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ABSTRACT

A comprehensive description of the automatic generation control
problem is given. State variable models are formulated for the master
controller algorithm design which are consistent with present-day operat-
ing policies of interconnected power systems. Procedures are developed
to systematically obtain the optimal parameters of a linear feedback
control which minimize a quadratic cost functional form. The controller
algorithm design concepts are illustrated numerically on two and three-
area interconnected systems for various performance indices and operating
conditions. Finally, decomposition methods are examined in order to
develope a local controller and to optimize a multi-area system via

reduced computation effort.
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Chapter 1
INTRODUCT ION

As the demand for electrical energy has increased, utility com-
panies have expanded their facilities at an abnormally rapid rate. The
once relatively simple power systems have become intricate intercon-
nected networks with very complex system management problems. The
northeast black-out of the mid 1960's is an indication of the poten-
tial repercussions associated with a failure in this complicated sys-
tem. However, this catastrophic occurrence has provided some of the
impetus for the rebirth of power systems research in the academic
community. Although the utility companies have had an ongoing research
program, they have been criticized for not making a larger effort. It
has been suggested [MEE]* that a comprehensive study of future needs
be undertaken at an estimated expenditure in excess of twice the current
rate.

An investigation of the applicability of system techniques such
as optimal control and estimation [ATH], and Liapunov stability theory
[KA1l] to the power industry is underway. The subject of this study is
an analysis of the application of advanced control theory to the auto-
matic generation control (Aéc) problem. More specifically, this disser-

tation involves the use of optimal control theory to formulate an

*References denoted by brackets are listed in the bibliography.



improved controller algorithm which reflects the basic operating
policies of present-day power systems [COl}. Some work:mmost within
the academic community, has been done in this area, however, much of
it is not consistent with present-day power system policies. This
study endeavors to clearly define the AGC problem and to demonstrate
how advanced control theory can be used to design a controller which
is compatible with industry practices. | |

Any discussion of the AGC problem requires an understanding of

the control area concept. A control area is interpreted as a power

system with a2 common generation control scheme. This system may con-
sist of a portion of a utility, a single utility or a collection of
utilities. The term control area is applicable to either an isolated
or an interconnected system. The AGC problem is concisely defined

as matching. total system generation to existing load demand with

the most efficient and reliable distribution among individual units
of the control area,

In order to completely appreciate the AGC practices of present-
day power systems, an investigation of its evolution is necessary.
Prior to the interconnecting of adjoining power systems, each system
functioned independent of its neighbor. This mode of operétion defines
an isolated system. In this arrangement a system strives to maintain
its scheduled frequency and restrict internal transmission line power
flows such that no line becomes overloaded, but total generation
matches load demand. Hence, controllers regulate the frequency and
power flows independent of one another while efficiently distributing

generation among the units,



Most modern power systems in the United States are interconnected
with their neighbors to increase system security and for more efficient
operation. The ultimate goal is a nationwide intercommection of all
control areas into one large network. A system of this scope requires
changes in the operating practices of individual control areas, but
each remains responsible for meeting its own load demand, doing its
share of system frequency regulation, and maintaining proper power
flow to the adjoining areas.

As a member of an interconnected system, a control area attempts

to regulate its area control error (ACE), whereby it meets its obliga-
tion to the interconmection. Thé ACE is a linear combination of the
frequency and the net interchange power deviations related by the fre-
quency bias constant. The frequency bias determines the amount of
offset in scheduled net interchange power deviation of the control
area that varies proportionately to the frequency deviation and is an
indication of the stiffness of the interconnection.

A basic understanding of the controller operation employed
currently by industry for the AGC problem is imperative to the dis-
cussion. During normal operation a change in load demand does not
necessarily command controller action. The nature of the control is
primarily permissive, i.e., it reacts to an actual ACE [RO1l, RO2, RO3]
after certain pre-established values are attained. Much of the control
is performed by the natural governing action of the area rather than
by supplementary regulation. The decision for supplmentary control
and its character rests with a central control computer which monitors

the ACE and the economic distribution among units of the area. The



natural governing action is classified as primary AGC [EL1l] while the
. permissive control is called secondary AGC [ELl].

Extensive studies [BEN, COl, CN1, CN2, EL4, KIR, QUA, ROl, RO2,
RO3, VAN] on secondary control have been conducted principally for
classical or conventional control schemes. Other works [BOH, CAV, ELl,
MI1l] have used advanced control theory on thg secondary control problem
yithout directing sufficient attention to the basic operating policies of
present-day power systems.

| Most of the studies applying advanced control theory for the
design of the automatic generation controller (AGCR) are not concerned
with secondary control. These studies are exploring expanded usage of
the controller in brimary AGC activity. By and large, the following
two new primary control functions have emerged: 1) to clear fast tran-
sients or regulate the system for every moment in time, and 2) to
increase the damping constant of intercomnected systems. Neither of
these functions are performed by the traditional AGC controller.

At least some of the works [BOH, CAV EL1l, MIl, REl] have attempt-
ed to differentiate between primary and secondary control functions
while others [CAl, CA2, EL3, EL4, RE2] have not as each has formulated
a controller algorithm. This study attempts to explore these functions
as well as the traditional one and combine all of these functions into
one comprehensive controller algorithm, The algorithm will incorporate
suggestions of the preliminary works [CAl, CA2, REl, RE2, RE4] which
have sought to include necessary constraints of present-da& power
system policies.

Most studies related to the application of advanced control

theory to the AGC problem have devoted little effort to the selection



of the performance index. Since this is one of the most significant
elements in the parameter selection process of the control scheme, it
is imperative that the performance index be structured to reflect the
basic operating policies of interconnected systems. Furthermore, the
relationship between the central control computer and the performance
index is demonstrated. Preliminary studies [CAl, CA2, RE1l, RE2, RE4]
on performance index selection are available.

Finally, consideration is given to controller formulation for
themulti-area power system where techniques from the broad topic of
hierarchical, multilevel control [MES] are applicable. Applications
of these techniques to power systems are found in a few works [LIA,
NIC, MI2]. Only the most elementary form of multilevel studies

[ BUC, RE3] are examined in this study.



Chapter 2

AUTOMATIC GENERATION CONTROL

In an electrical power system an effort is continuously made
to maintain the appropriate frequency and the net interchange power,
A control system is required to regulate these quantities in the
presence of changing load demand. The operation of this system is
known as AGC. A thorough and complete description of the AGC problem
is presented herein. Various uses and limitations of the AGCR are
examined in detail to illustrate its effectiveness and to show how
a new design might expand its usefulness. Suitable models for the
control area are developed which are consistent with the small dis-

turbances normally managed by the AGCR.

2.1. Phvysical Process

The traditional function of the AGCR, i.e., to accommodate small
variations in real power demand, is explored. The feasibility of
using the AGCR to clear fast transients or regulate the ACE for every
moment in time and to improve system stability margin is considered.
These latter two functions have been suggested following preliminary
investigations of realiziﬁg the AGCR via some advanced control
strategy. There appears to be sufficient evidence that an AGCR real-
ized with complete state variable feedback as opposed to the con-
ventional selected state variable feedback strategy could perform

these functions admirably.



2.1-1, Traditional AGC

The AGC concept has been developed as a method to assist the
control area in fulfilling its obligation to the interconnected sys-
tem. Fundamentally, AGC is to match area generation to area load
demand in the most economical way and to maintain power flow committ-
ments to the adjoining areas. The AGC objective is achieved by regu-
lating the ACE.

In Figure 1, a simplified block diagram of a typical AGCR is
shown. This controller is representative of the one used in practice
in present-day power systems [RO3].

The AGCR functions are primarily performed by:

1) Master Controller - MC is the control policy for the area

principally employing proportional and reset capability.

2) Error Adaptive Control Computer - EACC is a decision making

computer which is responsible for determining the probability

that control action is needed for regulating the ACE. More-
over, it makes adjustments in the MC gain, determines the
frequency of the control cycle, and directs economic dis-
patch update. EACC makes the control process adaptive.

3) Pointer Count Down Controller - PCDC determines the amount

of participation of each of the generating units in the
activity of the control area. Also, information is relay-
ed to the MC to account for rate of generation change
limitations and to assist in determining area control policy.

In Figure 1, two additional control functions are noted: 1) an

emergency by-pass to each unit and 2) a feedforward path to accommodate

scheduled generation changes. It should be noted that the control pulse
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output is for the jth unit in the control area.

In summary, control action is motivated effectively in three
different ways. First, a sufficiently large or sustained deviation
in the ACE will trigger the MC or emergency by-pass. Secondly,
scheduled changes in generation or tie line committments are accom-
modated separately. Thirdly, an economic dispatch update will change
allocation of generation among the units of tﬁe area.

The nature of the control process is characterized as permissive
since it permits an actual ACE. A satisfactory system performance
relies upon the inertia of the large interconnected system to accommo-
date most immediate load demand. This large system permits a sluggish
control scheme via trading power flow with its neighbors.

Although the ACE represents a generation deficiency for an
area, an effort is not always made to correct it. The primary objective
is to reduce the ACE while minimizing those generation changes that do
not make a contribution to improve system performance. From a prac-
tical point of view, it is not feasible to always minimize the ACE
because of rate 6f generation change limitation, system nonlinearities
such as deadband, and fruitless chasing of rapidly varying loads.

In many cases it is sufficient to alloé the natural governing action
to regulate [RO1l].

Although the control process is permissive, it is adaptive.

EACC and PCDC provide information for MC update to accommodate changes
in operating conditions on the system. Emergency situations and sched-
uled generation changes are given special attention.

In conclusion, the AGCR operates sequentially in the following

manner [COl1]:
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1) A load increase {s absorbed immediately at the expense
of a decrease in speed of the rotating machinery in the
area, a borrowing of power from its neighbors, and a
shedding of frequency sensitive loads.

2) Natural governing action of the generation occurs

following a frequency droop.

3) Supplementary governor action via the AGCR occurs ip the

area in which the load demand changes.

4) An economic reevaluation occurs during and following the

absorption of the load change.

A complete analysis and redesign of the entire AGCR is not
the intent of this study. Rather, an effort is made to improve the
design of the MC and to demonstrate how EACC and PCDC interact in the
selection of the control scheme. The decision making processes used
by EACC and PCDC to arrive at the desired control policy are not
considered. A simplification of Figure 1 is shown in Figure 2 which
emphasizes the MC, EACC, and PCDC as well as how they determine
area control functions.

From Figure 2, a concise description of the operation of a
control area is obtained. Following a load change in control area A,,
there 1s a deviation in the area frequency AFiiand the area net inter-
change Aptiei‘ These quantities are combined with the tie line bias

constant B, to form the ACE,, 1i.e.,

Now .FACC examines the character of the ACE and decides whether

or not control action is required. Both EACC and PCDC supply necessary



11

information to the MC to determine the nature of the control action
if indeed it is needed.

Next attention must be devoted to the required capabilities
of the MC. There are two basic requirements: 1) regulate the ACE
and 2) actuate during both normal and abnormal mode of area operation
in accordance with the basic operating policies of interconnected
power systems [COl].

Obviously, if the controller is to regulate the ACE, then it
must have some type of proportional action to prohibit large fluctua-
tions. This is referred to as primary control [EL1] since it reacts
quickly. Proportional control is similar to the natural governing
action, except the supplementary control is not permitted to act at
every moment in time. Clearly, the controller must contain reset
action so that step load ;hanges can be absorbed by the area. This
is a much slower activity and thus it is referred to as secondary

control {EL1l].

DISTURBANCES ——17

REFERENCE ACE AREA OUTPUT
- +"C‘>‘—'°‘l°_' MC | —* POWER "
- . . SYSTEM
i i
1
]
) Ly
' '
Lol gacc -4 t-{ Pepe
ADJUST

FIGURE 2. General Control Process
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In an n-area interconnected system, each control area has its
own responsibilities. In order to fulfill its obligations, an area
must strive to maintain its ACE at zero in the steady state. If an
area is unable to absorb its load increases, its ACE is not zero
in the steady state; however all remaining areas have zero ACEs
in the steady state.

Therefore, if area Ad experiences an increase in load, then the
normal operation mode implies that AJ is capable of absorbing the load

or
ACE, = 0 = pF, = AP,,, =0 fori=1,2, -+, n,
1

The abnormal mode defines operation in which AJ is not capable of ab-

sorbing all or a portion of an increase in load demand. Therefore,
ACEJ #0 =°AFJ # 0, APtieJ #0
ACE, = 0 = AF, # 0, By 1o, £0 fori#3, 1=1,2, -+, n,

In summary, the MC must not only accommodate its own load, but
it must be compatible with its neighbors regulatory efforts. The off-
set in frequency and net interchange power during the abnormal mode of
operation is determined by the tie line bias constant. These offsets
are temporary for it is assumed that the area in need will correct
the errors by adding another generating unit, by contracting additiomal
power from another control area or by load shedding.

The MC consists of both proportional and reset action. A
conventional realization of the controller uses frequency, net

interchange power, and/or the ACE since these quantities are directly
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available in the output of the system.

2.1-2, Expanded Usage of the AGCR

The AGCR currently used within the power industry has a slow
response capability. If a controller is developed with a quick re-
sponse capability without unnecessarily moving generation, then an
effort to regulate the ACE at all time may be feasible. A complete
state variable feedback controller (SVC), i.e., one constructed of
all the state variables used to describe the control area, is a feasible
realization. Since this controller is only concerned with small load
variations, linear system techniques are applicable. Extensive
methodology [ATH] is available for linear optimal feedback control
design with an integral square performance criterion.

Although the controller is developed with a quick response
capability, it must be adaptive in order to retain the traditional
operating policies. The response properties of a SVC are altered via
performance index selection. Therefore, the response characteristics
of the SVC may be systematically changed by using EACC and PCDC to
provide information for selecting the performance index. For a
specific performance index, parameter optimization procedures [ATH]
exist for deriving the best control policy. This is preferable to
the classical one of trial and error.

‘ Two requirements remain. First, the availability of all the
‘state variables is implied. This goal may be achieved via some state
estimation algorithm., Secondly, the desired system transient perform-
ance must be translated into the integral square performance criterion.

As a final point of consideration, SVC increases the damping
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constant of the system. Since the AGC process is concerned primarily

with small load disturbances, the stability of the system is ascertained
from the closed loop roots of the system. When the SVC is compared

with the efforts of a conventional realization [CAV, ELl, EL3, EL4, RE4],
the former is seen to improve the damping constant.

The quick response capability of the SVC makes it feasible to
assist in controlling the system in the presence of large disturbances
such as a line trip or a fault. Analysis of this problem involves
the solution of a set ofhighlytunﬂjnearequations. Therefore, it should
be emphasized that the control scheme is not optimal for the large
disturbance problem. Although the traditional AGCR will assist in
this capacity [SCl, SC2], the SVC realization should perform much

better because of its superior speed qualities.

2.2. AGC Models

Since the AGC concept is based on fulfilling the obligation
of the control area, a careful definition and representation of an
area and its elements is needed. In a strict sense, a load distur-
bance causes the various machines of the control area to operate at
different speeds; however, groups of machines which are stiffly
connected electrically do swing near coherency in the presence of
small disturbances. A collection of stiffly connected machines with
a common control policy defines a control area, the fundamental
sub-portion of an interconnected system. ‘

Although this dissertation has dwelled on control of real

power and frequency (PF) of the control area, it is evident that re-

active power and voltage (QV) control must also be achieved. For
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small disturbances, several works [CN1l, CN2, BEN, ELl] have demon-
strated that PF and QV controls operate independent of one another.
PF control is usually achieved through signals introduced into the
governor whereas QV control is performed wvia -the exciter. Other studies
[HAN, SC3] have shown that the QV control can be effectively used to
assist the PF channel. This is the only aspect of the QV control given
any attention in this study.

The dynamics of the PF channel are of principal concern in this
study. The four basic elements of a control area are the dynamics
of the rotating machinery, (inertia and damping), the govermor, the
prime mover, and the transmission network for interchange power.
Figure 3 illustrates the interconnection of these elgments. The models
chosen for the various elements are consistent with the objectives of

this study.

2.2-1. Rotating Machinery Dynamics

The dynamics of the rotating machinery are characterized by

the power equilibrium equation

dW, ,
dt

AP, = + D, AF, (2.1)

where AP, is the net incremental area power, W,, is the total kinetic
energy of the area, and D, is the effective frequency sensitive damp-
ing. Obstensibly, the net area power deviation is absorbed via a
time rate of change of the total kinetic energy of the rotating
machinery and by frequency sensitive elements.

The net incremental area power consists of three parts:

1) AP,y , the incremental power output from the prime' mover, 2) APy,
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the load deviation, and 3) AP , the net power interchange deviation,

tie
ti

whora

AP, = AP, ~ APy, - APy,
t

It has been shown [EL2] that the time rate of change of the total
kinetic energy can be related to the frequency deviation, AF:' Since
the total kinetic energy W, is proportional to the square of the fre-
quency, then for some nominal frequency. F, the total kinetic energy is

Woy - Therefore,
Fi:r
W y =[F— L (2.2)
o}
Assume a first order expression for the variation in frequency
F, = F, + AF,. (2.3)

Upon substitution of equation (2.3) into equation (2.2)

Fo + AFy2 F§ + 20F,F, + AF;
0

For AF, small, equation (2.4) becomes

Therefore,

dW,, 2W,, dAF,

dt  F, dt

Since per-unit quantities are gemerally used, AP, and D, are

expressed in per-unit of the total rated power of the area, P.,. The
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total kinetic energy of the area is conveniently related to the

per-unit inertia constant H, as

Now

where M, is the "effective' per-unit inertia constant.

The effective area damping consists of two parts: 1) frequency
sensitive load torques and 2) frequency sensitive turbine torques.
Load torques introduce positive damping into the system while turbine
torques create negative damping. The determination of the various
components of these torques is éxceedingly complex and thus it is not
included here [CRA].

Summarizing equation (2.1) with incremental variables and in

per-unit
dAF,
141 -d_é-+D1 AFi = APS’. - APD’. - APtiO‘ (2-5)

or ags a transfer function

&
AR () 4
AP (8) M8 +D; °

2.2-2, Governor Dynamics with Droop

Fundamentally, the governor changes the prime mover input

following a change in the frequency or speed of the generator. There
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are basically two types, either isochronous or with speed droop. An
isochronous unit maintains a constant speed at all levels of power
produced by the prime mover within its maximum capacity. A governor
with a speed drooping characteristic allows a frequency increase and
decrease about some nominal value for some specified level of output
power. The latter form is the most widely used type.

In Figure 3, an incremental model of the governor is shown.
Several works [EL4, HAM] have analyzed the dynamical properties of
the governor and they have shown that a single time lag is an adequate
characterization..

The governor is constantly acting to reduce the frequency
deviation via its droop characteristic. The amount of droop is deter-

mined by the regulation,

AF,
R= -

AP, ,

where AF, and AP,  are the static frequency deviation and static
incremental generated power of the area without the presence of supple=
mentary control. The supplementary control AP,, for the area is intro-
duced via the governor.

Finally, an incremental equation for the govermor is

dAPy,

1
Tvi—a_t— + APyy = AP,y - R AF, (2.6)

or in transfer function form:

*
APy 4 (8) 1
* -
AP . (8) 1+ BTV
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where

0P, (s) = AP), (8) - F AF) ().

2.2-3. Prime Mover

The prime mover is a turbine-generator which provides the gen-
erated electrical power for the control area. The turbine converts the
available energy supply to mechanical power to drive the generator.
There are several different kinds of turbines, but each is controlled
by a governor that manipulates a valve or gate.

The effect of the prime mover may be characterized as a change
in valve position which causes a change in generated power. Under the
assumption that QV control is much faster than the PF control, the
voltage of the generator remains constant during PF channel transients
unless the voltage is deliberately offset. Hence, the generator is
represented as a gain, unity in value. A simplified transfer function
[PAR] for a nonreheat turbine is a single time lag.

Therefore, the prime mover is represented by a transfer function
relating the incremental valve position AP,, to the incremental gen-

erated power AP, :

',

or in equation form

dAP
Tsi dt

el
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2.2-4, Net Interchange Power

The net interchange power for the ith area is assumed to be

described by the synchronizing power equation

n 2“|E1||EJ|

P = sin (8§, = 6,)
tte,  m Xy Pry : !

14
where |E1| is the effective voltage magnitude of the ith area,
| IEJl is the effective voltage magnitude of the jth area,
6, is the integral of the frequency of the ith area,
6, is the integral of the frequency of the jth area,
X;, 1s the reactance of the line commecting the ith area to
the jth area.
In this study an incremental net interchange power equation is

needed. Therefore,

aPtiei aPtieg

n
oo, = 3T MBI+ E a—IE:TMEal
4
n aPtie’_
+ TRy A6 - 8y)
A

where

LTS} kbt in (5, - 5,)
sin -
OE ] g1 XyyPrey ' ¥




22

aPtiei zn‘Ei‘
AE, | Xy By

sin (51 - 83),

OPy 4., ) 2nlE | |E,|
3(61"53) XQJPri

cos (8, - §,)-

Now evaluate the partial derivatives for some nominal operating point

and define the following

Riio, a 2m|E]

o|E, | 351 XyyPry
J#1

aPtiei 2TT|E1|

aIEJ| Xy yPrs

sin (§, - 53) = T,

sin (5, - 6;) = T, for j # i (2.8)

LI 2“|E1||E3|
3(61'63) x,_JPp1

The incremental net interchange equation becomes

n n
APy o, = TyAlE, | + .z T,0|E,| + JI, Tegb(8y = 6y)e (2.9)
31 J#t

Equation (2.9) is a general expression for the incremental net
interchange power caused by voltage and angular effects. Since the
angle is the integralef the frequency deviation, the angular part of
equation (2.9) is created by the PF channel. The voltage terms in
equation (2.9) are caused by the QV channel, and thus illustrates how
QV control can affect the PF channel.

Since the QV transients are much faster than those of the PF

channel, no voltage change is generally assumed in PF analysis.
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Therefore, equation (2.9) simplifies to

n
NPy oy = 321 Ty A8y = 6y) (2.10)
J;ﬂ



CHAPTER 3

COMPONENTS OF THE ANALYSIS

3.1. Optimization Mathematics

Techniques [ATH] fér the design of an optimal linear feedback
regulator are quite well known. These methods are based on a linear
set of state equations and a quadratic performance functional as inputs
to a Ricattl differential equation which provides the optimal parameters
for the feedback control. Implicit to the realization is the avail-
ability of all state variables.

The widespread usage of these optimization techniques has been
devoted to the design of proportional controllers. Frequently, a regu-
lator with integral action is sought in order to achieve desirable steady
state performance properties in the presence of various kinds of distur-
bances. The addition of integration may destroy such properties as
controllability and observability which may be detrimental to the opti-
mization routines. Hence, a careful examination of the procedures is

necessary.

3.1-1. Proportional Optimal Control

The basic linear time invariant regulator problem is characterized

by the equations

x(t) = Ax(t) + Bu(t)
(3.1)
y(t) = Cx(t)

24
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where x(t) is an n-state vector,

A 1s an nxn-system matrix,

u(t) is an m-control vector,

B is an nxm-control matrix,

y(t) is an l-output vector,

C is an lxn-output matrix.

An infinite time quadratic cost functional is defined as
1

3=2 [[x®ex + o @rer)] de

.

oce—— 8

where Q 18 a positive semidefinite nxn-matrix and R is a positive de-
finite mxm-matrix. Given the hypothesis of controllability, it is well

known [KA2] that a unique optimal control exists as
%
u (t) = -R"1BTRx(t)

vhere K is an unique symmetric positive definite nxn-matrix solution to

the matrix algebraic Ricatti equation
KA + ATK - KBR™*B'K +Q = 0.
In general, the control will contain all of the state variables.

3.1-2, Proportional Plus Tntegral Optimal Control

In classical control theory, reset or integral control is used
to eliminate steady state errors in the output of a system. The standard
optimal control problem provides a scheme with proportional action since
only initial condition disturbances are assumed, thus it cannot accommo-
date sustained external disturbances with zero steady state error in the

output. However, a new problem formulation can provide reset capability
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by augmenting the original system equations with an appropriate set

of integral expressions.

The stable closed loop system of equation (3.1),
x(t) = Dx(t) + d

where D is a constant nxn-matrix and is invertible and d is a constant

n-vector, will have a steady state value of

X = D14,

Generally, x,, is nonzero provided d is nonzero.

If x(t) is augmented with a set of integral equations, z(t) of

order r, then a new system is formulated as

x(t) D, : 0 x(t) d

e = g S I SR NI

z(t) Dy, 0 z(t) 0
where D, and D, are nxn-matrices, respectively or more succinctly as
%(t) = Dx(t) + d. (3.2)

The steady state error for the new system is

- A=l A

x'! = -D dc

Now, if D! is expressed in partioned form as

A=l Z11 | Zla
D = - '_ - —
zal | zaa

where 2,,, Z,,, Z,,, and Z,, are nxn, nxr, rxn, and rxr matrices,

respectively; then it is evident that
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Xy, = =2y,d. (3.3)

A sufficient condition for zero elements in x,, 1s that corresponding

rows of Z,, are zero. The sufficient condition on Z,, has been shown

[PO1], but it is repeated in part to demonmstrate an understanding of
the use of integral action in optimal feedback control design.

First, a set of integral equations of order r = m [P0O2] defined

on the original set of variables, equation (3.1),

z(t) = Tx(t) (3.4)

where T is an rxn-matrix with its rows the same as the first r rows of

a nxn identity matrix. Clearly, the elements of x(t) can be arranged

to fulfill this requirement.

Now, equation (3.1) is augmented with equation (3.4) yilelding

x(t) Alo] [x(p) B
e === |---- + --| u(t)
z(t) T, 0 z(t) 0
‘ (3.5)
: x(t)
= 10 ----
y(t) [? '.] z(t)
or more concisely
%(t) = AR(t) + Bu(t)
(3.6)

y(t) = Cx(t),

where %(t) is an augmented (n+r)-state vector,

A is an augmented (n+r)x(n+r)-system matrix,

u(t) is the original m-control vector,



28

B 1is an augmented (nir)xm-control matrix,
y(t) 1is the original l-output vector,

C is an augmented lx(n+r)-output matrix.

As before, a control for equation (3.5) is desired which will

minimize the performance functional

J = -%- [XT (£)Q%(t) + ui(t)Ru(t)] dt

o8

where § 1s a positive semidefinite constant (nir)x(nir)-matrix defined

. 1210
= {oip 3.7)

with P as a positive definite rxr-matrix. The control that minimizes

as

J is
uk(t) = -R"* B Rx(t) (3.8)

where K is the symmetric positive definite (n+r)x(n+r)-matrix solution

to the matrix Ricatti algebraic equation

~A

ATK + KA - RBR-1B'R +Q = 0 (3.9)

provided the pair (8,B) is controllable [KA2].

Careful consideration of the controllability condition is im-
perative because the addition of integration to the controllable pair
(A,B) of equation (3.1) may cause the augmented pair (ﬁ,ﬁ) of equation
(3.6) to be uncontrollable [PO2}. However, it has been shown [PO3])
that provided the pair (A,B) is controllable, then the pair (K,ﬁ) is

controllable if:
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1) For a nonsingular A the rank of TA~!B is r

2) For a singular A the rank of T(A + BF)™' is r where F is
any matrix which makes (A + BF) nonsingular,

The relationship between the control, equation (3.8), and the

partitioned system of equation (3.5) is obtained by partitioning

X Ry K
R o= | & (3.10)
Kz K
where Rl, ﬁz, and ﬁé are of the dimensions nxn, nxr, and rxr respective-
ly. Then equations (3.5), (3.7), (3.8), and (3.10) are substituted

into equation (3.9) producing three separate equations
(AT, + T'RL) + (KA + K,T) = K, BR *B'K, +Q = 0
(AR, + T'K,) = K, BR *BTK, = 0 (3.11)
KLBR'B'K, - P = 0,

Now, if equation (3.10) and expressions for B and %(t) are sub-

stituted into equation (3.8), then
W (e) = -KL B [Kyx(t) + Kpz(t)]. (3.12)

After substituting equation (3.12) into equation (3.5), the closed loop

system matrix is expressed as

- A - BR-IB'K; BR'IB'K,
T 0

In order to force the appropr.ate elements of x,, in equation (3.3) to

zero, then from
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it is found that

Since the rows of T are the same as the first r rows of a nxn unit
matrix, then the first r rows of Z;, must be zero. Hence, reset action
is achieved.

Sometimes, it is desirable to regulate the steady state output to
zero rather than individual states; i.e., from equations (3.1) and
(3.3)

Yaa = = CZy1d

where Z;, 18 dimensioned nxl for this case. Choose

T=2C
thus from equation (3.13)

CZu =0
hence

Yae = 0.

From this analysis, four observations are made. First, the
above formulation will give an optimal control scheﬁe with desirable
steady state characteristics. Secondly, the scheme is aﬁ optimal
linear feedback control in the absence of external disturbances.
Thirdly, the integral states will not appear in the control séheme
unless these states are weighted in the cost functional; i.e., P in
equation (3.11) must be positive definite. Finally, it is seen in
equation (3.11) that the integral gains are determined independently

of the proportional ones but the converse is not true.
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3.2 . State Variable Model

In order to apply the concepts of optimal control theory to the
AGC problem, the properties both physical and operational must be
translated into an appropriate state variable representation.

3.2-1. State Variable Model--PF Dynamics

The physical characteristics assuming that the PF and QV

effects are separable are recalled from equations (2.5), (2.6), (2.7),

‘and (2.10) and restated as

Mi iﬁ—f}- + DiAFi = APSi - APDI - APtiOI (3.14)
Tyy PP+ APy, = APy, - ﬁ% AFy (3.15)
dt :
dAP

Tsi'—zziL + APy = APy, (3.16)

n n
APy gy, = 451 APy, = (I, e 8G8y - 6y, (3.17)

11 171

The basic operating policy of interconnected systems [COl], i.e.,
a éero steady state ACE in the presence of a step increase in load de-
mand, must be translated into a mathematical relation. This steady
state characteristic is achieved by providing the controller with the

integral of the ACE (defined IACE). Hence a new model equation is
IACE = BI.AFi + APtle‘ (3018)

Several earlier studies [CAV, EL1, EL3] have failed to reflect this
property.

Now, equations (3.14) - (3.18) are converted into a state vari-
able representation as a system of first order differential equations.

Clearly, AF,, AR, , and AR, are fundamental choices for state variables.
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In this study and others [Ell, El4, REl, RE3], at least one tie line
flow AP;, emanating from the area is defined as a state variable rather
than the angles as state variables [E12, E13] or characterizing APy, as
a disturbance input. The net interchange power is then constructed
from the individual tie line flow state variables. Finally, the IACE,
is chosen as the last variable for the description of the ith area.

The following notation is adopted to describe the ith area:

‘AFI T —xlw

AP, Xp AP, = U,
APy, = Xa =

APy, | Xy APy, = V.
LIACE.L | X5 | .

Therefore the matrix equation of an n-area interconnected system is

X1 - Ml M1 O Ml 0 l R X1
|
1 1
Xg 0 - - 0 O oo X
Tga Tll : 2
1 1
0 T — o o e e e
*a T, K Ty, : *a
Xy TIQ 0 0 0 "T].B | s X,
_—n - - e e . e e = e e .- - y * ————
}‘4“ Bl 0 0 1 0 ' LI ] ){4“
. L . . . 1 L.
-~ - P—l | - f-v i (3. 19)
0 ‘ LN AN u boped 00 1
| —- My | ———
0 . .
| 0|
-y . + o ! .
Ty ' L
+ 11
[} ee e 0 | s e
O e
-;--' * -;-- ¢
0 ' LA 0 : s e e
- : -] .
- N - "
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The output is defined in two different ways. First, an output
that consists of the measurable variables, i.e., the frequency and

interchange power deviations, is considered. Hence,

- _ -
Va1 1 0 © o:...
Yoz 0 0 0 11t ...
NI N b

A second output consists of thosequantities that are to be regulated,

i.e., the ACEs. Therefore

| [

Ye1

w
o
o
1=

A complete set of equations in standard form have been presented
for a control area with the physical variables segregated from the in-
tegral ones, It is significant to note that the physical variables end
on number 4n-1, The reason is that only n-1 tie line power flow state
variables are needed to characterize an n~area interconnected system.
Such cases as interconnected areas with different rated powers and mul-

tiple interconnections between areas are considered in detail as needed.

3.,2-2., State Variable Model -- QV Dynamics

Generally, it has been assumed that the QV control operates in-
dependently of the PF control. In equation (2.9), it is shown that
voltage variation can effect the net interchange power deviation, hence
the QV control influences the PF dynamics. This is important because
several works [HAN, SC3] have shown that the voltage variation is ef-
fective in improving the system damping. In order to incorporate these

effects into the state model, a slight reformulation is needed,
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Voltage v;riation, AlE,l, affects both the interchange power as
seen from equation (2.9) and the effective load in each area [COL] by
an amount (BP01/B|E,|) AlE,l. The voltage variation which is prodused
by the exciter in effective zero time is one of the control inputs to
the PF channel, Therefore the reformulation is restricted to changing
the B matrix, the number of controls, the R matrix of the performance
index, and the definition of the ACE.

The only equation affected by the voltage variation is that of
A%i since both the net interchange power and the load enter this equa-
tion., It should be noted that the IAbEi equation is not affected be=-
cause only that part of the net interchange power produced by the angle
change is considered as a part of the ACE. Therefore, the power flow
produced by the intentional offset of the voltage is not considered as
part of the ACE.

Hence, the new B matrix is

[0 o 1 [P ] 1 ]
[ ] M [ﬂ%‘ +T1 MlTa [} . .
0 0 0 0
1
= b1 0 eoe * o e
B Ty, 0 0
0 0 0 0 "1 (3.20)
L . L3k
0 0 ... W% Ma[ﬂ%;l + T, X
L . * L] [ J

and the control is

U= [AP,, AP,; . . . A|E]| alEx] .. .]

with an approériate increase in the order of R.

Special attention is directed at the entries in the new B matrix.
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From equation (2.8) it is seen that T, can be either positive or nega-
tive with the outcome dependent upon the nominal state of the angles of

each area.

3.3, Performance Index as a Quadratic Functional

In most studies, little attention has been dévoted to the selec-
tion of the performance indices. This single fact has led to much of
the c?iticism of optimal controller design since the various perform-
ance functionals have not adequately represented the desirable operating
policies. The familiar integral square error (ISE) measure is used as
the performance index. Much effort is needed to devise a performance
index which reflects the basic operating policies, includes some system
limitations, and is easily modified to accommodate changing operating
conditions in the system.

Several earlier works [CAl, RE3, ROl, RO2] indicate that two
necessary elements for the performance index are the ACE, and IACE,
Obviously, the ACE; is included to reflect basic cperating policy and
to insure small fluctuations in the ACE;. This choice does lead to
larger frequency and power swings, but at an acceptable level in ex-
change for better ACE; characteristics. The IACE, is included to
minimize area supplementary control activity [ROl] and to insure the
appearance of the IACE;, in the control scheme (see equation (3.11)).

Physically, there are rate of generation change (RGC) limita-
tions for the prime mover., This is not reflected in the linear model,
however the responsibility of restricting excessive RGC remains. The
RGC A%‘, is limited by including it in the performance index as a linear

combination of the governor and prime mover variables as in equation

(3.16).
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Finally, the control AP,, must be included to satisfy equation
(3.11). This addition reduces the control effort and determines in
part the response characteristics of the controller. The relative
weighting between the control and the states is the most important
factor.

Therefore, the performance index for an n-area interconnected

system 1s expressed in ISE as

[+ <]
2
AP, , -AP
J =I i’; (o4*ACE,® + ReIACE,;? + y; » (APy, -4F; ) + AP, 2) dt
o {=1 T‘ia {
corresponding to
—ozlnf”* 0 0 @By | « o
|
0 T_Y:I"‘T - 'I'YjLa o I
gl gl I
Y Y | e o o
= 1 1 |
Q= 0o - 0
T, " Tgy” I
|
'Y L] L '
. . [ ‘ e o 0 (3021)
L] L] [ ] l
(8, 0 ... 1 0 ...
P = 0 Ba eoe y R = 0 1 oo

where T;, is dependent upon the number areas and the number of tie
lines.

The chosen performance index consists of all the essential ele-
ments governing the operation of an interconnected power system. It
should be noted that each element of the performance index has a
weighting parameter except the control. In these studies it suffices

to fix R as the unit matrix and to vary the weightings in Q.
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Clearly, the selection of the weighting parameters will determine
the nature of the response. The selection process can be made compat-
ible with the AGCR by relegating these decisions to the EACC and the
PCDC. One of the principle functions of the EACC is to control the
speed of response of the area which is achieved principally by varying
o; and B;. RGC limitations are generally determined by PCDC which is
done by selecting y;. The RGC is affected indirectly by o, and 8,
through the speed of response of the controller., All of the parameters
affect the stability.

Special atfention is to be devoted to the selection of 8; be-
cause of its pronounced independent effect. From equation (3.12), the
IACE gain is determined by %2 which is found independent of the other
partiZioned variables of equation (3.10). %a can be determined by
equation (3.11). Thus, the integral part of the control ul(t) is

separated from equation (3.12) as

up (t) = -R1B' Kyz(t) = K z(t). (3.22)

Now, a direct relationship between the weighting parameters
(i=1,2, .., n) and K; is established for an n-area system. Recall

equation (3.11)

K, BR-! B'K, - P =0

and then substitute the following matrices for an n-area system:

L
Ty,



Therefore,

BR-1BT =

o oo

OO0 O

| ©o o '©
|l o o o ©

Il DB

[

0
0
o [N N ]
0
0
0
:m [ N ]
0
10
0 1
0 o0
o 0 _q
0O 0
h,2 0 "
0O 0
N
_ 0
I 0
o
|
| 0
|
|
|
|
|
!
e
hy® k4
w—»u WOu. .—nou

kyy  kyp
ka1 kap
Ky = .
kyy  kna
0 wes
O [ N ]
1 eee P =
|
I
0 | 0
|
|
_ .
0 0 0 |
0 0 0 _
2 0
0 h® 0 |
0 0 o“
—.
. |
— [ )
¢ |
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=4

Thus with
Ka" Rp Ky = P
then
n
Z hia keaa = BJ for j=1,2, ese N
{=1
2 12 Ky, key = 0 for s,t=1,2, ... n

9 s#t.

One solution to this system of equations is

kal = 0 fOI‘ i,S=1,2,.... n
s#i

Koy = aB: for 1,8=1,2, ... n
s=i,

Hence,

kyy kg VB:1 kiy Kig kg 0 kg ...

R,o= [ke1 kaz 0 koy Kag Kyg Bz Kag ee

L L] [ ]
L] L] L eese
L] o L J
ot —

Now substitute ia into equation (3.22) which yields
n
ug(t) = -1§1 By z,(t) (3.23)

From éﬁuation (3.23) the gain of each integrator is seen to be
the square root of each of the corresponding main diagonal elements in
P. Furthermore, there is no coupling between integrators.

Three criteria are used to reflect the performance of the system
and each is given attention in selecting the weighting parameters. First,
the transient response is observed for desirable response character=-

istics. Secondly, the location of the closed loop roots determine the
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degree of stability of the system. Ultimately, the RGC is considered
when deemed necessary.

Therefore the following algorithm is suggested for the selection
of the performance index weighting factors. First, the speed of re-
set is chosen by selecting B, because of its direct relation to the
control. Then an appropriate value for @, is chosen to reduce ACE‘
fluctuations and to set the quick speed response. Finally, vy, is ad-

justed to limit the RGC to an acceptable level,



CHAPTER 4

COMPOSITE SYSTEM ANALYS1IS

Composite system analysis consists of determining the best con-
trol for the entire interconnected system. This procedure is not gen-
erally pursued in present day operation since each area is independent
and is primarily concerned with supplying its own load. The problem of
&etermining an optimal policy for each area with respect to the remain-
der of the interconnected system will be addressed in the next chapter.

The high order of the systems prohibits any meaningful analytical
solution. Hopefully, the design concepts have been illustrated, and
thus simulation studies of two and three area systems will demonstrate
a numerical application of the concepts. In this study the following

nominal numerical values are used for the control area:

H, = 58

D, = 8.33 x 102 pu mw/hz
T,, = ,08s |

Ty, = .38

R = 2.4 hz/pu mw

Basy = D, + 1/R = .42458 pu mw/hz
P = 2000 mw

T = ,545 pu mw

AP,, = .001 pu mw

F = 60 hz

41
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T, = 314 pu mw

OPp4

——— = 1.0 pu mw/puv.
3|E, |

4,1. Two-Area Interconnected System.

A study of a two-area interconnected system as in Figure 4 is
undertaken to illustrate the development procedure of a controller al-
gorithm. All aspects of the controller design will be considered in-
cluding normal and abnormal operation, effect of different bias settings,
unequal areas, QV control effect on PF operation, and the effect of
different berformance indices. These various topics will be developed

from equations (3.19), (3.20) and (3.21).

AREA APy 2 AREA
1 — 2

FIGURE 4. Simplified Two-Area System

A two-area system requires nine state variables for an indepen-
dent description. The frequency deviation, the incremental generated
power, the incremental valve position, and the IACE of each area are
chosen as state variables. Only one state variable is required to des-
cribe the net interchange power deviation since there is only one tie

line power flow between the areas. Clearly,

APt101 = APy,

AP

P
tieg = “8130P3 = “F, APy 5
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where a,, accounts for difference in the rated power of each area.

Therefore the following equations are applicable to a two-area

system:
% = A% + Bu + Dv
® (4.1)
J= %J (x*Qx + u'Ru)dt.
o
where

uy AP, vy APy
Ug APc 2 Va APD 2
F—-'EL L 0 0 0 0 -JL' 0 0
M, M, M,
o L L o o o o o o
gl gl
1 1
- 0 o— 0 0 0
Ty Ry Tyy 0 0 0
D.
2 -2 1 1
A=| o 0 0 M, % 0 e O 0
1 1
0 0 0 0 - — — 4] 0 0
Tsa Ts 2
1 1
0 0 0 0 - 0 0 0
TyaRy Tva
T1a 0 0 o 0 0 0 0 0
B, 0 0 0 0 0 1 0 0
0 0 0 B, 0 0 -a,, 0 0




A

"o 0 == o o 0 0 0 0
TVI .
BT - 1
K 0 0 0 o F= 0 0 0
-L 0 0 0 0 0 0 0 0
n M,
DT = 1
0 0 0 -=— 0 0 0 0 0
- M,
- -
B2 0 0 0 0 0 B 0 0
0 G R - 0 0 0 0 0
T2y T8,
Y1
o - B 0 0 0 0 0
Tfl Tlal
0 0 0 B 0 0 -oB, O 0
Q=| o 0 0 0 Yo Y2 0 0
©, T
Yo Y
0 0 0 0o - 0 0 0
=, T
Q'IB:. 0 0 '(XaBa O 0 0114'&'88%3 0 0
0 0 0 0 0 0 0 By 0
0 0 0 0 0 0 0 0 Ba |
1 0
R -
0 1

The gain matrices for various performance indices are given in

Appendix A.
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4.1. Equal Area Simulation

In connection with the design of the controller algorithm, there
is a need to establish the effect of certain parameters on system per-
formance and to demonstrate the operation of the control scheme during
normal and abnormal operation. As a matter of convenience, the study
is divided into two groups: 1) variation of the performance index
weightings, 2) variation of the bias setting for a fixed performance
index weighting during normal and abnormal operation. The numerical
values from the introduction to this chapter are used however, with

Performance Index Weightings

A collection of studies for various choices of «;, B, and Yy
of equation (3.21) are summarized in Table I. The measure of perform-
ance of each scheme is reflected by the transient response, the damping
constant, and the maximum RGC.

The following observations are made using case C, as a reference

(see Figures 5, 6, 7, and Table I):

1) C, and C; indicate that increasing the.weight of Q relative.
to R improves the damping constant in exchange for an in-
crease in the maximum RGC. The transient response is dom=~
inated by real roots. (See Figure 8 and Table I.)

2) The transient response is optimized [VAN], i.e., the closed
loop roots are aligned such that all are fartherest away .
from the jw axis simultaneéusly, when 8, is greater than o
as evidenced by cases C; and C,. (See Figures 5, 6, and 8.)

3) Speed of reset is determined by B,. (See Figures 5 and 6.)
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From cases C,, Cgq, and C,, the increase of the vy, weighting
significantly reduces the RGC at the expense of degrading the
transient response and a reduction in damping constant. (See

Figures 7 and 8 and Table I.,)

TABLE I
Performance Index Weightings
Bias = B,
ass | AE | e | G | i

Co 1 1 0 11.40
C, 10 1 0 15.00
C, 1 10 | o 15.35
C, 10 10 0 17.40
C, .1 1 0 11.07
Cg 1 .1 0 9.72
Cg .1 .1 0 9.06
c, 1 1 .1 9.30
Cs 1 1 .5 6.40
Co 1 1 1 5.09
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Bias Parameter Variation

The choice of the bilas parameter determines the amount of offset
between the frequency deviation and the net interchange power deviation.
In several studies [COl, EL2, KIR] the frequency bias constant is equated
to the area frequency response characteristic (AFRC) B,, This value of
bias insures that the static value of the ACE without supplementary control
is zero following a step change in load. However, if supplementary
control is used which contains the JACE, then the ACE will automatically
return to zero regardless of the choice of bias following a step change
in load during normal operation.

Additionally, the performance of the controller during abnormal
mode of operation needs to be considered. Two particular properties,
i.e., system stability and zero steady state ACE for the area giving aid
following a step change in load, are demonstrated for various bias

settings.

It has been suggested [EL2] that the bias choice for dynamic
operation should not be based on static requirements. In that study [EL2]
a bias value of one-half the AFRC is recommended for optimal perform-
ance of the system using a performance index which does not reflect the
effect of the ACE. In a later discussion [CO2], it is stated that one-
half the AFRC for the bilas setting has been discarded because it does
not work well in practice. Furthermore, the discussion [C02] indicates
that blas values greater than the AFRC work much better.

A study of the effect of various bias settings in Table II and
Figures 9, 16, and 11 are based on a specific performance index, namely
a =1, B = 1, and Y, = 0. The following observations are made:

1) Larger bias settings cause a faster system response time
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with more overshoot and a smaller ACE in the assisting area
the area during normal oéeration. (See Figures 9 and 10.)

2) A bias seﬁting equivalent to the AFRC has the largest damping
constant during both normal and abnormal operation. When
comparing small bias settings to large ones, the latter is
seen to produce systems with a larger damping constant.

(See Figure 11.)

3) Large RGC is associated with larger bias settings. (See
Table II.)

4) Systems with large bias settings are dominated by complex
roots while real roots dominate systems with small bias
settings. (See Figure 11.)

These examples illustrate the variation in the performance that
is agsociated with each bias setting. If different performance indices
are used for each bias setting, then larger damping constant, improved
transient response and iower RGC are possible. Finally, since the
discussion [CO2] does not specify what is meant by the best performance,
this study suffices to illustrate specific desirable properties associ-

ated with each bias setting.



TABLE II

Bias Variation

Bias ACE JACE RGC Maximum
o, B, Y, RGC %/Min
NORMAL OPERATION
Bas 1 1 0 10.60
By 1 1 0 11.40
28,, 1 1 0 13.30
ABNORMAL OPERATION
28us 1 1 0 6.08
Bag 1 1 0 7.50
2B,, 1 1 0 8.22
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4,2-2, Unequal Arxeas

This section is designed to demonstrate the effect of different
area sizes upon tﬁe performance of an interconnected system. In each
case a disturbance is introduced into the smaller area to measure the
effect of the larger one on the former omes performancé. Each inter-
connected system is comprised of two areas with one being an integral
multiple of the other. The particular numerical examples are multiples
of 2, 4, and 10 for the same performance index, namely o, =1, B, = 1,
and vy, = 0. The results of the study are shown in Figures 12 and 13.

One of the most interesting properties of the optimal controller
is that the ACE of the smaller area is virtually the same regardless
of the size of the larger area. This result is obtained by a trade-
off between the frequency and interchange power deviations. As the
larger area increases in size, the frequency deviations in the smaller
one swing positive as the power flow between the areas increases, there-
by maintaining a near constant ACE. There is no significant change in

the damping constant or in RGC.
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4,1-3, QV Control Effect

In several studies [AND, DAV, KEL, YUY] optimal control theory
has been applied to exciter control for transient stability. Other
studies [DUR, EL3] have used optimal control theory for exciter control
in an effort to influence the PF channel. The study in this section
is directed toward this latter use of exciter control.

In section 3.2-2, the system equations have been modified to
account for QV effects. This has been achieved by changing the B-matrix

to the form of equation (3.20) which for a two-area system is

o

0 0o == 0 0 0 00 0
Ty,
1
0 0 0 0 0 —=— 000
TV2
BT =
11 0Py, 1
- A% L7 o 0 27 0 0O 00 0
wlame] * ) ™
1 .l;[ oP ]
-Lo 0 0 =22 47 |0 0 00 0
M, 2 ML 3|E,| ° ..
S [ ]

It may be noted that the numerical values of T, and T, may be either

positive or negative.
The R-matrix of the cost functional must be modified so that the

two new controls are accommodated, The new matrix is

B 0 0 0
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W, and w, are adjusted to penalize the effect of eaéh QV control
while the Q-matrix is held constant with ¢y = 1, 8, = 1, and y, = 0.

As stated in section 3.2-2, the sign of T, must be given careful
consideration. An examination of Figures 14 and 15 and Table III
verifies this concern. The addition of QV control does significantly
reduce the ACE magnitudes and reduces the RGC by effectively shedding
load via changing the voltage. However the degrge of effectiveness is
determined by sign of T,, hence the nominal state is important. The

damping constant is virtually unaffected by QV control.

TABLE III

Effect of QV Control

“ APpe 2 APoe 2 BEs ] : AlEs] RGC /i

® . .00100 0 6 0 11.46
POSITIVE T,

10 .00082 | -.00003| -.0158 - 0057 10. 38

1 .00067 { =-.00016| -.0665 -.0312 6.54

1 .00060 | -.00047| ~-.0797 -.0938 2.94
NEGATIVE T,

10 .00099 .00004 | -.0026 .0077 11.22

1 .00086 .00018 -.0331 .0369 10.14

.1 -.00005 .00048 | -.2092 .0956 6.24
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4,2, Three Area System

Anmulti-area system has several inter-area tie lines thereby
providing the opportunity for circulating power flows within the inter-
connected system, As power is exchanged among areas the direction of
movement and the amount is determined by the size of the tie line and
the dynamics of the areas. A two-area system does not exhibit the
direction of movement property. The simplest multi-area system with
these properties has three areas which is shown in Figure 1l6. The sys-
tem equations for a three-area system are significantly different from

those of a two-area system.

FIGURE 16. Simplified Three-Area System

In the case of a three~area system, there are at most three tie-

line power flows, but not all are independent. The following demonstrates

the dependence of one of the tie line flows. The flows are

BPyg = Ty5(6y = 6,)
APy = Ty5(65 = 83)

OP3y = T3, (65 - 8,) .
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The expression for AP,, does not introduce any information
which is not present in the expressions for APy, and AP,,. Therefore,

by combining the expressions for APy, and AP,,, it is easily shown that

TyadP 5 + T12AP23-|

Je

APy, = =Tgy [
Taa Ty

The expression for AP, is simplified to

Ta,y Tay
APy, = -Tia APy, - Taa AP, 4

or
APyy = =by AP, = byAP,, .

Clearly, one power flow is dependent.

Therefore, the net interchange power for each area is

APtie]_ = APIQ - APSI = (1+b1)AP13 + baﬂpaa
OPyyo, ™ APy5 = APy,
0Py, pq = APyy = OPy3 = =by AP 5 + ~(by+1)AP,;.

Now; the set of equations for an interconnected system with equal
area dynamics but with different size tie line between areas can be
expressed in the form of equation (4.1). The performance index is chosen -
as =1, B, = 1, and y, = 0. The matricies for B, D, and R and the vec~
tors Uand Vare logically extended to accommodate the third area. The

A

A and Q matrices are not as simple and thus they are given:
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A collection of three-area systems with different sets of tie
line sizes is displayed in Figure 17. In each case, an optimal con-
troller is derived for the same performance index, namely o, =1, 8, = 1,
and y, = 0; then the system is simulated with a step disturbance in
area 1 only. The significant results of these cases are summarized in
Table IV. The numerical values in Table IV are recorded at the peak

value of ACE, which occurs at about .6 second.

T23=o2725

- ®

FIGURE 17. Three-Area Test Cases
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TABLE IV

Three Area System

Net Interchange Power Tieline Power Flow

CASE .ACE 1 ACE 2 ACE 3 P, P, ' P, APy o APog OPa,y
I -.00128 .00014 .00014 -.00068 .00034 .00034 -.00034 0 .00034
II -.00123 .00009 .00014 -.00055 .00021 .00034 -.00019 .00002 | .00036
III -.00123 .00014 .00009 -.00055 .00034 .00021 -.00036 -.00002 | .00019
jAY -.00126 .00015 . 00008 ~.00056 .00037 .00019 -.00037 0 .00019
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The following observations are made for the three-area studies:

1)

2)

3)

4)

For a system with equal tie lines, there is no power flow
between the assisting areas, hence each area shares equally.
For a system with unequal tie lines, there is power flow
between the assisting areas with the flow in the direction
of the largest line.

The size of the tie line between the assisting areas had little
effect on the system response.

If a two-area system is compared to a three-area system
where the respective dynamics of each area and the tie lines
are equal, it is noted that the latter system has smaller
frequency deviations and a lower RGC tham the former system.
Although the effective transmission seen by the disturbed
area of a three-area system 1s twice as large as that seen
by the disturbed area of a two-area system, the net inter-
change power to the disturbed area is increased only by

about 50 percent.



CHAPTER 5

DECOMPOS ITION METHODS

In the previous chapter, the supplementary control for each area
has been optimized for a performance index which reflects the operation
of the entire interconnected system. This is not necessarily the most
desirable form of control, and furthermore, this is not the approach
employed in practice. Sincé each area is finally responsible for supply-
ing its own load, an alternmative control strategy is one that is optimal
for its area only. 1In addition, an area does not want to take supple-
mentary control action when the adjoining area has a disturbance.

In this chapter two different approaches are taken to derive an
optimal controller for each area of the interconnected system. These
local controllers are compared with the ones found by the method of
Chapter 4. The methods of this chapter are examined for two reasons:

1) to derive an optimal controller for each area and 2) to introduce

methods for optimizing a multi-area system via reduced computation effort.

5.1. Infinite Bus Analysis

One of the classical tools employed in power system studies has
been the infinite bus‘characterization of systems. In stability analysis
this type of apprnach has been used successfully. The exploitation of
the infinite bus concept in effort to generate a local controller, i.e.,
one which employs information only about its own area, is of primary
interest. For an intercomnected system of several areas, an optimal

control strategy requires a monumental computational effort and a good

72
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communication channel for implementation. The infinite bus approach
obviates these difficulties.

A system is classified as an infinite bus when a change in load
power, either real or reactive, does not change the system frequency or
voltage. In previous examples of this study the frequency of the
adjoining areas does change. This is important because the frequency
deviation determines the angle which is proportional to the power flow
between the areas. For this study it is desirable to explore the possi-
bility of treating adjoining areas as infinite buses for optimization
purposes then simulate the system with full dynamics.

The infinite bus approach may be classified as a method of aggre-
gation. If a dynamical system S; 1is chosen to represent the significant
dynamics of a system S,, then S; is said to be an aggregate model of S,
[WES]. The fundamental question arises as to what justification can be
given for the selection of S;. If a power system is "weakly coupled,"
i.e., the size of the tie lines are small, then there is little inter-
action between the areas. An infinite bus representation is justified.
For large tie lines the system is classified as "stiffly coupled' and
thus infinite bus representation may be invalid.

Using the 1ﬁfinite bus approach only requires modification to
one control area equation, i.e., net interchange power. The infinite

bus representation of the interchange power is

n
J#l

With this representation each area is separated from the adjoining ones,
and the effective tie line to the infinite bus area becomes the sum of

the individual tie lines emanating from the area.
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Using the infinite bus representation, the individual control
areas become disjoint with one another. Therefore, the control for each
area is derived from the variables of that area only. The optimization
of an n-area system 1s converted to n optimizations of single areas.

The system is reduced to independent 5th order sub-systems. The follow-
ing procedure will consider a local controller using the full dynamics

of the adjoining areas.

5.2. Suboptimal Control Analysis

Since it may be desirable to find a local controller for each
area, a procedure which is dependent on the dynamics of the areas but
independent of their control is explored. The class of deterministic
controllers for the linear quadratic problem which does not incorporate
all state variables of the system is called a suboptimal control. A
method [LEV] for determining this suboptimal control has been presented
and a numerical algorithm [BUC] for the application of the method is
available.

The suboptimal control problem may be summarized as solving the

equations

x(t) = Ax(t) + Bu(t)

g(t)

(5.2)

Gx(t)
for a control

u(t) = -Lg(t) = -LGx(t)

which minimizes the performance index
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3 .% [xT (£)Qx(t) + uT (t)Ru(t)]dt.

o&e—8

If the equations are written in closed loop form
x(t) = (A-BLG)x(t),

then the solution to the problem is obtaining L. It has been shown [LEV]
that L can be found independent of the initial conditions on equation
(5.2) if the optimization process minimizes the expected value of J
while assuming a uniformly distributed set of initial conditions on a
unit hypersphere. |

Before the suboptimal control concept can be applied, some mod-
_ification to the power system equations is necessary. Only one control
of the interconnected system is considered, therefore tﬁe B-matrix is
reduced to one column. Furthermore, the JACE of the adjoining area
is eliminated since it is not actually a part of the system dynamics.
The cost functional reflects only one control area. The equations for
a two-area and a three-area systems are reduced to 8th and 12th order

respectively.

5.3. Simulation Results

An application of infinite bus (IB) and suboptimal control (SC)
approaches to optimization is presented for both symmetrical two-area
and symmetrical three-area systems. The numerical values from Chapter &
are used and a disturbance is introduced into one area only. In the
three-area case only one of the assisting area transient responses is
shown since the other one is identical. The transient responses and
the closed loop roots for each method of optimization are displayed in

Figures 18 thru 22,
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First consideration is directed at the IB approach. 1In the
two-area studies for small tie line constant, i.e., T,, < .545 corres-
ponding to a maximum transfer of 107 of the rated power of the area,
only a slight degradation of the transient performance and some loss in
damping constant is noted. For a large tie line constant (T,, = 2.725
corresponding to a maximum transfer of 507% of the rated power of the
area), there is significant change in the transient pérformahce and the
damping constant. The three-area system performance is only degraded
slightly. This is significant because the effective tie line constant
of each area is 1.09 corresponding to a maximum transfer of 20% of the
rated power of the area. From this study a tie line with a maximum
capacity of 20% or less, IB optimization can be used effectively, however,
for a tie line with a capacity of 507% the system performance is degraded
significantly.

The SC procedure is obviously very successful. The degradation
of the transient performance is only slight in all cases studied, however
there is some loss of damping constant but not as severe as the IB
method. Evidently, the SC procedure produces a local controller which

very nearly optimizes the entire interconnected system.
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CHAPTER 6

CONCLUS IONS

This study has endeavored to clearly define the AGC problem and
to demonstfate how optimal control theory can be applied and be compat-
ible with present day practices and operating policies. A general pro-
cedure has been presented for the analysis of an n-area system with
spceific application to two and three-area systems. The various control
schemes are chosen to minimize a particular cost functional form. All
cases have been tested for a step input_disturbénce.

Based on the cases used in this study the following conclusions

have been formulated:

1) As the performance index is changed, i.e., o, , 8,, and vy,
are varied, a trade-off among transient response, damping
constant, and the maximum RGC occurs.

2) The speed of reset is determined independent of the remainder
of the optimization process for an optimal interconnected
system controller.

3) A bias setting equal to the AFRC optimizes the transient
response.[VAN]. Systems which operate with a bias setting
greater than the AFRC have a larger damping constant and
faster responses than systems with bias settings less than
the AFRC, but higher RGC.

4) For a system with two-areas of different size, there is an

increase in frequency oscillation and an increase in power
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5)

6)

7)

8)
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flow between the areas but the ACE in the smaller area

is unaffected for the cases considered in this study.

The use of QV control to influence the PF dynamics is
successful in damping the ACE swings by shedding load and
increasing the net interchange power via offsetting the
voltage.

From the three-area study; a reduction in frequency deviation
and maximum RGC are noted in exchange for an increase in net
interchange power when compared to a similar two-area system.
The IB concept is successful in reducing Eomputation effort
and producing a good local controller.

A local controller produced by the SC approach is near optimal

for the entire interconnected system.
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APPENDIX A

The following matrices represent the optimal gain coefficients

for the two-area cases analyzed in sections 4.1 and 5.3.

The following

notation is adopted for interfacing these matrices with the material

presented in the text:

u = K;x
where K, is an mx(nt+r) matrix and
AT :
x = [F Pes Pyy Fo B

K, for each case is as follows:

Case CO from Table T

- 424 -.661 ~.163 .079 .115

—

Case c1 from Table I

-1.386 -1.719 -.386 .284 271
284 .271 .052 -1.386 -1.719

Case C2 from Table I

.130 <147 .031 -,863 =-1.135

[--.863 -1.135 ~-.267 .130 147

Case 03 from Table 1

—
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.079 .115 026 -.424 -.661

-1,712 -1.978 -.432 .319 .282
.319 .282 .052 -1.712 -1.978

Pya

.026

--163

.052

"0386

.031
-.267

.052

- 0432

Pla

.176

"0176

-.191

.191

-.034

.034

- 0522
522

IACE, IACE] .

.000

- ‘994

.000

"30162

. +000

-3.162

.000

.000

-1.000

—_—J

.000

- .994

| I— |

{

.000

-3.162

.000
-3.162



-.2

25

- .019

-.291
.067
- .086

.011

-.439

- 0439

-.031

-.262

.125

-.828

.007

Case C4 from Table I

-.367 -.093 .019 .035 ,008 .074
.035 .008 ~,225 -,367 -.093 -.074

Case C5 from Table 1

-.499 -.125  .067  .110 .026  .229
.110  .026 -.291 -.499 -,125 -.229

Case 06 from Table I

-.158 -.041 L0l1  .024 .006 .062
0024 .006 -.086 -0158 -.041 -.062

Case C7 from Table I

-.601 -.559 .065 .110 .019 446
.110 0019 -.439 -0601 -.559 -0446

Case C8 from Table I

"0240 "1-585 0014 0050 .005 -920
0050 .005 --446 "‘0240 "1.585 -0920

Case C9 from Table I

-.199 -2,465 -.031 -.034 -.003 1.179
~.034 -.003 ~.439 -,199 -2.465 -1.179

From Table II with the Bias = %ﬁ‘i for normal

-.425  -.107 .125 .186  .045 ~-.139
.186 045 -.262 -.425 -.107 .139
From Table II with the Bias = 28,, for normal
-1.155 -.271 .007 .034  .007 +824
.034 .007 -.828 ~1.155 -.271 -.824
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0000 -10000
-.308  .000]
. 000 -“BQEJ
-.314 .000
0000 -0314
-1¢000 .000
.000 -1.000
-1.000  .000]
.000 -1.000
-1.000  .000]
.000 -1.000
operation
-1.000  .000]
.000 -10000
operation
-1.000  .000
0000 "1.000




-.423
.609

-
- 0426

.063

- 0429

.060

-.370
«053
.079
.024

[-.338
-.026
010

-.291

- 433

.000

- 0414

| .000

[.507

.162

- QV Control for Negative T

Unequal Areas--2 Times
-.,658 -,162 .060 .091 .021 .109

.094 .021 -.395 -.617 -,153 -.057
Unequal Areas--4 Times
-.661 -.163 .051 .081 .019 .074
.085 019 -,379 -.59% -.147 -.017
Unequal Areas--10 Times
-.664 -,163 .050 .076 .019 .052
.079 .018 -.369 -.579 -.144 -.001
QV Control for Positive Tj with o = 1.
-.579 -.143 .054 .078 ,018 ,151
.078 .018 -.,407 =~-,637 -,157 =-.165
.075 .015 -,048 ~-,043 -.008 ,072
.024 .005 ,007 .009 .002 ,010

1 with o = 1.

-.535 -.133 -,030 -.043 -.011 .121
-.042 -,011 -,186 -.291 -,072 -,063
.122 .028 ,161 J144  ,029 -,092
-.219 -.039 .454 .358 .067 -.617
Infinite Bus Optimization with le = ,545
-.671 -.165 .000 .000 000 .038
.000 .000 -.433 -.,671 -,165 -,038

Suboptimal Control with T., = .545

12
-.654 -.141 ,000 .000 .000 .229

0000 .000 -5414 -0654 ".141 "-229

Composite Optimization with T., = 2.725

12
-0877 -0209 .162 .331 .073 .740

.331 .073 -.507 -.877 -.209 =-.740
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-1.000 .029]

.029 -1.000

-1.000  -.044]

.004‘ "'1.000

-1.000  -.054]

.054 -]-COOO-J

.-.885  -.033]
-.047  -.977
.137  -.063
051 .023
-.861  -.191)
140 -.466|
.266 .355 |
- 411 788,
-1.000 .000)

.000 -1.00QJ

-.993 000
.000 -.993
-1.000 .000]

. 000 - 1 . 000_




- 0605
.000
- .465

.000

Infinite Bus Optimization T,, = 2,725

-.951 -.228 .000 .000 .000

.000 .000 -.605 -,951 -~-.228
Suboptimal Control with le = 2.725

-.821 -.161  ,000 .000 .000

.000

.000 -.465 -.821 -.161

404
- 0404

791

-.791

-1.000

.000

-.959

.000
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