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’ state vari*bs

,«lf‘

L 5
turbo-generator onnected to an 1nf1nite bus 18 considered

The genera or 1s controlled through a linear feedbnqk of the’
. The feedback parametere are obtained by solving

a two pointl' linear boundary value probllm. Tho ve}ues to be

4 ¢

obtained fo theae‘paremetera depend on the strength and duration -

of the dist r\ance since the model is nonlinear contrary to the

usual feedb qk c&htrol & ¢ linear nodel ,

- TN

. The metﬂods of: eolution are’ t# cast the system into the

-~

_ Pontryaginrgminimum principle and the gradient deecent method

-

The model’ used includes the transfer functions‘of the governor,

the turbine and the exciter.. PR

4 .
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Modern trends in power systems towards the use of genereting

unite of iat;u capacity end lower specific imertis,and  lomger

- ttﬁéi“fon lines st higher \?olmqi tend to decrease the transiemt
.umwy and steady state tumurman;ﬂ the system. The
problem of improving the steady state stability has baen studied
and the various methods propbn& have been shown to provide an
nd_‘qu.t’u inrgin of stability in the lesding power factor region of
o;’crition even under low loads. !

As th@ steady state stability limits are constantly improved,
the operation of the power system tends to become increasingly
conutl;ained by its transient stability limits. Methods which have
been proposed for increasing the transient stability nrgin‘ act
generally ﬁr controlling the output of- the generator during transient
condicibnl.

Reguhtion of ‘the pofrer input to the prime-mover will undoubtedly
produce a direct effect on the rorior swings ofb the generator under
tunnien;. conditions and can be achieved in tt;e case of a thermal
set by ;:ontrol of the steam viive. However, due to the presence of
entrained stean storage effects .m the various parts of the turbine,
in the.reheater and in the comnecting pipes, the maximum benefit
from this type of co;aﬂfrcl are not gemerally achieved. Moreover,
the i:en;gifugal type of govermor and control equipnenli‘gre designed
mainly to p¥é¢ent overspeeding of the turbihe under co;xditions of

major load rejection or line switching.
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1.2 Scope of the Thesis

n -
8

s RN ' ) » {
- From these observation4 to obtain the benefits of turbine regulation

during the transient period 1t is necessary to- consider its effect

aimultaneously with that of the automatic voltage regulator.
The method of approach is through the use of dynamic optimization \

techniques to determine an optimal feedback control policyfsubject to'a

'prescribed performance criterion. For this purpose either ‘the

calculus of variations or the Pontryagin s minimum principle could be

4

used The criterion for opt imum transient performance is taken as an

integral quadratie“tndex which includes soft constraints on: the control

.variables.

* In this thegis a general nonlinear model of a turbo~alternator

"connected to an infinite bus is considered. Control of the turbo-

S

alternator is effected through control of field voltage and turbine

“ : .
torque. In' additiom, it 1s proposed to include the transfer

functions of the governer, the turbine and the voltage regulator.

' Inclusioh of these tramsfer functions provides a more reslistic

o

+ model of the machine and its control system, however, the

@

'dimensiqnstof the system are increased.

“

The machine is disturbed from the steady state by a torque ‘

pulse applied directly to the shaft andwhile- the alternator is

o

controlled through a linear feedback of the state variables. The

controls are modelled 'as linear combinations of the state variables,

. but the machine equations are»not;linearized} Therefore, the model

.parameters which are assumed to be'time—independent will generally

A depend on the strength and duration of the pulse contrary to the

linearized machine models where the equations themselves are linearized.
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 This linear feedback ‘model is consideted because it leads to a - L.
'aimple 1mp1ementation compared to the open 1oop system. Due to |
the restrictions on ;he~form of the control as mentioned above,h
additional constraints have to be considered in the implementations
of the optimal solutien as‘comnared with the dnrealistic medel.
; The method of solution is to cast the system lnto the

-Pontryagin s minimnn principle. This ensures that the necessary
and‘sufficient condi:ions for optimalify are met‘[l] ﬁhich is. ¥
inpertant for oataining the nunerical solution for such-a highly ' Y
nonlinean sys;em The nonlinear system equations and the constrains |
on the feedback are augmented to the cost functional which is in the
lquadratic form. |

Then using.Pontryagin's minimum princinle and the gradient descert
method, the optimal feedback parameters are obtained by sqlving a’
'two’pdint‘nonlinear boundary ;alue_problem'(T.P.N.B.V.P.). The values dbtalned
for these panamelers depend on the strength and ddraﬁion of the
dis;nrbance since the model is nonlinear contrary to the-uaualv
‘feedback control of a linear model as snown ianig. 1.1

S

Using this kind of feedback, ill-—conditioning is handled more

easily when ‘the numerical value of the optimal solution is

obtained
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controls ult)e ) known systems

- * ' CHAPTER II |

BACKGROUND OF OPTIMAL CONTROL

2.1 Introduction '

‘In the classical control systen’design,aeteptable performance

_.is generally defined in terms‘of tine domain criteria such as rise

time, settling time, and peak overshoot and frequency domain criteria
such as gain | margin, phase margin and bandwidth. The tools used are
frequency response, root locus phase plane and describing function, _

although these methods aLe widely used they can be applied only to

I

time-invariant systems, with unconstrained variables.

* Modern systems are;multiple~input-multip1e output; constraints

on state and control variables have to be imposed.‘~The objective

of optimal-control‘theory can be stated as follbws: Determine the

control s!énals which will enable a process or a plant to satisfy
certain:specified physicallconstraints and at the same time optimize

»

somé index or measure of performance. ) : e

N

"

> output l(t) 7

states x(t)

Figure 2.1.1 Diagram of Control System



_ The optimization problem can be expressed as:
Given a dyﬁémichi“system‘as shown in Fig. 2.1.1,"
State equation: x(t) = f[x(t), 'g_(tﬁ,t]_ : |
% * ) . \\!
Output equation:y(t) = glx(t), u(t),t] . . .

with (a) the initial state expressed as g:_(to) at t=t

(b) the final state expressed as S(_:_:_(tf)) vhere $S is

°

‘called the target S

(c) constraints on control variables expressed as u(t) e U

. L, v . . ° ) .
(d) “a performance criterion or cost functional usually written as

: ,J:J[')""(to)" tO’ E_]
t.

~ = [ FLix®), uo),tlat

t
o »

2.2 Calculus of Variations.

2.2.1 Basic Notions of Calculus of Variat fons

.
.

" PROBLEM - - o ~

Determine the extremal x*(t) for the functional \\
v ext e -
\\\
' tf o - : ‘ ' ,
J= [ % L(x(t), x(t), t)dt i - (2.2.1.1)
t : : .
o . -y

where x(t) is a vector

to and t_ are specified.

f
(1) Let x(to) =X and x(tf) = Xg-

(2) Assu,mel that ,x(t) and x(t) are continuous.

w

(3) The integrand L has continuous first and second partial

™ : /

* derivatives 'witi?\respect to\its arguments.

Consider an arbitrary function n(t) . Assume that n and n(t)
U - : )

_are continuous in ‘thé ¢losed interval [to, tf] .



ih

.(‘).Let

(2.2.1.2)

;

x(t) = x*(e) +en() “
i" where ¢ >0 is & real parameter and x*(t) is'thé solution.

Substitute (2.2.1.2) into (2.2.1.1)

<

“

J(x) = J[x*(£) + e n(t)]

= J(e)

. t . . ‘
= £ Llt, x*(t) + € n(t), x*(t) + € n(t)]ldt

t
o

4

Since x*(t) extremizes J, we can say that J is a min. or max.
- when x(t) = x*(t) or when € =0. Considering J as a function of €

.we set . . . )
A _ .

to obtain the necessary conditions for x*(t) to be an extremal. That is

' t - .
dJ f dt |, - :
Pt Bt Lokpen * 0 F Lgwten nldt = 0

de

S:erce,-c—l-g—;== 0,t does not depend on e¢. The above can be simplified
¢ . . - V)« -~

to yield at e=0,°>

t . R .
‘ ' (2.2.1.3)

) ' 7 .
t .
——dJs f . I f e =
s t£ Loy * nde+ t£ Ly * hde=0

“1f the second integral on the right hand side i= integrated by parts

Wil



-/

and substituted into (2.2.1.3) , we obtain

2+
t ‘ , t
' -d.—?l - f ' - L . f - .
. de :‘{‘ (Lo = 3T Lga) nle)de + L., n(t) ‘., 0 (2.2.1.4)

. ! - L v \
Since n(t) 1s an arbitrary function, equation (2.2.1.4) will be
/ . ‘ . '
satisfied only if the following necessary conditions é}e

!
satisfied: .

d
Lx* T at :'x*% 0

e

Y

'Thege necessary conditions are-shown in fig. 2.2.1.

Since x(t) =.x*(t) + en(t) for all t in.[to, tf]‘we have
x(to) = x*(to) + é n,(to) and
#(;f) - xk(t) + e (£,

,2.2.2‘Variaiional Notation

1

We replace x(t) by x(t) + en(t) and represent en(t) by éx(t).

a. First Variation of a Functional L(x,%,t)
: ~.
By definition

6L = L(x + €n, X + en, t) - L(x, %, t)

Expanding L(x + e€n, x + €fi, t) in a McLaurin's series in ¢ and retaining

N

only,the_linear'téfms,



x(t)l;
L..| =0 L.,
*® * -
o X't x tf 0
|
i e
Ke] { to tf t
x(t)A,
x(t) |
L}‘(*Ito ’0 L}‘(*ltf *Oo
_.>.—
o i t
x(t)ﬂ‘
Lisly 90 Lixle =0
o ' £
P
(o] to - v tf ot

Fig: 2.2.1 Curves of Fixed and Free End Points

>,
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L(x + en, % + eﬁ,‘t).- L(x, i,‘t) + oL 4

o 3(x+en) de G + en)le-b T €
1 [l N ‘ ;\» ..
oL 2 (Gted) €
+ 3(x+eh) ~ 3e |€'0

+ higher order items.

Theiefore, L = Lx +(8x) + Li (&%)

b. First Variation of J i

8F = J(x + en, % + €A, t) - J(x, %, t)

t .
-.J f i + e, % + ef, t) - L(x, %, t)]dt
(o]

coN

i
= tf (sL)dt
o

. tf )
=‘t£ [Lx(Gx_)fLi(Gi)]dt

tf~“ tf
= f .Lx(éx)dt +tf L*(Gx)dt

t
o} ' (o} .
- N .
o gt 4
] - :£ L (8x)dt + Li(ax).ltd -t£ (80) (g Lpde

t , t
£ . d ) £
t£ : ax[Lx - Li]dt‘+ pigax)lt

, dt
~ (o]
te d L
=t£ cx[px - 3t Li]dt + Li(tf)ﬁx(tf)b— Li(to)ﬁx(to)

The necessaryconditions for x(t) to be extremal (§J=0) of J are:
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, d y
w | a .
® %1, waior E 1, -0

2.3 Pontrngigfs Minimum Principle

‘Pdntryatinfs!niﬁimum principle 1s an extension of the methods
'aﬁd resﬁlts.of variational calculus to the case of boﬁnded control
.vﬁrigbleé;' If the set of admissiblelcontrolé is unrestricted, the
calculus of variationé can be ﬁsed to derive necéssary conditions
which gharacterizeﬁthe'optimal solution. When the.admiséible control
set‘i; boqued‘in some way, unrestricteq variations. in g(t) are not
allowed.

‘ The:dnimqéaprinciple can be considered as an extensiah’or

generalization of the calculus of variations to enable one to take

‘account of systems whose input signals have constraints of certain

types. Consider a system described by the state equation

% = £(x, u, t) . ‘ | (2.3.1)
with'

x(to) = x9 L
and

x(tf) = X

x is the n-dim. state vector.

u is the m-dim. control vector.
b . -
" The cost function to be extremized is
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t ‘ .
3= 6lx(ty), £+ [ Fi(x, u, tyar ' (2.3.2)
't .
[}

J, G and L are scalar functions of their arguments.

Consider the Lagrange problem in which G=0. Introduce a vector A(t)

which 1s the costate vector and rewrite (2.3.2) as follows:

e T :

X= [ 7 L+ A - %)]ae B , (2.3.3)
. |
o .

By replacing (2. 3. 2) by (2 3 3), we have converted a constrained

minimization problem into an unconstrained minimization problem.

The ‘variation 8J in J is:

83 = | f{[(aL) + AT(af) +3T] &x + [(-la)T + AT(af)]é }dt

t
o

Since Gx(tf); 6x and 6u are arbitrary variations the requirement
that 8J becomes zero yields the following conditions for x, u to be
optimai for x, u to minimize J. S

Setting the coefficient of 6x equal to zero we obtain

(81‘)T + T (—a—f—) +1%0
or
: of T oL ‘

Setting the coefficient of du equal to zero we obtain

(31‘)T + AT(af) “ S @)



A Hamiltonian function is defined as followe
CH(x, A, u, t) = L(x, u, t) + J\T f(x, u, t)

Differentiating (2.3.6) with respect to )

M.
o ffﬁ

or

Differentiating (2.3.6) with respect to x

°9H ¢ 3L of . T
= wmt G 2

Comparing (2.3.4) and (2.3.7), we obtain

-

..

ax ‘ A
Differentiating (2.3.6) with respect to u

i  OL . ,Of\T
3w -3t G 2

Camparing (2.3.5) and (2.3.8). We obtain

13

(2.3.6)

(2.3.7)

(2.3.8)




: x(t£) is free

Fig. 2.3.1 Free End Point Case

Let u(t) be an admissible control and x(t) be the
corresponding trajectory of the system described by |

x(t) = f(x;, u, t)
Let‘x(to) = xé, t and tf be specifigd while x(tf) is free as
shown in Fig. 2.3.1.

The necessary condition (a) and sufficient condition (b) for
u(t) to be the optimal control which takes x(t) from

Xo to some state x_. at t

X while minimizing the function J

f

14
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t
Js [ ' [:(t)t Q x(t) + u(t)r R u(t)lde

%

““ ‘w"‘m\.
“(a) There exists a function or vector A(t) such that #(t) and A(t)

are solutions of aquations

oH

L Y
and

: )|

A
and

oH

5 0

subject to the boundary conditions
x(to) =X

x(tf) - xf /
(b) The matrix Q must be positive definite or positive semidefinite

for t in [to' tf] in order to establish the sufficient condition

for a minimum., The matrix R must also be positive definite

for t in [to, tf].

The functional H(x, A, u, t) has & minimum if 33% >0 and %g-- 0.
du '

2.4 Direct Conputatfonal Method

2.4.1 Gradient Techniques .

Optimization methods can be divided into direct and indirect

methods. The first one comprises various gradient methods whereby
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' the gradient of the cost functional with respect to the control
1vfpnczion~1s used tol5§cces§1vely estimate the optimal control. The
second oﬁe is the quasilinearization method which invol;e; two point
bghndary value';roblem by a sequence of solutions of a system of linear

differential equations. This is denoted as a direct method of

~'cbmputation:pfﬂopt‘ilp‘hl control.

CORSider a point x for which H(x) is not a relafive minimum.

_ The Taylor series expansion is known :

H(x + h) = H(x) + HH'(x) + R,
~ where.the remainder terms are R,. _ s

‘Cho&se h = - aH'(x), 0>0, so that:

H(x + h) = H(x) - a[H'(x)]% + R

#

2

2

Now, if o is sufficiently small such that
A |aH'(x)1<e, thgn ‘ .

IR,| < alB' (01’
ahd
H(x + h) < H(x). "

This clearly indicates therefore that if we start with an

<
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arbitrary initial guess x° for x*, where H(x*) is a relative
minimum and update each successive estimate xt according to the
. 4terative algorithm:

et e 1e1,2,3,.. | o (2.4.1.1)
then

H(xi+1) < H(xi)

and xi will eventually converge to x*, The vector H'(x) represents
the gradient or the direction of steepest descent. Equation (2.4.1.1)
is the gradient algorithm.

2.4,2 Direct Computation of Optimal Control

We'aésume that there are no inequality constraints, that the,
initial and terminal times are fixed, and that the initial state is

fixed and the terminal state is unspecified.
o .

Thus we wish to minimize

*
[

: €, .
3= Glx(t), tl + [ fLlx(), u(t), tldt (2.4.2.1)
o ' sﬁd
for the system
x = f(x, u, t), x(to) =X | ' (2.4.2.2)

We defiﬁé the Hamiltonian

'
4

H(x, A, u, t) = L(x, u, t) ; XT f(x, u, t) (2.4.2.3)
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»and then set

: T
oH _ -,BL(x u,t) .- < 9f T (x,u,t) -, .
= .)\ -——-z—-'—ax + A(t) [—————’—Lax 1 .

e

and then set

ok

. * . T ' ) " v
S b e ) g (2 Gu,0, (2.4.2.4)
x _ ax :
witﬁ the terminal cbndition - ?

8G[x(tf),t ]
ax(tf)

Meg) = O N (2.4.2.5)

Also, we minimize the Hamiltonian with respect to a choice of u.

For the case where any control is admissible, we use

‘ agel
M _ 5 o AL(x,u,t) | A(t)if_('_g:!bi_). - (2.4.2.6)

\ du o du

t
4

We shall now guess a solution for the obtimal control, and

therefore, we will not obtain %%'=‘0. We will solve the differential

system equality constraint (2.4.2.2) forwards in time from t to

te with the assumed value of u and will also solve -the édjoint

equations (2.4.2.4) backwards. in time from t_ to to with the terminal

f

gonditions'(2.4.2.5). _
. L™ :
Thus, the incremental first—order change in the cost function
(2.4.2.1) becomes for a control differing by an amount Su(t)

from u(t)
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t . o ‘ '
63 = [ F (BHGGAUE T o0 } (2.4.2.7
N du(t) ‘ .
- 0

)

If we wish to make the largest change in 8J, we would calculate

. the gradient gg'and then make Su directed opposite to the gradient

{ a ,\“é/{
“fu(t) = - a ﬂ‘(—’a‘;%g’i)— » \ | (2.432.8

t

3

).

)

The change is such as to make J smaller if o > O, which is desirable

since we wish to minimize J. To start thé procedure, we assume
that we have some nonoptimai control ﬁi(t), Qe detefmine xi(t)‘by
solﬁing (2.4.2;2) and A(t) bfééolving (2.4.2.4) with the terminal -
condition. ' |

| ' The predicted change in J, GJi,.may if desired be calcu1a£ed

from (2.4.2.7). A new trial value of u

ui+1(t) = ui(t) + ﬁui(t)
is then found and the procedure repeated untilkeitﬁer'the control or

h .

' Y
the cost function does not change significantly from iteration to

iteration.

by

N
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Direction of |

T

3.1 Pafk's Transformation

q axis " a . d' axis

i

- Rotation | ~-Y~ a axis

&

Fig. 3.1 Pictorial Representation of a Synchronous Machine

As shown in Fig. 3.1, the d axis of the rotor is defiﬁed aﬁ
'some instantldf time to be at angle 0 rad ;ith respect to a fixgd
reference'pgsition- Let the stator phase current ia’ ib gnd ié be .
the currents entering the generator terminals. If these currents
are projected along the d ana q‘akis of the rotor, the relations

|
i

are obtained as:’

20
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1 .% [1, cds 6 + 1b cos(e - 120°) + 1 cos’s + 120°)]

P

/

.. 2 : o ' y - .
iq -3 [ia sin ¢ + ib.; sin(e - 120%) + 1¢ sin(e + 120' )]

Noﬁe that'fqr convenience the axis of phasé "a" was chosen to be
the reférenﬁe position [15]."

The effect of Park's transformation is simply (B trénsfbrm all
stator quantities from‘a, b, and ¢ into néw variables the frame of
reference of wﬁich'moves &ith the rotor. Park's tfﬁnsformatién
uses twﬁ of the neﬁ variables as thé d and q axes components. The
third variable is a stationary éufrent, which is proportional to
the zero—seéuence current.

Tt;is is given by [15]
1 =% 4+ . | " o
o 3 'a c :
where io.éroduces no space fundament;l field iﬁ the air gap. Thus,

by definition,

i 1
[0} a
1, =P | L
1 L1
q L 7e

~where the Park's transformation P is defined as [18]:
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P m %— ? cos @ cos(6-120°) cos(6+120°) (3;1.1)

L] L o
P ——

| \ ;
sin 6 sié(é-120°)~ sin(o+120°)

Y

~ ,

If the transformation (3.1.1) 1is unique* an inverse trénsformation

also exists whetein one may write

. where the inverse may be computed to be

€

Jg; " cos 8 sin § )

B

. - ° - oy
p~t - % V2 cos(8 129 ) sin(6-120°)

o= '

cos(0+120°) sin(e+120°)/

Consider the expressions for the flux linking the coils shown
in Fig. 3.1. These are given in matrix form in equation {3.1;2).

in this equation,
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a ] rLaa Lab Tac ! Lar LaDv LaQ‘ (ia‘
statgr : A)‘b - Lba Lbb, Lbc i LbF LBD_ LbQ ib ‘stator
| | Ac I.‘cex ch cc § LcF LcD LcQ ic
| A F Lra ™ e Ige E L ' g 1
rotor AD | >LDa LDb LDcv! LDF LDD LDQ;fiD ! fotor
, . TR
o ol s  Ygp Toe |Tr oo LQQJ! =y
» ,
(3.1;2)

3.1.1 Sélf Inductance of Stator

The phése-winding self-inductances are given by:

Laa'= Ao + A2 cos2g
Lbb = éb + A2 COSZ(e-lzo )

= : ‘ °
Lcc Ao + A2 cos2(p+120°)

wvhere Ao and A2 are constants.

3.1.2 Mutual Inductances of Stator

‘The phase -to-phase mutual inductance are functions of @ but

o

are symmetric.

. = = -~ - °
Lab» Lba | Bo 32 cos2(a8+30 )

Lbc = ch = - B0 - B2 cos2(p=-90°)

=L =-B -3B
(o]

ca ac 2

where Bo and B, are constants.

2

cos2(6+150°)
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3.1.3 Self-Inductances of Rotor

Since saturation and slot effect are neglected, all rotor self-

inductances are constants.

3.1.4 Mutual Inductances of Rotor

, The mutual inductance between windings F and D is constant and
does not vary with 8. The éoefficient of coupliﬁg between the‘d and
q axes 1s zero and all pairs of wiﬁdings with 90° displacement have

zero mutual inductance. Thus,

3.1.5 Mutual Inductances Between Stator and Rotor

All of these are functions of the rotor angle 6. From the

phase windings to the field winding,

=
L]

=
]

aF Fa Ci cosf . v

= = - . - °
LbF LFb C1 cos(6 ;20 )

la
L]

|
L]

. [
oF Fo Cl cos(64120°)



25

In what follows the damper windings are neglected; however,
the effect due to these windings is taken into account by

introducing a damping factor Kd in the dynamical equation. See

equation (3.3.1).

3.2 Flux Linkage Equation

The sinusoidal‘flux wave_exist; in the aif ga§‘and it has a
magnitude and angle in terms of this. One obtains more insight info the
constants of the macﬂine.when one resolves this flux into the
components q, d on the rotor and one can write the voltage>Ea in terms

of these components as follows [26]:

Ea = p(wmdcose + wmqsine) + (Ra + Llp)ia - me ib - me ic

¢

‘ d
where p is at

L1 is the leakage inductance of coil "a"

Lm is the part of mutual inductance between two armature coils

due to flux that does not cross air gap.

Using 1+ i+i = 31 and 1 in terms of i,, 1 , one obtains,
a c (¢ a : q

d’
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E = p[(!bmd T Laid) cosg + (wmq + Laiq) sing]
! : .
|

+Lpl +R1
(o] o a a

P [wd cosg + wq sing] + Ldio + Raia

where \
La = L1 + Lm
L =L - 3L
(o} a m
wd = Ipmd}+ Laid

Yy =y +L1

\
wd. wq are total flux ;inkages with an arma;ure éqil located on the
appropriate axis due to both the mainoair gap flux and the armature
leakage flux. La is the effective leakage inductance of either of
thg axis coils. L, is the inductance associated with the zero-

sequence current.

If one substitutes for Ea’ ia in Ferms of Ed, Eq’ Eo, id’ iq’,io’
one gets
(Ed - Raid) cos6 + (Eq - Raiq) sinb + (EQ - Raio - Lop i)

= cos8(py, +to¥ ) + sinb(py_ -wY,)
d " 'q q d

<

. where po = w.



Equating coefficients of sing, cos6 terms independently, one gets

By = - wyy + PV, + Ryl (3.2.1)

o = (R, + L p)i

q

Now one must relate the fluxes wd' Wé to the current.id, iq, 1f and \\\

also define the flux ¥ and also find the expression for Vf.

bg = Leg g + Ly 4y

=1 1 N
Yq = kg 1q -

Ve (Re +pLe)ie + Logp 4y

where L
Lfd is mutual inductance between coil f and d
Ld is se}f inducFance of coil d X - .
Lq is self'inductaﬁce of coil ¢q
rThe aone equations are éasigr to handle if one uses:per unit(p-U-j}
In this case |

L., =1L

fd ‘md

Ly = L+l N

Lee = Lpg + Lg \

where

Lma is per unit mutual inductance on the d axis

Lmq is per unit mutual inductance on the q axis

La’Lf are leakage per unit inductances.
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wd - (lhd + L.)id + Lhd if

wq - (Lmq + L.)iq ‘ (3.2.2)

Vf = LaaP 1d + [Rf +(Lmd + Lf)plif

Let ¢, = La 1+ (Lnd fo)if, then v = R, 1. + P ¥;. From

equation (3.2.2), the flux linkage equation is obtained as

d
ar (¥ = w Ve - o R 1 (3.2.3)
3.3 Tb;gue Equation
Moo=+ 339,y (3.3.1)
t e dt a v R

where

Mt is the total instantaneous applied torque

Me is the total instantaneous electrical torque
Ko 1s the damping torque .
J  is the moment of inertia.
Me is ﬁoéitive if power is passing into the machine from outside at
a positive speed. If ghe machine accelerates constantly from the rest

to mofiﬁ‘one second, then

728
w
o

I's

-

where the ine;tia constant H is:
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H = Stored emergy at synchronous speed in KW-sec
Rated KVA

Substituting J = %ﬂ into equation (3.3.1),
' o

2H
- +._-.._ + .
Mt Me o P w Kd w

L/ .

-

Multiplying (3.2.2) by 0 and redefining the constants in terms

of 1m$hdances instead of inductances, oneobtains:

" w°¢d = x.1, +x i

d'd md f .
w = x. 1
o%q T %qlq
Wobe = Xpala b *gals ~
where
Xy = wo(Lmd +*La) -x gt X, N

x = w (L +L)=x + x
q o' mq a mq a

x .= w L

md o md
Xeq™ wo(Lmd + Lf) = x .+ x

md © f

»

It can be shown that if the machine is connected to an infinite
bus by a series impedance X Re then one can change &

x =x'4+x
a a e

= R
,Ra Ra + Re
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'(The primed quantities are original ﬁachine barametgrs) Consider

the machine connected dirgctly to the infinite bus, where E; and Eq

4

Fig. 3.3 Single-Line Diagram-

.are the components of the infinite bus voltage in the appropriate axis.

©

.Now it is assumed in bpe voltage equations. that as shown in Fig. 3.3

PYq =0
=0
qu
R =0
R =0 ~—
e \ .
w = W . ’j,v:
0 /

Thus, it follows that

' Vwowd = *d id + fmd if.

Wy =x 1 - : | | o 3.3.2
owq .xq q | | 7 ' ¢ ( )

WoVe = ¥pg g+ Xgq 1g



where
= LI

x4 xd + xe |

xq = le + X (The primed quantities are original machine

parameters). ’

When the bus voltage is subgtituted in these equations, two
dynamical equétidns are obtained as showh‘ below; Let the voltage
in phase "a" be {QG}

E:?E /fsinwt=,E'sinwt

a rms o m "o
where

sin wot = gin(o+ 6) = sin g cos 8§+ cos B sin §
then s |

Ea = Em sin 6 cos § +-»Em cos 6 sin 6 (3.3.3)

Now from inverse Park's transformation, one has: [4_]
y ‘ .

Ea = cos 6 Ed — sin © Eq . (3.3.4)

Comparing (3.3.3) and (3.3.4), one has

E,=E sin 6§ = V2 E sin &
m rms

d

E =-E cos §=—V2 E cos 6

q m Tms

4 -
.

Now one expresses i:he currents id, iq, if and the fiuxes

¢

31

&
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8 Ems,.\the a lyev § and wowf.

-1
r ‘ s .
id o xd xmd /z_Erms cos § ‘ p
]
) [ *nd *fa) wols
X X . o _ .
f f4 - md [ /2E__cos s
P Xd*fa ™ ma ¥ a¥£dnd o ;
oA
{
§ *nd *d
. X, X —Xz X, X .—xz " wowf
~ “d7fd “md d7fd “md 8
Therefore \
V2 E i%?
rms d )
g = —x .z cos6- xZ.. ) YoV
X, - md fd _ _m v ,
d %gq 4 Xeq
-X !

d 1 *4 1

1= === ( —) V2 E cos & + ( )

f x 2 T w v
g a Y U S

d~ X *3 T x
_ £d £d
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i = — X058 , o - (3.3.5)

wowd = V2 Erms cos §

WY .= ¥Y2E sin &
o'q rms T .

- 1, |
Supstituting-(3.3.5) into Me E-(wcwd iq - wowq id), it becomes

M= S, sin § cos § + Sg Qowf sin & (3.3.6)
where
'x2
- E2 (x -x, + _EQ)
: ms d X
R fd
S, = )
X d e~
x (xd _ _ELQ
q xfd s
i '
x
d 1 oy
SS = rm: = ( Y ) v
V2 fd xd - md
*fd

Now'from the definition of 8, one has § = wt + 8
6 =5 =u |
where W, is the synchronous speed
8§ is the rotor angle with respect to a synchronous reference.

Mechanically one has

d™® de
M——+K, —=M - M
g2 dde e e

wvhere 6 is the rotor position

M is the moment of inertia
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2

K.d is the damping t \
Mé is the mechanical torque of prime mover
Me is the electrical torque

This‘corregponds to the electrical phase angle of the internal

voltage.

\ S

where Mt = Mé - K. w is the net prime mover torque.

So it becomes_

[a N
(2]

|

(Mt -M -K,=9). (3.3.7)

N
=
1
ol
(%

[ad

Substituting (3.3.6) into (3.3.7), it becomes:

2

s 1 e . ds
;;§ = M [Mt S4 sind cosd Ss(mowf) siné Kd dt]
~where
M= 2
w
o

Substituting (3.3.5) into (3.2.3), it becomes:

d(w ¥e) ‘ :
BT onf - A(wowf) + C cosé

where



d ( r ) w R
x 2 o
fd X
T md
x-d Ry
@ fd
2 Erms xtﬂd woRf
x2
md
Xeq B "%

- 35



CHAPTER 1V

MATHEMATICAL MODEL OF TURBO-GENERATOR

4.1 Machine Equations in State Space .

If one defines § = n, one obtains the féllowing third order system

from the previous chapter.

“u! S : S. . K
. 1 4 5 d
n ¥ W sin 6 cos § - ﬁ—-x3 sin § - M X,
¢
. '=. . | ‘
Xy = U, A x, + C cos $ _ | (4.1.1)

LY

Suﬁmarizing the assumptions used in thé derivation of this
‘third system; » )
1. Damper windings were not considered, instead a damping

coefficient is introauced in tﬁe torque equation.

2. Transient reSponseyin the transﬁission line is neglected.

3. The resistances in the stétor wiﬁdiﬁg, the transformer énd the
transmission_line are neglected. |

4. The time derivative of'the.fluxes wd’ wq is neglected,'i.e.

by =0, ¥ _=0.

5. w is approximated tb W, in the voltage equatioms.

Equations (4.1.1) represent a synchronous machine to a very

good approximation [11]. When use is made of the transformations

s

(4.1.2)

36



the machine equations (4.1.l1) become

where

2 2
X, 1l - x1

37

(4.1.3)

It is assumed that the disturbance is modelled by introducing

a torque pulse in the right hand side of the torque equation of

magnitude K
valie M:, and a duration T (0.5 sec).

values of the variables at t = to are the

- which is increased in steps of 5% of steady state

Hence in this model, the

steady state values.

Therefore, the machine equatipns (4.1.3) for this model are

i

modified to

. _ 1 ' -
X, = ¥ [ul S4 X%, - S, X.X K,x

57371 d"2

uN
n
NC
1
>
»
+
(@]
=

‘+ K[u(t-—to) - u(t-1)]

(4.1.4)

i
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Here 'the last equation in (4.1.3) which is algebraic is converted
into a differential equation as in [2] in order that the equality
constraints are unified in structure so that it is easier to find a
unified approach for the implementation of a numerical solution of
the system. |

4.2 Modelling of the Turbine, the Governor and the Exciter

4,2.1 Steam Turbine

To develop the dynamic characteristic of a steam turbine,
consideration must be given to the energies associated with the
steam system and the‘meehahical retating system. ‘The normal
controlling input for a turbine is the control value and the outtut

is the mechanical power delivered on its output shaft n

Usually the turbine is solidl) connected to its generator so the
inertial effects of both units are‘considered together as additive.
For this dynamic model, the effects of beiler pressure changes can
be igﬁored so that the steam control valve can be considered as a_
'power‘controiler.

The steam turbines in an electric power system normally consist

of two or more steam expansion etages with moisture-separator and
reheat stages between them. The transfer fdnction relating the

power developed by a turbine stage to the steam flow of the stage

is given by: [12]
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Pin(k)_ 1 » - '
Ps.(k) 1+ T1,(0s

where

}
.Pin(k) is the power (per unit) developed by the kth stage,

'Ps(k) is the flow of steam (per unit) into the kth stage,

Tb(k) is the characteristic time constant of the“kth,stage.

[
+|+~
=

o
n
1
i
~d
He
s}
2]
v—a|H :
o
N 4/
=
=]

Fig. 4.2.1 Block Diagram of Steam Turbine.

For this steam turbine the transfer function relating input

valve movement to output mechanical power is:

Pin L
P

s ='1-+—_—,i‘—; (4.2.1.1)
b : . ‘

Note that the transfer function is a linearized approximation

based on conditions at a specific operating level.

The development of the differential equations for a typical

double expansion turbine is shown in [12]. The sametechniques
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can be employed to develop“transfer function (4.2.1.1) for this type

of unit.

P (4.2.1.2)

P,' 1is the mechanical power
P is the steam power
T is the time constant of the turbine

when use is made of the trankformations

Xg ?~Er-[x7 - XS] ’ — (4.2.1.3)

4.2.2 Speed Governor

The s?eed govefnor used on the generator prime mover may{be
considered either as a speed controller or power coptroller depending
on the mode of generator operation. If the electric generator is
supplying an isolated load, the gdvernor tends to operate as a speed
gontroller; however 1f the generator' is connected to a large system

where the total generating capacity is much larger than that of the
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w
T
' L ¥t , — 1
> ——— ——m Governor e - Prime i
~ ]
[ - r _ i | Mover |
w
- Speed o ;
Sensor (P, or
| P
' m
- e ... 4 Load -
Sensor ’

Fig. 4.2.2.1 Functional Elements of a Speed Governor

unit itself, the frequency cannot be appreciable altered by the
individual unit and therefore the governor operates as a pgwer
controller. The generaf® arrangement of the functional elements of
the governor is shown .in Fig. 4.2.2.1.

For speed .and power control study purposes, both the steady-
state gain and thg transient performance of governor are of interest.
To develop the transfer function of a typiEaI speed govefnor, the
steady—staté droop charécteristic has to be considered.

The steady-state performance of a governor depends on the

value of the steady-state speed droop R. That is, under steady-state



53

52 | \\\\3:9.06

\\\
51 L R=0,02
50 |
49 | .
SR SO, - e e
.0
, V(p.u.) 1
Fig. 4.2.2.2 Governor Drdop
conditions .
1
AV R Aw
where

AV is the amount of turbine inlet valve movement

R is the governor droop

< is referred to as the steady—stétg gain
Aw is the speed error.
Fig. 4.2.2.3 ;llustrates the most common transfer function for
steam turbine governor relating speéd.change Aw to steam control

valve movement AV. With reference to the governor characteristic

shown in Fig. 4.2.2.2, adjustment of R in Fig. 4.2.2.3 has the effect

of adjusting the siope of the chdracteristic while variation of wr'
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Fig. 4.2.2.3 Block Diagrim and Tognsfer Function for
a Steam Turbin €rnor ‘
o
adjusts the whole characteristic up and down while maintaining the

same slope.

]

From Fig. 4.2.2.3, we obtain:

L\ 1/R Gy
Aw 14T s
r g

(4.2.2.1)

where
T8 is the time constant of the governor
T, is A/R

3

A 1is the governor constant ‘ *

. " : -
Substituting Ps’ Yo into (4.2.2.1) V,'wr, the transfer function

(4.2.2.1) becomes:

P G2G3 -

s ,
Y 1+T s . ’ “ ‘ (4.2.2.2)
) : g -

where



o 18 G3(v . Mt)’l’

Yd. is w, - Mt
1/R is G2 |
GZ is the gongnbi gain constant
G3 is the gteam valve constant
‘Tg “is the ﬁime~constant of the governor
Y0 is the ﬁpeeder gear ?étting.

GéG3 — ,Ps YQ___,_E;&G_B_

| 1+ Tgs M

Governor

.
T

g

. Fig. 4.2.2.4 Block Diagram of a Steam Turbine

The transfer function (4.2.2.2) can be converted into the

following differential equation.

: 1
Y, -7 P
g S

44

(4.2.2.3)




45

i

the governor equation (4.2.2.3) becomes

]
<a

x=r G (4.2.2.4)

77T 3839 ~ %71

4.2.3 Exciter

4.2.3.1 Automatic Voltage Regulator (A.V.R.)

In most modern generators the output voltage is controlled by

automatic devices so as to remain at a constant prearranged valué.

o

) A
3 —
& \ ' // ) -
! i v A
2 5 wd 5 : - —
r \l:’:]/ l |
| o~
R
Pilot Exciter ' = Main Exciter Rotor Winding

Fig. 4.2.3.1 Excitation Arrangements for a

Synchronous Generator

The excitation”arrangements for the rotor of a synchronous

generator is shown in Fig. 4.2.3.1. There are two broad divisions




of automatic regulatqr both of which set out to coﬁtrol the output
voltage of the synchronéus generator by controlling the exciter fiéld.
In general the deviation of the terminal voltage'from a prescribed
value is passed to control circuits and thus the field current is
varied.

One type can be brOadly‘c}assed'as eléctromechanical. Here a
voltage proportional to-the deviation voltage operates a soiénoid

assembly to vary the pressure exerted on a carbon-pileresistor in

the exciter field, thus varying its resistance.

Deviation ) : - Terminal .
Voltage : dead band | : Voltage )
g ¥ - g
e
. ' I | .
. 1 !
T T
N ' .
: o h Corresponding
| ' : Change in Resistance
? ! ! in Exciter Circuit
: | {
S e > —_
f delay due to dead band : 4 g

Fig. 4.2.3.2 The Effect of a Dead Band in Automatic

P

Voltage Regulator

Thié'type suffers from the disadvantages of being relatively slow
acting and processing‘déad—bands, i.e. & certain deviation must
, 9 ’

occur before the ééé%énism operates as shown in Fig. 4.2.3.2.
b } l., :
The other main group of regulators is known as continuously
B ' '
acting and these are faster than the above and have no dead bands.

g
3 Ty
e
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Deviation Amplifier . Exciter Generator
o o P
1+ Tgs ! 1.+ Tys
p o fo
GS pet———————— |
<1 + TSS !
Feedback

N X

p
v

fig: 4.2.3.3 Block Diagram of a Continuously .

Acting Automatic Voltage Regulatér
A general block diagram of a typical control system is given in
Fig. 4.2.3.3.

4.2.3.2 The State Equation of Exciter

In fhe present inwestigation, an exciter is assumed to be
present,‘bpt there 1is no feedback applied to it from the machine
terﬁinal. ' -

The terminal voltage can be represented only as'a complicated
funcgion of the state variableé 8§ and (wf mo) and cannot gasily

be included in the dynamic equations of the system. The voltage VeX
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applied.ﬁo the field winding of the_excigef ;s assumed to be
available for direct manipulation and is used as one of the control
input variables.

The effect of the exciter is approximately represented by
a single time constant and a suitable gain. There are var@éus forms
of excibgrs and the parameters of the model will depend on the type

of exciter considered. For thyristor rectifier excitation supplied

.'.from transformers or a.c. exciters with silicon diode rectified

output, the time constants vary between 0.05 and 0.3 sec. while for

d.c. exciters larger time cohstants of 1 to 2 sec. are common.

wV

C WV
T 9 f Cr

14+ T.s w V —
e o ex Te

Fig. 4.2.3.4 Block Diagram of Exciter

The transfer function of the exciter is:

: -
A 0V | . (4.2.3.1)

\‘\\



where
Cr is the exciter gain constant

'Te is the time constant of the exciter

3

w V. is the exciter field voltage times the synchronous

wOV% 1s the field voltage times the synchronous speed.’

In the time domain equation (4.2.3.1) becomes:

r 0 ex o f :

2 0 ex

the exciter equation (4.2.3.2) becomes:

S
X6 = T [CruZ
e

49

speed

wV =‘%—-[C WV -~wvV.] ‘ (4.2.3.2)

- x6] (4.2.3.3)



CHAPTER V
MATHEMATICAL SOLUTION OF THE MODEL

-

5.1 System Equations in State Space

4

Relays ‘ Speeder Gear
Servos - +  Setting Yo
. Governor <
8
am Transmission
) Pin Lines
> ?urbine lGenerato \ Infinite -
Governor System
. Valves
Exciter
Exciter Field
Voltage V ,
ex
Fig. 5.1 Schematic Diagram of tge System Investigated
The model used here is a specialized form of the mathematical
model (4.1.4) derived in Chapter 3, sinc: ~eview the mathematical

50
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model in Chapter 4 and present its specialization for this chapter.

Inclusion of the transfer functions for the turbine, the

governor and the exciter will add three more additional differential

equations (4.2.1.3), (4.2.2.4), (

4,2,3.3) to those in Section 4.2.

Here the same procedure is used as in [12]. The system equations

for a machine disturbed by a torque pulse together with the

differential equation genefated by the transfer functions are:

Xy = XX, -
g:fi_i‘.xx _.S_5 x
2 W W 1% Tw %N
x3 = X - A x3 +.C x4
X, = - XX
R § :
X = 7 [x, - x.]
5 Tb 7 5
. _ 1 ‘
X6 © T [Cruz -,x6]
e
X, = 1 {G.G.,u, - x.]
7 T 27371 7
' g
Hereixl, Xy, Xg and X,

field flux and cosd respectively.

Ka
- — X

. + -‘& [u(t-t_)-u(t-1)]

2

(5.1.1)

are the sind, derivative of toréue angle,

and x

2 are the mechanical

x50 Xg

power, the fiéid voltage times the synchronous speed and the steam

4 S

T

power respectively. §

5, Kd’

derived in Chapter 3. b’

M, A, and C are the machine parameters

Tg’ and Te are the time constants of the

turbine, the governor and the exciter respectively, whiléhﬁé, G3; and
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Cr are the governor, the steam valve, and the exciter gain constants
respectively. | J

Thg control sigﬁal is assumed to‘control~directly the speeder
gear setting of the goverhor gechanism and thereby the valve opening.

One of the control input variables u, is assigned to Yo which represents

1
the speeder gear setting. The other control input variable u, is
the voltage V__ applied to the field of the exciter multiplied by

w, for convenience as shown in Fig. 5.1.

Before use is made of the transformations

o
3% = giné
X, =M
Xy = 0¥
X, = cosé

the cost function to be minimized is:

. ¢ .
_ f 5,2
J = tf la,(8-87)" + @,
o]

2 8.2 s
n" + ag(xgxg)" + vy (xgmxg)

T N It LR WOl

where superscript s indicates the steady state value. The parameters

U5 Oy, Oas Yps Yo Yq» Bl and 82 are pgnalty factors for

deviations from steady state values.

Due to_gheltransformation (4.1.2) one should express (6—65)

v
v

.
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in the cost function  in terms of (xl-x;) and then expand the
resulting function and introduce ;dditional pseudo~variables. On
the other hand, one could alter the cost function skightly and
if necessary increase the factor a, to compensate for this change
as will be shown below.

A‘cost function with (6-68)2 replaced by (xl—xi)2 + (xa-xZ)zl
is monotomicélly increasing in theArange (o,m and‘approximates
(6—65)2 to a high deéree of accuracy over the range (0, m/2). This
cén be seen as followsé

(xl—xi)2 + (XATXE 2 = 2[1 - cos(G—Ss)]

-

1f onevnow chooses a (a = 2.5 al) for the coefficient of
[(xl—xi)2 + (xA—xz)z] in the cost function , one will have the same
penalty at 7 fpr both the o0ld and new cost function,

It should be nqticed that in this case small errors are penalized
more heavily than before which is a beneficial feature of the
modified cost function, Now the modified cost function Ebcomes:

te 5,2 5,2, . .2 5,2

J =tf [a[(xl-xl) + (xa—x4) ] + & %, + a3(x3—x3)

[o}

2

's 2 s.2 s, 2 s,2
¥ (Rgmxg) T+ v, (xex )T 4 v (x,mx)) " + By (ug-uy)
+ 8. (u —uS)?]de | (5.1.2)
2(8y7Yy L.

The control is specialized to be, for this problem, of the form



54

8 8 8 8 s
u,~u, = al(xl—xl) + az(xz—x2) + a. (x —x3) + al‘(xa-—x4

171 373
' (5.1.3)
s s s 8 s '
gz—uz bl(xl-xl) + bz(xz-xz) + b3(x3—x3) +'b4(x4-x4)

where
a;s 2,5 84 and a, are constants
’ bl’ b2, b3, and b4 are constants.
However the magnitude of these constants in general depends on

the strength of the disturbance. These constants clearly satisfy

4 =8, =3;=4,=0
(5.1.4)
by = by =Dy =b, =0
5.2 Mathematical Solution of the MPdel
By substituting
=x, - x>
k41 1 1
Yo T Xy T %y
Y3 3 3
Yy T %y 4
s g (5.2.1)
Y5 T %5 T %s 2
e = X6 ~ *g
Y7 7 7
> =y, - ud
Vi 1 1
Vo 2
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where

Yy and v are deviations from the steady state into the cost function

i
equation (5.1.2) and equations (5.1.1), (5.1.3) and (5.1.4) one

obtains:

t
£ 2 2 2 2 2 2 2
J tf [alygty,) + oayy; + gy + vy¥g + Vo9 + Y355
(o]
(5.2.2)
2, 2 A > 2
+ Blvl + 82v2 + §=1 (\)iai + oibi)ydt

i3

Note that we set X, = O because the torque angle does not

change ih the steady state. Also quadratic penalties are 1mpésed

.
is and bis.

on the a
b= x5y 4
Y1 T F2 T Y9
1

S S S s
M Y57S,%,Yy — Ss¥3¥y ~ Kgy, = Sgxyyy - S,x0y,

- Sa?'ly4 - Ssyly3 + K[u(t—to) - u(t-1)]

. = _ _ S . ’ .

<
~
H
"
r—
(2]
N
]
w
<
ot
1
]
~
[
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vy T ey tagy, tay, tay,
Vo T By By v hays L py
44
a = é2 - 33 =4, = 0
b1 = b2 - b3 - b4 - 0
Governor
)
y v
; e SO DR
T 1 72 "3 74
g
N
o1
T
g
Turbine ‘Generator
y : ,
L 3 Y1 Yy Y3 Y, LOAD
T bl |
b >
Exciter
1 y . S
| T [ PPt
. e ) T e
ST
o1 o
T
e 4

SR
A

Fig. 5.2 State-Space Diagram of the Model

\
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It should be noted that from equations (5.2.1) and (5.2.3) it

follows that

at steady state,

The initial values are

yi(to) - y2<to) = y3(t°) - yé(to) - yS(tq)- y6(to) - y7(to)’- 0

(5.2.4)

Then the augmented cost function is (Section 2.3):

t . :
o (TE 2,2 2, 2 2 2. 2 2
I tf lalyp#y,) + gy + ®yys + p¥s + V¥ * va¥7 * ByYy
0

A -
2 ' 2 28
+ 8,V +121 (v,a [ to b ) + A (y;L = x,y, + yzyél)

+

. 1 . U8 s s s
Ay = Hl¥s = 5,%,Y; — Ss¥g¥y ~ Ky¥, - SgXyyy - S,

S,Y1Y, ~ Sg¥y¥5 t K(ule-t ) - u(t-1)1) + A;(§4-y +Ay,-Cy, )

. ) s ‘
+ Ak(yé + Y1, + xlyz) + kl(vl--(aly1 + 8272 + a3, + aayﬁ))
Y]

+ k, (v, -(b + by, + b

2 (Vy=(byyy + by, + bayy + b,y )) + A(a)) + A(ay)
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+ 5 (E,) + 2g(a,) + Ag(by) + A (b)) + 311(53)

‘ . : _\ 1 . 1
t Ap(h) F Ay [ - T, (y9=y5)1 + Ay, lyg - %;'(Crvzfye)]

S

. 1 ;
+ Alé[y7 —.T; (6,6, vl-y7)]]dt

integrating by ﬁarts and‘collecting terms which are quadratic

and linear in the yis and ags and bis and dropping terms whic@_do

not depend on these, the augmentedAcQst function reduces to:

¢

N t - : .
= “iyfqr + vrv + aTsa + 3718 % AT(-F) Jar
to . ! . %
where:
Ve ly, v, v, v, ] :
Y1 72 93 Y4 Y5 Ve ¥y
VT = [vl v2] ‘
. . . <
AT = [a, a, a, a,]
7 1% %3 %
T s
B" = [by by by b1
T
Bm Dy dg Ay A s g g Ag A9 Ao Ay App Mg gy Ays]
L] ?-( : . . \ V
o 0
) az
N a3 r
i Q =

A Y S R T s e g e o L
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o

8 o
R =
0 BZ
&
vl 0
V2
SO= . v3
TN i
J‘ (0 Vg
/éwyﬁ )
4 v 3
01 0 /
) 9 ’
T = » 03
0 o, !
\ 43“)

/ ’ N
!

The matrices Q,R,Sﬁand T aré required to be positive definite

(Section 2.3) for minimﬁm Jl;

‘Thus, the Hamiltonian is defined as (Section 2.3):

{
!

S

, 2. 2 2 2 2 2 2
H = aly;+y,) + oy, + agyy + v1¥ + 7,5, + 135,

2 2 o8 '
T Byt BYy + A Iyt D
1 “sxdy LKy, < 5y, - 5,55y,
+ hy (= 5 lyg = 5,x871 7 °5%3%1 T RgY2 T PNV T 5%y,

<



; ‘ A
=Sy, - Ssyly3 + K(u(t-to) - u(t-r))])’
' kN

e
P

: s
+ A3(-y6 + Ay3 - Cya) 2-14(y1y2 + xlyz)

+ kl(v1 - (aly1 +a,y, + a3y, + aﬁyA))

+ k2(v2 - (bly1 + b2y2 + b3y3 + bdyé)) + AS(U) + A6(0)

- + 2,00) + Ag(0) + Ag(0) + 2;4(0) + A ;(0) + 2y ,(0)

1 1
+ g (- T, (y7=y52) + Ay, (= ?;(Cr"z‘ye))
+ A5 (- i; (6,64 vi-y7)) + 121‘ (viay + o9

The necessary and sufficient conditons for minimufn Jl by

Pontryagih's Minimum Principle are [{]:

] . P
-
2N

60



9H
1 oY

oH
2 2A

“ oH
3 9B

T | . .
Y= lyy ¥, 93 9, Y Ve Y71

T - . ‘

A= D A A3 x Mg Ay M6l
T

Ay = [hg Ag Xy Ag)

T

Ay = [Ag A g 21 2]

and the boundary term is minimized with respect to

L
F
’nw L

yi(tf): ai(to}’ a, () by (r ), by(ty)

which yields ‘ L

| (5.2.5)



Ai(tf) = 0

M

-

'épecifically as:

(t) =2
(o]

HIH'

2ay1 + A

(i=1,2,3,4,13,14,15)

b}

j(tf) =0 (j=5,6,7,8,9,10,11,12).

o

s
XYy * VY,

1 e LS s s -
M Vs T Su%aYy T Ss¥3¥y - Kg¥p - SgXpyy - 8yX

- 8.yyy5 * Rlu(t-t ) - u(t-1)]]

Vo ~AY¥3*+ Ly

L .
T YV T %Y

HlH

[y7 - yS]

[Crvz - y6]

[G,65vy - ¥y]

f-llb—"

Ay A
W2 Y SsY3 v Sav, ~ K3 T Kby

The optimizing equations (5.2.5) are arranged and given

-

s
174

.w 62

£

(5.2.6)

=S¥y
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X
: ) s 2
2 2012.y2 + A4y1 - )\ kla k b + xy )\ 4)\1 +§— Kd
A L
= 20,y; + 2 S.y. - ka - kb +AA +-25 x5
3 373 T M OsYp T KBy T Kby + A A+ o= Sox)
AZ )‘2 ‘s
47 2% =AYy T 8y - ke, - kb, - g+ 5 8 x]
5% 28 - ky,
6 = 2V8; - Ky,
7 = 2333 - ki,
g = 23, - ky, - G2
9 = 2000 - Ky
10 © 290, - kyy,
11 T 293b3 - kyyg
12 = 29, - ky, )
U )
13 11Ys T, M
.
_ _14
Ma = 0¥ t i - Ay
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I LR &
15 Y33 T T T,
£
5y
Y = 683 M5 Ky
17 T2, T T
v. = =L 14 _'kz
2 2Te 2By

Equations (5.2.4), (5.2.6) and (5.2.7) constitute a boundary
value problem for the system and these are to be solved for the

feedback parameters of the system.



CHAPTER VI /

COMPUTATIONS OF THE SYSTEM EQj‘I_ONS‘

6.1 Computations for Turbo-Generator

Equations (5.2.7) and the feedback parameters are solved
by the following method.

Equation (5.2.3) can be reduced to

Y = F(y,v,8) , ¥(e ) = O | C(6.1)

<
fl

Z(a,b,y) | ' 1 (6.2)

where o

Y = (y15995Y35Y,5Y55Ygs¥7)
V= (vl,vz)
a= (al,az,aj,aa)

b‘: (bl’bz’b3’b4)
The feedback parameters (a,b) of the system are two constant
vectors‘tb be determined such that the cost function equation

(5.2.2)

t _ _
= [ £ gy’ 2 2 2 2 2 2
‘J cj [aCyp +yp) + 0¥y + 9355 + vyyg + vy + 335
o : '
+ B v2 + B z + %1‘ 2 2
11t R t L (viay + o,bi)]de
t .
= ff L(y, v, a, b, t)dt ' (6.3)
t ) v
o]

65
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is minimized subject to é = F(y,v,t).

This feedback control problem can be solved by a simple
reformulation of the above problem. The feformulation is carried
out by substitution of equation (6;2) into equatibn (6.1) and
equation (6.3); which gives

t

J(a,b) = J f Lly,z(a,b,y), a,b,tldt’
‘ ! |

- The fact that Y are the known functions results in

t
Ja,b) = [ f1(y,a,b,t)dt

t
o}

Y = F(y,a,b,t)
! . o _ . :
Now, this feedback control problem becomes a problem of
obtaining the values of parameters (a,b), which minimize the
cost funétional subject to the associated.differeﬁtial constraints.
Thus we have formulated a problem of paraﬁetef'optimization
bf. 2 2 2 2 2 2
J(a,b) = f [a(yl + y4) + a,Y, + G3¥4 + Y1Ys + Y2y6

t
(o]

2 : 2
tYyyy + By(agy) +ayy, +agy, +a,y,)

2
* Bp(byyy + By¥y + byyy + byy)”

4
2
+ izl(via?‘i + o,b7)]de
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\

subject to i = F(y,a,b,t). The feedback parameters should satisfy
tﬁe two point nonlinear boundary value problem according to
equation (5.2.7).

To solve this nonlinear two point boundary valug'problem, one

has to resort to iterative numerical methods (Section 2.4) for obtain-

ing the optimal feedback parameters and trajectories on the digital
computer,

The first variation (Section 2.2) of the functional J1 is

expressed as:

~

Tt
f i i i i i i i i
83, tf [(L, + AF) 6a+ (L, + 2F) éblde
o
feL 4T 1 AT i
= [T ED sa + (@) sblde
N a b
o
The gradient algorithm for the cost functional J1 with respect to

the feedback parameters are given by [3]

P

i+l i 4
a =a =-o0g
bi+1 - bi - a hi

- where .
i

i oH i
g=-{=Ha E

da
i
% ani - H;
3b .

Hence, if the change in ai, bi is selected as
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L ]
i
i i+1 i oH
fa” = a -a = - g —
i
da
1 441 4 ant
§b” = b -b = - q —3
ab
-with a > 0, then
£ 4T 1 TR
83, = - o :£ [(H)" H + () H ldt
dH
If these nominal feedback parameters satisfy BE‘(yi,ai,bi;Ai,t) 20, 53-20

da

then ai,bi are the desired optimal feedback parameters a*, b*,

For o > 0, since the increment in J, is governed essentially

1

by the first variation 8J,, this implies

1’

A . .
Jllai,bi] > Jl[ai+1,bi+1] (6.4)

Hence from the equation (6.4),.if the first variation ||6Jil|<e is

satisfied the feedback parameters will eventually converge to the

’

optimal feedback parameters.

The gradient algorithm for the optimum are then given by

'a;+l = a_j;‘ - ugji (3=1,2,3,4)
(6.5)
41 4 i :
b. = b, - ah] =1,2,3.4 N
i j a 5 (j , )

Also, the gradient equatibns are obtained as
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= 2v,_a, -k =1,2,3,4
\
h, = 20.b, - k -1,2,3,4
where
G,G, |
ko= T Ms - 2By (ayy) +ayy, +agyy +oay,)
5 7
c : . )
2 7T Maa 7 28p(Byyy + bpyy ¥ Byys By,

[ ]
. The steps to determine the optimal feedback

para&&ters a*,b* on the digital computer using the steepest descent

\

method %ifi

Step 1: \
. A\

Consider the parameters ai,bi as being a piecewise-constant

£ Assume the initial values ai = a_, bi = bo.

during to <t <t
Step 2: ' .
‘Using ai,bi, integrate the state equations (5.2.3) forwards‘from
t t:oAtxf with the\initial c?nditions yi(to) =Y, and store'the
resulting state trajectory yi(t).
Step 3: .\

' Using-the stored value\?f yi(t), integrate the costate equ::ions

(5.2.7) backwards from t_ to to with the final condition

f

Ai(t ) = A_ and compute gi = Hi, hi =-H§ and store these functions.
f £ a
Step 4:

Compute the first variation

i i i i+l i+l
HGJlll:lIJl[a :b]_Jl[a ’b ]II'



Step 5:

If the stopping criterion ||6Ji||<e is satisfied, ;,terminate thé“
iterative proéedure. Then these ai,bi arelthe required optimal ’5 -
feedback parameters. Otherwise generate the new ai+l,bi+l accordingn

to equations (6.5), and update ai,bi by ai+1,b1+1 and return to

Step 2.

6.2 Discussion of RBesults
This thesis is aimed at obtaining a desired performance of the
turbo-generator during the period following a distrubance by means of

an optimum variation in ﬁhe control inputs. The objectives of

optimization are to improve the stability and to damp out any oscillations.

Botﬁ these objectives can be achieQed by using a suitable function
of the rotor angle of the form a(§ —,65)2, where o 1s a constant
penalty factor. As shown in Chapter 5, the usual quadratic cost
'function in the machine variable 8§ can effectively ge replaced by é
new cost function which is quadratic in the wvariables siné and cos§.

@

In.order that the rotor angle converges to a final steady value
withogt large steady state errors, the cost function 7S také; as a
quadratip function of the deviation of the rotor angle from the’finalh
steady state value. A fupction of the field flux linkage deviation 7
ka3(x3 - xg)z, where oy is a constant penalty facter, IS also included
to counteract ;he tendency of the:rotor flux to decay during the
disturbance period. -This-helps to reduce s;eady state errors in
the terminal voltage of the machine at the end of the optimization

period.

6.2.1 Choice-of Penalty Factors

*Penalty factors are used in the cost function in order to



‘ ?":’9'5""
At

: k 71
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i"’ﬁi -

Fh
speci?y the relative importance of the various terms whicnﬁprﬁ
minimized. In this thesis, penalty factors are chosen so that

“‘J )
the major proportion of the reduction in the vggue of the cost
« ‘ .
function in each i{teration is obtained in the term containing §.
al and d& are chosen 80 as to alter the cost function, and to
& .

compensate for the change due to the transformation as used in

Chapter 4. Other penalty factors are chosen from [2].

6.2.2 Performance of Turbo-Generator

The machine is disturbed from the steady state by a torque pulse
applied directly to thHe shaft and the generator is controlled
through a linear feedback of the state variables. It is assumed that
the_disturbénce is modelled by introducing a torque pulse in the right
hand side'of thelibrque equation of magnitude K which is increased

in steps of 5% of s}eady state value M: and a duration 1 (0.5 sec). -
o

Hence in these fesglts, the values of the variables at t = to are
the steady stgfé values.

The oﬁtiéum controls and the optimum(ﬁwing curves are shown in
Fig. 6.1, Fig. 6.2, Fig. 6.3, Fig. 6.5, Fig. 6.6, Fig. 6.8, Fig. 6.9
and Fig. 6,14;‘«5; sﬁowﬁ in Fig. 6.1, Fig. 6.2 and Fig. 6.3, the
variétién.éf tﬁe rotor angle is increased as the disturbance strength
K is increaged. " , .

| When_ the dispurbance is at K= 0.4, the control signal to the

ébeeder gearvdrops near zero value requiring the valves to close
|  :§in Fié. 6.9. This' is followed by a . steady 'signal

at the frequency of the rofor oscillations; the nhture of the

variations depending on whether the rotor is acceierating or de-

- celerating. The exciter voltage control at K = 0.4 is shown in Fig.

7

Ve
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. ger unit values are, used throughout. a
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-

-

"6.8. /ftfis shown that afsuitable control at K = 0.4 can be found

i

to improve the dynamic performance of a large turbo—generator, even

in the .presence of practical constraints on the control system.

The swing curve A in Fig 6.3. shows instability at K = 2.1. It
P

is of concern where a large disturbance occurs without any”controls

However,nthe swing curve B 'in Fig. 6. 3 shows stability with optimum

feedback controls This system is stable since it returns to a

staté‘of-equilibrium when disturbed from a state of equilibrium;

Fig 6.4 shows a phase plane plot corresponding to Fig 6.3.

The plot A is unstable and the torfque angle § passes unstable )
equilibrium point qu without the controlsJ However the moticn B

is gWerned by optimum feedback controls and the accelerating torque

(K ='2.l). The machine‘swings to accelerate; reaching its maximum

%

hposition 6 and starts to decelerate, then returning towards 6

' The oscillations will fipztiy stop the rotor at 6 with damping after

the disturbante period (O 5 sec ) Fig.“6.7 also shows a phase

plane plot at K = Q.4. ¢

>

) . . . o : : : i \// I
" In conclusion, the optimum feedback controls are used fof the

improvement ofjturbo—generator stability after a distiurbance.

1
6. 2 3 Effectiveness of Optimum Feedback Control&

e

-

_ The parameters of the system are the same as [2] and the

\ w

disturbance period s O ‘5 sec. The exciter parameters used are

Te = 0. 2 sec. ‘and C =‘l.0 An exciter system which consists of an

\

exciter or transformer with thyrisﬁorsis assumedggwhere,a fast

Tt @

rate of response can be obtained The gain can be taken as unity :

T

.with0ut loss of generality since open loop control 181353umed and

N,

o D “ o i




Fig. 6.1 shows the,gwingjcurves at K = O.Afand Fig. 6.8;
- Fig. 6.9 show the optimnm feedback controls required. Fig. 6.10 and

Fig. 6.11 show the corresponding variatfons of the field voltage

|

and the mechanical torque. F1g 6.13 shows the correspondlng ‘ &

variatlon .0f the excitation voltage. ,
.
- The high speed_voltageAregulator and exciter have two major
7 ) o ‘ ) . .

- effects. The first is the increase in restoring -synehronizing fof§zs ey

,‘)\‘;ﬁ | p'"’ o h ) 3

made possible‘through the forcing of excitation and intennai machjﬁéé s
fluxes. This impfovea transient stability; The second iskthe

: . 4 B .
deéeriofatiogyof‘machine dampin , resulting in dynamic instability.
Ho;eqef, it isépossiole‘to produce‘some effective controi, througn‘

the variation of excitation as shown in Fig. 6.13, Fig. 6.10 and
Fig. 6.8.

Fig 6.9 shows\the overnor action at K = 0. 4 and Fig 6 11
& e

shows the: corresg%?ding variation of mechanical torque In this E

investigation, the governor an&&r lay combined time constant is taken
aa 0.2 sec. and the nurbine time vOnstann as-0;49‘sec. In ae;;ai\\”
pradfice, the governor and.relay é%me constanfs could be smaller'
depending‘on the_type of hyd;auiic*eqnipment; and, in fact, the turbine
time constant;isjonly representati é of ;he high presSnre cylinder
delay inra\COmpound turbine. This s‘effective‘in preventing

~

<,excessive speed variations during tHe disturbance, and some effects

are possible. with fast reSponse as shown in Fig 6. 9 Fig. 6. 11 and
Fig. 6.12. I '\ -

Fig 6. 5 and Fig 6.6 show the trajectorx of rotor angle after
0.5 sec. 'The swing curves B in Fig. ﬁ 5 and Fig 6.6 are-with.

i L : : ‘*?Ti-,

i
}



pres

with optimum feedback parameters a

N /w ' : o

optimuh feedback controls. -Fig; 6.15 and Fig. 6.16 show the trajectory
| ' : ;o

of opéimum feedback parameters. The optimum feedback parameters .

are time-independent. 'However, it is shown that théy depend on the

'disturbancexstrength K.

The curve A in Fig. 6.14 shows the swing curve at K = 0.5 '

;0 by found at K = 0.5 and the

curve B shows thevswing curve at k = 0.5 with optimum feedback

i?
A is'J (opt) = 0.50186658, put the cost function on the zyrve B is

parameters a bi found at K = 0.2. The cost function on ;hé curve

J (cost) = 0.51556063. Replacing the paramete}s‘(K-= 0.‘),by the
parameters . (K = 0.2) at K = 0.5, the value of ihs cost function

5\

becémes higher.
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Q RS | R
t.‘ }-\ ‘T} o CHAPT&R VII f'ii. | | o R
= j : coucwsxous i RS ,' “"""7"
J ‘The opcimizing equations for a_turbo—generator, which is
connected to an infinite bus and contnolled through a linear :
¥i‘feedback of the state variablea, are obtained.{ lz should be

noted that the transfer functions of the governor and the exciter A
1 a;e included | | |
- The optimal feedback parameters are obtained by applying the .
1‘grddient descent method to the two point nonlinear boundary ' -
"‘value problem. The Values to. be obtained for these parameters'
depend on the strength K and the duration T of the disturbance
since the model is- nonlinear contrary to the uSual feedback control
of a linear model | It is assumed that the strength\F of torque

pulse is increased by SZ of steady state value M 'and the duration T
" of torque pulsa iswaS sec in the program - | -

Using the optimal feedback parameters the nonlinear state

. equations on the feedback are integrated by using Runge—Kutta ua

method fowards from t -0 to t =O 5 sec. and then the nonlinear costate:

(,, ~

‘equations are integrated by using the same method backwards from
t =0 5 to - -0 sec. The value of ‘the cost functional is also
' obtained by Simpson 8 method

-

In this research_ “the optimum‘is reached in less’than IT

Y

iterations and within a computing time of 1 ninute on the AMDAHL 470/V7

The extension of ‘the method to a multimachine system 1is . -

feasible by optimizing each machine at every time step. Although

, N

ﬂ‘this increases computation time, the complexity of the method is not. -

-
FOEN

changed. The sensitivity of the system to parameter variations and
V'the effects of damper windings are also of concern.~

. B A (- TR T
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- Appendices IR . R o | ;3
‘A.“tladi égggg Values of ggghine Parggptarn Machigc angg!g

Generator rating: 37.5 MVA or JOMW at 0.8 PF..
B3 voltage (linn—lina) 1 p.u..

No. of poles : 2 o f

~ R.P.M. = 3000

, £'= 50 Hz  ,
%113
. , e
37 .5MVA g g |~ infinite bus
3 phase -
¥ \ '
AN
x, = 0.1265 p.u. :
e
on 100 MVA
) x = 0.354 p.u. on 100 MVA
, L r ' ‘
ratio = 11,8/141.6
Base: 7
One changes from 100 MVA base to 37.5.
' : 37.5 :
* 1 - =
x,:r 0.354. x 100 P-U 0:1328 p.u.
37.5 : .
\ ] - —-l
xte 0.1265 x 160 p.u. = 0.0475 p.u. -
The diagram becomes® .
x! =0.133 p.u. 7
e N T .

- 4 'n T
xd=2.0p.u. xé =0.045p.u

e . | ////f

'V =1/0° p.u.




* I

vy, is the Lino‘to ground phasor voltage t

11.8 g
LR e

-t

]

N = 2H _ 2x6.63
. w, ~ Zmx 50

= 0.04225 séczlrad,

Ry = 0.02535

R, = 0.00107 p.u.

f

x, = 0.14 .p.u. ’ /

X

nd ™ 1.86 pu

xmq = 1.86 p.u.

Xeqg = 2.00 p.u.

. n 'l ' = -
x, xt‘r + xte 0.133 + 0.0§8 0.181 p.u.

Vb “Er'ms = 1.0 p.u.

- 2
(1.86)
V2 (2.181-2.181x {1:300

S, = 3 = - 1,76
2.181(2.181- il&gél—) ‘




- N e “ Lo 98
., - T (—-——---—-2-&\ L
5 - b ) x2 ‘ .
T xgy xhx -2 N
. . xg .

"= 0.707 x 32‘-5%( —L ) = 1.6 Co
| - Naam e
. Rf wd(xd + xé)z
X
NEN
' xfd(xd + xe- ;—f—; ‘ \

LA
\

o

_ 0.00107 'x 50 x 2n(2.181)\. 0,812 | .

« el _ ‘
2.0 x(2.181 - -lr:-g-‘s,-) '

b f md
C= iz‘ .

. nd .
*aa* X "% ) >

Y2 VR, w x
. O.

£d
| L - ; —
- 72 x 0.00107 x 2 x2-~50 x1.86 _ o oq -
1.86

2.0 x (2.181 - ===

[

B. Steady Stgte.Value 5}~;1ux and Torque

x =2.0 x =0.181
q e

— O —— ’UU\*———“—r :

V,=1.0+0.0 °

]

~ Fig. B.1 Steady'StatePhasor



s

B, = 1,00 + 3 0.0 + §(2.181) (0.8 - § 0.6)

= 2,31 4+31.75

t

- 2.89 /37°.1
Therefore 68 - 37°.1

At the steady state value of flux,

. a8

a?s - 0
2 . at
f

d(mows)
dt

Tooge(s) = A

_ 100m(2.35x10™2) + 0.98c0837°.1
0.812

8. s

1.874,

From the torque equation,



& b; Tao - E ¥ . : ) . )r‘- s 1 ‘
. . ‘ ‘ | ST R :
P I3
-0.8 ° .
. . ‘
".,( M ' hd RO N » v
K f

Vot - 2t S x
. § LI

1Y

“ 3

-

then the equations are: ‘ .

‘dtz i——--ﬁ-siné cosq -

dx3 .

—-':-—--u2 -Ax3 +Ccos§
vhere.

M= 0.04225 p.u.

=0,02535/0.04225 = 0.6 p.u.

.

:{!n?’l

wm

4

i = -1.76/0.04225 = —41.65 p.u.

uw s s

§

A

+ 1462 1,07 2 ny




. n

o uz(s) = 2‘..35:;5"{ 100v = 0.738 '
“1‘!) Y (s) = 0.}3§ ‘ : .
up(®) = u V() = 0.738 - .
Also ‘m P‘fmi’-“l pr(o; used in all the optimal feedback countrol
.tu;q!ini NI L | :
6 '

2 , .

cs'-'l.#&iﬂ | | o
o on

T, = 0.49 sac. o

c =1.0 | | B

= 0.2 gec, .

T‘ -_‘e»,z pec..

b

- For the cp,'cf.‘: function penalty ome takes: R
a =250 .
% = 1.00

‘o

¥ ' 3 = ‘ 0_. 10 . ‘ B
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Expression of Terminal Voltage in Terms of State Variables

',‘/7 ,-f_ ‘E

. R e Q
(infinfte bus‘;gitage)

Dy
ZFig c.1 Phasor Diagram

Utm' = 1.0 + j 0. O Ap. u.)

' =/7

e . TmMS

B/ ='/§'U sin §
, T “rms - u

and r

yd = Ved - X ,i

ed

v *s/iu cos 8. : o
eq rms v

Under the assumptions that w X mé, id’% 0. id ~ 0, T, % O./_

% O ‘we have

e q .
i €.1)
Vq = Veq - xe id K
Vd =<Po‘¢q :
. (c.2),
Vq = - wo wd |



' (,uowd =%l t x‘a‘d:"f._- ' S A o .
o S . . S - (C.3)
- ey ' o | «©.3

Yo%q T *qlq

Subégituting»(c.3) into‘(C.Z),xit bec6mes: o : ‘fi

-(0:4)

7._ ~ ad = - R ;v_ - .‘ |
/ "  ::» ‘ o L | o SR e S -TYZ«

where'V is the terminal d-axis voltage and Vq is _the terminal q-

axis voltage._ Using w wf =x did + xf f’ we have

. o :xad o
VT Xl =.§_*’(“owf" )

£d ad'd

and hence (C.4) becomes: , )
vV, =
d "~ *q °q . .
x2 |
: .ad . g Xad
V. = (—— - x)) i == w w
q Xeg o 9 Xeq O f
Solving for id and iq’ we obtain
2 3

1 (c.S)-
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.
 Substituting (C.5) into (C.1), we obtain:

diomgFxg

o CxC-x X
Yq e'/f'urmé ‘. ;q ' d. e (cos &

X K., . .
e "fd - - . . 2 D
; wowi .

A
f }*ad'f.cxdfxe? Xgq

g oL S
.pata: xd %»2.0{lxq éAZ,O, X, = O,;Sl,.xad

=.1.86, x., = 2.0
R L

“fd

and.V_.by using the datas, we obtain: e
d g q. R ‘ ) — : :

~ Solving for V

vy 510i782f(p.u.)’

Vo = 1374 (p.ul)

. Therefore ~ =~ 7 : .

V. = =1.118 (p.u.) -
Yet T ES T 8 (p uv),

\ 1 '2 e T T S R ’
oy V4 g ' R (C.6)



'V‘Therefore',  i _1\5*\j' - . .
t'“E '11 *q o o
K :E +j I x o . “'.\\\\\\.
',=(1o+;|00)+j (08~j06)\€L181
=11086+j01~’+48
.-1 118 /7 44° ‘\(C 7)

»Comparing (C 6) with (C 7), the ggnerator terminal voltages are
the same.” Thus, the»gene:ator_terminal val;age-depend on

mowfiapé«ﬁ.:



oy T 7f‘oli ‘ig 5fjﬁ3{; ‘.;ﬂ'» _ ;1o S S
"}D"_ R““RB o S

It ia asaumed that the strength K of torque pulse :I.s increaaed by :
52 of ateady state value M and :he duration T o.f torque pulse is
0.5 sec. o’ t.he program. | a |

| 1’ i’ Yi, P and V in . the remlts are corresponding to a:L oi, . ‘
".y:l”-' A , and v1 in the body of the thesis xespectively. l '
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THE ALTERNATER IS CONTROLLED THROUGH A LINEAR "FEBBBACK OF
THE 'STATE VARIABLES.
THE FEEDBACK- PARAMETERS ARE OBTAINED BY SOLVING A TWO POINT

~ NONLINEAR BOUNDARY VALUE PROBLEM;,

THE VALUES TO BE OBTAINED FOR THESE PARAMETERS DEPEND ON
THE STRENGTH AND DURATION OF THE DISTURBANCE SINCE THE MODEL IS
NONLINEAR CONTRARY TO THE USUAL FEEDBACK CONTROL OF A LINEAR MODEL

DIMENSION TBL(41 25),Y(88),DY(88), A(4) B(4), AA(4) BB(4) v(2), -
dCOST(31) PLOT(21 8)

REAL K,KK,JCOST, JOPT, K1,K2

INTEGER SW

DATA A,B,AA,BB/16%0.0/, dCDST/31*0 0/

DATA A/0. 01633753 -0. 41949201 -0.00091682, -0. 01575423/

* - B/-0. 00453819 0.11382747,0.0,0. 00430573/
K=-0.05

DO 99 II=1,11 , - -
K=K+0.05 ) _ - ' oY
SW=1 | |

CALL PARAMT(A.B, K)
"PARAMT’ 1S THE SUBROUTINE WHICH OBTAINS THE OPTIMAL FEEDBACK

- PARAMETERS BY SOLVING THE TWO POINT NONLINEAR BDUND%RY VALUE PROBLEM.

DO 10 y=1,88 , , . |
Y(J)=0.0 : S Y
D (d)=0 ‘ ~ '

NITIAL Y,DY WITH ZERO. '

5 J=1 2
5 I=1,4
I,Jd)=
TIAL

—Oo
OO0

H =20 1n0oON Zr—
o

25
41
0.0
T L

et ok ek
r-vlf "

i BL WITH ZEROD.

O N
(8]
73,
P

[
e
2

S NO. OF EQ.

S INITIAL TIME.

TF IS FINAL TIME.

LIS A PARAMETER IN "RUNTA",
M IS NO. OF INTERVAL..

~JJ IS COUNTER.

—_—O

CALL OPTIM(Y,DY,A,B,SW.K)

SUBRQUTINE OF OPTIMAL ,EQUATIONS

CALL RUNTA(7,L,I,Y,DY,T,0.005)

SUBROUTINE DF RUNGE KUTTA METHOD

GO TO (20,21), ; ’

Jusdd+1 ' '

IF(MOD(Ju, 10)) 20,22,20 . . ¢

" M=M+1

CALL VVKK(Y,A,B,V,K1,K2)
SOLVE CONTROLS V1,V2. -
O 31 v=1,7

[ 2]
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JCDST(M)NCOST(Y.A.B,V) -~ o | .

CIF(M-11) 20,64,64 . | - | t

THE NON LINEAR STATE EQUATIONS(Y1---Y7) ON THE FEEDBACK ARE INTEGRA%ED
BY USING RUNGE-KUTTA METHOD
FDRWARDS FROM T=0.0 SEC 'TO TF= 0 5 SEC BETWEEN 20 LINE AND 50 LINE.

CALL SIMP(dCOST JOPT) : ! -
+J(0PT) 1S DBTAINED BY USING THE SIMPSON'S METHOD.

CALL EIGENV(Y(S) Y(9), Y(11) EI KT, K2)
FIND. THE SMALLEST EIGENVALUE OF ’L’

TBL(11,25)=El

=0 .
DO 65 u=1,88
Y(J)=0.0
DY(J)=0.0
W=2
=22
=0.5
F=0.0
=0
=11
IF SW=1,1T IS THE FIRST STEP FOR Y1---Y7.
IF SW=2,1T IS THE SECOND STEP FOR P1---P15.

IF SW=3,IT IS THE LAST STEP FROM T=0.5 SEC TO TF=2.0 SEC.
N IS NO. OF EQ.

T IS THE.-INITIAL TIME.

TF IS THE FINAL TIME.

L IS A PARAMETER IN "RUNTA".

M IS NO. OF INTERVAL.

=M-.
0

68 J=1
(J)=0.
J)=TBL{
CALL OPTI
CALL RUNT
GO TO (70
Ju=dJJ+1 :
IF(MOD(JdJ,10)) 70,72,70
JJu=0 _

DO 81 J=8, 22
TBL(M,J)=Y(J)

IF(M-1) 85,85,56

1 :
8 7
)=

M, J) o
miy,DY, ,B,S K) ‘

A 2?,L 1,Y,DY,T,-0.005)
W 71), 1

(
{
7

THE NON- LINEAR CDSTATE EQUATIONS(P1----P15) ARE INFEGRATED BY

~ USING THE SAME METHOD BACKWARDS FROM T= 0 5 SEC TO TF=0.0 SEC

BETWEEN 66 LINE AND 81 LINE.

DO 86 UJ=12,19 § - ‘ , ¢
CTBL(1,d)=0.0 - .

SW=3
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CALL" OPTIM(Y,DY,AA, BB, SW,KK)

CALL RUNTA(22,L,1,Y,DY,T,0.005)

GO TD (80,91),1

Jdsdd+1. s :
IF(MOD(JJ,10)) 90,911,90 '

T_IS THE INITIAL TIME TO START AFTER THE DISTURBANCE .
-TF IS THE FINAL TIME. ‘

M/IS NO. OF INITIAL.

J IS 'NO. OF TBLtROW, -

FIND DUT WHAT THE DISTURBANCE IS AFTER 0.5 SEC
. BETWEEN 85 LINE AND 93 LINE. | B

CALL, WRITER(K,A,B,JOPT,TBL)
CONTINUE -
sToP .~
END

NUMERICAL SOLUTIONS FOR OPTIMAL PARAMETERS'
USING GRADIENT TECHNIQUES:
‘ B

SUBROUTINE PARAMT(A,B,K)

4),
HH(4),TBL(11,22),dCOST(31)1dOPT(31)
INTEGER Sw , ,
REAL dCOST,K,dOPT;dd,K1,K2,dK1.dK,dD ' ‘ -
DATA X/1.0/.TBL/242*0.0/.QCOST,dDPT/62*0.0/,EPSI/0.0001/
* ,UJ/31%0.0/,0K/0.0/

Y IS THE STATE FUNCTIONS
-DY IS THE DIFFENTIAL FUNCTIONS

A IS THE FEEDBACK PARAMETERS A(I) A1,A2,A3,A4
- B IS THE FEEDBACK PARAMETERS B(I) B1,B2,B3,B4



(I+1) S R £ P

HH

. GG IS (DH/DA ) *%2.
“HH IS (DH/DB)**2

JK IS THE COST FUNCTIONAL J(1) .
JK1 IS THE COST FUNCTIONAL J(I+1)
Jb IS U(DELDA)=J(I)-d(I+1) -
K IS THE STRENGTH OF TORQUE PULSE
EPSI IS THE EPSILON
X IS THE ALPHA

DO 25 11=1,20

~0 0000000000000

ON

5 VCALL OPTIM(Y,DY,A,B,SW.K) .
. CALL RUNTA(7,L,1,Y,DY,T,0.005)
; GO 70 (5,6),1 = : . _—
B Jdu= JUJ+1 : . o v
‘ IF(MQD(JuyJ,10)) 5,66,5 '
Ty

C .
66 . J=J+ o
DO 7 I=1,7 -
7 TBL(J,I)=Y(I) : ~ '
CALL VVKK(Y,A,B,V,K1,K2) - '
JJ (J)=COST(Y,A,B,V) :
IF(J-11) 5,88,88
88  CALL SIMP(JUJ,AREA)
‘JK 1=AREA
c
8 Jzd-1
DO 9 I=1,7
“Y(1)=TBL{y,1)
9 DY(I)=0.0
: !
7=0.5
M=0
SW=2 \
~ JUd=0
. L=0 _
10 CALL OPTIM(Y,DY,A,B.SW.K)
CALL RUNTA(22,L,1,Y,DY,T,-0.005)
- GO TO (10,11),1

1 Jud=ddd+1
IF (MOD(uJJu,10)) 10,111,10

11 DO 13 I=12,19
3 TBL(J,I1)=DY(I)
IF(J-2) 14,14,8
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15

,17.

NeXele

DO 16 I=12,15. - [ S 131
DO 15 u=1.11 . o o | |

. "JCOST(d)= TBL(d 1)

JOPT (J)=TBL (U, 1)es2
CALL SIMP(JCOST,AREA)

© G6(I-11)=AREA/0.%

CALL SIMP({JDPT, AREA)
GG(I- 11)=AREA

DO 18. 6,19
DO 17 L
JCOST Ly, I)

{ (J, I)**2

(

JOPT (U

CALL S COST AREA)
5 A/0.5

=1,
=1,1
)=TB
=TBL
MP(J
H(I-15)=ARE
MP (JOPT JAREA)
) R

4

3

0

4

1
J=1,
J)=T
)=TB
IMP (
)=AR
CALL SIMP(
HH(I -15 ) %A EA
T
T.
T.

0 )
1.3)
2. )

— —
Tt s

) .GT.EPSI.AND.ABS(JUD).GT.EPSI) A(I )= )’
).GT. EPSI. AND ABS(JD) GT. Epsx) ( ) =BK

JK=JK1 . R >
IF(ABS(JD).LE.EPSI) GO TO 27 _
‘CONTINUE ,

IF(I1.GE.1) GO 10 27

DO 27 1=1,4 ,

IF (SQRT(GG(1 I)).GT.EPSI) GO TO 1
IF(SQRT(HH(I)).GT.EPSI) GO TO 1
CONTINUE . ‘

PRINT 30,11
FORMAT (15
RETURN
END

OPTIMAL EQUATIONS Y1---Y7,P1---P{5
SUBROUTINE OPTIM(Y,DY,A,B,SW,K)

DIMENSION Y (88), DY(88) A(4) B(4),V(2):
INTEGER SW ‘

~REAL M,KD,K,K1, K2 N1, N2 N3,N4

DATA M/0.04225/, KD/0. 02535/,54/-1.76/,55/1.46/,AA/0. 812/,C/0.98/,
* X3S/1.874/,U1S/0.8/,A1/2. 5/,A2/1. 0/,A3/0. 1/ A4/2.5/,B1/1.0/,
* B2/1.0/,X15/0. 603/, X45/0. 798/ C1/0. 01/ €2/0.01/,C3/0. 01/, v
* G1/0. 00188/ G2/1.33/,G3/1. 42/ ,1G/0. 2/,TB/0. 49/, TE/O 2/,CR/1.0/

DATA N1,N2,N3, N4 Q1,Q2,03, 04/8*0 001/

CALL VVKK(Y A,B, V K1, K2) .

bt © e vt i b A e 2 5 g b b, e s et et
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Y1,Y2,Y3,Y4,Y5,Y6, Y7 OPTIMAL EQUATIONS
IF(SW.EQ.2) GO TO 100
DY(1)=X4S*Y(2)+Y(2)*Y(4)

DY(2)=1/M*(Y(5)-S4%X4S*Y (1)~ 55*x3S*Y(1) KD*Y(Z) 55*x1S*Y(3)

* ~S4=X1S*Y.(4) -SAxY (1) *Y(4)- SS*Y(1)*Y(3)+K*U1S)
DY(3)=Y(6)-AAxY(3)+C*xY(4) _ ~
DY(4)=-Y(1)*Y(2)-Y{(2)*x1S - ) _ - -
DY{(5)=1/TB*(Y(7)-Y(5)) - o : ‘
DY(6)=1/TE*{(CR*V(2)-Y(B))"

VDY(7)=1/TG*(G2*G3*V(1) Y(7))

P1,P2,------- -,P14,P15 .COSTATE OPTIMAL EQUATIONS
IF(SW EQ.1). GO TO 20 v ‘
DY(B)-2.0*A1*Y(1)+Y(11)*Y( 2)+Y(9)*S5*Y(3) /M+Y (9Q)*S4*Y(4) /M

* ~K1*A(1)-K2*B(1)+Y(9)*S4xX45/M+Y(9)*S5*X3S/M =
DY(Q)=2.0%A2%Y (2)+Y(11)*Y(1)- Y(8)*Y(4) ~K1%xA(2)-K2*B(2)+X1S*Y(11)

* -X4S*Y.(8)+KD*Y(Q) /M -
DY(10)=2. 0*A3*Y(3)+Y(9)*55*Y(1)/M K1*A(3) K2*B(3)+AA*Y(10)+

* S5*X1S*Y(9) /M o :
DY{(11)=2.0*%A4%Y(4) - Y(8)*Y(2)+Y(9)*S4*Y(1)/M-K1*A(4)—K2*B(4)

* -C*Y(10)+S4%X1S*xY(9) /M ~ 2
DY(12)=2.0%N1*A(1)-K1*xY (1)

DY{(13)=2.0%N2*A(2) ~K1*Y(2)

‘DY(14)=2.0%N3*A(3)-K1*Y(3)

DY(15)=2.0%N4*A(4) -K1*Y (4)

DY{(16)=2.0%Q1*B(1)-K2*Y (1)
DY(17)=2.0%Q2*B(2)-K2*Y(2)
DY{18)=2.0%Q3*B(3)-K2x*Y(3)
DY(19)=2.0%Q4*B(4)-K2x*Y (4)
DY(20)=2.0%C1*Y(5)+Y(20)/TB-Y(9)/M

- DY(21)=2.0%C2*Y(6)+Y(21)/TE-Y(10)
DY(22)=2.0*C3*Y(7)+Y(22)/TG-Y(20)/TB
CONTINUE ‘ v
RETURN
END - }

CHECK POSITIVE DEFINITE OF L.

SUBROUTINE EIGENV(P1 P2, P4 EIGEN, K1 K2)
DIMENSION A(17,17), WK (17)
COMPLEX W(17), Z(17 17),2N
REAL P1,P2,P4,K1, K2 S4,S5,M,N1,N2, N3 N4,
INTEGER N, IA IdOB IZ 1ER

- DATA At/2.5/,A2/1.0/,A3/0.1/,A4/2.5/,B1/1.0/, 82/1 0/,54/-1.76/,

* S5/1. 46/ M/0. 04225/ C1, C2 C3/3%0.01/
DATA N1,N2,N3,N4,Q1,Q2, Q3, 04/8*0 001/
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( XX
4),TBL(41,25)
K=" ,F4.2 /)

’

N, IA,1J0B,W,Z,1Z, WK, 1ER)

2X,’REAL’ ,10X,’ IMAG’

~ PRINT THE OUTPUT.
, R
DIMENSION A(4
'REAL K,JOPT
/-

~ WRITE

SUBROUTINE WRITER(R,A,B. JOPT,TBL)
),B(4),TBL
FORMA

10
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- 28

30

WRITE(8

CWRITE(

I
:
T=T+0.0
= (6
- FORMAT (

: 0
DO 25
-WRITE
FORMA

’ 0.

»WRITE(

.0
'DO 28
‘WRITE

1
T=T7+0.05
WRITE(6,30)

WRITE(6, 15)
FORMAT ( '/

WRITE(6, 16)
FORMAT (1H ,

WRITE(6,17)

"FORMAT ( !

WRITE(6,18)
FORMAT(1H ,

, 19)
FORMAT (//°
s
T=0.0
DD 21

WRITE

=1,1
(6,20)

FORMAT 1H '

5.

?)

2
/
P7

FORMAT

I=1,1
(6,35 )
FORMAT(1H ,

FORMAT( //
IF(1.GT.1)

~WRITE(S, 19)

T=0.50

DO 32 1=11,

WRITE(B, )
T=T+0. 05

WRITE(S 23)
7=0.5
DO 34 I=11,

- WRITE(6,24)

T=T+0. 05

120.5
DO 36 1=11

A2

A1 A A3 AG
(A(1),1 x1,4) |
4F12.8- )
BT B2 B3 B4
(B(1),1=1,4) | |
aF12.8") "
TIME(SEC) * Y1 Y2 y3
- Y6 . vz V7 py
1 .
(T, (TBL(1 ) WEe))
F6.2,6X,9F12.8) -
TIME(SEC) P3 pg p5
P8 P9 P10 |
L P
(T,(TBL{I,J),J=10,18))
F6.2,6X,9F12.8) .
TIME(SEC) P12 P13 . pi4
V2 EIGENV * /) -
1 A
(T (TBL(1 1,4),J=19,24))
2,6X,6F12.8,F12.4)
JoPT N L
ulesT)= F12.8 /7 )

GO TO 38

41 - |
(T, (TBL(I,4),d=1,9))

41 . . .
b {T,(TBL(I,4),d=10,18))

,WRITE(B 37) o
41

P2 1/)

P11 /)
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35

36

37

38

000

B DIMENSION Y(100),Z{ ‘)

XD OXND T >XNGD T AX<ND .
0 OO0 MmMu=—0 mnu—~——0

0K —
H N

WRITE(6,35) (T, (TBLEL, J) ,J=19,24))
FORMAT (1H ,F6.2,6X,6F12.8)

~. T=T7+0.05 L _
FORMAT( /' TIME(SEC) P12 P13

o vt va2 ' /)

‘RETURN
END

| RUNGE-KUTTA‘METHOD
 SUBROUTINE RUNTA(N X .{,H)

GO 10 (1,2,3.4.5).K

Z

d —— —
onuo
s =< >0
Ot~ ~2><C.
*¥cc.—n
T——C — .
I

o

.5*H*DX (J)

s HC
[
o]
=z

.0xDX(J)
-5xH*DX ()

e S gl
n
~< N

——C
cCc. i
g e
+ -

OoONZ

c
X
=

.0*DX ()
.S5*H*DX(J)

[ <Y o
no oo
< N
(8 3 N i B | RUI
S S
+ + -
oNZ

~<
Py < N ——C

T+ -

—_—w A——N

 n
i

Z(d)+DX(d))*H/6 ?
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m

2 m

O —
c
=
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THE MILNE S FORMULA TO PREDICT X(K+1).

SUBROUTINE PMILNE (M,N, X,DX, T, H)
DIMENSIDN X(N) DX(N)

DO 1 1=1,
S XT=X(3*M+
X(3*xM+1)= *M+1)
X(2«M+1)=X(M+1)
X(M+I)=X(
X(I)=XT+4.
DX(2*M+1)=
DX(M+])= DX

M
1
X
X
I

)
(2
(M
)
0*H* (
DX (M+1)
(1)

 T=T+H
- RETURN .

P14

2. O*DX(I) DX(M+I)+2 O*DX(Z*M+I))/3 O
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OO0

o600 000

Obw N

OO0

H= (XMAX- XMIN)/(N 1)

-DD 4 1=1
- IF(MOD(1
+

| ENb P ' | 136

THE MILNE'S FORMULA TO CORRECT X(K+1)

SUBROUTINE CMILNE(M,N,X,DX,T,H)
DIMENSION X(N), DX(N) ‘

DO 2 I=1,M
X{(1)= X(2*M+I)+H*(DX(I)+4 0*DX(M+I)+DX(2*M+I))/3 0

- RETURN
END

THE EVALUATION OF THE COST FUNCTIONAL EQUATION

FUNCTION CDST(Y A,B,V)

DIMENSION Y(88), A(4) B(4), V(2)

REAL N1,N2,N3, N4

DATA A1/2 5/ A2/1 0/,A3/0.1/,A4/2.5/, B1/1 0/,B2/1.0/,C1/0. 01/
€2/0.01/,C3/0.01/ | .

- DATA N1,N2,N3,N4,Q1,Q2,Q3,Q4/8%0. 001/

COST A1*Y(1)**2+A4*Y(4)**2+A2*Y(2)**2+A3*Y(3)**2+C1*Y(5)*#2+

» C2*Y(6)**2+C3*Y(7)**2+B1*V(1)**2+82*V(2)**2+N1*A(1)**2+
N2*A(2)#%2+N3%A(3) %% 2+NA%A(4)xx2+Q1%B (1) **2+Q2%B(2) %% 2+
Q3B (3)*#2+Q4*B (4)**2

RETURN
END

INTEGRATION‘BY'SIMPSDN’S RULE.

SUBROUTINE SIMP(F,AREA)
DIMENSION F(31) :

'REAL H, XMAX, XMIN

DATA H/O0. 05/ XMAX/0.5/, XMIN/O. 0/ N/11/

4

X=XMIN+H
SUM=0.0
N
.2)) 2,2,3
SUM=SUM+4 . 0*F (1)
GO T0 4
SUM=SUM+2.0%F (1)
X=X+H -

AREA= (H/3. 0)(F (1) +SUM+F (N) )
RETURN

END - | |

TO SOLVE V1,V2,K1 AND K2.

SUBROUTINE VVKK(Y,A,B,V,K1,K2)

'DIMENSION Y(88),A(4), B( 4),V(2)

REAL K1,K2

DATA G2/1. 33/, G3/1. 42/ ,CR/1. 0/,TG/O.2/.TE/0,2/,B1/1.0/,B2/1.0/
V(1)=A(1)*Y (1)+A(2)*Y (2)+A(3)*Y(3)+A(4)*Y(4)

V(2)=B(1)*Y(1)+ (2)*Y(2)+B( 3)* (3)+B(4)*Y(4)
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| K1=(Y(22)+G2+63)/76-2. 0wB1+y( 1) | 137

K2=(Y(21)*CR)/TE-2.0%B2*V(2)

RETURN
END

GRAPH OF DELTA VS TIME AT K=1.0

PROGRAM PLOT1 ( |
DIMENSION X(11),Y(11),ALPH(20),DATA1(11,2) -
REAL ALPH/bFle.fif *,'ROTO’ ,"R-AN' ,"GLE ',’VS T','IME ',’ ( AT’
! = l'l1' I"I/y‘ I,I ’I'

' TIME',' (SE’,'EOND',”) *,’ROTO',’R-AN',’GLE(’,’DEG)’/
DATALDATA1/37.yﬂ38.4.42.1,48.0,55.2.62.7,70.0,75.9,79.7,81.?,

11 N

4

\*\\*nQE.1,37.1,38.4(42.1.47w9l54.8,61.9,68.0,72.0,73.5,72.4.68.6

x <
T2 17
A0

‘»\\ . \\ .
R ;
\ j
A
i
!
k

A

AN

<
ODEBO

CONTINUE
STOP
END

GRAPH OF DELTA VS TIME AT K=0.4

PROGRAM PLOT2 ' o

DIMENSION'X(11),’Y(11),ALPH(20),DATA2(11.2) ;

REAL ALPS/”FIG.’;’~ ",'ROTO’,”R-AN',’GLE ‘,’VS T ,"IME ' ,"( AT,

IK=I~,I .41,/ 1}"1» 1' o

"TIME’ ,” (SE’,’COND',') ","ROTO’ ,” R-AN’ ,"GLE(’ ,'DEG)' /

DATA DATA2/37.1,37.6,39.1.41.5,44.3,4755,50.5,53.1.55:0,56.0.
: 56.1,37.1,37‘6,39.1,41,5,44.2,47.1,49.5,51.3}52.1,51.7,50.3/

HC=
VA=
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X(1)=0.0
DO 10 1e2,11

- X(I)=Xx(I-1)+0.05

DO 30 I=1,2 ‘ s : )
DO 20 d=1.11 |
Y{J)=DATA2(J,1) : ‘

SéLLZCGPLZ(X Y,ND,NF,KC,HA ,HB,HC,VA,VB,VC,ALPH)

~ CDNT JNUE
END

GRAPH OF DELTA VS TIME AT UNSTABLE POINT
PROGRAM PLOT3

DIMENSION X(11), Y(11) ALPH(20) DATA3(11,2) ‘

REAL ALPH/'FIG.’ ‘,"ROTO’ ,"R-AN’ ’GLE “L,'VS T,V IME T, (AT,

*x! K_l121l'l) I'I 1' . ) T
 *'TIME’ ,* (SE’,’COND',’) “,"ROTO’ ,” R-AN’ ,"GLE(’ ,'DEG)’'/
DATA DATA3/37.1,38.9,47.8,60.0,75.0,90.0,104.3,117.1,128.0,
8.9,107. 2 110.8,

*137.5;146.9,37.1,39.9,47.8,59.8,73.9,90.0,98.
*109.8,104.3/

ND=11
NF=1
KC=3
HA=0.0
HB=0. 1
HC=5.0
VA=0.0
VB=20

- VC=8.0

N\

ND, NF KC HA,HB, HC VA, VB, VC, ALPH)
NF=-2

CONTINUE

STOP

END

£

GRAPH OF DELTA VS TIME FOR K=0.5 BUT USE DPTIMAL Al,BI FOUND
FOR K=0.2

PROGRAM PLOT4
DIMENSION X(11),Y(11), ALPH(20) DATA4(11, 2) B
REAL ALPH/’ FIG P ","ROTO’ ,“R-AN', 7 GLE "LOVS TYL,VIME T (AT,

Y K= 1'10.51 ) I’I ,

*' TIME' ,’ (SE"’COND’ ") ‘,”ROTO’ ,"R-AN' ,"GLE(' ,’ DEG)'/

DATA DATA4/37 1,37.7,39.6,42.5,46.0,49.5,52.6,54.9,55.8,55.3,
9.6, 42 4.7,55.5,54.5,

* 53.4,37.1,37.7.3 5,46.0,49.5,52.6,54.7,
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CONTINUE .
STOP -
END /

GRAPH OF DELTA VS TIME FOR K=0.1 T=0.0 TO 1=2.0
PROGRAM PLOT5S
DIMENSION X(21), Y(21) ALPH(20) DATAS(21,2)

REAL ALPg/ fIG ) ’ROTO’ "“R-AN', .’ GLE "LUVS TV IME Y, (AT,
*I K- { ! ! ! 'I . , »
= TIME' ,’ (SE', ’CDND’ ‘) ',”ROTO’ ," R-AN' ' GLE(’ ,*DEG)’ /

,41.1,39, 8,37.7,35.6,34.2,
37.4, 36. 0, 35, 1, 35, 2,

39. 0.36 3,34.2,33.5,

36 4,35 2.34.7/

*34.0,35.0,36.8, 38, 5, 39 6 39, 7,38.8
*37.1,37.6,38.9,40.5,41.7,42. 1,41 2
*34.3,36.0,38.2,39. 8 40.4 ,39 7,38.2

 ND=21
NF=1
KC=3
HA=0.0
HB=0.4

DATA DATA5/37.1.37.6.38.9,40.3.41.5

ND,NF,KC,HA, HB,HC,VA, VB, VC, ALPH)
NF=-2

- CONT INUE
STOP
END
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GRAPH OF PARAMETERS(AI) VS DISTURBANCE
PROGRAM PLOT6

DIMENSION X(11),Y(11),ALPH(20),DATAG11,4)

REAL ALPH/'F1G.’ " "OPTI' ."MAL ', PARA’,"METE',’RS V',
*'S DI',’ STUR 'BANC'.’E ' ' 'DIST','URBA' ,' NCE ',

*' (K) *,’' PARA’ ’METE‘ RS ','(Al)'/

DATA Q ‘FTASIO ,-0.012,0.016.0. 094,0.172,0.196,0.224,0.250,0.273,
*0.290,0.2999,0.0,-0.242,-0.419,-0 . 420,-0.416,-0.407,-0.399,-0.392,.
*=0. 387 20.382,-0.378,0.0,0.00.-0. 001 20.002,-0.003,-0.002,-0.001,
=0.001,0.003,0.007,0.01, o 0,0.009,-0.016,-0.086, o 16,-0. 184,
»-0.213,-0.242,-0.268,-0.288, -0. 303/

ND=11
NF=1
KC=3
‘HA=0.0
HB=0.2
HC=5. 0 |
VA=-0-5 ) . . \!
VB=0.1" _ ’ : e
VC=8.0 . )
X(1)=0.0

DO 10 I=2,11
X(I)=X(I-1)+0.1

DO 30 I=1,4
1
{

4
0
0.

DO 20 uJ=1, 11

Y(J)= DATAB J, 1)

NF=1

IF(NF.EQ.4) NF=-4

‘CALL CGPL2(X,Y,ND,NF, KC, HA HB,HC,VA,VB,VC,ALPH)
"CONTINUE

STOP

END

GRAPH OF PARAMETER(BI) VS DISTURBANCE
PROGRAM PLOT7

- DIMENSION X(11),Y(11) ALPH(20),DATA7(11,4)

REAL ALPH/'FIG.',’ * 'OPTI’,'MAL ','PARA’,'METE’,’RS V',

*'S DI’,’STUR’ ,'BANC’ ,E ',’~ ', “DIST',’URBA’,'NCE ',' (K) ',
*’PARA’,’METE’.’RS 't ' (BI)'/ :
D3T6722TA7/0 0.0032,-0.0045;-0.0258,-0.048,-0.055,-0.0637,

* -
*-0.0804,-0.0867,-0.0817,0.0,0.065,0.1138,0.
*0.1176,0.1180,0.1185,0.119,0.1198.0.0,0. 00,
x-0.0003,-0.0007,-0.0015,-0.0023,-0.0032.0.
*0.0235,0.0446,0.0516,0.0606,0.0702,0.0736,

ND=11

NF=1

KC=3 |
HA=0.0 . : ¢
HB=0.2 . . -
HC=5.0 ' )

181,0.1174,
0.0,0.0,
0.0043
0836

. 0.
, 0.
4,0.0043,
/

OO‘
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VA=-0.12 $'”‘ . - s -; I Vi 141

7
NF=1 -
IF(NF.EQ.4
‘CALL CGPL2
CONT INUE
STOP
END

o =nuwn

) NF=-4 o |
(X,Y, D,NF,KC,HA,HB,HC,VA,VB,VC,ALPH)

-

, : v _
GRAPH OF OPTIMUM CONTROLS VS TIME AT K=0.4
PROGRAM PLOTS8 ‘
DIMENSION X(11);Y(11).ALPHA(20).ALPHB(20),DATA8(11,2)
REAL ALPHA/'FI1G.',’ "' OPTI',"MUM ' ,"CONT',’ROL ’,'TO T’,
*' URBO' ,’ -GEN’ ,"ERAT’ ,'OR M’ ,’ODEL',” TIME' ,’ (SE",’COND’,’) R
*’ SPEE’ ,'DER '’ ,’ GEAR' ,’ S '

- REAL ALPHB/'FIG.',’ *,"OPTI',”MUM ' ,"CONT',’ROL ',’TO T', URBI

*,'-GEN' ,' ERAT',’OR M’ ,’ODEL’," TIME' " (SE’,’ COND’ ,' ) '
* EXCI' ,' TER ' ,FIELT,'D “/ :
DATA DATA8/0.424,0.273,0.148,0.065,0.035,0.066,0.156,0.293,0.456
*0.621,0.759,0.738,0.780,0.816,0.840,0,848,0.840,0.814.0.775,0:7&
*0.683,0.644/ " ' P

ND=11 ‘ : o
NF=1 . -~
KC=3 ‘
HA=0.0
HB=0.1
HC=5.0
VA=0.0
VB=0.2
0
0
X

-

VC=4,

w?

DO 20 I=1,11 .
Y(1)=DATAB(I, 1)

CALL CGPL2(X,Y,ND,NF,KC,HA,HB,HC,VA, VB, VC ALPHA)

NF=-1 BT ' )
VA=0.6 ' : - -%ﬁﬁ s
VB=0. 1 S - #
ve=3.0 | Y

DO 80 I=1,11
Y(1)=DATAB(I,2)
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Cy(1)= f 9
2

CaLL CGPL2(X, Y, ND,NF,KC,HA, HB, HC, VA, VB, VC, ALPHB) 142
STOP
END | - | ;

GRAPH OF MECHANICAL TDRQUE AND FIELD VOLTAGE DUE TO OPTIMUM

CONTROLS AT K=0.4

'PROGRAM PLOTS : :
‘DIMENSION X(11),Y(11), ALPHA(20),ALPHB(ZO).DATA9(11,2

REAL ALPHA/'F1G.',” , VARI' ," ATIO' ,"N OF’,’. OPT',

=" IMUM' ,’ MEC’ ’HANI’,'CAL ’,’TORQ’ "UE ' ,'TIME',' (SE',
*'COND’;’) ’,'MECH‘,'ANIC’,’AL T',"0ORQU' /

REAL ALPHB/'FIG.',’ ", VARI' ’ATIO’,'N OF’,” OPT',
*’IMUM’.’ FIE',"LD V' ,'OLTA’ ,’GE ',” - ' "TIME’,’ (SE’,
*' COND' , ') ",'FIEL' ,'D VO’ "LTAG' ,'E y

DATA DATAS/0, 8 0.799,0.792,0. 777,0.752,0.720,0.684,0.651,
*0.626,0.614,0. 617 0. 738 0. 743 0. 755 0. 771 0. 788 0. 801
*0.807,0.804,0.792,0.773,0. 748/ \

ND=11 .
NF=1
KC=3
HA=0.0
HB=0.1
HC=5.0
VA=0.6
VB=0.05
VC=4.0
X(1)=0.
DO 10 I
X(I) =X (

CALL CGPL

NF=-1
VA=0.70

VB=0.05 L
VC=3.0 , A

DO 30 I-1
Y(I)= DATAQ(I 2)

(X[f{ND,NF,KC,HA,HB,HC,VA;VB,VC,ALPHA)

CALL CGﬁl2(X Y,ND,NF,KC,HA,HB,HC, VA VB,VC, ALPHB)

- STOP

END

GRAPH OF OPTIMUM ANGULAR VELOCITY AT K= 0:4

PROGRAM PLOT10

DIMENSION Xx(11), Y(11) ALPH(20) DATA10(11) o
REAL.ALPH/'FIG.’ "VARI’ " ATIO" ,'N OF'," OPT',’' IMUM',
*' ANG',’ULAR',’ VEL’ ‘oCIT’, ! ’TIME’ " (SE',"COND',
') ' "ANGU’ ,’LAR ‘' VELO', 'CITY /

DATA DATA10/0. 0,0. 368 0.682,0. 907 1.006,0. 960 0. 768 0.4586,




10

20

OOO0O0

*0. 069 0 329,-0.675/

ND= 11
NF=-1
KC=3
=0.0
=0.1
HC=5.0
VA=-0.75
VB=0.25
VC=8.0

X(1)=0.0
DO 10 1=2,11
X(I)=X{I-1)+0.05

DD 20 I=1,11
Y(L)=DATA10(I)

CALL CGPL2(X Y,ND,NF,KC,HA,HB, HC VA,VB,VC, ALPH)
STOP
END

GRAPH OF OPTIMUM EXCITATION VOLTAGE AT K=0. 4
‘PROGRAM PLDT11
DIMENSION X(11),Y(11), ALPH(20),DATA11(11)

 REAL ALPH/'FIG.’,’ ‘,"VARI’,” ATIO' ,’N OF’,’ OPT',’'IMUM’,
*' EXC',  ITAT", " ION 'VOLT’ " AGE ’TIME’ * (SE’,’COND’,

*) ' LUEXCI','TATI' ON_ '’ EMF '/
DATA DATA11/2.889,2.908,2.955,3.018,3.085,3. 135,3. 159,
*3.147,3.100,3.026,2.928/

ND=11 v )

1

1)

DO 20 I=1,1
A1

CALL CGPL2(X,Y,ND, Nﬁ KC, HA, HB , HC VA VB, YC, ALPH)
STOP

END © . | -

&

g

GRAPH OF DELTA VS TIME FOR K=0.4 T=0. 0 7T=2.0

. PROGRAM PLOT12 &R
DIMENSION X(21), Y(21) ALPH(20) DATA12(21,2) e

D“REAL ALPH/! FIG. o 7, "ROTO" ," R-AN', "GLE "LIVS TN, IME

143



= ( AT, K= 0.4 0
' TIME' ,* (SE’,’COND’ ,’
DATA DATA12/37.1,39.1,
+26.4,30.9,37.3,43.2, 46,
+37.1,39.1,44.3,50.5,55.
*25.9,32.8,41.0,47.4,49.

ND= 21 -

" NF=1 o -
‘KC=3
HA=0.
HB=0.
HC=5,
VA=0,
VB=10.0
VC=7.0

R TO"'R AN’;

OObO

30 CONTINUE - -
STOP
END

rPLANE PLOT AT K=2.1

5RAM PLOT 13 !

NSION X(21), Y(21),ALPH(20),DATA13(2 4)
 ANE

S coo0oo

_AL ALPH/"FIG. ‘' PHAS' "E PL", & ",eLoT,

C o ,‘DTO’ ’R AN’, DEG)' ’ANGU’ "LAR-",’VELO" ,'CITY' /
DATA DATA13/37 ,44.2, 49, 5,52, 1,50.3,44.3,36. 1,29.2,
*25.6,26.4,30.9, ' ,46 5,45. 7,41, 8,36. 6,32. 0,29. 8,30. 4,
*37.1,39.1,44.3,5 , 56.1,51.6,42.3,32.3,25.2,23. 0, ‘
*25. 9 32. 8 41.0,47.4, 46.8,40.9,34.4,29.7,28.2,

*0.0, 0. 68,1.01, 0 77,0. 0.67,-1. 34 -1. 40 -0.96,-0. 24,0.49,

-0. 87. 0. 91 -0. 62 -0. 14 0. 34

14, -1, 32,-1 82,-1. 57,~0. 83, 0. 09,
-0. 82,-1 17,-1. 03 -0. 56 0.06/

0.4
! GLE
1,3
37.
0.

UTOM

*1.02. 1. 15 0.85,0. 2é,-
*0.0,0.69,1.07,0.99.0.
*0.91 1. 39 1.36.0. 79,

ND=21 | e
NF =1 \
KC=3

HA=10.0
HB=10.0

HC=5.0

10 X(I)=DA



- DO 20 I=1,
20 Y(I)=DATA{
CALL CGPL2
. NF=-2
30  CONTINUE
- STOP
END

21 . 145
3(1,d+2) |
(X,Y,ND, NF, KC, HA HB HC VA VB, VC, ALPH)

PHASE PLANE PLOT AT K=2,1 ,
PROGRAM PLOT 14
DIMENSION X(11), Y(11) ,ALPH(20) ,DATA14(11,4)
REAL ALPg/1FIG PR "E PL',"ANE *,’PLOT',’ AT ',
*l K_ ’ ! ! o I'
*' ROTO' ,'R-AN%, ' GLE(','DEG)’ ’ANGU’ . LAR- VELO" ' CITY" /
DATA DATA14/37.1,39.9,47.8,59.8,73.9,90.0.98.9. |
- *107.2,110,8,109.8,104.3, »
*37.1,39.9,47.8,60.0,75.0,90.0,104.3,117.1,128.0, 137.5, 145.9,
©*0.0,1.92,3.57,4.68,5.04,4.59,3.49.2.03,0.43. -1 14,585,
*0.0,1.93,3.60,4.81,5.40,5.32,4.77,4.07,3.49,3,22,3.39/

ND=71
NF=1
KC=3
.HA=0.0
HB=30.0 -
HC=5.0 -
- VAz-3.0
VB=1.0
VC=8.5"
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10 X(I)=D ( | ,
1 ' : . o ~
20 Y(I)=DATA14(1 ,u+2) ‘ s
| X,

STOP
END

NF=-2 \\ ‘
30  CONTINUE L o



