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OPTIMAL CONTROL OF A MULTIMACHINE POWER SYSTEM MODEL.

S. Lindahl

ABSTRACT.

Linear quadratic control theory is applied +to the prob-
lem of improving the dynamic behaviour of a power sys-
tem. A reduced model of the Scandinavian network is con-
sidered. The model has three generators, fifteen states
and seven inputs. The linear model is simulated using
the optimal feedback.
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1. INTRODUCTION

The major part of Swedish electrical power demand is
produced in hydroelectric power stations, located in
Northern Sweden. The distance between production centrés
in the necrth and load centres in the south is 700 - 1000
km and the transmitted power is 5000 - 6000 MW. In the
seventies several nuclear power units will be put into
commercial operation. The new plants will be located in
the central and southern parts of the country and will
have a maximum unit size of around 800 MW. The tripping
of such a large power plant will subject .Thei. power
system to a severe disturbance. It is necessary to dimen-
sion the system sc that the majority of faults do not re-

sult in serious power faillures,

By providing the generators with stabilizing signals it
is possible to improve the dynamic behaviour of the sys-
tem [1], [2]. Today the introduction of stabilizing sig-
nals is based on thorough physical insight and long ex-
perience. In fact it is a problem of designing local
feedback loops in a large nonlinear multivariable sys-
tem. If it is possible to linearize the system we can
benefit from linear control theory. The application of
linear quadratic control theory to power systems has been
treated in [31, [4]1, [5] and [61. 0f course, a feedback
law based on a linear model is optimal only for small
perturbations around an operating point. On the other
hand, i1f the nonlinear model behaves well it is immate-

rial that we have found it by using a linear model.

In this report we apply linear quadratic control theory
to the problem of improving the dynamic behaviour of a
power system. It is assumed that the power system can be

described by a set of first order differential equations



9xCE) - Ax(E) + Bu(t) (1.1a)
d+
y(t) = Cx(t) + Dult) (1.1)

where x is the n-dimensional state vector, u 1is the m-
dimensional input vector and y is the k-dimensional out-
put vector. A, B, C and D are matrices of dimension nxn,
Nxmy kxn, and kxm respectively. To apply linear quadratic
‘control theory we assume that the performance of the SysS-
tem can be described by

J = [ixT(s)Quu(s) + u (s)Q,u(s)}ds (1.2)
0

where Q4 is a symmetric nonnegative definite nxn matrix,
and Q, is a symmetric positive mxm matrix. The task of

the control is then to minimize the loss function J. IFf
the system is controllable, the optimal control is a 1i-

near time invariant feedback

u(t) = - Lx(t) (1.3)
where
L = Q;1BTS (1.4)

and S is a symmetric nonnegative definite solution of +he

stationary Riccati equation

T

a%s + sa - SBQ;1B S+ Q=0 (1.5)

If an observability criteria is imposed on the pair [H,Al,

where Q1 = 5'H and rank H = rank Qqs Tthe unique solution 8



of (1.1) is positive definite, and the optimal system

dx(t)
at

= (A-BL)x{(t) {(1.8)

is asymptotically stable [7], [8] and [9].

In Section 2 we summarize the modelling of a multimachine
power system and in Section 3 we describe a computer
program for the modelling process. The numerical example
is presented in Section 4. The order of the model is re-
duced by eliminating the flux linkage of d- and g-axis

armature winding from the state vector.

The eigenvalues of the original model and the eigenvalues
of the reduced model are given in Section 5. As the shifts
in common eigenvalues are small, the reduced model is used
in the sequel. In Section 6 we describe how the matrix
Riccati equation (1.5) was solved numerically. Finally, in
Section 7, we discuss the choice of loss function and pre-

sent the results obtalned by simulation.




2. A STATE SPACE MODEL OF A MULTIMACHINE POWER-SYSTEM.

To apply linear quadratic control theory we have to form
the coefficient matrices in (1.71). The nonlinear equations
describing a multimachine power system may be derived from
basic physical laws. After computation of steady state
values it is then necessary to linearize the equations to
cobtain a linear model valid for small perturbations around
the steady state space form is proposed in [10] and only

a short summary will be given here,

2.1. The Synchronous Machine and the Exciter,

In deriving the basic equations for the synchronous machine

it 1s assumed that:

A2.1) The stator windings are sinusoidally distributed
around the air-gap as far as the mutual effects

between them and the rctor are concerned.

A2.2) The stator winding self- and mutual-inductances va-
ry sinusoidally as the stator revolves, and are of
the form a+b-cos 2y and c+de.cos(2y-2n/3) respective-
1y, where a, b, ¢, and d are constants and vy the ro-

tor angle.
A2.3) Saturation and hysteresis are negligible.

After d-g-transformation the flux linkages in field, d-

axis armature and g-axis armature windings are given by
be ® - Lafid (2.1)

(2.2)
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p o= - L 1 (2.3)

The equations for induced voltages are

- i (2.4)
Ve = —= + p_1i .
f di f=f
Vg (2.5)
V, S = =1 i_ -~ i 2.5
d dt aa q
dy
Vq = S;— i, 4wy (2.6)
The air gap torque is given by
M = ; (2.7)

e i’bdlq - ljjqid

It is assumed that the exciter can be degeribed by a

first order linear differential equation

dvf
—— = =y .ty )/T {(2.8)
d+ f e e

2.2, The Transmission Network.

The transmission network is assumed +o be completely
described by the complex nodal admittance matrix ?, The
nodal admittance equation can be written

oy

Y :
T = YV (2.9)

which can be partitioned for generator and load nodes




= , . _ (2.10)

I+ is assumed that all loads can be described by fixed
admittances to ground. The loads are included in the ad--
mittance matrix and the load node voltages are elimina-
ted giving

) 7Y

U
v (2.11)

% = [? + g - ? (% +% ]
¢ - ‘e T Yig eL T LLTYLL [Feldhe!

which after separation into real and imaginary parts can

be written

= (2.12)

After inversicn of the admittance matrix (2.12) can be

written
Y Ry ~Xuliip
= (2.13)
VQ XN RN IQ

The equations for each generator are expressed with re-
ference to pairs of axes {(d,q) which votate in synchro-
nism with the rotor of the generators. On the other hand,
the equations for the network refer to axes (D,Q) rota-

ting at constant speed (wj).

Under transient conditions the angles 6,5, defined in
Fig. 2.1, will vary as the machine speeds vary. The angles

Si are state variables and id and iq are linear combina-



Qi

9j
9]

-
f”ot :

Fig. 2.1 - Angular relationships between network and

synchronous machine reference axes,

tions of state variables (¢f5 wd and wq) but vy and vq
are needed for the computation of dy4/dt and dwq/dt.

i
idi and iqi; The transformation relating rotor-based vol-

Therefore it is necessary to express Vai and vqi in 6.,

tages to network-based voltages is given in [11] and can

be obtained from Fig. 2.1.

<
il

cosg eiVDi + g8in eiv (2.74)

Qi

<
11

- sin eiVDi + cos Bini (2.15)

In compact form (2.14) and (2.15) can be written

(2.18)

We require the power (ITV) to be invariant under the



change of bases and obtain [11]

= | | (2.17)

vy ¢ slRy  Xglle -S4
- (2.18)
Vq -3 C XN RN S C |- Iq
which can be written
Vd Rm(@) me(e) Id
= ‘ (2.19)
Vq Xm(e) Rm(e) Iq

2.3. The Prime Movers.

The state variable associated with hydro turbines is the
velocity of water in the penstock. In [10] the fellowing

equations werederived

dz
—2 = (=22 (2.20)
dt p
_ 3 2
Pm z pmaxzp/ut (2.21)

where zPlis the velocity of water, u, is the gate opening,

+
T, is a time constant, P is the mechanical output power
from the turbine and Pmax is the maximum mechanical out-

put power from the turbine.




Astrdm and Fklund [12] have derived a reasonable accurate
modél of a boiler and steam turbine. The state variable
zp is drum pressure. Assuming that the boilep is eguipped
with a feedwater regulator, which provides the boiler
with feedwater proportional to the steam flow (n Uy - /Z;).

Then the model is given by

dz
' ' 5/8 1/2
EER z {“((1+a)utzp - a) + (1+8Jue - Butzp /Ty, (2.22)
| 5/8 :
P = Pmax((1+a)utzp/ - o (2.23)

where Uy is the steam valve setting, up is the fuel flow,

a, 8 and T, parameters,
As before P_ is the mechanical output power from the tur-
bine and Pmax is the maximum mechanical output power from

the turbine.

By differentiation of the expressiocn

t
B,(t) = B, + é(mi—wg)ds

for the rotor angles we obtain

= W =g : (2.24)

The fundamental torque balance for the rotor and the tur-

bine gives

dwi

dt

= (Pmi/ i”Mei“Mdi)/Ji (2-25}
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2.4, Construction of the System Matrices.

The states are: rotor angle, rotor angular velocity, flux
linkages of field, d- and q—akis armature wihdings, excei-
tation voltage, velocity of water (hydro plants) and steam
pressure (steam plants).

The inputs are: excitation input, gate opening (hydro plants),
steam valve setting (steam plants) and fuel flow (steam
plants).

The outputs are: rotor angular velocity, terminal voltage,

excitation voltage and steam pressure (steam plants).

The state vector x is partitioned into seven subvectors in

the following manner

T T T T

xT = (X?5X33X33X4)x59xsgx7) : (2.26)

where

XT = (88 856 8§68 ) (2.27)
1 12 > 'n ’

XL = (8w, /w,, Su,/w Su /w) (2.28)
2 1 g 72" gttt 'n” D '

xT = (8w, ¥ Sw_ ¥ 8w, v ) (2.29)
3 oYf1? 0L 0 En :

xT = (Sway S, P . Sw_ V. ) (2.30)
b 0 dt1? " tptdz? "t "’ "0 'dn

XT'= (Swni Sway Swap ) | (2.31)
5 07gq1?°%0%g2”" """ "0"gn )

XL = (e se Se,. ) (2.32)
o) f12 =f2%" " 2¥ " fn :

Xt = (82 8z 8§z, ) (2.33)
7 p1?°“p2°"°°? " “pn ’




1.

and e = Xafivfi/?fi' The input vector u is parﬁltloned

fi
into three subvectors in a similar way.

T T 7T T

u- o= (uﬁ,uQ,ua) (2.34%)

where

uf = (8w ,8u su_ ) (2.35)
,? e/IB e2gﬂ.¢3 en a

uT = {§u su su, ) (2.36)
2 £330 00 e Blyy : :

Wl s (su.,,du Su. ) (2.37)
3 £4200gp 00005 0Upy .

Finally the output vector y 1s partitioned into four sub-

vectors
T T T T T :

vy o= (¥1:Y,5Y30Vy) (2.38)

where
T (8w, /w,, 8w,/ w Sw Jw.) ‘ (2.39)

Y /0 O/ Bgse e e 200,/ 0y :

?T = ( &y Sv v, ) (2.40)
2 1?7 E22° 7 T n *
T, ( 8e Se e ) (2.u41)

Y3 - f‘]) fz"", fn N

YT = (éz 8z 8z ) (2.42)
L pl? " 7p2°" "7 "pn .

Observe that 6Zpi ig included in the output vector only

for steam plants.
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The system matrices are partitioned in a similar way and
the nonzero submat:1@e5 are A12, A223 A23, AZH’ AZS’ A
A A
A C

337
Agys Aggs Aggs Ayqs Bygs Augs Ayys Bygs Aegs Agys
Agys Bggs Aggs gy Boos Bgys Byos Bogs Cyoy Coys
and C .

Cou» Cos5s Cap 47

53°?
237

The expressions for the submatrices are given in [10].
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3. A LINEAR POWER SYSTEM MODELLING PROGRAM.

It is a very tedious work to establish a linearized ma-
thematical model of an industrial process of some comp-
lexity. Often it is desirable to develop linearized mo-
dels for different operating conditions and to investi-
gate the sensitivity of the model to a set of_parameters.

The modelling of a process involves the following steps:

1) Computation of steady state values
2) Linearization of eguations
3) Choice of state variables
4) Forming of the coefficient matrices

The first step reduires the solution of a large set of
nonlinear simultanecus eguations, which can be a tough
problem. Fortunately there are loadflow programs avail-
able, which resolve most of the computational problems,
associated with the computation of steady state values.
To find the other steady state values we exploit the
structure of the problem. Once the steady state values
are obtained we can linearize the eguations and form the

coefficient matrices,

The computer available is a UNIVAC 1108 with 64 k of

core memory. It is possible toc model power systems with
30 nodes, 50 lines and 10 generators without using back-
up storage. In a model with 10 generators there are 50-70
states, 20~30 inputs, and 30-40 outputs. The actual size
of the state vector depends on whether wd and wq are in-
cluded in the state vector. The number of inputs and out-
puts depend on whether the prime movers are hydro tur-
bines or steam turbines. The flow chart of the main prog-
ram is shown in Fig. 3.1. The forming of the coefficient
matrices is divided into six straightforward steps as il-

lustrated in Fig. 3.2.
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( entRY )

RENETW

STEADY

GENRMA

NETWMA

BUILD

REDUCE

C exit )

Fig. 3.2 - The main steps in forming of the coefficient
matrices.
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We now give a short description of the blocks in Fig.
3.2. |

RENETW

The admittance matrix for the whele system is formed. The
admittances representing the loads are computed. The non-
generator node voltages are eliminated and the impedance

matrix is computed.

STEADY
The steady state values are computed starting with the re-

sult of a load flow calculation.

GENRMA
The matrices relating machine current deviations to flux

linkage deviaticons are computed.

NETWMA .
The matrices relating machine voltage deviations to machine

current deviations and votor angle deviations are computed.

BUILD

The submatrices A12, A21, eaa sy CM? are computed.

REDUCE _

The submatrices qu, A21, C e ey Cu7 are placed into the sys-

tem matrices A, B, C, and D, The states, inputs, and out-
puts are renumbered so that all states éinputs, outputs)
associated with one plant are assigned consecutive indices
in the state {(input, output) vector. Finally all algebraic
equations (dwd/dt = 0,‘d¢q/dt = () are eliminated.

The program is written completely in FORTRAN and consists
of a large number of subroutines altogether 2000 statements.
The code occupies 9k of core memory. During the debugging
the program was requested to print resulits before and after
each step. The results were checked manually. Some lineari-
zations were compared with results of numerical differentia-

tions.
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4. A REDUCED MODEL OF THE SCANDINAVIAN NETWORK.

The numerical example considered in this report is a re-
duced model of the Scandinavian network, which is shown
in Fig. 4.1. A detailed model of the Swedish part of the
network consists of 150 nodes and 250 lines., The reduc-
tion of the model has been performed in two éteps. First
the Swedish network has been reduced to a network with
ten generators and the Norwegian network has been reduced
to a network with three generators. This reduction has
been performed by Mr. K. Walve at the Swedish State Power
Board. The resulting network with thirteen generators has
been reduced to a network with three generators. This se-
“cond reducticn has been performed by Mr. B. Hallberg, al-
so at the Swedish State Power Board. The three machine

power system is shown in Fig. 4.2.

By comparison with field tests it has been shown [13] that
the detailed model well describes the Scandinavian network,
but it can be questioned if the reduced model does. In any
case the reduced model has many of the characteristics of

the Scandinavian network. On the other hand it may lead to
erronecus results if we predict stability in the Scandina-

vian network based on the reduced model.
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10500 MvA
__!_ Q Xx'd=26%
-1 H=44
13700 MVA Ensve 4
O x'd = 25% 2500/200
) i10
H=3.4 0/-1000- ’
Enge 4 i 2000/200
290000 Nosve 4
]14 _“"
B,
L ~3
2300/600 = 0.55410
I QOsla 4
0/-500
s j20 =
j 500/100 200/100 =055-16°
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= 0.38:10
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41907600
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Fig, 4.2 - The reduced network. 35001000
B7507 MVA ‘
Kidz 25%

H=3.7
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5. ELIMINATION OF Vg AND wq TERMS FROM THE STATE VECTOR.

A straightforward use of the modelling program results

in a model with 21 states, given in Appendix 1. The flux

linkages of d~axis armature and gq-axis armature windings

are included in the state vector. These states are asso-

ciated with very short time constants. The possibility

of reducing the order of the system by assuming dwdi/dt

= dy_./dt = 0 is included in the program. To perform this
qi i

reduction the state vector is partitioned into two compo-

T
nents X4 and Xo where x5

S FPRY! ©s¥y,) while the

g1

other states are collected in the vector Xq e The system

matrices are partitioned in a similar way and we have the

equations
Xy A1 ‘AZ X4 B1
= + u (5
X, Aa AH X5 B2
*1
y = [Cq  Cyl + Du (5.
%2
If we put iz = 0 in (5.1) the system equations become

N . _ - N -
Xgo= (Ag-fghy Agdx + (By-Aohy

1

-1

_ - -1 -
y = (C1 02Au Ag)x3 + (D CzAu

To check if the reduction is reasonable the eigenvalues

Bz)u (5.

Bz)u 7 {5.

Lta)

1b)

2a)

2D)

of the both models (5.1) and (5.2) are computed and shown

in Table 5.1. It is observed that reduction causes only a

minor change in the eigenvalues, that are present in Dboth

models. This observation strengthens us in the belief that




21

1 ~li My

1 6.5382.107° 3.4265-107°

2 -7.3225-107° ~7.322u-10"°

3 -7.6923.107° ~7.6923-107°

4 ~7.6924.107 % ~7.6923-10 2

5 ~1.0000-10"" —1.0@@0;10;1

5 ~3.3205.107 -3.3207-107

7 ~3.56387+107 ~3.6986-10

8 -4.222_540“1 ~4.2229:107

g -7.5387-107 +12.9711 ~7.5467-107 1+12.9708
10 -7.5387-1071-12.9711  =7.5467-10 1~=i2.9706
11 -1, 2434 +id. 1314 ~1.2406 +14.1326
12 -1, 2434 ~i4,1314 -1.2406 -i4.,1326
13 -1.4085 -1.4086
an ~1.8356 -1.8356
15 ~-2.3828 ~2,3832
16 ~-78.667 +i415.53
17 -78.667 -i415.53
18 -1169.9 +11677.1
19 ~1169.3 ~-i1677.1
20 -1471.3 +11111.8
27 ~1471.3 -11111.9

Table 5.1 - The eigenvalues (A;) of the original model
(5.1) and the eigenvalues (ui) of the reduced
model (5.2).
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the reduction is reasonable. The system matrices for the

reduced model is given in Appendix 2,

The system matrices of the three machine model is given

in Appendix 2. The states are:

Xy rotor angie, GNOSVE

X5 rotor angular velocity, GNOSVE

Xy flux linkage of field winding, GNOSVE
Xy excitation voltage, GNOSVE

Xg velocity of water, GNOSVE

Xg rotor angle, GSYSVE

X rotor angular velocity, GSYSVE

Xg flux linkage of field winding, GSYSVE
Xgq excitation voltage, GSYSVE

X10 steam pressure, GSYSVE
X4 4 rotor angle, GNGE

X409 rotor angular velocity, GNGE

X5 flux linkage of field winding, GNGE
Xy excitation voltage, GNGE

X4 velocity of water, GNGE

The input variables are:

Uy excitation input, GNOSVE

Uy gate opening, GNOSVE

uqy excitation input, GSYSVE

Uy steam valve setting, GSYSVE
Ug fuel flow, GSYSVE

Ug excitation input, GNGEL

Ug gate opening, GNGE

The output variables are:

V4 roter angular velocity, GNOSVE
Yo terminal voltage, GNOSVE
Y3 excitation voltage, GNOSVE
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Vi rotor angular velocity, GSYSVE
Ys terminal voltage, GSYSVE

Ve excitation voltage, GSYSVE

Y7 steam pressure, G3SYSVE

Vg rotor angular velocity, GNGE
Vg terminal voltage, GNGE

Yiq excitation voltage, GNGE

where GNOSVE, GSYSVE, and GNGE denote the generators in

North Sweden, Scuth Sweden, and Norway respectively.
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6. NUMERICAL SOLUTION OF THE RICCATI EQUATION.
To find the solution of the algebraic equation

aTs + sa - sBQ7BTS + Q = 0 (6.1)

the matrix differential eguation

T T

N S HBQ;1B o+ Q, (6.2)

ig integrated until a stationary solution is reached. The
integration procedure used is a fourth order Runge-Kutta
method with fixed step size. This method is chosen because
of its numerical simplicity. The drawback of the chosen
method is the computation time required. To reduce the com-
putation time it is desirable to increase the step size as
much as peossible. The maximum step size is determined by
numerical stability of the Runge-Kutta integration proce-
dure. When dintegrating linear differential equations

dz/dt = Fz 1t is well-known [14#] that the fourth order
Runge-Kutta methed is numerical stable if KihQZD where Ai

are the eigenvalues of F, h is the step size and

D= ful1 + w+ w272 « w3/3 + wiul <1}

Numerical experiments with the Riccati equation indicates
that this criterion can be applied to the Jaccobian 8f(z,t)/
/3z of the nonlinear differential equation dz/dt = f(z,t).

It is possible to give an explicit expression of i,, the
eigenvalues of the Jaccobian, in A, B, and H(t;QO,tf)

where ﬁ(t;Qg,tf) is the solution of (6.2) with H(tf;QD,tf) =
= Qp. Consider two solutions I (t3Qg,te) and T, (t5Qy,,te)
where IIng“Qoll £ 6/2 and i|Q02—Q0|| < 8/2.
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Let An = m, - T,. The differential equation for AN now

becomes
_am ATy 4 opa - n,BQYBTH, + Q-
4 1 1 12 1 1
t
T -1.7 -
T ATt TpA 4 MpBQy BT, 7 Qg S
=1,T 15T, 3T
= an(A-BQ, B M) * (A-BQ, B m,) AR
-Ol"
S A L pga - BLGE;Qq st + (A - BL(T3Qg,,t) ) Al (6.3)
dt

|fantted || < 6

equation (6.3) can be written

dy/dt = F(t3Qq,te)y

The eigenvalues M of F are [15] given by

i, =1, 24 +ovy n

where y, are the eigenvalues of

{A - BL(t;QO,tf)}

As a rule of thumb we reguire that h(pi+gj)$D.



Observe that we have to choose the step size so that the
integration procedure is stable when we reach the statio-
nary solution. The matrix QD can be used to increase the

step size at the beginning of the integration.
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7. CHOICE OF LOSS FUNCTION AND SIMULATION.

The loss function J in (1.2) depends on the two matrices

Q1 and Q2' The model has fifteen states and seven inputs,

which means that the loss function J depends on 15.16/2 +

+ 7+8/2 = 148 parameters. It is neither possible nor de-

sirable to inves
On the contrary

rameters but to

tigate all possible parameter combinations.
it is desirable to reduce the number of pa-

retain the freedom to affect the time res-

penses. To do so we have to affect the contribution to the

loss function J from
13 the states (the inputs, the ocutputs},
2) the states (the inputs, the outputs) of a certain

type.

The objective of the control is to

1) keep the
2} keep the
3) keep the

The matrices Q1

Q =

Qy = Wyl

where

xTPx = 7 T whg (o
1]

rotor angle differences small,
frequency constant,

terminal voltage constant.

and Q, was formed in the following way

2 2.7
P+ WXQ + wyC RC




28,

R = diag(Ry,Ry,...,Ry)
T = diag(Tu,Tu,.o.,Tu)
and

el 2 2 2 22
Q, = dlag(we,ww,w¢fngf,wzp)
- a4 2.2 2 2
Ry = dlag(wfngtswye,wyp)
. 2 2z 2
T, = dlag(wef,WUt,wuf)

The number of parameters, determining the loss function J,

is reduced to 16 by this approach.

The value of the parameter vector was changed until rea-
sonable time responses were obtained when the system was
subjected to an initial value disturbance. It is particu-
larly easy to find the time responses for this type of dis-
turbance. Assume we are interested in x(t), u(t) and y(t)
for © = 0,T,...,NT, and that x(0) is given. We then have
y(t) = Hx(t), u(t) = -~ Lx(7t), x(1+T) = Fx(t) where H = C-~DL,
L = Q;?BTS, and T = exp(A-BL) are constant matrices,

In general it is difficult to give rules for the choice of

Q,E and Q2 but as rules of thumb we can use:

1) The response time 1s decreased by an increase in W, .

2) The inputs are reduced by an increase in W,

After a couple of iterations the feollowing values of the

parameters gave rise 1o reascnable time responses:
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W, oS 1 w, =20 Wy': 1

Wa@ = 5 Wy = 1 W, = 5

Wy s 1/5 Wyge = 1/10 Wzp 5
Wep = 2 Wy =05 Wye =09
We = 2 Wy = 1/5 Wy = 1
wyp = 1/5

The numerical values of Q,i and Q2 are given in Appendix 3.

The solution of the Riccati equation (6.1) is given in Ap-
pendix 4% and the corresponding feedback matrix L = Q;1BTS

ig given in Appendix 5.

In Table 7.1 we show the eigenvalues of the optimal system
(A—BQEqBTS). We observe that the system is asymptotically
stable as stated in Section 1. It is also observed that the
complex eigenvalues are better damped than the corresponding

eigenvalues in the open loop system (Table 5.1).

In Fig. 7.1 we show the time responses of the states, in-
puts and ocutputs when 9y is given an initial value distur-~

bance of 0.3 rad.

Larlier in this section we stated that the objective of the
control is to keep the rotor angle differences small. To

take care of the angular differences we formed the term

in the loss function.

From Fig. 7.1 we can see that the rotor angle differences
decay very rapidly. The rotor angles on the other hand tend

to zero more sluggish but it is no need for a rapid return.
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i g
1 ~7.3346+10"°
2 ~2.0932+107
3 -2,7687-10" '4i3.5530.107"
4 -2.7667-10" 1-i3.5530-10"
5 -3.1735+10""
6 ~3.8822+10" 14i2.5255-107
7 “3.8322+10" 1-i2.5255.107"
8 w5.1886-10;1
9 ~1.3595 +i3.1247
10 ~1.3595 ~i3.1247
11 ~1.3721 +il. 1815
12 ~1.3721 ~ik.1815
13 ~1.4856 +i3.7911-1072
1y -1.4856 ~i3.7911-10"2
15 ~2.4613

Eable 7.1 - Eigenvalues of the optimal system.

It was also stated that the objective of the cohtrol isg
to keep the frequency constant and to keep the terminal
voltage constant. From Fig. 7.1 we can see that the fre-
guency and terminal voltage deviations are fairly small

and well damped.

Turning to the inputs we observe that the prime mover in-
puts are small. The deviations in steam pressure and fuel
flow are particularly small. The inputs to the exciters

on the other hand are strongly affected by the control law.
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To implement the optimal control law it is necessary to
measure or reconstruct the whole state vector. This may
be a formidable task in a large power system; Therefore,
it is desirable to use only lccally available signals and
a small number of transmitted signals. It is still an open

question how to choose these signals.

In this report it has been demonstrated how one powerful
tool from control theory can be applied to power systems.
It has also been demonstrated how system specifications
can be formulated in terms of quadratic loss function. Fi-
nally it has been demonstrated that the‘required time res-

ponses can be cbtained in a couple of iterations.
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