced system, the original system ma-

trices were computed as
K=KHT'+K, (2.82)

Q=MHT Y oHT )+, (2.83)

Hsu and Hsu [58] used the suboptimal approach with output (rotor angle and speed)
feedback to determine the parameters K, and K, of Proportional Integral (PI) PSS’s
placed at each machine location. Supporting technical literature [61-63] has been uti-

lized. The speed-sensitive PSS’s had the transfer function

G(s) = Kp + —Iii (2.84)

In the suboptimal regulator approach used, the input signals were derived as linear

combinations of the measurable output variable (Adand Aw from each machine), i.e.,
U'()=—F Y(t) (2.85)
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Local suboptimal regulators designed for each machine then yielded the equivalent pa-
rameters K, and K, of each PI PSS (since the integral of the speed was the angle). Per-
formance of the equivalent Pl PSS’s were also compared to that obtained using state
regulators with complete state feedback (global and local) and global suboptimal regu-

lators. For the latter case, the complete closed-loop system became
X=(A-BF OX=4X (2.86)

The cases considered (single-machine and multimachine systems) have shown the sub-
optimal regulator to perform better than conventional stabilizers in spite of some limi-
tations inherent in the suboptimal approach [61, 64). As expected, the optimal

regulators with complete state feedback yielded the best results.

As shown in another paper [61] , the statement of and solution to the global analog

suboptimal state regulator problem were as follows:

Given

X(0) = AX(1) + BU(»)

2.87
Y(r) = CX(2) (2:87)
Minimize the performance measure
J=1 J “xTox + UTRU)dt (2.88)
0
by applying signals
U()=—F'Y(1) , ie,find F . S (2.89)
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The solution is given by the set of matrix equations

F =rR'BTk"L’cTicL’c™y™! (2.90)
0=K4a"+()K +0+cTF)RF C (2.91)
0=L"U)T+4'L"+1 (2.92)

Feliachi, et.al. [60] derived a control law using a reduced-order model for the power
system. The stabilization problem was cast as a linear regulator problem. State vari-
ables in the reduced-order model corresponded to rotor speeds and torque angles. The
reduced order model was chosen so as to retain modes which contributed most to the
steady-state mean squared error J, if deleted. The error was defined as the deviation

from the approximate state variables z of the actual state variables z, i.e.,

e=z2—12 (2.93)
With the original system described by

x=Ax+ Bu (2.94)

a reduced-order model of the form

7 =Ff + Gu (2.95)

was derived where z was an m x 1 vector which approximated the desired vector of

torque angles and rotor speeds. There,
F=DA D} (2.96)
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where A, was a diagonal matrix containing eigenvalues of the retained modes while D,
was an m X m matrix relating the retained modes to the desired state variables. They
were determined after performing a similarity transformation on the original system of

equations. The reduced control matrix was given by

G=K+A~'QB (2.97)
where A and Q were Lagrange multipliers defined in the expression for J,. Moreover,
K= DI’y + DIy (2.98)

where D,,D, and T',,I"; were the feedback and control matrices obtained from the simi-
larly transformed system of equations. Using the reduced system of equations, the au-

thors then proceeded to derive the linear control law which minimized the cost function -

7=+ _[ 670 + uTRupdt (2.99)
0

Rostamkolai, et.al. [67] derived a control law for an HVDC system described by state

equations with residual terms

X=A4X+ BU+f0t) (2.100)
and an output equation

Y=CX (2.101)
while minimizing the cost function
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=1 f:{(Y— ¥)Toy - v,) + UTRU}dt (2.102)

The vector (Y — Y,) replaced the usual X vector in the cost function of the linear regu-
lator problem. This modification and the residual term allowed the controller to act
tightly even in the presence of a permanent change in the structure or operating condi-
tion of the power system. The vector Y, representing the target output vector trajectory

was computed in real time. The control law was given by

U(t) = R~ BTg(r) - KX(1)] (2.103)
where
glt)=—[4T - kBR™'BT17Y{CTQY, - KAn) (2.104)

and K was the steady-state solution to the matrix Riccati equation
0=—da"K- K4+ KBR'BTKk- cTgC (2.105)

The control law was seen to consist of a structure-dependent term g(f) and a full state
feedback term KX. It therefore assumed some kind of a fast dynamic estimator inter-

acting with the controller in real time.

Substantial amounts of research efforts have been devoted to the subject of real-time
power system dynamic state estimation, a miniscule proportion of which is shown in
[70-76]. However, much of this work dealt with the very slow dynamics of a power sys-
tem [70-72). State vector was defined as the set of complex node voltages of a system

in a quasi-steady-state condition. Sets of measurements were normally the real and re-
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active power injections at the nodes. Simulation studies were concerned with power
system behavior over a period of hours or days. Estimates of the power system state
were updated in matters of minutes or even hours, and were the basis for the slow ap-
plication of controls to achieve minimal costs and optimal security of operation. The
techniques presented were not at all suited to the needs of a fast-acting controller (which
must update control input signals in matters of milliseconds) aimed at improving the
transient and dynamic stability of a power system immediately following a disturbance.

A few technical publications have addressed this need to some degree [73, 75, 76].

Handschin and Galiana (73] presented a real-time state estimation scheme featuring a
slow centralized tracking estimator and fast local dynamic estimators based on
Kalman-Bucy filtering. The centralized tracking estimator assumed a quasi-steady-state

power system condition and used the update equation
A A Tp—-1l;pn=144Tp~1 A
X(tgq) = 2(t) + (H R™H) "H" R [z,(t41) — b(x ()] (2.106)

There, x, represented the estimates of the power system state vector while z, represented
the measurements. A detailed linearized model of a power plant was used to design its
dynamic estimator. The dynamic estimator allowed the estimate of the power plant state
to be updated much more frequently than the power system state vector itself. THe

power plant state estimate was given by the equation

(1) = A2 + bu(t) + cP(1) + KTz4) — AT Z(9)] (2.107)

where K was the steady-state Kalman-Bucy filter gain. z{¢) corresponded to the meas-
ured frequency deviation while P,(¢), the electrical power, and u(t) were known inputs to

the filter. By comparing the statistical properties of the filter residual
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efr) = 241) — B E() (2.108)

at any time with the known values under normal operating conditions, detection of
power plant disturbances was made possible. The plant dynamic estimator was then
made to interact with the central tracking estimator through the generator terminal
voltage estimate IA’,[é,, . The availability of the voltage estimate allowed the estimation
of the machine rotor angle, and thus of ﬁ,(t,+,) by the tracking estimator. Statistical
analysis of the difference between the measured P(r) and ﬁ,(t,+,) allowed network dis-

turbances to be determined.

Two related papers [75, 76] reported on-line laboratory implementation results of an
optimal controller and estimator to improve the stability of a generator. A fixed-gain
optimal regulator with full state feedback was used in conjunction with a Kalman-Bucy

observer to synthesize the control input signals. The estimator equations were formu-

lated to include all non-linear terms in the system. For an n-dimensional system with

equations:
X=AX+BU+T andy=CX (2.109)
the dynamics of the estimator was:

X=AX+BU+T +KY - CX) (2.110)

where I” represented all of the non-linear terms in the system. K was a time-varying

matrix obtained by solving the following equations:
T Ty=1pp
AQ+ QA" +V;—QC V|, CQ=0 (2.111)
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k=0cTvy) 2.112)

where V,, and ¥, were matrices of assumed white noise intensities. Thus, K was a

time-varying matrix for time-varying noise intensities.

This ends the literature review which has been restricted basically to coordinated
multimachine stabilization using conventional stabilizers and the use of optimal con-
trollers to derive appropriate control input signals to the generator excitation and/or

speed-governing system(s) of a power system.

The subsequent chapters of this work will attempt to extend Rostamkolai’s work
[67,77] while incorporating the use of discrete-time fast dynamic state estimators , thus

allowing the full state feedback required by the control law.
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Chapter 3

Study System

A 39-Bus multimachine system will be used to test and analyze the performance of the
proposed controller. A single-line diagram of the test system is shown on Figure 3.1.
It consists of 34 transmission lines, 12 transformers, and 10 generators. This chapter
will present the required data for the parameters of the system components. Data on
excitation and speed-governing systems were obtained from references [85,86,87] which
are all in reference [78). Most of the power system data came from reference [91].
‘Chapter 5 will discuss the controller algorithm including the choice of target trajectory
for the power system following a disturbance. The disturbance to be considered is a
symmetrical fault in one of the transmission lines followed by instantaneous clearing
without breaker reclosing. The transmission line chosen for this purpose is Line 20
(from Bus 15 to Bus 16) which transports the largest amount of reactive power under
normal operating conditions. To prepare for this, the power system states corresponding
to the prefault, immediate postfault, and steady-state postfault conditions will be given

in this chapter.
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The system has 34 transmission lines each of which is characterized by a lumped series
resistance, a series reactance, and a shunt susceptance. Transmission line data (in per
unit) is shown in Table 3.1. The numbers given under the column “wC” correspond to
the total line susceptance, i.e., half of each value is placed at the end of each line (for

an equivalent = representation).

Table 3.2 shows the data for the 12 system transformers. Fixed transformer tap ratios
are assumed in the study. The series resistances and reactances (in per unit) shown on

the table are those seen from the unity side of each transformer.

Generator data in per-unit is shown in Table 3.3. As suggested in references [79,88],
a third-order model will be used to represent each generator in the following dynamic
stability study. Figure 3.2 shows the phasor diagram derived from the model. Stator
winding resistances are neglected as they are much smaller in magnitude compared to the
reactance values. Moreover, neglecting them yields conservative results in a dynamic
stability study as they tend to increase generator damping. The original damping coef-
ficients shown on the first column of Table 3.4 do not account for the effects of the
generator damper windings. However, it is well-known that damper (amortisseur)
windings enhance the damping of the generator electromechanical modes {79,97]. Ref-
erence [79] gives an equivalent of about 25 per-unit damping torque to account for these
effects. These effects which enhance electromechanical damping are captured by using

the modified damping coefficients shown on the second part of Table 3.3.

Tables 3.4 shows the data for the excitation systems. Each generator except Generator
10 is assumed to operate with an equivalent IEEE Type 1 Excitation System. The block
diagram corresponding to this excitation system model is shown on Figure 3.3. Gener-

ator 10 has a constant field excitation. All parameter values (gains, time constants, 4,,
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B,) are assumed to be constants independent of the operating point. Finally, the quan-

tity Sg, denotes the prefault value of the saturation function S;.

Table 3.5 shows the speed-governor data obtained from reference [86]. The
mechanical-hydraulic, nonreheat steam turbine is assumed for each generator. A block
diagram representation of the combined speed-governor and turbine is shown on Figure

34.

The system operating point data corresponding to the three conditions mentioned
earlier will be presented next. A load factor of 1.13 is used over the nominal values given
in reference [91]. For the same fault, a heavier loading corresponds to a more severe

disturbance and a more appropriate test for the controller.

Tables 3.6, 3.7, and 3.8 show the values of each bus voltage (magnitude and angle),
and each state variable under prefault conditions. These prefault conditions correspond
to a stable equilibrium point for the power system. Table 3.6 shows the prefault bus
voltages (per unit, degrees) and injected powers (per unit) obtained after solving the
loadflow problem. Generator contributions are not accounted for in the values shown
in columns 3 and 4. Note that the last ten system buses (30-39) are generator terminal

buses.

Table 3.7 shows prefault values for the internal voltage E', (per unit), internal angle

J, (degrees) and the real and reactive powers (per unit) from each generator.

Table 3.8 shows the prefault values of the state variables and the value of the reference
signal in each of the excitation systems. Values for ¥, are not shown as they are equal

to the corresponding generator terminal voltages shown in Table 3.6.
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Table 3.8 also shows the prefault values of the state variables and the value of the
reference signal in each of the generator speed-governor system. All values given are in

per unit power.

Table 3.9 shows the system conditions immediately after the occurrence of the dis-
turbance in terms of the 39 bus voltages. State variables retain their prefault values as
they do not change instantaneously. The loads are assumed to draw the same amount
of real and reactive powers under all conditions considered. Thus, the same values are

to be found in columns 3 and 4 as those of Table 3.6.

Tables 3.10 and 3.11 show the target steady-state power system condition corre-
sponding to the post-fault transmission line configuration. It is the solution to the
loadflow problem with generator terminal buses 30-38 treated as P-V buses. The voltage '
magnitudes and generated real powers chosen for these buses were set equal to their

-prefault values. Bus 39 was treated as a slack bus.

Details pertaining to the simulation program will be discussed in the next chapter.
Preliminary simulation results, however, will be presented in this chapter. Figures 3.5
to 3.7 show six sets of post-fault time curves without the application of the optimal
controller. Figure 3.5A shows the voltage at Bus 15, one of the terminal buses of
transmission line 20, as the most badly affected bus in the entire system. The remaining
figures reveal sustained oscillations for a substantial amount of time following the dis-
turbance. These voltage magnitude and rotor angle oscillations endanger power system
stability. Thus, the objective of the optimal controller will be to reduce these oscillations

and to bring the power system to a safe steady-state postfault operating point.
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Table 3.1.

Study System

Transmission Line Data

From To R X oC

1 2 0.0035 0.0411 0.6987
1 30 0.0010 0.0250 0.7500
2 3 0.0013 0.0151 0.2572
2 25 0.0070 0.0086 0.1460
3 4 0.0013 0.0213 0.2214
3 18 0.0011 0.0133 0.2138
4 5 0.0008 0.0128 0.1342
4 14 0.0008 0.0129 0.1382
5 6 0.0002 0.0026 0.0434
5 8 0.0008 0.0112 0.1476
6 7 0.0006 0.0092 0.1130
6 11 0.0007 0.0082 0.1389
7 8 0.0004 0.0046 0.0780
8 9 0.0023 0.0363 0.3804
9 30 0.0010 0.0250 1.2000
10 11 0.0004 0.0043 0.0729
10 13 0.0004 0.0043 0.0729
13 14 0.0009 0.0101 0.1723
14 15 0.0018 0.0217 0.3660
15 16 0.0009 0.0094 0.1710
16 17 0.0007 0.0089 0.1342
16 19 0.0016 0.0195 0.3040
16 21 0.0008 0.0135 0.2548
16 24 0.0003 0.0059 0.0680
17 18 0.0007 0.0082 0.1319
17 27 0.0013 0.0173 0.3216
21 22 0.0008 0.0140 0.2565
22 23 0.0006 0.0096 0.1846
23 24 0.0022 0.0350 0.3610
25 26 0.0032 0.0323 0.5130
26 27 0.0014 0.0147 0.2396
26 28 0.0043 0.0474 0.7802
26 29 0.0057 0.0625 1.0290
28 29 0.0014 0.0151 0.2490
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Table 3.2. Transformer Data

Study System

From To R X Tap Ratio
12 11 0.0016 0.0435 1.006
12 13 0.0016 0.0435 1.006
6 31 0.0000 0.0250 1.070
10 32 0.0000 0.0200 1.070
19 33 0.0007 0.0142 1.070
20 4 0.0009 0.0180 1.009
22 35 0.0000 0.0143 1.025
23 36 0.0005 0.0272 1.000
25 37 0.0006 0.0232 1.025
2 39 0.0000 0.0181 1.025
29 38 0.0008 0.0156 1.025
19 20 0.0007 0.0138 1.060
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Table 3.3. Generator Data

Study System

Unit H X, X, X,

] 42.0 0.1000 0.0310 0.0690
2 30.3 0.2950 0.0697 0.2820
3 35.8 0.2495 0.0531 0.2370
4 28.6 0.2620 0.0436 0.2580
5 26.0 0.6700 0.1320 0.6200
6 34.8 0.2540 0.0500 0.2410
7 26.4 0.2950 0.0490 0.2920
8 24.3 0.2900 0.0570 0.2800
9 345 0.2106 0.0570 0.2050
10 500.0 0.0200 0.0006 0.0190
Unit D ( original) D (modified)

1 4.0000 24.000

2 9.7500 29.750

3 10.000 30.000

4 10.000 30.000

5 3.0000 23.000

6 10.000 30.000

7 8.0000 28.000

8 9.0000 29.000

9 14.000 34.000

10 10.000 30.000

52



Table 3.4. Excitation System Data

Study System

Unit K, T, K, T

1 5.0 0.06 s. 0.0400 1.000 s.
2 6.2 0.05 s. 0.0570 0.500 s.
3 5.0 0.06 s. 0.0800 1.000 s.
4 5.0 0.06 s. 0.0800 1.000 s.
5 40.0 0.02s. 0.0300 1.000 s.
6 5.0 0.02 s. 0.0754 1.246 s.
7 40.0 0.02 s. 0.0300 1.000 s.
8 5.0 0.02s. 0.0845 1.260 s.
9 40.0 0.02s. 0.0300 1.000 s.
Unit T, Vavax Vv Seo

1 0.006 s. 1.0 -1.0 0.0519

2 0.006 s. 1.0 -1.0 0.6694

3 0.006 s. 1.0 -1.0 0.0469

4 0.006 s. 1.0 -1.0 0.0680

5 0.006 s. 10.0 -10.0 0.7589

6 0.006 s. 1.0 -1.0 0.0496

7 0.006 s. 6.5 -6.5 0.4396

8 0.006 s. 1.0 -1.0 0.0549

9 0.006 s. 10.5 -10.5 0.3975

Unit K, T, Ag B,

1 -.0485 0.250 s. 0.0229000 0.5136

2 -.6330 0.405 s. 0.4007000 0.1943

3 -.0198 0.500 s. 0.0000158 3.1945

4 -.0525 0.500 s. 0.0060000 1.0368

5 1.0000 0.785 s. 0.2674000 0.2339

6 -.0419 0.471 s. 0.0089000 0.6975

7 1.0000 0.730 s. 0.1947000 0.3574

8 -.0470 0.528 s. 0.0120000 0.7416

9 1.0000 1.400 s. 0.2406000 0.2224
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Table 3.5. Speed-Governor Data

Unit C; T Ty Ten

1 20.00 0.2500 s. 0.1000 s. 0.3500 s.
2 20.00 0.2500 s. 0.1000 s. 0.3500 s.
3 20.00 0.2500 s. 0.1000 s. 0.3500 s.
4 20.00 0.2500 s. 0.1000 s. 0.3500 s.
5 20.00 0.2500 s. 0.1000 s. 0.3500 s.
6 20.00 0.2500 s. 0.1000 s. 0.3500 s.
7 20.00 0.2500 s. 0.1000 s. 0.3500 s.
8 20.00 0.2500 s. 0.1000 s. 0.3500 s.
9 20.00 0.2500 s. 0.1000 s. 0.3500 s.
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Table 3.6. Prefault Bus Voltages and Externally Injected Powers

Study System

Busk V, 5, P, 0
1 1.0448 —10.387° 0.0000 0.0000
2 1.0427 —07.419° 0.0000 0.0000
3 1.0193 —10.709° -3.6386 -0.0271
4 0.9890 ~11.6470 -5.6500 -2.0792
5 0.9914 ~10.270° 0.0000 0.0000
6 0.9944 —9.4570 0.0000 0.0000
7 0.9820 ~12.0140 .2.6419 -0.9492
8 0.9810 —12.6020 .5.8986 -1.9956
9 1.0220 —12.384° 0.0000 0.0000
10 1.0057 —6.701° 0.0000 0.0000
1 1.0003 —7.6400 0.0000 0.0000
12 | 0.9795 —7.6580 -0.0961 -0.9944
13 1.0018 —7.5250 0.0000 0.0000
14 | 0.9979 —9.457° 0.0000 0.0000
15 1.0014 —9.9530 -3.6160 -1.7289
16 1.0202 ~8.3320 -3.7222 -0.3650
17 1.0217 —9.4750 0.0000 0.0000
18 1.0191 ~10.440° -1.7854 -0.3390
19 1.0436 -3.0380 0.0000 0.0000
20 | 0.9853 —4.657° -7.6840 -1.1639
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Table 3.6. Prefault Bus Voltages and Externally Injected Powers

Busk V, 4, P, o

21 1.0204 —5.5580 -3.0962 -1.2995
22 1.0425 —0.4470 0.0000 0.0000
23 1.0368 —0.675° -2.7967 -0.9560
24 1.0265 —-8.1950 -3.4872 1.0419
25 1.0523 —5.8730 -2.5312 -0.5334
26 1.0416 —7.314° -1.5707 -0.1921
27 1.0253 —9.6380 -3.1753 -0.8531
28 1.0409 —3.2940 -2.3278 -0.3119
29 1.0427 —0.141° -3.2036 -0.3040
30 1.0300 -12.159° -12.4752 -2.8250
31 0.9820 0.592° -0.1040 -0.0520
32 0.9830 2.4480 0.0000 0.0000
33 0.9970 2.8840 0.0000 0.0000
34 1.0120 1.240° 0.0000 0.0000
35 1.0490 5.203° 0.0000 0.0000
36 1.0630 8.2730 0.0000 0.0000
37 1.0280 1.8250 0.0000 0.0000
38 1.0260 7.8840 0.0000 0.0000
39 1.0480 —4.596° 0.0000 0.0000
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Table 3.7. Prefault Generator Conditions

Study System

Unit E, 5, Ps 0:
1 1.0852 21.528° -1.1752 -1.2483
2 1.1385 47.2890 6.3698 2.6298
3 1.0577 49.7180 7.3450 2.7076
4 0.8900 55.8620 7.1416 * 1.5331
5 1.3145 58.799° 5.7404 1.9969
6 1.0774 50.4989 7.3450 2.7038
7 0.9458 58.478° 6.3280 1.4016
8 0.8627 58.017° 6.1020 0.3121
9 1.0086 65.791° 9.3790 0.7469
10 1.0582 -1.8120 2.9009 1.8507
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Table 3.8. Prefault Excitation System and Speed-Governor State Variables

Unit ¥, v, Egy Ve

1 0.005411 0.0000 1.5929 1.0311
2 0.096218 0.0000 2.6413 0.9975
3 0.067738 0.0000 2.5027 0.9965
4 0.036243 0.0000 2.3413 1.0042
5 7.843456 0.0000 4.4594 1.2081
6 0.018919 0.0000 2.4625 1.0528
7 3.280284 0.0000 2.2786 1.1450
8 0.016275 0.0000 2.0513 1.0313
9 3.154916 0.0000 2.2575 1.1049
10 ] emecccmee ) eeemeeees 1.0847 | cececeneee
Unit Py, Pgy Pyecu Pog

1 0.0000 11.3000 11.3000 11.3000
2 0.0000 6.4738 6.4738 6.4738
3 0.0000 7.3450 7.3450 7.3450
4 0.0000 7.1416 7.1416 7.1416
5 0.0000 5.7404 5.7404 5.7404
6 0.0000 7.3450 7.3450 7.3450
7 0.0000 6.3280 6.3280 6.3280
8 0.0000 6.1020 6.1020 6.1020
9 0.0000 9.3790 9.3790 9.3790
10 0.0000 2.9009 2.9009 2.9009
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Table 3.9.

Study System

Immediate Postfault Bus Voltages and Injected Powers

Busk V, ' P, O,

I 1.0066 —11.659° 0.0000 0.0000
2 1.0133 —8.086° 0.0000 0.0000
3 0.9718 —12.0010 -3.6386 -0.0271
4 0.8862 —-16.116° -5.6500 -2.0792
5 0.8865 —14.4230 0.0000 0.0000
6 0.8885 -13.473° 0.0000 0.0000
7 0.8781 —16.4420 -2.6419 -0.9492
8 0.8788 —17.061° -5.8986 -1.9956
9 0.9546 —15.136° 0.0000 0.0000
10 0.8905 —10.693° 0.0000 0.0000
11 0.8879 —~11.661° 0.0000 0.0000
12 0.8603 —11.948° -0.0961 -0.9944
13 0.8821 —l12.041° 0.0000 0.0000
14 0.8686 —15.326° 0.0000 0.0000
15 0.8127 —21.4720 -3.6160 -1.7289
16 1.0274 —6.4420 -3.7222 -0.3650
17 1.0109 —8.635° 0.0000 0.0000
18 0.9939 —10.407° -1.7854 -0.3390
19 1.0516 —1.684° 0.0000 0.0000
20 0.9937 -3.376° -7.6840 -1.1639
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Table 3.9. Immediate Postfault Bus Voltages and Injected Powers

Busk }, o, P, 0O,

21 1.0282 —3.9420 -3.0962 -1.2995
22 1.0501 0.8569 0.0000 0.0000
23 1.0444 0.616° -2.7967 -0.9560
24 1.0339 —6.3780 -3.4872 1.0419
25 1.0285 —6.377° -2.5312 -0.5334
26 1.0252 —17.240° -1.5707 -0.1921
27 1.0115 -9.255¢ -3.1753 -0.8531
28 1.0260 —3.234° -2.3278 -0.3119
29 1.0285 —0.035° -3.2036 -0.3040
30 0.9880 —13.844° -12.4752 -2.8250
31 0.8945 —0.865° -0.1040 -0.0520
32 0.8894 1.094° 0.0000 0.0000
i3 1.0032 3.896° 0.0000 0.0000
34 1.0209 2.2920 0.0000 0.0000
35 1.0554 6.2100 0.0000 0.0000
36 1.0688 9.094° 0.0000 0.0000
37 1.0078 1.708° 0.0000 0.0000
38 1.0138 8.107° 0.0000 0.0000
39 1.0408 —4.859° 0.0000 0.0000
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Table 3.10.

Study System

Steady-State Postfault System Bus Conditions

Busk V, o, P, o,

1 1.0415 —~11.747° 0.0000 0.0000
2 1.0371 —17.537° 0.0000 0.0000
3 1.0081 —11.053° -3.6386 -0.0271
4 0.9617 —15.429¢ -5.6500 -2.0792
) 0.9714 —14.2920 0.0000 0.0000
6 0.9753 —13.5459 0.0000 0.0000
7 0.9635 —-16.034° -2.6419 -0.9492
8 0.9629 —16.5600 -5.8986 -1.9956
9 1.0145 —15.216° 0.0000 0.0000
10 0.9822 —11.305° 0.0000 0.0000
11 0.9782 —12.0820 0.0000 0.0000
12 0.9532 —12.300° -0.0961 0.0000
13 0.9727 —12.360°0 0.0000 0.0000
14 0.9553 —14.9330 0.0000 0.0000
15 0.9067 —19.9420 -3.6160 -1.7289
16 1.0326 —4.200° -3.7222 -0.3650
17 1.0255 —6.859° 0.0000 0.0000
18 1.0166 —8.9390 -1.7854 -0.3390
19 1.0482 1.0449° 0.0000 0.0000
20 0.9878 —0.558° -7.6840 -1.1639

61



Table 3.10. Steady-State Postfault System Bus Conditions

Busk V, I P, o

21 1.0292 —1.470° -3.0962 -1.2995
22 1.0472 3.588° 0.0000 0.0000
23 1.0416 3.361° -2.7967 -0.9560
24 1.0377 —4.063° -3.4872 1.0419
25 1.0517 —5.679° -2.5312 -0.5334
26 1.0435 —5.924° -1.5707 -0.1921
27 1.0284 ~7.683° -3.1753 -0.8531
28 1.0419 —-1.911° -2.3278 -0.3119
29 1.0434 1.238° -3.2036 -0.3040
30 1.0300 —14.261° -12.4752 -2.8250
3l 0.9820 =3.297° -0.1040 -0.0520
32 0.9830 —1.936° 0.0000 0.0000
33 0.9970 6.952° 0.0000 0.0000
34 1.0120 5.331° 0.0000 0.0000
35 1.0490 9.213° 0.0000 0.0000
36 1.0630 12.273° 0.0000 0.0000
37 1.0280 2.023° 0.0000 0.0000
38 1.0260 9.260° 0.0000 0.0000
39 1.0480 —4.596° 0.0000 0.0000

Study System
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Table 3.11.

Steady-State Postfault Generator Conditions

Study System

Unit E, 5, P, 0;
1 1.1010 18.7020 -1.1752 -1.2483
2 1.2029 40.2460 6.3698 2.6298
3 1.1397 41.0580 7.3450 2.7076
4 0.8641 61.4920 7.1416 1.5331
5 1.2931 63.889° 5.7404 1.9969
6 1.0520 55.869° 7.3450 2.7038
7 0.9278 63.5180 6.3280 1.4016
8 0.8657 58.037° 6.1020 03121
9 1.0052 67.360° 9.3790 0.7469
10 1.0600 —1.727° 2.9009 1.8507
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Reference

Figure 3.1. Synchronous Generator Phasor Diagram
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Chapter 4

Simulation Program

Introduction

To study the response of the power system subject to the proposed controller, a
mathematical description of various power system components is required. A mech-
anism to represent the interaction among these components is also necessary. The
amount of detail placed on these component models depends to a large extent on the
purpose of the study. Here, a dynamic stability study is being performed on a power
system subject to the proposed controller. Thus, models involving changes occurring in
short periods of time (of the order of milliseconds) or changes implemented on the power
system or its compohents over extended periods of time (of the order of minutes) are not
of major importance here. These very fast or very slow changes are assumed to occur
either instantaneously or not at all over the time interval being studied (of the order of

seconds). The component models required by the simulation program are those of the
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excitation and speed-governing systems, the synchronous generators, system transfor-
mers, and transmission lines. The excitation and speed-governing system models are
described mainly by nonlinear differential equations which are solved through a Runge-
Kutta integration scheme. For the synchronous generators, the model used is suited for
dynamic stability studies. In this model, fast transients are neglected, and only syn-
chronous currents and voltages are taken into account in the armature circuits. This
synchronous generator model is consistent with the transformer and transmission line

models used in the study.

The test system, which data is shown in the preceding chapter, represents a typical
power system. Action of the excitation and speed-governing systems on a generator is
reflected in the instantaneous value of synchronous voltages and currents in the gener-
ator phasor diagram. Nonlinear interaction among the generators occurs across the
complex transmission network. The loadflow solution to the network at any step in the

simulation provides a measure of this interaction.

The remainder of this chapter provides a detailed explanation and justification of the

simulation program used in the study.

Component Modelling

Excitation System Model. Inclusion of excitation system behavior in a dynamic sta-
bility study allows a more realistic and accurate machine representation which goes be-

yond the simpler model of constant voltage behind the transient reactance. With the
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exception of Generator 10 which has a constant field excitation, an equivalent IEEE
Type 1 excitation system will be assumed for each of the generators. This model corre-
sponds to a continuously acting regulator and exciter. The control and state estimation
problems which will be discussed in the next two chapters will be formulated based on
the assumed excitation system model. Use of a different model necessarily requires the

reformulation of these two problems. However, the general methodology would still

apply.

A block diagram of an IEEE Type 1 exciter was shown on Chapter 3. Two nonline-
arities are accounted for, namely, the upper and lower ceiling voltages on the regulator
output, and the saturation function which depends nonlinearly on the field voltage. The
first transfer function will be a matter of interest in the chapter on state estimation. It
is a simple time constant T, representing the rectifier system and regulator input filter-

ing. Ty is usually very small and may be considered to be zero under certain conditions.

The following nomenclature will be used in this paper to denote the state variables and

other quantities in the ith excitation system.

V, = output voltage of input filter
¥, = main regulator output voltage
V, = excitation major damping loop signal

E,, = field voltage

Sg = saturation function
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V.s = constant reference signal
Vi, = control input signal

The differential equations relating the above quantities to one another are given by :

i/yi = Tl— (Ey — yi) (4.1)

~J|_

[ Vit (- Vyi — Vit Viei + VsidKail (4.2a)

In situations where the regulator voltage is at its upper or lower limit,

V=0 (4.2)
. 1 | K

Vai= T Ta [Vei— (Sgi+ K Epaid = Vi (4.3)
: 1

Eyy= Ta (Vi — (Sgi + Kgi) Egail 4.4)

The saturation is a nonlinear monotonically increasing function of the field voltage

E,,. In this paper, the function was assumed to be exponential, i.e.,
Sgi =flEga,1) = Aei €Xp(Be; * Egq3) (4.5)

The constants A4,, and B, were determined using the base data (100% loading and gen-
eration levels and (1/1.13) of the corresponding values shown in Chapter 3). Once
computed, they were used to simulate power system performance at 113% level of

loading and generation. For each of the nine generators with variable field excitation,
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the base case field voltage E,,, was computed from base case data and used in the fol-

lowing manner to solve for 4, and B,

Self-Excited Exciter. Assuming known Sgny; and Fp,., from input data and an ex-

ponential saturation function,

VRmaxi = (KEi + SEmax,) Efdmax izef. = 0 (4.6)
Computation of E,,,; from the preceding yields two equations for 4, and B,.

SEmaxi = 4ei ¢XP(Bei * Efgmax.) (4.7)
Kg; + A exp(Bg; « Eggo,1) =0 (4.8)

The last equation is justified by the argument that at the initial value E,,, the shunt field
exactly compensates for the exciter saturation and no regulator output is required [85].
It also reveals that K, < 0 for a self-excited exciter. As can be seen from the excitation

system data of Chapter 2, generators 1,2,3,4,6,8 have this kind of excitation system.

Separately-Excited Exciter. The values of the saturation function at E,,, and
0.75E gmux; aT€ giVen as Spye; aNd Sgyosme, from the input data together with Vegy,,. As

before, Egme, is computed from

VRmax,i — (KEi + SEmax.i) Efamaxicef. = 0 (4.9)
Then, the following equations were solved for 4, and B,

SEmaxi = Aei €XP(Bei * Efamax,) (4.10)

SE0.75max,i = Aei €XP(Bei * 0.75 Egymax i) 4.11)
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Speed-Governor Model. Figure 4.1 shows a functional block diagram showing the lo-
cation of the speed-governing system and turbine of a generator relative to the complete
system. An input signal is provided to the Governor Speed Changer by Automatic
Generation Control. This input representing a composite load and speed reference is
normally assumed constant over the interval of a stability study. Figure 4.2A shows a
model of a speed-governing system for a steam turbine using either electro-hydraulic or
mechanical-hydraulic control. The time constant T, represents steam feedback which
exists in an electro-hydraulic control scheme. Assuming a mechanical-hydraulic control
scheme, the time constant is set to zero. In the following power system study, nonline-
arities will be neglected except for the rate and position limits represented in Figure 4.2A.
Provided that rate limits PY5 and P2¢%N on P,y are recognized, the speed-governor model
reduces to that shown in Figure 4.2B. The existence of a control input signal P will be

assumed by the controller to be studied in this paper.

The speed-governor basically works in the following manner. The speed signal is
subtracted from the reference input SR and the resulting error signal w is fed into the
speed relay (with time constant T,) where it is amplified and converted into a position
signal. Thus, the control input signal is superimposed on this position signal. A second
stage amplifier (with time constant T;) is provided by the servo-motor which operates
the steam valves. The steam flow through these valves produces a torque which is op-
posed by the load and loss torques. The net remaining torque is used to accelerate the

rotating mass of the shaft which feeds the speed signal back to the speed governor.

Between the governor-controlled valves and the high-pressure turbine is a steam bowl
or chest. This vessel introduces a time delay T, between changes in valve steam flow

and steam flow in the high-pressure turbine as shown in Figure 4.3. The fraction F re-
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presents the effective gain of the governor-controlled valves. In this paper, the small
boiler tube drop will be ignored (i.e., F=1). The block diagram of Figure 4.3 corre-
sponds to the simple nonreheat steam turbine. Many of the more complicated models
arising from the other steam turbine types essentially reduce to the nonreheat type when

the large time constants (7.5 seconds on the average) are neglected.

Combination of the block diagrams in Figures 4.2 and 4.3 results in the speed-governor

diagram -shown in Chapter 3 with the following nomenclature:
w, = error signal, speed deviation from rated value
Cs = speed relay gain
T, = speed relay time constant (seconds)
Py, = speed relay output
Poc, = servo-motor reference signal
P;, = control i.nput signal
T, = servo-motor time constant (seconds)
Pgy, = servq-motor output

Ty, = charging time constant

Pyecu; = mechanical power output
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The differential equations relating governor-turbine state variables to one another are

given by:

. l .

Py = 5—(Cgio; — Pwy) (4.12)
1i

; 1

Povi= 7 (Psi+ Poci = Pwi = Pvi) (4.13a)

In cases where Pgy, is at its upper or lower limit,
Pgy;=0 (4.135)

Physical constraints are also imposed on the time rate of change of Pgy, . At these op-

erating points, the time rate is constant, i.e.

. -UP

PGv; = Pgv; (4.13¢)

or

: - DOWN

Pgvi=Pgvi (4.134d)

whichever is applicable.

; 1

Prreey « = e (P s — P , 4.14
MECH; = T~ (Povi MECH.) (4.14)

Synchronous Generator Model. Figure 4.4 shows the phasor diagram corresponding
to the synchronous generator model to be used in this paper. It assumes steady-state
conditions in the armature stator windings of the generator and includes the effects of

three windings (generator field winding and the equivalent d-q armature windings) only
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[79,88,97]. The damper winding circuits are neglected because they involve time con-
stants much shorter than periods of time normally associated with dynamic stability

studies. The phasor equations are given by :

Eg = Ei + rgily + jxgily (4.15)
Ey = Ey + rgily + jixgilgi + jxgilyi (4.16)

The algebraic equations are:

E g = Eg — (xqi — X' g)Igi (4.17)
Eji = Eg + (xg; — Xqi) g (4.18)
Ey=FE g+ (xgi — X' gi)lg; (4.19)

-Reference [79] has shown the following differential equation to be applicable under the

same assumptions:

1

Eg= T oo (Egg; — En) (4.20)

where

E',, = voltage proportional to field flux linkages

E,, = voltage proportional to field current

E,, = voltage proportional to field voltage
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Appendix A derives the following expressions for the generated real and reactive power

directly from the phasor diagram:

2 Eg(xgi—Xg)
Pg; = -’:ldi sm(éqi —dy) — _2;1"E.'_ Sln(26qi — 20y) (4.21)
E 4Eq 2
qi i
Qi = —— c0s(bqi — 80) = - — Lxqcos’(bqi = b0) + ¥asin' g =891 (42)

The electromechanical behavior of generator “i” is described by the following swing

equations.
Mg + Di(Sqi — Sqc) = Py — P (4.23)
bgi = @; (4.24)
where, J,, the center-of-angle is given by
i=NG
Z A'Iiaqi
‘ i=1 -
5qc’ =N (4.25)
) M,
i=1

Transformer Model. As shown in Figure 4.5, the transformer equivalent circuit with a
per-unit turns ratio a:1 can be converted into an equivalent = circuit using the following

admittance transformation :
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Here it is noted that transformer data given in the preceding chapter provide the series
per-unit impedance as seen from the unity side of the transformer. The admittance Y

shown in Figure 4.5A is the reciprocal of the given series impedance.

System Network and Transmission Line Models. Each of the transmission lines will be
represented by its = network equivalent. The values of the transmission line parameters
evaluated at the nominal frequency were given in Chapter 3 and are used to compute the
elements of the power system admittance matrix. This method of representation neglects
the network transients characterized by very small time constants and is consistent with

the steady-state assumptions made for the generator armature windings [97,98].

Treating the synchronous generators for the moment as components external to the
network, the following discussion applies. Let an element Y,, of the complex admittance

matrix be denoted by Y,,/6,,. The current 1; injected into bus k is given by
I=X¥Y (4.27)
where

I = vector of injected bus current phasors

—

Y = complex admittance matrix
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¥ = vector of bus voltage phasors

Thus, letting NBUS denote the total number of system buses,

_ NBUS—. _ NBUS
= ) TanVa= ., (Yin [O40) (Vi [6)
n=1
n=1

The complex power injected into bus K is

-7

J
I NBUS / =
Se=Vide = Vi [o1 Z (Yn [ = Okn) (Va [ = 67)
n=1
_ NBUS
Sk= . ViVu¥iq [(6x— 65— 64a)
n=1

The injected real power is given by

R NBUS
Pe=Re[S= D, Vi¥u¥iacos(E — 8n = ba)

n=1

while the injected reactive power is

_ NBUS
Or=1Im[S] = Z VicVnYiasin(dy — 6, — Oxn)

n=1
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(4.29)
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The above equations apply to any of the NBUS system buses not directly connected to
a generator. The admittance matrix Y used in the preceding equations was formed
without regard to the generator parameters. The power quantities P, and Q, above im-
plicitly include the contributions from attached generators for cases where the system
bus corresponds to a generator terminal. Let P, and Q,,., denote the power drawn

w9
1

by an external load from the generator terminal bus. Then, letting denote the cor-

responding generator

NBUS
= Pioad = P = Z ViVnYknC0S(dx — 6 — Oq) — Pg; (4.33)

n=1

NBUS
— Oxtoad = Gk = Z ViVnYinsin(dy — 6, — Oyq) — Qi (434)

n=1

where P, and Qy, are the real and reactive power contributions from the ith generator

mentioned in the preceding section.

Simulation Program Flowchart

Figure 4.6 shows the general flowchart followed in the simulation program.

As mentioned in Chapter 3, the disturbance assumed in the study is the instantaneous
and permanent outage of one of the system transmission lines. The change in network

topology therefore occurs once only ( at the very start of the simulation ).
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In the proposed field implementation of the optimal controller, necessary bus voltage
quantities required by the controller and the state estimators will be provided by the
phasor measurement systems. Real-time computation of the loadflow solution will be
performed once only at the very start of the control time interval to determine a target
steady-state operating condition for the power system. Thus, the loadflow calculations
performed in the simulation of power system behavior following the disturbance take the
place of real-time phasor and auxiliary measurements performed on the power system.
The solution to the loadflow problem yields the power system bus voltage magnitudes
and angles under given load and machine internal voltage conditions and allows direct
computation of the ith generator quantities P and E; for use in the machine swing and

excitation system equations.

Computation of the control input signals to the excitation and speed-governing sys-
tems consists of state estimation and the application of the control law. Chapter 6 will
discuss the problem of state estimation to calculate the state variables in the exciter and
speed-governor of each generator under assumed levels of measurement noise and state
disturbances. Chapter 5 will deal the control algorithm itself. These aspects of the

program will not be discussed in detail in this chapter.

The next step in the simulation is the numerical integration of the differential
equations arising from the assumed models for the system components. Each generator
has ten state variables ( four from the excitation system, three from the speed-governor,
one from the generator model itself, and two from the swing equations ) except the
largest generator which has six ( since it has a constant field excitation ). Thus, for the
ten-machine system being studied, the stability program must numerically integrate

ninety-six (96) differential equations. A fixed-time step fourth-order Runge-Kutta
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scheme is used to accomplish the integration. At each time step, the nonlinear quantities
on the right-hand of some differential equations are provided by the solution to the

loadflow problem.

A period of five seconds will be simulated in the various cases to be considered
(Chapters 5 and 6). This is about the amount of time needed by the power system to
approach a steady-state condition upon application of the optimal controller under the

best conditions.

The last section of this chapter will discuss in some detail the loadflow subroutine of

the simulation program.

The Loadflow Subroutine (Multiple ¥V — é Bus Formulatior;) . The following formulation
of the loadflow problem and its solution assumes constant power (real and reactive)
loads. The (2*NBUS) unknown quantities to be computed are the voltage magnitudes
and angles of the system buses which satisfy the known P,Q conditions on the same
buses and the known internal machine voltages E’,. The loadflow computations are
performed at every time step. Thus, the E'q,’s correspond to the current solutions to the

differential equations.

In the conventional loadflow problem, the only ¥ — ¢ bus is the slack bus. In the
present case, there are effectively NG ( NG = number of generators in the system ) slack

buses corresponding to the NG internal machine buses containing the voltages E",. Let

P =[P, Py .. Py .. Pypusl’ (4.35)

Qr=[0) O ... Ok - Ongus)” (4.36)
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T
Y= V2 .. ¥x .. Vnpusl

T
d;=[0) 63 .. O ... dnBus]

—_

E =[E'q E'q - Eg .

-—

E'q.NG]T
E=[Eq Eq - Eg - E'q.NG]T
0,=[6q1 Jq2 - Ogi - 6q'NG]T
E=[E Ey .. E .. EI'NG]T

T
8,=[0u b - Oy - SeNG]

Then, for a generator terminal bus, using Eqs.(4.33)-(4.34),

Py=Py(¥y, 41, Egjy Og)

Ox=Ox(¥p, 81, Eqps Og3)

where k = NBUS - NG + i.

For a system bus not attached to any generator,

Pk = Pk(KL’ dL) k = l, 2, seey NBUS

Qv=0u¥1,8;) k=1,2,..,NBUS

Simulation Program
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(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)
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where 1 < k < (NBUS-NG). As pointed out in Chapter 3, the last ten system buses

correspond to the ten generator terminal buses.
At a given instant of time, the internal voltage phasor

E'gi=FEg [0g (4.48)

is treated as a given constant. Thus,

2P = e py, v Lrag 4

k— aKL L+ aéL L ( '49)
8Q 8

AQ, = a_zfAKL + %AQL (4.50)

and

APy I Ly [AKL
= (4.51)

AQr o Jaad LAY
Eqs.(4.46) and (4.47) are solved for ¥; and §, by using the well-known Newton-Raphson

iterative method. In this method, the Jacobian matrix of Eq.(4.51)

Jn L
I Lll 12:| 4.52)
21 22

with rank and size of (2*NBUS) is reevaluated at every iteration. From Eq.(4.51),

AV AP
e
Ay AQy
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The improved estimate to [¥7 JI]7 based on the estimate [F}* §{*] at the kth iteration

is

[Kikﬂ)] = [Kik)] + J! [chm B Bik)] (4.54)
a1 Laf of - off

In the last equation, P¢*» and Q¢ are the vectors of the known constant P,Q loads while
P and Qf are the computed injected powers corresponding to the bus voltage estimates
at the kth iteration. The estimate [V}+" §¢+]7 is considered the solution to Eqs.(4.46)
and (4.47) if the corresponding differences between the elements of the two estimates at
the kth and (k + 1)th iterations are less than a predetermined convergence criteria. Once
the loadflow solution is determined for the current instant of time, the quantities Py, and

E, for each generator “i” can be computed and used in the next step of the numerical

integration.
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Chapter 5

The Centralized Controller

Introduction

In this chapter, the performance of the centralized controller will be evaluated by
simulating its behavior under various conditions. Discussion will first cover the formu-
lation of the control problem, the solution, and minimum requirements for successful
control action. Related questions will then be considered through simulation studies.
Questions to be answered include the adequacy of excitation system control (without
speed-governor control), minimum amount of power system measurements that need to
be made to satisfy controller requirements, effects of large state residuals on controller
performance, use of local controllers (instead of the centralized controller), methods used
in the computation of g«(r) in the control law, and choice of elements for the weighting

matrix Q in the cost function.
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Simulation studies assume ideal state estimators which provide feedback to the cen-
tralized controller. The next chapter will deal with the interaction between practical

state estimators and the centralized controller.

Control Equations

At this point, the control problem will be formally stated. Given the following state

equation

X(n) = AX(0) + BU(1) + f0) (5.1)

where X(¢) is the state n-vector, U(7) the control input r-vector, and f{?) is the state resi-

dual n-vector representing all inaccuracies in the linearization and the output equation
Y(1) = CX(1) + (1) (5.2)

where X(1) is the g-vector of variables to be controlled and s(¢) is the outbut residual
q-vector representing all inaccuracies in linearization of the output equation, find the
optimal control input signal U’(f) such that the scalar J(U'(?)) is the minimum of the cost

function

I = e ) et + 5 | " (09e(6) + [UTORL Dt (5.3

with respect to U(r). In the above equations,
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() = X(1) — XA1) (5.4)

where ¢(1) is the error vector and Y (r) is the target trajectory for the output vector ¥(¥).
The controller is assumed to act over a control time interval [,f,]. The output error
weighting matrices H and Q are semi-positive matrices while the control effort weighting
matrix R is positive-definite. All of the weighting matrices are assumed to be time-

invariant.

Reference [77] has derived the solution to the control problem stated above with the
output residual vector s=0. It is an extension of the linear output tracking problem
solution given in reference [80]. The solution to the present control problem is intu-
itively obvious (i.e., replace all terms corresponding to Y () with Y{r) — 5(¢) ). Appendix
C of this paper presents a formal proof of the solution which will be presented shortly.

The proof has been presented along the lines of references [77,80}.

The optimal control law is given by
U'()=R""BTg) ~ KOX()] (5.5)
where the Kalman gain matrix K(¢) is the solution to the matrix Riccati equation
k() =— ATK() - K4+ KOBR™'BTK(r) - cToC (5.6)
and g(1) is the solution to the auxiliary differential equation
g(0)=—[47 - K()BR™' B 3g(r) — CT QLY A0) — s()] + K()f(0) Y
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Here it is noted that for Y,(¢) = s(r) =0 and i) =0, g(t) = Q, even after taking into ac-
count the final condition of Eq.(5.9). Thus, g(¢) is the adaptive term in the optimal
control law and is the mechanism by which the controller keeps track of changing power
system conditions. The two preceding differential equations have the following final

conditions at the end ¢ of the control time interval:

K1) =C"HC (5.8)

g(t) = CTHLY A1) — s(1p] (5.9)

Thus, K(#) and g(r) are solved using backward numerical integration schemes. A special
situation occurs when £,= oo. Physically, this may imply that the controller is allowed
to act for an indefinite amount of time to achieve a target value for the output vector.
“Steady-state” solutions to the differential equations are then used. In the Riccati
Eq.(5.6), K(t) becomes a constant matrix Ks and is the solution to the matrix algebraic

equation

T -1 T T
0=—A4"Ks—Ksd+ KsBR "B Kg— C QC (5.10)
The corresponding steady-state solution for g(¢) is given by

gs()=—[47 — KsBR™'BMgs(t) — CTOLY (1) — s(1)] + Ksf(1) (5.11)

Here it is noted that g remains a function of time since Y (1), 5(¢), and f{r) are not time-
invariant vectors. Integration of the preceding differential equation is also implied.
However, a good approximation to g¢(f) was used in reference [77]. This approximation
avoids the backward numerical integration implied by Eqs.(5.7) and (5.9) by assuming

that g«(1) = Q.
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gs() =—[4T — KsBR™'BT17H{CTOLY An) — (0] - Ksfin)} (5.12)

Thus, with 7, =00, and using the approximation of Eq.(5.12), computation of the
“steady-state” matrices K and g¢(r) become independent of the final conditions given

by Eqs.(5.8)-(5.9). Also, the cost function is now equivalent to

5@ = [ e ogetn + L wRUG D .13
rO

During actual controller implementation, the controller state and output variables are
either measured or estimated from the measurements. Thus, the nonlinear vector func-
tion X(f) can be directly computed. Elements of the output vector X(¢) are all directly

measured. The state and output residual terms £{¢) and s(¢) can then be computed as

£ = X(1) — AX(1) — BU(r) (5.14)
and
(1) = X(1) — CX() (5.15)

Definition of Controller Vectors

This chapter will study and consider different types of controllers employing either or
both excitation system and speed-governor control. The section on “Simulation

Studies” enumerates and describes the different cases considered in this chapter. This
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section and the following will assume the controller of Case 1 using both excitation
system and speed-governor control, with measurement and control of field and generator
terminal voltages. Modification of the control problem for the other cases will be dis-

cussed in the latter sections of this chapter.

The controller state vector will now be defined. As discussed in Chapter 3, the study
system has ten genérators with the largest generator, generator 10, having a constant
field excitation. Also, relative angular values will be used in the controller formulation
to make .the resulting feedback matrix 4 nonsingular. The section entitled “Comments
on the Riccati Equation” will explain the necessity of using a nonsingular feedback ma-
trix. The principle is identical to that used in the solution to the conventional loadflow
problem in which the slack bus angle is set to a constant value (normally zero) and all
the other bus angles are solved with respect to the slack bus angle. In the present case,
the g-axis of the largest generator is chosen to be the reference bus. Only nine relative
angular values determined from the actual positions of the q-axis of each machine are
necessary to determine the state of the power system. Moreover, the largest generator
may in fact be a single machine representation of an external system. The present for-
mulation will use incremental changes in the original state variables of the transient
stability program for the controller variables. These changes are the deviations from the

nominal prefault operating point values presented in Chapter 3.

For the excitation system of generator i, the contribution to the controller state vector

is
Xexci=[AV; AVy AV AEgp a7 (5.16a)
The speed-governing system of the same generator contributes

The Centralized Controller 100



‘ T
Xspi=[APyw; APGy; APyech;] (5.16b)
The generator itself gives rise to the vector
Xoi=[AE G (Adgi— Adq10) (wgi— wao)]T (5.16¢)

In the last expression, E’; is the internal machine voltage, J, is the position of the ith
machine q-axis with respect to the a synchronously rotating frame of reference, and o,
is the speed of the ith machine rotor with respect to the synchronous frame of reference.
The q-axis position of Generator 10 is used as the reference axis for controller itself.
The state vector contribution from the ith generator is therefore given by the 10-element

vector

T T T 9T
X;=[XG; Xexci Xspil (5.17)
For the centralized controller, the complete state vector has 91 elements given by

x=0x7 x7 .. X7 .. &I AFg,01" (5.18)

The control input vector will be defined next. As described in the excitation and
speed-governing system models of Chapter 4 and the accompanying block diagrams, at
most two control input signals are defined for generator i, ¥, and P,;. They are applied

to the excitation and speed-governing systems respectively. Thus,
T
U= |:Vsi Psi:I (5.19)
For the centralized controller, the complete control input vector is
v=tyl ol .. uF .. v’ (5.20)
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Here it is noted that no control input signals were assumed for the largest generator and

U(r) has 18 elements.

The controller output vector will be defined next. The elements of this vector corre-
spond to the variables that are being controlled and measured directly. With the ex-
ception of the field voltages, they define the dynamic state of the power system itself.

The output vector contribution from generator i is given by the 4-element vector
T
Yi=[AE; (Aég—Adqy0) (wg — wq10) AEpp;] (5.21)

In the above expression, AE, is the incremental change in the ith generator terminal
voltage magnitude from its nominal operating point value and is a nonlinear function

of the controller state variables. The complete controller output vector is
Y=y ¥ . 4. 5 Bl (5.22)
~and has 37 elements.

At this point, the target trajectory Y(¢) for the output vector X(s) will be given some

attention. The expression for the cost function defines the output error vector as
€0) = X40) — X() (5.23)

In the above expression, Y(r) is chosen to be an exponential function of time, i.e.,

XA1) = Yar+ (Ygo — Yap) exp( — 1)) (5.24a)

Y. » Yu, and 7 are all time-invariant quantities.
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The preceding equation for Y(7) is applicable to its elements corresponding to AE,,
(Ad, — Adyy), and AE;,,. However, it must be noted that o, is the time derivative of

Aé,. Therefore, the same relationship must hold true for their target trajectories. Use

at*
of a time-invariant (zero) trajectory for the relative rotor speed and an exponential
time-varying trajectory for the relative rotor angle would impose obviously contradictory
conditions on the controller and the power system. Denoting target trajectories by the

subscript “d”, and quantities with respect to the largest generator by the subcript “r”,

d
0rig =4 (Bdqrid)

@g,g == (1/ 1)(A5qr.ido — Abgs jap) exp( — 1/7)

(5.24b)

assuming that w, and Ad,,, have consistent units (e.g., radians/sec. and radians ).

The vector Y,, is the immediate postfault value (t=0+) of the output vector and is
directly dependent on the nature of the disturbance. The immediate post-disturbance
power system state is shown in Chapter 3 (Table 3.1). Of the four output variables
corresponding to generator i, only the incremental change in the generator terminal
voltage AE, is nonzero since the fault clearance is assumed to be instantaneous and only
the generator terminal voltages are immediately affected by the sudden change in the
transmission network configuration. In each generator i, the real state variables E'y,
8y » Wy, and Egp,, do not change instantaneously. Thus, the corresponding incremental
changes at t=0+ are zero. The values of X, are shown on the second column of Table

5.1 to four significant digits.

The final value Y,, of the output vector is the target steady-state condition for the
power system based on an assumed postfault configuration. The data presented in

Chapter 3 was based on the instantaneous clearance and permanent dropping of the
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faulted transmission line 20 (Bus 15-Bus 16). Thus, the elements of Y, are the corre-
sponding incremental changes obtained from the power system network and individual
machine equation solutions at steady-state. The elements of Y, are given on the third

column of Table 5.1.

The time constant 7 in the expression for Y(t) was determined from an examination
of the post-fault time curves with no controller some of which are shown in Chapter 3
(Figures (3.5)-(3.10)). In this study, a single value was chosen for all elements of the

target trajectory (t = 0.8 second).

The Controller Matrices

The purpose of this section is to illuminate on the procedure used to compute the

linearized controller matrices shown in Eqs.(5.1)-(5.2).

The power system and equipment model equations of Chapter 4 will be the starting
point of the derivations. Most of the equations are repeated here for clarity while some
of them have been modified to suit the state variables defined for the controller. The

following differential equations apply to the large-signal state variables of the controller.
- 1
Eg= Tor (Ega,i — Ep) (5.25)

bqi — 0q10 = W; — 1o ' (5.26)
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. . 1
0;— @10= 37 (Pmi — Pgi — Di(w; — )
5.27a)
1 (
== (Pmio = Pe1o — Dro(w1o — @)
10

where, w,, the speed of the center-of-angle with respect to the synchronous frame is

given by
i=10
Z Mo,
-
W, == (5.27b)
M
i=1
V== (Eq= V) (5.28)
Tfl
V=g U= Vot (= V= Vit Vet + VKl (5.29)
K
; 1 fi
Vai= T, { T, [Vyi— (S + KedEpgid — Vzi} (5.30)
: 1
Epy= To [Vyi— (Sgi + Kg) Epail (5.31)
Py =7~ (Caio— Pw) (5:32)
; 1
Povi=-7- (Psi+ Fogi—Pwi = Pgv,) (5.33)
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PyecH: = (PGv;— PmECH.) (5.34)

Tcu,

An examination of the differential equations above show some nonlinear terms on the
right-hand side of some of the equations. It is seen that these nonlinear terms can be
expressed in terms of the controller state variables and generator terminal voltages

(magnitude and angle). Thus, in the differential equation for E air

Eli = E'qi( '::il ) - ( -:'(:1 - l)a_iCOS[(éqi - 6q10) - (étl - 5q10)] (5'35)

In the differential equation for (@, — w,,), the electrical power output is given by

g _
Pg; = ? sm[(éqi - 5q10) =0y — 6q10)]

4
' g2 (5.36)
" Wara (xqi — X ai)sin[ 2(8¢; — 6q10) — 28 — Jq10)]

Lastly, in the excitation system equations, the saturation function is given by
Sgi = Agiexp(Bg; * Erg) - (837)

The state of a power system (the bus voltage magnitudes and angles) is directly deter-
mined by the gerierator state variables £’ and §,,. Knowledge of this state variable pair
for all the generators define a stable solution to the loadflow problem provided that the
network and load behavior is known. As stated in the previous chapter, loads external

to the network are assumed to draw a constant amount of real and reactive power.

Thus, letting

E=L[E, Ey .. Ey .. Eyl" (5.38)
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and
0y =L(60 — 9q10) (B2 — bq10) - (i —dq10) - (Se10— Sq)]” (5.39)

they can be written symbolically as

E = E(x(1)

by = B (1(1) (5-40)
where

10 =x, + X0 (5.41)

is the vector of large-signal controller state variables and X(f) is the corresponding
sniall-signal vector defined in the preceding section. y, is the prefault value of x(f). The

nonlinear differential Eqs.(5.25)-(5.34) can then be written in compact form as

(0= G( x(0, U), Ex(1), $u(x(9) ) (5.42)

Assuming that the functional G is evaluated for the prefault network configuration, the

stable prefault equilibrium operating point is described by

0= Q( Xo. Qy E{(l,o)o étr(z.a)) = go (5'43)
From Eq.(5.41),
10 =1, + X0 = X() (5.44)

since y, is a time-invariant vector. Thus,

X(1) = G( x, + X(1), U(), E(x, + X)), 8y, + X(1)) ) (5.45)
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Applying a first order Taylor’s series expansion to the preceding equation and the chain

rule,

. G 8G OE, oG 04, oG
X(t)=_Go+|: 3 + L, 51: + 38, 3y ]X(I)+?E_U(t) + Ax(1) (5.46)

Noting that G, =0,

X() = 4X(r) + BU() + flix (1) (5.47)

The partial derivatives are evaluated at the stable prefault equilibrium point of the power
system. The vector f{y(f)) represents the second and higher order terms in the Taylor’s
series expansion. Here, it is noted that the partial derivatives of G with respect to g,
E, d., and U can be computed directly, some of them visually for the linear terms,
through Eqs.(5.25)-(5.34). This observation is particularly true for the elements of the
control matrix B. Appendix D shows the necessary expressions needed in the compu-
tation of the partial derivatives. Computation of the partial derivatives of the generator
terminal quantities E, and J,, with respect to the state vector y is not straightforward
because of the absence of closed form expressions for Eqs.(5.40). In fact, the determi-
nation of generator terminal quantities for given values of generator state variables is the
equivalent of the loadflow problem itself as discussed in Chapter 4. Evaluation of the

partial derivatives

Ok 4 G (5.48)

P an 3

at the prefault operating point will be accomplished in an indirect way by utilizing the
external transmission network configuration. This configuration also determines the

manner of interaction among the generators of the system.
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Define the vector of incremental internal machine voltages as

AE,=[AEq AEg .AEgG ..AFq 1" (5.49)

qi
Also, let the vector of incremental relative angular values be
Adgr = [(Adqy — Adgig) (Adgy—Adgi) o Adgry . (Adge— Asq0]" (5.50)
where

Adgei = (Adg; — Adg0)
The vector of incremental changes in the bus voltage magnitudes is
AV, =[AVy; AVyp . AViy, - AVise 17 (5.51)

and the vector of incremental changes in relative angular values of the bus voltages is

.given by
Ady, = [(AdLy — Adq10)(Ad 2 — Adgyo) - Adpry - (Adp3g— 261037 (5.52)
where

Adp ey = (A0 — Adgi0)

Further, let the vectors of incremental changes in the injected real and reactive bus

powers be defined as
AP=[AP| AP, ..AP, ..AP3 17 (5.53)
and
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AQ=[AQ) AQ; ...AQy ...AC3 17

(5.54)

For a generator terminal bus k corresponding to generator i (k = 29 + i), Py and Qy,

are negative components of P, and Q, respectively. Eq.(5.36) gives the expression for

Py, while Qy, is given by

E E;
qt
O = x4 cos(dqr; — Orr ;)
: 2 2
- x'dixqi [xquOS (5qr.i - 6&'.1) + x'disin (6qr.i - 6"’1)]

Then, P, and Q, are given by

NBUS
Py = Z YLk VLo Ykn€OS(8Lrk — OLr,n — Okn) — PEi

n=1

NBUS

O = Z VikVLa YnSin(Orrx — OLr0 — Okn) — CEi
n=1

Noting that AE, and Ad,,, are components of A¥; and A¢,, respectively,

Pk = Pk(KL,éLr!Eq!-éqr)
O = QK181 0B g:8r)

and

P= Py d10E i)
o= Q(KLvéLrvﬂqvéqr)
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(5.58)
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where P and Q are the vectors of injected real and reactive bus powers. Linearizing us-

ing a first-order Taylor’s series expansion yields

AP AV AE
=Ja +.Jp (5.60)

ag] Tlasi] | Adg
Appendix D shows the appropriate expressions for the elements of J, and J,. Under the

assumption of constant P-Q loads,

[AZL] =-Ix ‘.ZB[AE*’] = CI[AE"‘} | (5.61)
Ady, Aéqf Aéql'

Thus, by choosing the appropriate row of C,, AE, and (Ad, — Ad,,,) may be expressed in
terms of the elements of AE’, and Ad,.. In other words, the matrix C, contains all of the
elements required by the matrix of partial derivatives of E, and §,, with respect to x, given

by expressions (5.48).

The procedure just outlined to express the generator terminal quantities AE, and Ad,,
as linear combinations of the state variables £, and Ad,, allows the direct determi-
nation of elements of the output matrix C. Each row of the output matrix correspond-
ing to an incremental change in generator terminal voltage contains elements which are
either from the C, matrix or zeroes. Each row corresponding to a state variable in the
controller has an element “1” placed at the appropriate column. Otherwise, the element

is zero.
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Comments on the Riccati Equation

The Riccati differential equation given by Eq.(5.6) is repeated here.
- T -1,T T ’
K)=—4 K-KA+KBR B'K-C Q9C (5.62)

Reference [89] points out that if the matrix pair (4, B) is controllable, a steady-state
solution K exists for the preceding Riccati equation. Reference [90] has weakened the
existence condition to the stabilizability of the matrix pair (4, B), i.e., the steady-state
solution K exists if all unstable eigenvalues of the feedback matrix 4 are controllable.
In the present problem formulation, linearization of the differential Eqs.(5.25)-(5.34) was
performed about the stable prefault equilibrium point of the power system, consequently
producing a stable feedback matrix (all eigenvalues have negative real parts). Thus, 4
has no unstable eigenvalues and the pair (4, B) is stabilizable regardless of the value
chosen for the control matrix B. Therefore, K, exists which satisfies the algebraic Riccati

equation :

0=—dTKs- Ksd + KsBR™'BTKs— CTQC (5.63)

" At this point, it will be shown that two minimum requirements must be satisfied by

the resulting K matrix for succesful control action :
1) K must be positive-definite.

2) The closed-loop feedback matrix (4 — BR'B"Ks) must be stable.
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The need for the first condition will be proved in two steps. Firstly, it will be shown
that the linear output regulator problem is a special case of the present problem formu-
lation and therefore, a requirement for the linear output regulator is also a requirement
for the more general nonlinear output tracking controller. Secondly, it will be shown

that the linear output regulator problem requires K to be positive-definite.

The first step is easily accomplished by noting that for f{ir) =0, 5(/) =9, and Y{1) =0,

the system is described by the equations :

X(0) = AX(r) + BU(r)

() = CX() 69

with cost function

JU) = % _[ “(UTRU + Y QY)at (5.65)
t

0

The steady-state solution to the auxiliary differential Eq.(5.12) subject to the linear reg-

ulator conditions is
gs(=0 (5.66)
with the resulting control law

U'()=—R'BTKX(1) (5.67)

The second step will be accomplished by invoking the Hamilton-Jacobi equation which

must be satisfied by the optimal cost function J(U"). Reference [89] shows a derivation
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of the Hamilton-Jacobi equation which is stated below for an infinite control time in-

terval.

Define the performance index as

V&, Uo), 9 =200) = |~ &, U, e (5.68)
to

where

AX@), U, 1) = UT(ORUW + YT (0QX(r) (5.69)

Also, let

X0 = FX@), U@, 1) (5.70)

If V'(X(2), ¢) satisfies the following Hamilton-Jacobi equation,

L]

2= min{f(xm. U, 0+ (—‘%— )TE(X(t). ue), r)} (5.71)

where minimization is performed with respect to the control input vector U(?) , then
V' &), 9= VX®, U (), =24 (5.72)

and is the optimal performance index.

A solution will now be assumed for V*(X(?), f) and shown to satisfy the Hamilton-

Jacobi Eq.(5.71). Assume that
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v (&a), )= X ()KsX(r) (5.73)
Hence,
2 = X5 K& = 0 (5.74)

since K; is time-invariant. Moreover,
av’ T_ApT
(‘ax‘ 0 ) =2 0ks (575)

since K is symmetric. Using Eq.(5.65) which defines the cost function for the linear

regulator problem and the last two equations,

£, U, 1 +< >0 ) (), Uo), 1

=UTRU+YTQY +2X"K(4X + BU)

= UTRU+ X"Cho(CX) + 2X"Ks(4X + BU)

=W+ R'BKN)TRWU + R7'BTKX)
+XTcTQC — KsBR™'BTKs + Ksd + ATK51X

(5.76)

The last part of the equation above has been obtained through the use of a matrix
identity applied to an analogous expression in reference [89]. The right-hand side of the
equation is to be minimized with respect to the control input vector U(#). Since R is
specified to be positive-definite, and the second term in the last part of the equation is

independent of U, the optimal control input vector is given by
U'=-R7'B'KsX (5.77)
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which is the control law of Eq.(5.67). Moreover, since K; is the steady-state solution to
the Riccati equation, it satisfies Eq.(5.10) which is repeated here after a rearrangement

of terms.
0=CToC- KsBR™'BTKs+ Ksd + 4"Ks (5.78)

Thus, the second term is simply zero and
X0, U0, t)+( 2X0) > EX(r), U'(5), n=0 (5.79)

Therefore, the assumed V'(X(2), 1) = X7(1) K X(r) satisfies the Hamilton-Jacobi equation
and is the optimal performance index for the linear output regulator problem. This most
recent result shows that for a non-positive definite K, minimization of J(U) with respect
to U does not necessarily imply the regulation of the vectors Y and X. On the other

hand, with a positive definite K;, minimization necessarily implies regulation.

The second requirement on the steady-state Kalman gain matrix K is the stability of
the closed-loop feedback matrix (4 — BR'B’K;) . As shown in Eq.(5.5), the control law

for the nonlinear output tracking problem is given by
U'()=R™'Bgs(0) - KsX(1)] (5.80)

Once more, for the linear output regulator problem, Eq.(5.11) gives the solution

gs() =0 ‘ (5.81)
and
U'()=-R'BTKX() (5.82)

The Centralized Controller 116



The state equations then reduce to

X=4x-BRT'BKsX

=(4-BR'B"K5X 59
The output regulator control action (¥Y(f) =0) can occur in a practical power system
during conditions where the system is being returned to its initial prefault operating
point. In these cases, however, fir) and s(f) represent the higher-order terms in the
Taylor’s series expansion and are small nonzero quantities. Thus, even in these condi-
tions, the controller still remains nonlinear. On the other hand, as argued earlier, the
stability of the closed-loop feedback matrix (4 — BR'B"K) for the special case of linear
output regulation must be a requirement for the more general nonlinear output tracking

problem.

In a paper by Kalman [81], an analogous algebraic Riccati equation was studied and

given by
0=—ATKg— Kod + KsBR'BTKs— D™D (5.84)

where the matrix (D7) was semi-positive definite. In that paper, it was pointed out that
if the matrix pair (4, B) is controllable and the matrix pair (4, D) is observable, then the

resulting steady-state solution K is positive-definite and the closed-loop feedback matrix

(4 — BR'\B'K;) is stable.

In the nonlinear output tracking formulation, the Riccati equation is given by

Eq.(5.10). Thus, by comparison,
cToc=D0"D (5.85)
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Given that the matrices Q to be used in the following study cases are real, diagonal, and
positive definite, observability of the matrix pair (4, D) can be evaluated through the
matrix pair (4, C) itself. Thus, observability of the linearized system of equations is di-
rectly related to the number of assumed measurements in the power system. Inadequate
number of measurements is reflected by a non-positive definite (singular) K;. Some of
the cases to be studied in the following sections are aimed at determining the minimum

number of required measurements for successful control action.

Using the assumed control input signals, controllability based on the linearized system
of equations only can be shown for a very small analogous AC system. However, to a
much larger system, this conclusion regarding controllability cannot be automatically
extended. In addition, the choice of control input signals in the following study cases
is limited to presently existing control methods (excitation system and speed-governor
control). Availability of new arbitrary control signals is not assumed. Hence, conclu-
sions regarding controllability of the large nonlinear power syéfem being presently
studied will be based on simulation results. Stability of the linear closed-loop feedback

matrix (4 — BR-'B"K;) will be monitored closely in all cases.

Simulation Studies

Controller performance under various conditions has been evaluated through a num-
ber of simulation case studies. In the case studies of this chapter, ideal state estimators
are assumed. An ideal state estimator is defined here as a device which feeds to the

controller the exact values of state variables for computation of g¢(¢) and control input
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signal vector U(r). Interaction between practical state estimators and the centralized
controller will be considered in the next chapter. In the following paragraphs, the base
case study (Case 1) is presented first. The succeeding case studies are then described as

variations from Case 1. The differential Riccati Eq.(5.6) is re-solved where necessary.

Case 1. This case involves combined excitation system and speed-governor control in
each generator, with field voltage measurement and control, and accurate linearization.

As stated earlier, the state, control input, and output vectors are given by

X =[x Xixc; el (5.86)
where
Xai=[AE g (Adgi— Abqi0) (wg — wqi0)]” (5.87a)
Xexci=[AVy; AV AVy AEpp;]” (5.87b)
Xsp;=[APw; APGy; APypcu;l” (5.87¢)
U=Cv, P17 (5.:39)
Y= [AE; (Adg— Adgi0) (wgi — @q10) AEpp;]” (5.89)

and for the centralized controller

x=0x7 x7 . &F .. X AFg01" (5.90)

uv=tul uf .. uf .. uli” (5.91)
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Y=Cx 1 . 4 . X AE,]” (5.92)

Related time curves obtained for this case are shown in Figures 5.1 to 5.6 and Figure

5.10.

Case 2. This case is intended to study the adequacy of excitation system control alone
(without speed-governor control) in accomplishing the centralized control task. It has
been observed that the time derivatives corresponding to the speed governor state vari-
ables tended to be small. Thus, the state vector as defined in this case does not include
the speed governor state variables. Their effects in a generator are reflected in the
changing instantaneous value of Pygcy,, as captured by the residual term in one of the

swing equations. Therefore,

X=X Xixcid" (593)
U=Cv,1" (5.94)
X=0x7 x7 .. &7 .. &J AE4]" (5.95)
U=[Vy Vg o Vi o VigdT (5.96)

The controller output vector is the same as in Case 1. Related time curves for this case

are shown in Figures 5.7 and 5.1.

Case 3. This case shows the need for field voltage measurement and control. The state
and control input vectors X and U are the same as in Case 1. Here, however, the output

vector Y, does not include the element AE;;, and is given by
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%= [AE; (A5q—A6q10) (g — 0qi0)]" (597)

y=Cx7 ¥ .. x7 .. xf AE, 17 (5.98)

Related time curves for this case are shown in Figure 5.1 and Figures 5.8 to 5.9.

Case 4. In this case, the effects on controller performance of a large state residual
vector fz) will be studied. The state, control input, and output vectors used are identical

to those in Case 1. However, the feedback matrix to be used in Case 4 is
A30=10.30*4;09 (5.99)

where A,y is the feedback matrix of Case 1. Use of 4,, induces large values to appear
for the state residual vector f{r). Although 4,y itself is a stable matrix (obtained by
linearizing about the prefault operating point), 4;,, may or may not be stable. This was
checked and 4, was found to be stable, thus ensuring the existence of a steady-state

solution to the corresponding Riccati equation. Here, the scalar quantity r, is defined.

. FiGGY
71 4x|

(5.100)

where

91
lAn1?= fo(t)
i=1

and
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9 o
|AX|2=Z ZAijx,(f) 2
| j=

Thus, r, is a measure of the relative magnitudes of the elements of f{z) relative to the time
derivatives of the controller state vector. It is found to be about twice larger in Case 4

than in Case 1. Related time curves for this case are shown in Figures 5.10 to 5.13.

Case 5. The controller as formulated in this case is an attempted improvement over
that of Case 4. The same feedback matrix 4,, as used in Case 4 will be utilized here,
thereby retaining the large state residual terms. However, the controller state and out-

put vectors will be altered slightly such that for the new controller,

Yy pewlr) =0

Snew(t) =0 (-101

The last two conditions are motivated by the equations used to compute g(f) and the

control input vector U(s) in Case 4:

gs(0=—[47— KsBR'BT] - CTQLY A1) — s(n] + Ksfl0)

. (5.102)
U(=R'BTgs(1) — KsX(1)]

The differential equation above shows that the forcing function
CToLYA0 - (0] + Ksf(r)

is dominated by Kf(r) as f{r) gets larger. It is noted that typically, elements of the

Kalman gain matrix K are two or three orders of magnitude larger than the elements
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of the weighting matrix @ itself. Thus, for large state residuals, the controller becomes
relatively insensitive to the target trajectory X(r) and the output residual term s(z). In

the controller of Case 5, the burden of Y () and s(r) will be shifted to f{z).

Define the controller output vector temporarily as

Y, =[AEG (Adg— Adgi0) (g — wqro) AEpp;]T (5.103)
y=CxT xf . ¥7 .. 2l aEgyd” (5.104)
Then,

(=0 (5.105)

since the output variables are all elements of the controller state vector. Now, let

Yoia(?) = X(1)
Tnew() = Xopa(?) — Yg,014(9) (5.106)
Xd.new(’) = -Yd,old(t) - Xd,old(’) =0

where Y, .,,(f) is computed from the immediate postfault and steady-state postfault values
of the controller state vector X(1). Thus, if the new output vector is defined as the de-
viation of the old output vector Y,(f) from its target trajectory X, .4(¢), the new output

() i"

target trajectory would simply be zero. Define the new output vector for generator

as .
AE G~ AFE 4 4
Ad gy — Adgy g — Adgpo + A
. — qi qi,d ql0 qlod 7
Einew=| g (5.107)
AEgp; — AEppig ]
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and for the centralized controlier as
T T T T ' T
.Znew = [Xl new XZmew “os -Xi,new o -Z9,new (AE qu - AE’qu.d)] (5' 108)

Here, it is noted that

Wi g — w1q=0 (5.109)

Since the condition §,.,(f) = Q requires the output variables to be state variables also, the

new controller state vector is defined in Case 5 as:

Xnew = I:XlT.new XZT,new &;ew X9T,new (AEqIO - AquO,d)]T (5.110)
where
i T

AE g - AE Gia

Adg; — Adgia— Adgyo + Adq10,4

w; — Wyp

AVy;

AV
&inew = AV, (5.111)

AEgpp; — AEFpig

APy

APgy;

APypgcH;

Using the above formulation allows the computation

gsnew(t) = = [AT = Ks newBR ™ BT Igs newl?) + Ks newllD) (5.112)
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without dependence on Y, ,..(?) or S..(f). The new cost function for this case is given

by

Sneal =5 | “WTRY + Ein@ Xt (5.113)

Related time curves for this case are shown in Figures 5.11 to 5.13.

Case 6. This case study is intended to show the importance of coordinating the control
action in each individual generator. Here, the control input signals are computed from
local measurements and local feedback only. The Riccati equation is solved for each
generator and used in individual decentralized controllers. Each controller is described

by the following equations:

X(1) = 4:X{1) + BUL) + f(0)
() = CX{) + 5(1) (5.114)
U ()= B B Cgsiln) — Ksi&id)]

where

0= 4K — Ksidi+ KsBR ' B Ksi — G/ Q.G

5.115
gsil) = — [AT - KsBR' BT 17 Gl Yai() - 401 - a9 ] 1)
Individual controller vectors are defined as
X=[X& Xéxc; X3, 1" (5.116)

where
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&Gi= |:AE'qi (Aéqi - A‘Squ) (wqi - waO)]T

Xexci=[AVy; AV AV AEpp;1" (5.117)
T

Xsp; = [APw; APgy; APyech il

Y= [AE; (A8q;—dqi0) (wgi = @quo) App;]" (5.118)
U= I:Vsi Psi]T (5.119)
) = X{) — Xai(®) (5.120)

Each controller attempts to minimize the cost function

3 =% | " el 0k + LT ORUW D (5.121)

Thus, there is no attempt to control the terminal voltage of the largest generator. Time

curves related to Case 6 are shown in Figure 5.14.

Cases 7 and 8. In an earlier section of this chapter, the controller equations have been
discussed. As stated in that section, an infinite control time interval (¢, = oo) is assumed

in formulating the solution to the control problem. Therefore, in the control law
U'(n=R™"BT(gs(r) — KsX(t)) (5.122)

the time-invariant solution to the algebraic Riccati Eq.(5.10) was used. However, the
vector g«(f) remains a function of time because the steady-state solution g¢() to the dif-

ferential equation
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() =—[47 - KsBR™ BT 1g(r) - CTOLX A1) - ()] + Ksf0) (5.123)

is dependent on Y1), s(¢), and f{z). In fact, the backward numerical integration of the
differential equation above from (7, = co) to the instantaneous value of time ( t ) requires
a knowledge of the future values (from t to #) of Y[(t), s(¢), and fir) . This is not a
problem as far as the target trajectory Y (¢) is concerned since it is determined at the very
start of the control time interval. However, the residual vectors f{r) and s(1) are deter-
mined only as the measurements come using Eqs.(5.14) and (5.15). Thus, only the past
and present values of the vectors are known. A solution to this dilemma was suggested

and tested in references [77,67] for a small HVDC system using an approximate solution

for gy(1):
gs(=—[4T - KsBR™'BTT7{CTOL Y0 - (0] - Ksfi0)} (5.124)

The equation above is identical to Eq.(5.12) and is used in all the study cases of this

paper except Case 8 of this chapter.

A less practical, not necessarily optimal scheme, has been tested through simulation
in the same reference [77] for the same HVDC system. The scheme follows from the
differential equation itself and assumes that all future values of f{r) are equal to the av-

erage of the last four measurements, i.e.,

J5 4+ 129 (5.125)

1 4
fod =,
i=1

where f, denotes the time of the most recent measurements and #, > f,. Extension of the

previous formula to the output residual vector gives
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o

s(n) =

Z 84+ 1.3 (5.126)

i=1

Al-—

Using the assumed future values of f{z) and s(¢), the differential Eq.(5.123) is integrated
backwards in time at every value of t. This integration is performed over a reasonably
long interval of time to ensure that the resultant value of g(¢) is the “steady-state” sol-
ution gg(r). Obviously, both the simulation and real-time implementation of the con-

troller using this scheme require a substantial amount of time to compute g¢(f) and

um.

The purpose of Cases 7 and 8 is to compare controller performance using these two
schemes, one described by the approximate Eq.(5.124) (Case 7) and the other using
backward numerical integration based on assumed values for f{f) and s(z) (Case 8). In
these two study cases, the controller vectors X, U, Y and matrices 4, B, C, K; are iden-
tical to those of Case 1. The main difference is in the assumed behavior of some power
system components. Loads are assumed to act as constant impedances during the
transient period and the largest generator is assumed to have an infinite mass. These
assumptions should not impair the comparison between the two schemes, as can be seen
in the definition of the cost function and the chosen output vector for Case 1. Since the
simulation studies of Chapter 6 on the state estimators also assume constant impedance
loads, Case 7 can be looked on as the result of the interaction between the centralized
controller and ideal state estimators. Lastly, it is recognized that since the loads are as-
sumed to behave differently from Case 1, the final value of ¥ (r) must be recomputed.

For Cases 7 and 8, the vector Y, together with the initial value Y,, is shown in Table 5.2.

Time curves related to Cases 7 and 8 are shown in Figures 5.15 to 5.17.
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Choice of Q and R Matrices for Cases 1 to 8. The cost function corresponding to the

controller formulation of Eqs.(5.1)-(5.15) with (f,= oo) is given by

Jw =1 "L - xaTow - X + UTRUDdt (5.127)
2 ',

where @ and R are diagonal positive-definite penalty matrices. Except for Cases 2, 3,
and 6 where the sizes of state, control input, and output vectors are different from Case

1, the matrix Q (q = 37) is given by (Cases 1,4,5,7,8) :

Q(k, k)= 10°

Q(i, i) = 10 (5.128)
Q(k! N=0 ,j¥k

Qi )=0 ,i+k

The subscript “k” corresponds to AE, or (AE', — AE', ), i.e., k = 1,5,9, 13,17, 21, 25,
29, 33, 37. The subscript “i” corresponds to rotor angles, rotor speeds, and field voltages

,ie,i=2,3,4,6,7,8,.., 36 The matrix R is given by (Cases 1,4,5,7,8) :

RGi,)=10 ,i=12..,18

RG,)=00 ,j+i (5.129)

For Case 2 (no speed-governor control), Q is identical to that of Case 1 shown above.

Since r = 9 in this case,

Ri,)=10 ,i=1,2..,9

Ri,)=00 )i (5.130)
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For Case 3 (no field voltage control), R (r = 18) is identical to that of Case 1. However,

q = 28 in this casg, i.e.,

Q(k, k) =10*
S o a2
Qi ) =10 (5.131)
Ok, )=0 ,j#k
Q6 )=0 ,i*k

wherek = 1,4, 7, 10, 13, 16, 19, 22, 25, 28 and i = 2, 3, 5, 6, ..., 27.

Finally, for Case 6 (local controllers), each controller has q = 4and r = 2. The @, and

R, matrices are given by

10* 0 0 o
01020 0
=4 o 10® 0
o 010 (5.132)
1
1.0 0
R‘.=
| 0 1.0

Cases 9 and 10. These cases are almost identical to Case 1 from the viewpoint of for-
mulation. Identical controller vectors are used with linearization about prefault oper-
ating point performed as accurately as possible. The variation from Case 1 is in the

choice of slightly different output penalty matrices Q. The matrix R is unchanged.

For Case 9,
Qi, =10 ,i=1,2.,37 (5.133)
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For Case 10,

o, n=10" ,i=1,2.,37 (5.134)

Time curves related to these two cases are shown in Figures 5.18 to 5.19.

Simulation Results

This section will state some practical observations based on results of simulation of

controller performance for the cases described in the previous section.

Case 1 (Base Case). This case provided the best controller performance of the first six
cases. The power system approached the postfault steady-state condition after about
five seconds. There were minimal voltage magnitude oscillations as expected since the
generator terminal voltages were given the priority in the controller. Machine rotor os-

cillations were damped out substantially within the first second of operation.

Case 2 (No Speed-Governor Control). In this case, both voltage magnitude and rotor
angle oscillations have been reduced substantially. The power system seems to approach
the postfault steady-state condition much slower than in Case 1. Persistent low ampli-

tude oscillations are present even towards the end of the simulation study period (§

seconds).

Case 3 (No Field Voltage Control). This case reveals the need for field voltage control

as in Case 1. In Case 3, the solution K to the Riccati equation was very close to
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singularity. Low-frequency large-amﬁlitude oscillations characterized some of the out-

put variables, particularly those associated with Generator 2.

Case 4 (Large State Residuals). Power system response to the controller was charac-
terized by minimal oscillations on the output variables coupled with the relative insen-
sitivity of the controller to the target trajectory (the generator voltages in particular ).
Some of the output variables were far from the intended target values for most of the

time interval under study.

Case 5 (Large State Residuals with Regulator Formulation) . This case is marked by
an increase in the sensitivity of the controller to the chosen output target trajectory.
However, oscillation amplitudes larger than those in Case 1 is observed for most of the

output variables.

Case 6 (Local Controllers). The voltages were controlled very poorly. The rotor angles
and speeds failed to stabilize to steady-state values. In general, the combined perform-

ance of the individual controllers was very poor.

Cases 7 and 8 (Comparison Between Two Methods of Computation of g(¢)). In both
cases, the controller performed satisfactorily. Case 8 employing the backward numerical
integration scheme showed some additional oscillations during the early transient period.

In general, performance of the two schemes appear to be comparable.

Case 9 (Reduced Weighting Factor for Voltages). In this case, the controller performed
much more poorly than in Case 1. Power system response was characterized by larger

amplitude and more persistent oscillations during the earlier stages of the time interval
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of interest. The reduced control on the generator terminal voltages caused these quan-

tities to move away from their desired trajectories.

Case 10 (Increased Weighting Factor for Rotor Angles). This case reveals the practical
impossibility of making all output variables follow the target trajectory. With more
weight assigned to the angles, the generator terminal voltages did not.c'losely follow their
corresponding target trajectories for most of the time interval under study. Still, con-
troller performance in this respect is better than in Case 9. The angles themselves fol-
lowed their target trajectories more closely. Increasing the elements of Q from that given

in Case 1 did not significantly improve controller performance.

Conclusions

This chapter has dealt with the evaluation of the performance of the centralized con-

troller under various conditions. Some very important questions have been answered.

Results of Case 1 indicate that the proposed controller utilizing excitation system and
speed-governor control performs excellently as long as the minimum requirements of

positive definiteness and linear closed loop stability with accurate linearization are sat-

isfied.

Comparison between the results of Cases 1 and 2 show that excitation system control

alone produces a reasonable, though not totally satisfactory controller performance.
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Comparison between Cases 1 and 3 show the need for field voltage measurement and

control.

Cases 4 and 5 show that in the presence of large state residuals, the controller performs
better if operated as an output regulator (Y,..¢) =0) with zero output residuals (
Se) =0). However, the increase in oscillation amplitudes between Cases 1 and 5 show
that there is a practical limit to the size of the state residual vector with which the con-
troller can perform well. With very large state residual terms, the computed control in-
put signals can become unusually large such that the excitation system regulator
voltages simply move back and forth from their lower to upper limit values and vice-
versa. In certain situations, it is necessary to neglect these ceiling values in the compu-
tation of the state residual terms (i.e., the computed time derivative is not set equal to
zero) since their inclusion causes the computed residuals to increase in magnitude un--
necessarily. Moreover, with s,..(f) = 0, an important capability of the controller is taken
away. Only state variables or their linear combinations can be controlled, thus excluding
the control of nonlinear quantities such as voltage magnitudes at generator terminals

or any other power system bus.

Case 6 shows that inspite of the presence of residual terms in the state and output
equations (which are included in the control law) and coordinated trajectories, individual
controllers which derive generator control input signals from local measurements only

fail to perform satisfactorily as a group.

Cases 7 and 8 show that the use of the time-saving approximation of Eq.(5.12) to

compute g(1) is highly acceptable.
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Cases 9 and 10 show that some care must be exercised in the choice of elements for
the Q matrix. Use of small values (Case 9) reduces the effectiveness of the controller and
fails to damp out oscillations in a reasonably short amount of time. Use of large values
above a certain level (Case 10) does not necessarily improve controller performance and

only makes the computation of the solution to the Riccati equation more difficult.

All of the study cases in this chapter assumed ideal state estimators for controller
feedback. Simulation of practical state estimators, and study of the interaction between

the estimators and the centralized controller will be dealt with in the next chapter.
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Table 5.1.

Nonzero Initial and Final Values of Target Trajectory for Case |

i Vs Yas

1 —4.195 x 10~ 0.0000

2 | 0.0000 — 5.080 x 10-?rad
4 | 0.0000 + 3.517 x 10-%p.u.
5 —8.751 x 10-2 0.0000

6 | 0.0000 — 1.244 x 10-'rad
8 0.0000 + 1.489 x 10-'p.u.
9 ~9.357 x 10-2 0.0000

10 | 0.0000 ~ 1.526 x 10-'rad
12 | 0.0000 + 1.932x 10-'p.u.
13 | + 6219x% 103 0.0000

14 | 0.0000 + 9.677 x 10-rad
16 | 0.0000 — 4.615x 10-2p.u.
17 | + 8.903 x 103 0.0000

18 | 0.0000 + 8.735 x 10-%rad
20 | 0.0000 — 4.748 x 10-p.u.
21 + 6.366 x 103 0.0000

22 | 0.0000 + 9.225 x 10-2rad
24 | 0.0000 — 5.584 x 10-2p.u.
25 | + 5.801x 103 0.0000

26 | 0.0000 + 8.648 x 10-2rad
28 | 0.0000 — 3.353x 10-%p.u.
29 | —2.016x 102 0.0000

30 | 0.0000 — 1.133 x 10-*rad
32 | 0.0000 + 4.225x 10-p.u.
33 | —1.224x 10 0.0000

34 | 0.0000 + 2.590 x 10-2rad
36 | 0.0000 — 4.695x 10-%p.u.
37 | —7.180 x 10 0.0000
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Table 5.2. Nonzero Initial and Final Values of Target Trajectory for Cases

7and 8
i Y. Y,
1 —-4.195 x 102 0.0000
2 0.0000 - 2.107 x 10-'rad
4 0.0000 + 8.165 x 10-%p.u.
S — 8.751 x 10-2 0.0000
6 0.0000 — 3.511 x 10-'rad
8 0.0000 + 3.029 x 10-'p.u.
9 -9.357 x 10-2 0.0000
10 0.0000 - 3.785 x 10-'rad
12 0.0000 + 3.462 x 10-'per unigt
13 + 6.219 x 10-* 0.0000
14 0.0000 — 3.151 x 10-%rad
16 0.0000 — 2.861 x 10-?p.u.
17 + 8.903 x 10-? 0.0000
18 0.0000 — 3.444 x 10-’rad
20 0.0000 — 3.300 x 10-?p.u.
21 + 6.366 x 10-3 0.0000
22 0.0000 — 3.582 x 10-’rad
24 0.0000 — 3.423 x 10-?p.u.
25 + 5.801 x 10-3 0.0000
26 0.0000 — 3.909 x 10-’rad
28 0.0000 — 2.073 x 10-%p.u.
29 °| —2.016x 10 0.0000
30 0.0000 — 1.381 x 10-'rad
32 0.0000 + 5.090 x 10-?p.u.
33 - 1.224 x 102 0.0000
34 0.0000 — 1.045 x 10-'rad
36 0.0000 + 1.113 x 10-?p.u.
37 —7.180 x 10-? 0.0000

.
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:5 1: No Controller
g: 2: Case 1
& 3: Case 2

4: Case 3

Figure S.1. Voltage at Bus 15 (No Controller and Cases 1,2,3)

The Centralized Controller

138



, ] ‘ I: £,
om 2 E,
am A 3 E,

Pes Unit Veits
»
]
N

A. Generators 1 to 4

. q-\/_\/z-\—_'Rﬁ 1: E"

.04 2: &
3 E,
.68 4: E.

.00
1

Per Unit Volits
2

1
[ ? ] 3 4 4

B. Generators 5to 8

1000 4
188 4 2
1.00 4

rl g
1899 -
1.83¢ 4

1.838 9

.68 1 ‘: En
1828 <
1628 .
1.863¢ . 2- Elo
1.628
[y K !
1008
1809 <
1824 4
1002

Per Unit Veits

[ ' 3 L) 4 ]

C. Generators 9 and 10

Figure 5.2. Generator Terminal Voltages (Case 1)

The Centralized Controller 139



=

a -

"

A. Generators 1 to 4

[
o -
-
e
L

Degrees
LI

B. Generators 5 to 8

Time in Seconds

s3EABRI
n P U U S 1

Degrees
e

C. Generators 9 and 10

Figure 5.3,

H )
Time im Seconds

Internal Rotor Angles (Case 1)

The Centralized Controller

—t

1 81— Sq0
2: 8 = Sq10
3: 3¢ — Sqr0
4: 8y — 410

b

:6¢- q10
:5‘—'6‘m

é

Cr i 61]0

h W W

A 6‘ - (10}

1: 6«" q10

2 5qxo = %410

140



I: (, + wg)/(2x)
2: (@; + wg)/(2x)
3: (ws + ws)/(2m)
4: (¢ + wy)/(2x)

A. Generators 1 to 4

I: (w5 + w4)/(2x)
2: (ws + ws)/(2x)
3t (an + w4)/(27)
4: (s + ws)/(2x)

I: (wy + ws)/(21)
= - 2 2: (wyo + ws)l(21t)

293
0 ? 2 3 N4 s

C. Generators 9 and 10

Figure 5.4. Rotor Speeds (Case 1)
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The Centralized Controller
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Chapter 6

Fast Dynamic State Estimation

Introduction

This chapter will deal with the problem of fast dynamic state estimation for the
excitation and speed-governing systems. The previous chapter dealt with the controller
behavior and performance assuming an ideal estimator, i.e., state feedback and compu-
tation of the adaptive vector term made use of the exact values of the state variables at
all times. In the actual implementation of the controller, however, direct measurements
are limited to the elements of the output vector and to the controller state variables
contributed by the largest generator. The remaining state variables must be estimated
in real time from the results of phasor and field voltage measurements. In this chapter,
the performance of a decentralized state estimator scheme will be evaluated through

simulation. Some background theory will also be presented.
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The use of decentralized state estimators has been proposed earlier in reference (73]
where fast dynamic estimators were required for control purposes. Also, extension of
the linear Kalman filter theory to the nonlinear estimation problem by including the
state residual vectors in the prediction step has been implemented earlier in actual lab-

oratory set-ups [75,76).

The question of varying the phasor measurement rate as it affects the combined
controller-estimator will be addressed in particular. This is motivated by the apparent
conflict between the need for high estimation rates and upper limits imposed by present
measurement devices. Time curves from the simulations involving actual state variables

and their estimates will be presented at the end of the chapter.

Time-Discretization of a Continuous-Time System

Consider a continuous-time system described by the following matrix differential and

algebraic equations:

X=X+ BU+ Lf (61)
Z=HX (6.2)
where

X = n state vector

U = r control vector

Fast Dynamic State Estimation 158



[ = n residual vector

Z = q measurement vector

A = n x n constant feedback matrix

B = n x r constant control matrix

I = n x n identity matrix

H = q x n constant measurement matrix

A direct extension of the discussion in reference [82] shows that an equivalent discrete-
time representation can be found as given by the following state transition and output

measurement equations:
X(k + 1) = OX(K) + YUK) + LAK) 6.3)
Z(k+1)= HX(k + 1) (6.4)

where X(k), U(k), flk), and Z(k) are the values of the corresponding continuous-time
vectors sampled at the kth instant of time. The state transition matrix @, control tran-
sition matrix ¥, and residual transition matrix [ have the same sizes as the corre-

sponding continuous-time matrices. They are computed as follows:

D = exp(4T) (6.5)

T
Y= (-[o exp(4r) dr)B (6.6)
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T
L= (Jo exp(d4r) dr) 6.7)

Computation of ¥ and [ assume that U(k) and f{k) remain constant over the interval

T between successive time steps.

In Taylor’s Series form, the three transition matrices are equal to

®=1, + @D + 2D + 5D’ + .. (6.8)
L=47 + L + L@+ L&'t + . (69)
Y=CB (6.10)

Discrete-Time Kalman Filtering

Appendix B presents an adaptation of the state estimation theory presented in refer-
ence [83] to a form directly applicable to the present problem. The results shown on the
Appendix will be used directly to design a filter that will estimate the state variables of
an individual excitation or speed-governing system from given measurements under as-
sumed levels of state disturbances and measurement noise. The state vector estimate at

the (k+ 1)th time step is given by

Rk + 11k + 1) = Xk + 114) + K(oo)[ Z(k + 1) — HE(k + 114)] (6.11)
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where the predicted state estimate is

Rk + 1K) = DR(k1 &) + XUk + L (%) (6.12)
and Z(k + 1) is the vector of measurements at the (k+ 1)th time step.

K(o0) is the steady-state solution to the following recursive formulas:

Kk+1)=Pk+110H" [HPk + 110)H" + R]™! (6.13)
Pk +11k) = Pkl k)@T + LOr” + J; (6.14)
Pk+1k+1)=[L, - Kk + 1)H] Pk + 11k) (6.15)

In Eqs.(6.13) and (6.14), the matrices Q and R are the positive-definite covariance ma-
trices of the state disturbance and measurement noise vectors, respectively, in the cor-

responding continuous-time equations:
X=d4X+BU+ LIfin+Q(n] (6.16)

Z=HX+ o) , - (6.17)

where Q(r) and ¥(s) are the vectors of state disturbance and measurement noise. The

covariance matrices are
2=EQna’(n]= ELQkQ"®)] (6.18)
R=ELy((n] = ECuthyx"(%)] (6.19)

Upon discretization in time,
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X(k + 1) = QX(k) + Y U(k) + [fk) + wik) (6.20)

Zk+ 1) =HX(k+ 1)+ vk +1) (6.21)
where
w(k) = [€(k) (6.22)

Thus, the discrete-time covariance matrices are given by

ELwiw ()] = ELrQk)QT (L]

=rE(QwQ 1" (6.23)
=ror’

and

ECykp"(01=R (6.19)

Assuming time-invariant covariance matrices Q and R, the above equations are true for

allk = 0,1,2,... .

In Eq.(6.14), J, is the assumed covariance matrix of the sum of the discrete-time filter

input and residual terms. Applying the results of Appendix B,

= Eles] (6.24)
where
¢, = [ UK) + Lf (k)] — [YUK) + CAK)] C(6.25)
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and U(¢) is the deterministic portion of the known input vector to the Kalman filter.

Thus,

L= E{(L{ () - LA ILLE ) - LA 1T}

A A 6.26
= LE{[{ ) - A0 ILf (k) - )T} " 020

As assumed in Appendix B, y and w are independent stochastic processes with zero

means, i.c.,

E[z(k)g Twl=0 (6.27)
ELxk)]=0 (6.28)
Elwk)]=0 (6.29)

for all jk = 0,1,2,.... The use of a constant gain matrix corresponding to the steady-
state solution of the recursion formulas allows several advantages to be realized. Firstly,
real-time computational requirements are reduced as the gain matrix need not be re-
computed at every time step. Secondly, the conventional covariance Kalman filter as
described by Eqs.(6.11)-(6.15) is susceptible to numerical instabilities and will have dis-
astrous effects on controller performance if the instabilities occur in real time. Use of a
constant gain matrix allows the numerical instabilities to be avoided in the off-line

computations. More will be said about this in a latter section of this chapter.
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Kalman Filtering on an Excitation System

This section will discuss necessary steps to carry out the computation of the filter gain

matrix in the estimation of excitation system state variables.

As discussed in Chapter 4, the differential equations that apply to an excitation system

are given by the following.

: 1
V,= T (E,— V) (6.30)
V, = 71-: [- V,+ (- Vy — Vit Vit Vs)Ka] (6.31)

In situations where the regulator voltage is at its upper or lower limit,

=0 (632)
. 1)K

V,= _T'; { _fe- LV,—(S.+ Ke)Efd] - Vz} (6.33)
Ey= 7‘; LV, — (S, + K)Ey] (6.34)

The introduction of random process and measurement noise will be considered later in
this section. Prior to that, use of the deterministic Eqs.(6.30) to (6.34) does not affect

the subsequent discussion.

Using incremental changes from prefault values as state variables,
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X'= 4AX'+B'U + [" + higher-order terms (6.35)

where
—1
T 0 0 0
- K, —1 - K, 0
Ta Ta Ta
A= (6.36)
K ~K
f 1 f I I
0 - [(K,+S,(1+ B, Ey]
TfTe Tf TfTe e e e * Efa
o L+ o Zlrk+sla+s.Ep]
Te Te
1 K, T
B =[0 ()0 0] (6.37)
a
X' =LAV, AV, AV, AE]T (6.38)
ul=v, : (6.39)
AE
=L~ 000] (6.40)
r
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and S!, E}, are the prefault values of the saturation function and field voltages respec-
tively. The superscript “I” for the matrices denotes quantities evaluated at the prefault

operating point of the given generator.

Observability Analysis. Reference [94] formally proves the possibility of divergence of
the Kalman filter if the matrix pair (4, H) from Eqs.(6.1)-(6.2) is not observable. Ref-
erences [89,96] state that for the system of Eqs.(6.1)-(6.2), the state vector X is observa-
ble from the given measurements Z (assuming known filter inputs and residual terms) if

and only if the observability matrix M given by

M=[HT ATH" @"YH" .. a""'H"] . (6.41)
has rank n. In the present case,

AT=4"T=4)T H=[000 1] (6.42)

i.e., the field voltage E,, is assumed to be the measured quantity. Since q = 1, it is suf-

ficient to establish that M is nonsingular for observability. From the previous section,

au 0 0 0

ay a3 a3 0
A= (6.43)

asz] asz a3 a4

a1 a4 0 agy

where a, denotes nonzero elements of the matrix. It is noted that
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Ka
a) = dy3=— (—T-,a—) (6.44)

The square of the matrix 4’ is given by

@M= (6.45)

where

bya = ay1ay + apay;

b3y = ax3ay; + a33ax3 (6.46)
b4 = a31943
b4 = ap3a4) ’

The last set of identities made use of direct matrix multiplication and took into account
the existence of zero entries in the matrix 4’. The entries b, denote elements of the

matrix (4/7)* which are not necessarily equal to zero. From the most recent resulits,
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a1 f¢2 3 0141

0 ¢ 3 ¢
@'’ = (6.47)

0 ¢33 c33 c3

where, after once more taking into account the presence of zero entries,

C14 = dya42(ay + a3 + 1)

6.48
C34 = Ay3a42(ax + az3 + 1) (6.48)

At this point, n = 4. The columns of the matrix M correspond simply to the fourth

columns of L, 47, (43, and (4'")® as indicated by the measurement matrix . Thus,

[~ N

0 0 by o

M= (6.49)
0 0 by c34

and

det M = (— 1)( — a42)(b14¢34 — b34¢14) = aa2(b14¢34 — b34C14) (6.50)
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Since a; = ax,
big = b3y = @m1a4; (6.51)
Therefore,

2
det M = a4305)a43(C34 — €14) = G42a31921942(a33 — ay})

s (6.52)
= a33a3)(a33 — ap)

Thus, if a; = a,, (i.e., if T, = T)), M is singular and the excitation system state variables
are not observable from the E,, measurements only. From the excitation system data
shown in Chapter 3, no generator satisfies this unobservability condition. Thus, the
state variables of each excitation system are completely observable from the field voltage

measurements.

Order Reduction and Scaling of Variables. At this point, it is worth mentioning that the
state estimation scheme presented earlier in this chapter (conventional covariance filter)
is susceptible to numerical instabilities [92]. The process of propagating the filter gain
matrix K(k) and the covariance matrices P(k + 11k) and P(k+ 1|k + 1) may yield
grossly incorrect estimates as the value of estimation step k increases for an ill-
conditioned estimation problem. The incorrect estimates, when used by the controller
for feedback, amount to unstable operation. Thus, reliable estimator performance is of

paramount importance.

The problem of numerical instability is mitigated for the most part by performing the
computations of the filter gain matrix off-line (i.e., use of the steady-state solution).
Measures to ensure convergence (such as scaling of variables) and convergence criteria

check (such as the positive-definiteness of the covariance matrices) can all be enforced
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in the off-line computations. The use of the actual state variables in the state estimator
cause the largest and the smallest nonzero elements of the resulting feedback matrix to
differ from each other by several orders of magnitude. It has been observed that this
situation gives rise to serious numerical problems. This observation can be explained
through Eqs.(6.13) to (6.15). References [92,93] state that for a matrix % =878, the

condition number «(S) given by

|
k(S) = O (6.53)

determines the stability of the inversion process of Z. In the expression for x(S), g, is
the largest eigenvalue of & while o, is the smallest eigenvalue of the same matrix. The
higher the value of x(S), the greater the chances of numerical instabilities are in the
computation of Z-'. Inspection of Eqs.(6.13) to (6.15) shows how a large condition
number for the state transition matrix @ can easily lead to a correspondingly large con-
dition number for the quantity [ﬂE(k + 1 kHT + R]. Use of a feedback matrix 4 with

a large condition number in turn causes a similar behavior in the transition matrix @.

The use of scaled variables in the real-time estimation of actual state variables allows
the use of a feedback matrix with improved numerical properties and amounts to a linear

transformation of the original state variables.

Define the diagonal transformation matrix g as
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al 0 0 0
0 o 0 0
a= . . (6.54)
0 0 o; 0
0 0 0 o,

where a, = scale factor for x/. Letting X, denote the vector of scaled variables,
X =X =Copx] opry o o o aprad” (6.55)

where X' is the vector of original state variables. Assuming that the original differential

equations are described by
X=aX'+B'u+f (6.56)

the corresponding equations for the scaled variables are given by

X =ad’a X"+ aB'U +of

AL+ BU (6.57)

With the original feedback matrix given by
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a1

)

1

an1

the corresponding scaled feedback matrix is
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ai2

a2

a2

n2

Ay

i

]

i

An

B

(6.58)

172



- -
oy oy oy
au —a—z'alz ‘Edli a—naln
&2 x2 ?]
Wazl 25)) Ti'aZi a_nazn
A, = (6.59)
o e; o;
o E ap %2 G o, Gn
Sn  on Sn
3 %l %y %2 & % %o

Here, it is noted that the diagonal elements remain unchanged while the off-diagonal

elements can be adjusted as needed through the use of appropriate scale factors.

The scale factors and an approximation used to improve the numerical characteristics
of the excitation system feedback matrix will now be discussed. An observation can be
made pertaining to the diagonal element @, ( = :T,L) of 4. It is relatively large as T,
the rectifier time constant is relatively low. Moreover, no amount of state variable
scaling can change the value of this diagonal element. An examination of the excitation
system model, however, reveals that the first state variable ¥, lags the generator terminal
voltage E, by the small time constant T, only. Thus, treating the variable AV, as a
measured input to to the state estimator (equal to AE,) instead of a state variable ap-

pears to be a good approximation. The measurement and approximation errors intro-
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duced by this step may be modelled as part of the state disturbances. Moreover, the

order of the state estimator will be reduced (n=13 instead of n=4).

An observability analysis was performed on the fourth-order excitation system in the

previous section. Since assuming AV, = AE, amounts to making an additional measure-

ment on the same excitation system, the third-order model of Eqs.(6.60)-(6.61) remains

observable.

Non-unity scale factors were used to bring the non-zero elements of the feedback

matrix within an order of magnitude from each other. Treating AV, as a measured input

and enforcing a renumbering of state variables and scale factors, the equations assumed

in the design of the state estimator for the excitation system are

X=d4X+BU+f

Z=HX

The state vector is

X=[0AV, AV, a3AE4]T

with

;=10 ,a;=1000 ,a3=1.0

The measurement vector is a scalar given by
Z=AEy

Thus, the measurement matrix is given simply by
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(6.61)

(6.62)

(6.63)

(6.64)
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H=[00 117 (6.65)

The modified feedback matrix is given by the equation

A4=ad4%" (6.66)
where
- T
al 0 0
a=|0 a, 0 (6.67)
0 0 (X3
ay a3 0
4°%=|a;; a33 ay (6.68)
ag; 0 ay

The non-zero entries of 4° are identical to those of 47 shown in equation Eq.(6.43). The
control input signal is assumed known to the estimator. Moreover, measurements on
the generator terminal voltage magnitude are assumed to be available and equal to V,

(i.e., AV, = AE). Thus,
u=_Lv, AE]T (6.69)
The control matrix is therefore
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B=] 0 0 (6.70)
0 0
L o
where
K )
by = — 0] =~ 6.71
IN 1T, (6.71)

The residual vector f represents the higher-order terms in the Taylor’s Series expansion
of the nonlinear excitation system equations and inaccuracies in the computed feedback
matrix due to changes in the operating point of the excitation system. It is determined
in real time by subtracting from the known time derivatives of the state variables ( based
on the current value of the vector estimate ) the corresponding terms determined by the

linearized matrices.

Discrete-Time Equations. The next step in the determination of an appropriate filter
gain matrix is the discretization in time of the continuous-time differential equations.
This is accomplished through the application of Egs.(6.5) to (6.10) to the continuous-
time matrices of Eq.(6.60). It is pointed out at this point that if random state disturb-
ances are present in the state equations, then the residual vector itself is a random

quantity. This matter will be discussed next.

The deterministic continuous-time equations corresponding to the scaled variables of

Eqs.(6.60)-(6.61), upon discretization in time as indicated by Eqs.(6.3)-(6.10), result in
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X(k + 1) = @X(k) + YU(K) + LK) (6.72)
Z(k+ 1)= HX(k + 1) (6.73)

In the presence of random state disturbances and measurement noise,

X(k + 1) = ©X(k) + YUk) + LAk) + wik) (6.74)
Z(k + 1) = HX(k + 1) + ¥(k) (6.75)

In the equations above, w(k) and y(k) are zero-mean gaussian random disturbances as-
sumed to exist in the physical excitation system and field voltage measurement equip-
ments. The random number w(k) also represents in part the small time-discretization
errors introduced by Eqs.(6.8)-(6.10). These equations show the transition matrices to
be exactly equal to their corresponding infinite series. Limitations imposed by actual
computing devices, however, prevents this exact computations to be carried out.
Moreover, the computation of [, the residual transition matrix, assumed a constant
value of f{k) between ¢, and f,.,, which is not true for the corresponding continuous-time
system. The random number y(k) represents the measurement noise that is expected to

exist for any measurement device.

In the simulations, each of the nine excitation systems is assumed to have its own state

estimator. The state disturbance covariance matrix is defined as

Elw(kpT0)1=0

6.76
ELw(k)w (k)] =rQC" (6.76)

and the measurement noise covariance matrix as
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R=ELytkn"(0)] (6.77)

Moreover,

L= E{LLf () - LA ILL () - LAwI T}

A A (6.78)
= CE{[{ (b - 01Lf (0 - A 1T} CT

as shown earlier.

The simulation program assumed time-invariant and identical Q’s and J's for all of the
nine excitation systems. These were the diagonal and positive-definite matrices

[ 7

1.0x 1072 0 0
1 -2
Q== 0 1.0 x 10 0 (6.79)
0 0 3.0 x 1072
and
T
Jy=[Qr (6.80)

i.e., it was assumed that
ELf -0 - =¢ (6.81)

Thus, the components of w(k) are assumed to be statistically independent of each other.

Since only one measurement is performed for each excitation system, the matrix R also
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contains only one element. Assumed values of measurement standard deviations for
each of the nine excitation systems corresponded to about 4.5 per cent of the prefault
large-signal field voltage per-unit value. Denoting this standard deviation by g, for the

ith generator and the element of R by o2, the assumed measurement noise levels are
g, = 8.9245 x 102
g,=1.1492 x 10!
o, =1.1186 x 10!
o, = 1.0820 x 10!
g, = 14932 x 10! (6.82)
o, =1.1096 x 10~
o, =1.0674 x 10~
o4 =1.0127 x 10!
o, = 1.0624 x 10!

As shown in the state estimate Eqs.(6.11) and (6.12), the predicted state estimate
X(k + 1] k) makes use of the present estimate X(k | k), the known input to the state esti-
mator U(k) and a random residual vector f (k) . This residual vector is computed in

real-time as
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A

£k = X(t) — AX(k 1K) — BUK) (6.83)

A

The derivative estimate X(z,) is computed using the continuous-time Eqs.(6.60)-(6.61)

with X(1) = X(k | k). Thus, the mean value of [ (k) is equal to f{1,) and is non-zero.

Later in this chapter, results of simulated state estimation on the nine excitation sys-

tems of the test system using the assumed third-order model will be.presented.

Kalman Filtering on a Speed-Governing System

The continuous-time differential equations of a third-order speed governor are shown
in Chapter 4. Measurements on any of these three state variables will not be assumed
thus ruling out the design of a third-order state estimator. This dilemma, however, can
be resolved by incorporating one of the swing equations into the speed-governor
equations and designing a fourth-order state estimator. The additional state variable in
this scheme is the rotor speed with respect to a synchronously rotating frame of refer-

ence. It will also be assumed to be the measured quantity.

Thus, the initial system of equations to be considered for the state estimator would

be
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Py= -fll- (Cgw — Py) (6.84)

; 1
Pov == (Ps+ Poc = Pw = Pov) (6.85)
In cases where Pgy is at its upper or lower limit,

Poy=0 (6.86)

Physical constraints are also imposed on the time rate of change of Pg, . At these op-

erating points, the time rate is constant, i.e.

. 3 U
Pgy = PGy (6.87)
or
Py = PEIWN (6.88)

whichever is applicable.

; 1
Pmecn =7 (Pov = PmecH) (6.89)

= (PppcH — Pr) = 7 (@ — g0 (6.90)
where w, is the system center-of-angle. In matrix form,

X=aX'+BU+f (6.91)
ZI_ yly! (6.92)
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The equations above do not include the state disturbances and measurement noise which
must be accounted for in the computation of the filter gain matrix. This simplification
is justified in the early part of this section as the use of the deterministic equations above
do not affect the subsequent observability analysis. Here, the residual vector f! is non-
zero only for the cases where Pg, or its derivative assume their ceiling values and where
the effective system frequency w, is not equal to the system synchronous frequency.
Otherwise, it will be shown shortly that the speed-governor model is basically linear if

the electric power output is treated as a measured input to the estimator. In the

equations above,

XI = [APW APGV APMECH 0)] T (6.93)
Z'=w=[000 11X (6.94)
U=L[p, aP;]T (6.95)
[ T
—1 Se
T 0 0 T
-1 -1
= T ° 0
Al = (6.96)
1 —1
0 —— =- 0
Tcu. Tcu
1 =D
o 0 M M
| N
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0 0
1
7, 0
B = (6.97)
0o 0
=1
0 N
i ]
H'=T0001] (698)

P, is the known control input signal to the speed governor. AP; may be computed from
the results of (phasor) measurements on the generator terminals (voltage and current
magnitudes and angles) or measured directly using present measuring devices. More-
over, w, the relative ;peed of the generator rotor with respect to the synchronous system

frequency can also be measured using phasor measurement technology.

Observability Analysis. The matrix pair (4',H") must satisfy the observability criterion
before a fourth-order state estimator based on Eqs.(6.84)-(6.92) can be designed. Since
n=4 and q=1 in this case, it is sufficient to establish that the observability matrix M is

nonsingular where
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Following the same general procedure of the preceding section,

aun 0 0 a4
ar az» 0 0
A= (6.100)

0 032 ass 0

0 0 ass Qa4

where the 4,’s denote the nonzero elements of 4'. Also,

@'’ = (6.101)
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Q1
€21
IT\3
44’) =

€3]

€41

The b;’s and ¢,’s denote elements which are not necessarily zero. Therefore,

0 0
0 0
M=
U
l a44
i
where
byg = azpas3
C14 = b13a43
b3 = ayya3;

The determinant of the matrix M is therefore

€12

€22

€32

€42

‘13

€23

€33

C43

€14

€24

€34

€44

Fast Dynamic State Estimation

€14

€24

€34

Ca4

(6.102)

(6.103)

(6.104)
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det M = (— 1)(ag3)( — b24)(C14) = a43b24C14
= (a43)(a32043)(b13a43) = 243932043321 932943 (6.105)
3, 2
= (a43) (a32) " (a21)

Using the known values of the initial feedback matrix,
Lyl =L
detM—(M)(TCH)( T, ) (6.106)

Thus, M is nonsingular and the speed-governing system state variables are observable

from the speed measurements ( assuming that P,, AP, and f' are known ).

Scaling of Variables. The following continuous-time equations are to be used by the
state estimator of the speed-governor to improve the numerical characteristics of the

feedback matrix.

X=AX+BU+f (6.107)
Z=HX (6.108)
The state vector is given by

X=aX’ (6.109)

where

Fast Dynamic State Estimation 186



a= (6.110)

The scale factors used are

=10 ,05=10 ,a3=10 ,a4=40.0 (6.111)
The measured output for the estimator is

Z=0a4w (6.112)
The scaled residual vector is

[=of C(6.113)

Finally, the scaled matrices are

A=od's™ (6.114)
B=gaB’ (6.115)
H=[0 0 0 11=4' (6.116)
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A discussion parallel to the previous section will now be followed. The continuous-
time Eqs.(6.107)-(6.108) can be discretized in time, with random state disturbances and

measurement noise introduced as
X(k + 1) = QX(k) + YU(k) + Lfk) + w(k) (6.117)

Z(k + 1) = HX(k + 1) + ¥(k) (6.118)

The covariance matrices are defined as

Q= Elwikr"(k)] (6.119a)
R=ELuke" (k)] (6.1195)
Jr=CE{[{ (k) - f01Lf ) - )T} (6.119)

Actual numerical values used in the simulations were

1.0x 1074 0 0 0
0 1.0 1073 0 0
Q= (6.120)
0 0 1.0 x 1073 0
0 0 0 40x 10~
| §
R=[52915x% 1073] (6.121)
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=0 (6.122)

Use of a diagonal positive-definite matrix for Q once more assumes statistical inde-
pendence between the components of the state disturbance vector w(k). The assumed
covariance R of rotor speed measurements corresponds to a standard deviation of about

0.008 Hertz when the scale and conversion factors are both taken into account.

Results of simulated state estimation on the 9 speed-governing systems of the test

system will be presented later in this chapter.

State Estimator Simulation Results

The results of the previous sections of this chapter are incorporated in the simulation
program of Chapters 4 and 5 to test the behavior of the state estimator. Although the
controller itself is centralized in function, smaller decentralized estimators (one for each
excitation system and each speed governor system) have been designed to operate inde-
pendently of each other. This is possible because an underlying assumption in the con-
troller implementation is the availability of phasor measurement systems that measure
power system state variables (generator terminal voltage and current phasors, internal
machine voltage phasors, rotor speeds). Field voltage measurement schemes are also

assumed.

A component of the centralized controller state vector corresponding to generator

“i”

is given by
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- -
AE

Abg— Adqig
w;— Wjp
AV,

AV

X = AV, (6.123)
Ak
APy
APgv i

APyvgcH,

The first three state variables are made available either directly or indirectly by the
phasor measurements. The next four variables belong to the ith excitation system and
are estimated using the procedure presented in the section “Kalman Filtering on an
Excitation System”. The last three, together with the rotor speed w, which acts as a
measured state, belong to the ith speed governing system and are estimated using a

similar filtering algorithm.

The last two sections dealt with the continuous-time equations assumed by each of the
Kalman filters. Scaled variables were defined and used to improve the numerical prop-
erties of the recursive computations. Observability of the defined states from the as-
sumed measurements have also been established for the corresponding continuous-time
equations. The existence of zero-mean gaussian random state disturbances and meas-
urement noise were implicitly assumed although the equations were expressed in a
deterministic way to carry out the observability analysis. Discretization of the
continuous-time equations for the scaled variables then followed. Assumed state dis-

turbance and measurement noise levels were also given. The computed steady-state filter

Fast Dynamic State Estimation 190



gain matrices using the recursive formulas were then presented with numerical stability
of the computations established by checking the positive-definiteness of the resulting
steady-state error covariance matrices. This section will present the results of the simu-

lation program incorporating both the controller and estimator algorithms.

Computation of the control input signals from the control law actually makes use of
the estimated state variables instead of the exact state variables. Thus, for the central-

ized controller,

U=RBTI 8t — KsX(1)] (6.124)

where X(t,) = X(k lk) and gr) is computed using Eq.(5.12) with X(?) =YA{t) ,
s(1) = §(z) and f{r) = [ (1). The controller residual estimates are determined by applying

Eqs.(5.14) and (5.15) again with X(1) = X(1,).

The cases to be studied in this section are aimed at determining the effects of de-
creasing the phasor measurement rate on the combined controller-estimator. At this
point, three time rates will be defined. The first, the control rate, assumed constant in
all of the study cases, is the rate at which the control input signals are updated. The
assumed rate here is 200 Hz. In-between the instants of time at which the control input
signals are updated, they are assumed to be constant. The second, the estimation rate,
is the rate at which a state estimator updates the value of its corresponding state vector N
estimate based on the current estimate, known values of the control input signals, and
the most recent results of the phasor measurements (which may have been obtained at
a much slower rate). For the study cases, the estimation rate was also chosen to be 200
Hz. The third, the measurement rate is the rate with which the synchronized phasor

measurement systems obtain new measurements for the state estimators. It is the effects
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of the variations of this rate which will be presented in this section. Five cases will be

considered as shown on Table 6.1.

Only the cases shown above will be considered as no noticeable change in the com-

bined controller-estimator performance was observed for small changes in measurement

rates.

Figures 6.1 to 6.3 show the time behavior of some excitation system variables and their
estimates and some of the field voltage measurements as the phasor measurement rate
is varied from 200 Hz to 10 Hz for a typical generator. Generator terminal voltage
measurements, being part of the phasor measurements, are assumed to vary at the same
rate. On the other hand, the field voltage measurement rate was assumed constant at

200 Hz.

Figures 6.4 to 6.9 show the time behavior of some speed-governor state variables and
their estimates as the phasor measurement rate is varied from 200 Hz to 10 Hz for a
typical generator. It is seen that as the measurement rate decreases, the state estimates
which actually constitute part of the feedback to the controller, are effectively time-
delayed representations of the corresponding actual state variables. This causes the
combined controller-estimator to introduce growing oscillations in the power system, an

undesirable effect of decreased phasor measurement rate.
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Conclusions

This chapter presented the results of simulating the performance of the centralized
controller as affected by the independent decentralized state estimators (Kalman filters).
Feedback to the controller made use of the results of the phasor measurements and the
state estimators. The phasor measurements were in fact used by the state estimator
themselv;:s. Thus, the phasor measurement rate directly affected the combined

controller-estimator performance.

It has been shown that as the phasor measurement rate decreased below about 20 Hz,
oscillations which grow with time began to appear in the power system, getting increas-
ingly worse as the phasor measurement rate decreased. These results may point to the
inadequacy of present measurement systems with rates of about 12.5 Hz. On the other
hand, satisfactory controller performance, achieved at moderately large measurement

rates, may provide an incentive to the development of faster measurement systems.
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Table 6.1. Variation of Phasor Measurement Rate

Case Number Phasor Measurement Rate
1 200 Hertz

2 40  Hertz

k) 20 Herz

4 13.333 Hentz

5 10.000 Hertz
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Chapter 7

Conclusions and Recommendations for Future Work

The first part of this chapter will restate some of the major conclusions of the chapters
on the centralized controller and state estimators. The second and last part will be state
some recommendations for future work related to the present work on optimal control-

lers.

From the simulation results of Chapter 5, it is concluded that the steady-state con-
troller formulation (£, = oo) is highly acceptable especially in view of the time-invariant

controller matrices.

Use of the approximate solution to the adaptive term gg(r) shown in Eq.(5.12) which
substantially reduces both the off-line and real-time computation requirements of the

centralized controller, yields satisfactory controller performance.

In addition to the measurement of some power system state variables for feedback to

the controller, the field voltages of the generators must also be measured as illustrated
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in Case 3 (Chapter 5) where the solution to the Ricatti equation was very close to

singularity.

In the presence of large state residuals, the effectiveness of the centralized controller
is reduced. Control of buses away from the generators is practically impossible, and a
trade-off is necessary between the controller sensitivity and its ability to reduce oscil-

lation amplitudes in the early stages of controller operation.

Choice of elements for the weighting matrix Q (for a constant R) in the cost function
requires care and off-line simulation studies. Choice of very low values for Q results in
poor controller performance while very large values do not necessarily improve control-

ler performance and only makes the computation of X more difficult numerically.

Simulation results of Chater 6 show the need for faster phasor measurement systems.
Infrequent measurements cause effective time delays to exist in the estimated and
measured controller state variables, thus causing delayed feedback to the controller. The
power system response gets worse as the delay increases, being characterized by un-

damped or even growing oscillations not present in the simulation studies of Chapter 5.

The simulation results of Chapter 6 show that the minimum requirement on the phasor
measurement rate (> 20Hertz) is not too far from presently existing measurement sys-
tems. Moreover, steady-state formulation (time step k = oo) of the Kalman filters
proved acceptable as long as the assumed process and measurement noise levels re-
mained constant. Use of steady-state formulation has several advantages and justifica-

tion :
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L.

2,

3.

Numerical instabilities can be avoided in the off-line precomputations of the filter

matrices.

The recursion formulas yield the steady-state values after a fraction of a second.

Real-time computational requirements are reduced.

Recommendations for Future Work. The following recommendations are made re-

garding future work on optimal controllers :

N1

~ 3

Use of reduced-order models in the representation of power system components to

minimize need for state estimators and to reduce the size of the controller.

Reformulation of the control problem such that the effective controller state vari-

ables are all measurable.

Study of the optimal centralized controller for a large AC/DC system.

Discrete-time formulation of the controller problem.

Reformulation of the control problem to include the system frequency in the output

vector. This may necessitate attaching increased weights on the rotor speeds.

Study of controller performance subject to a more severe disturbance (e.g., one

which involves “islanding” of the power system).

Study of estimator performance subject to time-varying state disturbance and

measurement noise levels.
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Appendix A

Synchronous Generator Formulas

This appendix will derive three formulas corresponding to the synchronous generator

phasor diagram used in the paper. The subscript “i” denoting an individual generator

will be dropped.

(1). E,, the voltage proportional to field current, is given by

X, X,
E=FE( —x+‘ )= ( 7": — 1)Egos(d, ~ §)

From the phasor diagram, neglecting the very small armature resistance,
E;= Ecos(6, — 6, + x4l (4.1)

Solving for I,
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E;— Ecos(é4—6))

Iy= % (4.2)
From one of the algebraic equations,
Ep=E,+(x4— %3l (4.3)
Substituting Eq.(A.2) into Eq.(A.3) and simplifying yields

*d *d
E;=FE4 -;,;) - ('}7 — 1)E,cos(6, — d,) (Q.E.D.)

(2). Pg, the generator real power output, is given by

EE . Ei(x, = x')
%, S8, —0) - —5 =

Py= sin(26, — 26,)

The equivalent circuit shown on Figure A.1 is implied directly from the phasor diagram.

Thus,
P _ LBl 5, —& A4
E_Tq_sm( q = J (4.4)

From one of the algebraic equations,
Eq = E'q + (xq - -"'d)ld (AS)
Solving for I,
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(Eq - Eq)

I;j= -(;'F;;)- (4.6)
From the phasor diagram, neglecting the very small armature resistance,
E, = Eicos(bg — 6,) + X414 (4.7)
Substituting Eq.(A.6) into Eq.(A.7) and solving the resulting equation for E, yields

Xg xg— X'y
E,=FE rp )—( y )E,cos(6q — 6)) (4.8)

Substituting further Eq.(A.8) into Eq.(A.4), manipulating and using the trigonometric

identity of Eq.(A.9) yields the desired expression for the real power output.

sina « cosa = -%- sin(2x) (4.9)

E,E El(x,—x'2)

Pg = —;"d—' sin(5, — &) — —gp—— sin(28g ~ 25, (Q.E.D.)

(3). Qp, the generator reactive power output , is given by

,E,

-4)- [x cos¥(d, — 8,) + x’ sin¥(d, — 4,)]

Using the equivalent circuit shown in Figure A.1,

E;E, E?
QE=—§q—COS(6q— 5,)—? (4.10)
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Substituting the expression in Eq.(A.8) for E, into Eq.(A.10), collecting like terms and

using the trigonometric identity

2

1 — cos?a = sin’x (4.11)

yields the desired expression for the generator reactive power output

E.E E; 2 . 2
Qp=—%;c08(9¢; = 8) — 7N [xgcos™(8 — 6,) + X' gsin" (64 — 8] (Q-ED)
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Figure A.l. Voltage Behind q-Axis Synchronous Reactance
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Appendix B
Derivation of State Estimator (Discrete-Time)

Formulas

The following derivations are based mainly on the theory presented in reference [83].
The derivations, particularly those in the earlier parts of this appendix, follow mainly the
reference [83]. The latter part of the appendix is an adaptation and extension of the

theory. A consistent notation will be used throughout Appendix B.

The Gauss-Markoff Fundamental Theorem

Reference [83] has proven the following basic theorem of state and parameter esti-

mation. Let
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X = n - state vector to be estimated

£ = estimate of the state vector

@ = m - measurement or observation vector

Define the moment matrices as

C, = Exx") (B.1)
Ceo=Ex0") (B.2)
Co= E98" (B.3)

and the error covariance matrix as
C=HE-9¢-97 (B.4)

Then, if x and 8 are random vectors with moment matrices C,, C,,, and C, where C,
is nonsingular, the lifiear minimum mean square estimate X of x given the measurement

data @ is equal to
A -1
X=CoCo 8 (B.5)
The associated error matrix C, of the estimate is

—1~T
Ce=Cr—Ciplo Crp (B.6)
If, in addition, it is true that
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x=C,0Co  E@) (B.7)

then % is the linear minimum variance unbiased estimate of x.

Case of Linear Observations

If the observation vector @ is related to x by
8=Bx+vy (B.8)

where B is an m x n matrix, and the vector y represents the noise or error in the meas-

urement process of @ then,

Cop=E1x0T] = Elx(Bx + 1]
= Fa(x"BT +17] = Eax "B + B’ (B.9)
Co=CBT+C,,

Also,

Cp= ET00T1 = E[(Bx + vY(Bx + 1]
= BEGxNBT + EaB” + BEw™) + E") (B.10)
Co=BC,BT+CIBT+BC,,+C,

Hence,
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2 = Cxecﬂ—lﬂ

= (CBT+ CNBC,B" + CLBT+ BC,, + C) '8 (10
and
Ce=Cx—CxeCileTo o L ) (B.12)

=C,—(CB +C,)BC.B" +Cr B +BG,,+ () (GB +6y)
State Vector and Noise Uncorrelated

If the observation error y is statistically independent from the state vector x,
Cw=0 (B.13)
Thus, for the linear system 8 = Bx+ 1y,
£=(cBNBCBT+C) 0 (B.14)
C.=C — (CBNBCBT+C) (.8 (B.15)
.’Using the two matrix identities
ABT(C+BABTY ' =(a'+BTC'B B C! (B.16)

and
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€' +BT47' B =c- cBT(BCBT + 4)"'BC (B.17)
the estimate vector and error covariance matrix become
2=(c'+B7C'B BTG (B.18)

C = t+B7¢ g (B.19)

It can also be shown that X is the vector y which minimizes the average distance of the

data @ from the linear form By. Let the scalar quantity Q be the quadratic form

0w =By —-9)7C By -0 +y'Crly : (B.20)
Expanding Q(y),
0w =yTBTC By —yTBTC 0 - 07 By + 0T 0+ TGy (B.21)

Since all terms are scalar,
0w =y"BTC; By - 2% TBTC o+ TGl + Ty (B.22)
Differentiating with respect to y,

d _ _ -
d—3=213Tc, 1y —287C "0 +2¢ Yy (B.23)

Setting the right-hand side of the previous equation to zero,
B'C'By+ Cly=B"C0 (B.24)
or
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y=@B7¢'B+ ) 'B e (B.25)

Thus, the value of y which minimizes Q is identical to the estimate X which minimizes
the diagonal terms of C. _ provided the hypotheses of the set H, excluding C, — co are

satisfied. The set H represents the following set of hypotheses:

1. The moment matrix C, of the measurement noise y is available.
2. The inverse C;! is nonsingular.
3. Knowledge of the true state x is unknown so that C, = oo .

4. The correlation between the measurement noise and the true state is zero so that

C.=0.

5. The optimal estimate £ of x is the linear estimator which minimizes the diagonal el-
ements of C,= C. .

6. The measurements @ are related to x by the linear equation 8 = Bx + ».

Linear Observations With Unknown True States

If no information is available concerning the true state x, it is reasonable to assume
that the diagonal elements of the moment matrix of x are larger than any preassigned

number. Thus,

Cov (x) = oo (B.26)

Since
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C, = Cov(z) + pu” (B.27)
where y is the vector of mean values of x,

C, -0 (B.28)

from the fact that puT is just a matrix of constants. Another way of stating this condi-
tion is that there is an infinite or unbounded uncertainty in the knowledge of the true

state x. The estimate vector and error covariance matrix then become
T ~=1 =1 pT, -1
£=B'C, BT B'C, 8 (B.29)

¢ =B7¢'p™? (B.30)

Use of A Priori Estimates

This section will present the derivation of formulas which combine an old estimate x
based upon r measurements, the old error matrix Cr, with a new set §° of measurements,
s in number, to obtain an estimate x which minimizes the variance terms of Cy where

m=r+s. The following linear relationship will be assumed for the first r measurements

O = Bxty (B.31)
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where ¥ represents the uncertainty in the measurements. Assume that (C))-* exists and
that the correlation matrix C:, vanishes. Assume further that nothing is known of the
true state x so that C;! =0. These are nothing more than the assumptions of the pre-

vious sections. The estimate & which minimizes the diagonal terms of ' is
& ="y BTy (B.32)

The error matrix is

C=Ch_,=BTC) BT ' (B.33)
Hence,

F=CBTC)' (B.34)
and

& =BT (B.35)

Let an additional set of data @ be available, i.e.,

O=Bx+y (B.36)

where

CS,=0and C;=0 (B.37)
XV 244

The last assumption ensures that the uncertainty in the first r measurements is uncorre-

lated to the uncertainty in the new set of s measurements. Let m = r + s. Then,
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MM

or
" =B"x+ "
Also,
2’
Cl=Ep™ y™ = E[(f) @’ zrs)]

<0
Ccl =
o o
<yt o
=
0o (<!

The optimal estimate using the m measurements is
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(B.39)

(B.40)

(B.41)

(B.42)
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£m = Cem[B Tm( c;n)-—l Qm]

B.43
= [BTm(c;n)—le]—l[B Tm(_C;n)—lQm] ( )
Hence,
_ @ o
m\—1 Tr Ts B
ch " =|(8" B )( )(&‘)
o (!
[ )8’ (B.44)
- (BTr BT:)
'8
- [BTr(C:)_lB’ ¥ BTS(C:)—lBs]—l
Also,
<) o .
[BTm(C‘:n)-lQm] = [BTr BTS] [Qs]
o (!
(_C;)-IQ’ (B.45)
- (B Tr BTS)
ch'a
=8™cH e + BT(CH 91
Recalling that
C =BTy 817! and (€)' = BT(C) 'Y (B.46)
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we have
o (oA RREY: K (o B : & (B.47)

"= eI + BTCH) 6 (B.48)

Kalman Form Using A Priori Estimates

From the result shown as Eq.(B.48),
=)+ BTG (B.49)
Define the gain factor K as

K= QmB Ts(c:)—l

=)™ + BTG T BT BTG @0
Using the matrix identity shown as Eq.(B.16),
K=C.B™IC + B°CB™T (B.51)
From the result shown as Eq.(B.47) and the matrix identity of Eq.(B.17),
C=C-CBUIG+BCR T BC (B.52)

Combining Eqs.(B.51) and (B.52),
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C'=C—-KBC, (B.53)
From Egs.(B.49) and (B.53),

™= (C - KB°C(C) '3 + KO

N . (B.54)
=x" - KB’ + K&’

Finally,

£ =2+ K@ - B's) (B.55)

Some Identities On The Moment Matrices

The following identities will be used in subsequent sections of this appendix.

Identity 1:

E£8") = B(C,Cy ' 00")
Cop = CxoCy ' EBO") (B.56)
Crog=Cro

Transposing,

cly=ch
ExeNT=ch (B.57)
E@e2DH=cl
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Identity 2:

EEET) = B(CpCy 027
Cp=C0Gi ' ERT) by Identity 1 (B.58)
Cp=CoCo ' Cl

Identity 3:

Ex") = E(C,pC5'0x")
Cp, = CepCo ' EBx) (B.59)
Cp, =Gy ' Cig

From Eq.(B.58) and Eq.(B.59),

GG (B.60)

Discrete-Time Dynamic System Prediction (Special Case)

An important step in the linear Kalman filtering process is the prediction of the value
of the state estimate at the next time step xf,, from the current value of state estimate
2. This section of the appendix will deal with the above stated step. Current value of
time step will be denoted by the subscript “i”. The results will be invoked and extended
in the section titled “Filtering for a Nonlinear System”. Thus, given x, the current state

estimate, and that
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X = S0+ Lx; + w; (B.61)
where

S(i + 1,i)) = transition matrix of the sequence

x; = n-vector describing dynamic state at time 4

w; = random n-vector representing perturbation at
W= Elwm/]

and the following correlation conditions and random vector characteristics:

Ew)=0,alli
T. "
E(ww; )=0, i
T . (B.62)
Exw )=0,i<j
EvwD) =0, all i
an appropriate expression for x,,, the state prediction, will be found.
Treating the given estimate %, as an observation of &7, ,
-1
Hn=C 5G4 (B.63)

Thus,
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&1 = Band NGy 'S,
= E(LSG+ Lax + w& )Gy ™' &
= [SG+ LB + EwdNNCy) ™' &

By hypotheses,

EwaAT) = EGw]) = Ed0w))
= AE@w]) = AET(Bx; + v)w]
= A[BExw]) + Ew)]
=0

Hence,

1A

&y = S(+10C, 2(Co ™ &
However,
T
c"i’/‘\r - Aixi= 'C}\t
and therefore,

£ = SG+1,0CH(C) 7%
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(B.65)

(B.66)

(B.67)

(B.68)
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Error Covariance Matrix of Predicted State

The corresponding expression for the error matrix of the predicted state Eq.(B.68) of

the preceding section is given by

Chy = L& — £ 0)&h — 5407
= EL(S(i + 1)&; — SG + L)x — w)(S(i + 1L,O& — G+ Ldg — w)")
= E([SG+ L& - x) — wISG + L)E - x) — w]")
= ET(SG+ Lig;— w)(S(i + Lide; — )]
= SG+ L)E(eeNST( + 1,) — Elwe ST+ 1,0]
— ETS(i + 1dew ] + E(ww)
= S+ 1,)GS T + 1,) = EweNS TG + 1) — S + L) E(ew) + W

(B.69)

Reference [83] has shown that subject to the correlation conditions of Eqs.(B.57),

W;=0
Elew)=0 (B.70)
E(we)=0
Thus, finally,

Chy =S+ 1,)CSTi+ L)+ &, (B.71)
238
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State Estimate for the Next Time Step

Using the most recent set of measurements, the predicted state estimate of Eq.(B.68)
can be refined to yield the state estimate for the next time step. This is accomplished
by using and adapting the Kalman form of Eq.(B.55) to suit the present objective. For

convenience, Eq.(B.55) is repeated.
M=%+ K@ - Bt (B.55)

In the present problem, the following substitutions are applicable (with s=1):

S =2"

=5

0=¢ (B.72)
B=F

where

0=Bx+)+¥+1 (B.73)

X;+1 = state vector at next time step

%+ = random measurement noise q-vector at next time step

@ = most recent measurement vector
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%41 = state vector estimate for the next time step

xF, | = predicted state estimate

Thus,
Eiy1 =801 + K@ - B2l (B.74)
The matrix K is therefore computed at every time step as (following Eq.(B.51))

= BTV, P B!
K=Ci\B V41 +BCG+\B'] (B.75)
where

T

Liv1=Ely4+1%+1]
From Eq.(B.53), the estimate error covariance matrix at the next time step is

G+1=Ch 1 — KBC (B.76)

Steady-State Solution for the Linear Filter

As the value of the time step “i” in the previous sections approaches a very large value,
the covariance matrices C* and C, and the Kalman filter gain matrix K approach con-
stant steady-state values if the state disturbance and measurement noise covariance

matrices I, and ¥, are assumed constant. Therefore, for a system described by the state
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transition Eq.(B.61), measurement Eq.(B.73), and estimate Eq.(B.74), the steady-state

solutions for the matrices are given by
K,=ClBTIV+BC? BT
CP =S+ 10C, ST+ 1)+ W (B.77)

Coo=CL — K. BC,,

following Eqs.(B.75),(B.71),and (B.76). Moreover, ¥ and ¥ are the assumed constant
covariance matrices representing the state disturbances and noise measurements. The

corresponding state estimate equation at steady-state is then

Ziy1 = &0 + K@ — BEhy) (B.78)

Filtering for a Nonlinear System

This last section of the appendix wiil consider the question of state estimation for a
nonlinear system. The system state equations are assumed to be expressed as the sum
of a linear term, a random residual vector the relationship of which to the state vector
is unknown, and a random state disturbance vector which is distinct from the residual
term. Moreover, a measured quantity at any time is assumed to represent the sum of a
linear combination of the current state variables and the measurement noise. Use shall
be made of some equations from the linear filter solution wherever applicable. Under-
lying assumptions which can represent limitations to optimal performance of the esti-

mator will be brought out and related to the equations used for the estimator itself. In
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this connection, a semi-rigorous approach will be used. The final resulting equations are

used in this paper in the Chapter on state estimation.

The state transition equations are expressed as

X =S+ Lx+r+w (B.79)

The measured quantities are given by the vector

0=Bxi+1+4+1 (B.80)

In the state transition equations, the quantity sum w, represents the assumed total state
disturbance. At each time step, the vector z, is actually unknown and only the values
of 7, and £, are available. Assuming that the random variables z, and x, are uncorrelated

(which may not be true in reality), and utilizing Eq.(B.68),
£P | = S(i+ L)% +1; (B.81)

The last equation makes use of the same noncorrelation and zero-mean assumptions for
the components of the state disturbances. It was possible to decompose the predicted
state into two components as a result of the assumed statistical independence between
% and 7. At this point, it is noted that the refinement of the predicted state vector X
using the most recent set of measurements is identical to that of the linear filter
(Eqs.(B.74) and (B.75)). It also follows that computation of the error covariance matrix
for the next state estimates from the error covariance matrix for the predicted states

should be identical to Eq.(B.76). The equations are repeated here for convenience.
Zi41= 201 + K@ - Bif})) (B.74)
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K;C.P+ 1BT[Ki+1 + BCP, 1BT]_l (B.75)

G+1=Cv1 — KBC (B.76)

At this point, the only step left to be determined in the state estimation of a nonlinear
system is the computation of the error covariance matrix for predicted states from the
current values of the filter matrices. This necessary equation will be determined by ap-

pealing to the basic definition of the covariance matrix. Thus,

oy = Bl = 2 ) @1 = 2i41)'] (B.82)
In the last equation,

(Be1 = &) = [SG+ 10& + 5] - [SG+ L + 1+ ] (B.83)

After substituting the last expression into Eq.(B.82) and making use of the noncorre-

lation assumptions between x, r,, and w, Eq.(B.82) simplifies to
P = ELSG+ 1,)&— x)E—x)TsT(i+1 wl + =)t -1)7] B.84
(o9} S+ L) —x)(%— %) S (i + L)+ ww; + ([ —n)n—r) (B.84)

CPey = S(i+ LOEL(E — x)(@& — )TIS TG + 1) + Elwaw1 + Elee]

: (B.85)
=S+ L)CS (i+ 1)+

where

Ji= kAZ, + Elee, ] (B.87)

&=E—r)
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The last equation is similar to Eq.(B.71) except for the addition of the term E[ ¢e"] in
Eq.(B.85). This term is the covariance matrix of the error in the estimate 7. The four
Eqgs.(B.74),(B.75),(B.76), and (B.85) correspond to the following steady-state solution to
the nonlinear filtering problem assuming non-time varying covariance matrices ¥, ¥,

and J:

K.=CLBTY+BCL BT

S+ 10C ST+ L)+ _ (B.88)

b,
Coo=CL - K BCL

The state estimate equations are

%oy = &b + Ko (8 — BEL,)

A A A B.89
Xﬂ.l =S(i+ l,i)&,‘"‘ﬁi ( )

The chapter on state estimation of this paper will present simulation results based on
the formulas justified in this appendix. To reconcile the unidentical notation used in this
appendix and in the Chapter on state estimation, equivalent expressions between the two

notations are shown on Table B.1.
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Table B.l. Equivalence of Chapter 6 and Appendix B Notations

Appendix B Notation Chapter 6 Notation
S(i+ 1,9 ®
B H
X, Xkl k)
L YUk) + Cfik)
8 Zk+1)
% Xklk
£ Xk + 11k)
: YUk + L/ (k)
w, w(k)
Y, (k)
W, Lorr
14 R
Ch Pk + 11k)
G Pk+1lk+1)
K Kk +1)
K. K(o0)
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Appendix C

Derivation of Control Equations

These derivations will be based mainly on the work done in references {77,80] utilizing
the variational approach and Pontryagin’s maximum principle. The general results of
reference [80] will be invoked initially. The work in reference {77] will then be extended

slightly to account for the residual term in the output equation.
Given the nonlinear system of differential equations

X(n) = RX(n), U@r), 1) (C.1)

and the cost function

JU) = oL X, 1] + _[ tff[X(t), U@, t] dt (C.2)
‘o

The Hamiltonian 5 is given by
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o = LX), UG, 3+ PTOLEX®), U, 0] (C.3)

where P(¢) is the costate vector of Lagrange multipliers. The optimal conditions are

X0 =50
B =535 (4

_t_

au(®)
The final condition (at 7)) for the state and costate vector is
____a¢[§(:,;, A piy-o (C5)
In the present problem,
BX(0), UQ), )= AX(@) + BU®) + fl1) (C.6)
eLX(r), U, 1= UTORUM + LX) - XA017QLX() - X40)] (C.7)
where
X(9) = CX(5) + ()

and
SLX(1), 171 = [X(tp — YAtp1THLX(ep) — Xtp)] (C8)

Thus, the Hamiltonian is given by
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o = -— LX) + () — YA01TQL CX(1) + s(6) — XAn)]

+ —;- LuTwRU)] + PTLAX() + BU(®) +£in] (C9)
*=1 Lx0cocK) - XT0CToxAn]

— 5 LX(00CX() - X (0QXAN]

+ 3 [xT0cT0s0] - 5 [LI(00s(0)]

+ 1 LT ecxw1 + 4 [sT(0ostn]

-4 Ls"wexn] + 5 [T 0RUG]
+ PTL4x(0)] + PTLBUM] + PT(AN] (C.10)

Applying the necessary optimal conditions,

_0X

X0 = ¥} = AX() + BU(t) + fi1) (C.11)
: — o
£ = oX(1)

=-cTocxw + cTox )

C Tose) - C Tost)— aTR()
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=-cTocxu + cTox 0 - cTos(y— 4TR0) (C.12)

X T
Q=m— RU(D) + B P(2) (C.13)
or
U'e)=-R"'BTP() (C.14)

The augmented state and costate equations upon substitution of equation (C.14) into

equation (C.11) results in

() 4 —-BR7'BT|[X0) f)
[B(t)] - [ -cToc -4T ] [13(:)] + [CTQXd(t) —cTos) (C.15)
The solution of the differential equation for X(z) and P(t) has the form

&(ep) X( ) £

Applying the required final conditions,

a( 1 Lcupxy + stop - XdspTTHL CUpX(sp + i) — XdtpT)
aX(1)

- B(i)=0
or

3
B(1p) =W[ -] (C.17)
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where

[-1=4 2" HCx ) -+ XTG)CTHEAY - 5 XdtpHCEA)
+ L xTopr ) + L X7 sty - 5 XdepHste)
+ —;- sT(epHs(s) + -12- sT(HCX(t) - % s PHY Aty

Thus, -

B(t) = CTHCX() -+ CTHX A1)

L AT 1 AT 1 ~TyyT
— — CTHY 1) + 5 CTHs() + C H' s(tp (C.18)

_For a symmetrical H matrix,

Py = CTHCX(tp) - CTHYAt) + CTHs(ty) (4-19)

Replacement of the integral term in equation (C.16) by two functions f(f) and fi(#) and

partitioning the state transition matrix results in:

X(tp onlipd) ) | [X0] (AHG

[e(r,)] - [«bzl(rf,r) ¢2z(zf,r)] [1:(:)] *law ()
or
X(1p) = 61110 X(0) + 12(4p0) B(1) + £1(2) (C.21)
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B(t) = b1 (tpDX(D) + da(tr0 P(0) + ()

Substitution of P(z) as given by (C.19) into (C.22) results in:

CTHCX(1) — CTHYAtp + CTHs(zp =
$21(1:0X(1) + d22(1p) B(1) + f5(0)

Substitution of (C.21) into (C.23) gives:

CTHCL 61,40 X(@) + d12(550B0) + /(0] — CTHY A9 + CTHslep =
S21(4rDX () + S2(ipDRE) + 5H(0)

Simplifying,

LCTHCH 1(tp0) — 22050 1B = Loy (t58) — CTHCH 11 (150)1X() +
LCTHY A5 + (0 - CTHCA(9) — CTHs(ep)]

B(r) = K(nX(5) — g(1)

where

K(t) = LCTHC 13(t50) — $25010) T~ Lo (tt) — CTHCy 1 (450)]

g(0) = LCTHCH 13(1p) — $aftp) 1™
[ — cTHY (1) — () + CTHCfi () + CTHs(1)]
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Eq.(C.26) is the relationship needed for a direct solution approach. Substitution of

Eq.(C.26) into Eq.(C.14) and simplifying,

U0y =-R™BTLK(0)X() — g(r)] (C.29)
U =R™'B"lgln - K©X()] (C.30)
U'()=—R7'BTK0X() + R~ B g(r) (C.31)

To solve for K(t) and g(t), (19) is differentiated:
B(6) = K(DX(1) + K(DX(1) — (1) (C.32)

Then (C.11) is substituted into (C.32) and U(r) is replaced by the U'(s) expression of
(C.31)

B(1) = KOX() + KOLAX(W) + BUW + f0] - g = KOX() +
K(){4X() + BL — R™'BTK(X(1) + R™'BTg()] + f10)} — £(0) (C.33)
Using Egs.(C.12),(C.26),and (C.33),
— cTocxw) + cTex(n - cTos9) - ATLK(OX() - g()] =
K(nX(r) + KOLAX(0) — BR™'BTK(X(n] +
K()BR™ B g() + K()Ar) — ¢ (C.34)

Rearranging terms,
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[k(:) + K(nA — K(0)BR™'BTg(t) + CTQC + 4 Tr1X() +

CK()BR ™ B g(e) + KA — g — A g(0) — CTQYA0) + CTQs()]

=0 | (C.39)
The above equation is satisfied when the quantities inside each bracket is zero. Thus, |
k= — ATK@) - K4 + KOBR™'BTk() - cTocC (C.36)
g0)=—L[aT - k©)BR™'BT1g(n) — cTQY (0 + CTOs(1) (C37)
From (C.26), at t=1,,
B(t) = K(1pX(1) - g(tp) (C.38)

and from (C.19),

cTHCX(t) - CTHX g9 + CTHsle) = K(tp&(tp) - gltp (€39)
Hence,

Kiep=CcTHC (C.40)
and

glip = CTHLXAt) — s(1)] (Ca1)
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Appendix D

Matrices of Partial Derivatives

This appendix will show the elements of the partial derivative matrices used in the
linearization process of Chapter 5. The notation to be used in Appendix 4 is consistent

with the notation of Chapter 5.

Here,

NBUS = total number of buses in the power system = 39
NG = total number of generators in the system = 10

For a typical generator, there are 10 associated state variables. For the base case study

(Case 1), the centralized controller has 91 state variables.

In the following, the sizes of the matrices of partial derivatives will be given together

with their nonzero elements. All other elements not mentioned should be understood

to be zero. The following subscripts will be adopted :
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i to denote a generator (1 <i<10)
j to denote a controller variable (1 <,<91)
k to denote a power system bus (1 <& <39)

The linearized controller state equation is given by

Q dG OE, 0G 04y

&= ﬁ,,+[ A TR ]x<z)++ U + ()

where
10 = G( x(0), U(r), E(x(1)), d¢:(x(2)) )

E¢=[E11 Esy .. Ey .. Eﬂo]T

8y = L(6y — 0q10) (62 — Ig10) - (65— bqr0) - (Bero— 5q10)]T

(D.Let L= %‘%, a 91 x 91 matrix.

Nonzero elements of L are given by (i = 1, 2, ...,9):

LL10*G-D+1, 10*(1-1)+1]-r_d1'<:_":i-')
041 1

LL10%G-1)+ 1, 101+ 2] = = (2 — 1) s
i-1)+1, 10%G-1)+2] = Te \ ® — 1 )Eysin(yj — Ogr )

X di

LL10*G-1)+1, 10*G-1)+ 7] = r
do,i

LL10*(G-1)+ 2, 10*@-1)+ 3] = 27 x 60.0
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LI 10*G-1)+3, lO*(l-l)+l]="ﬁL< E" )sm(éq,’i—é"j)

s P —1 [ Eqifu
LL10*G-1)+3, 10%(i-1)+2] = i, o €o8(Sqri — Sir.)

x' dlx

2
+ _AEI—, [ S (xgi — xg)cos[ 2(8gr,i — Or,) ]]

LL10%G-1)+3, 10*(i-1)+ 3] =—

i .
M, (approximation)

LL10*G-1)+3, 10%G-1)+10] = "AIT

i

-1

LL10*(-1)+ 4, 10%(i-1)+4] = =—

LL10%G-1)+ 5, 10%(G-1)+4] = — Kai

Ty
LL10%(i-1)+5, 10*(i-1)+ 5] = .—T_l-
ai
LL10%(G-1)+5, 10%(G-1)+6] = — a
LL10%G-1)+ 6, 10%Gi1)+ 5T =
TﬁTEl
LL10%G-1)+6, 10%(i-1)+ 6] = .—T_l
fi
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LL10%(G-1)+6, 10%G-1)+7] = [SE,(I + ByiEgy) + K]
LL10%(i-1)+ 7, 10%(i-1)+5] =Tle-_
LL10%G-1)+7, 10%G-1)+ 7] = —'fEi [Sgi(1 + BeiEra;) + Kgi]

C Gi
LL10*(-1)+ 8, 10*({-1)+3] = - (approximation)

11

LL10*(i-1)+8, 10%(i-1)+ 8] =:f:_
LL10%G-1)+9, 10%(i-1)+8] -T_;
LL10%G-1)+9, 10*(i-1)+9] = Tl

3

LL10*G-1)+ 10, 10*(G-1)+91 = T_cu :
ol

LL10%(i-1)+ 10, 10*(G-1)+10] == 1
CHi

Fori = 10,

LI91, 91] = — =1 ("'dlo)

Tyo,00 \ X'd10

(2)Let M= %, a 91 x 18 matrix.
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Its nonzero elements are given by (i = 1, 2, ...,9) :

. K,;
ML10%-1)+5, 2*G-D+ 1) =

ai

ML10%G-1)+9, 2%(i-1)+ 2] =—T‘;_—

(3).Let N=—+, a 91 x 10 matrix.

E.

Its nonzero elements are given by i = 1, 2, ..., 9):

NL10*G@-D+1,i]l = Ti ( d'. l)cos(éqrj—éw)
OJ di

"

. . -1 Eg
N[ 10 (l'l)+ 3, 1] = Mi x'd' SIH(éqr,i - 6!!',1)
L _ L
M;

X' giXqi

(xqi — ¥'a)sin[2(8ge 5 — 6, )]1  (approximation)

Fori = 10,

__1 Xdlo_ _
NP91, 10 = T 40,10 (x’dlo l)cos(‘sqnlo drr,10)

(4.Let T= ,a9lx10matnx

é.,

Its nonzero elements are given by (i = 1,2, ..., 9) :

IL10*G-H+1,i] = Td [( x,di - I)E'j]sm(éqf.i_auj)
o,i

X di
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L 10%G-1)+3, il= 7”1 [ x,:lEu Cos(éqr,i - 6h',i)]

. E& (g — Xgi)C [
Mi qi di)cOs 2(‘5qr,i_6t.r,i)]

X' 4iXqi

Fori = 10,

1091,10] = —- [( o —1>Ezlo]5in(0"5u.lo)

do,10 | \ *'d10

(5).Let V= %El'_ and W = -%%, both 10 x 91 matrices.

As stated in Chapter 5, nonzero elements of ¥ and W are contained in the C, matrix

where
-1
CG=-J4lp

and

AP AV; A
AQ Ady, Adgr
In the above equation, J, is (2*NBUS) x (2*NBUS), J, is (2*NBUS) x 19, and C is

(2*NBUS) x 19. 'Upon computation of C,, the elements of ¥ and W are extracted as

follows :

Fori=12,..10,
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¥, 10*G-1)+ 1] = ;INBUS - NG + i, i]
wii, 10*G-1)+ 1] = C,[2*NBUS - NG + i, i]

Fori=12,..9,

YL, 10%Gi-1)+ 2] = C;[NBUS - NG + i, NG+i]
Wi, 10%i-1)+2] = C[2*NBUS - NG + i, NG +i]
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