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NOMENCLATURE

£* nominal system frequency in Hertz
Hi inertial constant in second
Ptie i tie-line power in MW, positive means flowing out of the i-th
area
APtie 1 incremental change in tie-line power in MW
Afi incremental frequency deviation in Hertz
Di load frequency constant in pu MW/Hz
dei incremental load demand change in pu MW
APgi incremental generation change in pu MW
AX inecremental change in an equivalent area governor valve position
gvi in pu MW
APci inecremental change in speed changer position in pu MW
Tiv tie-line power flow constant in pu MW
Tti turbine time constant in second
gvi speed governor time constant in second
Ri area equivalent self regulation of generation in Hz/pu MW
Pri rated megawatts of area 1 in MW



CHAPTER I
INTRODUCTION

An electric energy system must be maintained at a nominal state character-
ized by nominal frequency, voltage profile, and a load flow configuration
through megawatt-frequency control and megavar-voltage control. In the inter-
connected power system in North America, the ﬁegawatt-frequency control is
obtained by conventional automatic generation ceatrol - the incremental speed-—
changer position is established by control action that is proportional to the
integral of area control error (ACE). Typically the ACE is a linear combina-
tion of the frequency deviation from scheduled frequency and tie-line flow
deviation from scheduled flow. In order to minimize the frequency and tie-line
flow deviations and the control effort, Elgerd and Fosha [1] developed a math-
ematical model for interconnected power systems in state variable form. Qpti-
mal linear regulator theory was then applied to the model to design an optimal
feedback controller. The resulting control variable is a linear combination of
all the state variables in the whole interconnected system. Elgerd and Fosha
showed that the response of the system with such a controller is better damped
when subjected to a step disturbance than that which is obtained when a conven-
tional automatic generation control strategy is utilized. But when implementa-
tion is considered, the Elgerd and Fosher controller seems to be impractical
because the real interconmnected system may have several thousand state vari-
ables. As the dimension of the system becomes as great as several thousand,
it is very difficult, if not impossible, to obtain the optimal controller
parameters by solving the matrix Riccati equation. Also, it is impractical

for the centroller in a2 control area to obtain information concerning thzs state
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variables in all other control areas. So an approximate decoupled model of
the interconnected system is developed and used as a basis for the design of a
suboptimal controller. The incremental speed changer position of each area
then depends only on the state variables in that area, The only coupling be-
tween areas in the interconnected system model appears in the tie line flow
terms, whicli depend on the difference in the integrals of the respective fre-
quency deviations of the interconnected areas. An approximate model can be
obtained by assuming that these integrals of fregquency deviations are scalar
multiples of one another. This allows the tie line flow deviation in a given
area to be approximated in terms of its own state variables. The system
matrix, A, is altered slizhtly and each area can be regarded as a single area
control system in a mathematical sense. This approximate model is valid only
for the transient state and so the eoptimal feedback controller {speed-changer
position) is designed to reduce swings of freguency and tie line deviations
during transient state. It is shown, by example, that the steady state per-
formance is comparable to that of other controllers that have appeared in the
literature. The performance of the suboptimal controller was simulated using
the customary system model of a two-area two-source system., This strategy is
referred to as decentralized optimal automatic genmeration control.

Compared with advanced automatic generation control [1], the response of
decentralized automatic generation control subjected to a step disturbance is
almost as good as that of advanced automatic generation control but less infor-
mation about the state variables is needed, Besides, it is much easier to
sclve the matrix Ricecati equation for the decentralized automatic generation
control strategy than for the advanced automatic generation centrol strategy;

the dimension of the model is reduced many times. In this manner it becocmes



practical to apply optimal control theory to the automatic generation control
for a large interconnected system,

The response requirements which an interconnected system must satisfy
are as follows [1, 9]:

1. The static frequency deviation following a step-load
change must be zero.

2, The static change in tie-line flow must be zero.

3. The transient frequency deviations should not exceed
* 0,02 Hz under normal conditions.

4., The time deviation represented by the integral of
frequency deviation should not exceed * 3 seconds.

Requirement 1 holds only if the area in which the step-load change occurs
has adequate generation capacity to fully accommodate this change, If it does
not, the system operation objective will be altered to allow the static freg-
uency error to persist to a degree sufficient to permit other areas to provide
assistance to the area in need, for the full duration of the need.

Requirement 3 holds only if the area in which the step-load change occurs
can adjust its own generation to meet the change in demand., If it cannot, the
operational specifications are altered to permit the static error to persist
so that other arecas can provide sustained assistance to the area in need, for
the full duration of the need.

Because of limitations on machine dynamics, the commanded power generation
and rate of generation change may exceed certain machine limitations. A de-
tailled analysis of system response under these "abnormal conditions" will be
discussed later in this thesis in order to show the validity of the strategy

that has been developed.



A discussion of optimal linear regulator theory and related numerical

solution techniques are presented in Appendices A, B, and C.



CHAPTER 11
CONVENTIONAL AND ADVANCED AUTOMATIC GENERATION CONTROL
— THE STATE OF THE ART —

Automatic generation control, which was formerly named lcad frequency
control of electric power systems, 1s concerned with the regulation of the
power output of the electric generators within a prescribed area in response
to changes in system frequency, tie-line loading or the relation of these
quantities to each other, so as to maintain the scheduled system frequency
and/or the established interchange with other areas within predetermined
limits., The basic feature of the conventional automatic generation control
strategy is that each area acts to reduce its own area control error (ACE)
to zero after an imbalance between generation and load occurs somewhere in
the interconnected system. In the steady state both frequency and tie-line
flow deviations are zero provided that each area can regulate its own load

fluctuations and is properly centrolled.
SYSTEM DYNAMIC MODEL

Two assumptions have to be made in developing a mathematical model suit=-
able for studying the automatic generation control of electric power systems.
The first one is that for an incremental change in demanded power, the magawatt-
frequency control, or "P-f control", and the megavar-voltage control, or
"Q-V control™, can be decoupled and considered separately. The second one
concerns the coherency of an area, i.e., it is assumed that the individual

electrical connections within an area are so strong, at least in comparison
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to the ties between adjoining areas, that each area may be characterized by

a single frequency.

In the i-th area of an interconnected electric power system the system
equations, which consist of the equations for power equilibrium, the incre-
mental tie line flow, the change in generatiom, and the incremental valve
position of speed governor, as developed by Elgerd and Fosha [1, 3] in the

state variable form are shown as follows:

2Hi d

T gc Of; + DyAfy + 5Ti§ (Jafjdt - Sof dt) = P,y = BPgy (1)
g 1 1
dt APgi = - Tti APgi + Tti ﬁxgvi (2)
Te Mgys = - BXgyy = T fy + AP (3)
dt gvi Tgvi g gviRi i Tgvi ci

The definitions of these variables and parameters are listed in the nomen-
clature. Tgvi is a measure of the reaction speed of the speed-control mechanism.
Its normal value is less than 100 nms, T¢y is the turbine time constant for a
nonreheat turbine generator. Its typical value lies in the range of 0.2 to 2
seconds, Ry 1s the frequency change for per unit MW generation change, a
parameter of the speed governor system,

The state and control variables in the i-th area are defined as follows:

X31 A JOP¢ieqdt
A fAfy dt

A ofy (4)



The model of a general multiple-input-multiple-output control system is
shown in Figure 1. The interconnected contrel areas are shown in block diagram
form in Figure 2, Figure 3 shows a simplified scheme of a typical mechanism
for output power control of a steam driven generator. Figure 4 displays the
system dynamic equations in block-diagram form. Only the 1~-th area is shown
in Figure 4,

In the following, a two-area, two-source system is considered, which will
be used as a typical model for simulation purposes later in this thesis., The

tie-line flow deviation in the first area is proporticmnal teo that in the second

area, i.e,
BPiie2 = 217 BPriel
where

ajp & -Pr1/Pro

The state variables and control variables are defined according to equa=-

tion (4) as follows:
X g JAP 4t
Xo9 A JAf,dt
Ry & A5
x4 4 AP
x5 A AX
Xg A SAfadt
xy A Af)
Xxg A AP

xg A AX
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After substituting the definitions of the state and control variables in

equations (1) through (3), we obtain the state equation for the two area

dynamic system as follows:

where

X = AX + Bu +T APg

T15 0 0 0 -Tq15" 0 0 0
0 g 0 0 0 0 0 0
2H; 21, 21; 2H;
1 1
0 0 T Te 0 0 0 0
S | o -1 0 0 e o0 |
Tglel Tgvl |
0 0 0 0 0 1 0 0
B Te g t o HptTpt & Al
2H, 2 211, 211,
0 0 0 0 0 H R .
T2  Te2
0 0 0 0 0 1 o -t
TgvaRa TgVZ
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”~ ~
0 0
] 0
] 4}
0 0
1
0
Tgvl
B=| 0 o |,
0 0
o o
0 .......1;...
~ Tgv2
P N
0 0
0 0
0 0
0 0
- 5=
2H;
re=1,o 0 |,
0 ¢
0 0
. f*®
0 =g
\ 2 )
and
- APdq
&g Apdy | *

The matrix T is called the disturbance distribution matrix while the
matrix A is referred to as the system dynamics matrix and B as the input

distribution matirx, Optimal linear regulator theory requires that the term
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PAPd disappear and that the state variables be driven to zero. This Im turn

requires that the following change of variables be made.

1
xi é Xi - X.

i= 1.2' seell
1ss

which shifts the reference position of the system and puts the system equations
in the form
X' = AX + Bu! (E))

X'(0) = =Xqq

where Xgg 1s the static state vector. For the two-area, two-source system

under normal conditions, the components of X.g are as follows:

Xlss © J: b8P 3t
Xpes = |, Af1dt

X355 = 0

Xhgg = LPE)gg = APd)

XSSS = ﬂxass = APdl

a0
Xggs = IO Afzdt
X7gs = 0
xSSS = APgZSS = Asz

Xggs = Fgss = APdp

CONVENTIOUAL AUTOMATIC GENERATION CONTROL

The control strategy being used in the electric power industry today is
referred to as conventional automatic generation control. In this conventional
control strategy, the incremental change in speed-changer position, APci, is

proportional to the integral of the area control error (ACE). ACE is usually
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defined as a linear combination of tie-line flow deviation and frequency devia-

tion, that is
ACEj(t) = AP, i(t) + ByAf,(t) (6)
BP.3(t) = =Ky[TACEi(t)dt (7

where AP ;. ;(t) is the net deviation of tie-line flow out of the i-th area;
Afi(t) is the deviation of the i-th area frequency and By is a frequency bias
coefficient, which is usually selected to be equal to the area frequency

response characteristic (AFRC) of that area.

Bi = AFRCi

K; 1s the integral gain in the i-th area.

1l or 2 and so

1

For a two-area, two source system, 1

]

AP.1(t) = Ky [ (AP 4.,(t) + BjAfi(t))de

8P ,(t) = Ky [ (8P4 ,(t) + Boafy(t)de

tie

Static System Response

Under normal conditions, following a step load change in either area, a
new static equilibrium, if it exists, can be achieved only after incremental
changes in speed-changer positions,i?cland APcz, have reached constant values,

i.eI

BPrie1,stat + Bibfgrar = O

APtiez.stat + Bobf pap = 0
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where the subscript stat means static values, Evidently these conditions can

be met only if
Afgrar = 0
and

APtiel,stat = APtieZ,stat =0

The steady state frequency and tie-line flow deviations are thus eliminated.

This is the result of integral feedback control,

Simulation - Two-Area, Two-Source Systen

The following system parameters are used throughout this thesis,

Py = Py = 2000 I
H; =Hy =5 seconds
D; =Dz = 8.33 x 107 PuMi/Hz

Tty = Tga = 0.3 second
Piie pax = 200 MW

le* = 0.545 PuMy

Tgy1l = Tgyz = 0.08 second
Ry =Ry = 2,4 Hz/PuMW

The case in which Ky =K, = 1, By = By = 0,425 is simulated by solving
the system state equation using subroutine RKGS in IBM Scientific Subroutine
Package and plotted by using CalComp Model 663 digital incremental drum
plotter (Appendix C). The system data and response of of,, Af, and AP 4,
are shown in Figures 5, 6, and 7, Apparently, the frequency and tie-line
flow deviations are highly oscillatory and poorly damped when conventional

control strategy is used.
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Since any type of deterministic disturbance can be expressed as a super-
position of step functions, and the system is assumed to be linear, the
response following any disturbance will also be a superposition of the re-
sponse to step disturbances., This fact justifies studying system behavior

in terms of the system response to a step disturbance.

Comments on the Choice of Frequencv Bias

As recommended by NAPSIC and presently used in electric utility industry,
frequency bias is chosen to be equal to AFRC [9].

If the integral of squared error (ISE) criterion is chosen as a measure
for the quality of transient response, the objective is then to look for the

optimum value of K; and Bi to minimize the function value C defined by

C=C (K, By)

= 2 2
= [, (8P,3, + adfy)de (8)

where the parameter @ in (8) is a weighting factor which determines the
relative penalty attached to the tie-line power error and frequency error
respectively, It was shown [17] that the optimum value of B, is less than
AFRC.

System equation (5) can be further expressed as

X = AX (9)

since u' is the linear combination of the state variables. From the Liapunov
theorem for lincar systems, the equilibrium state X(0) of the system (9) is
asymptotically stable if and only if given any symmetric, positive-definite

matrix Q, there exists a symmetric, positive definite matrix P which is the
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unique solution of the set of n(n+l)/2 linear equations
AP + PA = —Q (10)

Taking Q in equation (10) to be a unit matrix and differentiating with respect

to any control variable v, then

At3P 4+ 3P 4 = p

oV oV
t
where D =2A" p 4+ p3A
oV ov

The sensitivity of T with respect to the control variable v is given by

[18]

=y 9Py
av

where Y is the eigenvector of P corresponding to the eigenvalue T and T is

the largest eigenvalue of P, According to this sensitivity analysis [15], it
was shown that frequency biases should be chosen to be less than their AFRC so
as to correspond to the zero-crossing of the sensitivity measures, i.e.,

Sgi = 0, However, Bj can be chosen equal to AFRC4 without significant deter-
ioration in system transient response. This is due to the fact that the
dynamic response measure is not overly éensitive in the vicinity of near-zero

crossing, BDut selection of By much in excess of AFRC, leads to oscillatory

i

transient response,
ADVANCED AUTOMATIC GENERATION CONTROL

In the advanced automatic generation control strategy [1], the controller,
APci' is the linear combination of all the state variables in the interconnected

system rather than being the integral of ACE only,
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(4, |

U= | &P,y | =KX

| b, ]

where X 1s the state vector and K is the feedback gain matrix obtained by

optimal linear regulator theory to minimize the performance index. For the
two-area, two-source system, in order to meet the requirements stated in

Chapter I, the performance index is defined as
© 2 2 2
J = Jol(Afl)z + (8£9)% + (8P o) + (Jaf1dE) + (fafpde)” + (8P.1)2

+ (apcz)z] dt

According to the model used in this thesis, the matrices Q and R are defined as

i )
1 0 0 0 0 0 0 0
0 T2l 0 I SPC L 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0
Q = 0 0 0 0 0 0 0 0
0 -Tpo*? 0 0 Ti*%1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
\ J
10
R=lo1

A discussion of optimal linear regulator theory and related numerical

solution techniques are given in Appendices A, B, and C.
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Some features of advanced automatic generation control are as follows:
1. The control law is defined to be a linear combination
of the state variables. The constituents of this linear
combination are independent of the disturbance.
2. Each area regulates its own load fluctuation (if possible).
3. Each area contributes to the control of system frequency.
4., In the steady state, frequency and tie-line power are
returned to schedule in all areas.
5. The transient frequency oscillations (swings) are reduced
without a large increase in magnitude and speed of control,
6. The number of AGC signals sent to the plants is reduced

without compromising other AGC objectives.

Simulation ~ Two-Area, Two-Source System

For the given Q and R, the feedback gain matrix is obtained by solving
the matrix Riccati equation. The system data and response when subjected to
a 0,01 puMW disturbance in demand in area 1 are shown in Figures 8, 9, and
10, Compared with Figures 6 and 7, the following improvements in performances
are observed:
1. The maximum peaks of frequency deviations are reduced.
2. The frequency deviations are less oscillatory.
3., The tie-line power oscillation decays to zero at a faster
rate.
But the mechanical power is required to develop at a faster rate., This
fact may become a disadvantage of the strategy if the rate of genceration change

exceeds the machine limits., This circumstance will be discussed later on and
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referred to as a kind of abnormal condition, Also, the advanced controller
requires information about total state of the system, and when an actual
interconnected power system such as the coast-to-coast network that encompasses
most of the United States and part of Canada, is considered, the dimension of
the system is so great that it becomes practically impossible to obtain the
optimal feedback controller by solving the matrix Riccatl equation. Also, one
is required to design very complicated and expensive communication systems for
information transmission., The applicability of this scheme is thus severely

limited by its complexity and cost.

Selected State Variable Feedback Controller

Since not all the state variables are measurable, the practicality of the
advanced controller is questionable with respect to physical implementatien,
and thus a more practical realization including only selected state variables
has been explored.

For a linear system characterized by the set of state equations and output
equations

X(t) = AX(t) + Bu(t)

Y(t) = CX(t)
where the output vector Y(t) is a r x 1 vector (r is less than or equal to the
dimension n of the system) consisting of measurable state variables. It is
then desired to select u(t) to minimize the infinite time quadratic performance

index
3 = [oxT(eexce) + uT(£)RuT(r))de (11)

The process involves finding a wmatrix F which satisfies
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u(t) = = FY(t)
= ~ FCX(t) (12)
and minimizes J [19, 20].
One proposed controller of this sort is a configuration using the
frequency, the net power interchange, and the integral of the ACE (IACE) [4].
In that case the system dynamic model is slightly different from that des-

cribed before, that is

2Hi

d
T*  dt Afi + Diﬂfi + 8Pcja 4 ’=APgi - AP4q

Tt WL R
d 1 1 1
= MX s = - T - LEf + == AP (13)
dt "Tgvi fgvi TgviRi 1 Tgvi el
g

at MPrye 4 = § Tyo*(Jefgde - fafyde)

IACE; = ByAf; + AP g 4

e

Consdiering a single area to an infinite bus system, the performance

index is chosen as

2
i

2

o 2
J = [o(ancr;? + bIACE,® + c(8Xgyy - AP,) + 8Pc;)dE

gvi

where the term c(AXg { - APgi)z is the penalty term that penalizes large rates
v

of pgeneration changes.

In the notation of equation (12), we have
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’
b2 0 sty ® o |
[ o4 [
0 Ty " Tl 0 0
c C
= 0 e — e 0 0
Q Teg Ty
0 0 0 a 0
0 0 0 0 b
: J

R = [1]

X = [ﬂfi L\ngi APgi APtie IACEi]

Relative weighting of the state variables is obtained by chaning the para-
meters a, b, and c.

Comparing the area control error with that of all state variable feedback
controller, the simulation study [4] has shown that selected state variable
feedback controller only slightly degrades the response, but it reduces the
complexity of state estimation problen,

As implementation is considered for a real interconnected system, the
dimension of which is so great that the numerical computation of the feedback
gain matrix F in equation (12) may become impossible [20], and thus the dif-
ficulty in obtaining the feedback gains still exists as was the case for the
all state feedback control strategy.

All the simulations in this chapter are based on a continuous-time system
model and optimization techniques. This can also be done for discrete~time
models [11, 13]. A single source was assumed for each area., This source can
be regarded as an equivalent energy source because a real power system has
more than one source. These responses can also be cobtained by simulating more
complicated system dynamics which Includes more than one source and reheat

turbine generator [11, 12, 13},



CHAPTER III
DECENTRALIZLED OPTIMAL AUTOMATIC GLNERATION CONTROL

In the previous discussion of the all state variable feedback centroller,
the optimal controller (incremental change in speed-changer position) is a
linear combination of all the state variables in the entire interconnected
system, It is impractical for the controller in each area to obtain informa-
tion about the state variables in all other areas in the system. Furthermore,
there may be as many as several thousand state variables in a large inter-
connected power system and the resulting model becomes so complicated that
it is presently not numerically possible to obtain the optimal feedback con~-
troller parameters based on optimal linear regulator theory by solving the
matrix Riccati equation, Its application in system design is thus severely
limited by the capacity of computers being used during the design process.
Even for the selected state variable feedback controller, the difficulty
arising from thernumerical solution of matrix Riccati equation still exists,
Thus it is desirable to search for some kind of suboptimal control strategy
in which only the local state variables are fedback in each area and it is
only necessary to solve the linear regulator problem based on an approximate
model of one area. The effect of the tie-line interconnections must be approx-
imated in this model if such a method is to be used. One of these methods is
described as follows:

Let each control area of an Iinterconnected power system be a subsystem
indexed by 1 = 1,2,...,n. The coupled dynamics of each area (subsystem) is

described by the following equations, [2]:

29
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. n
Xp = Ap K] + B ALK+ Bpug
k=2
. n
k=1
k2
° n
k#i
. n-1
X =

- Anan + kfl Ankxk + H»nun

where the second terms on the right side are the terms which express the
dependence of the subsystem on the other subsystems of the whole inter-
connected system due to coupling; Xi 1s the state vector consisting of state
variables of the i-th area; uy is a scalar input in the i-th area.

The decentralized control strategy 1s obtained by modifying the matrix

Aii 80 as to include the coupling effect in it, i.e.,

= L}
Xi Aiixi + Biui
. :
where the terms I A, X, are approxinmated in A},. In this way, the optimal
k=1 ik™i ii
k#i

feedback control, uy, depends only on the state variables of the i-th subsystem

itself. The performance index in area i is
0 T 2
Joo=J, (%5 Qx; + au)dde

where a is a real positive constant and Q is a positive semidefinite matrix,
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The system dynamic response in area 1 is described by equations (1), (2),
(3) and (4). The coupling between control areas in the intercomnected system

appears in the tie line flow deviation terms which are expressed as

AP %, ([ Afgde - [ Af dr)

tie 1
v#l
One basic property of intercomnnected power systems is the coherence of

their frequency, i.e., the frequencies in all the areas are nearly the same,

g0 we define a function wv(t) for area v such that
J ag at = uy(e) [ af de

¥,(t) is a time varying function whose form depends upon the disturbance,
however it is known that wv(t) = 1 in the steady state when all control areas
have adequate generation to meet their own demand deviations (referred to as
the normal case in this paper).

Substituting the expression for f Af,dt into the expression for APtie i

APiie 3 = & Tiv (I Af;dt - ¥, (t) j Afydt)

= F (1= ¥, (1)) T%, (] afyde)
= I a,(c) T}, [ ofde

av(t) =1 - wu(t) is also a time varying function. By this approximation,
each area is then decoupled from the rest of the system, 1In order to apply
conventional optimal linear regulator thecory, we have to assume av(t) to be a
non-zero constant, d,,. This approximation is reasonably accurate only in the

transient state. In the steady state, @, 1s a zero for the normal case. The



32

optimal controller thus obtained, which is a linear combination of the state
variables of the local area, can reduce transient frequency and tie line flow
deviations., The state equation for area i becomes

L]

X + B,u +1"iAPdi

1= AggXy FOByyy

where
- \
0 E m,\,‘I’i\J 0 0
0 0 1 0
%D
0 -z STy ..f = 0
Aii = ) 2111 2111
0 0 -1 1
Tey Tes |
\0 0 0 1
Tgvi /
( )
o
)
Bi =| 0
0
1
T
gvi
\ /
( A Y
0
0
l"i= = f~*
2[11
0
.9
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The design of the optimal feedback controller follows the same argument

as that for the advanced automatic generation control strategy [1].
SIMULATION - TWO-ARLEA, TWO-SOURCE SYSTEM

The dynamic responses and system data of the two-area system previously
discussed when subjected to a step disturbance in area 1 are shown in Figures
11, 12, 13 (o; = a, = 0.3) and Figures 15, 16, 17 (a; = 2, = 1). A comparison
of actual and assumed tie line flow is shown in Figure 14 (al = a, = 0.3). As
we can see, the approximation is not accurate in the steady state, but in the
transient state, it is quite acceptable for design purposes. Comparing
Figures 12 and 13 with Figures 9 and 10 we have shown that there is no sub-
stantial difference between advanced automatic generation control and the sub-
optimal strategy proposed, but the decentralized optimal automatic generation
control has the advantage that only information about the state variables in
one area is required for the implementation of each controller. Besides, the
dimension of the subsystem is much less than that of the whole system and so
less computational effort is needed to solve the linear regulator problem,

Comparing Figures 6 and 7 with Figures 13 and 14 shows that the suboptimal
controller has a better damped transient response than the conventional con-
troller. Both controllers will eliminate steady state errors in the normal
case, as an integral feedback controller does.

Another advantage observed is that the frequency deviations in both areas
return to the same value very fast before steady state is reached. In other
words, the coherency of the frequency for the whole interconnected system is
improved. This fact will be more obvious when one observes the system res~

ponse under abnormal condition of generation deficiency, Under these
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circumstances, frequency deviations recach the same steady state errors much

faster than those for other control strategies (See Chapter 1IV),
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Net interchange = -0.01296 pu MW
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Time deviation in area 1
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Time deviation in area 2

Maximum rate of change of genevation in area 1 = 0.024 pu MW/sec

Fig, 11, . System data for deccntralized optimal automatic
generation contrel when a; = ap = 0.3,
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B, Q, R are the

Feedback Gains

Net interchange

-

(0 0.545 0 0 0 )
0 0 1 0 0
0 -3.27  =0.05 6 0
0 0 0 -3.333 3.333
0 0 -5.208 0 -12.5 |

same as those in figure 4-a,

[1.000 0.346 0.945 1.288 0.299]

= ~0.01292 pu MV

Time deviation in area 1 = -0.00061 sec
Time deviation in area 2 = -0.000561 sec
Fig. 15. System data for decentralized optimal automatic

pencration control when oy = ap = 1.
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CHATTER IV

ANALYSIS OF SYSTE! RESPONSLE UHDER ABNORMAL CONWNDITIONS

DEFICILNCY IN POVER GEKLRATION

Vhen the area in which the load change occurs cannot adjust 1ts genera-
tion fully to accomodate this change, i.e., the change of demand in that area
exceeds its available generation capacity, the system operating objective is
to permit the static frequency error to persist so that other areas can assist
the area in need, The performance of the control strategy under this circum=
stance must be observed before its validity is confirmed.

The simulations of different controllers under this circumstance are
shown in Figures 18, 19, 20, 21, 22, 23, 24, 25, and 26, Comparing these with
Figures 6, 7, 9, 10, 12, and 13, we see that the static errors in both freq-
uency and tie line flow deviation exist, and the generation change in area 1
can attain is 0,01 PuMW while a demand change of 0.015 PuMi occurs in area 1,

It is shown in these figures that the rate of change of frequency and
tie line flow deviations of the decentralized controller is slower than that
of conventional and advanced controller and the static errors in frequency
deviations of the decentralized controller are greater than those of advanced
controller but less than those of conventional controller. One is also inter-
ested in looking for some other control strategies which will minimize the
static frequency errors, or even eliminate them, but permit static tie line

flow errors to exist within certain 1imit under this abnormal conditicn,

HIGH RATE OF GENERATION CHANGE

Since the rate of generation change for advanced controller is usually

42
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greater than that of conventional controller as shown in Chapter IIL, the rate
of gencration change may exceed the limitations of the machine. In this case,
the system cannot function properly. This is another kind of abnormal condi-
tion. The response of frequency and tie line flow deviations and incremental
generation change are shown in Figures 27, 28, 29, 1In this simulation the
maximum rate of generation change is limited to 0,02 PuMW/sec while the com-
manded rate of generation change reaches 0.024 PUMW/sec. Some authors have
criticized the advanced controller for the fast rate of generation change [1],
but it is shown here that even if it is limited by machine dynamics, the
system response is still satisfactory.

One may also design another controller which has smaller commanded rate
of generation change by including the minimization of rate of generation change
in the performance index [4]. The maximum rate of generation change obtained
by this strategy is reduced and the system data and response are as shown in
Figures 30, 31, 32, It was pointed out that this result can also be achieved

by decreasing the relative weighting between the states and the control [4].
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A, B, R are the same as those in figure 5-a.

1 0 0 0 0)
0 1 0 0 0
. Q= |0 0 1 0 0
0 0 0 2.8 -2.8
0 0 0 -2.8 2.8

Feedhzck Gains
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Maximum rate of change of gencration in area 1 = 0,018 pu MW/sec

Fig. 30, System data for decentralized optimal automatic
generatlon contrel iIn which great rate of change
of gencration is penalized when o) = ap = 0.3,
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CHAPTER V
IMPLEMENTATION CONSIDERATION

The realization of the control strategy is obtained through the three
level control concept [22] which consists of direct, optimizing, and adaptive
control as shown in Figure 33. The direct or first level control is applied
as a local option with the characteristic of fast action. The optimizing or
second level control applies an optimal strategy based on a chosen perform-
ance criterion and a best mathematical system model. The adaptive or third
level control makes adjustments in various parameters in the first two levels
based on data from various system operating conditions.

A refinement of the automatic generation comntrol strategy is to add an
"Error Adaptive Control Computer" (EACC) [23]}. 1In conventional control strategy,
EACC analyzes the ACE with regard to the type of disturbance, The first type
is an actual imbalance between generation and load which needs to be corrected.
The second type is a random disturbance which may be attenuated by the inherent
damping of the power system. These are recognized using knowledge of the
natural periods of oscillation of the system frequency. Only control commands
resulting from the first type are used. Those resulting from the second type
are blocked. In this way, the wear on control and communication equipment and
the inefficiency resulting from following the load fluctuations are reduced.

The control law with EACC is described as

~K[IACE(ie)] if ACE(ie) is of the first type
u(t) =
u(ie-e) if ACE(ie) is of the second type
where le<t<(itl)e,
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For the advanced controller, one can analyze AP s which is a linear
combination of certain state variables, instead of ACE and design the control
law similar to that of conventional control strategy.

In each area, APci is allocated among various power generators according
to a specified schedule. More commands from economic dispatch are sent to
the power penerators in order to achieve optimum operating conditions., The
governor control is the first level control, the automatic generation control
is the second level control and the economic dispatch is the third level con-
trol.

The simplified diagram of the controller based on Leeds & Northrup concept
is shown in Figure 34. Control action is motivated effectively in three dif-
ferent ways. First, a sufficient large or sustained deviation in AP,y will
trigger the master controller or emergency by-pass. Secondly, scheduled
changes in generation or tie-line commitments are accommodated separately.
Thirdly, an economic dispatch update will change allocation of generation among

the units of the area.
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CHAPTER VI
CONCLUSION

The decentralized automatic generation control strategy proposed in
this thesis makes it practical to apply optimal linear regulator theory to
the automatic generation control problem. First, only state variables in a
local area are needed for the design and implementation of the optimal feed-
back controller in that area., Secondly, the reduction in system dimension
by decentralization makes it much easier to solve the matrix Ricecati equation
numerically.

The analysis of system response under normal condition has shown that
the strategy makes the system function well, In the abnormal case the steady
state errors in both frequency and tie line flow deviations exist as is also
the case with conventional and advanced controller.

Although the simulation in this thesis is based on a much simplified
model and a step disturbance, the same strategy can be applied to a more
complicated model and for other kinds of disturbances such as a ramp or a

random disturbance [21].
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Appendix A
Optimal Linear Regulator Theory

A plant described by the linear state equation

X(t) = AE)X(t) + B(t)u(t) (A-1)
and subject to the performance index

¢t
1

xT £ T T
(tf)HX(tf) +5 [X7(e)Qe)X () + u (£)R(t)u(t)]dt
t

1

J “'i

o
where tf is the fixed final‘time, H and Q are real symmetric positive
semi-definite matrices, and R is a real symmetric positive definite
matrix. The states and controls are assumed to be unbounded and the
final state X(tf) is free. The performance index can be physically
interpreted as a means of maintai: g the state vector as close to the
origin as poséible without an excessive expenditure of éontrol effort.

The optimal control is found [5,6,7] to be

u*(t) = —R"l(t)BT(t)K(t)x(t)
= F(£)X(c) (A-2)
where

CR(E) B Doy (E,,8) = Moy, (e, 0] 7 [He (b t) = 4y, (£08)]

and

is the solution of the vector equation
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k)] (a) ' -BoOR OB ()] o)

Be(ey] o) | AT () P#(c)

where P(t) is the co-state vector.

It is shown [6] that K(t) also satisfies the matrix Riccati equation

R(t) = -K(£)A(E) = AT(EIK(E) - Q) + K(E)BCOR ™ (6)B" (£)K(E) (4-3)
with the boundary condition K(tf) = H
In the case that
(1) the plant is completely controilable
(2) B=0 |
(3) A, B, R, and Q are constant matrices.

Kalman {7] has shown that as t_ + =, K(t) + K (a constant matrix). This

£
means the optimal contrel law for an infinite duration process is staticnary.
From a practical point of view, it may be feasible to use the fixed
control law even for a process of finite duration.

To determine K, we either integrate the matrix Riccati equation
backward in time until a steady-state solution is obtained or solve the
nonlinear algebraic equation

1

0=—KA—AK—Q+KBR“1

BTK
obtained by setting k(t) = 0 in equation (A-3).

It is shown [6] that K is a symmetric positive-definite matrix.
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Appendix B
Modified Linear Regulator Theory
A linear system is described by the state equation

X(t) = A(£)X(t) + B{(t)u(tr) (B-1)
Suppose the swings of both the state X and the rate of change of state X

are to be minImized, the performance index 1s then chosen as:

t

£ o .
J = % J (xTQX + X°TX + u'Ru)dt
t
t
y(F T T T
= i J (XX + (A¥ + Bu) T(AX + Bu) + u Ru)dt
t
e
= % j xT(q + aATza)x + 2xT(ATTBY)u + oI (R + BLTB)u)dt (B-2)
t
(o]

where Q(t) and T(t) are positive semi~definite weighting matrices and R(t)

is a positive definite welghting matrix. By defining

1

Q' (t) = Q) + AT (1)T{t)A(t)

RY(E) = R(E) + BL(£)T(t)B(t)

S (t) = AT (t)T(t)B(t)

the performance index can be further expressed as

]

t

1 g T T T
J = 5 j E(e)Q' (£)X(t) + 2X (£)S(t)u(t) +u (£)R"(t)u(t))dt

t
o

which contains the interacting tcrms between the states and the inputs.

The optimal controller is determined as follows:

The integrand of the performance index can be expressed as
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¥ (£)Q" (£)X(E) + 2X1 (£)S(Ehult) + u  (£IR' (£)ult)

= () + o sT@xen R () w (1) + R e)sTx@e)) +

XT(£) Q' (&) - S(OR™(e)sT(£))X(t)

R'hl(t) exists because R'(t) is positive definite.
By defining ul(t) = u(t) + R’—l(t)ST(t)X(t), the original system
(B-1) becomes equivalent to
X(t) = (A(t) - BCOR'H(E)S())X(E) + B(tu, (1)
and the orig%nal performance index becomes

o -1 T T
J = *21 j (XT(e)(Q'(t) = S(EIRY " (£)S (£))X(t) + u ()R’ (t)u(t))dt
t
Lo}

The optimal controller is found to be (Appendix A):

% =
up () = R 1B (£)K (L)X (L)

where K(t) satisfies the matrix differential equation

R(t) = - K(t) (A(t) - BOR L (e)sT(6)) ~AT(t)-s(e)R' 1 (e)BT (1))
K(t) + K(£)B(E)R' te)BT(£)K(E) - Q" (k) + S(E)R' ™ (r)sT(t)
and Q' (t) - s(t)R'hl(t)ST(t) must be positive semi-definite, i.e.,
Q' (t) - S(E)R' (£)ST (&)
= Q(t) + AT(E)TCE)ACE) = (AL(E)T(E)B(t)) (R(t) + BL(t)T(t)B(t)y "

I o))’

= Q(t) + AT(£) (T - T(£)B(t) (R(t) + B (t)T()B(t)) L

T

B (t))T(t)A(L)
must be a positive semi-definite matrix in order that the optimal control
exists, I denotes an identity matrix,

The optimal controller for the original system is
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o L) u';(t) 2 LeysT ) xce)

= =~ 2" BT ORE) + 5TE)IK(E)
In case that (1) The plant is completely centrollable, (2) A, B, R, O
and T are constant matrices, as te approaches infinite, K(t) approaches a

constant matrix K which satisfies the matrix equation

0=-K(-p'"'sT) - @ - se'” i)k + kor'"leTk - o' +

sr' 15T
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Appendix C

Computer Programs used in This Thesis

'

A computer program MODRIC is developed to solve the steady state
matrix Riccatl equation that is described in Appendices A and B. From
a starting matrix K, K is computed from matrix Riccati equation. By
intergrating K backwards in time, K is obtained when k is close enough
to a zero matrix., The input format for MODRIC program in shown in table
C-1. A complete 1list of MODRIC is shown in Program 1. T is set to be a
zero matrix when the solution in Appendix A is needed.

The program output comsists of the input data (matrices A, B, R, Q,
and T) and matrices K and K when gteady state is reached. The stopping
criterion is defined such that K is as close to a zero matrix as possible.

Program 2 is used to solve the state equation
X = AX + Bu + TP,

and Program 3 is used to plot all the responses in this thesis,



Table C-1. Input format for MODRIC program

Card Number

Column Number

Description

1

N+1

N+ 2

N+M+1

N+ M+2

N+ 2M+1

N+2y+ 2

2N + 2M + 1

2N + 2M + 2

1-20
21-22
23-24

1-10
11-20
etc,

1-10
11-20
etc,

1-10
11-20
etc.

1-10
11-20
etc.

1-10
11-20
etc.

1-10
11-20
etc.

1-10
11-20
etc.
1-10
11-20
etc.

1-10
11-20
etc.

1-10
11-20
etc,

problem identification
N=dimension of A(Z10)
M=number of controls (510)

Aq (system matrix A)
Nz,

g1
Aoz
B;; (control matrix B)
|

o«

B12
Baa

Ryy (control weighting matrix R)

Ri2

LI Y

Ra1
Ra2

Q11 (state weighting matrix Q)

Q2

Q21
Q22

T11 (rate weighting matrix T)

Tyo

LI

T91
Too
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Format

S5A4
I2
12

8rion.3

8£10.3

8F10.3

8F10.3

8Fl10.3

8r10.3

8F10.3

8r 10.3

8F10.3

8F10.3



- Program 1, Matrix Riccatil equation solution program.

1202
10)J1
1002
109032
1014
12435
13258
1303
1011
1012
1013
1016

120

112

420

710

729

732
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MODIFIFD RICCATI SNUATIOY OPRAGEAY (M1 IC)

SURLDUT INES SED “ATINV

DIMENSICH ACTOs103 3000410300151 R(10,13).011J,10),
¥ R{LIp1l) s DLLO0, L) ™MAME(S)WFUL1)513),S{L0,10)sTCLI4LO)
OG0l 010) yHILO+1D) oS (L0 ) )5l 1l2y1D)

PCAL K

QRF™MAT (LHL,5X,23HIPTIRAL COMTXIL DPR3IGAM/)

FORMAT (544,212)

FORMAT (6X,25HPRISBLEY IDENTIFICATION - ,584%)

FORMAT {LHJXS5X,13H THE A MATRIX/)

FORMAT {140,5X,23H THE B TRANS2PIOSE MATR[X/)

FORMAT {1HD3,5X,13H THE T MATRIX/)

FORMAT (B8F10.3} ¢
FORMAT (1HJD45(1H=%) )

FORMAT [1l0(F8.342%X))

FORMAT {1HO,5X,13H THE R MATRIX/)

FOPIAT {1HJ,5X,134 THE 2 MATRIX/)

FCRIAAT (LHI 5% 21HSTEADY STATZS SOLUTIUN/Z6X,6H GALINS/)
READ 1221+ (NAME(I)yI=145),N,4M
PRINT 1320

PRIAT 12302, (NAMELD),I=1,5)
PRIMT 1703

PRINT 1203

DO 110 1I=1,H

READ 1036, {A(T,4),J0=1,M)
PRINT 1J1L1,{A{I,d)yJd=1,N)
PRIMT 1024

Y 120 I=1,M

READ 1006,{3(JsT),Jd=1,01)
PRINT 1311+(B{JyI)sJ=1L,N}
PRINT 1233

NR =™

NQ =N

NT=N

PRINT 1212

DY 410 I=1,4R%

READ 10264 (R{14J)yd=1,NR)
PRINT L1ILY 4(R{I,J),y0=1,M2)
PRLINT 10123

NY 420 1=1,N0

READ 1325, (D(14J)sJ=1,MN3)
PRIGT 1011,0Q(14d),Jd=1,82)
PRINT 1005

DN 710 I=1,MT

READ 13')61(1-( [tJ)szl,NTl
PRINT IOlly(T(IrJ)'J=l:NT)
o o720 1I=1,

D7 720 J= L-V

All,J)=2.9

DO 720 I1=1,M

Al J)=+¢ eV +T 0L, I 1) =A1T1,0)
D% 730 [=1,N

DY T30 J=1,N

D2 T30 TT1=1,N

MLy )= T v DI FACTT, T =Wl 1,)
DO 740 [=1,N

D} 743 J=1,NR

ol IiJ]:O.
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DO T4 1T1=1,4
T4 Wllgd)=wWlTa4J)+TC0L, 11 =R(T1,44)
DY 75D I=1.,4"7
nNa 759 J=1,M"
DY 750 I1=1,%
750 RUT4J)=RLUT4d) a3 (I1,J)=W(IL,J)
DO 760 [=1,H
00 760 J=1,NR
T(I,+J)=2.
DO 760 II1=1,N -
T60 TUL =TI, J)+Aa00L,1)*ul(l],d)
CALL MATIMNV(R4MNR,H)
DO 440 I=1,NR
DO 440 J=1,N
R(T,J)'—‘0.0
C(IyJ):l)-O
DO 440 II=1,NP
ClIyd)=CUTsd)+ELTI0)=T(JI,11)
440 ROI,0)=R{T,J)++{T,11)=RB{J,I1)
na 770 I=1,N
DO 770 J=1,4
DY 770 I1=1L,4F
A(T,J)=A0T,d)-BLL,7TD)=C{II,1)
T70 QUELJ) =201, 0)-T(Ila11}=C{TI,J)
D7 330 [=1,N ;
DN 310 J=1,M
310 C(I,J)=8{1,4)
D7 33D J=1,.,M
3320 F(I,.d)=A0U,1)
D7 320 1I=1,N
DN 510 J=1,N
510 G(I,J1)=0.0
520 G(1,41})=0.05
EPS=0.005
St=0.
574 1ST=0
575 DM 580 I=1,HME
DO 580 J=1,N
K{l,Jd)=J.2
DD 550 [1=1,4
580 K{I J)=K{I,D+2{T,T0)=G{I1,J)
DO 590 I=1,N
D 590 J=1,H
H(IfJ]':'J.n
DO 590 II=1.NR
DN 610 1=1,N
DO 610 J=1,I1
D(Tyd)}=011,J)
DO 620 11=1,M
6I) DTy J)=001 3 JY+FUL T L)=GUT Ly Y +50 Ly LUV F (DI 1) =G0, L1 )=H{TI,J)
SUIHeJ)=G(T,0) DT J)~EPS
D{J,1)=D(I,;J)
GlleyJ)=5(T,J1)
510 Gl 1)1=5{T,4)
64) SUM=D.D
DN E50 I=1,N
DO 650 J=1,N
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647

651

1019

655

655
657

661

SOM=SUM+ARS{I(1,J))

FORMAT (22X, '3UM=",510.6)

IF (5UY JLE. 0.,0001) G T 651
SHD=5UM-5N1

Sa=S51M

ST=425(5D)

IF (ST.6G0,.0.000021) 6N T3 574
IST=15T+1

IF (IST.LELLY)Y GO TN 575
CONTIMNUF ’
FORMAT{Z2X s LO(FSa6,2X))

DO 654 [=1,N8R

DO 656 J=1,N
K{I!J)zK(I'J)“'C‘I'J’

PRINT 1016

00 6460 I=1,N3

PEIMNT 1911, (K(IsdYsd=1,4N)

DN 6A1 1=1,M2

WRITE (7,1005) (K({Isd)ad=1:")
PRIMT 5062

FORMAT {1HU,5X, 12+ THE G MATRIX/)
DO &43 T1=1,N

PRINT 1019, (G{14J)sJ=1,M)
PRINT 1018

FORMAT {(1HO45%,13H THE D MATRIX/)
DO 665 [=14M

PRIMT 1019, (D{isJ)eJd=1,1)

ST

END
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Program 2, State equation solution program,

AGC STATE FQUATION SOLUTICHN PRIGRAM (AGC-SESP)
QEAL K
EXTEINAL FCT,NyTP
DIMZNSTON AALLD,10) ,CASN{10,10),0P00L0),FF{1),DERY(LD),PRMT(5),
a Y{10) 2V IL10) (10,1 0) 43X {1 0,12),A0(10,10)
CTMMON NDIMY AL FF
10 FORMAT {213,5F10.3)
20 FORMAT(8F12.3)
22 FOFPMAT (19F19.4)
READ (5,10) NUOIAWND,{P2MTI(T)yI=1,4%)
30 FOPMAT ('MDIM=7,T2,2X,"NO=t,]121}
WRITE (6,30) NOIM,ND
READ (5,20) (Y(1),I=1,NDIM)
DO 100 I=1,NDIA
130 PEAD (5,20) (AD(I,J),J=1,NDIM)
DN 200 I=1,N3T4
200 PEAD [5,29) (B(I1,J) 4y d=1,%D0)
D2 210 I=148D
210 READ [5,20) (K(I,J),J=1,MDIM)
On 220 I=1,MD1IK
00 220 J=1,NDI¥
NI 215 11=1,ND
215 AN T4+J)=A001,01-30T,T1)=<{11,s3)
220 AA(L 4 J)=AT(1,J)
510 FORMAT (22X, 14H THz AA MATRIX/) 3
PRINT 510
N 500 1=1,K21IM
02 WRITE (H6,22) (A2 1+J)4d=1,3D1%4)
O 410 [=1,ND1M
410 DERY(LD)=1.0/EL2ATINDTH)
07 300 I=1,NDIM
300 READ (5123] {CAMIIyJ)sd=1 4ND)
READ (5,22} {0OP3{I},I=1,%2)
D 400 I=1,ND14
Zvii})=0.
N 495 J=1,ND
405 IVLI)=ZVITI+GAVIT ) s0PD{ )
430 FR{IIYI=ZV(I)
310 FCRYMAT (14H THS FE VESTNR/)
PRIMNT 1)
WRITE {(6,20) (FFRE(LY,[=1,401M)
600 FORMAT [ 22X, 4HT IME, 9K, 3HT DL 5%, 3HT02,8%,5HDPTIE/)
PRINT £02D0
CALL RKGS (PRMT, Y, DERY,NDIM,IHLF ,FCT,UTP,AUX)
53 FOIMAT (ZX,'I[HLF=1,12)
WRITE (6,52) IHLFT
601 FORMAT (2X,'MET INTERCHANGF=',F10.5)
6I2 FOIMAT (2, TI+E DEVIATIONL = WFL 3.5
0J3 FOSMAT (22X, 'TIME DEVIATIN2=',F10.5)
WRITE (66,4011 Y(1)
WRITE (G4.602) Y(2)
WRITE (~,503) Y(o)
S173p
FEMD
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WA -

12

10
999

1000

SUSRNUTIMNE MATIMYIAAGNM,AINV]
DIMERSTON AA{LO,LO)ATNVILDED)A(10,20),10(10)
NN=MF]

N2=2=N

0N 103 I=1,4N

IND(I) =1

NC LJo J=1,N

A(T,J)=aAa11,J)

DO 200 [=1,N

DO 200 J=HhaN2

A(IyJ]:D-

D} 300 1=1,MN

AlI,N+]I)=1.

K=1

CALL EXTHA(AMGH2,K,1T)
IF(AIK,K})3,999,2

KK=K+1

DO 4 J=KK,MN2
A(KpJ,-':AtKvJ}/.'\(K!'K}

DO 4 I=1,N

IF(K—=1)41,4,41
W=All 4 K)=AL{K,J)
A{T4JY=A(T4Jd) =N
IFCABS{A(T,J))=.0001=ABS{ W) 142,4,4
A(I,J)=0.

CONT INMUE

K=KK

IF{K-N)1,2,45

DN 10 I=1,N

DO 10 J=1,4N
IF(ID(II-1)1D48,12

DO 12 ¥=1,M
ATNV(TK)=200,0M+1)

CONT I MU=

RETURN

PRINT 1000

RETURN

FORMAT{LOH MATRIX I5 SINGULAR)
END
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SUBROUTINE EXCHLA,N HNMyK, ID)

NIMENSTON A(l0,22),1ID(10)
NR M=K

NCIL=K
3=43S({A{K,X))

nn 2 1=1,H

DN 2 J=1,7%
TF{ABS(A(T,J)-8})2,2,21
NROW=T

NCOL=J .
B=ADS(A({T,J))
COMTINUE
TF{NEOr-K)13,42,31
DO 32 J=¥,hNM
C=AINRDY,J)
AVIRDW, JY =L (K, J)
AlK,J)=C

CONT ItIUE

DO 42 T=1,#
C=a(T1,%COL)

AL ,MCOL)=ATT,4,K)
All,K)=C
I=1D(NCOL)
ID(NCAOL)=1D(K)
IDIK) =1

CANTI HUE

RETURN

END
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210

600

700

400

SUBROUTINE FCT (XY ,DERY)

NDIMEMSION F(LO),FF(L1D) s AA(LO,10)+NDERY(LO),Y[10)
COMMNN Ny AA,FF

NN 2193 I=1,N

DEPY(I)=FFI(I)

N 210 J=1,H

DEFY(I)=DERY{I)+AA(],J)=Y(J)

RETURN

END

SUBRAUTINE OJUTP (XyY,DERY s THLFyNDIY,PRMT)
DIMENSINN YULO)oJERY(1U} ¢ Z{ L33} +PR4T (3]}
DN 600 I=1,130
ZUT)=PEMT{L)+PRMT (3 )=FLOAT(I)
N=A3S{Z{1)-X)

IF {(D.LE.0.0Y) 53 TO 700

COHLTINUE

GO TN 400

CONTINUE

FORMAT (3F10.5)

WRITE {641} XyY(2),Y{(6)4DERYI 1)
Y(2)=0.1"0.5%45"Y(2)

WRITFE (T,1) X,Y(2):Y16) DERY (1)

RETURN

END
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Ptﬁgram 3. Plotting program.

DIMENSIOY TRUFI2000)X023D3),Y(303),2(393),7P(303)

- SSTAHMLLSH KNCWX NRIGTH
CALL PLTITS (1RUF,42300)
CALL PLIT (Qa0v=1LeDy2.)
CALL LT {0V 2.00423)

'S 2EAT) MATA

1 FOEYUAT (4F1J.9)
0N 192d I=l,101
192 REeAD) (5,1) Xx{i)YeY(I)ZUT)DO(T)
G DA THE X AXIS
CALL DAXIS {(QedebeidsBeilylaDsDade—1)
X(132)=2.9
X(123)=1.5%
CALL SAXIS (X{Ld2), X0122) 4Ly1,—1,7IMc I[N SEC',11)
C DRAW THE Y AXIS
CALL DAXIS {040343¢748.03490,0,343,1)
Y {102)==-2.03
¥ (1I33)=0.006
CALL SAXIS (Y([102),Y{102) 43,2,1,'0F ¥ HZI',4)
c BLLT A S™MOTH Cyavs
X0123)=X{(133)1/ 2.4
YU123)y=Y(122)/3,3
ZL11J2)y=v(112)
20133)=Y(123)
CALL FLIME ({X2Yy10141,Cy0) ’
TALL FLIMFE (X,37,101lsL4y8,11)
CALL PLT (Ee54,30.0.-7)
MR2ad THE X AY TS 2
CALL DAXIS (D034 4 09640000392 9-1)
LA{102)=3.9
X{1)})=1.5
CALL SAXTS (X(L22)yXULGZ) 4l 41l,-1,'TI%s IN S=00,11)
C Nay TR Y AXIS
CALL nLXTS tJO.],)-j'aiJ‘I’QO.\)’JI-;".’
nP{1u2Y=-C.02
DO{1D3)=0.2104%
CALL SAXIS (DP(LI2)40PI102) 342,11, 32T1 2 IN PUMHY,132)
L) PLOYT A SHLUTH CUTVE p
A(1D2)=X{1u3) /1.5
Lo (La31=1210103) /9.8
Carl FLIME {X,¥YW,101,1,0,D)
= FIMISH PLOTS
' CALL PLOT(DaD404),969)
STa9

TND

L

e |
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ABSTRACT

This thesils reviews different strategies used in electric utility indus-
try and appearing in literature for automatic generation control in inter-
connected networks. A method is proposed that makes it practical to apply
optimal control theory to this problem. An approximate decoupled dynamic
system model is developed. This model is based on simplified state variable
model of the megawatt-frequency control dynanics of a multiarea electric
energy system such that each area in the interconnected system can be re-
garded as as a single contrel area while approximating the effect of coupling
between areas (subsystems). In this way, the optimal linear regulator
theory can be applied to each "single control area" for the design of optimal
feedback controller which depends only on the state variables in that one
area, thus making implementation practical, The sumary of this thesis was

presented at 1976 Midwest Power Symposium.



