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ABSTRACT

Concepts of modern control theory and in particular of
optimal control have been used to develop a general and
systematic method of regulator design starting from the
non-linear mathematical model of the ﬁlant. This method
was applied to the study of the control of a nuclear
reactor plant of the SGHWR type {steam generating heavy
water reactor); of 105 Mw electric power, working at the
A.E.A, Establishment, Winfrith.

The method yielded a regulator of reasonably
satisfactory performance, according to the control objectives.
The plant with the controller incorporated was simulated
on a large digital computer as well as on an analog computer,
for different cases of design. Only measurable state
variables carrying large amounts of feedback control
(compared with the rest of the variables) were used on the
regulator, with no significant deterioration of performance
compared with that obtained feeding back the complete state
vector.

In the course of this work a new method of optimal
linear regulator design for external disturbances was
developed. It is computationally very simple and also
allows a simple way of calcuiatihg transients by using the
same eigenvector matrix regardless of the disturbance.

Five programs have been written for this thesis: the
solution of the set of non-linear equations for the steady
state, the construction of the linear model,rthe design of

the optimal linear regulator, the free simulation of the



system and lastly the simulation with the control inputs
constrained to its limit values.

The complete method, the general description of the
programs and the results are réported in this thesis. The
appendices include documentation of the more important
routines in the various programs, and plots of the

simulation runs for the plant with a recommended regulator
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CHAPTER 1

INTRODUCTION

1.1 Object of the work described

The object of the work described in this thesis
is to apply modern control stretegies, and in particular
concepts of optimal contrbl, to the control of a nuclear
power station working at a level of full load or nearly
full load.

The control objectives will be described further on.
The purpose of the work is to test the problems encountered
in using the above mentioned étratégies to a large plant,
described mathematically by a set of non-linear differential
and algebraic equations, including a nu@ber of pure
transport delays.

The mathematical model, derived from the physical
properties of the plant, has not been modified nor reduced.
Several reasons contributed to this initial decision:

(i) The declared intention of tackling the problem of
a plant as it stands, existing and working properly
controlled in a conventional manner. It was
decided not to modify the plant equations in order
to find out the practical difficulties encountered
in attacking the problem head on.

(*)

?

(ii) The availability of a large digital computer
capable of handling the controller design and

system simulation in a relatively short time. This

(#) The computer used in this study is a CDC 6600 with a
store of 131 K of 60 bit—-long words.
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fact sets the system in the category of medium
(rather than large) size. As will be seen, the .
state matrix is of order 30.

(iii) The said mathematical model has been and is now
being simulated on a large analog computer at the
plant site. The dynamic responses obtained follow
closely the actual performance of the plant.

(iv) The mathematical model of the plant was éonstructed
taking due account of the necessity of keeping the
number of equations to a minimum, discarding minor
side—effects from the outset. It is felt that such
an approach to plant-modelling, if it succeeds in
keeping the resulting number of equations reasonably
small, is more realistic than the reduction by

mathematical means - using any of the available

[1,2]

methods of model reduction — of a model which
has been constructed on an exceedingly large scale
in the first place. It could be called a '"model
reduction" on physical grounds.
In applying the (modern) control strategies to this
plant, a number of features are worthwhile mentioning:
(i) A new method was developed for the design of the
optimal linear regulator in the presence of external
disturbances and for simulating the resulting systemA
response.

(ii) The controller designed with the above mentioned
method is computed entirely off-line. It can be
physically realized either by a small digital computer

or by an analog device,
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(iii) The computational methods and programs were
designed in such a manner as to be useful for any
other plant, provided the mathematical description
is given.

(iv) As will be seen later, the body of programs is
divided into four major parts: the steady state,
the linear model, the regulator deéign and the
simulation.

(v) . There are two simulation programs: ;he free
simulation in which no constraints are attached
and the saturated simulation in which the control
inputs are allowed to mﬁve oﬁly within their
permitted constraints.

(vi) It has not escaped the notice of this author that

[3,4]

a number of articles and books have been
written on the subject of modern control applied

to nuclear reactors. The emphasis is in general

on a small number of Kkey equations to be solved.

By contrast, the present work makes no attempt at
picking the most important equations, using the whole
model as it was constructed at the plant site with
the help of experts in the various related fields
such as meutron physics, thermodinamics, etc. -~ with
the criterion mentioned before (of keeping the

(*)

resulting model reasonably small) in mind.

(%¥) At the time of typing this thesis a preprint of a paper
for the 5th IFAC Congress became available [5] in which a
complete model for a pressurized heavy water reactor is
dealt with. This model starts with 220 equations and after
two successive reductions ends up with an 18th order state
matrix. The regulator design is also based on optimal
control type strategies, but the computational methods used

are different fron those used in this thesis.
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1.2 Description of the system and its existing

(conventional) controls

The case involves the SGHWR (steam geﬁerating heavy
water reactor) installed at AEE, Winfrith. The mathematical
model was constructed by thé Control and Instrumentation
Division of that establishmentl 27781
The plant, the main dynamic interactions and the

(9,101

existing control system are described in Briefly,
the rgactor has a nominal output of 300 Mw (thermal) with
105 Mw net electrical output (Fig.1.1). The fuel is
'slightly enriched Uranium, the moderator in the calandria
is heavy water and the coolant flowing through the 104
boiling channels is plain water. The eguations describing
the dynamics of the reactor assume it to be a point model,
wherefore the thermal output is roughlyhproportional to
the average neutron flux and the moderator height.

The reactivity is dependent mainly on the fuel
temperature (negative coefficient), coolant voidage (neg.
coeff.), moderatdr height (positive non-linear coeff.),
moderator temperature (pos. coeff.) and coolant temperature
(neg. coeff.).

The thermal power is directly converted into steam
flow to the turbine, which in turn drives the genérator.
To keep the water level in the steam drum a flow of feed-
water is necessary. The generator is connected to the
electrical grid at Winfrith but not so in the model of
this study, which is meant to drive a local varying load.
Figure (1.2) shows the principal dynamic interactions in

[10]

the plant . Figure (1.3) gives a schematic diagram of
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[61]

sting control systems , although not all of

e actually implemented, It is possible to

distinguish three main loops plus various emergency

control

are.

(i)

(idi)

(ididi)

s and logical set-ups (¥). The three subsystems

The reactor power output is éontrolled mainly by
moderator height, through its two effects on power
and reactivity. At full power this height is

'11.5 ft. above core bottom.

The steam pressure is controlled by the turbine
valve. It stands at 940 p.s.i.a. and the specified
allowed variations ought not to be greater than

+40 p.s.i.a.

For constant pressure the steam flow — and there-
fore the mechanical power - is of course proportional
to the turbine valve opening.

The drum—-water level is controlled by the feed-—

water flow valve.

(*) Th

W
s

Py

e relevant symbols in Fig.(1.3) are:

Mass flow of steam from drum to turbine.

1y

Pressure in the steam drum.

i

Level of water in -the drum.

i

Mass flow rate of feedwater.

i

Neutron flux as measured by an ionization
chamber.

Superheat temperature,
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This system of control is of the so called '"decoupled"
type, as against the "coupled control!" in which the
pressure 1s controlled by altering reactivity, whereas
the power demand is controlledlby the steam valve position;
this obviates the need for a power controller. In the
"decoupled control'" used, -the response to station load
changes is faster.

Table (1.1) gives a list of the main characteristics
of the SGHWR at Winfrith, as well as the present values

of reactivity coefficients and others.
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Table 1.1

Characteristics and coefficients of the SGHWR, Winfrith,

at present operating values

Nominal output (thermal) ' 300 Mw
Electrical output (net) 105 Mw

Fuel _ slightly enriched UO2
Moderator in calandria : heavy water

Coolant flowing through boiling channels plain water

Number of boiling channels ) 104
Core,Aiameter 10.25 ft.
Core height | 10.5 ft.
Steam pressure at turbine control valve 940 p.s.i.a.
Coolant inlet temperature '527°F

Coolant outlet temperature 538°F

Steam exit quality {maximum channel) ’ 11.3¢
Maximum can temperature | 554°F

Steam temperature at turbine comntrol valve 5320F

Steam flow rate to turbine 330’lb/sec
Final feedwater ﬁeﬁperature 3900F

Drum water level kY4 inches

f = channelAaverage void fraction

kv = voidage coefficient of reactivity - 0.02
6kM/6TM = moderator temperature coeff, of reactivity + 15 mN/OC
6kf/6Tf = fuel temperature coeff. of reactivity -0.877 mN/OF
6kc/6TC = coolant temperature coeff, of reactivity -2.778 mN/°F
mN = milinile = 107°
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1.3 Control objectives

The main objectives can be summarized as follo&s:

(i) Minimize frequency variations due to rapid changes
in load. The droop is 4%Z; i.e. 2 c/s variation for
100g% change in load (normal frequency 50 c¢/s). The
constraint hére is not clear cut, it being desirable
to keep the variations within 12.5% of the drdbp
(i.e. +0.25 ¢/s) but it certainly should not be larger
than 50% (+ 1 c/s).

(ii) Minimize the time involved in power changes.
Specifications of the Central Electricity Generating
Board require that 60% of the spinning reserve (i.e.
the difference between full power and thé operating
levely be turned on within 2.5 seconds, the remainder
within 2 minutes. For the usual opefating level of
75 7% the above two quantities represent 152 and 107
respectively.

(iii) Constraint of "dry-out margin': the peak transient
power must not pass a certain level, due to safety
and engineering considerations. Details will be
discussed later, but let it be known that this level
is in the region of 1107, -If overshoots can be
minimized as a consequence of the present study, the
operating level — now at 757 — could be raised, with
a better economic performance as a result.

(iv) Minimize frequéncy variations and overshoots in the
presence of plant disturbaﬁces.

It will be seen later in the chapter on the optimal regulator

problem, that in order to pursue the above mentioned
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objectives it is necessary to minimize a performance

index, i.e. a functional of the state variables and the
control inputs. The objectives must be achieved without
violating a number of constraihts, some of them of a
physical character such as valve openings, others specified
for various reasons such as safety aﬁd engineering
considerations.

The actual plant at Winfrith includes a number of
control deviceé for emergencies as well as for start-up
and shut-down procedures, These involve special features
for preventing Xenon-poisoning, pump cavitation and for
dealing with other problems. The study undertaken here
does not cover any of these special schemes and assumes
the reactor working at a steady level in the order of full
power. In short, it aims at obtaining é performance such
that the system recovers as fast and as smoothly as possible
from external and plant disturbances.

It has been decided from the oﬁtset to work along
the lines of what is called '"modern" control theory and
in particular "optimal control', in order to explore the
practical difficulties encountered in applying those

concepts to a real, large, working plant.

1.4 Outline of the remainder of the thesis

Chapter 2 deals with the mathematical description
of the system as constructed by the Control and Instrumentation
Division of AEE, Winfrith. .Latgr the successive versions
of the linear model used for the regulatof design are «

described. A complete list of the differential and algebraic
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equations, as well as lists of variables, are included.

In Chapter 3 the methods of computation are expla}ned
for the successive steps in the solution of the problem
posed: the steady state, the linear model, the regulator
design, the free simulation (no constraints) and the
saturated simulation.

Eigenvalues and eigenvectors were profusely used as
a means of computation, hence special attention is focused
on the selection of the most appropriate methods for
calculating them.

Various methods for the solution of the matrix Riccati
equation are reviewed and the one used is described in
detail.

| Finally the method of selection of the more important
feedback variables is described; this leads to the implement-—
ation of the '"reduced" set and the construction of an
appropriate, simple filter.

Chapter 4 is devoted entirely to the new method
developed for the design of the linear optimal regulator
with external disturbances, and in particular for step-type
disturbances (most frequently encountered in the plant
“under discussion).

In Chapter 5 the various digital programs are described
in some detail. This is a rather long chapter and frankiy
a bit boring; the reason for this is that it comprises a
major part of the work on which this thesis is based and
may be used as a kind of users manual by anyone using these
programs for a different problem or for exploring the same

problem more in depth. Unnecessary details, however, have
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not been included, or at least tried to be kept to a
minimum. The chapter concludes with a brief description
of the analog simulations run on the Winfrith computer.
In Chapter 6 the results of the investigation are
given and analyzed. This refers to both the digital and
analog results as well as the relationship between some
of them. Conclusions are drawn and final recommendations
given for an implementable contfoller. This includes of
course a 'reduced set'" of feedback variables and it will
be seen that the set comprises only measurable quantities.
Chapter 7 contains the more general conclusions of
this research work as well as recommendations for future

work.

Chapter 8 shows the references and Chapter 9 the
appendices. These are mainly the listihgs of the more
important parts of the digital programs as well as selected
parts of their outputs. It would have proved impossible

to print the whole programs, for sheer size.
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CHAPTER 2

MATHEMATICAL DESCRIPTION OF THE SYSTEM .

The basic model includes the equations representing
the dynamics of the system at normal operation, excluding
the existing controls at the actual plant and excluding
load following (i.e. the changes in frequency created by
a mis—match between the mechanical power delivered and the
electrical power solicited).

This model, which shall be called X, is non-linear
and has 23 differential equations, 17 implicit algebraic
and 19 explicit algebraic equations. It also includes &
pure time delays. The equations, the variables and the
delays will all be listed below. -‘They were directly

[8l

transcribed from the Winfrith model with the exception
of a few equations which were rearrangednbut not
intrinsically changed. It should be said at this stage
that these and other equations are implemented on an analog
computer at Winfritb which is reported to yield transients
and general behaviour closely resembling those of the
actual plant. The analog computer and the complete set of
equations are colloquially called "the simulator" and this

word will be referred to whenever the need arises.

Model X (non-linear, basic)

x(t) = £lx,xp,x,,u,t) (2.i)
0 =.gﬁ§J§E,§A,g,t) (2.2)
xp () = hix,Xg X, sM,X03X, pst) (2.3)
where x = vector of 23 state variables
Xy = vector of 17 implicit algebraic variables
Xp = vector of 19 explicit algebraic variables
u = vector of 7 inputs
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Zp

vector of 3 delayed x variables

= vector of 1 delayed Xa variable .

ZAD
Before Qriting the equations and parameters in
detail, let ué explain briefly the growth of the original
system of 23 state variables into one of 30. Model X
(non-linear) was linearized around its steady state values.

Details of the linearization process will be explained

later. Suffice it now to write the general set of equations:

Model X (linear, basic)

% = + - + + C. .
x(t) = Ax(t) + A .x(t-t,,) B.x,(t) + C.u(t) (2.4)
= -— + — .
0 D.x(t) + Dy .x(t—tp ) + D,.x(t-t )
+ + . - + F. .
E.x,(t) + Bj.x,(t-t,.) + F.u(t) (2.5)
where A,...,C = matrices of 23 rows each
D,...,F = matrices of 17 rows each
tAl’tDl’tDz’tEl = pure time delays
XyXy ol = vectors with the same dimensions

as above, representing linear
deviations.
This model was constructed and tested, and was intended
" to be used in an integration routine to compute the time
response (details later). But it was decided, in order to
be able to tackle the optimal regulator problem with the
method of the matrix Riccati‘equation, to replace the pure
time delays with differential equation approximations of the
first order. This yielded Model X1 (details later), the
final equivalent equation of which is:
Model X1 (linear, equivalent)

% (t) = A .x. (t) + B .u(t) (2.6)
— s —1 s —
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where As’Bs are matrices of 27 rows each computed in a
manner to be described later
X, = vector of 27 state variables, 4 of which

represent the 1lst order differential equations

approximating' the delays

]

u vector as above (7 inputs)

Model X1 was further increased to include a number
of differential equations existing in the "simulator"
and representing some controls and the load following
mentioned above. The routine involving this change,
called FDBCK1l, is open~énded in the sense that it is
possible to include any number of new equations and .
variables. As will be described later, case (3) of FDBCK1
includes feedwater control and load following, involving

3 additional differential equations. Thus we arrive at

the final, or comprehensive, Model X2.
Model X2 (linear, comprehensive)

x,(t) = A .x (t) + Bo.u (t) (2.7)
where Af,Bf are matrices of 30 rows each, computed as

described later

I

x vector of 30 state variables, 3 of which

—2
represent the equations introduced in the
FDBCK1 routine

u, = vector of 10 inputs; 3 new inputs have been

introduced through FDBCK1l ~ the remainder have
the same meaning as the previous vector u,
except for 2 of them which are now included in

feedback loops and therefore represent reference

points.



2.1 Lists of equations and parameters

2.1.1 Model X (non-linear, basic)

The following list of equations, taken from a program
listing (subroutine CALFUNO of SSNL2D), requires a few
explanations which are also valid for subsequent lists:

(i) The letter E after a number means 10 raised to the
power of the following number.

(ii) FUN1,...,FUN6 are empirical tables taken from the
"simulator" and listed in programs SSNL2D and MXEV2Xl.

(iii) x, = vector of delayed variables.

Explicit algebraic equations

£(x,u)
Reactivity
x = FUN1(x_. — O.h4) (2.1.1)
Ey 22
Fuel pin temperature
sz = 0.5xg + 0.5x9 (2.1.2)
xE3 = (1.1931x5 + 1.1569x6 + 2.5958x7)/x22 (2.1.3)

Channel and riser

xEq = FUN2(x, ) | (2.1.4)
xE5 = FUN3§xlO) (2.1.5)
X, = - 3.99895E—2xl3 + 5.18E1 (2.1.6)
Steam flow

xE7 = 0.3862x10x23 (2.1.7)
Feedwater

XES = FUN5(xl9) (2.1.8)
Feedheat

Xp = 9.67E—4xl6 - 0.1082 Xp >0 (2.1.9)

9 9



Recirculation

XElo = = 5.31B-3(x; )% + 3.578E-3(x, ;)
x = FUN6 (u.)
Ell 3
f(x,x e X u)
i Belady El’ ? E117_

Recirculation

X = x, X
E12 E6 14

Feedheat

x = - 0.408654x

xX
E13 Eo Eg 7

£lx,x X

El""xEll’ED’—AD’E)

~ Feedheat
x = x_ . {t-TAUFW)
Ellt 20

Channel and riser

x = x_ . (t-TAUW)
E15 13
x = xlB(tmTAURW) * ox, (t-TAUR) - Xp

4 ‘ 4
1)

'O,x
1 El?

Channel and riser

x = 4 ,329E-7x x + 1,11E-3x
E17 E16 10 E16
x = 2.1E4x /x :
E18 E17 10
Xp = 0,31x + 1.2

19 E18

+ 0.408654XE - 1.

+ 1.266E-3x

42749E2
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1%%15
(2.1.10)

(2.1.11)

(2.1.12)

(2.1.13)

(2.1.14)

- (2.1.15)

(2.1.16)

(2.1.17)

(2.1.18)

(2.1.19)
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Differential equations

x = £0x,xp,x,,u)

Neutron kinetics

ﬁl = f, = (2.5E3XA1— 1.3E1)xl * 3.9%, *+ 9.1x3 (2.1.20)
iz = f, = 2.4E—2xl - 2.4E—2x2 (2.1.21)
iB = f3 = 0.15x; - 0.15x3 (2.1.22)

Moderator temperature

x, = f, = 6.929E-2x_x

\ 1¥5p = 3.03B-3x, + 3.03E-3u, (2.1.23)

is = f5 = 9.53B-2x,X,, - 9.53E--2x5 (2.1.24)
%, = fo = 1.395B-2x,x,, - 1.395B-2x¢ (2.1.25)
i7 = f7 = 4.0E~4xlx22 - 4.0E—4x7 {2.1.26)

Fuel pin temperature

ﬁg = fg = 6.73§E;xl - 0.2564x8 + 0.2564xE2+ xE3 (2.1.27)

%y = f9 = 6.736E1xl - 0.6051x9 + 0.2564xE2 + 0.3487xA3
(2.1.28)

Channel and riser

ill= £, = - 1.43xll + l.43xE6(l.0497E3/(l.+xA14)+1.2597E3)
(2.1.29)

Steam drum

X190 % F1p = = T3y~ Xy T X6 X122 9 (2.1.30)

15
ilO = f10 7 (l.16E~5xlof12+0.2639(XA15—XE7))/(l.—l.E—5x12)

(2.1.31)



ilB =

Recirculation

= £y, = b.bbhxg o - bbby,

il& 14

ilS = fy5 = - 7.197E-4(x15)2 - 1.29525E1x, 5 - 0.8903xE,
+ 2.03145E3 Xy 5 >0

Feedwater ‘

i16 = fi¢ = - 5.2962E-2(x16-)2 - 3.704E1xlo - 1.85185x16
- 3.704E1xl7 + 5.055555E4

&17 = £, = 3.2B1x ¢ - 2.08E3XE8V§I;

X19 % 19 = = X39 * Uy =0.1 < %4 < 0.1

0 <x4<1
Feedheat
X0 = fpo = = 2:339B-hx x4 + 2.339B-hxg, %) ¢

Power controller

= )5 = (XE4XA16TX13XA16“X13X16+XE14X16))/Xlz

Xo1 T To1 T 7 ¥ T Y ~0.2 S X5y
LS xS
pp 7 £y = 8.56E—4x21
Turbine
X = = - . + -O had oo hand .O
Xyq f23 4 Ox23 4 ue 2 u., 2
‘ 0 5 x23 S
-l S v 2
Turbine and altermnator
X9 = f1g4 = - 2°0X18 + O.6378xE7
Implicit algebraic equations
£(x,xp,xa,1) = 0
Reactivity
= = e - = hand . E-’ + . E"'
o g, XAy 2.0E-2x4p, 2.778 5%A4 1.5 lfot

+ Xg; - 8.77E—6XE2 +ou,
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(2.1.32)
(2.1.33)

(2.1.34)

(2.1.35)
(2.1.36)
(2.1.37)

(2.1.38)
(2.1.39)

(2.1.40)

(2.1.41)°

(2.1.42)

(2.1.43)
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Channel and riser

0 = g, = = Xpy *+ 0.988xy) Xpg/xa, (2.1.44)
2
0o = g3 = e XA3 - O.S(XAS) /XA4 + O’BXAQ: + XE]_5 (2.1_45)
0 =g, = - xpy * 2.81B5x,,/xg, . (2.1.46)
0 = g5 = - XA = 2.5118E—3xA3x22 + 2.5118E—3x9x22 (2.1.47)
0 = 8¢ = ~ Xag + xE5xA7 + XEy ~ XE15 XAg >0 (2.1.48)
0 = g, = = Xpy ¥ Xp30 7 0.5%a13 (2.1.49)
0 = 8g = — XAg + XA — ¥Ag ) XAg >0 (2.1.50)
0 = gg = = XAg + Xp, * X | (2.1.51)
2 .
0 =g = = Xp10 ¥ 1.085E-3(x,,) (x474%1.0) + 7.0/(xpy,+1.0)
' ' (2.1.52)
- _ 2

0 = 811 % -~ XA11 ~ 4.16XA2 + 1.01314E=3(x14) XA19

+ ?.O5E—4(x14)2 + 4.16 (2.1.53)
0 = g, = = Xpp, * 2.7514EIxpg/xpg Xppp 2 0. (2.1.54)

slip ratio = ¥ = 1.
0 = gyg == Xp5 * FUNA& (x4, ,) (2.1:55)
O = gy, = = Xppy * 0.547645%4) /By * 0.5xE; g/%E)g (2.1.56)
xAllk 2 0
-Steam drum
0 = g5 = = XAy5 * *Byp(Mar5traq) | (2.1.57)
0 = g,0 = = Xp16 =~ XA15 ¥ XEyp ~ Tq3 (2.1.58)
Recirculation
_ 2

0 = 815 %~ XAy + XA10 * XAy + 2.1225E—2($14) XE7q

+ 3.13B-3(x,,)° - 1.116E1 (2.1.59)

Time delavs
£ (x,xg,xa)

Recirculation

TAUW = 5.675E2/x14 (2.1.60)



Feedheat
TAUFW = 8.55E3/xl6 (2.1.61)
Channel and riser
= ' ' +X] 1.
TAUR 1.048E3/(xE19x14 xEl9xquA14) (2.1.62)
TAURW = TAUR + TAUW (2.1.63)
Output variables (feedback to no other variables)
folx,u)
Ion chamber flux
= ea -+ . .
Y1 0.8729xx,, + 1.838x, (2.1.64)
Moderator temperature
o
- = 2, - 0 100 .1.
yz 2 qu u2 S xLl S C (2 65)
0<y, < 100°¢c
_ o
u2 = 27.7 C
Feedwater level
= - — .lo
¥y 1.268E 3%, , (2 66)
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List of parameters. names corresponding to the "simulator"

Names

InEuts
DKBAL

TMIN

YDV.
YRDEM
YMDEM
YTCVDEM

DF

Units

°c

normalized

normalized

normalized

normalized

c/s

Note: if u5

Description

Reactivity adjustment to balance
reactivity

Moderator inlet temperature

Discharge valve position from
fully open (6 inches)

Demanded position of YR (100 pc
feedwater valve) '

Demanded position of YM (Moderator
valve)

Speeder motor demanded position of
YTCV (Turbine control valve)

Frequency error

# O, moderator height changes




State variables Xl to x23
PHIDASH xl normalized
X1BARDASH xz normalized
X2BARDASH x3 normalized
TMAV Xy, °c
Al x5 normalized
A2 x6 normalized
A3 »x7 normalized
TF1STAR xg Op
o

TF2STAR x9 F
PD X0 P-s.i.a.
M xll 1b
MW x12 1b
HDSTAR xl3 btu/1b

3
Qw X4 ft-/sec
OMEGA 315 rad/sec
WFW X6 1b/sec
DPREG xl7. p.s.i.a.
PMECH X8 Mw(el.)
YR xl9 normalized
HFHSTAR sz btu/1b
YM x21 normalized
HDASH x22 normalized
YTCV X normalized

Neutron flux

l1st group delayed neutrons effect
2nd gfoup delayed neutrons effect
Mean moderator temperature

lst group decay heat term

2nd group decay heat term

3rd group decay heat term

Mean temperature of fuel centre
zone (offset 400)

Mean temperature of fuel outer

zone (offset 400)

.Steam drum pressure

Total mass of water and two phase
mixture in primary circuit

Mass of water in steam drum
Enthalpy of steam drum water

Volumetric flow of water through
main circulators

Circulator pump speed

Mass flow raté of water into steam drum

Pressure drop across feedwater
regulator valves

Mechanical power produced by turbine

100 pc feedwater valve position

Enthalpy of feedwater leaving
feedheaters (offset 400)

Moderator valve position

Moderator height from core bottom
(normalized to 12.5 feet)

Turbine control valve position
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Implicit algebraic variables

DK XAl Excess reactivity .
FBAR XAq ‘ Channel average void fraction
TCOOLSTAR XA °r - Channel average coolant temperature
(offset 400)
DH XAy btu/1b Enthalpy rise through core
QDASH . XA5 normalized Thermal power output from fuel to
: ~ coolant (normalized to 296 Mw(th.))
DHSC xpg btu/lb Enthalpy of subcooling
DPSC XA7 Pes.i.a. Pressure difference between channel
and steam drum
DHB | XAg btu/1b Enthalpy rise of coolant through
boiling region
pPC xA9 p.s.i.a. Mean channel pressure
DPR XAj0 psia Pressure. drop through risers
bDPC XAjq psia Pressure drop through channel
KXCouT XAy 9 K.quality at channel outlet
F4 X713 Function of XAq o
KXRBAR XA1h K.average riser quality
WSRISER XAlS 1b/sec Mass flow rate of steam from risers
into drum
ISER XA16 1b/sec Mass flow rate of water from risers
into drum
DPREC xAl? psia Pressure drop in the recirculation loop

Explicit algebraic variables

DKM *Ej Reactivity effect of moderator height
TFAVSTAR XEo °F Mean temperature of fuel (offset 400
HGTF XEq Function of the 3 decay heat terms
and normalized moderator height
HWSTAR Xgy btu/1b Enthalpy of water at saturation

DHW/DP XE5 btu/lb/psia F3 a function of pressure



ROW Xpg 1b/ft3
WSDRUM XE, 1b/sec
F5 -XE8

F(WFW) ng

DPP .XElo psia
FUNCTYDV XEq

wwW XE12 1b/sec
HFHOSTAR XE13 btu/1b
HFWSTAR XElQ btu/1b
HISTAR xEl5 btu/1b
B XE16 btu/1b
XR XE17

KXROUT XE1 8

GAMMAR xE19
Transport delay times
TAUFW tAl seconds
TAUW tDl sec
TAURW tD2 sec
TAUR tEl sec

Output variables

PHIION

T™OUT

L

Y1
Yo

Y3

normalized

°c

inches

35

Density of water at mean channel temper.

Mass flow rate of steam from drum into
turbine (dumps not considered here)

Function of YR

Function of WFW

Pressure rise through main circulators

F6, discharge valve characteristic
Mass flow rate of water in the downcomers

Steady state value of HFHSTAR (not
reference)

Enthalpy of feedwater at drum inlet
(offset 400, delayed value of HFHSTAR)

Enthalpy of coolant at core inlet
(offset 400, delayed value of HDSTAR)

Function of HWSTAR and delayed values
of HISTAR and DH

Riser exit quality
K.Riser exit quality

Riser slip ratio

From last feedheater exit to drum
inlet (feedwater)

From drum outlet to core inlet (downcomer
Sum of TAUW and TAUR

From core outlet to drum inlet (riser)

Ton chamber indication of neutron flux
Moderator outlet temperature

Steam drum level
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2.1.2. Model X1 (linear, equivalent)

The appropiate equations will be found in section (3.2.2).

The list of additional

state variables adopted (first order

approximation for each delay) is:
Xpp = Zq T DELAYVAR1 = variable for approximating delay tAl
x25 = Zy F DELAYVAR2 = variable for approximating delay tDl
X6 = zy = DELAYVAR3 = variable for approximating delay t,
x27 =2z = DELAYVARL4 = variable for approximating delay tEl

2.1.3. Model X2 (linear,

comprehensive)

The appropiate equations leading to the final model will be

found, in their general form, in section (3.2.3).

The list of additional parameters for "case 3" used for

the optimal linear regulator problem is:

State

variables

Xo08 ©
x =

29

x =

30
Inputs
u28 =

u2 =

9

270"

wl = IF1
w2 = ITF2
w = DF
3
PE =
WSDDEM =
LL1DEM =
PMECH =
WSDRUM =
WFW =

The list of

= feedwater controller variable 1
= feedwater controller variable 2

= frequency error

Electric power delivered
Demanded WSDDRUM (normalized to 344.91 1b/sec)

Steam drum demanded level for YR controller
(normally 44 inches)

Mechanical power produced by turbine (Xl8)
Mass flow rate of steam from drum (XE )

7

Mass flow rate of water into drum (Xl6)

additional equations for case(3) is as follows:
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Load following

Y, = X8 €2.1.67)

Wy = TF,y, - TF, u2g | (2.1.68)
2 = ’ . .

u 7 w3 | (2.1 69)‘

where TFl = Transfer function gain (integrator) from

accelerator torque to DF

0.0515

u2_ is an input with feedback. -

7

Feedwater control

Y3(err) - Y3 T %210 . (2.1.70)
Yq = 0.1268E-2x, , (2.1.71)
Y6 = *16 ' (2.1.72)
wz = - (TKlQ/TAUll)Wl - (TKM/TAUll)y3 + (0.0029TK15/TAU11)y5
' - (0.0029/TAU11)y6 + (TKllk/TAUll)uz10 (2.1.73)
V1 = (1./TAUlO)y3 - (1./TAU, J)u2, g (2.1.74)
u2Zl = TK13w2 - TKlBTK14Wl - TKlBTKlQVB + 0.0029TK13TK15y5
- 0.0029TK13y6 + TKlBTK14u210 - (2.1.75)
where TK13 = Transfer function gain for YRDEM
= 5.0
TK14 = First transfer function gain for YR controller
= 0,025 (critical)
TK15 = Set ratio in YR controller
= 1.0
TAUlO = Time constant for YR controller (lst transf. function)
= 200.0 sec
TAUll = Time constant for YRDEM
= 100,0 sec

1121i is an input with feedback.



CHAPTER 3

OUTLINE OF THE METHODS OF COMPUTATION

The solution of the problem posed in this study is
broken into five main components, to be explained here.

The pertinent programs are described in detail in Chapter 5.

They are:

(i) Solution of the steady state of the set of non-linear
equations

(idi) Construction of the linear model

(iii) Solution of the optimal linear regulator problem

(iv) Transients computation (or "free simulation") for
the original system and those computed via (iid)

(v) "Saturated simulation'", i.e. the transients
computation described in (iv) with the control inputs
constrained to move only withiﬁ their physical limits.

Perhaps it would be worthwhile, before going into detail,

to explain why each of these steps were taken.,

(i) The steady state calculation is necessary as it yields

the point of departure for the (linecar) deviations on which

this work is based. Actually this cémputation is necessary
not only foerne but for various levels of operations. It is
conceivable to envisage, as a sequel to this study, a piece-
wise linear model of the system, switching from one set of
steady states to another as the amplitude of the transients

grow.,

Also, the non-linear model had to be constructed in

order to check the correctness of the linear model.

(ii) The reasons for working with a linear rather than with

38
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a non--linear model are, in general, the usual ones
advanced for this approach, namely the more or less close
approximation, for relatively small signals and the vast
amount of knowledge developed for linear systems. This is
of course particularly true for a system of high order.

In addition, the methods of control, including optimal

control, which it is the purpose of this study to apply in

a straightforward manner, cater for linear dynamical systems.

(iii) The optimal regulator problem is the design of a
"feedback controller such as to keep a stationary system
within an acceptable deviation.from a reference condition

(111

using acceptable amounts of control'. Our study deals

with two kinds of perturbation:

(a) state perturbation (e.g. a change in the drum steam
pressure), in which case the systeﬁ must eventually
settle down at the level where it was before the
disturbance.

(b) external disturbance, such as a change in the electric
power required; if this change is a step function or
any other function with a permanent off-set, the
state will settle at a different level from the omne
it was forced to depart, a level consistent with the
new set of inputs.

This problem is tackled by solving the steady staté
matrix Riccati equation, which minimizes a performance
index made up of an integral of quadratic forms in the
state and the control.

(iv) The transients computation or linear free simulation

is done for a dual purpose:
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(a) To check the "correctness" of the model by comparing
it with transients produced on the Winfrith simulator

(b) to evaluate the quality of the "optimal" controllers
found by the method outlined in (iii), i.e. violation
of constraints, magnitude of overshoots, time
constants, etc.

(v) The saturated simulation is done for purpose (b) of

the preceding paragraph, the control inputs being forbidden

tq exceed theif physical limits. This simulation is thus

much closer to the real working of the plant.

3.1 Steady State Solutions of the non-linear set

The object is to find the solution to the set of
non—~linear equations consisting of 23 steady-state
differentiai equations and 17 implicit albegraic equations,
described as Model X (non-linear, basic) and listed in
Section 2.1.

On the face of it, by setting all derivatives to zero
we have a set of 40 non-linear equations with 40 unknown
variables to solve. This was indeed the first, albeit
naive, approach., It led us ‘into obtaining multiple
solutions in the vicinity of‘a certain point. It proved
necessary to inspect closely the differential equations
(with derivatives equal to zero) to find that some of them
are linear combinations of others, while yet others are
entirely irrelevant, i.e. redundant. Thus a set of only
35 equations and variables was arrived at (it will be
explained later how the re—programming was déne). From
the point of view of the original set, this means that some

of the variables are actually constants, as far as the



steady state is concerned. Conversely, some of the
inputs are actually unknowns, i.e, outputs of the
computation (*).

The central algorifhm used for this problem is the
Powell method[lzj for minimizing a sum of squares of non-
linear functions, those representing the 35 equations
containing initially chosen values in place of the unknown
guantities. This by now well known method is similar to
the classical '"generalized least squares" Qethod, but,
unlike it, does not require any derivatives to be computed.
It is therefqre less cumbersome and more efficient.

Since Powell's method wofks bést when the values of
the variables have the same order of magnitude, a routine
for scaling and descaling them to unit order before and
after the minimization procedure has bee£ developed. The
orders are known from similar steady states. The same is
true for the numerical values of the.functions, although
there is a differenpe becatitse they keep changing their
order by the.very process of minimization. Also, it is
necessary thaf these values be small. Therefore another
routine was developed, for calculating the scaling factors
of the functions after the first call for the functions

evaluation. As usual, details of the programming will be

given later. ‘

3.2 Linear Model. Pure Time Delays. Approximations.

Additional Eguations

As mentioned in Chapter 2, three successive linear

models were constructed (Models X, X1, and X2) in order

(%) The names inputs and variables apply to the dynamic
model only.
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to be used for the control study. The method of
linearization common to all models is the well-known one

of expanding tﬁe non—-linear system in a Taylor series about
the steady state and dropping all but the first order terms,

i.e. in general, to linearize a non-linear system

x = £ (x,u) (3.2.1)
about an equilibrium state X 0 B, that is
x=flx ,u ) =0 (3.2.2)
and obtain a linear system of the form
X =Ax+ B.au (3.2.3)
The matrices A and B are determined such that
afi
[aij] = I . (3.2.4)
J §07}_1_0 ‘
afi
J X8,

3.2.1 Model X (linear, basic)

This model will be discussed only in so far as it
was constructed and tested, with ﬁhe intention of calculating
the time response of the system by considering the delayed-
variable—terms as inputs. But work on it was not carried
on to further stage, for the reasons advanced in Chapter 2;
namely the unsuitability of this model for a Riccati-type
solution of the optimal control problem. Let us repeat
equations (2.4), (2.5)

x(t) = A x(t) + Ax(t—t, ) + Bx, () + C u(t) (3.2.6)

0

Dx(t) + Dyx(t—t ) + Dx(t-t;,) + Ex,(t)

+ Eox, (t—t, ) + F ult) ~ (3.2.7)

o et
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From (3.2.6) and (3.2.7)

% = A .x(t) + D (t) + B .u(t) (3.2.8)
-_ S - s s -
where

A, = A - BE 1D ' (3.2.9)

-1 )
Bs = C - BE " F ' (3.2.10)

-1

D (t) = Ajx(t-t, ;) — BE{D x(t~t ) + D x(t-t, )

+ E.x, {t—t__)} (3.2.11)

1=A El

The solution of (3.2.8) over a time period A is

t+A
x(t+8) = #(a).x(t) + [ @(t+a-t)[D_()+B_.u(x)ldr (3.2.12)
t

where @#(t) is the state—transition matrix

Ast

g(t) = e (3.2.13)

Equation (3.2.12), with suitable use of a numerical
integration routine for integrating over period A
(suitably chosen), should have provided a reasonably fast
simulation of the system. But as was mentioned before,
this integration was not carried out and a new model was
constructed in order to enable the optimal control problem
to be solved straightforwardly. |

A considerable amount of soul searching was done
before going éhead with model X1, which comprises approxi-
mation of the pure time-delays, on the grounds that even
the crudest approximation increases the state—vector by
four components, while a better one would increase it by,
say, 8 to 24 components. The fact that first order approxi-—
mation was also used at the Winfrith analog simulator with
apparently satisfactory results, eventually helped in the

decision.
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3.2.2 Model X1 (linear, equivalent)

As mentioned in Chapter 2 and par. (3.2.1) this
model includes approximations to the four pure time delays
of the system. The basgis of the approximations are tables
of values calculated from orthogonal functions such aé

[13]

Legendre polynomials or trigonometric functions, which

Reeve (1968) showed to be a more general approach than
the Padé approximations of some generalizations of them.[l4]
The advantages of Reeve's method lie more in higher order
approximations, and since it was decided to use a low

‘order in the first place, there is not really much
difference either way. The lst order trigonometric

function approximation seemed the best "value for money"
choice, but the routine written (DELAY in MXEV2Xl, see
section 5.2.3) is capable of dealing witﬁ higher orders

and different functions as well.

For this choice, the approximation for each delay is:
X, = -x + 5.1t bz _ (3.2.14)

2.1"5x _ 2.t (3.2.15)

Ne
1}

where X4 is the variable x delayed by % and z is a new
state variable introduced.

This gives a step response of the shape of a negative
unity—amplitude drop, folloﬁed by an exponential rise
towards the input amplitude, with a time constant equal
to one half of the transport delay.

For convenience, equations (3.2.14,15) are changed,

without affecting the response (this is easily verifiable)

into:
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(3.2.165

1
.
+
=
5
N

*a

(3.2.17)

il
o
I
o
a
N

Z
Before writing the generalized equations for the time
delay approximations, let us write the basic equations

of the system, as obtained from linearizing the N/L model

(they may be compared with. equations (3.2.6,7)):

% = ‘ + y
x(t) = Ax(t) + Bx,(t) + Byx, (¢) + Cul(t) (3.2.18)
0 = Dx(t) + Ex, (¢t} + E;x (+) + Fu(t) (3.2.19)
where x,x,,u = vectors as dimensioned before, representing

A
linear deviations
X, = vector of 4 delayed variables (3 state
variables, 1 implicit algebraic variable)
A,B,BD,C
D,E,ED,F

matrices of 23 rows each

matrices of 17 rows each

i

Now the pure time delays are approximated in the following
general way;

2(t) = Px(t) + P,x,(¢) + Qz(t) (3.2.20)

il

xp(t) = Gx(t) + G,x, (¢) + Hg(t) (3.2.21)

where z is a vector of L new state variables
(L = 4 for 1lst order approximation in all the delays)

z =z [z 2,2, 543T

z; has a dimension equal to the order of approximation

for Xpi
P,PA,Q = matrices of L rows each
G,G,,H = matrices of 4 rows each

The following set holds for each time delay (compare it

with the specific 1lst order chosen case of equations (3.2.16,17):
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Di
where i
nl
32
n3

*nk

and

i

i

HY

i

X L Z. (3.2.22)
1 ni i—i

(3.2.23)

i ni e s

1,2,3,4
L

20

X

13

X

13
*AL
order of approximation of Xpi

vector of Li new state variables

vector of Li components set according to

desired type of approximation

vector of L. components set as for p,
i i
matrix of L.x L, elements set as for p.
i i i

scalar set as for Ri

+ + +
Ll L2 L3 L4

The matrices in (3.2.20,21) are formed by the components

in (3.2.22,23) in the following manner:

(Lx23)

(LxL)

[21] ] B ]
[EQJ 0 , P, = 0
EEBJ (Lx17)
i 5 [24] .
A A A
13 20 L
[ [q, ] o ]
[Q,]
[Q3]
Y IQQJ_
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G = e, o | |, G,

(4x23) (4x17)

0 A

A A

13 20

T

(h, ]
H = [ n; ] 0
(llXL) [ E’g :]

| o [ b,

Now we define the composite vector x

variables

and obtain the

xX =

x = [x 21"

following equations

(3.2.21)
x =
Zy T AX T OBypx, t CGpn
0 = Dyxy + Eyx, + Fu

with (23+L) state

where (we leave the matrix manipulations out)

A+B G B H
Ay = ,
(23+L)x(23+L) B T ]
P Q
L 4L 4.
¢, = C , D, =
(23+L)x7 17x(23+L)
-O -t o El )
(17x17)

Finally, eliminating x

linear model X1 is

A

I

(23+L)x17

+
D EDG

E+E_G

DA

which combine (3.2.18) to

(3.2.24)

(3.2.25)

from (3.2.24,25), the equivalent

£, (t) = A x, (t) + B_ult)

(3.2.26)

b7
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-]

where As = Al - BlEl Dl
~ -1

Bs = Cl - BlEl F

Equation (3.2.26) is of course the same as eqn. (2.6)
for the lst order approximation which we have chosen for
all 4 delays; L = 4 and therefore AS,Bs are matrices of
(27x27), (27x7) respectively. The details will be fouﬁ&
in the routine DELAY1l of MXEV2X1l (see sgection 5.2.3‘and
Appendix B).

3.2.3 Model X2 (linear, comprehensive)

As mentioned in Chapter 2 this final model incorporates
a number of aﬁditional equations, involving new variables,
inputs and outputs, equations which represent certain
controls and the load following exisgting in the’Winfrith
simulator. .These new equations have been incorporated into
a separate routine, called FDBCK1l in the métrix evaluation
program MXEV2X1l (see section 5.2). It may be asked why
these equations have not been directly incorporated into
the basic model or the linear versions of it. The reason
igs that the basic model represents the dynamics of the system.
without any controls or load following, and that those
controls vary for different versions of the Winfrith simulatof.
Indeed, they may vary in the contfols implementation of the
reactor itself. Thus, while the basic dynamics is contained
in the basic model and unaltered, the FDBCKl routine allows
us to alter controls and ;oad following at will.

Thus it will be seen in section (5.2.3) that there
are seven different versions of‘FDBCKl, numbered '"Case'
(1) to (7). The modifications are readily done, without

upsetting the general structure. Case (7), it will be seen



later, corresponds to the model which has been set up on
the Winfrith simulator with‘the sole purpose of checking
the correctness of the model constructed in this study.
Case (3), on the other hand, corresponds to the model which
was considered the most suitable to be used for calculating

the "optimally controlled" system.

Model X2 is built up from Model X1 in the following way:
starting with equation (3.2.26)

% (t) = A x. (t) + B u(t) ' (3.2.26)
- s—1 s

The newly introduced equations are

y(t) = Cc x (t) ‘ . (3.2.27)
s—1
w(t) = Rw(t) + Sy(t) + D u, (t) (3.2.28)
u, (t) = Tw(t) + vy(t) + B u . (3.2.29)
where y = vector of nyroutputs (6 for cases (l) to (7))
w = vector of n_ new state variables (3 for case (3))
u = vector of n newly introduced inputs
-n un
(3 for cases (1) to (7))
u, = vector of n , inputs (10 for cases (1) to (7))
T
= - +
v, = lww 1™, T2 T 7T Pyn
uo= vector of n oo input reference points for u, or

additional control laws to be found in subsequent

computations. (10 for cases (1) to (7)).

CS = matrix of ny rows (6 for cases (1) to (7))
R,S,Dd = matrix of n_ rows (3 for case 3)
T,V,E_ = matrix of n , rows (10 for cases (1) to (7))

Now incorporate the new inputs into model X1. From (3.2.26)

X, = A

+ +
% BSE B u

x
s=—1. n—m

+
Asil ‘ Bsn 22

i

(3.2.30)
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I

, B =
where <n [Bs Bn], Bn fo]

Bn = matrix of (23+L)} rows

Replacing (3.2.27,29) into (3.2.28,30)

X = + +
=31 [As BanCs]§1 BsnT-E * BsnEeEb (3.2.31)
% = : + + -+ +
W, = [sc_ decsjzﬁ [R+D Tlw + D,E _u, (3.2.32)
i.e.
£,(t) = A x (t) + By (t) (3.2.33)
T
where 52 = [Ei K]
= vector of (n = 23+L+n ) components
x2 w
(nX2 = 30 for case (3))
and
A,,B, = matrices of n_, rows each (?O in case (3))
A = A +B VC B T B = B E
f s sn s sn il sn e
(ny xn ) i 1L . (n o xn ) A J
+ + .
[SCS DdVCs [R DdT | _L DdEe 1]

Equation (3.2.33) representé the final comprehensive model
of the matrix evaluation program. It constitutes the data
for the next program, (see section 3.4) which, as we shall
see, aims at obtaining an "optimal'" control law for the
system. With that control law incorporated, a new system
will emerge with a performahce such as to satisfy the
requirements of the specifications. The detailed equations
for the different '"cases" of FDBCKl have not been written
here. The list of additional parameters can be found in

section (2.1) together with the equations for case (3) only.




Before finishing this section, it ought to be
mentioned that the '"correctness" of the linearization of
the model, as well as all the manipulations conducing to
the final comprehensive model,.have been checked against

the basic non-~linear model. The details will not be

explained here; they are in the routine TESTMX and TESTMX2

in MXEV2X1l (see section 5.2.3).

There are some further points which might as well
be mentioned hére, concerning the eigenvalues and the
transients computations of the linear model:

(1) The eigenvalues of model X1 spread over a range of

105 (from —30.0 to ~-0.0004) and are all negative

except one value at the origin and a second one very

near to it, This fact imprints its mark on all

subsequent computations, since the precision required

for reasonable results is much higher than it would

be for eigenvalues of a similar order.

(ii) It was thought to compute the transients of model X1

in order to see, first of all, if the model works

and how the transients compare with the original

Winfrith model. A straightforward way of doing this

is by computing the state transition matrix, as

explained in (3.2.1)
AT
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g(t) = e S (3.2.34)

but of course it was soon realised that the two

eigenvalues at the origin cause the system to be

unstable. The reason is that in the Jordan canonical

form elements of the type

b



\

(iidi)

(iv)

(%

appear, which increase with time ).

The conclusion of (ii) was an additional reason, *
among othér reasons given previously, to incorporate
FDBCK1 into the prbgram, and so avoid having 2
repeated eigenvalues at the origin. In physical terms,
this means that the loop of the feed-water circulation
which when open represented a missing column in the
matrix A; of model X1) was closed.

It was decided to calculate eigenvectors as well,
for the dual purpose of using them for transients
computation and for the solution of the matrix
Riccati equation, subjects to be dealt with at
greater length in sections (3.3), (3.4), (3.6). The
routine used in MXEV2X1l for eigenvalues/eigenvectors,
employing a modified SHARE library program, was nhot
entirely satisfactory, particularly the computation

of eigenvectors, for which great precision was needed.
A new routine based on Wilkinson's inverse jiteration

[16]

method was then used, with the added bonus of

higher precision for the eigenvalues.

(%)

Jt
e

Therefore, for A = O we have

(151 | KN T

It is easily shown that if

1

At

e

L

t
1
0

e

c Y2t

t
1

Jt

K

t
1

b

1
A

o

= O

O = 2 = O

and for second order eJtze)\'t [

then
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The whole problem of eivenvalues/eigenvectors will’
be described in detail in section 3.3, but it is mentioned
here in order to explain why there are two different
eigenvalues—routines in the programs of this study.

MXEV2X1 (construction of the linear model, see section

5.2) uses the '"old" routine, which fails for certain
conditions. On the other hand, REGULA (optimal regulator
problem, see section 5.3) and SIMULA and SIMSAT (transients
computation, see sections 5.4 and 5.5) use the "new'routine.
The first one of the three programs mentioned was written
earlier and it was not considered necessary to change it,

in view of the fact that the eigenvélues and eigenvectors
must be computed anyway in the last two ones, hence-only
the eigenvalues of A_ (i.e. model X1) are computed in

MXEV2X1l, for the purpose of checking the model.

3.3 The eigenvalues/eigenvectors problem

3.3.1 Motivation'

The computation of eigenvalues/eigenvectors is
necessary for two main reasons: transients computation and
the solution of the optimal regulator problem. Also, it
may be stated rather loosely that the eigenvalues can tell
us a good deal about a dynamical system.

(i) Transients computation: it may be argued that by
calculating the state transition matrix @(t) with
any of the routines available for series expansion,
no eigenvalues/eigenvectors are needed. While this
is correct, it is also true that care has to be taken

to check convergence and set the right number of




terms for different time intervals to obtain
reasonable accuracy. Different systems resulting:
from different control laws obtained by "optimal™
control; must then be adjusted each time(*).

On the other hand, if a good eigenvalues/eigenvectors

routine is available, the transients computation

becomes a mere algebraic problem:

eAt = WeAtV

(3.3.1)
where
A = diagonalized transform of matrix A
W = eigenvector matrix of A
v wt

W,V are computed once and eqﬁation (3.3.1) implemented
for any desired t. -
(ii) Solution of the matrix Riccati equation:

section (3.4) will deal at length with this question.

Briefly, the complete steady state equation is

0 =Q + AT + PA - pBR™T

BTp (3.3.2)
while the linear or "Liapunov!" part of it is

0=0q+ AP + PA (3.3.3)
There are, generally speaking, two numerical approache
for solving (3.3.2):
(a) Solve the whole equation by eigenvector/eigen—

value methods or by integration

(b) Solve (3.3.3) and iterate by various methods.

54

S

(#) It should be added here that there exist algorithms
such as MEXP7T (Lu.nd)[l?:I which according to its author's
claim, avoid that pitfall by scaling the matrix and scaling
and storing the intermediate values in such a way that the

number of terms is fixed and the accuracy reportedly good.

ey, Kb G By
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For solving (3.3.3) it is possible to apply straight
algebraic solution of the set of linear equations,

use eigenvectors/eigenvalues methods, integrate or

use other special methods for special circumstances.
Integration is a particularly widely used method.

As for (a), if a reliable “eigeh" routine is available,
and if computer storage is not a too stringent
limitation, this is the most stréightforward way of

solving (3.3.2).

3.3.2 The old routine

The first routine used (let it be called the "old

ETGSYS") was a modified version of EIGSYS, 18

which in

turn is a modified version of the original EIGSYS employing
SHARE libra?y programs numbered 300601 and 3385. It

consists of a number of subroutines which'will be described
in section.(5.2.3). In it all the eigenvalues are calculated
and optionally, column eigenvectors of a square symmetrical’
or non-symmetrical matrix with real elements. The eigen-

[19]. The

values are found using the QR transform method
eigenvectors are found by solving the resulting sets of
homogeneous simultaneous equations.

For the routine to be useful, it has to fulfil two
conditions:
(i) All eigenvalues must be computed (self—evident)
(ii) The precision of the computed eigenvectors as well

as of the eigenvalues must be good enough so that the

following equation holds:

A=WaAV (3.3.%)
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By "good enough" it is meant that all elements‘of

the matrices on both sides of equation (3.3.4)

should be equal within several decimal places.

In some cases of very ill-conditioned matrices,
condition (i) was not fulfilled. Before explaining what
was done to get the routine working, it might be useful to
outline briefly the fundamentals of the QR method and the
steps preceding it:
Before applying the QR~£ransform, the A matrix is transformed
into ﬁpper Hessenberg form, that is all the elements below
the first subdiagonal are zero, using a series of similarity

transforms:[zo’zl]:

o o > »
O X X K
O X M X M
b b B M M
b b b K M

[}
Qo
S

0 0 0 o0 X
The purpose of the QR—-transform is to cause elements on
the subdiagonal of the upper Hessenberg matrix to vanish.

If the upper Hessenberg matrix can be transformed into the

form
X X X X X X
X X X X X X
0O X X X X X
0O 0 X X X X
0O 0 0 X X X
0 0 0 0 0 «

then the matrix has a real eigenvalue of o and the last

row and column can be dropped, reducing the order of the
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matrix by one. On the other hand, if the upper Hessenberg

matrix is transformed into the form

X . X X X X X
X X X X X X
0 X X X X X
0 0 X X X X
0O 0 0 0 X X
0.0 0 0 X X \

then a pair of eigenvalues, possibly complex, can be found ‘
directly from the lower right 2x2 submatrix, and the order
of the original‘matrix reduced by two. If any element

on the subdiagonal is zero, the matrix is divided into two
submatrices and these handled indpendently. This feature
makes the method very powerful with large systems by
breaking it up into smaller matrices, but it becomes a
failure when confronted with some peculiar matrices, as

for instance when the uppermost element in the first sub-
diagonal is zero and the lower right 2x2 submatrix has an

incomplete diagonal, for instance

0O 0 0 0O o0 X
0 X X X X O
0 X X X X O
¢ 0 X X X O
O ¢ 0 X X O
O ¢ 0O 0 X O

In such cases the problem is overcome by reordering rows
.and columns in such a way that the lower right 2x2 sub-
matrix is full or has at least the two diagonal elements.

This was done successfully in the work described in this
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thesis with a new subroutine REORDR. The program works
in such a way that once the lower right 2x2 submatrix h?s
been handled, the algorithm keebs "climbing up" the sqb~
diagonal, undisturbed at finding additional zeros on the
diagonal in its way.

Cpndition (ii) is more tricky, since it deals with
precision. The results of the computation of equation
(3.3.4) yvielded elements on both sides of it which are
equal down to at least 5 decimal figures, usually at least
8. However there is a snag in this 'precision'". When the
elements of the left hand side are O, it means that the
R.H. elements may be as high as 10—5. This number has to
be compared with significant (i.ei non-zero) elements in
the same row and columns where it occurs. It turned out
that with the exception of one row, all the left—hand zeros
had corresponding '"good" zeros on the right hand. But one
row had most L.H. zeros corresponding to numbers of various
orders on the R.H., the highest being 1O~5, only one order
sméller than the smallest "non-zero" in the same row. The
reason for this imprecision, so it seemed by inspection,
is that W contains many eigenvectors which are very close
(in the space) to each other, nearly equal. The probable
reason for this fact, in turn, is the wide spread of
eigenvalues of the system.

It is noteworthy that 3 different approaches to the
construction of W and V in equation (3.3.4) produced
similar results.

(a) Real matrix associated with a block-—diagonalized A.

(b) Same as (a) using double precision.
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(c) Complex matrix with diagonal A. For this purpose
an inversion routine for complex matrices was wrijten
as a modified version of the routine for real matrices
(based on SHARE library number SDA3180) in the Control
Section Library of C.C.D., Imperial College.
A few words should be said at this stage on the

construction of a real eigenvector matrix associated with

a real block diagonalized transform of A:

W contains complex conjugate vectors if ) contains complex

conjugate values.

Let
M 0
A= 7"2 W = W, W_ eeoe W (3.3.5)
—1l —2 -n
0 A
n
Suppose that Kl, Xz and therefore Wy, ¥, .are complex

conjugate (the conclusions we shall arrive at apply of
course to matrices where several or all of the eigenvalues

are paired into complex conjugates).

Then
= +

Apo= g v 5 By
and

W)t n tid

¥, = ry = J i, (3.3.7)

[22] . .

It can be shown that, constructlngl\r and Wr in the

following way

oy ~Bl 0
_ 3 o _ . .
A = 1 1 N Wo=|r, i LIS (3.3.8)
3 ' ’
| 0 hn“ i ]
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Then

A= WAV (3.3.93)
where vV = wl

r r

‘Equation (3.3.9) is equivalent to (3.3.4) and all the usual
analytical operations on A, such as equation (3.3.1), may
be performed with the real rather than with the complex

matrices.

3.3.3 The new routine

Due to the nonfulfillment of conditions (i) and (ii)
in section 3.3.2 a new routine was looked into and the

161

inverse iteration method adopted for the computation
of the eigenvectors. This method gives far more precise
eigenvectors and also more precise eigenvalues as a by-
product.

The inverse iteration method is baséd on the fact that
the eigenvalués calculated by any numerical method, including
the powerfﬁl QR transformation, are not, in general, accurate.

Indeed, when they are, the inv, iteration method must be

bypaséed and the set of homogeneous linear equations

-

[A - I kilgi 2“0 . (3.3.10)

'solved, where the matrix in brackets is singular (and
therefore the magnitude of the eigenvectors free to choose

from) .

If the calculated eigenvalue p is close enough to Ki’
but not equal, then the iteration for eigenvector W, can

be summarized by the equations

[A - Iplx_ ., = 2z, (3.3.11)

) (3.3{12)

Z
—g+1
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where Zgs the initial value of z, is an arbitrary vector,
usually chosen to be all ones, while max(xs+l) is the
element of X1 with the largest magnitude. The iteration
process continues until the phénge in z is less than a

prescribed value. To examine this process, expand z, in

terms of the precise eigenvectors of A
= g o W, - (3.3.13)

After s iterations, and neglecting the normalization

process of equation (3.3.12)

7z = —_— 3.3.14)
=i (A-p)®

(this is not difficult to prove with some matrix
manipulations). From equation (3.3.14) it is clear that
W, will predominate in the sum if p is close enough to Xi,
hence 2z is the desired eigenvector W, o

It is seen that the accuracy of W, does not depend
on the accuracy of p with respect to Ki. On the other
hand, with eigenvectors as accurate as wished, the eigenvalue
p calculated in the first place can be made as accurate as

[16]

wished by the method of the Rayleigh gquotient , which

can be described by the equations (to be iterated)

T T
Pgey = Pg t Y [A - Ip_lw/v'w (3.3.15)

where Py is the current estimate of the eigenvalue and w,
v are respectively the eigenvectors of A, AT.

The new program which will be described later (see
section 5.3.3) employs the inve;se iteration method and
the Rayleigh quotient and was obtained from Prof. J.E. Van

[23]

Ness , to whom this author is indebted. The original
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N
program is also called EIGSYS( ) (let the new program be
called "new" EIGSYS to distinguish it from the old EIGSYS)
and after some modification by this author it is called

EIGVVL1. )

In this program the precision of the eigenvectors
obtained is at least two orders of magnitude better than
that obtained with the old EIGSYS. The program did not
fail for any of the many cases in which the old EIGSYS
did. Two kinds of failurés must be mentioned here:
(i) The failure of computing eigenvalues. This problem
had been overcome when still using the old EIGSYS,
with the reordering operation mentioned in par.(3.3.2).
(ii) The eigenvectors could not be calculated with the old
ELGSYS for many matrices, due to their near-singularity.
The new EIGSYS worked, as mentioned before. In fairness,
though, it should be added that in a small number of
cases (out of hundreds computed) the program failed
to compute correct eigenvectors when some eigenvalues
were extremely close to each other. Of course a
proper message was then printed. The reason for the

failure is plain from eq.(3.3.14).

3.4 Optimal Regulator Problem. Performance criteria.

Constraints.

In section 3 (iii) an outline of the optimal regulator
problem was given, i.e. a feedback controller designed to
keep a stationary system within an acceptable deviation

from a reference condition using acceptable amounts of control.

(x) It was converted for the CDC-6400 by L.H. Weiner,
Vogelback Computing Center, Northwestern University,

Evanston, Illinois.



The problem is tackled by solving the steady state Matrix
Riccati equation.

Let us say a few words on the differential Riccati

equation:
The basic, general problem of optimal control may
be defined as the minimisation of a performance index
te .
J=f L(x, u, t) dt (3.4.1)
t

(o]

for a_system described by
= £ (x,u,t) (3.4.2)

where both f and L are non-linear and time-varying. The

control law obtained will be

o] o]

= u (x,t) - (3.4.3)

One approach for dealing with this problem is the
[24]

Hamilton Jacobi approach which will not be described

here except by stating that it involves the solution of a
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partial differential equation known as the "Hamilton-Jacobi”

equation, which it is almost impossible to solve except
for some special or trivial cases.-
But for a linear system with a quadratic performance

index which can be described by the following equations

%(t) = A(t) x(t) + B(t) ult) C(3.4.4)
T te T
J =3 xQx, * —12-ft (x'Qx *+ u Ru)dt  (3.4.5)
O

wherer(t)

H

Positive semidefinite cost matrix

penalizing the state X

Pogitive semidefinite cost matrix

Qe

penalizing the final state x
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R(t) = Positive definite cost matrix
penalizing the control u

the Hamilton-~Jacobi approach is a way to lead us to the

-

general Matrix Riccati equation[22]
P(t) = —PA - ATP + PBR™'BTP - q (3.4.6)
Pt )= Q.

P(t) is obtained by integrating equation (3.4.6) backwards
in time from the known tefminal condition over the time
interval of interest. It can be shown that P(t) must be

a positive definite, symmetric matrix. It can also be

shown that the optimal control law is linear and given by

u®(t) = -K(t) x(t) (3.4.7)

where K(t) is a time—varying feedback gain‘matrix given by

K(t) = R ()BT (£)P(¢) (3.4.8)
[11]

Furthermore it can be shown that the minimal performance
index at any time is

3° = = x"P(t)x (3.4.9)
For a stationary system, i.e. A,B constant and if the
matrices Q,R are constant, consider the case te - to-a-m.
Examining the Riccati equation (3.4.6) it is possible that

a steady state, finite solution exists as

P =0 = -PA - ATp + PBR™IBTP - q (3.4.10)

implies that P(t)—=P° as te ==
with the conditions that the pair A,B is stabilizable and
T
the pair A,C_ oObservable, where C_ C = Q.
q 9 q
If so, the feedback gain matrix of equation (3.4.8) is

constant

(3.4.11)
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Furthermore, from equation (3.%4.9) the minimal performance

index at time to is

»

J°(£0) = %—5?(to)P°5(to) as t. = w (3.4.12)
which is independent of fimg. Thus if a steady-state finite
solution P° exists and is positive definite, it follows
that x(t) and u(t) are bounded and

u®(t) = -K°x(t) | (3.4.13)
[11]

is an asymptotically stable regulator

Equation (3.4.10) is sometimes called the '"reduced" or
"degenerate' Riccati equation, or just '"the Riccati equation'.

Our chief problem in the context of this section was
to select a reliable method for solving (3.4.10) where A,B
are the matrices Af,Bf from equatién (3.2.33) and Q,R are
matrices set at will in order to satisfy certain performance
criteria outlined broadly in section (1.3). Of course the
proof of "goodnesgs" of the '"optimal" control law thus found,
can be obtained by simulating the new system, i.e. computing
its transients.

If such a reliable method could be found, it would
be possible to feed the program (REGULA,see section 5.3)
with different elements for the cost matrices Q,R and simulate
the resulting"optimal" system (SIMULA, see section 5.4), all
on a trial-and~error basis.

A good review on the main methods available has been
written by Hagander[zsj. Although it concentrates on the
"Liapunov" equation,

Q+ AP + PA = 0 (3.4.14)

which is the linear part of the Riccati eguation:
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(i) many conclusions can be extended to egn. (3.4.10)
(ii) It can be solved and iterated to satisfy equation
(3-4.10) »

Broadly speaking, there are algebraic methods and
integration algorithms or a combination of both. The
algebraic methods generally need much more store than the
intégration routines, in particular the straightforward
solution of the set of linear equations (3.4.14) which,
once obtained, still has.to be iterated to solve the non-
linear Riccati‘equation(*).

The application of eigenvector/eigenvalue techniques
to solve the Liapunov equation or directly the Riccati
equation, takes up less store but carries many problems
typical of "this type of computations. Therefore it is not
particularly recommended by Hagander, bué in our own
experience it proved to be a fairly reliable method, if
time—-expensive. Since it is the one we adopted, iﬁ will
be discussed later, after finishing this brief review.

Apart from the eigenvalues/eigenvectors method the
only other approach known to this author for solving the
Riccati equation directlyysi.e. without breaking it into its
linear and non-linear componentsyis to integrate it backwards
.with boundary conditions P(tf) = 0 until P & 0, In this
case Kalman[26] has shown that P(t) =P°,

The remainder of the techniques solve the Liapunov
equation and iterate, such as Kleinman's methodEz?J. The
Liapunov equation itself can be solved, as mentioned before,

by algebraic methods or by integration, the latter having

preference when computer storage is at a premium. The

(%) Hagander[25] quotes 45K of store for a 20x20 matrix,
plus a further 45K to improve precision.
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integration method of solving equation (3.4.14) is based

on the fact[28] that the steady state solution to the equation

P =q+ AP+ PA _ (3.4.15)

is T ‘
[Teh toehtyt (3.4.16)

e,
I

Q

o
if A is stable. Among the many papers published on this

[29] [25]

integration Davison's and Hagander's algorithms
will be mentioned, both based on an Euler approximation
of the integral (3.4.16), Hagander's algorithm being a
refinement of Davison's.
Equation (3.4.16) can also be solved with eigenvectors/
eigenvalues by using equation (3.3.1) i.e.
p = [ vTeMyTqwettvat (3.4.17)

[0}

Developing this equation, the result is

_ _ T ij
P = [pij] = -V Xzfxg- v (3.4.18)
D A
where [m..] = M = W Qw
1J
ki’kj = eigenvalues of A

[25]

There are other methods for solving the Liapunov
equation for special circumstances.

The approach adopted in this work was the direct

application of eigenvectors/eigenvalues to the Riccati

[30]’

equation. This technique was proposed by MacFarlane

Potte'rl:Bl:I and extended by Vaughantjgj, Fath[33]

. Potter's
paper is based on three simple theorems, the proof of

which will not be given here (also, real matrices only

will be dealt with here, unlike Potter's treatment),
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Consider the Riccati equation

0 = Q + AP + pa - pBRIBTP (3.4.10)

-1.T
where Q,A and BR s are nxn matrices.

Construct a matrix M (2n x 2n)
AT Q

M = (3.4.19)
Br~1pT ~A

Call the eigenvectors of M

a., = , i=1,...,2n

where Ei are the vectors of the uppér n elements

and Ei are the vectors of the lower n elements
Theorem (i) : every solution of (3.4.10) has the form
P=1TIb, ... b 1lc, ... ¢ ]"1 (3.4.20)
1 n 1 n

so, if [cl ‘e cn] is nonsingular, P of eqn.(3.4.20)
satisfies eqn. (3.4.10).

Theorem (ii) : if Q and Br™ BT are symmetric them a;,...,a_

are eigenvectors of M corresponding to eigenvalues Kl,...,Kn

o cn] is non-

such that Ki # —X; (conjugate) and if [cl

singular, P of egn. (3.4.20) is symmetric.
Theorem (iii) : 1if Q and BR™IBT are positive semidefinite
symmetric and ajs---ya are eigenvectors of M corresponding

to A Kn and these A

100 hh have all positive real

LR
parts and [cl “en cn] is nonsingular, then P of eqn.(3.4.20)

is positive semidefinite.

The 3 theorems above, coupled with the fact that it
[34]

can be shown that the complex eigenvalues of M are
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symmetric with respect to the real and imaginary axes of
the complex plane (the real eigenvalues are symmetric w.r.t.
the imag. axis only), suggests the following procedure

(*)

which was followed in a straightforward manner

3.4.1 Algorithm for solving the optimal regulator problem

(i) Construct M (sometimes called the Hamiltonian or
state —costate matrix) crisscrossing the submatrices

of equation (3.4.19) and giving the opposite sign.

A ~pr'BT
M = T (3.4.21)
-Q ~A" -
(i) Calculate the eigenvectors of M, Precisely one half

of them should correspond to stable eigenvalues,

(iii) Reorder the eigenvector matrix thué obtained into

four equally dimensioned submatrices such that

Wll wlz
W o= (3.4.22)
W21‘ w22
where the columns of Wll,W21 are the eigenvectors

corresponding to the stable eigenvalues.

(iv) Compute (if W

11 is nonsingular) the Riccati matrix P

-1
P = wglwll (3.4.23)

(%) Fath's[BBJ procedure does not require working with
complex eigenvector matrices. Such a technique would
have been preferable, but since a program could not be
obtained at the time, this author wrote his own program,
less complicated but which involves complex arithmetic.
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(v) Check if P fulfils-each of the following properties,
within reasonable bounds of numerical accuracy

(a) P should be real

(b) P should be symmetric
(c) P should be positive definite
(d) P should satisfy equation (3.4.10)
(vi) Compute the feedback gain matrix
x = R-i8Tp. (3.4.11)

to be inserted into the optimal control law

u®(t) = =K x(t) (3.4.13)

—

(vii) Since the system is time—invariant, compute the
"optimally controlled" state matrix from equations
(3.4.4), (3.4.11) and (3.4.13)

_ -1.T .
A =A-BR BP (3.4.24)

The matrices A . and K are fed into SIMULA (see
section 5.4) for the purpose of computing the transients
of x and u, evaluate them and test if they violate any
constraints. |
Beéfore solving the matrix Riccati equation, two steps have
to be taken
(a) Set Q and R of egn. (3.4.5)

(b) Test if the system of eqn. (3.4.4) is completely
controllable, and if the pair A,Cq is completely
observable, where

¢l ¢ =q (3.4.25)

4 q
{351

These are conditions for obtaining an optimal

control law via the Riccati equation.



(a) The question of selecting appropriate values for
Q and R is not trivial, and goes to the core of the‘
optimal regulator problem. Which are the state variables
to be penalized through Q and by what amount? By what
amount are the control variables to be penalized through R?
The second question is relatively easier than the
first, because R should be such as to have an acceptable
amount of control, i.e. u must not violate any constraints.
The first question is more difficult, because it is
necessary to start selecting which are the variables that
merit any penalizing at all, and it seems that if fewer
variables are selected, then fewer conflicts will arise
in the "tug of war" which the solution of the Riccati

equation generates. By "tug of war'" it is meant that by

penalizing x, it is possible to cause Xp to become larger

A

than it was expected before penalizing x Also, by

A”

penalizing x, and x

A B? the result may be that neither will

be substantially reduced. All this will be discussed in
more detéil in dealing with results (see Chapter 6), but
it should be stated here that the selection of Q and R
was done, first, by way of "educated guesses" and later
by comparing the results obtained with the transients
computation.

Many runs of the program REGULA (see section 5.3) were
done and some results as well as their relative merits
will be discussed in Chapter 6. Suffice it here to state
that three stages could be discerned in the éeries of runs

performed.

(a.i) It was decided that rather than penalizing x it
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would be more reasonable to penalize y (see egn.
(3.2.27) where y are the outputs (measurable)
encountered in the basic model X and the additional
FDBCK1 routine.

i.e.

y=¢€x (3.4.26)

and minimize the performance index

1 © T T

rather than the original equation (3.4.5). Expanding
eqn. (3.4.27) with eqn. (3.4.26) and replacing in
eqn. (3.4.5) we arrive at

Q = chyc (3.4.28)
In this case, and if Qy is a diagonal matrix (ﬁhich
seems the easiest and most sensible way of constructing
it), then, from egn. (3.4.25) it is seen that the pair
of matrices which has to undergo the observability
test is A, Cq where

- o}
‘cq QY . C (3.4.29)

(a.ii) It was found that on many runs of REGULA (in which
each '"'case" is characterized by a different set of Q
and R) matrix W,, of eqn. (3.4.22) was singular,
hence the Riccati equation could nét be solved; The
main cause of the inclination to singularity of W

11

(and of course also W and the rest of W) is obviously

21
the wide spread in eigenvalues, which makes several
groups of eigenvectors have nearly the same direction.

In view of this, it was decided to try to penalize x

directly, so as to be able to choose exécfly whi.ch
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variables are to be penalized and by what amount.
S5till, only measurabie state variables were penalized.
The number of "cases'!" in which wll was singular
dropped. In order not to changé the routine, the
arrangement of (a.i) was kept, but new outputs y
defined such that there is a one~to-one relationship
between each output variable and the state~variable
penalized.

(a.iii) Although the following explanation should really
Be given in the program's description (Chapter 5), it
ought to be noted here that even with the arranéement
of (a.ii) there were still "cases' of singularity of

w This was irritating because in the process of

11
searching for a better confrol, certain cases had to

be dropped not because the results were going in the
wrong direction but because the computation tool did
not work, 7

It was at this stage'that a new inversion routine

was utilized,'instead of the old routine (which was a
modified version for complex matrices of the routine
for real matrices in the Control Section library of
I.C., which in turn is a much modified version of the
SDA3180 SHARE library routine). The new routine INCOMA

is based on converting a complex nxn matrix C = R+jI

into a real 2nx2n matrix CR, where

R I
CR = (3.4.30)
I R
Inverting CR and calling V = CR™'
Vi1 Via
V = (3.4.31)
v v

21 22
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\ (*)
It can be shown that
¢t = v+ v (3.4%.32)
11 21
This prbgram was taken from the CERN library[36].

(b) Controllability and observability:
We used here a tool which is, admittedly, stronger
‘than needed, namely the diagonalization of the matrix
A of eqn. (3.4.4) and the computation of eigenvectors.
It was done so because a godd, reliable eigenvalues/
eigenvectors routine existed in the program anyway
and so further store space was saved, as well as
programming effort.
Controllability has to be tested once only for the
system, since the different settings of Q and R do
not affect it, as can be seen from the equations
below. Observability, on the other hand, is affected
by Q, but it is easily seen how it changes with
variations in Q, and therefore it is not necessary
to test it on each run.

In short, if the system

It

Ax+ Bu (3.4.33)

x

#

Yo % Cy X ~ (3.4.34)

(¥*) To find the inverse of a matrix C means that given

Cx =b (3.4.37)

Find ¢™' such that x = C™'b

Expanding (3.4.37) in its real and imaginary terms we
arrive at

R(x) R(b)
CR 1) | - |1 (3.4.38)
i.e, R(E) R(P_).‘
=V (3.4.39)
I(x) I(p)

- where CR and V are described in eqn.(3.4.30), (3.4.31).
Expanding now eqn.(3.4.39) and with some manipulation we
arrive at eqn.(3.4.32).
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*
has to be tested for controllability, observability( ),

then if transformed into the canonical system

Z’... =A£+EP_ (3.4.35)
= F =z ' (3.4.36)

Xﬁ q =

where

A =V AW

z =Vx

E =V B

F = CW

q q

w = eigenvector matrix of A

v =yt

The two condifions are:
1. The system is completely controllable if and only if
E has at least one non-zero element in each row.
2. The system is completely observable-if and only if
Fq has at least one non-zero element in each column.
Dealing as we do with numerical computation, it has
to be defined what is a non-zero. It was decided to consider
1072 (rafher loosely) as a non—~zero element.
One further point before finishing this section.
The model (X2) finally used has a vector u of 10 inputs.
Among these, only two are used as control inputs and are fed
by the "optimal'" controller, Instead of breaking up the

model into controlled and fixed inputs, the diagonal -

property of the cost matrix R (and therefore R™T) was used

—

in such a way as to make the elements L

equal to O, where

u, are the fixed inputs. In these circumstances a proviso

(*) Note that eqn.(3.4.34) employs Y, and Cq as distinect
from y and C in eqn.(3.%4.26). This is because the observability
condition mentioned in connection with eqn.(3.4.25) must take

the cost matrix Q into account.
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must be added to the condition (1) mentioned above, namely:
the non—zero must be found in one of the two columns .

corresponding to the control inputs.

3.5 Optimal Regulator for external disturbances

In the previous section the method used for designing
the linear optimal regulator was described. It was
mentioned that of the 10 available inputs, only two are
used for controlling the system. The remainder may stay

fixed, in which case they are taken care of by setting the

—

input cost matrix R so that the corresponding elements rdd

are nil. The controller will then be designed so as to
bring the state x to zero from whatever initial excitation
the system stérts. However if one or more of the inputs

u, are used for external disturbance, the controller cannot
just be left in the way described. It would obviously be
incorrect to assign, say, a step excitation to any Uy
without further changes, since from eqn.(3.4.11) the same
uy after applying the optimal control law would be nil,
which it is mnot.

Various methods are available for .dealing with external

[371

disturbances, notably the one which introduces an
additional component to the state‘vector, for each
disturbance input. A new method was developed for the work
described in this thesis. It will be described in detail

in Chapter 4, but the final‘mathematical expressions derived
will be written in this section so as to enable us to go

on with the description of the methods of computation.

Salient features of the new method are:



(a)

(n)

system
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The D.C. gain of the system is computed and controlled
simultaneously with its dynamic behaviour.

In computing the transients, it is sufficient once

only to calculate the transition matrix of the

optimally controlled system. The expressions obkained
are capable of accommodating any number of disturbances.
Without elaborating, the equations for the original

, the optimal control law and the optimally controlled

system are, regpectively

X = + +
X=Ax*+ Bu + Bu, , (3.5.1)

C = —Krz - Kdggd

Ie
I

(3.5.2)

- +
K+ Xy,

0c® T B ki, t Bauy (3.5.3)

[ns
I
S
»

H

vector of the control inputs

HH

vector of the disturbance inputs

driving matrix for the control inputs, a sub-

il

matrix of B in the general linear system

equation (3.4.4)

i

driving matrix for the disturbance inputs, a

submatrix of B

i

optimal control vector

feedback gain matfix from x to u.

i

il

"disturbance gain" matrix from u, to .

-K

u de>d (3.5.4)

|

HI

state matrix of the optimally controlled system

1l

A -B_K_ ' ' (3.5.5)

L.
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Kr is a submatrix of K from eqn.(3.4.11) repeated here

K = RBP (3.5.6)
Kr is the submatrix of K consisting of the rows of K
corresponding to u.-

Let us repeat the equation of P as computed with the method

of eigenvectors of the Hamiltonian matrix M of eqn.(3.4.21)

-1
P = w21 wll (3.5.7)

W can be seen in eqn.(3.4.22).

where the meaning of Wzl’ 11

It is easily seen that

=1 ,T -1
K_=R_" B, wzl Wiy (3.5.8)

where R is the control cost matrix, a submatrix of the

input cogt matrix R with columns and rows corresponding

to u .
—C
The expressgion for Kdg is
= + -
Kie = ¥ar Ba [K4 B. - T1 K, (3.5.9)
where
_ =1 T T (=1 ~1 T
K, = R.T B, (wll) A L (3.5.10)

A = diagonal matrix of the positive eigenvalues
of the Hamiltonian matrix M of eqn.(3.4.21)

K and K are computed in REGULA,
r dr

K 4 is the gain matrix from u, to u. ., i.e.

v, = K439 (3.5.11)

where W_ is the settling-down value of u_ for a final off-

a° ch ig set from values taken from the

set value u
linearized model of the original system of equations.
Equations (3.5.2) and (3.5.3) will be used in SIMULA

and SIMSAT, the programs for the transients computation
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" without and with constraints on the controls, respectively.

The vector k of eqn.(3.5.4) may be considered as a

du

"fixed added" control in the case of a step disturbance, or

just as an additional control (computed with matrix Kdg

which is unique to the controller) due, not to feedback

from x, but rather as a feedforward from u The block

do

diagram of the optimal controller is seen in Fig. (3.1).

3.6 Free Transients Computation. Evaluation of the

optimal regulator under no constraints.

As mentioned in the introduction to this chapter,
the transients computation (or free simulation) is
necessary in order to
(a) assess the correctness of the linear model and
(b) evaluate the qguality of the "0ptimél" controllers

computéd in the manner outlined in sections (3.4)

and (3.5) with the program REGULA (see 5.3).

The results will be discussed in Chapter 6.

The time response of a linear time invariant system

x(t) = Ax(t) + Bu(t) (3.6.1)
for an initial time ti = 0 and an initial state EKO) = X, is
At t A(t—1)
x(t) = e"'x + [ e Bu(t)dr (3.6.2)

For u constant this equation becomes

t

E(t) = eAtﬁo + [f eATdT]BE_ ‘ (3.6.3)
o)

= eAtEO + Aﬁl[eAt— I]Bu . (3.6.4)

Equation (3.6.4) can be computed by transition matrix methods.

On the grounds explained in section (3.3.1) it was decided
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Controller

Fig. 31 Block diagram of optimal controller for internal and external disturbances.

ugq :vector of external disturbances
Kr :feedback gain matrix

Kag -feedforward matrix |
kqy :correcting control vector (for external disturbances)

08



to use the algebraic eigenvalue/eigenvector method, hence

z(t) = WeAtVEO + WA“l[eAtm IJVBE (3.6.5)

where A,W,V are the eigenvalués, the eigenvector matrix
and its inverse, respectively.

Equation (3.6.5) is computed in the program SIMULA
(see section 5.4) for various times, and graphically
displayed. The vector u is considered constant because
the excitations dealt with in this work are either state
excitation (Eo # [0]) or step response to input u. For
responses other than step type (e.g. impulse or ramp)
&ifferent equations must be established, but the kind of
matrix manipulations involved are of a very similar nature.
The program SIMULA can therefore easily be changed.

The system to be "optimally" contrglled is the
comprehensive model (X2) summarized in eqn.(3.2.33). In
the previous section it was explained how the matrix B is
broken up into two submatrices BC and Bd’ driving the
control input vector and the disturbance input vector
respectively. Let us repeat equations (3.5.1 to 3) for:
a. The uncontrolled system

X =Ax + Bu + Bu, (3.6.6)

b. The optimally controlled system

< = + o+
£ AOOE Bchdu BdEd (3.6.7)

it

~Kr x-+ k ) (3.6.8)

u
—C —du

The symbols are described in the previous section.

The basic simulation equation (3.6.5) thus becomes:

a. For the uncontrolled system:

x(t) = WeA

t “1- At
vx_ o+ WA M TIVIB ¢ Bl (3.6.9)

81



b. For the optimally controlled system:

(t) = w erctv x + W A“l[erct I1v. [B k. +B u_]
x - Toc 0C=0 octoc - oc" c—du d—d

(3.6.10)
where the subscript (OC)’refers to the state matrix Aoc Qf
the optimally controlled system.

Equation (3.6.9) computed over a number of time
intervals t, is used in one run only for an uncontrolled
system, whereas eqn. (3.6.10) is used in as many runs of
SIMULA as there are 'cases" of optimal control computed in
REGULA. Details of the procedure will be given in the
program's description (see 5.4), as well as means of
graphical display, comparison of an original matrix A and
the "reconstructed'matrix WAV, peak values of variables and
how they approach or violate the constraints, enumeration of
the variables which carry a dominant weigAt in the feedback
to u. etc.

In SIMULA the state variables x are computed, as well

as the control variables u. and some additional parameters

82

the behaviour of which it is important to know. By inspecting

the results of SIMULA for each '"case'" of REGULA it is possible

to evaluate to what degree the computed regulator approaches

the control objectives outlined in section (1.3), concerning

time constants, overshoots or constraints.

3.7 BSaturated transients computation. Constraints on the

control inputs.

The free simulation of the system, uncontrolled or
optimally controlled, as described in the previous section,

allows control and state variables to move freely according
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with the dynamics of the system. Whenever a parameter
vicolates a constraint, a clear warning is printed and the
designer subsequently changes the elements of the cost
matrices Q, R for the next "caée" of optimal regulator.
In the real working of the plant, howgver, certain para-
meters cannot violate their constraints, due to physical
limitations. These are the so called "hard" constfaints(*).
Other constraints are only given by specifications from
engineering and performance criteria, such as the limitations
on frequency and pressure, for instance. Yet‘a third
category of constraints, such as speeds of valve movements,
ére engineering constraints, which at least in theofy could
be changed by applying higher gains to amplifiers or other
driving elements. |

It was decided to construct a prog;am of saturated
simulation which actually implements the "hard" constraints.
It turns out that of the 3 variables with such constraints,
two are control variables, namely the inputs to the moderator
and the turbine control valves. The third variable is the
feedwater valve, which it was decided from the onset to
leave with its existing conventional controller (see Fig.
1.3). As will be seen in the chapter on results, in none
of the many cases run did this variable violate the constraint.
From the above it is clear that the saturated simulation
was to be computed with constraints on the control variables
only. This decision was both practical and necessary:

Practical because, as will immediately be described, the

(%) which include valves that cannot possibly open to

more than 1007 or close to less than 07 .
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mathematical manipulations are much easier for constraints
on the controls than for constraints on the state variables.
Necessary because to comnstrain a variable which has no
actual physical limitation does not correspond to the real
operation of the plant. Again for example, the steam
pressure may indeed violate the prescribed constraints and
nothing will happen except that it would be unwise from

the engineering point of view to let it be so. It should
be added at this stage that there are a nu&ber of hard
constraints among the state variables, such as the total
mass of water in the drum or in the whole primary circuit,
which obviously cannot become ﬁegative. But thege constraints,
as will be seen in the results, never come anywhere‘near

to being violated. Hence the fortunate coincidence of
having the real hard constraints on the control variables
only.

The method for the constrained simulation is thus
based on checkingths controls u. after each integrating
interval: if one or both of the controls violates the
constraints, it is set back at its limit (saturation point)
and the feedback action on it made inoperative for the next
interval. Since the state matrix of the controlled system
is (eqn. 3.5.5)

A = A - BCKr (3.7.1)

it is clear that there will be four possible state matrices
according to the saturation conditions,. \Also,_EC will
assume 9 possible values, since the upper and lower
constraints must be taken into account. Spécifically,

and starting from eqn.(3.5.3)‘for the free simulation
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The general expressions for eqs.(3.7.4) to

A
o

X

A

th

simulation is discrete,

a

point of u.

< = + +
x Aoc X BcEdu Bd-Ed (3.7.2)
= - +
(A -BXK)x+ Bk, +Bu, (3.7.3)
eak up matrices B , K into vectors, and vector k
c r —du
to components, then:
r non—-saturated case:
T T
. 1.1 2.2 1 2
= - - + +
£ LA LB bk jthckdul Eckduz BdEd (3.7.4)
u saturates, call it u s then
c c
2 2
1 lT 1 2
v = - + + +
2.3 LA bckr ]E Eckdu E-uc BdEd (3 7.5)
1 2
u saturates
c
1
. 2 2 1~
= - +
== [A-b k 1x T hokqu TR BdEd (3.7.6)
2 1
u. saturates
= + B +B
% = Ax LU +Bu, (3.7.7)
us there are 4 possible Aocz and 22-—c du,
. . Jm~
well as 9 possible Zq Ecucj

3

[}

-

b k
(o} & =—c=r

L

i
—ckdu

A

J~
oczX * Z zthuc.-l-B 1

d—d

(3.7.7) are:

7

ocy’ Zz
e program SIMSAT (see section 5.5).

saturation code table for A

it is mecessar
complete interval, regardless of the

and the saturation line.

21 = 1"",4 (3'7-8)
?q = .1,,...,9

i,3= 1,2 (3.7.9)
i £

and Zq is printed on

As the digital
~ .
v to apply u during

precise crossing

Among several possible
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approaches, the choice arrived at is to check the saturation
status at the beginning of each time interval: accordingly,
equ.(3.7.9) is integrated over an interval &t = dt(k)

applying the appropriate Aoc and - Zq

A
Aocbt 5t AOC J
2 2 + +
X4 e x. +[f0 e dT][z b k Z b Cj BdEd] (3.7.10)
Using eigenvalues/vectors A, W and inverses A~l, v
Alét -1 Azﬁt
= + -— .
X .q = Wee Vox, * WA [e I]Vbuq (3.7.11)
where
_ i
Vbuq ) Vn[zzﬁckd Zq-—c c, *Bgugd (3.7.12)

There remain two observations by comparing eqgs.(3.7.11)
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and (3.6.10) for saturated and free simuiation, respectively:

a. For the free simulation only a limited number of
computations need be done, since the integration, which
is done analytically, takes always X, as the starting
point. For tﬁe saturated simulation on the other hand,
the integration must be done over each interval, due
to the different saturation status possible for
different intervals, and hence the need of using
different integration formulae.

The smaller the interval, the more precise will the
computation be, if during that interval the control
crosses the saturation line, Hence the program takes
much longer to execute.

b. Some A2 may contain zero eigenvalues (this is not so

for the optimally controlled system) hence it is
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necessary, when applying egqn.(3.7.11) to check if

there is a A = O, in which case the factor .

1, M8t
K} (e_l -1) becomes bt

3.8 Reduced set of feedback variables

Héving designed an acceptable controller for the
plant, it will‘be based on feedback from all the state
variables. Not all of these variables are measurable,
hence the need of applying technigues of deterministic

[38]

or estimation

[39].

state reconstruction of the observer type
by stochastic filtering of the noise-—disturbed plant
It was decided in this work to find out first which are

the more important feedback variabies i.e. what variables
carry the dominant "weights" in the feedback control. The
method of weight evaluation will be explained immediately.
The point of the exercise was to see if the dominant
variables are measurable, in which case the néed for an
estimator vanishes. As it turned out (details will be
discussed in the chapter on results) the dominant variables
are indeed measurable, some of them directly and others
indirectly.

The criterion applied to separate the dominant from
the non-dominant variables is as follows: take the peak
‘absolute values xj N of all the state variables in the
simulation; multip?y these values by the elements of the
feedback gain matrix kr. ' (see egn. 3.5.2). The products
thus obtained form a ”wziéhted gain'" matrix of elements

X, , each row of which feeds one of the control
i,5 Jpk

inputs u. . Now determine the maximum absolute value of
i

r
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each row: the "dominant" variables are defined as those
elements with absolute values greater or equal to one, tenth
of the maximum value. This criterion seems — and is = rather
subjective. However, when the reduced set of variables
thus obtained was applied to the feedback and the system
simulated, it was found that the transient performance was
remarkably similar to that éf the system with the full set.
Furthermo?e, the "weighted gain" matrix was computed for a
number of cases and the dominant variables were geﬁerally
thé same. The "filter" adopted for the dominant wvariables
was designed so as to let '"pass" those variables which were
dominant in some of the cases, even if not in all of them.

On the other hand, the settling-down values for
permanent disturbances (step—input, in our case) were
different from the values they ought to bé according to the
system equations, values which the variables indeed assumed
when the complete set was fed back, in all cases. To over-
come this problem, a D.C, compensation scheme was set up
such as to force two of the state variables to their proper
settling—down value. Only two variables can be forced in
such a manner because only two control inputs are available.
The logical choice was to select the two most important
variables, steam pressure and frequency error. An additional
bonus for this choice is the fact that these two variables
must return to zero regardless of the disturbance input;
thus an on-line computation of the desired values is obviated.
The scheme is as follows:

For the steady state, egn.(3.5.3) becomes

X = + = = —
= Aocz BCEdu * Bdgd 0, Aoc A BcKr (3.8.1)
-1
= - +
X Ao (Bkan Baty) (3.8.2)
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Define an output vector y such that

i = C x (3-8~3)

It was said before that frequency and steam pressure were
chosen as tﬁe variabiesnto be fo?ced to 0. However the
pertinent routine DCCOMP (see section 5.4.3) is such that any
two variables may be chosen, their respective numbers

beiﬁg read in as data; In the particﬁlar case of pressufe
and frequency and according to the mathematical model of

- the system (see sections 2.1.1 and 2.1.3) the vector Yy is

X

10

XBO

In general it is desired that ¥ be O, hence:

y = -caTtB K - ca Bd_q.d -0 (3.8.4)
where gdu is the forced added control coﬁputed instead of
kg, of eas. (3.5.4), (3.5.9)

R e

The results obtained with this formula were highly satisfactory,
as will be discussed in the chapter on results. Not only did
xlO’x3O converge to O but all the other variables settled
at values within a small fraction of one 7 of the values

érrived at with the complete (unfiltered) set of feedback

variables,



CHAPTER 4

A NEW METHOD OF OPTIMAL LINFAR REGULATOR DESIGN FOR EXTERNAL DISTURBANCES

The need for a controller to accommodate external disturbances
was expiained in section (3%.5) where the final expressions are also
listed. In this chapter it is proposed to describe the method in
detail, as well as to show the advantages it claims over other
methods.

L. The generalized method for finite terminal time T

The conventional "linear quadratic' problem for which the
Riccati solution is readily available is given by the system
x(t) = Ax(t) + Bu(t) (4.1.1.)

where the object is to minimize a cost function

v(T) = ;fT {<_)_c_(t), Q(£)> + < u(t), Rg_(t)>} at (ha1.2.)
2
Q> 0, 50

For the generalized problem of external disturbance, define:
_\g_c(t) = control input vector

'Ed<t) = disturbance input vector

'Ec(t) = value of_gc(t) as afected by_gd(t)

BC; = driving matrix for.gc(t)

By = driving matrix forlgd(t)

The generalized system and cost function are then, respectively

x(t) = Ax(t) + Bcgc(t) + B&gd(t)‘ (4.1.3.)
V(D) - _lfT{<_>g(t), Q(t)> + < ((8) = T), Ru (v) - )>} at
&/ (4.1.4.)

(From here on, (T) and (t) will be dropped for more convenient writing).
The proposed technigue for solving the ‘problem for the optimal control
'gz follows the conventional line starting with the expression for the

Hamiltonian:
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H=1<zx, Qx> +_J;<(g_o-§_c), R(_'LZ__C"_'LEC)>+ < (Ax + Bcg'c +Bu. ), A>

2 2

From here:

E5N - C d=d
: T
")\.:aHz +A)\.
2t = Qx A
- T
OH = R(u = u ) + B A
2,74 c =
e
o a _ o__"' - -1 T
__Cg:vg O.,—bv_l_l_c_g_c R BCA

=3’ =
(4.1.5.)

(4.1.6.)

(**) (4.1.7.)

(4.1.8.)

(4.1.9.)

The optimal control problem is now reduced to solving the equations

¢ - -1
X=Ax + Bu -~ BR BT)\+B
= =. cc c c—

a2a
1. T
"_A = Q_X_ + A )\
.
With boundary conditions[zaj (*)
r
x(0) = %
AT) = 0
“ A
A~ - _lu
Call [B] = [BC Bd], u F|—c| for convenience
U
—d

Rewrite (4.1.10.), (4.1.11.) ast

-~
% A -BR BT B
= c c -
- + u
Al {- =A% Al o

and attempt to solve for A(0) = A

(4.1.10.)

(4.1.11.)

(h.1.12.).

(*) The more general expression for eq. (4.1.2) inc}udes a second

term Le(x(T)). It can be shown that MT) = OL

In our case Lf = O, hence AMT) = O.
¢**) ( )Y = () transpose.

£/ %x|x = x(T).
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The Hamiltonian matrix can be decomposed as

o : i
A —-BCR B Wiq W, -A O V11 V,12

-Q ~A W, VW, o A Vz'1 Vs (4.1.13.)

where N is the positive half of the canonical form of M, the

(34]

eigenvaluesof which are symmetrical with respect to the

imaginary axis, W is the eigemvector matrix and V its inverse.

Let Zs(t,’l') be the state transition matrix for eg. (4.1.12.)
e-A(tnT) 0]

d(t,1) = eM(t-T) =W v
0 =T (4.1.14.)

The solution of eq. (4.1.12) at terminal time T is

T ~ ‘
2T ger,t) [—’-{-(t) +j o, ™) [B udT (4.1.15.)
ACT) A S 0

We shall later general"ize for being any given function. Let us

continue now with the assumption that Uy is a constant, i.e. a step

Uy

e

function, in which case[g]ﬁ may be removed from the integral.

From eq. (L4.1.14.)

T =1 _A(T=t) 0

0 A (e I) ‘ (4.1.16.)
Hence
o -A{T- -
= - Al T -
AT) Way Wy 0 e (T-) V21 Vy M)
— -.1 _A T— _N N
e S A I §-
=1 AT-t) r
i 0 A (e ~1) Vo, V|| O J (4.1.17.)
- ~A(T= ~A(T=
Wi o Wy, e ( t)V,‘,1 e ACT t)V12 x(%)
- A(T-
R | R T G | BNSS
-2 (e S N I -
+ <1 A(T-t i - " u
| A (e ) inyv,, AT (M) -1V, [| o]~
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A(T t) [ ~A(T-t) (T Ly

A= [ig ey g, T, x4 Vi iy v, A8

[%1 1(1 A(T t))V11+W A1(eA(T—t)

> © -

-nv,, ]84 (4.1.18.)

~ For the boundary condition X(T) O the expression for A(t) is

Alt)=- ["‘é 1 e_A(T_t)V'iz +W eA(T—t)Vz 2] —1{["‘[2 1 e—A( T—t)v1 1 +W2- ACT- V) ] x(t)+

+[w“/\'1(I—e'A(T'J".))V11 ag, A7 (MTE) I)V“]gi} (4.1.19.)

(34 for the

Let us now use certain properties of matrix inversion
above eigenvectors under certain normalization conditions which will

be described in section (4.4)

-
-1 T T
W o= w11 w12 = V’H V12 wzzT 'w1zT
Wy W, Vg Vool "W W, 4 (4.1.19.a)

Equation (4.1.19) then becomes

A ACT- -A (Tt
__}:(t)=‘['wz1 (- t)qu +W, e (T t)wﬂ] {[ (- t)"‘lzz e (T U"‘%F]éi(t)*

+[w21 A..'l (Ime—-A(T"t))%zT_wzzA‘"" (eA(T"t)_I)% ;Il]g_}z} (4.1.20.)

From eq. (4.1.9.)
°(£)=D +R =A A(T- -A A
wo(0)g A B [ e M g, O ] {[%1 0y, Py o, e

-1, =N(T- o=, MT-t Ty =
w47 (1M g T, 17 (e ( )—1>w21]39_} (4.1.21.)
Now call K(T,t) the feedback gain matrix from x to u and

Ka(T,t) the gain matrix from B u to a,

-1
-1 -A A -/ A
Ker )-8 B iy o< Fg, TN T] g TN g, o 2%
(L. 1.220)
. -1
- -A A(T- T Co=1 AT
€ (1 )R B0 g oM Ty, MET] [ 07 (M
i, A (MTE oy 1T] ) (4.1.2%.)
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Equation (4.1.21.) now becomes’

Eg(t)

fl

-K(T,t)g(w-Kd(T,t)'ﬁﬁ_ + ﬁc (4o1.24.)

1l

=K(T, £)x(t)=K, (T, )[B 4 +Bu,]+3_

(4.1.25.)

u (t)= ~K(T, £)x(t)-[K (T, £)B_~Ilu_ -Ka‘(T,t)Bd_gd

From the steady state equations a relationship between._lzC and g

must be found such that

u, =K ou (L.1.26.)
Hence
ug(0)=mK(E, £)x(6) ~{, (2, )08 KB Ik NS (4.1.27.)
==K(T, £)x() - Ky (T, t)u,
wl(t) = ~K(T,£)x(t) + k, (T,t) (4.1.28.)

au have been introduced for more convenient writing.

From the original equations (4.1.9.), (4.1.10.) and the result in

where K and k
ag -

(4.1.28.), the optimal system is now

5(£)=[AB _K(T, £)1x(t)+B_k, (T, t)+Bu (4.1.29.)

d

£(0)=A_ (T, £)x(t)+B g (T, £)+B (4.1.30.)

d
For a more closed expression we can sum up the last two terms of
ege (4.1.30.) such that

Bdg(T,t):Bd-Bc[Kd(T,t)[BCKCd+Bd]—KCd] (4.1.31.)

whence

g(t):AOC('I‘.,t)g(tHBdg(T,t)y_d (4.1.32.)

This sums up the controller design for finite terminal time T and

q° Its relevance is mainly

theoretical, since the gain matrices K(T,t) and Kd(T,t) must be

constant (step function) disturbance u

computed for every t. At its best, a discrete control could be

envisaged with a permanent updating of the controller elements.
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In fact its main purpose will be seen in the next section, where
a great simplification is performed for T -*0Q This will yield
a controller that can be computed once and for all.
Before finishing this section, let us look at the implications
for the cass when,gd(t) is any given function, as opposed to the
step function we have dealt with so far.

The second term of eq. (4.1.15.) will now be

T gf .
f Qf(T, T) olx (m)a 7= 2(%) (4.1.33.)
t

where (t) is .the result of the integration performed for every t.

Bquation (4.1.17.) becomes now

x(T)] = | Wyq Wy I o Viq Vool ()] + 20 (%)
AT~ ;
AMT) W, W, 0 e va Vol At {2 (t) (4.1.34.)
A=, &My g, MDY 1y, MRy, M0 T
4 (t) ' (4.1.35.)

ACE)amLotg o Ty Ty AT )y, T 1{[%1e-A(T—t)%2T_% (T-8)y Ty
2 (t)} (L4.1.36.)

K(T,t) retains the value obtained in equation (4.1.22.)

~1

NIty T (4.1.37.)

~1_T
K(Tyt) = R B [Wqe -, e

w2 (£)==K(T,£)x(t)=K (T,t)2 (£) + §_C<t> (4.1.38.)
There is not much péint in going further towards a closed expression
for the control and the whole (optimally controlled) system, since

# (t) which is an integration result

any expression will include
anyway. The conclusion is that the controller can still be designed,
although the continvous heavy on-line computing renders the design
all but useless, except for a possible theoretiecal Tfollow-up.

If the disturbance input is a kﬁown and analytically integrable

function, then a closed expression can be obtained.
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L.2. Simplification for infinite terminal time

In the case of u

g constant, the expressions for K(T), Kd(T) )

can be simplified for T —CO,
Inspecting eq. (4.1.22.)

K(T >0 = R Bl?[w“T]sz;T (4.2.1.)
On the other hand, the solution of the matrix Riccati eguation via

eigenvectors of the Hamiltonian matrix, for the special case with no

external disturbance and infinite teminé]_timeBZ] yields
Alt) = Px(t) ’ (4e2.2.)
and
-1 -~
o — e — -
u’ (t) = =R Bcﬁ(t) = =R BCP_sg(t) (4.2.3.)

where P is the Riccati matrix which must be symmetric.
The general case discussed in the present method includes the D.C.
gain due to the external disturbance, yielding (see egs. 4.1.28. and

L.2.1.)

Il

EZ (t) = ~Kx(t) + L (h.2.4.)

1}

-1 _ 7 T =t T
-R BC[W11] %15(13) +‘1§'du (4-2-5.)

Comparing equations (4.2.3.) and (4.2.5.) it is clear that the first
term of eq. (4.2.5.), representing the dynamic component of the
control, is equal to eqg. (4.2.3.) which handles the dynamic performance
~only. Hence [W1;'P]—1%;'D = P, and since P is symmetric, eg. (4.2.1.)

becomes

1 - '
K(T -9 = R Bfwzmﬂ (4.2.6.)

(52

which is the formula arrived at in

Now, inspecting eg. (4.1.23.)

-1 AT .1 =T AT
R Bzf%ze Wil [, A e "V ]

Kd(T+O®

C -1 '
K, (T>S) = R Bz(wqu) A vqu : (4.2.7.)




Before finishing this section, a word of caution is necessary:

the disturbance input u., was assumed to be a step function. The

d
controller thus designed is therefore strictly optimal only for
step functions. For any other disturbance function, if the

disturbance settles at a steady value u

q’ the design will still

be correct towards the settling time. This is an important
conclusion, in particular for the case studied in this thesis,
where one of the main objectives is to obtain a performance such
that the plant recovers fast and smoothly from an external
disturbance such as a sudden increase or decrease in the demand of
power. For any disturbance other than a step function, the second
term in equation (4.1.15) must be integrated with u and no closed
expression will be found for the regulator.(*) On the other hénd,
if the disturbance function is known and analytiqally integrable,
such as for instance a. sinusoid, the computation will still yield
a closed expression.

Finally, the matrices called K and Kﬁ in this section and in
the previous one, are called Kr and Kdr’ respectively, in section
(3.5) and in the computer programs. This is so due to the
particular matrix mahipulatiohs of the programs, where Kr and Kdr
are submatrices of larger matrices computed for the case when all

the inputs are used for control. Also, R is called Rc in section

(3.5), where R is used for the case of all inputs used for control.

4.3, Advantages of the method

This method yields the D.C. gain due to the steady disturbénce
simultaneously with the dynamic optimal regulator. Both features

are incorporated in the controller. This in itself is not considered

(*) In using the closed expressions derived above, the controller
will behave with an approximation comparable to that of
decomposing any function into elementary steps.
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a major advantage, since the DC gain can be computed by other
means as well (see section 3.8). Even so, however, this method °
ensures the exact DC gain for all variables, whereas other methods
such as the one described in section (3.8) determines the DC
values of only part of the state vector, depending on the number
of control inputs available.
The'important advantagesvare:

() Thearectically the method allows any type of disturbance,

as was shown in the closing paragraphs of section (4.1)

(see eq. 4.1.33. and onwards).

(ii) Computationally the method is fairly simple for the
regulator design and transients calculation. Let us
compare the new method presented here with the fairly

(371

well known one which consists of -adding one state

for each disturbance input and will be briefly described

(*)

here.

Let us repeat eqs. (4.1.1.) and (4.1.3.) for the non-disturbed and

disturbed linear dynamic system, respectively

x(t) = Ax(t) + Bu(t) (4.3.1.)

x(t) (he3.2.)

i

Ax(t) + BcEc(t) + BdE'd(t)

For one specific set of distance inputs, eq. (4.3.2.) can be rewritten

as follows, for_gd constant.

X(t) = Ax(t) + Bu (t) +kd (4.3.3.)

(*) The description does not follow exactly the presentation in[37],
where the magnitude of_gd(t) is unknown. Also, for the case of

several disturbance irputs, if their magnitudes change in equal
proportion, only one additional state is needed.
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where d is an n-component vector (as x) and k a scalar which may
change for different disturbances. As observed in the footnote,
if there are several disturbances which do not change in the same
proportion, then &4, «.., gn are needed for n inputs. Add now one
additional state x£+1 to x, call the enlarged vector z and define

new matrices A, BC

Ix
h =3
Y
o

The new system is now

Z2=4hz+Bu (4.3.5.)
which, if decomposed, yields
X = Ax + d x +B u
=7 7= = Tnm c ¢
s -0 (L.3.6.)
n+ :
Comparing egs. (4.3.3.) and (4.3.6.) it is seen that they are
identical if
X =k
n+1
. (Lo3.7.)
X = 0

which is acceptable. The new system (4.3.5.) is now dealt with, for
optimal control, in the usual manner via the solution of the Riccati
equation.

The advantage of the method developed for this thesis lies
in obviating the need o creating a new state (or several) and hence
tﬁe need of recomputing the eigenvalues/eigenvectors of the system
for each new disturbance. Perhaps it should be added in fairness

that when only one new state is needed, the additional eigenvalue is
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zero and the eigenvector matrix is fairly similar to the original
one, consisting of the original eigenvector matrix enlarged by one
new pailr of row and oolumn.(*) Having said that, there are still
two advantages to our method:

a. In the new mgthod there is no difference whether there
are one or more different disturbance inputs.

b. Fven for one disturbance only, the "conventional" method
yield a zero eigenvalue. If the original system A has no
zero eigenvalue nothing more has to be s;id. However if
A does have one pole at the origin —‘/which in the
author's experience is not uncommon for physical systems,
and certainly is the oase'for tﬂe system investigated in
this thesis - then the additional zero root turns the
system unstable. Although such a system would become
stable with optimal control introduced, the problem
remains when it is being run - or simulated - with
constraints on its control inputs, for then the system
runs uncontrolled during the time intervals when all the

control inputslie on their saturation lines, as was

shown in section (3.7).

(*) Tt can easily be shown that if A = WAV, an nxn matrix, and A
of egs. (L4.3.54.) is A = RI'S, the first n eigenvalues of A are
equal to those of A, the new Y is nil and the new elgenvectors

are as follows:

oot g ]

Y144

The last eigenvector r is calculated as follows:

+1

n+1 —A-_r_n = O £n+1 = [O], A_l’}' -+ _d_ = [O], ll. = _A-1_g._ (4.3.8-)

k)

g i=3
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L. L, Normalization conditions for the eigenvectors of the

Hamiltonian matrix

In section (L4.1) certain properties of matrix inversion

for eigenvectors were used for conditions of normalization not

discussed there. The properties, found by(YDonne11[343 are
repeated here
-1 T T
. Wyq Wip Vig Vig Wy W
W= = =
' T T
W W Voq Voo ~¥ 4 Wi g (hoka1.)
4ol . . , c
As Walter rightly pointed out, the scaling is not the expected

one of normalizing to unit length, but instead involves the
following procedure:
a. Yor the 2n x 2n eigenvector matrix, the first n columns

(W4, W, ) are scaled arbitrarily.

b. The remaining n columns are first scaled arbitrarily
(Uy2, G, ) and then rescaled using the following
formula which it is fairly easily shown to be correct.

The result will be the final matrix W

" Wy g Vo N RERE 0
- Wg Wyl (W G fj O G (hoh.2.)
where G = [wqgE U, - Wa U12]~1 (4aly.3.)
is shown to be a diagonal matrix.

It is interesting to note that Walter's remark. while being correct
does not invalidate the expression for the solution of the matrix
Riccati equation (P = W, hg:1) for a system with no permanent
external disturbances and infinite terminal time, as Vaughantql] in
turn showed: the reason is of course that only W,,, héa are needed.

However, in the method developed here for external

disturbance, for the case of finite terminal time all four quarters
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of W are used, as can be seen in egs. (4.1.22.), (4.1.23.),
hence Walter's normalization procedure is needed. On the other
hand, for infinite terminal time the normaligzation is again not

needed, as can be seen in egs. (4.2.6.), (4.2.7.).
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CHAPTER 5
DESCRIPTION OF DIGITAL AND ANALCG PROGRAMS

It was stated at the outset of chapter % that the
computations of this study are broken into five main components.

The following digital programs contain these computations.

(i) SSNIZD : steady state solution of the
non-linear set of equations
describing the system.
(ii) MXEV2X1 ¢ Matrix evaluation, i.e. construction
of the linear model(s).
(iii) REGULA : Solution of the optimal linear regulator
probleém.
(iv) SIMULA : Transients computation (free simulation)
(v) SIMSAT : Saturated simulation (constraints on the

control inputs).

The programs will be detailed below, but the description in each
section will refer to the corresponding section in chapter 3, without
repetitions, if possible.

As an appendix to this thesis, the important parts of the programs

as run on the CDC 6600 are listed. There are quite a number of
comments in the programs, which make it superfluous to write them
down in the following sections. The descriptions here are

therefore intended to be brief.

5.1. SSNLpD (Steady State)

See section %.1.

On the CDC 6600 the compilation time is less than 10 seconds.
The execution time varies with the number of iterations that are
necessary, a typical figure being 2 = 3 seconds. The store needed

is about 16K, excluding the system (about 3K).



5¢1.1 Main program

The dimensioning and initialization of the program is

described in the program itself. It is only necessary to add a

few definitions. The key routine called from the main program

for least squares, is VAO2A. Tor this routine:

NA

ESCALE

MAXFUN

IPRINT

ITAUW,

The most

i

i

nt

Ht

1l

number of functions ¥
number of variables X

size of auxilliary array W

N+ (M + 2L ()

number of algebraic variables XA

numbér of algebraic- functions G

An equivalences was established between the arrays of
X,XA on the one hand and F,G on the other, to help the
handling of them. .

array of the accuracy of the variables

limits the step size of the search.

Normally X, will not be changed by more than

ESCALE*Ei in a single step.

maximum number of calls for the evaluation of functions
(CALFUN), set in order to stop the program if it does not
converge reasonably fast.

periodical numbers of iterations after which the values of

-the variables and the functions are printed. No printout

if IPRNT = O

etc. are set to 1 for the steady state program. Recall

that the decks of cards were initially intended to be used

also for non-linear simulation.

important points to remember are:

104
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(i) The scaling of functions and variables, done in

order to enable VAOZA to work better.
The is done with routines'SCLEVA, SCALEF, SCALEV.

(ii) The functions evaluation. This is done in two
separate routines: CALFUNO for the original 40 functions,
including 23 differential and 17 algebraic equations.
CALFUN for the 35 functions remaining for the solﬁfion
of the steady-state set of equations.

(iii) The routine REPLACE which changes the set in CALFUNO

to the set in CALFUN and vice versa.

5.1.2 Lt of subroutines

CALFUNO ' YTAU
REPLACE EXPL
CALFUN CAICLT
SCALEV FUN1
SCALEF FUN2
SCLEVA FUN3
READ FUNY
OINPUT FUN5
INTTTAL FUN6
OUTPUT ~ INTPOL
OPUNCH VAORA
UIN © VDO1A
STAAL

5.1.3 Description of subroutines

CALFUNO ¢ Carries the complete list of equations described as

Model X(basic) in chapter 3, written as 40 functions to be

evaluated.



CALFUN : Carries %5 functions only, as explained in section
(32.1). This is the set to be minimized by VAORA.

REPTACE : Is the bridge between CALFUNO and CALFUN, replacing‘
 several variables which in the steady state are constants, by other
variables or inputs, or vice versa.

SCALEV = ¢  Scales variables to unit order in three stages:

1. ‘The varizbles are scéled to unit order before calling the
minimisation roufine; 2. The individual terms of each function

in CALFUN are scaled at each call with the inverse of the scaling
factor; 3. The variables are scaled back to their original

values after completing the minimization routine.

SCLEVA : Tests the value of each function after the first call

of CALFUN and sets a scaling-down factor if the value is larger than

specified (otherwise the factor is set to one). This operation is
done once onl&.

SCALEF : Multiplies all functions evaluated in CALFUN, by the
scaling factor computed in SCLEVA. This operation is done at the

end of each CALFUN call.

READ : Reads in initial values as data.
OLNPUT : Prints initial values, calling sub~routines UIN

and STAAL for formats, etc.
- INITIAL : Reads and prints comments on level of power and

initial valuese.

QUTPUT : Prints final values, calling UIN, STAAL, YTAU and
EXPL.
OPUNCH : Punches final values, to be used as input data for

the next program, MXEVZ2X1.
CAICLT : Calculates time delays and output variables.

FUN1 to FUN6G : Tables of empirical functions which are used in
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some of the equations of the non-linear set.

INTPOL : Straight interpolation routine for use with FUN1
to FUN6.
VAQORA : This is the Powell routine for minimizing a sum of_"

squares of the form

m .
(% ,% , eeey Xn) = kglii(x" e, xh) (5.1.1.)

where m > n

The restrictions on this routine are that m,n > 2 and that the

‘matrix H must resemble G, where

Ofk Ofk . '
H = . = 2 - - - -
[hljj L 2 'g;{: *g;c; ] (5.1.2.)
S d % .
6= lgd=0 % (g - 5o+ Toon)] (5.1.3.)
k=1 i i 173

It can be shown that G indeed resembles H when the value of f is
small at the minimum, hence the need for routines SCLEVA and SCALEF.
VAO2A calls VDOlA, the routine in which the search is done for one

function of one variable at a time.

5.1.4 Output

(i) IList of initial values for all variables.
(ii) Function values of the 40 original equations
calculated in CAFUNO (no scaling).
(iii) TFunction values of the 35 remaining équations to be
solved for the steady state (no scaling).
{(iv) Values of variables and functions calculated after
each IPRINT iterations, with variables and functions

scaled.
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(v) Repetition of (iii), after minimization is ended.
(vi) Repetition of (ii), after minimization is ended.
(vii) Iist of final values for all variables.
(viii)  Punch out of (vii). The first 6 items are only

printed.

5.2 MXEV2X1 (Linear Model)

See section 3.2.

~On the CDC 6600 the compilation time is unde; 18 seconds.
The execution time varies according to the requests, a typical case
taking about 7 seconds. The storage needed is 41K, system

excluded.

5.2.1 Main program

As in the previous program, the dimensioning and
initialization is explained in the program itself.

Only the first few parameters need to be explained:

N, NA, NU, NE, NY are the dimensions of the vectors.g,.gA,_E,

X X of the basic model, the steady state values of which are the
output of program SSNL2D and the input of MXEV2X1l. This means
that for each 1eve1 of operation a different linear model is
obtained in MXEV2X1.

ND is the number of pure time delays to be approximated.

The comments explain quite clearly the meaning of each of
the matrices evaluated, and how the model progresses from the
basic one (X), to the equivalent one which includes delay
approximations (X1), to the comprehensive one which includes the

new equations in FDBCKI.



5.2.2

Iist of subroutines

DELAYL

FDBCKL
CALFUN
TESTHMX
TESTMX2
COMPARE
NEWXU
XAXLU
WRIMX
DRAWMX
DRAWIM
SCAN
READ
OINPUT
UIN
STAAL
YTAU
EXPL,
PCH2013
AMX
BMX
BDMX
CMX
DMX

EMX

EDMX

PMX

PAMX

aMxX
GAMX
HMX
AIMX
BIMX
CIMX
DIMX
E1MX
ASMX
BSMX
FUNL
FUN2
FUN3
FUN4
FUN5
FUN6
SLOPE1
SLOPE2
SLOPE3?

SLOPEL
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SLOPES
SLOPE6

INTPOL

CAUTION
IMBEDV
IMBED
EQUVRR
UNIT
CARVUP
MULMXV
ADDV
MULTT
ADD
SUBTR,
NULL
NEGATE
RORDRM
INVERT
XEIGEN
EIG6
DETMT
HESSEN
QREIG

QRT



5.2.3 Description of subroutines

DELAY1 ¢ In this routine the order and type of approximation
for each of the four delays are set independently. For the present
choice, see section (3.2.2). New equations and variables are
introduced.

FDBCKL ¢ In this routine the additional equations mentioned

in section (3.2.3) are set and incorpprated into the equivalent
model (X1) to form the final comprehensive model (X2) which
represents the uncontrolled system. There is a great deal of
matrix menipulation which is done by calling specific matrix
routines, briefly described later. The routine is kept in such a
way as to enable the user to change,-add or'remove equations without
upsetting the structure of the program. Each change embodies é new
"case". There are 7 cases which have been produced in chronological
order, and among which only two are at present relevant:

Case 7 was constructed specifically to meet the model set up on

the analog "simulator" at Winfrith in order to test the correctness
of the linear model. The responses obtained subsequently with the
SIMULA program closely matched the "simulator' response. This case
excludes moderator control and load following and includes feedwater
control (the one existing at the plant) only.

Case 3 is as case 7 but includes load following. It is the model
finally adopted for our study of the optimal regulator problem.
CALFUN ¢ This routine contains the basic non-linear model
tested in CALFUNO (in SSNL2D) and its purpose is to test the
correctness of the linear model by comparing computed values in the
linear and the non-linear models.

TESTMX ¢ This routine test the correctness of the linear model
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by comparing the results obtained using the linear and the
non-linear models. It sets deviations from the steady state, such
that the linear model operates onéthe'deviations while the N/L
model does it on the values of the steady state plus the deviations.
If the linearity were perfect, the results would have to be egqual.
As it is, when deviations of up to % were used, the differences
between the results obtained using the two models, are well wifhin
one per cent for the most part, although a few results are further
apart, one as far as 10%. Using deviations of up to 5% from the
steady state values, some errors are as large as 20% and 30%. The
"bad behaved" equations are in general those including functions
with tabulated values, which suggests that polynomial fitting might

be necessary for better approximation.

_i,_g are the values obtained from the non-linear set (CALFUN)

(see eqgs. (2.1) and (2.2)).

I=20x+ oxxy + Oxpou + bu) - £(%,x, 1) (5.2.1.)
.é. = E(-?E + GE,EA + 6.}_{A$l'1_ + 62) - _g(,)_S’zAill.) (5-2-2.)

These values are compared with 8f, 8g, from the linear model

(see egs. 3.2.18 and 3.2.19)

&f

Abx + Bdx, + By bxy + Cou (5.2.3.)

8g = Dbx + Box, + Epdxy + Fdu (5.2.4.)

X, in eqn. (5.2.3.) and (5.2.4.) is replaced by the expression
obtained when solving the pair of equations (3%.2.20), (3.2.21)
for z = O and eliminating z. Having done so, the two equations

(5.2.%.) and (5.2.4.) become

- |
Of = [A+BD(G-HQ 1P)]6_5+[B+BD(GA—HQ PA)]Q§A+C§E (5.2.5.)



bg = [D+E(G-HQ P)]bx+[E+E (G,-HY P, )18z, +Foy (5.2.6.)

On the whole, the conclusion from this test is that the
linearization is reasonably acceptable. While there is no
absolute criterion of "good" linearity (this must be tested
dynamically), gross errors can be detected.

TESTMX2 ¢ Tests the correctness of the equivalent linear
model (X1) against the basic model (X). It really is only a test
of the correct manipulation of matrices, and not of. the "goodness"
of linearity as in TESTMX. In essence it is not more than a
~different road - from the beginning ~ arriving at the equivalent
model, and then the elements of the final matrices AS and Bs in
eq. (3.2.26) are compared. The pertinent equations are printed
in the program, both in the routine and in the output.

COMPARE ¢ Compares the elements of one matrix with those of
submatrices of another, partitioned, matrix.

NEWXU ¢ Punches out, in alphameric characters, the names,
units, steady state values of all the state variables and inputs
of the final comprehensive linear model (¥X2) as well as those of
some additional parameters, all of them required in the SIMULA
and SIMSAT programs (see sectons 5.4, 5.5).

XAX1U : domputes and punches out the matrices XAX1 and XAU
necessary for calculatinglgﬁ from %, and u, needed in SIMULA and

SIMSAT. From eq. (3.2.25)

_:gA(t)

XAX1 x, (t) + XAU u(t)

There is an option to punch out only a reduced matrix XAX1R for

SIMULA and SIMSAT in order to save storage in these two programs.

‘E1-1 Dyx (t) = El_1 Fu(t) (5.2.7.)
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XAX1R includes only the rows necessary for those components
of Xp needed in SIMUTLA and SIMSAT.
WRIMX : Prints any real matrix arranging it in rows.
DRAWMX ¢ Draws any real matrix up to 31 columns (no limit
in number of rows) with the following symbols:
X for a non=gzero element
. for a ze;o element
where '"zero" is defined as 10“'io

DRAWIM : Draws (with the same symbols as DRAWMX) the
complete linear models evolving in MXEV2X1:

(i) the basic model, i.e. egs. (3.2.18) to(3.2.21)

(ii) the equivalent linear model (X1), i.e. eqn. (3.2.26)

(iii) the comprehensive linear model (X2), i.e. eqn. (L4.2.33)

SCAN ¢ Routine called by DRAWIM. .
READ : Reads in as input the data punched out by the
previous program, SSNL2D. i
QINPUT : Prints out the data read in, which is avlist of the
state variables, inputs, algebraic variables (implicit and explicit)
time delays and outputs. It also prints a brief explanation of the
time delay approximation chosen.

UIN, STAAL, YTAU, EXPL : routines called by OINPUT, identical

"to those in SSNL2D.

PCH2012% : Punches out the two matrices Af and Bf from the
final comprehansive model (eq. 3.2.33), to be used as input data
for the next program, REGULA.

AMX, BMX, BDMX, CMX, DMX, EMX, EDMX, FMX : In these routines

the matrices of the basic model corresponding to egs.- (3.2.18,
3.2.19) are set. The individual elements have been calculated by

hand according with the linearization procedure described by egs.

vty
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(3.2.4., 3.2.5). Printing and drawing is done on request.

PMX, PAMX, QMX, GMX, GAMX, HMX : the matrices of the time

delay approximations corresponding to egs. (3.2.20., 3.2.21) are
set in this routine.

A1MX, B1MX, CI1MX, DIMX, EI1MX : compute the matrices

corresponding to egs. (3.2.24., 3.2.25) which is an intermediate
stage towards the equivalent linear model (X1).
ASMX, BSMX : compute the final matrices for model X1 (eq. 3.2.26)

FUN1 to FUN6 : Tables of empirical functions, identical to

those in SSNL2D.

SLOPEl to SLOPE6G :‘ Derivatives of the functions tabulated in
fUNl to FUN6 with respect to the independent variables in each
function. The derivation was done in a separate program by simple
interpolation; and the results tabulated again.
INTPOL : straight interpolation routine for use with FUN1 to
FUN6 and SLOPEL to SLOPE6, identical to the one used in.SSNL2D.
CAUTION H Prints a message at the end of the output, warning
the reader that W in the final comprehensive model (eq. 3.2.33) is
not equal to u in the previous model because:
(i) it incorporates several new inputs entered in FDBCKL
(ii) some of the inputs u, are involved in feedback loops
incorporated in FDBCK1, ana therefore their counterpart
uy s must be considered as an additional reference point,

and is therefore different from ui.

IMBEDV to INVERT : matrix manipulation routines to be described

below. Several of them were taken from the library of the Control
Section (I.C.), the remainder written in the course of this work.

They all refer to real matrices and vectors.



IMBEDV : Transfer of a vector (column or row) to a

partitioned matrix.

IMBED : Transfer of a submatrix to a partitioned matrix.
EQUVRR : Equivalence of two vectors.

UNIT : Produces the identity matrix.

CARVUP : Transfer of a submatrix from a partitioned matrix.
MUIMXV : Multiplication of a matrix and a column vector.
ADDV : Addition of two vectors.

ADD ¢ Addition of two matrices.

MULTI ¢ Multiplication of two matrices.

‘jﬂﬂggg ¢ Matrix subtraction.

NULL ¢  Produces the null matrix.

NEGATE : Negative of a matrix.

RORDRM ¢ Switches column or row vectors within a matrix.

INVERT : Given a real matrix B, it finds a matrix A such that
AB = I. If the matrix B is singular a message is produced. The
rank of B is always printed. This is a modified version of the
existiné routine at the.Control Section library, which in turn is
a modified version of the SDA3180 routine of the SHARE library
(I.B.M.).

XEIGEN to QRT = @ package for calculating and printing the

eigenvalues of a real square matrix. It is a modified version of

EIGSYS[]'&j

or rather of that part of it dealing with eigenvalues,
which is based on the 300601 program of the SHARE library. The
problems with this program have been discussed in Section (3.3.2).

XETGEN : Calling routine from the main program.

N = order of square matrix AS(input)

WNN1, WNN2 = auxiliary square matrices of order N
RTASR * real part of eigenvalues computed.
RTASI = imaginary part of eigenvalues computed.
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EIG6 ¢ Control routine calling the remainder of the
package and also establishing the following checks:
(i) Trace of input matrix equal to trace of upper
Hessenberg matrix equal to sum of eigenvalues.

(ii) Determinant equal to product of eigenvalues.

DETMT -~ ¢ Computes the determinant of a matrix.

HESSEN' : Transforms the input matrix into upper Hessenberg
form.

QREIG : Finds the eigenvalues of the upper Hessenberg matrix

by calling QRT and testing the convergence of the iterative method,
thus deciding when to accept the values found.

GQRT : This is the central part of the method. It performs
the QR transformation explained in Section (3.2.2). It is a FORTRAN
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version of the second ALGOL program given in Francis' paper

5.2.%. Output
This varies according to the requests made through various
control points in the main program. The following can be printed
(and drawn, in the case of matrices). They will also be punched
if it is specifically requested.
(i) List of steady state values (output from SSNL2D) at the
level of power indicated.
(ii) A brief description of the time—-delays approximation.
(iii) A1l the matrices computed in routines AMX to EIMX.
(iv) Matrices XAX1 and XAU intended for the computation of
Eﬂ(t) in SIMULA and SIMSAT (see eq. 5.2.7).
Both matrices are printed and punched.
There is an option that a reduced matrix XAXIR be

punched out instead of XAX1l and XAU, in order to



(v)

(vi)

(vii)

(viii)

(ix)

(x)

(xi)

(xii)

(xiii)

(xiv)

(xv)

5.3

REGUIA (Optimal linear regulator)
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save storage space in SIMULA and SIMSAT.

Matrices A_ and BS of the equivalent model X1 (see

eq. (3.2.26)).

Eigenvalues of As and BS.

The drawing of the complete basic linear model and

the time delay approximations.

The drawing of the equivalent linear model X1 (eq.“
3.2.26).

The test of correctness of the basic linear model

(see TESTMX in 5.2.3).

The test of correctness of the equivalent linear model
(see TESTMX2).

All the matrices computed in FDBCK1,K leading to the final
comprehensive model X2 (eq. 3.2.33).

Matrices Af and Bf of eq. (3.2.33). They are also
punched for input data to REGULA (see section 5.3).

A warning message described briefly in CAUTION.

The drawing of the comprehensive model (eq. 3.2.33).
Steady state values, names and units of the state
variables and inputs corresponding to the comprehensive
model, as well as of some additional parameters. They
are punched and used as input data in SIMULA and SIMSAT

(see sections 5.4 and 5.5). ;

See sections (3.4.1) and (3.5).
The compilation time is under 15 seconds on the CDC 6600
and a typical execution time 90 to 100 seconds.

is about 53K (system excluded).

The store needed
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5.3%.1 Main program

The input data are the matrices A and B, which correspond |,
to Af and Bf in ege. 3.2.33, punched in the previous program,

MXEV2Xl. The dimensions here aret
A(NxI) o, B( NxNU)

The principal arrays and their dimendons are explained in the
program(*). An important parameter is NY, which is the order of
the cost matrix Qy, with C(NYxN) (see egs. 3.4.26 to 3.4.29). The
progranm stérts by reading and writing the matrices A and B. In
previous versions it also reads CS (see eq. 3.2.27) but this is not
done now, as explained in section (3.4.1, a.ii). It also reads the
eigenvalues of A, as calculated in a previous run of the same
program. It then proceeds by constructing the state-costate
(Hamiltonian) matrix AM. ILater it checks controilability and
observability when requested to do so. For this purpose it needs
to calculate eigenvalues and eigenvectors of A calling EIGVV1

(the "new" routine). The computed eigenvalues are compared with
the read-in values and the program ejected if a discrepancy occurs.
Next it calculates eigenvalues and eigenvectors of AM in order to
implement the algorithm as explained in Section (3.4.1) and calls

~ routine RICCAT in order to perform the remainder of the algorithm.
The feedback gain matrix Kr (a reduced version of K) and the
matrix Kdr from egs. (3.5.8) and (3.5.10) respectively, are
computed, printed and punched for use in SIMULA and SIMSAT,
according to egs. (3.5.2) to (3.5.5) and (3.5.9).

The optimally controlled system Aoc (eq. 3.5.5) is computed and

printed, as is P (eq. 3.5.7). Two matrices may optionally

(*) Many equivalences of arrays are found; an effort was done to
save memory space, since this is a rather store~expensive
program (about 52K excluding system space)-.
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be punched out: P and ro where

Qo= 9+ K RK _ (5.3.1)

It is easily shown that the iiapunov equation (3.4.14) holds
if Q is replaced by ro°(*)
The eigenvalues of P are then computed in order to assess if the
matfix is indeed pOSitivé-definite. Finally the eigenvalues of
Adc are computed‘and then compared with those of A in the routine
COMPETI.

This comparison gives a quick idea of what has changed in the
"optimally controlled" system frém one case to the next.

The product of the eigenvalues of Aoc and the costing elements

of Q and R are punched for use in SIMULA and SIMSAT.

(*) This optional facility has been incorporated in order
to provide data for other work which is not directly

linked with this study.



5.3.2 List of subroutines

SCSMX
RICCAT
PCHKKD
CTROBS
EIGVV1
HESSEN
QREIG
QRT
ASQR
EIGVEC
DELSP
WRCMX
DRCMX
WRIMX
DRRUX
WRIEIG
ORM2013
TRM2013
ICV2013
PCM2013
RCM2013
PRM2013
RRM2013
PCV2013

RCV2013

COMPET

MULTT
ADD
NULL
NEGATE
IMBED
CARVUP
UNIT
TRANSP
FQUMC
EQUVC
EQURCX
TRNSPC
MUICOM

MIMXDC

ﬁUICR
MULRC
INVCOM
INCOMA

MATINL
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5.3.3% Description of subroutines

SCSMX : In this routine the Hamiltonian or state-costate
matrix M (eq. 3.4.21) is constructed..

The choice of Q and R is read in as data.

Only two inputs are used for control,u5 and vy . The state
variables costed are at present X1 Xy o x,o s x,s, x“ s Kooy

)§3, ¥50+ JYor their meaning see section(2.1l). Of course

SCSMX is-constructed in such a way that any new choices are
feasible. In the first series of runs the eight variables
mentioned were costed, but this number was gradually reduced to two
variables only (x%; Py %0 = Of) after it was found that the trial-
and-error procedure of computihg the "optimal regulator' and then
simulating the new system obtalned became easier with less states
being costed, and easiest with two states only, controlled by two
inputs (u5 = YM’ g = YECV)

Some of the necessary matrix manipulations are performed inside
the routine, with short, special formulas, instead of calling the
more general routines which are in the program. This was done in
order to save storage (see footnote in 5.3.1).

RICCAT : Performs all the operations indicated in the
algorithm of section (3.4.1) starting with step (iii) and computes
Kdr (eq. (3.5.10) of section (3.5)). The routine receives as
arguments, the matrix M (constructed in SCSMX) and its eigen-—
vectors W.

There are several control points which, if requested to do so

from the main program, print or punch various matrices such as
h&;, V@; (eqe. 3.4.22), the Riccati matrix P (eq. 3.4.23), the
matrix 88O resulting from computing the Riccati equation (3.4.10)

which should be nil. Three of the four tests indicated in the



algorithm are performed inside the routine, namely:
(i) P should be real : those elements which have a ratio
of imaginary over real part greater than 1047 are
printed, and if fhe ratio is greater than 10--‘f a
special warning is printed.

(ii) P should be symmetric : the absolute values of
symmetric eleﬁents are compared and if their fractional
différence is greater than 10—7, they are printed.

Same special warning as in (i).

(iii) SSO (i.e. the matrix Riccati equation) should be nil.
Elements greater than lO—7 are printed, with the same
special warning as above.

The real matrix P is computed by averaging the symmetric elements

of the complex matrix and neglecting the imaginary part.

The feedback gain matrix K is computed (eq. (3.4.11) or (3.5.6))

and the reduced matrix Kr (eq. (3.5.8) printed and punched. So

is K, (eq. 3.5.10). |

The optimally controlled matrix Aoc is computed an printed.

As discussed in section (3.4.1),the complex matrix an which has

to be inverted is sometimes numerically singular (this depends on the
precision of the inversion routine). When W,, is singular, both

W,, and MQA are printed, regardless of the request from the main
program as expressed in the corresponding control point.

RICCAT calls INCOMA for inversion.

PCHKKD : This routine picks the rows of K and Kd corresponding
to the control inputs, thus producing the reduced matrices Kr and

Ky (egs. (3.5.8), (3.5.10)). They are printed and punched for

use in SIMUIA and SIMSAT.
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CTROBS 5 The routine tests controllability and observability
(see section 3.4.1(b)).

It computes the matrices E and Fq of equations (3.4.35, 3.4.36)
and then tests if E has at least one non-gzero element in eaéh row
(controllability) and if Fq has at least one non-=zero element in
each column (observability).

Furthermore, since not all inpufs are controlled, the test of E

is confined to the columns corresponding to the controls only.

This is done automatically, and no change is needed if the controls

are changed in SCSMX.

The matrices E and Fq are printed and so are the numbers of the

-2
E-rows or Fq-columns, which lack elements greater than 10 . (This

value has somewhat arbitrarily been defined as a "non-zero'" element).

EIGVV1 to DE1SP : package for calculating and printing eigen—

values and eigenvectors of a real square matrix. This is the "new"

routine discussed in section (3.3.3). It is a modified version of

EIGSYSEZB] from Northwestern University, Evanston, Illinois.
EIGVV1 ¢ This is the control routine calling the remainder

of the package, and performs all the operations which are not
specifically executed in those routines. It also constructs the
complete eigenvector-matrix, either regular (right hand) or
transposed (left hand) and prints it out if so requested by the
main program. It prints out all the final eigenvalues.

Briefly: EIGVV1 calls HESSEN and QREIG to calculate the eigen-
values, DELSP for the determinant, and ASQR and EIGVEC to
calculate the eigenvectors. The trace and the determinant of the
input matrix A is compared with the sum and product, respectively,

of the eigenvalues. The right hand eigenvectorsiﬁi and the left
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hand eigenvectors.gj are computed, using the inverse iteration
method and, if so requested, printed out along with their
respective residual vectors (Aﬂi - hiﬂi) and QEjA - Ajgj).
For the same request, the squares of the residual vectors are
printed for convenience in checking the accuracy of the
eigensystem. After finding each eigenvector, the Rayleigh
quofient scheme is used to correct the original eigenvalue,
which, in turn, ﬁroduces a corrected E-vector along with new
residuals. A second correction is‘applied which produces a further
refinement of the E-value only. The sum and product of the
corrected E~values are printed.
HESSEN : Transforms the input matrix into upper Hessenberg
form. This routine is almost identical to HESSEN of the "old"
EIGSYS (See sections 3.3.2 and 5.2.3). Maximum dimension 200.

EIG T : Almost identical to QREIG, QRT of the "old"
EIGSYS (see sections 3.3.2 and 5.2.3).
ASQR : To square matrix A. This routine is needed for
the EIGVEC routine to compute the eigenvectors(*).
EIGVEC ¢ To find the real or complex eigenvectors of a real
square matrix. A control parameter allows the user to call for
either the right-hand or the left~hand eigenvectors or both, the
difference in time between finding both eigenvectors or one being
not great. The method is a modified version of Wilkinson's

inverse iteration method.

DE1SP : Find the determinant of a matrix.
(*) ASQR is more complicated than need be, because it is

still the unmodified version of the subroutine of
EIGSYS from Northwestern University, where the program
is on a disc.
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WRCMX ¢ Prints any matrix of complex vectors, column-wise.
It optionally prints the eigenvalues at the bottom of the
corresponding eigenvector, if eigenvectors are printed.

DRCMX { Draws complex matrix with dots (zeros) and

crosses (non-zeros). Maximum number of columns 31.

WRIMX : Prints any real matrix, row-wise.
DRRMX : Draws real matrix with dots and crosses.

Maximum number of columns 99.

WRIEIG : Prints complex eigenvalues.
ORM201% : Writes a real matrix on an output file numbered as

in arguments list. Intended to write on tape, punch or paper, as
fequested. Forﬁat is (4E20.13), each row commencing on a new card.
IRM201% : Reads a real matrix from an input file, selected
as above. Format as above.

ICV20L1% : Reads a complex vector from an inpuﬁ file, selected

as above. Format as above.

PCM2013 : Punches a complex matrix, format as above.
RCM20172 : Reads a complex matrix, format as above.

<PRM201§ : Punches a real matrix, format as above.

RRMP013 : Reads a real matrix, format as above.

PCV2013 !  Punches a complex vector, format as above.
RCV201% : Reads a complex vector, format as above.

COMPET : Compares the eigenvalues of the original matrix A

with the "optimally" controlled Aoc’ as well as the two products

of E-values.

MULTI, ADD, NULL, NEGATE, IMBED, CARVUP, UNIT : Manipulation

routines for real matrices, identical to those described in

section (5.2.3%).



TRANSP : Finds the transpose of a real matrix.

EQUMC : Equivalence of two complex matrices.

EQUVC : Equivalences of two complex vectors.

EQURCX : Given a real matrix, returns a complex matrix

with zero imaginary part.

TRNSPC : Finds the transpose of a complex matrix.
MULCOM : Product of two complex matrices.
MIMXDC : product of a square complex matrix A and a

diagonal complex matrix A, with the two options A A and A A.
MUICR ¢ Multiplies a complx matrix by a real one, result

is a complex matrix.

MULRC : Multiplies a real matrix by a complex one, result

is a complex matrix.

INVCOM : Inversion of a complex matrix. This is a modified
version of INVERT (inversion of a real matrix) described in
Section (5.2.3).

INCOMA : Inversion of a complex matrix and solution of a set
of linear (complex) equations. This routine is better than INVCOM
in the sense that for matrices which are nearly singular INCOMA is
successful’ in cases where INVCOM fails(*). The method of INCOMA

is described in section (3.4.1(a.111)) and was teken from the

CERN library L203. INCOMA calls MATINT. y
MATINI : Inversion of a real matrix and solution of a set of

linear equations. This routine was taken from the CERN library[36]
and is written in COMPASS language instead of FORTRAN. It is
suitable for use on CDC computers (6000 series) where it is read

(")

in the same way as a FORTRAN routine

(*) INVCOM is not as good as INCOMA, but is still remaining
in the program because it is called from a number of
routines which were not changed for that purpose.

(**) A FORTRAN version might be available directly from CERN.
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5.3.4 Output

Varies according to the requests made through various

control points in the main program.

Printed (and drawn, in the case of matrices):

(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)
(viii)
(ix)
(x)
(xi)
(xii)
(xiii)

(xiv)

(xv)

(xvi)

(xvii)

Matrices A and B. They correspond to A

f
eqs. (3.2.33), i.e. the uncontrolled system.

and Bf in

Complex eigen&alues of A, computed and punched out in
a prévious run, read in for the current run.

Matrix C (eq. (3.4:%)) constructed in SCSMX.

Matrix M (called AM) of eq. (3.4.21) constructed in
SCSMX.

Eigenvalues of A, computed in the current run and
punched out.

Matrices E and Fq of eq. (3.4.35, 2.4.36) and the

- tests of controllability and observability.

Eigenvalues of the state-costate matrix AM.

Matrices W,4 and WZ‘1 (eq. 3.4.22).

Test of the real condition of matrix P (eq. 3..4.10).
Test of the symmetric condition of matrix P.

Matrix P.

Matrix 8SO resulting from computing equation 3.4.10.

Test of the null condition of matrix SSO.

Matrix KR, i.e. linear feedback gain (eq. 3.5.8), punched

out for use in SIMUIA and SIMSAT.

Matrix KDR (eq. 3.5.10), punched out for use in SIMULA
and SIMSAT.

Matrix Aoc’ i.e. the optimally controlled system.

Eigenvalues of P to test positive~definiteness.
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(xviii) FEigenvalues of Aoc'
(xix) A comparative table of eigenvalues of A and Aoc'

(xx) PROMOC, the product of the real parts of the
elgenvalues of Aoc’ punched out to be used in SIMULA
and SIMSAT for checking.

(xxi) The costs set for Q and R, punched out for use in
| SIMULA and SIMSAT. |
(xxii) A further option which is never needed in this program
but which it is possible to use due to the existence of
EIGVV1, is printing out the final eigenvector matrix
of any input matrix, as well as the "current" eigen—
vectors individually computed and improved after the
Rayleigh quotient refinement.

5.4 SIMULA (Free transients computation and display)

See section (3.6).

The compilation time is about 15 second on the CDC 6600.

The execution time is 10 seconds plus 10 seconds for each
simulation, typical total is 30 sec. Store needed, 35K (system
excluded). |

5.4.1 Main Program

The. purpose is to compute x(t) for a given initial

. *
excitation x(0) or a step input *) ofigd(t). Equations (3.6.9)
and (3.6.10), using eigenvectors/eigenvaiues, are repeated here:

(a) for uncontrolled system A

x(t) = WeAtVKD + W A-1[eAt - I]V[BCEC+Bdgd] (5.4.1.)

(*) For input different than step, such as impulse or ramp,
the equations (5.4.1, 5.4.2) are slightly different.
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(v) for optimally controlled system Aoc’ and writing,

for the sake of brevity, W,V,A instead of woc’ v

oc’

A.
(o] ]

At =1 At
- A + WA - v +
x(t)._ We X W. [e IJV(B kd Biud) (5.4.2.)

For-eabh t, x(t) is compﬁted and thenigc(t) with eq. (3.6.8).
Then several additional parameters are computed called g%r(t).
All the computed parameters (gc(t) is not computed in case(a))
are then printed out and most of them displayed graphically along
the length of the bomputer paper.
Then a table of constraints is printed, where the peak values and
the bounds of the constrained parameterslor of thelr derivatives
are printed. A warning message is printed when a constraint is
vidated.
Finally the "weighted—-gain" matrix with the dominant values
indicated is printed (see section 3.8).
A number of options are open as read in on a "keys" card before
the data. OCther options are inseted into the main program. Since
many runs are made with this program, as well as with REGULA and
SIMSAT, they are written in binary records on a tape and therefrom
*called, and they cannot be changed unless the main routines are
run in source language. But this is to be avoided in order to
reduced the printout and so enable the program to run on a higher
priority turn—around in the computer. Most of the options are
also geared towards reducing the printout.
The options in the "keys'" card for SIMUTA are:
(i) IPD = O, XAXIR, B, A, AOC, BD, BC not printed.
(ii) IQUICK = 1, KR and KDR not printed, simulation

for excitationNo. 5 not plotted.



(iii) MI = 5, KR, KDR, PROAOC (product of eigenvalues
of Aoc) and costs read from cards.
MI = 3, KR, KDR, PROAOC? costs read from tape No. 3.
(iv) IKDU = 1,_gdu to be read in, to test influence of
fixed added control.

(v) MP = 5, XAXIR, list of steady state values, names and
units of parameters, B, A, read from cards. These
items represent the "permanent" data in the sense
that they do not change for different "cases" of
the regulator. They are "permanentf for a fixed
level of power and for a fixed case of FDBCKL in
MXEV2X1 (see section 5.2;3).

MP = 2, "permanentﬁ data read from tape No. 2.
(vi) KRED = 1, not all state variables are fed back, hence
read in filter ?éftérn KE%ILT (éee section 3.8).
(vii) IDC = 1, D.C. compensation computed such that NC (number
of control inputs) variables settle at O. This
option is to be used only when KRED = 1 (see above).
Before the input data are read in, and for the case IDC = 1, the
numbers of the variables chosen to be forced to O by D.C.
compensation are read in. |
The input data are, in the following ofdér:
(i) Matrices KR(NC,N) and KDR(NC,N), produced by PCHKKD
in REGULA (see section 5.3.L4).
(ii) Matrix XAX1R (NAR,NL), produced by XAX1U in MXEV2X1
(see section 5;2.4).
(iii) IList of steady state valueé, names and units of
%, (NXTR), x(N) and u(NU), in that order, produced
by NEWXU in MXEV2X1 (5.2.4).
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(iv)

(v)

(vi)

(vii)

(viii)
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Matrices B(N,NU), A(N,N) produced as Bf, Af by
MXEV2X1 (5.2.4).

PROAOC (product of eigenvalues of matrix AOC)
produced by REGULA (see section 5.3.L4).

Costs set for the malrices @, R in REGULA, produced
by REGULA (see section 5.3.4).

KRFILT, filter pattern set to return only a reduced
number of state Vériables for feedback .(optional).

KDU, values of gﬁu set to test their influence

(optional).

After reading in the above data, the program proceeds to:

(1)

(ii)

(iii)

(iv)

(v)

The matrix B is broken up into its components BC and
Bd' For this purpose it is necessary first to reorder
B such that the columns of BC (corresponding to.gc) be
at one end of B. Routines RORDRM and CARVUP are used.
As a consequence of (i) it is also necessary to
reorder the steady state values, names and units of u.
This is done in RORDUS, where the s.s. values, names
and units of}_t_C are generated as well.

Construct Aoc = A -~ BC Kr if the controlled system is
tovbe simulated (K} may be filtered if KRED = 1).
Calculate eigenvalues/eigenvectors of Aoc (or A, if
the uncontrolled system is to be simulated) i.e. A,

W, V. (A is called RTC).

Compute WAV and compare the resulting coﬁplex matrix
with the original A or Aoc using routine COMPCR. This
comparison was felt to be necessary as giving an idea

-1
of the accuracy of the simulation. Compute A

(RTCIN).



(vi)

(vii)

(viii)

(ix)

(x)
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The type of excitation is set by assigning a certain

nuﬁber to it. From here on a loop starts which begins

with a different excitation at each turn. This is

done so0 as to enable the program to simulate the system

for several exciations, without having to do all the.

preliminary work each time.

Set initial excitation x  and step (or other) inputs

Uy with routine EXCITE.

In the same routine EXCITE:

a. Set KCD (see eqg. 3.5.11) fdr a special type of excitationm.

b. Compute.iC = Kc&Ed' |

c. Compute V<§O for all cases.

d. Compute VBu for uncontrolled case (eg. 5.4.1).

e. For optimally controlled case compute
Kdg (eq. 3.5.9)

| Eﬁu = -Kﬁggd

VBu = V(Bcgdu + B&gd) for eg. (5.4.2)

fo.If IKDU = 1, read in values of}_idu to test their influence.
Call KDUCHG for this step.

g. If IDC = 1, compute‘géu (see eqg. 3.8.5), different from

_gﬁu, to insure DC compensation. Call DCCOMP for this step.
Compute additional parameters with EXTRA.

Print initial values of x, u and X, _.
= = —tr

Print U _lgdu

Set maximum time, TMAX, maximum number of time

and constraints for.gc.

intervals NLIM and initial time.
Set all arrays of routine STORE (to be described later)
to zero and initialize.

From here on, until (xviii), all steps are repeated



(xi)

(xii)

(xiii)

(xiv)

(xv)
(xvi)
(xvii)
(xviii)
(xix)

(xx)

(20¢i)
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for each time.

Set x (response to gd) and x (response to Eo)to
zero. Print time.

Compute eAt.

Compute S = A~1(eAt-I).

If there is an input. disturbance, compute second
term of eq. (5.4.1) or (5.4.2). Check real
condition. If requested, print response tq input.
If there is a state excitation, compute first term
of egs. (5.4.1) or (5.4.2). Check real condition.
If requested, print response.

Add both terms of egs. (5.4.1) or (5.4.2). If
requested, print response.

Compute additional parameters with EXTRA. If
requested, print.

Store the response for time t calling sub~routine
STORE.

Set new time t and go to (x).
Print final values of x, u and X e

Print all values in matrix form, each column headed
by the corresponding time t, if requeéted.

Display graphically the response of certain selected

parameters x, u, and X
Print the table of constraints and peak values,
mentioned before in this section.

Compute and print the "weighted gain' matrix (see
section 3.8) determining the maximum and dominant

values of the feedback variables for each control

input.




(xxii) Set a new type of excitation and go to (vi).

5.4.2 ILigst of subroutines

FiDTER
KDUCEG
CHDATA
DCCOMP
EXCITE
. EXTRA
CONSTR
PLOTS
GPH
SCALPL
STORE
LISTVS
TRFVCR
COMPCR
WRRMX
WRCMX

WRRMXT

IRMP0L13

IRV2013
ITV8A10
RCM2013
RRM2013
RCV2013
RRV2013%
RIVEA10
CARVUP

MUTMXV

NULL
MULTI
SUBTR

ADD

~ RORDRM

NEGVR
ADDV
NULLRV
MUTCOM
INVCOM
MIMXDC
INVERT
MULCMRV
MULCMCV
MULDVC
EIGVV1
HESSEN
QREIG
QRT
ASQR
EIGVEC
DELSP
SLOPEL
INTPOL

RORDUS
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5.4.3 Description of subroutines

FILTER ! This routine is active when KRED = 1 in the "keys"
card (see section 5.4.1). It reduces the hu@ber of variableg
fed back selecting those that yield "dominant" values (see section
%3.8). First the filter pattern is read in, then the matrix Kr is
changed so that the non—-dominant elements of it are nil. The
filter-pattern is hand-punched as data, and is the result of
observations of a number of cases run. It will be seen that the
routine PLOTS yields a table af the end of the program's output,
where the maximum value of the ﬁweighted—gaint matrix [kri.j ijk]
and the dominant values (> 1/10 maximum value) are determined.
KDUCHG : This routine is active when IKDU = 1 in the "keys"
card  (see section 5.4.1). It reads and applies the values of
5du (fixed added control for a given Eﬂ) chosen differently from
the values computed in EXCITE, in order to test their influence.
CHDATA : Checks particular elements of data, as a final check
that the data has been correctly read in. For certain changes in
the "permanent" data (see section 5.4.1), this routine must be
changed.

DCCOMP : Computes k

Aéu for D.C. compensation such that a

number NC (number of control inputs) of variables chosen settle at




zero value for a step input.

=du

EXCITE : The initial excitation x(0) for the state and

14 (disturbance) are set in

this routine. There can be a step input__l_l_c for the uncontrolled

the step'inputslgc (control) and

system only (eq.‘5.4.1). The argument ITYPE in the routine
selects automatically, as requested from the main program, 6 types
of excitation. Obviously it is possible to insert as many
different types of excitation as one wishes.
At present the 6 types are:
(1) x(0) = 0, n, = 0, u, = 0

This is also the initialization in advancq of all other

types of excitation.

(2) X0(0) = 20 %o = PD (p.s.i.a.)
uds = + 10%.u88 uda = PE (Mw)
u_ = steady state value
Sg
of u
- dg
=5 _ 6
(3 u, = 10 u. = DKBAL (10 = 1 milinile)

d A

(5) x (0) = 20
10

(6) u, = = 10%.us

dg 8

Types (1) and (2) were used for trying the program.
Type (3) was used to compare the transients with those produced

on a similar model with the Winfrith analog "simulator'". The

~ 1 =1
k, = =[C Ao Bc] CA Bu, (%3.8.5.)
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similarity of the results provided a good check for the

correctness of the model.

Type (4).should be used with steady state values at least

10% below full power.

Type (6) was used on the model with steady state values at full
power, and given the fact that a linear model is used, the results of
types (4) and (6) should be closely similar, or rather closely’
symmetric. V

Types (5) and (6) were used on all cases of smulation. As explained

in step (vi) of section (5.4.1), in this routine the matrix KCD is

set and the values of'gc, Vx_, VBu (eq. 5.4.1), Kdg’-kdu’ VBu
(eq. 5.4.2) are computed. '
EXTRA : Computes and prints additional desired parameters,

which are not state variables. This routine may need adjustment
for different cases of MXEV2X1. At present it is set for cases
(1) to (7) in FDBCKL of MXEV2Xl (see section 5.2.3). The parameters
computed at present are:
(i) 'Bc(t)’ for controlled system only (eq. 5.4.2), using
eq. (3.5.2) with the reduced matrix KR described above.
KR is produced in PCHKKD of REGULA (see section 5.3%.3%).
(ii) various components of x,(t) using eg. (5.2.7) with the
reduced matrix XAX1R instead of the matrices XAX1l and
XAU, This matrix XAXOIR is produced in the routine
XAXQU of MXEV2X1 (see section 5.2.3).
(iii) several parameters belonging to Xpy X and B in MXEV2X1.
For these parameters the corresponding equations were
written by hand, as it was felt to be easier to do S0
One part of the routine is devoted to reading in matrices KR,

XAX1R and the steady state values, names and units of all the
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components of_gtr.
RORDUS : The steady state values, names and units of u are
reordered, as explained in step (ii) of the main program.
CONSTR ; This rather elaborate routine consists of two main
bodies:
(1) it sets constraints, where they exist, on parameter
values and/or derivatives
(ii) for those parameters "set" in (i), it prints a table
of the peak values, the constraints, the steady state
values and messages of warning if a constraint has been
violated.
Here an importaﬁt fact must be stressed, namely that the linear
model and the simulation of it refer to linear deviations from
the steady stéte, hence to check if a constraint has been vidated
the following two tests must be performed for each Constrained'

parameter or derivative.

(a) UBizSSi + ppy A (5.4.3.)
(b) IB. <SS, + np, (5.4.4.)
where

UBi = upper bound of parameter i

LBi = lower bound of parameter i

SSi = steady state value of parameter i

PPs = positive peak of linear deviation of parameter i

np. = negative peak of linear deviation of parameter i

For certain parameters, the constraint is peak to peak, hence the
test to be performed is

(¢) PPsz PPy = 1D, 4 A (5.4.5.)

If test (a) or (b), or alternatively (c¢), fails, the constraint has
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been violated. ‘This test is done not in CONSTR but in routine
SCALPL to be described later, for convenience. The printing is
done in CONSTR with variable format, set through a chain of logical
operators which are first set in CONSTR (part (i)), then tested in
SCALPL, both routines being called by PLOTS, to be described later.
The actuai list of values of the constraints will be written in chapter
(6) of results.

PLOTS : Plots selected parameters from x, .S and_gc on a
scale guch as to fit into the range -0.2 to +1.0. fhe time axis
runs along the print-out paper length. The selection of parameters
is fixed manually. The scaling is done automatically calling
SCALPL. It calls CONSTR at the beginning of the routine in order
to set the constraints on certain parameters or their derivatiﬁes
and calls it again at the end in order to print the constraints-—
table described in CONSTR.

After calling CONSTR, this routine calls SCALPL, where the scale of
each parameter is set according to its positive and negative peak
values, and where the violation of constraints is tested. Having
done that, the remainaer of the routine is used for plotting the
selected parameters, in batches of 2 to 5 at a time, each batch
headed by a listing of the steady state values and the scales used
for each parameter.

Finally this routine computes (in SCALPL) the absolute peak values
and prints the "weighted gainq matrix [kri,j ijk] mentioned in
section (3.8), determining the dominant variables for each control
input. |

GPH ¢ Routine called by PLOTS for each line of printing
(i.e. for each time interval) and which performs the actual printing

of the symbols once the scaling has been done in PLOTS. This is a

[
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very modified version of the GPH routine in the Control Systems
librarj (Imperial College).

SCALPL | : This routine computes the scale of each parameter
as asked by PLOTS, in such a‘way as to fit into the range ~0.2

to +1.0. The largest of the absolute values of the maximum
positive and negative values fits into the positive (+1.0) part
of the plot, setting 1.0 equal to 1.0, 0.5 or 0.2 times the order
of the peak valué. As mentioned before, the test of violation

of constraints is done in this routine.

STORE : stores the values of x, and t for each t,

2or Epp
in order to plot them after having completed the computation for
all times t.
LISTVS : Prints the lists of initial and final values of
X and.gc, as well as their steady state values. .Printslié and
Egur
TRFVCR : Tests if a complex vector is real (i.e. imaginary
part relatively negligible) and constructs the real vecfor.
COMPCR : Compares a complex matrix with a real one,
specifically it tests how well, numerically, the following equation
holds

A=WAYV (5.4.6.)
*The test can of course be applied to any pair of a complex and a
real matrix.
The end-product of this routine is a table in which the elements
of the complex matrix C and the real matrix R are printed where at

least one of the following situations apply (absolute values

considered):

Real (C) -~ R > ~7
Real (C) 10

-
(i) Real (C) > 10 and

7 -7 -7
(ii) (Real (C) > 10 or Imag(C)>10 ) and R <10



(111) R >10" and Real (C) <10
The ratio of condition (i) is printed, and a warning message is
printed when the ratio in (i) or the absolute values in (ii) are
greater than 10,
WRRMX : Prints any real matrix columnwise. No limits
in dimensions.
WRCMX : Prints any complex matrix columnwise.

See further description in section (5.3.3.).

WRRMXT : This is an.extension of WRRMX, with the time t

printed at the top of each column and the names of the parameters

printed in place of the first column on the left of each submatrix.

In this way a compact print-out of the simulation results is

achieved.
TRM2013 : Identical to the routine described in section (5.3.3).
IRV2013 : Reads a real vector from an input file numbered as in

argument list, format (4E20.13).

ITV8A10 : Reads an integer vector from an input file as above,

format (8410).

RCM2013%, RRMp2013, RCV20L3 ¢ Identical to the routines in

section (5.3.3).
RRV2013 : Reads a real vector, format (4E20.13).

RIV8ALO : Reads an integer vector, format (8A10).

CARVUP, MUIMXV, NULL, MULTI, SUBTR, ADD, RORDRM 2 Identical to

routines in section (5.2.3).

NEGVR : Negative of a real vector.
ADDV H Adds two real vectors.
NULLRV : Sets real vector to zero.

MULCOM, INVCOM, MLMXDC : identical to routines in section

(5.3.2).
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INVERT inverts a real square matrix.

(3]

MULCMRV Multiply complex matrix by real vector, result
complex.

MULCMGY

s

Multiply complex matrix by complex vector.
MULDVC : Multiply complex diagonal matrix by complex
vector.

EIGVV1, HESSEN, OREIG, OQRT, ASQR, EIGVEC, DE1SP : Routines

identical to those described in section (5.3.3). Package for the
computation of eigenvalues and eigenvectors, discussed in section

(3.3.3).

FSLOPEl, INTPOL : Identical to routines in section (5.2.3).

S.4.h Qutput

(i) Table of options as read in from the "keys'" card (see
section 5.4.1).

(ii) Optional. Matrix KR for eq. (3.5.2), i.e.

a(t) ==K x(t) + k.~ (5.4.74)

(iii) Optional. Matrix KDR (eq. 3.5.10) for computing kg
(iv) Optional. Matrix XAXIR for computing selected components

of_gA(t) with a reduced version of eq. (5.2.7), i.e.

x,.(t) = XAXIR . x(t) (5.4.8.)

(v) Optional. Matrix B, before reordering and breaking it up

into BC and B, for use in egs. (5.4.1) and (5.4.2).

d
(vi) Optional. State matrix A of the uncontrolled system.
(vii) For KRED = 1. Filter pattern KRFILT.

Matrix KR after being filtered by KRFILT.
Table of variables fed back to each control

input.

(viii) Optional. Matrices Bd and BC.



(ix)

(x)

(xi)

matrices A
4 oc

Optional. Controlled state matrix Aoc = A - BcKr'

Eigenvalues of A .
oc

Product of eigenvalues of computed Aoc'

Product of eigenvalues as produced by REGULA.

Fractional difference of the above two products. (If

-7
larger than 10 , run is aborted, unless filtering was

used).

Optional. Table of comparisons between the elements of

and W A V. See details in subroutine COMPCR described

in section (5.4.3%).

(xii)

(xiii)

Of Edi y_ci _}_C_

(xiv)

(xv)

~

For the case IDC = 1, the values of k u and k " computed.

d o}

For the case IKDUsz 1, the values of k. computed and

~=du

these read—-in to test their influence.

List of initial values of all the component parameters

X
,__..tr

as well as_gc,_g and the constraints on u .

du

Here the actual simulation starts:

For each time t, the following are printed out.

(a)
(b)

(c)

time t

elements of the vector x(t), when Imag.

-7 . A
(x.) >10 and Imag(xi) > 10 or
i Real(xi)

Real (xi) = O} .
The source of excitation (initial state or input
disturbance) is pointed out.

(t),

The complete vectorlg(t)tgc(t) and X,
written now in real form. This option is
redundant, and therefore only used when testing

the program.

List of final values of u,, u , X, X,

=tr
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(xvi) Optional. Complete results of the simulationm,
written in compact matrix form, with each column headed by the -
corresponding time.

(xvii) Plots of the simulation results, in batches of
2 to 5 parameters at a time, as described in routine PLOTS
(5.4.3).
(xviii) A table of éonstraints and their possible
violations, as described in routine CONSTR (5.4.3).

(xix) The ”weighted-gainf matrix [kri,j ijk

tabulation of the maximum and dominant values.

(xx) Steps (xii) to (xix) are repeated for any other

type of excitation requested by the main routine.

5.5 SIMSAT.(saturated transients computation and display)

See section (3.7)

5.5.1 Main program

This program is at first sight very similar to SIMUIA.

Indeed it uses most of the same subroutines. However there are

two important points which make it substantially different from

SIMULA:

a. The integration is performed over each time interval in
sequence, hence the starting point for 3k+1 is zk instead
of x(0) as in SIMULA. '

be The saturation status is checked after each integration
interval and the equations changed accordingly.

We cnall repeat the system equations (3.7.8), (3.7.9)
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LN
1 . L:l cs LI"
Boer, = 2 - ZL—k - o (5.5.1.)
}q:l’ .oy 9 e Joloe
. i 3
X = AocL’-S * thckdul * thc ¢ * Bdgd i,j=1, 2 (5.5.2.)
J i g

(The numbers quoted are for NC = 2 control inputs, as is the case

here; in general if i,j =1, .., NC=L = 2NC, q = BNC).

The recurrence equations (3.7.11), (3.7.12) are repeated here

A_8t 6t
= A * L ] L ]
- i jo
Touq = VL[ELEckdui + qucucj + BdEd], . (5.5.4.)

As in the case of SIMULA, the parameters_g,.gc and X, are comfuted
for each t and stored. At the end of the computqtion, the final
values are printed; the parameters plotted and a table of constraints
and peak values printed, as well as the "weighted gain" matrix
with the dominant values.
Again as in the casevof SIMUIA a number of options are open and
read in on a “"keys" card before the data, whereas other options
are inserted into the main program. The options in the "keys"
card are:
(i) 1IPD, IQUICK, MI, IKDU, MP, KRED, IDC as in SIMUIA (see
section 5.4.1).
(11i) ISKIPS = 1, excitation No. 5 not run at all.
(iii) TMAX, simulation time 1limit in seconds.
(iv) RTMLIM, real time 1limit in seconds. This is necessary as
the length pf computation is not exactly predictable, and
rather long. Hence a call asking for the time is inserted

in the main program, and if it reaches RTMLIM (which is set at

5 seconds less than the time 1limit on the job card) the
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simulation finishes leaving enough time for the
printing and plotting of results. '
(v) DT10, DT100, DTL000, DTLO000, respectively the integration

interval &t after 10, 100, 1000, 10000 secondsof simulation
time. Up to 10 seconds the 8t's are set in the main
program, and are as follows:
Up to . 3 seconds of simulation time, 6t = 10 m sec.. Up
to l\sec, 6t = 50 m sec.. Up to 10 sec, 8t = .1 sec.
These intervals can of course be changed at will, but
from experience they seem the right ones. It must be
recalled that since fhe integration is performed from
tk to tk+1 and the control values may cross the
saturation line at any time, 'the shorter &t is the more
accurate the simulation will be. On the other hand,
economy in computing time has to be taken into account:
for each 8t the computing time is about 60 m sec.

The input data are as in SIMULA (see section 5.4.1). After reading

them in, the program proceeds to:

(i) Break up B into Bc and Bd as in (i) of SIMULA (section 5.4.1).
(ii) Reorder the values of u as in (ii) of SIMUILA.
(iii) Set code number 1 to KASAT and KSUMB, which correspond to
L and q of eg. (5.5.3) and are numbered as follows:

Saturation code table: UBUC(1l) = upper bound of u

IBUC(1) lower
UBUC(2) = upper " " u

1" 1" 1"

IBUC(2) = lower

V = constraint violated



UBUC(1) | LBUC(1) | UBUC(2) | LBUC(2) || KASAT | KSUMB
- - - 1 1
- v ~ 2 2
~ - v 2 3
- - - '3 L
v - - 3 5
- v - 4 6
- - v 4 7
v v ~ L 8
\ - v L 9

Compute A, , W, ..., A, W, for Agqy (eg. 5.5.1).

o | : =1
Compute A, , V,. Store A, W,, A, , V, in RTC, W, RTCIN, V,

respectively. Call EIGSAT for this step.

(iv)

(v)

(vi)

(vii)

(viii)

Set type of excitation, initial x(0) and disturbance input

Uy calling routine EXCITS and:

e

b.

Ce

d.

~ Set KCD (eq. 3.5.11)

Compute‘EC = Kc&gd
Compute Kdg (eqs 3.5.9), kg = = KdgEd
For IDC = 1, compute‘g;u (eq..3.8.5)
- - 1 '
Compute Xbu1 = vg(33)1_v1[gc kdu1f§;kdu2+Bd%q] (eqg. 5.5.4)

This is for the non-saturating case, i.e. L=g=1.
Compute additional parameters with EXTRA.
Check if‘gc(O) violates constraints. If so, set new code
~ (%
numbers and change u, to_gcg ?Call SATCD for this step.
Print initial values of x, u, e Prlnt‘gc, gﬁu and

constraints forlgc.

Set TMAX (maximum time), NLIM (max. number of time intervals

)

~
u, = value of.gc saturated.
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(ix)

(x)
(xi)
(xii)

(xiii)

(xiv)

(xv)‘

(xvi)

(xvii)

(xviii)

(xix)

(xx)

(36d.)

(xxii)

(xxiii)
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to be plotted), initial time t, initial interval 8t. Set
all arrays in STORE to gzero. .
From here on, until (xix) all steps are repeated for
each time interval.

Check if new code number KASNEW is equal to the previous
one (KASAT). If not, update eigenvalues/vectors and
inverses calling UPDEIG.

Check if new code number KSBNEW is equal to the previous
one (KSUMB). If not, update v,  to satisfy eq. (5.5.4).

bug
Compute eAét.

ASt

Compute s = AJ(e
Compute second term of eq. (5.5.3). Check real condition.
Print if requested.

Compﬁte first term of eq. (5.5.3). Cheqk real condition.
Print if requested.

Add both terms of eq. (5.5.3). Print if requested.

Compute additional parameters with EXTRA. Print if requested.
Check if u, violates constraints. If so, proceed as in

step (vi). Print u , x,  if requested.

Iflthe time interval coincides with the preestablished times
of plotting, store the response for time t.

Set new &t and go to (ix).
Print final values of x, u and.gir.
Print all values in matrix form if requested, each column
headed by the corresponding t.

As in step (xxi) of SIMULA.

Set a new type of excitation and go to (iv). -

The store needed is about 45K (system excluded). The execution

time varies with the width of the integrating interval &t, typical

cases varying between 100 and 800 seconds on the CDC 6600, for a

simulation time of 10000 seconds.
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5.5.2 List of subroutines

EIGSAT CARVUP
SATCED MULMXV
UPDEIG NULL
UPDVBU MULTT
EXCITS SUBTR
EQUMC _ ADD
EQUVC RORDRM
FILTER | NEGVR
KDUCHG ADDV
CHDATA NULLRV
DCCOMP | MULCOM
EXTRA INVCOM
RORDUS MLMXDC
CONSTR INVERT )
PLOTS MULCMRV
GPH MULCMCV
SCALPL MULDVC
STORE EIGVVL
LISTVS HESSEN
TREVCR QREIG
WRRMX QRT
WRCMX ASQR
WRRMXT EIGVEC
IRMPOL3 DE1SP
TRV2013 SLOPEL
TIV8ALO INTPOL
RCM2013

RRM2013

RCV2013

RRV2013

RIVBALO
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5.5.3% Desecription of subroutines

EIGSAT :  Computes the four possible A,qp (eq. 5.5.1), for
each of them the eigenvalues/vectors AL’ W_, and for Aoc1 = A--BCKr
the inverses A;1, W:1. Stores all the AL’ WL. In addition it
stores &, A;TW”W;1 in A, Af1, W and V respectively.

SATCOD ol Checks if u, violates any constraint and if so,
changes it to the corresponding saturated valuelﬁg sets corres-
ponding code numbers to KASNEW and KSBNEW according to the
saturation code table shown in step (iii) of the main program.
UPDEIG : Updates eigenvalues/vectors and their inverses
vaccordlng to the saturation code KASAT, i.e. stores AL WL into
A, W and computes the new A . W-1. ‘

UPDVBU : Updates the new vector Y (eq. 5.5.4) according
to the new values of L(KASAT) and q(KSUMB). ‘
EXCITS : This routine is very similar to ﬁXCITE (see
section 5.4.3); On top of setting the initial excitation x(O)

and o it sets KCD and computesic, KDG , as explained

’ kﬁu’ x%u1

in step (iv) of the main program.

EQUMC, EQUVC : Identical to the routines described in section

(5.3.3).
FIITER, ..., INTFOL (Remainder of routines in the list of section

5.5.2) : Identical to the routines described in section (5.4.3%).

5.5.4 Output
| It is the same as for SIMULA (see section 5.L4..4) with the
following additions:
(i) The table of options as read from the fkeysﬁ cards
include ISKIPS, TMAX, RTMLIM, DT10, DT100, DT1000,

DT10000, explained in section (5.5.1).
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(ii) Optional. The four matrices Ay, instead of Aoc only.

T

(iii) The eigenvalues and ranks of the four matrices AOCI; .

5.6 Description of analog programs

During the course of this research a number of simulation
runs were done on the analog computer at the plant site. This
comﬁuter is used at Winfrith for the alternate objectives of
general purpose énd in the role of "simulator" of the plant, in
which case it fulfils the following functions:[6J

(i) As a device for giving the plant operators initial

training.

(ii) As a device on which theorectical transient experiments
can be carried out prior to practical dynamics
experiments on the SGHWR itself.

(iii) As a device which can easily be modified for studying
control system design modifications to the present
SGHWR or for design of control systems on future
reactors.
It is in this last capacity that the'simulator was used for the
purposes of this study.
The "simulator' comprises:

(i) A general purpose 2-Console 231R Pace analog computer.

(ii) A reactor control desk with instruments and controls
and a separate panel attached to it.

(iii) A logicband interface unit.
The Pace complement used for the simulator comprises: 200 amplifiers,
300 potentiometers, 17 quarter square multipliers, 13 servo-
multipliers, 17 comparators and 7 function generators. In

addition there are three Elliot transportation delay drums and



two 8-channel chart recorders.

As a whole the simulator represents the complete non-linear model
of the plant, including the logical units for emergency trips and
other conditions; these;units were nét used in the runs done

for this study.

Two different "programs'" were used on the simulator for our
purposes:

(i) The plant stripped to its essentials, in order to
compare the correctness of the linear model before
attempting to add control systems to it. This was
case (7) in FDBCK1 (see section 5.2.3) which includes
feedwater control only.

(ii) The plant incorporating the controller for various
"cases'' of regulator design, including free or saturated
simulation, and complete or reduced s;t of feedback
variables. The non~controlled model here was case (3)
of FDBCKL which includes conventional (existing) feedwater

control and load-following.
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CHAPTER 6

RESULTS

What results are we really looking for? Ideally we
want to obtain . the feedback gain matrix K for a large
(infinite?) number of different levels of operation. Even so we
would then only be obtaining an approximation to an optimal
controller because we are employing a set of linearized models,
while the plant is really non-linear. Since linearity is a
"reasonable" approximation for smell variations, it follows that
a large number of steady states ought to be calculated and an
equal number of linear models computed for each steady state.
Each model would then have an "optimal" dynamic performance if a
suitable matrix K were applied to it. The "optimal" performance
would then hold for small variations around each steady state.
But since the variations are ~ or may be - large; the approxi-
mations are necessarily rough(*). The most one can hope for
is to obtain "optimal" regulators which when spplied to the
real non~linear system will give it a better performance,
according to the control objectives outlineg in section (1.3).
The procedures of computation, for each level of operafion,
are as follows:

(i) Find the steady state. This is done by running

SSNL2D once (if the run is successful).
(ii) Find the linear model by running MXEV2X1 once

with the output of SSNL2ZD as input data.

(*) One way out of this problemis a piecewise linear approach,
switching from one model to the other as the signals grow.
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(iii) Solve the optimal regulator problem by running
REGULA with the output of MXEV2X1l as input data
and setting cost matrices Q for the state and R for
the control.
(iv) Simulate the optimally controlled system by running
SIMULA with the output of REGUILA as input data.
Judge the dynamic. performance according to the control
objectives and repeat steps (iii) and (iv) as many
times as is necessary to obtain acceptable responses.
(v) Run on SIMSAT selected cases of REGULA which are
"acceptable'" by SIMULA standards. This being the most
realistic simulation the system is subjected to, the
best response of SIMSAT will indicate the controller
to be adopted. .
A major part of the work done in this study consisted in writing,
testing and improving the five programs which form the procedure
just described.
The steady state waslcomputed for 100% and 75% full power. The
linear model was constructed for 100% only and a number of runs
were made of REGULA, SIMULA and SIMSAT to find an appropriate
feedback gain matrix K for that level. The system was excited
with a negative step demand of 10% eletric power and separately
with an alteration of the steam pressure by 20 p.s.i. The
réasoning behind this is that a negative step at 100% should
produce a performance roughly symmetric to that corresponding to
a positive 10% step at a lower level. The approximation is of

course rough, as explained above.
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6.1. The steady state

(i) For the 100% level, 7 sets of different initial values
were given as input data to SSNL2D, all with successful results(*),
according to table (6.1.1). NI is the number of iterations and
NC the number of calls for the function evaluation before the
program converges, i.e. satifies the conditions imposed upon it.
SI is the sum of the squares of functions with the initial values
and SF with the final values of the variables. The first set

of initial values corresponds to the data obtained from the

plant site. The other sets are deviations from the first one.

(ii) Tor the 75% level, the set of steady state values

was found, but it was not further used.

(iii) Appendix @) is a listing of the mor€ important

routines of SSNL2D,

(*) Two runs with sets having 5 and 10 initial values
with opposite sign, respectively, did not converge
after 1000 calls, and gave no evidence of any pronounced

minimization taking place.



Set Initial Values. NI NC SI SF
1 A1l equal to the values obtained 3 17
with STEAD6 (Winfrith) 4 45 1.10 2.10
2 A1l * 3% off (some values + 3%, 8 15
some - 3%) 8 55 2.10". 1.10
3 A1l * 10% off 11 6l 1.10" 10
4 A1l % 30% off 18 87 310" 3.0
5 From %, to X g, * 50% off Ly 206 7.10"" 4107
6 A1l * 506 off 43 183 1.10"" 2.10"
7 Two values with opposite sign 4 45 2.1O+11 3.10-15

NI :

NC

ST

SF

Table 6.1.1. Some results of SSNL2D (100% power level)

Number of iterations before the program converges.

Number of calls for the function evaluations before the program converges.

Sum of theJSquares of functions with the initial values of the variables.

" ft " 1" 1" ft

4] "

final "t n " HA

941
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6.2 The Linear Model

Only the 100% level has been processed by MXEV2X1.
Seven different "casesf in FDBCKl (see section 5.2.3) have
been executed, the output being the complete printout with
the checking feature described in TESTMX (see section 5.2.3 for
results of linearization), and the punchout of the corresponding
matrices Af, Bf, Cs’ as well as a list of steady state values, etc.
The results of the linearization are quite acceptable, as can be
seen in section (5.2.3) in the description of TESTMX.
There is no point in listing the print-output here. The more
important routines of program MXEV2Xl are listed in appendix (B).
Case (%) in FDBCK1 (i.e. load following and feedwater control but
no moderator éontrol) has been used for the optimization and
éubsequent simulation procedure: the output of MXEV2X1 for case (3)
was fed as input to REGULA, together with set data elements of

the matrices Q and R for obtaining the optimal regulator for each

of many cases of REGULA (*).

*) The cases in FDBCKL of MXEV2X1 should not be confused
with the cases of REGULA. The cases in FDBCKl (seven
altogether) refer to a particular model, whereas the
cases in REGULA are different regulators obtained for
different cost matrices Q and R, all for the same
linear model (Case 3 in FDBCKl) at a level of operation

of 100% full power.
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Case (7) was used directly in SIMUIA in order to check the

transients against those obtained with the Winfrith simulator" “.

(*)

*)

Case (7) as mentioned in section (5.2.3) is the basic
model plus feedwater control but excluding load following
and moderator control. It would have been preferable to
use case (4) for checking the model: this case includes
load following, feedwater control and moderator (or power)
control, as existing at Winfrith. This would have been
sensible because a comparison of the performance with the
existing controls and that with the "optimal" controller
could have been made. But unfortunately case (4) yielded
an unstable system in our model, and this was confirmed by
Winfrith, where the plant with the existing moderator
control is indeed unstable when load following is the
operating mode (it is stable when connected to the grid,
i.e. when the frequency is not a state but an input to the
plant).

Following are the equations for the moderator control, which
were not listed in section (2.1.3).

vy = (1.838-0.8729%, )x, -0.8729%, %, (6.2.1.)
V5 = 0.3862%5 %4 + 0.3862%40 X535 ) (6.2.2.)
.1 1 0.0029 -
Wy = T W, tS Y m ey : (6.2.3.)
e Tp 2T
) K K . - :
1]25= Kf“'h - Kfy,l "Eiu.z'] +-Zi-‘u29 (6-2-4.)7

Where the meanings of most variables are found in section (2.1)
and: '

X steady state values of x

w, = IPC, power controller variable

K.f = transfer function gain for moderator valve
= 30
Te = moderator valve lag (power controller)

40 seconds
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6.3 ‘The optimal regulator

The linear model at lOO%<power level obtained from MXEV2X1 |
(Case 3 of FDBCKl) was applied to REGULA in order to find the best
"optimal" regulator to suit the control objectives. Nearly 200
cases were run and the resulting systems AOc applied to SIMULA for
transients computation and evaluation. In this way the elements
of the matrices Q and R were set at different values on each new
case, judging b& the performance of the last one(*). The number
of cases would have been appreciably smaller if it were not for
the long "turn-around" mentioned in the footnote. Alternatively,
the regulator could possibly have been refined furfher with the
same number of cases run. In the end accgbable cases for the
controller were found, and one or two will be especially
recommended.

The complete list of cases run will be written in appendix F.

(*) In actual fact, due to the exceedingly long "“turn-around"
time of the computer, several new '"cases" were fed into
REGULA simultaneously, without waiting for the results.
The evaluation procedure mentioned above was thus done
on a batch basis, rather than case~after-case.
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The purpose of appendix F is to indicate the search directions
fowards an optimal controller, to be used if and when an
extension of the present work takes place. The proper procedure
would have been to set systematically series of cases changing
one element of cost at a time and repeating for different
combinations of the rest of the elements. This would yield
"familieg" = of sensitivity tablés for each parameter. Needless
to say, such a procedure would be unwieldy and enormously
expensive in computer time, due to tle large number of possible
permutations, even if these were restricted to what is considered
reasonable.

On the other hand, the procedure used and described above has the
disadvantages of a search which is not systematic and a bit
haphazard. It is very time consuming for the designer, who finds
himself as a kind of human element inside an interative process
which has a very long period due to the long fturn*around". It
seems that this procedure would be ideal if used on=line with the
computer (possibly combined with visual display).

In this chapter only a few selected cases will be tabulated for
judgment. The tables include the following:

The case number; the cost elements 4540 Ti4 (Q and R were made
diagonal to facilitate the search for a better control), the
product of the eigenvalues A of the controlled system, the time
constant T of the mechanical power X%;g, and fhe peak values of
the most important parameters iﬁvolved. In some instances the
positive and negative peaks are given, whereas for other parameters
only one peak is given, implying that the peak value with the
opposite sign is one or two orders smaller and hence irrelevant.

The value is underlined whemwer a constraint is violated.
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As was explained in the description of SCSMX (see section

5.%.3) the number of state variables to be costed was reduced
gradually from 8 measurable states to only two, having found that
for two costed control inputé it is easiest to search for a better
control by costing two states. These were selected to be X0 and
X304 the steam drum pressure and frequency, respectively. The two
con%rol inputs are ua, (élso called u;) which is the demanded

1
position of the moderator control valve and qu (ue), the speeder

motor demanded position of the turbine control valve .

The peak values listed are those of the costed parameters, and in
addition x%; (the normalized neutron flux) x,,(the moderator
control valve) and the derivativeofthh. These last 3% parameters
are not listed in the complete tables of‘appendix F,

6.3.1 Contrdlability, observébility, precision and speed

(i) The controllability is not affected by changes in Q
or R, hence it needed not‘to be tested for each case. ’The test,
as described in CTROBS (see section 5.3.3 and eq. 3.4.35) was done
and the system is controllable in the sense that all rows of E have
at least one element greater than lO-2 in columns 5 and 6 (the
controlled inputs).

(ii) The observability does depend on Q (see egs. 3.4.36
and 3%.4.29) and hence needs to be checked for each case. In fact
from the equations quoted it can be seen that the values of the

%
elements in the rows i of fh ére proportional to the square root
of the corresponding cost element qii’ hence they may be forecast.
Row nu@ber % corresponds to the cost of X1 9 (pd) and it turns out

that in this row are the critical elements of ¥q, critical in the

sense that many of the row's elements are the largest elements

(*) (in eq. 3.4.36)
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in their respective columns. It follows that the cost
corresponding to x,, must have a value high enough for Fg
having at least one element greater than lO-2 in each column,
according to the definition of non-zero given arbitrarily in
sections (3.4.1, 5.3.3). The cost thus necessary for x,
turned out to be larger than 10*. During the first stages of
our trial-and~error runs of REGULA-SIMULA a high value was
given to @440 but it was soon found that although.xdg was
thus drastically reduced, it was exceedingly difficult to
balance the cost pattern so as to avoid too high values on

the other important parameters such as u, (YMDEM),lﬂ&'(YTCVDEM)

: 1
and x5, (DF). Therefore most of the cases have a lighter penalty
on Xy, , implying that the'hon-zero" element in some of the columns
of ¥Fq was of order 10'"3 rather than 10 ;qbut since the value
]ifz was chosen arbitrarily anyway, this is no serious setback.
(iii) The precision of the solution of the matrix Riccati
equation implies (see section 3.4.1) that P should be real,
symmetric, posifive definite and satisfy eq. (3.4.10) within
reasonable bounds of numerical accuracy. The ways of testing
precision was explained in RICCAT (see section 5.3.3). It is not
considered desirable to present here extensive tables of accuracy,
on the grounds that it would not illuminate the problem more than
a qualifying comment would do. On the other hand, while running
the programs, the precision was inspected in order to acquire a
feeling of the usefulness of going ahead with the simulation. On
these general premises then, the following should be said: The

ratio of imaginary to real part of the elements of P was smaler

-7
than 10 Wwith the exception of a number (the order of several
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tens) of elements where this ratio was larger but rarely more
than lCr“. Roughly the same precision occurred with the
symmetrical condition of P. The matrix SSO representing €Q.
(%.4.10) which should be O, had a very considerable number of
elements greater than 10—7 and a smaler but significant number
of glemeﬁts greater than lCr“ (usually the order of several tens).
Occasiénally thg precision was worse than the above figures, in
which cases a closer inspection revealed that the eigenvalues of
the Hamiltonian matrix were not all symmetrical with respect to
the imaginary axis, i.e. the procedure of solution of the Riccati
equation was imprecise from the beginning. Such cases were, of
course, dismissedj they usually occurred for very heavy penalties
on all the costed parameters.
Finally the test of positive definiteness usually yielded two to
four negative eigenvalues of very small magnitude, of an order
at least 10'° smaller than the largest positive eigenvalues.
Summarizing, the precision obtained is reasonably satiéfactory for
the cases used for simulation. Also, the real proof of quality
of the regulator designed does not lie in the accuracy of
computation but in the performance yielded in the simulation runs.
(iv) 1If we define the "speed" of the controlled system
‘as the product of its eigenvalues, it is seen that it increases
approximately with the square root of the product of the elements
of the diagonal matrix R-1 and also with the square root of the
product of the elements of the‘diagonal matrix Qy' In other words,
the "speed" increases by giving lighter penalties to the control

inputs and heavier penalties to the state variables.



6.3.2 REGULA with SIMULA

In this section the table of contraints is given, as it
appears in the printout of all the cases of SIMULA and SIMSAT
runs (see table 6.3.1). The second table (6.3.2) is a list
of results for a number of selected cases. In the next section
a list éf results for the same cases(save a few) run on SIMSAT
is given, and may be compared with the SIMULA list.

Two types of excitation were run on SIMULA and SIMSAT:

Type (5) @  =x,(0) = 20 p.s.i.a. (%0 = pd)
Type (6) : Ugg = -0.1 uSs (uds = P;, step disturbance)
(u, = P, steady state value)
Sg B

Only the results for excitation type (6) are tabulated. The
reason is that the results for exc. (5) are always better than
for exc. (6), since this last one is a much more-demanding
excitation than the first one. In the search for a better
control, the results of exc. (5) were always inspected, but the
guidance as to which direction to take in the costing was taken
from the results for exc. (6).
The explanations for table (6.3.2) were given in the introduction
to section (6.%).
The table (6.3.1) of constraints requires a few explanations:

(i) In the description of CONSTR (see section 5.4.3) the
equations (5.4.3,'5.4.4) show the inequalities which have to
be tested in each simulation: the steady state value plus the
positive (or negative) peak deviation is compared with the
upper (or lower) bound of the parameter dealt with. These bounds
are listed as upper and lower constraints in table (6.3%.1) and
are valid for the total values (i.e. not deviations only) except
in the cases of x and xgg dealt with in paragraph (iii) of this

section.
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On the other hand, the constraints listed at the bottom of table
(6.3.2), to be compared with the peak values in that same'table,
are the bounds to the deviations from the particular steady
state values (100% of full power) for which table (6.3.2) is valid.
Therefore, only in the case of those parameters which happen to
have a zero steady state value, are the constraints listed in
vtable (6.3.1) equal to those 1iéted at the bottom of table (6.3.2).
(ii) As mentioned in section (3.7) there are three types of
constraints: the so called "hard'constraints such as valve openings,
specified constraints such as frequency and pressure deviations and
lastly engineering type constraints such as speeds of valves, which
could in theory be changed. In the present work the emphasis was
concentrated in the first two categories, hence table (6.3.2) lists
only a few of the total number of constrained parameters. In the
discussion of results it will be seen that this choice was justifed.
(iii) In the cases of x (@t, normalized neutron flux) and
xm;(Q', normalized thermal power) the constraints are peak to peak
instead of positive and negative bounds separately. They were
calculated with the safety constraints at present active at the
plant site: a tripping device operates when the power output
exceeds *1%Mw(elec.) from a set reference level. From the steady
state equations it emerges that the equivalent of 26Mw(elec.) peak
to peak is approximately 0.20 for the normalized flux and 0.24
for the normalized thermal output. These were the constraints
adopted, and in all the cases run the two parameters remained
well within these bounds.
Let us now look at tables (6.%.1) and (6.3.2) and discuss the

results.
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Costs Results

T Peak values of deviations from s. state

Case | x,0 (%0 Ugyuc, Product {sec) : .
Pg | °F | Y| ¥acy ei;];nvs. ;ﬁM;C LAV B T L g' i, ?};
ooz | 10 |E4 |E| B2 |8.8E-17 }.16 f'?i fi?? .29 |36.]-.12 f—.-g-'— -2.9
0029 | 10 |E5 |E4| E2 | 3.E-16 |.1 f‘?f ’_“ZEZ on f37. 112 EE L 2.
0046 | SE2 E6 |E6| E3 | 2.B-16 [.1 i_.aiz fig .18 |42l |-.12 f% 2.4
o049 | s5E3 |E6 {E6| E3 | 5.88-16}.55 ffé f;g_ .81 {20.]-.12 fé'o‘ ~k.
oo8: | 1 {1 {ms| 6 | 3.E-20{.51 ii?6 _?69 .23 |mo.|-.12 f?g:g -.93
0085 | 10 |1 |=ms| =6 | 1.1B-19}.51 ‘:ﬁ% _(_)69 .23 |62.{-.12 i7§:4 ~1.6
0092 | 2.1 |1 |m6| E5 | 1.6E-20{.49 i:65 -(.)098 43 heo. [-.12 E—g—](-)l ~.62
0096 | %0 |1 |Es| E6 | 2.3E-19].51 fzzg _-%9- .23 |48.1-.12 f—:—% ~2.2
0098 | 20 |1 |Es| E5 | L.2E-19{.53 fé?g f:gg Lk fs52.1-.12 }:%%3 -1.9
o100 | 20 |1 {ms| m6 | 1.7B-19].51 i_éig. -?69 2% |53.]-.12 ‘:ﬁ ~2.
o110 | 383 |1 |E7| E7 | 6.78-19].56 iﬁ f_:i@ Sk |46.|=.12 f—f%%g 2.1
0120 | 10 |E2 |EY] E5 | 6.3E-19}.52 iBfL _(_)5% .23 |36.1-.12 ﬁ-:-gio*-l -2.9
o123 | E2 {E2 {EL4| 6 | 1.88-18).52 fézg _?i .23 |22.]-.12 fﬁg@ 4.9
o126 |5E3 |1 |E8| E8 | 1.E-19}.52 ji; —?693 27 173.1-.12 f:ggg -1.4

. Table 6.3.2. Some results of REGULA with SIMULA (free simulation)

Case (3) of FDBCKL at 100% of full power

Exci . . . - .
xcitation (6) udB luSB (ud8 PE’ step disturbance,

u = P, steady s#ate)
Constraints on deviations: ~1.< u, < +l.

Notes:

(i)
(ii)

-1.45<u 15 +1.8
-1.< ng +1. o/ sec
=40.< x10< +40. psia
=0.0033< § < +0.003 /sec
=l.S % < +1.

X ea o pe 2
4 (peak to peak) < .20

Values underlined violate constraints.
ED = 1R
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The results actually available to the designer are of course more
complete than those listed in table (6.3.2). They include the
plots of the responses of the most important variables. These
plots are to be found in appendix (@ for one case (0126) of

SIMULA. In the same appendix are the plots for the same case of
SIMSAT, as well as SIMSAT with a reduced set of feedback variables.
From table (6.3.2) it is seen that the time constant of the
ﬁechanical power delivered is usually about .5 seconds, i.e. well
within the specifications set in the control objectives. On the
other hand, it proved quite impossible to manage so that all the
variables could stay within their constraints. Ag can be seen

in appndix (¥ (where all the cases run are listed), by penalizing
one variable the usugl result is that one or more of the other
variables yield higher peak values.

A situatioﬁ of "tug of war" arises which leads to ever increasing
penalties all around, without achieving the desired aim of getting
the peak values to remain within the constréints. In table

(6.3.2) only two cases (84 and 92) are written for illustration of
what happens when the peak of uC1 (YM demanded) is forced to remain

within its constraints: the pressure rises to peaks 3 or 4 times




as high as the values specifieé in the control objectives.

The peak of x, (normalized flux) has approximately the same

value for all cases indicating that the adjustment of reactor
power remains relatively dettached from the conflicting
relationship of the other important parameters. The speed of the
demanded position of Yy (ﬁ% ) is almost invariably greater

than the specified value. Although it has been stated before

that the specified speed could be altered, at least-in theory,

it should be obvious that preference is given to the cases where
the speed is within its constraint or not much outside it.
Penalties onuc2 and on X3, have normally the same result of
reducing the excursion of YTCV and of the frequency error.

This can be seen better from the complete tables in appendix(E)
But the adﬁantage of penalizing qu lies in the fact that alone
among the L costed parameters it has little influence in the

peak values of the other 3. Hence it is more amenable to "tuning".
12 of the cases in table 6.3.2 have been selected from the complete
tables (in appendix F) because they provide a reasonable basis for
being run on SIMSAT, having one or both of the peak values of the
control variables violating their constraints, mostly by something

of the order 100-200% but not as much as a full order of magnitude.

6.3.3 REGULA with SIMSAT

It should be clear by now why the 12 cases mentioned in table
(6.3.2) have beenselected to be run on SIMSAT. By forcing the
control inputs to remain within their constraints it was expected
that the frequency error and pressure would go up, and it was

hoped that the displacement would be acceptable. Let us loock at
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table (6.3.3) and discuss it.
The most important conclusion is that it proved impossible to
force %, (pd) to remain within its constraints of * 40 p.s.i.a.

However, the figure is normally around the 80 p.s.i.a. which is

only twice the constraint. Now this constraint was an engineering

specification, as will be recalied from section (3.7). It is not
a hard constraint, and the specification may be changed, as was
found in éonsultation with the experts at the plant site.<*)
Next we come to ﬁfh’ the speed of Y;CV’ which in all cases
violates the constraints, but comes most closely to them in case
(0085).
Cases (0096), (0100) and (01265 also yield ﬁq; quite cloée to the
constraints, though outside them. It was already discussed that
the speed constraint could be changed, and the cases mentioned
seem'acceptable.
Next we come to the neutron flux, which for SIMULA was always
2:.12 but for SIMSAT increases and in one case even violates the
constraint. From the above mentioned cases, (0085) and (Q26) are
the most preferrable.
In only one case (0049) does the frequency violate its constraints
of 1. c/s. It is of course desirable to choose among the cases
with the smallest frequency deviations, and again cases (0085),
(0100), (0096) and (0126) are the best.
It is at this stage that a controller has to be recommended, and

cases (0085), (0126) seem the most appropriate choices. There is

(*) The purpose of the bar on too large deviations from the
" steady state pressure is, for negative deviations, the
danger of pump cavitation should the pressure fall to a
drastically low value, and for positive deviations,
danger of the pump stalling.
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surely room for more refined optimigzation, but it seems to be
that the pressure deviation must be high in order to
accommodate the remainder of the parameters within their
constraints. Physical changeé spring to mind as possible ways
out of this problem, and most proﬁably a different choice of kv
(voi@age coefficient of reactivity) could lead to a solution
(see table 1.1 in section i.z) but any physical change was not
*
contemplated in this studyf )
In all the cases run on SIMSAT, the control vector entered the
zone of no saturation at times shorter than 30 seconds. This
allowed us to set relatively long integration intervals, namely
10 seconds long after 100 sec. of simulation. The intervals up
to the first 10 sec. of simulation are built into the program =
i.e. they are not data - and can be found in section (5.5.1).
The final settling values of all the variables were equal for
all cases of SIMSAT and SIMULA, as they should be.
The settling times for the control inputs are of the order of
200 - 300 seconds, whereas the remainder of the parameters
settle anywhere between 100 and 1000 seconds.
This result is not surprising, as the eigenvalues of the
controlled system yield natural modes of oscillation ranging

"from 4Omilligecondsto 2500 seconds.

*) Also, in changing k,, careful consideration must be given
to keep it within the ccnstraints ¢f a reasonable Uranium
fuel economy.
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Costs Results .
. T Peak values

Case| x40 | X3¢ u‘c1 u'cz (}s{fac) . N x| %a Xy 5 %2

Pa | | Yy | Yooy |Pumc 1 9 S Y
oot2| 10 | m | m | m | .16 | 5% 14D e | g8 —apli |
ooz9| 10 | m5 | ms | E2 | .12 | 57 tfﬁg .68 ] 83.] -.18 iﬁiﬁ ~1.
oouslsmz | 6 | me | ®3 | .12 | 1Y fjffg .33 | 81.] -.16 jf—‘ -1.
oouolsEs | B6 | E6 | E3 .56 j i:}g 2.5 | 63.| -.18 ﬁ%% ~1.
00851 10 | 1 E5 | E6 .51 ff“ _?' .23 | 83.] .14 f:8807 -1.
06| 30 | 1 | B5 | E6 .51 ifs O o5 | g2.| -u15 J_’:—% -1.
0098{ 20 | 1 | E5 | ®S 5k | 152 i:ég 67 | 78.] -.14 J::—E%. -1.
otoo| 20 | 1 w5 | w6 .51 J_“fB _f" .23 8o.| -.15 f:%%% -1,
ouof3e3 |1 | ® | ® | .50 | 5 f:gg 9 | 26| --15|1 755 |1
0120} 10 | E2 | E4 | ES .52 jf6 f:ggz L2 | 8o.| -.19 i:%‘i -1.
o3 B2 | E2 | Ew | B | .51 |10 170 | g0 -2 f:%gﬁj ~1.
oz6lsEz | 1 | m8 |8 | .52 iﬁ8 _?E}% 31 | 8s.] -.13 ﬁ:ggz -1.

Table 6.3%.%. Some resulis of SIMSAT (saturated simulation)

for cases of REGULA

Same comments as for table (6.3%.2)



173

6.%.4 Reduced set- of feedback variables. Recommended filter.

As explained in section (3.8), a reduced set of feedback
variables was found and tried successfully in a number of cases.
To determine the "dominant" values, the "weighted gain"' matrix of

elements ky.

3,3 ijeak was computed for a number of cases, and the

") Tables (6.3.4)

incidencée of these dominant values inspected.(
andl(6.43.5) are summaries for exciations type (6) and (5)
respectively. Tﬁe tables present the dominant values as feedback
to each control input separately. From the 15 parameters which
contribute more heavily to the feedback, the following are
directly or almost directly measurable: x,, X4, X5y %4 x22>,
%35, X390+ On the other hand %, %, xg are not measurable. This
leavesx 4, X3, }%5-, X%g, g to be fiiscu:ssed here.

x =M (total mass of water and two-phase mixture in primary
circuit) follows closely the transients of %, = h. (enthalpy of
feedwater leaving the feedheaters), which is measurable and hence
could be taken - with an appropriate scaling factor - :'an lieu of
x4 for feedback purposes.

X3 = hg (enthalpy of steam drum water) also at present not
measurable, could be measured by the temperature of the steam
drum water. %5, %g, %, are the delayed variables introduced
in section (2.1.2) and described by equations (3.2.14), (3.2.15)
in section (3.2.2). These equations could be simulated in a
fairly simple analog device and the delay~variables xzs', %6, xz'.,

(which correspond to z in the equations aforementioned) could be

*) The "weighted gain" matrix option is now standard on the
program, but since it was introduced at a late stage, only
a limited number of cases are available for inspection.
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0126
sat.. - i - - - x| - S RS I I P B
0100}
sat. - -l % - - - x| - el el =l ~I-
0098 ¢
‘sat. - * - - - *| - S UUY N IO D N
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Téble 6.3.4. Dominant feedback variables for excitation type Q@l

() Maximum value of row to ucy; of "weighted gain" matrix.

(') Value 1arger~than@ﬂo of Maximum.‘
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Téble 6.3.5.v Dominant feedback variables for excitation type (5).
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obtained from the measurement of the delayed parameters x_,

i.8e Xq3, xzé, Xy, delayed, as seen in the part of section
(3.2.2) which follows the equations mentioned. We have seen
that xy; and x,, are measurable; so is x,,= Sh (enthalpy rise
grough core), albeit indirectly.

Oof the three unmeasurable variables X5, X5, Xg the following can
be said: for exciation type (6) ~ the most important - x, and xg

are non-dominant, whereas x; is a dominant value in a small number

of cases, and then at the lower end of the upper decade. For
excitation type (5) - 20 p.s.i.a. of initial pressure deviation -
there were some cases where x, and xg are dominant, and many cases
where x; is dominant. Again, the three of them are on the lower
side of the upper decade. It was decided to experiment with a

filter which does not include x,, X3, Xg and see .if there are

important differences in the transients. Various cases of SIMULA
and SIMSAT were tried and the results were highly satisfactory:
the difference in the transients between the cases ruﬁ with the
complete sét of feedback variables and those run with the above~-
mentioned filter, is hardly noticeable at all.

We shall give peak and final values of two cases (0085 and 0126);
the simulation plots for case (0l26) can be seen in appendix (G).

"The filter used and recommended is as follows:

Feedback to U, P XX THpq TXqg 7Kg "X "Xps "X "Xpp “X30 -
1 .

Feedback to uc H ano "X11 "X13 . "'X,l 8™ Xg2 _XZ3 -X25 -X26 —X27 —-X 30
2

It has been explained in section (3.8) that although the transients
with the filtered controller were almost undistinguishable from the

transients with the complete set, the final settling-down values
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were different, unless a D.C. = compensation scheme explained in
the same section was used. This scheme consists of forcing two

variables to settle at zero value (which is the proper one),

changing the forced added control k

ky, of egs. (3.5.4), (3.5.9)

into another vector of two components, computed with eq. (3.8.5)

and repeated here

~ =1 =1 =1

k., =-lca BI CA "Bu, (6.3.1.)
or

'I'S'du = "I%)C_Ed (6-3-2-)

In those cases where DC compenéation was used, the difference between
Eﬂu and E%u was only fractional; however, it is this small difference
which is responsible for bringing the parameters -to their proper
settling-down value. Put in a different way, this is also saying
that without D.C. compensation, the very small amounts of feedback
which can easily be neglected as far as the transients are concerned,
when cancelled do not allow the parameters to settle down at their

proper values.

Let us tabulate the values for k and E‘ for three cases:
—du —du

Case —du E%u
0085 | k ~1.83%9 ~1.651
du,
du, - .00084 { - .09136
0108 | kay, | -1.723 | -1.553
kdU.2 - 304271 = 009051
0126 kdu1 ~1.525 ~1.386
Kqu, | - .09140 | - .09410




Let us now tabulate comparative results for two cases, 0085 and

0126, with peak and final values for the four possible ways of
similation: free, saturated (both with complete set of feedback
variables), saturated with reduced set of feedback variables (or
filter) but no D.C. compensation and finally saturated, filtered

and D.C. compensated. These tables are (6.%.6) and (6.3.7). From
them and measuring the peak valﬁe, it can be concluded that the
transients are indeed very similar in the filtered and the unfiltered
cases.’

A more detailed inspection may be done on the simulation plots for
case (0126) in appendix(G) /

The final values of a number of important variableg for the different
types of simultion of cases (0085), (0126) can be compared in table
(6.3.7) where it is seen that for the case of filter with D.C.

compensation the values are guite acceptable.
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Costs

Results

Peak values

Case |Type of simulation X | Xn | v, ucz (s;c) X, . X4 X5
pg | 8 | Yy | Yioy P;;acsz Yol Yo, | ¥ | X 3 | Yoo |1y g
SIMULA 10(1 |55 E6 |.51 fij_% _?(')9 .25 | 62.]-.12 f:ggw -1.6 | -.13
0085 |SIMSAT .51 ’_“f” _%91 .23 | 83.|-.14 f:8807 -1. -.15
SIMSAT & FILTER .51 ffB _%% 2% | 8u.{-.14 f:g807 -1. -.16
& D.C. CONPENS. S Dl N R L e A e IRRT
SIMULA 583 | 1 | B8 B8 |.52 fig _?‘ .27 | 73.{-.12 i:%g—g— -1.4 | =13
SIMSAT .52 ffg -(.)694 31| 85.0-.13 ﬁ:ggz -1, -1y
o126 SIMSAT & FILTER .52 fﬁé ~(.)i1 32 | 85.1-.13 f:ggg -1. -.15
sogie s rm P ) B ) Y = ey e

STOTJIEA 407 (Seonfes 3esd) SiTnsed saTjeieduo)
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Results:

final (settling-down) values

Case |Type of simulation uc1 u02 *10 *13 %21 *23 %30 sz. f? 1
i Ingy | Pa by T Yoy |%F % |09
SIMULA ~.38E~5|=.09047} .34E~6 | .93 |=.38E-5|~.09047] . 43E~6|~50.8|-.07291-.0893
SIMSAT -.258~51-.00047| .25E-6| .93 |-.25E-5{-.00047}.43E~6|-50.8|~.0729{~.089%
0085 SIMSAT, FILTER - 2LE=5|=.09336|~20.3 |-2.03|=.24E~5|~,06993|~.047 |-53%.1|~.0717|~.0885
SIMSAT, FILTER, _ cle mamio b 2o - el —287—c |- - -
DeC. COMPENS. J2UE-5|=. 09047 R 35E~2 | .93 |-.24E-5|~.00046]-78E-5 |~50.8 |~-.0729|-.0893
SIMULA -.38E~5|-.00047| .3L4E~6| .9% |=-.38E~5]~-.00047| .43E~6{~50.8|-.0729]~.0893
SIMSAT =~ 25E-51=.09047| JL46E~6| .93 |=.25E~5|-.09047] .43E-6|~50.8 |~.0729|~.0893
0126 SIMSAT, FILTER =~ 24E-51=,105 |=20.1 |-2.08|-.24E~5 —.06957 -,071 |-53.1[-.0717{-.0885
SIMSAT, FILTER, _ =l oy - S T LTy | - -
e COMPENS. « 24E~5-.09047| -2E~2| .93 |-.24E~5|~.09047 |- 14E~4|~50.8{-.0729|~.0893
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6.%.5 The recommended case. Discussion of results. Comments

on the analog runs.

From the inspections of tables (6.3%.2), (6.3%.6), (6.3.7), which
in turn are a selection of much more complete tables, it becomes
apparent that the best choice is probably case (0085) or (0126).
We shall write here, for the benefit of possible implementation
at the plant site - partly or tbtally = the matrices necessary
for the constructions of the controller for both cases. The
scheme-to be implemented is that of figure (3.1) in section
(%3.5). The matrices to be written here are:

(1) K_ = Gain matrix for the complete set of feedback
variables from x tou .

C
(ii) K, = Gain matrix for the complete set, from the
disturbance vectorl_l_d to gﬂu which feeds,gc.

For the reduced set of feedback variables = and hence liable
to actual implementation - the matrix K} must be filtered with
the filter recommended in the previous section and ch used

instead of K, . Hence
dg

(iii) K, ¥ Gain matrix for the filtered case = using D.C.
compensation to force x4 (p;) and x;,(8f) to O -

from u, to k. which (in place of ) feeds u_.
- =du u -=c

a Ky
Only 5 decimal places will be written, as greater accuracy will

not be possible to be implemented anyway (E+2 = 10?2).

(1) Matrix Kr (the two rows are written columnwise for convenience)

Case (0085)

Feedback to! uC = YMDEM uc =YTCVDEM
1 2
From x,= PHIDASE ~  .16755E-1. - 6727585
x, = X1BARDASH .15069E+1 -.13517E~2
% = X2BARDASH .95610E+0 =.16211E~-2

x, = TMAV .22770E+0 -.13481E-3

i



Xpp =
B3
BHy=
X25 =
X26=
X27:
X o=
X29:

X30 =

A2

: a3
= TF1STAR

TF2STAR

PD

HDSTAR
oW
OMEGA

WFW

= DPREG

PMECH

YR

HFHESTAR

= ¥M

HDASH
YTCV
DETAYVARL
DETLAYVAR2
DELAYVAR3
DELAYVARL,
IF1

IFp

DF

«62053E-2
.26588E~1
.89290E-1
=.533%60E~3
.87331E~3
+35006F-2
16716E-3
~.52890F-5
-53673E-2
«293%00E~3
«1094L9E-3
«17903E-7
-.28509E~7
.21568E-2
.11579E~2
. 70906E~3
«52264F-1
«65784E+2
-, 78L87E~4
.12192E~3
~.15702E~1
.16880E-1
«17194E-1
- 40127E~2
< 14446E+O
8384281

-. 2642854
~.52033E~4
~.12417E~3
~.56275E~6
-.18234E-6
-.11694E-3
~.13370E-5
- 1403LE~7

«17924E~3

.89524E-5

« 3313985
- .50005E-8

«11440E~7

. 78609E~4
~.16740E~3

.22236E&5
~.29786E~4
-.37990E~-1

-85998E-2
-.78934E-6
~.66777E~4
~.51216E-4
-.12816E-3
= 11174E~4

47U T3

-.702LLT~3

~
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(ii) Matrix Kdg (rows

Case (0085)

Feed to:

From u._ =

4

(iii) Matrix K . (rows written columnwise)

DKBAL

TMIN

= YDV

= YRDEM(REF)

WSDDEM

LIDEM

= DF(REF)

PE

d

Case (0085)

Feed to:

f%om ud1

written columnwise)

u
C1

«16055E+4
.13119E-1
-.19313E+1
.28892E~1
.0
J1711E-2
.83839E~1
;.17563E+Q

u
Cq

. 16733E+L
-23293E-1

.0

-.15760E+0

u
Ca

-.89309E+0
.85003E-6
.10570E~2
- 8948LF~1
.0
.11068E-4

-« 7044 0E~3

~.86731E-2

ucz‘
~.96632E+0
= 1449583
-93893E-3
.0
.0

.0

- .50000E+0

~.87228E-2
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For excitation type (6) the last column only is necessary for either

Kdg or KbC’ since u, 1is the only external disturbance.

dg
As mentioned in section (6.3.3), Case (0085) is not entirely within
its constraints, notably the pressure X%o which has a peak value
of 85 p.s.i.a. for excitation type (6), i.e. about twice the
constraint value of *40 p.s.i.a. This is still acceptable from
the engineering point of view.
The other constraints which are violated for excitation type (6)
are (see table 6.3.1 for comparison): speed of demanded opening
of the turbine control valve Cﬁ%') is 0.0051 instead of 0.0033;
rate of decrease of pressure (%, ) is -1.3_psia/sec instead of
-1.0 psia/sec; speed of opening (closing) of the feedwater valve
position (k1;5 is 0.057 (-.14) instead of *0.033; speed of closing
of moderator valve position (iz;) is 1.0 instead.of 0.2.
For excitation type (5) there are only three violations:

iU is -0.0057 instead of -0.0033

C
X4 is =5.5 instead of ~1.0

21; is 0.23 instead of 0.033
A1l the above mentioned constraint violations (except pressure)
are of speed, and hence admissible in principle, as explained in
section (3.7).' However, in making the choice between cases (0085)
and (0126), preference was given to the lower speed of Y&CV in
case (0085) as against the slightly lower excursion of @' in case
(0126).
The final value of @' is =.0729 (see table 6.3.7); the peak values
of =.128 and -.123 for cases (0085) and (0126) mean that the

overshoots are 766 and 69% respectively. The thermal power output

[}
Q@ (x,) has a final value of -.089% (table 6.3.7), whereas the

A
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peak values are ~.143 and ~.128 for cases (0085) and (0126)
t
respectively. Therefore the overshoots of @ are 60% and 55%
for the above two cases. Hence, if the speed ﬁc can be allowed
. 2

to be higher, case (0126) may be a better choice.

The three matrices Kr’ K K. will be listed as before:

‘ dg’ “de

Matrix K (Case OL26)

Feedback to: ' L U,

From x4 .12021E-1 = L95L7E-1
Xa .11853E+1 -.70209E-2
X3 <69546E+0 -.83795E-2
Xy .19101E+0 -.66792E-3
x5_ «33611E~2 -.13618E-3
X¢ .17698E-1 2749783
Xq +65216E~1 -.6L816E-3
Xg ~429L6F-3 .28537E~5
x;_ .5903LF~3 -.30868E—5
Xq0 . 24788E-2 ~.58011E3
Xqq .116658-3 ~.68224E-5
Xp ~.53851E~5 -.71194E~7
X3 «29690E-2 .88361E-3
X4 . 21003E-3 < 43529E~L
Xp5 784961, L16034B-1
X 46 «13689E-7 -.25019E-7
X497 -.21806E-7 «56982E-7
X418 .15249E-2 . 3L423E~3
15 8921453 - . 82686E-3
Xa0 48550E-3 .10048E-4
%1 <LL2L2E-1 -.14684F-3



«55L69E+2
-.385L6E~4
< 727L4E-L
-.11366E-1
.120378-1
.12204E~1
-.40378E-2
.14088E+0

«59259E-1

Matrix Kdg (Case 0126)

Feed to:

From u

4

ﬁc1
« 136075+4
- 13097E-1
- 16471E+1

.28175E-1
.0

L2L69E-2
.59259E-1
-.14563E+0

Matrix ch (Case 0126)

Feed to:

From ud1

u
C4q

.14109E+4
-+ 20629F-1

-.17230E+1
.0

.O

~-.18890E+0

«394228-1

—-39333E-5
~.32823E~3
-.26806E~3%
~.65545E-3
- .56490E~4

. 22217E~2

—«.35241E~2

u
Ca

= 43974E+1

. 8%184E-5
.51087E-2

Uh433E-3
.0

«56147E-1
-.352418~2

-.87273E-2

u
Ca

- .48049E+1

=« 72074E-3
. 46001E-2
.0

.0
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ud6 | .0 .0

u .0 ~ .50000E+0
ds

Uy -.13234E+0 -.89851E-2
8

For case (0126) the constraint violations are:

Excitation type (6):

x1o(pd) is 89 psia instead of 40 psia

X140 iS'iLZPSia/sec instead of -l.psia/sec ¢
*t

uq;‘%?CV) is 023 instead of .0033

% (Yp)  is .052 and -.14 instead of * .033

%, (L)  is -1. instead of -.2
Excitation type (5):

¢, 1is =.029 instead of =-.0033
X4 1s =5.5 instead of ~-l.

X9 1s .23 instead of .033

To summarize, cases (0085) and (0l26) are both good choices,
although in none we manage to have all the peak values within the
specified constraints. The violations, where they occur, are

on "soft" constraints which may be changed by different engineering
specifications. The hard constraints, on the other hand, are well
under control. The reduced set of feedback variables, coupled with
the D.C. compensation scheme discussed, offers a performance
remarkably close to that of the complete set, with all selected
variables measurable, either directly or indirectly.

It is at this stage that some comments are due on the analog runs
on the Winfrith simulator. The details of the runs are not

discussed because the digital simulation is more accurate and thus
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yields more definite results. But the series of analog runs

vere very helpful in giving a quick and clear picture of the
controlled plant dynamics, in free or saturated simulation, with
complete and reduced set of feedback variables. This also
enabled us to work with confidencé towards the completion of the
digital brograms. It shquld also be added that although the
accuracy of an analog computer is inherently lower than that of a
digital computer, the Winfrith simulator contains the original
non—-linear model and hence is more faithful to the actual plant-
performance than the linear model used for the digital simulation
programs.

Finally, the analog simulator was useful in order to test if the
linear model is correct in the first plaée, as will be detailed

F.
in the next section. -

6.4 Model checking

a

It has been explained in section (5.2.3) that routine'FDBCKl was
constructed in such a way as to accommodate various different
linear models ("cases") chosen by the user. The model of case (3)
was used for the optimal regulator problem and described in
section (6.2). The model of case (7) was constructed in order to
.match the non-linear model set up on the Winfrith simulator with
the specific purpose of comparing the transients and so to test
the correctness of the linear model.

The model of case (7) is almost identical to that of case (3),
except that it does not include load following (see footnote in

section 6.2).

& In this section the matrices given for .implementztion in the
construciion of = coatroller represent, for the complete set
of feedback variables, 74 lines of communication (matrices
Kr and XK. ). For the reduced set with DO compensation 29 lines

d
& /cont.
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The model of case (7) was simulated with excitation type (3),
which is a step response for a disturbance of 10 miliniles in
ud1= DKBAL. The plot is included in appendix (G). The
transients were compared with the analog plots from the Winfrith
simulator and found to be closely similar, generally within 10
to 30%. The final (settling-down) value were also similar, as

seen below:

Final (settling-down) values:

Digital Analog
X4 = PHIDASH L12E-1 J1E-1
x, = TMAV . 25E+0 .20E+0
Xq0= PD J12E+2 .85E+1
Xy6= WEW 4BE+L . W30E+1
x19_= ¥R J3E-1 .95E~2
Xy = IM | ~.1E-25 .0
Xpp = HDASH ~.2B-14 .0
Xpy= YICV - SE-1k .0
XA2: FBAR ~.61E~4 | Noise
xA; TCOOLSTAR .18E+1 JA3E+1
sz': TFAVSTAR .10E+2 | .Q0E+1
Xp, = WSDRUM <43E+1 .30E+1

Only a limited number of parameters were recorded on the simulator
as can be seen from the list above and in the plots in appendix (G).
In assessing the similarity of the analog and digital runs, it is

necessary to bear in mind the non—-linearity of the analog model.

/cont.
(matrices K} filtered and K C). In eithev case it is necessary
to consider the cost effectiveness of investing in additional
instrumentaticn as against the advantsges in the performance
with this contreiler compared with the conventicnal set-up
in existence now.



190

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Having completed the chapter on* results, it is appropriate to
ask what this work has achieved, in the light of what its author .
has set out to do.
In the first place it has been shown that a controller for an
exisiting large plant can be désigned using tools of optimal
control theory. Although this in itself is by no means unique,
it is well known that a tremendous gap exists between the many
sophisticated methods developed in several branches of modern
control theory and the relatively few published practical
applications of multivariable processes. Hence one more applif
cétion, even 1f modest, can claim credit for its contribution
towards the bridging of that gap. .
In the second place, and at least during the time when the work
for this thesis was in progress, no other work tackling the
problem of control of a complete nuclear power plant and using
methods of modern (optimal) control theory was known to this
author. (*) Hence this contribution.
In the third place, a new method was developed for dealing with
external measurable disturbances, which is computationally simple
for both the regulator design and the analytic simulation, and
which computes the correction to the disturbance simultaneously
with the dynamic regulator. |
Let us summarize the succession of steps taken for the controller
design:

(i) Construction of the (non-linear) mathematical model

[6,8]

of the plant . This is a most important part of the problem.

(*) See footnote in section (1.1).
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If appropriately selected, a medium-size model may be constructed
which contains all the important information, without the need for
mathematical model reduction.

(ii) Solution, for the steady state, of the set of non-
linear differential and algebraic equations of the model. This
can be done for as many levels of operations as desired, and
was done for 100% and 75% in this work.

(iii) Comstruction of the linear model for operation
around the level of 100% computed in (ii) above. The transport-
delay times which are very common in large processes, have been
approximated by first order differential equations of the Padé
type.

(iv) The mathematical model of (i) is simulated on an
analog computér at the plant site and reflects the real
operation quite faithfully. The transport delays were first
simulated by.computer delay drums and later with first order
Padé approximations! in both cases the responses were |
similar to the real ones at the plant.

(v) The linear model of (iii) was compared with the
non-linear model and the responses were fairly similar.

(vi) A regulator was designed with the data provided
by the program for the linear model, plus elements of the cost
matrices selected as data for each successive run of the program

for the regulator design (REGULA).

(vii) Therplant dynamics with the successive regulators designed
as in (vi) we;e simulated (SIMUIA) and the responses evaluated
according to the control objectives and the constraints upon the
system.

(viii) A selection of cases simulated as in (vii) were run

on the saturated simulation program SIMSAT and the results
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evaluated as in (vii), but more realistically since the hard
constraints were not violated due to the nature of the program.
(ix) A reduced set of feedback variables was obtained,
selected by their relative weight on the amount of control fed
back. Nearly all of these variables are measurable. A few among
the selected cases from (viii) were simulated on SIMSAT with that
reduced set, choosing the measurable variables only. The
transients thus obtained are ﬁardly distinguishable- from those
obtained using the complete set. The settling-down values are
. different, fherefore a D.C. compensation scheme was introduced
such as to force at least two variables to .settle at their
proper values, having only two inputs. The results of the D.C.
compensation were very good, as not only the two selected
variables settled at their correct values, but the remainder also
settled very near to their own correct values.

(x) Two cases were chosen as recommendable for possible
implementation, they are cases (0085) and (0126). The matrices
necessary for the physical realization of these two regulators
were given. Although the search for a better controller has not
been exhausted, it is worthwhile to compare the results obtained
with the control objectives, before further discussion:

(x.a) TFrequency variations: for a step disturbance of -10%
of the full power load, the peak frequency changes
are 0.23 c/s and 0.32 c/s for the two cases, respectively.
Since the maximum admissible change is 1 c/s and the
desirable less than *0.25 c/s, the cases described

offer a reasonably good result.
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(x.b) The time involved in power changes is shorter éhan )
the specified requirement. The time constant of the
mechanical power delivered is of the order of 0.5
seconds.

(x.¢c) On the dry-out margin problem it is best to examine
the behaviour of Q' (the thermal power output) in
the two cases mentioned. TFor a change in load of
10%, the overshoots are 60% and 55% respectively.

It is unsafe to extrapolate for changes in load of
25% because the plant is non~linear whereas ourmodel
is linear. For straight extrapolation the result
would not be entifély satisfactory, since the over-
shoot exceeds 4%, the level at which a switch in
load from 75% to 100% would reach the-110% of full
power which is the safety limit explained in section
(1.3). This comment is of course true for the paragraphs
(x.a) and (x.b) above as well. The simulation runs
in this work were done for 10% step changes,
considering that the model is linear and therefore

a larger step could not any more be considered a
"emall signal".

(x.d4) For plant disturbance the results are likely to be
better than for internal disturbances, if excitation
type (5) is anything to judge by (recall that this is
an initial departure of 20 p.s.i.a. from the nominal

pressure).

Steps (i) to (x) indicate the method of controller design, and

can be applied to any large~scale system. A proper check on the
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complete non-linear model is strongly recommended. This will
probably be done if a '"modern" controller is to be implemented
at the nuclear power plant which was ﬁhe object of this study,
as a sequel to it.
The feature of the reduced set of feedback variables should
not be overlooked. It is an important stage in the development
of the controller, since all the states fed back are measurablé,
directly or indirectly. It may be agreed that this was only a
fortunate coincidence. However, there are reasons for suspecting
that the most important variables - as far as weight of feedback
is concerned = are measurable due to physical reasons. Althoﬁgh
‘it is impossiblé for us to prove this, the fact still remains
that with this approach an appreciably large number of feedback
varizbles will be measurable, leaving only a few to be estimated
if they cannot be neglected; this would make the coﬁputation
necessary for estimation coﬁsiderably easier. It is interesting
to note how little difference for the transients is caused by
neglecting all but the most "weight-carryingﬁ feedback state
variables.
It is hoped that the report of this study has conveyed the
difficulties aésociated with this kind of work on a large system,
in at least the following aspects: | -
(a) The large range of eigenvalues of the system (order of 1C§)
which was the reason for the lengthy trials of different
methods of computation for eigenvalues and eigenvectors.
(b) The trial-and—error procedure of selecting suitable cost
matrices.
(¢) The -painstaking nature of attention to detail which is

necessary due to the sheer size of the system.
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Following are some recommendations for future work:

(i) It is felt that if the means were available, it
might be advisable to set up an on~line scheme with a (large)
computer, with programs and main data stored on disk. The delay
between the timés of changing parameters and obtaining the
complete simulation is of order less than two minutes on a
machine with the power of a CDC 6600.

(ii) A more advanced and systematic method of choosing
the cost matrices.

(iii) A reliable program for non-linear simulation, either
‘on a digital or on a hybrid digital-analog computer.

(iv) Study the effect of noisé on tﬁe plant, i.e. apply stochastic
filtering and control to the étudy of this or another similarl&
large plant.

(v) Investigate the stability conditions of the plant with
the optimal controller incorporated, for the case when one or more
lines of information fail.

(vi) Develop 'alpiece-wise linear model switching from
one level of operation to another as the transients grow.

(vii) Make a model reduction using one of the several
methods available, apply optimal control, replace in the
original model and compare results with the regulator obtained

using a non-reduced model.
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APPENDIX A,

Ligting of -the more important routines in SSNL2D.
SSNL2D
CALFUNO
SCALEV
SCALEF
SCLEVA
CAICIT
- FUN1
FUN2
FUN3
FUNL
FUNS
FUN6
INTPOL
VAO2A

VDO1A
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PROGPAM SSNL2D (INPUT,QUTPUT,PUNCH, TAPES=INPIT, TAPEG=QUTPYT)

3,41,70 (L. TEPPER, CONTROL SYRTEMS SECTION, DECARTMEMT OF
COMPUTING ANT GCNTROL, IMPERTAL COLLEGE)

STEADY STATE SOLUTION OF /L EQUATIONS OF SHHHWR MODEL
TVAG2A (CH,.E,) USEN

THE SFT 0F N/L EQUATIONS IMTLUNE =
Ry  F(XyXA, X3, XAN,UYy=0, IOENTIGAL TO X0OT=F{) IN OYNAMIC SET

8) G{XyX4,X7,%XAD0,0)=0," e .s G{} =0 ) ve e
WHE P=
VERTOP © (NIFF,ENATIONS)Y, 23 CNOMPONENTS
. ¥ (STATE VABRIARLES) 23 .e
o G (IMRLLALGZNUNS,) 17 .
L XA( e L VQG"’S.) 17 LN ]
e JO(INPUT VARIAPLES) 7 s
AND

X13ID(TITAUW) L XAID(ITLURUWY X2V (TITAUFW) , XA0N(ITAP) ARE NELAYED VALULS
OF X173 4X(13),X(20),XA(L) 2CSPECTIVELY, DELAYS ARE 7ERO FOR S,S,
FURTHERMNRZ THE FOLLOWING ARE nALCULATED "
XA (3 TIAZ NELAYS ANA 4 LIMERR 604R,) .
Y (3 OUTOUT YARTANLES (FZENPANK TN NO OTHFR VARIABLES))
X% (19 SXPLINIT VARTIAZLTIS FOR CHECKOUT PURPOSE)

EAMATIONS (611, (£2) 4 (R4) 5 (65),(67), (55) IN WINFRITH STIHMULATOR
HAVE NNW BESH CHANGET INTC EQUATIONS
(G14) 5 (R34)3(64,),(65.),(E7,),(55,)

THIS CHAMGI ENTATILS SCH= MANIPHLATICN AND THYE INT200USTION OF A TIME
CONSTAMT OF 1,7 SECONTS FOR X(11Yy,(H, MASS NF HATES AND) 2-0HASE
MIXTUPS TN PRIHARY KT, THIS TIME CONSTANT REPEARS IN EN, (5A) OF THE
SIMHLATOR,

THE FUNGTIONS AFFECTED ARE ‘
FL8),F(11),F(12),F(13),6(15),6(16)
ALSN

F10), F(13) CROZ DENQYINATARS INVALVING X(412) IM THE STEANY STATE
(THEY WILL 3E REINTPONMMCEND FAR THE DYNAMIS SIMULATION)

THZ SCALING FACTNIS  STAF QF FUNCTIIONS APF CALCILATED IN  SCLEVA AFTER THE
FIRST FUNOTIONS EVALUATION, TINSTEAN OF RETHG SIXET AS NATA, THE REASOY IS
THAT SMALL CHAINAZS In THITIAL YALUES MAY ENTAIL LARPGE CHANGES IN  F(I).

AT THF EMN 0F S4NH CALL OF GALFUN THE FURNCTIONS APT MULTICLIED AY SCAF,
CALLING SCALEF. )

PRARENRT FOR SCALINA YARIARPLES IN SCALEY (SOALTNG FANTORS ARE NATA HEPE),
1« SCALE VARIARLES TC UNITY OPOER REFQORE CALLING MINIMIZATION ROUTINE
2. SCALE TERMS TN OALFUN NITH THE INYFQSE 0OF THE SCALIMG FACTNR
3¢ STALE VARTIAILES PACK Tn ORIGINAL VALUES AFTER ONMPLETING MINIMIZATION

NQTF
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C 4. CALL CALFUN (NN SCALINGY AND HWA2TTE VALUES PEFORE ANMD AFTER THE PRNCEN,

THE HFY NONLINTCAT SEY FOHNSISTS OF 4f ENUATIOHS (AND VAPTIARLES) OMLY.

THE STEADY STATE SET HAS ARTEH QEQUSED TO 35 EQUATIONS (AMN YARIABLES),

THE ODIMTOUT STILL AOMSISTS AF ALL YARIARLES (AT MELL AS XE,Y ANTY TAY),
SUAH THAT THE PUNMCHONT IS SUITED FO2 DATA INOYT TN MYXEY2Y1 (LIMEAR MONEL),
ATRONATNGLY, THE SALFUN ROUTINS CONTATINS 28 FUNRTTIONS OfLY, 8UT AT THE
RESTHNING OF THE PR0GPAM AHD AT THT ENN, THE ORISINAL SET 0F 40 FUNCTIONS
(CALFUNNY IS CALRSHLATED FoP NHENKING PURPCSES,

SOME OF THE THOUTS (M(4),104) AND H(5)) ARE TIEATED AS VARIAZLES IM THE
STEANY STATE, MHERZAS SNNC CF THF VARIATLFS (X(114X(13) A'D X (22)) ARE
TREATED AS THPUTS AND X(42) IS AN ALTOGETUHTR INPILEVAMT £ONSTANT,

A SUAPOUTINE ,,RTOLANE,, EXCHAHGES THESE NAMIS 0F VARTARLES ANT INOUTS AT
THE START AN ENT OF THE OROAPANM, ANT ALSO CALCULATES SOME VARIA3ZLES FROM
WHICH THE SYNLTINNS WERES =SIvayen )

IM. PAPTIDULAY, FUNCTIONS F{4) AMD F(22) ARE JUST LIHEAR COMIIMATIOHS,
FQLQ) ,F(21) A*D F23) HAVE 2I(Y REMOYEN,THE VARIASLES NOMPUTEN SEPARATELY,

SURRJQUT IMNE RPEAD

e OINPUT.  CALLS UIN AUD STAAL
X CAL"YN ve FUNL TO FUNR AND SCALEV, SCALEF
IT IS 2E°neEn TN 35 FUNCTINNS AMD SOME YARIAALES AND
/ INRUTS CHANGE HNAME )
CALFIMG NALLS FUNL TO FUNS, IS THE QRIGIMAL N/L SET Fa0M SIMULATOR

L
.o PEPLACE EXCHANGES CAIGINAL HAMES OF SOME VARRIARLES AND IHRUTS
.o SCLZVA '
.o SLALFV
.o VAL2A CALLS CoLFuyN AND VOO1A °
o FUNL TO FUNA ., INTOOL
.o CALCLTY .
.o nuTPuT oo ~ STAAL, YTAY, AMD €XPL ANN QPUMCH
PEAL XT4G), S(75) s NEG270) ,E{25),XA(17),5017),U0(7),X130(1),%X200(1),
i XALN (L), XE(LCY ,¥Y(3) ,X2(35)

PEAL SNAF(35)
FANTYALEMAT (XD (19) , XA{1)), {F(19),6G(1))
EPUTVALENPE (¥ {12),X13N11))4(X(20),X2GD (1)), {XATL),XALD (1))
EXTERNAL SALFUNM .
M = 35
N = 35
NW 4370
MA 17
NA 1?
NE 19
NU 7
NY= 3 :
FSCAL = 1.,ER8
N0 418 I=1,M

10 E(T)Y = 1.E-38
IPRPINT
MAXFIIN
TTANY
ITAUFW
ITALR
TTrURY
CALL PSAD (HyNANU,X,YA,W)
CALL OTNPUT (M tIA M4 Xy XA LT

ool

1

1Jud

oo ton

WA

CALL INITTIAL .

CALL CALFUND (X,XA,U,XE,ITAUY,TTAUSUH,ITANR, ITAURY,
1 X13M,X200, XALT,M+5) :
CALL REPLACE (X,L,X7, 19XE, N NEy XAy

CALL CALFUHIM N F g XRyMAZHAZNIE ME, G,y XA, U4 XE, X137, X200, XA40,
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1 oo ITAUN, ITAUSH, ITAUP, ITAYIW,,SOAF, SSN, by

» X1,X10,%22)
UPTITF (6,120) SSN - :
100 FORMAT (1H1,* FIRST FUNGTION EVALUATION (NO SGALTING)*,7X,*F=¥,
1 E2ueitrs/) ‘
MRITE (B,171) F
101 FORMAT (1X,751748)
NALL SOLEVA (F,M,SCAF)
auMMY = 1,
CALL SHALEYV (XR, XA ,Hy NA, NYMAY, DUUMY, 1)
CALL VAN2ALM, N, Fy XRy €, CSCAL, TORTHT, MAXFUN,CALFUN, Wy Ny MA, N NI, NE
1 Gy XA, U,Xr,Yi"?") X220, %A4",
2 Iruuw TAUFH ITANR, TTAU2W ,SCAF,
] X1, x11 X22)
TALL SRALESV (XR,XA Ny NA, DIUMIY, DUMMY, 3)
CALL GALEUI(M,M,E,XP, MA, MAL TG ME, 6, XA 1, XEy X120, X200, XA 47,
L ITAUA, TTAUF U, TTAUP, ITAURY q’a:,ssq by
p Xi,Y1G,X22)
WPITE (6,277 35N
200 FOOMAT (1H)s* FINAL FUNGCTION EVALUATION (NO SCAULING)*,7X,*F=x,
1 £2441477)
WRITE (6,191) F
fALL PSOLAGT (X,',X°, JXT, N T YA,
Q Xi,le,YZZ)
CALL SALFUNG (X,XA U,XE,IT&UU,ITHUFN,ITGU?,ITAURN,
1 Yi’ﬂ X200, XA47 4 M45)
CALL CALALT (M, MA MU, NF oMY, Xy YA 515 XE, ¥y TAUW, TAUSW, TANR, TAURH, X130,
1 x20n, YA4nY
CALL QuTRUT (” NA GMIEE, NE G MY, X, YA My XE, Y, TALW, TAUFKW , TANIR, TANIDWY
nALL GPUNIAH (M y Kby NIy TE ) MY 3 X5 XAy Uy XE ¥ 5 T 1Y Tqurw TAUR,, TALJRW)
SToP
"~ END

SUBRQUTTNE GALFUNGD (X,XB,U,XE, TTAUW, TTAUFHW, ITAUR, ITAURW,
1 X137,X20D, XALTY M)

OPIGIMAL SET OF 4§ FESUATTIONS AS TAXKEN FPOM THE HWINFRITH SIMULATOR,
NUMRERS FOLLOWEN 3Y A 00T INDVIGATE REAIRANGEMENTS,
SEF OUTPYT FOR MEANINGS OF YARIARLES

REAL F(LL),¥(2T),G(17),XALL7) ,U(?), XE(19) ,X43N(41) ,X29Nn (1) ,XALNL1)
EOIVALEMPE (€(241,6(4))

EXPLIAIT ALGERRAIL SNUATTONS, THESE
APE MAT COORNTHATES IN MINIMTZATION ROUTINE
‘ . : ‘ SIMUL,
FH(Y 1) o ' © EN.NUMS,
REAGTIVITY
XE(L) = FUNZ (X(22) - g,b) '  8,9,135
FUSL PIN TCMPEPATURE

E.hEX(8) + D,8¥Y (D) 29
(1. 18342X(5) + 1,15693*X(6) + 2,5968%X (7)) /X(22) 30

Xe2)
XEL(3)

'}

CHANNFEL AN3 RISER

FM2 (0(L0)) , 69

XE([\) =
XE(5) = Fum2 (¥ (1™M) ‘ 23
XE(B) = =3,9953R5=2*%(13) + 5,19%1 o 53



A0 ON

QDD O

QOO DOIODH HOD OONHH

DOADO

JODADANOD

- STEAM FLOW
XEL7) = 0,3862%X(10)*X(23)
FEEDWATER
XE(R) = FUNG (X(19))
FEENHEAT

XE(G) = 9,67E-4*X(16) --0.,1082

RECIRGULATION

XELLC) = =5,34T=3 (X (14)*X(14)) + 3.57%€-34(X(15)*X(15))
1 + 1.256F =3%IX(14)¥X(15))
XE(411) FUNG (11{))

I

EN (X XE(1) yu0s ,XEC11),1)
‘RECIRNULATION
CXET12) = XE(6)*X(14)
FEEPHEAT '
XEC13) = =3.409654%XE(7I*XEC9) + 0.4086543X5(T) = 1,42749E2
EN (X3XECLY 50 00 s XECL1),XN,XA0,1)

FEENHEAT

XE(14) = X290 (ITAUFYW)
CHANNEL ANN RISER

X130 (ITAUM)
X130 (ITAURW) + XA4D (ITAUR) - XE(4)

XE(15)
"XE(16)

FN (XyXE(L) geee s XE(L7), 1)

CHANNEL AND RISER

e 320E=7F(NS(LE) *X (L1C)) + 1.11F~3¥XE(16)
20 LEL*XT (L7 /XL
Je314*XE(48) + 1.2

XE(17)
TXE(12)
XE(19}

o n

NIFFEPENTTAL FAUATTNNS
XNOT = F {XyXEyXAgl)

HEUTRON KINETICS

F (1)
F{2}
F(3)

(2.553%XA(1) -~ 1,3EL¥*¥ (1) + 3,9*X(2) + 9,1*X(3)
2ebE-2*N{L) = 2.47=2%X(2)
e 15%¥ (1) = N,153{3)

XE(9)GEQ

203

83

108

123

81
75

74

122

119

38

49

46

58

15
is
17
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s XsXe Ry]

D o000 ao0o0

MODFRATOR TEHPERATHURE

F(4) = F.O20E-2¥X (11¥X(22) - I, AZE=3*¥X(4) + 3,03E=-3I*U(2) 22

X(4)YGEQ,LELCD
NECAY HFAT
FS) = G,538=22X({)¥¥X(22) - §,53E-2%X(5) 24
F{6) = 1.396T-2#X{1)1¥X(22) = 1.3°5E£-2*%X(H) . 25
F{7) = 4, 0S-4*X(1)¥X{22) - 4, CE-4L¥X(T7) 26

FUSL PIN TEMPERATURE

F(AY = B.73ATL*X{(L) = 0,2564*¥(8) + 0,256L*XE(2) + XE(3) 27
£(9) = 6, 73551%X (1) - 0.6I51%X(2) + 0,25684*XE(2) + XE(3) . 28
+ 04 3487%X4(3)

CHANNEL ANY) NISER

FIL1) = =1,43*0(11) + 1,43*XE(B)*(1,0497E3/ (1, +XA (1)) +#1,2597E3) 55,
STEAH D2UM
F{42y = - F(11) - XA(13) + X(16) ' . 4 644
: X{(12)GED
. FLL0) = 1, 1ARE-GEX(LPI*F(12) + D,2B39%(XA(15) - XE(7)) 1.
INSF2T THE EOLLOWTHG GAND FOP THE JYNAMIC STMULATION
FILM) = FLd) 704, 2 - 4,05-5%(12)) 61,
L3 = XT(a)*XYA{16) - Y{12)*¥XA(15) : 67
1 - X{L3)=X(L5) & XE(L4)I¥X(1hH) .

INSF2T THE FOLL, CAND FOR THE AYH, SIY,

[y No No Xo)

A0

e o000 a

FL3)Y = F(L3) /X122y S 67,

RECIRCULATION

FLI6) = L, A4L¥XECLN) - 4, 4458%XA0LT) : 77
) HO DIRZCY FEEDNRK FRACM STATE VAR,
FI15) = = 7.197F=4* (X{15)*X({15)) - 1,2952571%¥X(15) - 0.8303#XE(10)82
1 "% 2.03145F3
X(415)GEQ
FFENWATER
CLIRY = = 5,20R25<2% (X(LR)I¥Y(L1R)Y - 3, 70LEL*X{10) - 1.85135%X(156) 95
i ~ RL,POGHEL*XN{L7Y + 5,0555555,
F17y) = 3.2 FEL¥(16) =2,08EI*NEC A)*SQPTIX(L7)) 36
F{19) = = X(19) + U(4H) 197
: X{13)6GEJ,LEL
XNOT(1IM)GE-T,1,LE0,1
FEENHEAT
C(20) = = 2,330E=4*X(16)*X{2)) + 2,330E-4*¥XT(13)*x(i6). 117

POWER ANNTROLLER

F21) = - ¥Y(21) + U5 . : 133
F22) = R,56T-4*X(21) 134
. X(21)6E-1,LEL
XNOT{21)5E-042,LEY 2
TURRINFE
FL23) = = 4,0%X(22) & 4,3*W(5) - 2,M¥Y(T7) - 2,0 140

X{23)6En, LEL

204
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e

Q0

U(6IGE~i,LEL

TURARINE ANN ALTERNATOR

F{1R) = = 2,0%X(18) + D.6378*¥XE(T) ' : 175

IMPLICIT ALGERRAIC ENUATIONS
G(X,XF'.’X'\ ,”) =0

PEACTIVITY

G(L) = = XA(L) = 2,0E=-2%XA(2) ~ 2,773E-5¥XA(3) + 1.6E-4¥X(4) 14
1 T H XE(L) =8,77I-6%*XS(2} + (1)

CHAMNEL AN RISER

« AER¥XALL3) *XACR) /XA(L) L4

6(2) = - XA[2) +
G(3) = - YA(3) - 0 SEXALR)FXA () /XA(S) + D S5*XA(L) + XE(15) 36
TG4 = = XA(4) + 2,31T5XXA(5) /XS (12) - 31
R(5) = - XA(5) = 2,5118E-3*XA(3)I¥X(22) + 2,5118E~3%%X(9) *X(22) 37
G(A) = = XA(B) + XE(S5)*XAL7) + XE(4) =XF(15) , 32
. : XA(6) RED
G(7) = = XA(7) + XA(47) + G.5%XAC11) _ 41
G(8) = - XA(A) + XAl4) - XA(R) , 34
' XA(R)GED
G(2) = = XA(3) + XA(T) « X(17) 40
GEL7) = = XACLC) + 1.0BSE-3%X (14 *X (14) * (XA (10 + 1.0) | 54
1 + 7,0/ + 1,))
G(L1) = = YA(11) = 6.16%XA(2) + 1.01314E-3¥X(14) *X (L4)* XA (12) 42
1 + 7 05F=4¥(16) X (16) + 4,16
6(12) = =XA(12) + 2,7544E1 * XA(8Y/XA(9) : 43
‘ XA (12) GEQ
GAMMA = 1
G(L2) = = XA(43) + FUM4 (XA(12)) 45
GLB) = = XA(14) + 0.547645%XA(L2)/XEILT) + 0,52XE(LII/XE(1D) 57
, XA (14) GEO
STEAY NPyH
G(L5) = = XA(15) + XE(17)*(XA(15) + XA(16)) 63,
GL6) = = XA{1A) = XA(15)+ XS(12) - F(11) . &5,

2ECIRCULATION

GIL7) = = XA[17) & XA(410) + XA(11) + 2,4225F=-2¥X(16)*X(L4)*XE(11) 72
1 + 3413E-3¥X 016y *¥X(1L) - 1,116FE1
ig0 s5sn =,
no 30 T = 1,4
20 S|8N = SN+ FIDI*F(T)Y -
WeTTE (/”y23) SSN
2" ?OQM\T(/IiY * FIMICTINN FVALUATION AS TN ORIGIMNAL EQUATINNS (M(#G),
1 Mian), NO S”ALTHr)*,7X,*F = *,E21.147/)
WRITE (B,40) F .
40 FORMAT (1X,7517.8)
RETUN
£

QUARAUTINE SSALEY (XC,XAN,NsMAy Xy XA, TSCA)
DEAL XACHY , XAN(HAY X 01, YA(NA)
RFAL SCAFY(12),SCAFXA{17)

N

\Ji



fe Xy

(> X Ko QDO [ Xy X1/

Lo X Ner )

urt

OO OO0

DO ONDH

THE SCALTIMG FACTORS LISTED NIVINE

DATA (SCAFX(IY, I=1,19)/5.5 1,
i.2- 0’
1.E 2y

(SCAFXALT),I=1,17)/
105"_’
F.E 1,
5.5-1,

60 TO (4£,20,39,40),ISCA

NN

1+ SCALE VARTASBLES TO UNITY NROER REFQORE CALLINS

10
101

no 101 T=1,13
XO(I) = XN(TY/STAFXA(T)
no 122 I=i,NA
XAD{(Id= XAOILI)/
RETURN

102 SCAFXA(I)

28
201

no 221
X(Iy =
no 232
Xe({1n =
RETURN

T=1,13
YO(I)*SOAFY(T)
T=1, NA

202 XAD(IY*STAFYA(T)

3, SCALZ VARIABLES ARATK TC ORIGINAL VALUES AFTER

20
301

NN 3Nl I=1,13

XO(IY = XO(I)*SOAFY(I)
NG 212 T=1i,MA

XAO(I)= XAN{I)*SCATXA(I)
RETUCN

202
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2, SOALE TE®MS IN GALFUN WITH THE INVERSE 0OF THE
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VALUES TO OATAIN UNITY ORNER

5.5 1,
‘;c E'iy
5.E 2y

il o
e ¢ @
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HINIMIZATION ROUTINE

SCALING FACTOR

COMPLETIMNG MINIMIZATION

4, CALL CALFUN(NO SCALING) AND WRITE VALUES REFORE AMD' AFTER THE PROCENURE

40 N0 401 T=1,1%
X{I) = XO(I)
N0 472 I=1,NA
XALIY = XAN(I)
RETURN

ENRD

402

. SHNRQUTINE SCALEF (F,M,SGAF)

SCALES FUNRTICONS AT THE FND OF FACH

LREAL FO) ,SEAF(M)
NN 1 I=14M

1 FCI) = S(I)*SCAFLT)
PETURN
END

SURRNUT IME STLEVA (F,M, SCAF)

CALFUN

CALCULATES SOALING FACTORS OF FUNCTINNS ONCE, AFTER 1ST FUNSTION E£VALUATION

. REAL F{"),3CAF (M)
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DOO O0IN 0ACNOOAINI OO0

SHOOIIT OO IO OOHIDO

Dy N Ry

No 1 I=1,M

SCAF(TY = 1,

IF (ANS(F(I)) ~ J2E-2)1,1,2
2 SCAF(TY = ,20-2/ANS(F(I))
1 CONTINUE

RETUPN

END

SUBROUTINE RALNLT (N, NA MU, MT NY, X, XA,H,XE, Y, TAUN, TAUFY, TAUR, TAURW
1 s X137, X207, X A4 )

COMPUTES YALNES MOT NEECET FOR MINTMIZATINN 2MTINE
PEAL XIM) G XALNAY  UINU) 3 YELHEY 4 Y (HYY , X13001) , X239( 1), ¥YA4D(1)
TIME DELAYS

FN (XyXE,yXA)
RECIPCHLATION

TAUW = 5.67552/X(14)

FEENHEAT

TAUFU = 8,5573/X(16) .
CHAMNEL AND ©ISER

TAUP = 1.04A8E3/(XE(LG)*X (14) + XEC(L9)*X(14) *XA(14))
TAYCW = TAIR & TAUW -

OUTPYT VARIABRLES (FEEOMAGK TO N0 OTHER VARIARLES)

FM (X,

I0oN nHAMAER FLIX
Y1) = = 0,8729*X (1) *X(22) + 1.838*X(1)

MOZERATOR TCUFERATURT

207

E0. NUIMA,

73

i21

18-

Y2y = 2,0¥X(4) - Urz2) ) 23

U2y = 27,7 NEGEC
XY GEQ, LTing ¢
Y(2)GET,LELIQ '

FESNWATER LEVEL
Y(3) = 4,26R5="%X{12) - 4.4F1

RETURN
£MN

FUMCTINN FUNi (7)

112
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DKM(REACTIVITY EFFSCYT OF MODERATOR HEIGHT) AS FUNCTION OF

HNASH (MNRMALTZ7EN MONERATOR HEIGHT) -MIMUS O.4
PEAL X¥(1Z), Y(13)
JATA (X(I),T 1,13)/0.500,0.056,0.,120,0. 160,04208,0.266,0, 304,

1 . 0.\ )L,d.'ﬂf‘,l’] hh‘{ 0 liqr)’r’or‘.lfll q an / y
2 (Y(I)yT=1,13)¥7~0,02330 4~ n.oii?q,-ﬂ Co2un,d,. PCIGS,U 30665,
2 P 0179, (61375, 3.,016565,0.,01719,C0.02137,
4 0.52300,0.62A55,0.Q2615/
L =13 '
FIMg IS GIVEN A VALNE FOR COMPILATINN RENUIREMENTS ONLY
FutlL = 1.0
CALL INTPNOL (L,yX,Y,FUN1,7)
RETUPN
END

FUNMCTIOM FUM2 (7)) .
HUWSTAP(EMTHALPY nF WATER AT SATURATION{OFFSET 7#00))
AS FUNDTION 0F PN(STE AN OPUM PRESSURE)

RFEAL X(413),Y(13)

NAYA (X {I),T1=1,13)/ ’}c9,139-‘.’,1530&,2’79'G’2500‘]7 333;ﬁ,ﬁ30.01

b3 EG‘T.G,G’JQ.«I],?‘&«J.If,%ﬁb.(',%iﬁ.“,1&0(: .ﬂ/’

2 (Y I, T=1,13)7-198,105,-40G4,575,= 9,406 ,~ L4,506,« 24,0,
2 - 6,195, 24,3 4 49,395, 71.595, 91,5,
4 109,€95,126.6 , 142,395/

L =13

cimneg = 1.,

CALL IMTPOL (LyXy Yy FUH2,27)

RETHRY - :

ENN

FUNRT ION FUNZ (7))
DHW/NP AS FUMOTINY OF PRESSURE
REAL X(12),Y(12)
NATA (X(TY,yI=1,12)/ Ge0y B80.0,400,0,150.0,200.7, 250.0,

i INC 09350, Lyl 3s Nyub0a0,500.0,1230.0/,
2 (Y(I),T=1,42)1/1.5 30483130472, 0.55,0,450,7,3834,
3 0.623,7.299,7.26,0,24,0.228,3,1547
L =12
FUM3 = 1,
caLtL INTENL (L Xy Yy FUNT,7)
RETURN
- END

. FUNCTYIOMN FlNG (7)
A FIHICTION NF KXGCOUT(K * NALITY ﬂT CHANNEL QUTLET)
REAL X(13),Y(13) B
nAYA (X(T),T 1,137, 1001 40,2 ,P.325,3.47 ,0.625,0,3125,

1 1.‘?25,1.275,1.61 ,1-07‘:‘ 9 L3 ,3 0 /,
2 (v(1),1=1,13170, 384006 ,0,00885, 03, 13475,0,1203
K ﬂ.2239_5,3}.2621 ’L'v1165’a 3593 ,Q 1401615,
4 GOQQ?QSQG.QQQSJ,BO)37G r
Lt =13
FUNGt = 1,
CALL INTPOL (LyXy Y, FUNL,7) C .
2ETUON ' o '

M0
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FUHNCTION FUNG (7))
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A FUNRTION OF YR(170 PG FELDNATC” VALVE POSITION)

PEAL X(RY,Y (R)

21.3/y

DATA (X(T?, I= 4,8) 710, 8 D.1650414, 0,22 ,0,32

1 (Y{TYy T =1,06)7%.0,0.012,04033,0.408240,168,1,.,G/
L =6 -
FUMSE = %, .

GALL INTPOL (L,X;Yy,FUN5,7)

RETHEN

END

FUNRT INN FHING
FUNRTINN 0OF YOV,
DEAL X(42),Y{12)

7y -

NATA (X(I),1=1,12)773, 1%
i P.5R33,0
2 (Y(I),I=1,12)/O re ,0
3 'vgl'* ¥y
L= 12

FUNG = 1,

CALL TTPOL (L,XyYyFUNAR,7)
RETH2N

END

eH667,0.75

NISCHARGE VALVE CHARACTERISTIC

20e¢33332,2.4167,0.5,
1748333, 7.,91A741.07,
0653,0.1424 40,17332,3.2353,0.3267,
B.4h67 30,5507 4046657534841 ,1,07

132343425

SURRQUTINE INTAPOL (L XY y3FUM,7)

INTERPOLATTON RNNTINE
PEAL X(LY, Y(L}
Li L-1 :
IF {(7-X(1))1,4,3
IF (7=X(L Y)2,4,4
nn s J=1,L1

K=J+1

N7=7-X{N
NX=%{K) ~X {J}
TF(N7-NXY 645,5
CSCONTIMHE

FHN
RETHRN
FuUMN
RETU2NM
FUM
RETIIPN
ENMN

-

YOJ)Y & NZH(V(KY-Y (4

Y (1)

L R ]

YL )

S SURROUTINE VAU2A (1,NyF 4X,8
1
2

MTMNIMIZATTON OF A SUH OF SOUA!

CALLS vn21iAa,

FUNCTIONS

F () E

X () = MARIARLES

F(I) T OACCHURACY NF YARTANLE

ESCALE = LIMITS THE STES SY76
CHANGED 1Y 40T THAY

IPRINT = OERIQGDICAL NUMIER 0OF

¥) /nX

sESCALE ) TPRINT MAXFUN, CALFUNZ W GyNMIN,MB,

MA, NU,'”,G,XA Uy XS, XL2N, X200, XAuN, TTAUN , I TAUFN,
ITAUP ITALRNW, SCAC X1,X10,X22)

RES OF MONLINFEAR FUNGCTIONS (POWELL ALGORITHM),

XTI}
NF THE SEARCH, MORMALLY X(I) WILL NOT 8E
ESNALE*C(TY  IN A SINALI STEP,

ITERATTIONS AFTER WHICH THE VALUES QF VARIABLES
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c A AMD FUNCTICMS ARE PRINTEN, NG PRINTOUT FOT IPRINT = 0.

c CALFIN = ROMTINE WMERE THE FUNCTIONS ARE EVALYATED

c MAYFUN = MAYTHM NMnS? gF CALLS OF CALFUN

c WINMIMI T AUXTLIANY ATAY WHEDE NMIM,GE, (M &+ (4+ (3XN+1)/72) *(N+1))

c GUMA) $ XACHAY S LMY g XEINTY g X170, X280, XALD, ITANY, ITAUFH, ITAUP,ITAURY, SCAF,X1,
c X13,X22 ARGUMEHTS FNR  TALFIP, DUZ TO THE PARTICULAR STRUCTUTE OF. THAT

c ROUTINE AMN SXPLATINTZO ELSENHERS IN THIS PROGRAM, THEY ARE NOT

C THHEBENT TOQ  VAG2A,

c

BEAL FUMY  W{tH 4TINY L GEMAY G XACNAY yUINUY, Y120 (1) ,X2000(1),XABD (1),
i XE {HE) (SCAF (M)
REAL W{NH33
EXTERNAL £ALEHN
TECHM3 = (N (e (2*R+4Y72)* 014 1)) ) 80G0,0002,4002
BRAN URITE(H,8031)
8N01 FOOMAT(2AH MIMENSION NF W TOO SHALL )
STHP
8002 NONTINIE
© 100 FORMAT (1M LIinY
HPLUSN=M+N
- KST=N+MPLUSN
NPLUS='+1
KIMV=N2LUSY (MTLHUSN+ 1)
VRTQORE= I =MOLUSN=-1
THALL CAUFUN (My M, Sy XA, N, M HE, Gy XA, 1, XE, X130, X290, XA4N,
i ITAHN , TTAUFW, ITAUR, ITAYRH,,SCAF4SS1, 2,
R X1, X120, X22)
HN=N+N
K=HMN :
‘N0 1 I=1,M ‘ :
K=K+1
W{KI=F(TI)
1 CONTINIE
IIMY=2 .
¥=KST . ' o ' .
I=1 :
2 X(T)=X(IY+E£(T) .
TALL CALFUM (MyNgFy X 3 MAGNAZNI ME Gy XA 1 XE, X130, X207, XAL]D,
i oo ITAUN, TTAUFUH, ITAUR, ITAURW,SDAF,SSN, 2,
R . X1,X10,%X22)
X{II=x(1)Y-£ (1)
ng 2 Jzig"l
K=K+1
H(ey=r,
W =0,
3 COMTIMNUE
SuM=0,
KK = NN
No & J=1,M
KK=KK+1
FUIY=F{ ) 4 (KY)
SUM=SUM+F (JI*¥F(J)
4 PONTIHUE
IF (S!M) 5,946
S HRITE(6,7) 1T
7 FORPMAT (5X, 3HVAU2A E{,I3,234) UNREASONAALY SMALL)
N0 8 J=i,4 '
NN=NM+1
FLJ)=HWINNY
8 CONTINUE
R0 T0 10
f SiM=1,/SN2T {(S'M)
J=V=MeT ’
W) =R (1Y *SuM



13
14

16

N0 9 J=1,M

K=K+1

WIKY=F{J) *StM
KK=NM+J

no 11 TI=1,7T

KKz KK +MPLIIS N

WOTTI) =M{TI) +WIKK) ¥y (K3
CONTINUE

COMTINIUE

ILES]=1~1
IGAMAX=MN+T~1
INMCINV=N=-TL=SS
IMGINO=THRINY+1

IF (TLESS) 13,13,14
WIKTHY) =1,

GO0 TN {6

R={, . )

00 1A J=NPLUS,IGANMAY
W{JI¥=1,

COMTINDE

© KK=KTNY

i8

20
19

17

22

21

15
24

25

2h

N0 17 II=1, TLESS
IIP=TTI+M
WITIPY=W(LIID)+ (VY *Y(I])
JL=TT+1

IF (JL-TLESS) 18,1R8,19
AN 29 JJd=JL,TLFSS
KK= K¢ +4

JJP=JJ+N
WETTIPI=W{ITP) +H(¥K) *H{JJ)
HJJIP)=WOIJP) +H(KKY*H(IT)
COMNTINUE
B=0-W(II)*N(IIP)
KK=KK+TNMIND

CONTINNE

R=1,/8

KK=¥INY ’ X
no 21 TI=MNPLUS,IGAAX
BR==R*¥Y(TIT) o
N0 22 JJ=11,I58MAX

H{KK) =l (KKY «3R¥W{JIJ)
KK=KK+1

COMTINUCG

W(v) =na

KK=KK+TNOINY

CONYINUE

W (KK) =R

GO TO (27,2Y4) ,TINV

I=I+1

TTE I-NY 2,2,25

ITMY=1

FF=0,

KL=NN

N0 26 Izl M
KL=KL+1

FIIY=HIKL)
FF=FF+F(T)Y*F(T)
ONANTIHNIE

ICONT =1

18S=1

MC=N+1 :
IPP=IPRIMT*(IPRINT-1)
IT0=D

1PS=4
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27

2
39

31

3z
36
3y

IPC=N

IPC=IPC-TPRINT
IF (IPN) 23,217,293
WPTTE (6,30) ITu, MC, FF

FOSMAT (//5X, Q4ITERATION, I4,T19,16H CALLS OF CALFUN,5X,2HF=

WRPITE(A,31) Y

FORPMAT(10H Vﬂ”Iﬂ?LES!(iX 7E47.8))
HRTITE (5,32) *

FORMAT(AIPH FUINCTIONS/ (1Y%, 7’17 8"
CALL SECONN(S)

IF (S.5GE.53,0) #0 TO 33

IPn=1PP

GO TO (29,33 ,1PS

R0 TO (26,35}, ICONT

IF {MHANGE=-1,) 10,1n,36

IF (I9PIMT) 323,37,37
WRITS - (AR,39)

FOOMAT (//5%,454YA22A FINAL ¥BLUSS OF FUMCTIONS AND VARIABLES)

I1PS=2

50 70 28
RFTHRN
ICONT=1
ITVE=1ITC+1
K=N

KK=vST

no 39 I=1,N
K=K+4
H{KYy=n,
KK=KK +M
H{IY=0.

Do &0 J=1,4
KK=KK#+1

CRATYI=HII) M (MK FF (D)

4N
39

42

4t

L3
45

&1

47

COMTINUF

COMNTINUE

aM=0,

K=K TNV

no 61 II=4,N

IIP=IT+N

H{ITP)= W(IID)+H(K)‘N(II)
JiL=I1+%

IF (JL~N) 42,042443

B0 &4 JJI=JL N

JJe=JJ+N

K=K +1

WITITIPY=WIITP) +HIKI*UHLJI)
WIJIPY=WOJI MY+ (KIFHWLTD)
COMNTINYE

K=v4+4

IF (OM=-48S (H{ID *WIIIP))) 45,414,541

M=ARS (W(IT)*4(IIP)}) .

SKL=1II

OONTIMT
II=H+MPLUSH*KL
CHANGE=0.

N0 46 I=1,N
JU=N+T

W{I)=0,

D0 L7 J=NPLUS,HY
JL=EJL #MPLUSH

WIT)=W(TI) + (S FHLJLY
COMTINUE

II=TT+1

WILI) =W (JL)

212



48
46

49

68

60

61

62

1
R

H{JIL) =X (1)

IF (ARS (Z{TI*CHANGE)~A3S (M(I)Y) 63,48,46

CHANGE=ABS (W{IY/EL(IM)

COHNTIMIE

N0 49 I=1,4

TI=1IT+1

JL=JL+1

W{TI) =W {JL)

W{JL) =F (1)

SoONTINUE

Fe=FF

ACT =0 (1 /CHANGE

I7T=2 ..

XC=",

XL=0.

I8=3

XSTEP=~=AMTIMLI (0,5, ESTALE /CHANGE)

IF {CHANGE~1.,) 53,53,51

ICONT=2

CALL VYNN1A {IT, XN 4FNy 6, AGL,0,14XSTEP)

GO T0O (52,53,53,57%),17

MO=40 +4

IF (MC-MAXTUMN) 54,554,565 :

WRITE (h,En) MAYFUN :

FOPMAT (65X, 54VAN2A,16,1€H CALLS OF CALFUN)

1S<=2 .

GO 70 &3

XL=X0=YL

nNo 57 J=i,M

XY =X (S £XLxH (D)

COMTINIE

XL=X0

CALL DALFUM (MyNy Fy X gMAZNA, NI ME, 6, XA 41 XE, X130, X200, XA4D,
ITAUH 4 ITAUFH, ITAUR, ITAURW,SCAF, SS9, 2,

X1i,X16,X%X22)

FC=p,

No 58 J=iMH

FC=FO+E () *F (N

COMTIMNUE

GO T0 (59,58,610),1S

K=N

IF (FC~FF) 61,51,82

IS=2

FMIN=FN

FSEQC=FF

GO 10 63

IS=1

" FHIN=FF

59
64

75
74
hb

65

62

67

FeEn=FQ

GNH T0 63

IF (FC=-FSECY AL,51,61 -
K= <STQrE

G0 TO (75,74),15

K=l .

IF {FC-FMIN) 65,511,686
FSEC=FC

GO T0 63

IS=3-18%

FSEC=FYIN

FMIM=FC

no £7 J=1,N

K=K+1

HKY=X{D)

CONTINUE

21
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68

53

70

69

71

72

76
77

79

78
RA

AQ

83

DO 68 J=1,M

K=K+l
HIKI=F(D)
CONTINUE

G0 TO 5%
K=KSTAORE
KK=M

GO YO0 (69,70,63},1S
K =M
KK=KSTORE
SuM=0.
NM=C,
JJ=¥STORE
DO 71 J=i,N
K=K+1
KK=KK +1
JJ=JJ+1
X{(J)=H(K)
W{3J)Y =W (K) =W (KK)
CONTINUE

nNo 72 J=1,M
K=K+1

KK=KK+1

KRERNES!

FJ)=N(K)

W (JJ) =W (K) =W (KK)
SUM=SUM+W (S §) ¥4 (JJ)
DM=MM+F (JY*HOJ)
CONTTNUE

GO TO (73,10),1SS
J=K TNV
KK=NP LI S= KL

N0 76 I=1,KL
K=J+Ki-1

J=K+KK

W(T)=4(K)
W(K)=H{J=1)
CONTINIE

IF (KL=M) 77,73,78

Ki=xL +1

JJ=K

N0 79 I=KL,N
K=X+1
J=J¥NPLUS-T
HWIIY =N
WIKY=W(J-1)
GONTINIE
H{JJ) =W {K)
R=1,/H{KL~-1)
WKL=1) =K (\N)

G0 TN 8%

Rzl /WMD)
K=KIMNV

N0 80 I=1,ILESS
B3B=R*H(T)

DO 81 J=I,ILESS
H{K) =U(K)-33*4 (D
K=K+1

CONTINUE

K=¥+1

COMTIHUE

IF (FMIN=-FF) 82,R3,83
CHANGE=0,

R0 T0O 84

21k



QOO0

82

8L

85

87
86

FF=FMIN

CHANGE=ARS (X(0) *NHANGE
XL==NM/FMT
SUHM=1./SNRT (S1M+ OM*XL).
K=KSTOPE

ne 85 I=1,N

K=K+1

WIKY=SHMBW{K)

WIIY=0,

CONTINUE

no 85 I=1,M

K=K+1

WLKY=SUM* (H(KY+XL*F (I))
Ky=NN+I ot

no 87 J=1,M

KK=KX +40L SN )
W LIy =W #4 (KK *U (K)
RONTINUE

CONTIMIE

GO YO 14

- ENN

SURPONUTINE VOOLIA (ITESTy X FyMAXFUN, ARSACC,,PRLACN, XSTER)
ABSF( AN 23)=AS(ARN123)

50 Y0 (1,2,2),ITSST

I1S=f=-ITEST

ITE]T=4

TINC=1 . ) .
XINC=XSTEPHXSTED '

MA=IS-3

IF (M0) G444%,4,15
MC=M +1

IF (MAXFUN=MC) 12,415,15
ITEST =4

X=Nn

F=FA

IF (FB=FC) 15,15, 4
X=nC ’
F=FC

RETUIDON

GO T (5,64748),1I8
18=2

ne=Yx

FC=F

X=X+XSTEP

50 10 3

IF (FC-F) 9,10,11
X=X+XTHN
XINT=XINC+X TN

.60 10 7

11

13

5

nR=Y

FR=F
XTIHC==XINC
60 T0 13
DB=NC
FR=FQC

NC=X

FC=F
X=DC+NDML-NA
Is=2

G0 Tn 2
NA=N3
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i5
20

21
22
23
24
14
25
24
27

35

36

29
23

L1

40
L ¥4

L5

25

gB=0C

FA=FNn
FR=FQ
ne=X
FC=F
GO 79 14
IF (FR=-FC) 1h7,17,17
TF (F=-FR) 18,32,32
Fa=FQ
BA=N3
Fa=F
ng=X
G0 TN 14
IF (CQ-FP) 21 21,20
XINC=FA
FA=FC
FC=XING
Y IMC=NA
LY PR
AC=XING
XINC=N10
IF ((N=nNRY*(N-N)) 32,22,22
IF (F=FA) 23324424
FC=F3
nc=n9
GO T0 49
FA=F
NA=Y
IF (FR=-FC) 2R425,29
IINf=2
XINC=n0
IF (F3-5C)Y 29,45,29
={FA-F2) / (DA~ 17)'(?& Fry/(na- nC)
IF (N*(NR-NGY) 33 ,27,37
=0, 5* {NN+YN=(FI-FLY) 7N)
IF (ARSE(D-Y=AQSF(ANSACE)) 1%,3&,53
TF (ARSF(D=-XY=-ASF(N*PELACG)) 2L,y 34,36
TTFST=2
G0 TO 43
IS=1
X=n
IF ((BA-DC) *(D5-N)) 32,26,38
IS=2
GO TN (2G,43),ITNC
IF (QQSC(XIV“)-Aﬁbp(DP-Q)) 41,3,3
Is=2
GO TO (41,42),TING
=0
GO T 417
IF CAASEIXINGC=X)=ARSF(X=NCY) 42,42,3
X=0 ,5¥{YING +T) .
IF CIXINC=X)*{X=N"Y) 26,26,3
X=1,5%(NR+NC)
IF ((N3=-X)*(X=00)) 26,2643
IYEST=3
GO TO 43
ENg

216
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APPENDIX B,
Listing of the more important routines in MXEV2X1

(Routines listed in Appendix A are not repeated. CALFUN is
CALFUNO in SSNL2D).

MXEV X1
DEIAY1
 FDBCKL
- 4 TESTMX
TESTMX2
COMPARE
DRAWMX -
DRAWIM
SCAN
SLOPEL
SLOPE?
SLOPE3
SLOPEL
SLOPES
STOPES

INVERT
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CPROGRAM MXEV2XL (INPUT,CUTPUT,PHUNCH,TAPER=INPUT, TARPES=0UTPUT)

3.11.70 (L, TEPOER, GONTROL SYSTEMS SECTION, DERPARTMENT OF
COMPUTING ANC CCNTROL, IMPERIAL TOLLEGE)D

LINEAR MODEL CONSTRUTTION

MATRIX SVALUATIOMN OROGRAM FOR LTHEAR MONSL

THE INPUT VALUES FOR THTS PROSREAM ARE THE STEANY STATE VALUES COMPUTEND IN
PRQ3G, SSHLZT, XyXAZWERU, THE PAP(FDR STEAOY STATE) HAS REEN REAMQVED,

THE RASIC ENUATIONS, DTRIVEN AY LINEAPIZAT;ON NF THE N/7L MOHEL, ARE

XPOT(T) = A®X(T) 4 7%XA(T) + ANXO(TY + GXU(T) . e}
8= D¥XLT) + SEXACTY * EN*XO(T) + Fxy(r) : (2)

WHERE

Y IS THE VEGTOR NF 23 STATE VAPTIARLES

XA oo se . ve 17 ALGERPAIC VARIASLES

U‘ TN ) [ P} T ee 7 IHDUTQ

XN ee s . ee &4 NTLAYED YARIADLES (3 STATE , + ALGERR,)

A,8,83N0,0 ARE HATIICES CF 23 R04YS TACH
NyE4FED, F o0 .o e 17 ') .o

THE SURE TIMZ NELAYS AAQF ADPOONYIMATEND IN THE FOLLOWING GENERAL WAY

7N0T(T) DEX(TY + PARXA(T) + N¥7(T) ' (3)

G*X{T) + GA®XA(TY #+ H*7(T) ’ (%)

XN(T)

WHERE 7 IS A VEATN2 OF L NEW STATT YARIABLES {L = 4 FOR FIRST ORDER APPROX,)

7 = (021 72 23 7L1T . T = TRANSPOSE
P,PR, N = MATRICES NF L ROHS EACH )
R’GA’H E e L3N u . e e
THE FOLLNWING SET HOLNS FCR ZA4CH TIMZ DELAY
IN0TT = PI*XNI + NI*71 {5) I 2 152,344
T = TRAHSPNSE
XNI = GI¥XNT + HIT*7ZI {6) XNL = X(20)
: XNZ2 = X(13)
HUERE ’ T XN3 = X(13)
XNy = XA{4)
LI = nNenNE® OF A%ROXTH4ATICH AF XNT
7T = VERTOR NF LT STATE. VARTARLES
oT = . ee se FLEMERNTS SET AGCORNTNG TO DISIREDN TYPE OF _AFRIOXIMATION
HI j—'.. ‘e * 0 .s . » *e L ] . * e LN LR *h
nT E HQTQIY (LI’!.-T:” L2 J a0 L ] e *e LI L 28 2 » e
GI E QR{\LAC{ L L ] e LR LK ] L ) e

L= Ll + aee + LB

THE MAT2INCS nf (33,(4) ARE FO2MED 3Y MATRPICES AND VECTORS FROM (5),(6) IN
THE EOLLOWING MANNTR : )

TNJeeeoPloxiM to nl LAt XXes eeoll)

FOae P X437 [Tees 1) el XYoo 3}
(0,728 ¥%, 0 o T my . N2aXXee N}

i+
i

i

[(Ces PXow + 1} pA [Ueso 0} n =z tgﬁxx'u 01 (3A)



(L,17)

(L) 10N3sXX D)

TG,
8.
(o.

XY 01
DheXX)
» XX}

HiTa{ XX eass01
HZ [0,XXeoo0
(hyl) TC.eeXX,01
{0 HG T XX

TB1(234L,7)

(e R (N
t n t 6
[ ] { )
(e 11 f1z e oM
te 13 t N
{ oA 3 o 3
t 1 (N

€1 = £ + EN*GA

] (‘.,23) T2eP3nX, s 01 [Dans 11
c [Qs0 PXoow 0 [(Doee 01
] (2anee «M TPLeX,, L |
c 1 IR eI [(CerXes 01
C L L L
c 13 228 - 4
c .
c | LI GleXe 01 (oo 21
Cc G = [De2aX, o 0 GA = [300.‘ W13
c !#,23) (NeG3mX,0 « 3] (U,i?) [V%as 2
C [Uua 009! [GLH’X.. .q.!
C 2 * . *
c 13 2% 4
€ NOW, ‘IF . oo 2hs
G . .
L) X{ = X 717 WITH 23+L STATT VARIARLES
c
c WE ORTAIMN THE FOLLOWING FEAUMATINNS UHICH THOLUNE (1),(2) 4 (3}, (4)
L]
15 X1N0T(YY = AL#X1(TY + TL*XA(T) + CL¥H(TY
c
o S = NARXAATY & SARXAL(TY 4 FRULTY)
c
' WHERE AL (2341,23+L), 21{23+L,417) ANN
c .
c e it 11
C [ A2 22 A2 = A + nNnxg
r f YT (22,22
¢ AL = (¢ 3t 1 a2 = [N¥y 31 =
c Tt 1t Y (2%, 1L)
i t o 3
c t It 1}
r .
G NL(17,23+1L) AND £1(17,17) ARE
c
C LAY 11 11 0?2 = 0 ¢ CN*.

r n2 £E2 1 (17,23}

Ny = ¢ ] £E2 = EN*Y
te N (17,0)

L Y T YIS YRR eY

- ¥
FOXINOT(T) = AS*XL(T) + ASHU(TY =
S n

REFFENE IR ERRLGRFANLRR LSRN RN ENTRERE

.

WHERS AS = A1 -« R1¥5iyeng
A% = £1 = LFELvrT
E1V = THVERSE OF MATRIYX F{
28. 1. 7'.‘

THE COMPREYENSIVE MOTGEL IS NOW

RERMERD IR FAXREENRERE R AR AR RN LARRRE NN
3 *
¥OOX2NOTIT) = AFEX2(TY + nF*y3 %
” x

- -

OO TIOQOCOATINNNIINDOOIIDNAIINOD

FINALLY, SLIMIMATING XA FROM (7),(8), THE

EQUIVALENT LINTAP MONEL

COMFREHENSIVE MONEL, ANPING (EXISTING) CONTPOLS TO THE SYSTEM,
CFORCKL IS TuE MEY R0UTIHME INTROJUFED FOR THAT PYRPHSE,

219

(4A)

(7

(8)

(74)

(84)

Is

(9)

(10}
(11)

(13)
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KER XN RE PR L PR N FE R E R ABRARG SR

UHE PE
X2 T EX1,MI1T STATE YEGTOR OF LENGTH  NX2 = NL + NN
o= HEY STATE VARIAPLES TNTROMUCTY IN FOICK, LENGTH NW
ua = INPUT VYEGTONR 0F REFZRENCE PNINTS, LENGTH NU2 = NU + NUN

(INCUTS PERETVING FECNRANK ARE NIL TN THIS VEGTOR)
SES ALL FURTHE? A0YMENTS IM FORCK ROUTING
30,112,569 |
TO AVOIN REPEATEN EIGENVALUES, TRY SMALL CHANGES IN CALFUN

F{19)

= L 25¥X(19) + ,a5%U{Y) THSTEZAD OF TIME GONSTAMT 1 SEG
F{21) SE

-1405%X(21) + 1.,095%U(5) TNETEAN OF TIME COHSTANT 1

ANN THE COPRESPOUNING FLEMENTS IN AHX AND AMX

«35
1,35

- 295 ' GC{ia, 4)
- 1.85 £(21,5)

AC19,19)
A(21,21)

Hon

IF SUCKESSENLL, RENALL AHONGING SALFUN AND CALTUNO IN SSHLZ2

LIST OF DIMENSIO'S AMD APPAYS

N S HIMRED Af STATE YARTIANLES, CFORE -INTRONUCING THIE NELAYS APCPROXIMATION
HA T NUMAREZ2 OF ALGFRPATL VARIARLES

MU T omgMnes G INHRPUTS .

NE T MiMaFre nF EYPLTSIT VARIASLES (IN SSML2D)

MY T NUMAREP OF NUTBTS

(M TN MY ASE NAPITEN NUED FRAM SSNL2TY

NO = MNUMAED OF A8 AYcd VADIASLFS

L = MUMAER OF STATE YAPTARLES ANDIED OY PELAYS ADEROXTMATINN

NL = NUMaros nfF STATT YARTAALETS (TNTAL)Y AFTER NLLAYS APPPGYTIMATION

MUM = qUMRER gF THRUTS THTOIAANGEN TH FAanKy FOR THE TOMPREHENSIVE MONEL
HY S NUMAEDR nF STATE VARTARLES INTRONUCED I FDRCKY

NY2 = NIMARC?2 NF STATE VARTATL ES (TOTAL)Y) 0F COAMPRIHENSIVE MONEL

N2 T MIMIAER AF INOUTS (TATAL) OF COMPREHENSIVE C0EL

HY = NUMRER NF QUTFUTS (TOTALY OF COMPRUHENSIVE MONEL

X{N)Y s X A(HNAY, UIN'TY, .

XZ(NZY , Y I STCASY STATE VALUES CALCULATIN IN SSHL2

TiA, 74N, 720, T1E PURT TIMZ DELAYS e .s s

P‘(N, N) ,r‘(”’”\’ ,q'-]( N’}'T)) b}

TN, MY (ALY, S UNA, NA)

ETF AL MY ), F (NALMED CLEMFHTS AF MATOICES OF AASTIC LINEAR MOJEL(1,2)
AT (NL,RL)Y 35 (UL, HLY THIIVALEYT LINIAR MOOEL MATRIGES N

CLILLY ,P2(L2),P3(L2Y,7LTLL),

THL (LAY gH2IL23 p H3TLTY y ML),

NELL,L1),72(L2,L2),03(L3,13),

DG LLyLbYy Rl 02502404 ELEMENTS SET TN DESIRED TYPL OF DELAY APPRNX, {5,6)

PLLy N, PACL, MAY AL, L)
GUND 3N 5 GA (1T, HAY , HOIT LIMATRILCS COMPOSEN 07 PREVIOUS ELEMENTS (3,4)

A2 (MeMY, M2 (N,LY 82 (NAL,L)
N2 {(NAy ™ WORKING MATRIGCES (714, 8A)

AL (ML, NLY 7L (AL MAY 3 N (ML NTIY,
NLINAGHL Y, T4 (A M) MATRTCES IM STES TOWARNS FINAL MOOEL (7,%)



6 TLIVINASNA) ZZEV (A, NA)

OV (L ,LY, OV (L, 1)
WAL CHA L' ILY 4 HAT (HA, NY)

WNLE (NL, ML), WHL2 (N, ML)
PYASP (L), QTAST (L)

WM M, NY 5 MNA (TR,
WANCHA 1) g MAACHA G HAY
TRRE (M), 5225 (1),
ERPFLC (M), EAPFP0 (M 1)

DT (LN yNTIL, L) ,FTIL MUY,
ENY(NA u«),1"4(u,4ﬂ),wu3(
WLACL, Hl) WLD(L,y D)
N1(M),nﬁ1(ﬂ&),wu1(wu1,
NIECHD )y LLL (L) 4 MLE (HL)
I9ONTL

TOPNTY2
TOPNT3
I00TYL
IPPNTS
G
LIST OF S1mnayTINES

PEZAN
OIHNPUT
UTN, STAAL,EXPL,YTAU

AM X, PMX, RNHY G HY

MYy EMA, EDMX 4 F X

NILAY

DY, DA X, IMX

GHMY y GO MY 4 H MY

ALMX qiwx,01wx,01wx E1MX

WRTIMX
N2 AWMY

N3AWLH

STAM

NN

LALFIY

FlINd g6 4 e s FUNG
SLOPFL,, 44 3SLOPFS
TMTPOL

MULTT

I1yEoT

NILL

AnD

sHaTp

NEGATE

THREN

TMRE DY

XZIGEN

FT66

NETMT

HESSEN

NAEIG

nnT

TESTMX

L F e N N N N N R e R st e R L R R L R R R R ki e R Ry R R R N R Rt R s R R X2 R e s Ra R Rr Rt B s

INVERSE OF EL AND PRODUGT E1*ELV (13,11)

INVERSE OF 0 AND 920NUCT A¥ny
WORKING MATRICES (18,11)

WORKING MATRICES FOR EIGENVALUE CALCULATION

REAL AND IMAGINARY ROOTS 0OF AS

NT (N, 7% (NAY X (Y Y A LNAY NN,
EAAD (1Y, GAD (1A , W N(NA,VNA (MAY,
HAV (MIN L), BT (D) ,5AT (HO, NAY,

VARIARLES FOR MATRIX TESTIMNG ROUTINE

ATON NI, A7 ClaU) AT (M, NIy

Ny DYy
NORKTNG MATETGES FO? TESTMX(PART II)

VARTAPLES QP NPAWLY RONUTINE

221

PRINT ANT NRAW MATRICES IN MXEVA2 (EXCERT AS AND

8S) T07 ANY VALUZ OTHER THAN @

I3 FaP AS ANT 35S

I3 FORP ALL NEW MATRICES IN FOCK

I E0D TNTERMENTATE SURMATRICES OF FNICK
I0D FOP AF ANO AF IN FQORGK

OEADS STEANY STATE VALUES
WRITE IMPUT YALUES( RESULTS FROY SSNL2)

EVALMETE MATRICES OF EQ (1)
.o es os (2)

SETS 0ORDERS OF DELAY A®PPROX, AND VALUES (5,86)

EVALIATE MATRINES OF €9 (3) AND OV, g0V
* e »e L ] e (q)

. . ee se (7,8) AND EiVv, EEV

WRITT ELTHENTS CF HATDIPES
NRANWS .
NRAMS COMPLETE LIh AQ MODEL
AUXILIARY TO D2AULM
PUNGH SLTZHMENTS OF SQUIVALEMT L, M, “ATRICES
EVALYIATES FUNCTIONS OF WN/L MODEL
TARLES NF EMPIPICAL FUNSTIONS
TARLES 0OF FIRST NESIVATIVES
SIYPLE IMTERDOLATINY
HATRIY MULTIPLICATION

. INVEPSTION

.e ST 7O NULL

oe ADRTTTON

.o SUWTPAPTTON

GATIVE OF

TDAN5F p OF SUBMATRIX TO PARTITIONEN MATRIX
TRAMSFER OF VECOTOR 10 MATRIX
CALCULATES ANT WRITZS ETGENVALUES OF AS
y; _ .
/
/ EIGENVALUES PANKARE
/

T

TESTS MATRICES 8Y COMPARISON WITH NONLINCZAR MOOEL



H

iy N o]

o0

[y ]

OO0 n

QOO

(o]

AT NIDHIONIND

222

TESTMX2 ’ L TESTS CORRENTMESS OF EAQUIVALENT LINEAR MODEL

FNARGKL . NEYW ROUTINE CHANGING MXEVA2 INTO MXEVAZX
ADATING HEW (FEENRACK) ENUATIONS TO THE SYSTEM

LIST OF VARIABLES FOR FORCKL ROUTINE

TM(NML MIINY G RSH (L ,N2)  EXTENSION OF MATRIX RS (9,91)
FS LMY, HLY 3 ©ONT,HHY 5 (NHy NY) ,

TGN, M2, T (HU2, 0, :

V(NUP,NY),ET (NUZ,M0U2Y  NEW MATRIGCS THTROIYCEN AY FABCK " (14,15,16)
AE (NX2,MX2) y IF(HX2411112)  COAPREHENSIVE MOOEL MATRICES (13)

DEAL X233, XA(17) ,U (7Y, ¥E(L9),Y{3)
REAL A(23,23) 40 (22,17),5337(23,4),0(23,7),
i D(17,23), L7, 17) 3 EN(L734) ,F L7, 7)

ASSUMEZ MAXIMUM oRnhER T FQOR DFELAY APPROXTMATION

REAL P1(3),P2(3),P3(2),F4{3),HL(3),H2(2),H3(3),Ha(3),

1 NL(353)40202%,3),03(2,3),04(2,7)

OFAL P(12,23) yPAC12,17) 3N (12,12) 3G (6,27 )GALL,17) 4H1412)

PEAL A2(23,23) 402 (23,42 ,02({17,23),52(17412)

DIMENSTOMNS REJUNEN TO ENVISAGE 1ST OROE? DELAY ASPRAXIMATINNS OMLY

PEAL AL(27,27)371(27,17),CL(27,7),"1(17,27),E1(17417)

DEAL EA1V(L17,17), 5V (17,17, (12,12),07V(12,12)

REAL AS(27427),0(27,7) 4 WALI17427) yHAN(17,7) -

RFEAL WMLL (34, 71), WIL2 (31,313, PTAS? (21, 2TAST(31) ,NML3 (21, 31)

REAL NTC22) ,06(L7),0X(23),I%A{17) ,"U(7) ,FRA2(23),06342(17) ,UN(23),
VHALLZ),ENRF (23),ERPRG(17) 4 EORFPC(23) ,ERAGPN (17),
HOV(4,12) ,6T (4 423) ;08T (4,17),
WNNE23,23) 3 UNR (23,470, UAN(17,23) yHAA(L7417)

REAL XTST(23),XATST 117 ,UTST(7) ,XETST(19)

NN

REAL AT(23,23)145A7123,12),0T{22y7)4sPT(12,27)30T(12,12)4FT(12,7), ARRAYS/
i FOVIL7417) 4 BPAPZ,17), UNN{23 543 ,MLACL12,17) ,HLN(12,4) TESTMX2Z
INTEGER N1(23),MALLI7),NULL{7Y,NDL {4, LLA(12), NLL(35),NAME (8)

NEFINITIONS FOR FNASK ROUTING (ASSUMING MAXIMUM YALUES OF
NN = 13, NUN = B, NY = 10)

PIMEMSIAONS RPENUTED TO EHYTISAGE 4ST OR0E? NELAY ARPPRIXIMATIONS OMLY

PEAL BN(27,58) ,ISM(274315) yAF (37,37} RF (37,451, RTAFR(3I7)4RTAFT(37),

1 CSCLE, 27y ROL0,13),S{1L0,4AM) ,DNCLT,48) ,T(15,13),V{1L5,10),

2 EF (15, 15) <.
TNTEGER NX21(4Rh),NI121(15) :

WORKING MATRINES USE ARRAYS FPOM PREVINUS SURROUTINES

DATA TURAS, INRPAF/IH AS, 34 AF/
N = 23
NA 17
NU 7
NF 19
NY 3
NN 4
TeoMT 1
IeoNT2
IPPHT3
IPOMTY
IPONTS

HI T TR A1

1 TR | ]
[ i B =N o
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CALL

22444790

223

REAN (N, HA gMUZNE 3 X sX Ay Uy XE4MY, Y, TLA, TL0, T20, TLE, NAME, 9)

NIMENSINNS FOR NELAYL

L1 =

CALL

1

L =
HL =
naLL
GCALL
CALL
CALL
cAaLL
DAL
cCAaLL
“GALL
cAaLL

CALL
CALL
CALL
1T1)
CALL
caLL
CALL

CALL
171y

CALL

CALL

fALL
1™

CALL
i

COMPUTF

FROY (8)

ALy

GALL
CALL

CALL
-CALL
maLL
i
2

304470

L2 = L2 =14 = §

DELAYL (L1, T2,L3yLh,P1,02,P3, Pl 41, H2 , H3, HU s N1, 1243 N3, Ny
G19G2,632,64,T14,T17,T20,T4%,1)

L1 + L2 + L2 + L4

N + L

DINPUT {HyMA TP M X XA, By XT LY, Y, T18,TA0, T20, TLE, HAME,; 8)
AMX g NAGNU G HEy Xy XDyl XF ) Ay IPRHTL)

M X CLa AN E XYy XA Uy XE, 7, TODHTL)

g HY (N NA N IE g Xy YR, X T, M 1N TRANTL)

rfy (g NR NG HE Y, XA, XF, 0, T2 T1)

MY (Hy KA Ny My XA 1], YE4 M, IP2NTL)

X Cly NAGNUHE s Xy XAL U, VE, £y TPRANTLY

ENMX (g NA, NUZHE, X, YA, XE, EN NN, TORNTT)

c"ﬁ( (N,NA’N”’H’;,Y,XA’”,XE’F’IDD\NTI)

PM X (MaNAG N, Ly L3,L2,L3,L4,° ,P1,P2,03,04,IPRNTL)
BAMY (M NAGZNN,L,L1,02,03,0t,01,71,02,P3,04,TP2NTY)
AMYX CLyNAGNT L1, 2,0 35000 301532, N33 4y NV, A0V, IPPN

GHX (Mg MRy NN,L,LE,L2,L3,L4,5 461,562,606
GAX  ClyNAgNT Lyl 1,012,350 ,6Ry51,52,%
HH X (H,NQ,N"‘,L’ngL?yL:‘»,LLf’H ,Hi,HB,H

©

ALHX  (MyNA,NU,HA, LyHLyD @A, 0,056,068 ,4,A,90,A2,R2, A1, TP]N

Gly, IPAINTL)
G, IPRANTL)

Ty
3y
TyHL, IPRNTL)

“BIMX ClaNAGNUZHT, Ly NLP o PA, N, Gy GA,H, 2,8, IPANTL)
CLMX (Mg NAG NI, LyNLyP3PA, 0,6, 58,4,C, 1, IPRNTL)
DIMX  (HyNAyNUSH0, Ly L3P, P A, 0,6y GA 4 Hy 0,574 02,E2, 91y IPRN

ELMX (U NA, N3N, LyNLy Py PA, Ny Gy GAyH, E4E, EL, ELV ,EEV,
IPRNT1)

MATRINES FAR CALTULATING XA(T) FROM X1{T) AND U(T), PRINT AND PUNCH

XA(TY = = ELV*NIFXL(T) - EAV*FE*U(T)
) = XAXL*XI(T) + XAU*UI(T) (14)

YA (NAZHL MU FLY, N1, 3 WNLL, WNL2 yWNL3, 74 1)

ASMY (ML, NAG MU, B, F1V, A1, N1, AS,4AL, IFRNT?2)
ASMX CHL,HAZHUBL, C1V,T 1,5, TS, WAL, I2PYT2)

XTIGOM (ML 4 AS, WNLA, L2 ,RTASR,PTAST)

OPIPIGH (RL,HUyAS§3S, RTASR, 8TAST)

DEAHLY (N NA MU ND LML, P, 28,064,584, 4,7, B0,0,0,8,E0,F
s NSRS, ML, MAL N1, NN, LILL, NLL,
NX2g N2y AF 3 RF g NX 2L yHU21,41)

REFQORE TESTIMG LINEARIZATION REPLACE THE THPRUT VARIARLES, AS SOME ARE MOOIFIEN
IN TESTMY AND USED AGAIM LATER

CALL
caLL
CALL

EAUYRY (X, XTST,NY
EATIIND {(YA,YATST,HA)
ENNVOR (U, UTST, N



AONOQO

SO000

o

OO0

OIDIIODNAAO

DQLIDHADNO O

CALL ENUVRY (

224

XT3XETST,LHE)

CALL TESTMX (N yNA,MU;NELXYTST, XATSf,UT>T XZTST,

Ay3,yn
L PR
CALL TE

N o

ML, AS
WHNL L,

VS \\

THE FOLUNOWIMG PAR

PE,N6,0X%,0XA4, N ,FARNLGRAR,
Ny My E4EN,F vw VHA,EROF ,ERDG, 50PFDC EnzGorn,
Gy BA gH ,=,D~ Ay SHOV G GT, GAT, WM, 4 A, wnu HAA)
STHX2 (‘J,HA,‘J'),Q,’\,’?D,C,D,E,E-‘J,F,NG,L,G,GA,Ll,P,PA,
NN HNA, WAN G WAR
y A5y Ny AT, A7, 07,2 T, NT 7 T,ENV, 8R4,
WHLZ JHMA,HLAHLN)

AMETERS £0° THE FnagoK RONTINE ARE TINSERTED HERE

AN WILL NE CHANGEN AS THE NEED APISES

2Rel1o 70 (NUN = 3, NH = 3, NY = 6)
MUIN = 3
NW = 3
NY = 6

MATE THAT NY HA
FOR CRECKOUT OF T

NU2
NX2

NL '+ NW

CALL FNNRCKL (7,

i
2
GCALL n~
1
?
CALL CAUTINN
NALL ME

DALL PCH2013
CALL PNH2017
NALL POH2013
STOP

END

SUBPOUTINE DE
i

22.4,70
IN THIS ROUTTINE

AS HWELL AS THT V
3 IS THE MAYTHUM

S NOT THE SAME VALUE AS ANQYE, WHERE IT WAS USEN
HE STEATY STATE (SSNL2) OMLY

MU+ MUM

HL g NUy NUN U2y M Y G X2 3 15, BSy X33y ISH, CSy RS, N0,
Ty AF, IR, WL, 4“L2 1,HPL, 1,E1 IC2NT3 s IPRNTUL,
IPPHTR, EEL G MNL3,F1Y) .

ANLM (N,Ua,\U,MW LyNLy Py DA N, G, G H, AgMy BN, 0, 6N, F
;BQ ‘1/C '11 Nﬁi "”i;NqiyLLinLiy
NXZ,NUZyﬁr,“C,HXZI,HUZI,2)

WYHT (X g UMy NUy XA ZXE ) NA 3 NE, NX 2) : CHECK
WITH FNRCKL

(F, NX24 N2, RTAFR, RTAT T, 1)

{AF 4y NX2 yNX2 3 RTAFP RTAF T, 1)

(TS, MY, ML, RTAFR,RTAFI,1)

LAYL (L4,L2,L3, Lu,oi,vv O3F,04 MLy H2 3 H3 44,011,722 ,03, Nk,
Gi.GZ,G3 G4, T1A,T10, TZB,TiE,IﬂLY)

THE 0PNEPS 0F APP2OYIMATION OF THI 4 DELAYS ARE SET AT MILL,
ALUES AR EN (5,6),
NRNEDR JTHMENSIONED IN HAIN RQUTINE, REWARE, .

SEE EXPLANATINHS T MATN DCUTIME

REAL PL(L1),P

i niiLL, Ll
GO TN (181,29
FIRST NRDER APPP
THIS MONEL HAS A

AMPLITUYE=APAN,
WITH A TIME COHNS

20L2); P2ILD) P4 0LLY g HL (L1) ZH2(L2) , HI (L3 s HG (LY),
YN2(L2,L2) N3 L3, L3 ynu{lby,Ly)

0}, INLY
OXIMATION
RESBONST {(TO A STEP THNPUTY OF THE SHAPE OF A NEGATIVE-UNITY-

FOLLONEN GY AN SYPANIMTTAL RIST TIUARIS THE TY2UT AM2LITUNE,
TANT EQUAL TO HALF THE NELAY TIME, :



[« ReEs RoNe]

(S

QO

O3 BONTOANODOTRIINIONNIONIINDOICAOD

Gz -4
o= G/TAU (TAU = TI4E NELAY
P o= i .
0 = «2/7TAU
1an i = L2 = L3 = L = 4
Gi = 62 = 6T = ny = =1,
PI(d)Y = P2(LY = P3({LY = Ox¢1) = 1,
N1{1;1) = - 2,/T14
N201,1) = = 2,/T4N
N34y = - 2,/720
Ne{i,1) = - 2./71F
Hi1(1} = = 24%011L,1)
H2(1) = - 2,¥021{1,1)
H3{1) = = 2.¥03(1L,1)
Htli) - = = 2,%94(1,1)
RETURN

200 WRITE (K,201)
201 FORMAT

1 ALL TIME WPLAYS,*/
7 ILX, ¥MTTH TTIME GOMSTANTS ©OUAL
2EADH N:‘Lt\ynf/31x’xqocpTCICnLLy’

IHINLXNT = =2/ TAUIF/RIX,¥GT = =1%¥/B3X,%HI =
#4S THE TIME NELAY IM EACH CASEX/)

NETURN

£NA

SURPQUTINE FNRCKY (
1 Sy, T, ¥,AF, IF,V0S,1V0,1
2 TEONTL, IPONTG, EE ,ASE ,NNE

2841470y 15.9.70

IN THIS RAUTIUE
SUCH THAT THE®T IS FLENAANY TO SOME OF THE Ine
LONSINECEN BEFERFURE POTNTS.

NEW STATE VERIAMLES ARE INNORPORATEN, CALLEN
THE NEW ENDLATIONS ARE KEPT IH THTS SEPARATE Pn
US TO CHAMNSRE THIM AT HWILL,

FROM MXEV2XY

XADOT (7Y = AS*XL1(TY + BS*J(TY

NEW ENUATTONS

¥(T) = CSEXL(T)
WONTITY = R*¥WAT) + S*Y(T) + DRFU2(TY
uz2¢m = T¥H(T) + V*Y(T) + EE*USB
HHERFE
Y T VEAGTOT OF NY QUYRYTS
Wz o e MW MTW STATE VAOIARLES
UN = e oo NUN NEHLY INTROOUCEN TNOUTS
"z = .s e M2 TNTUTS

TH EAUVATIMS

My NL 5 HUy MM N2, Y, MY NY 2

(777777731 %, *THIS 807TL HAS A FIRST OQUVR APBROXTIMATION FOR

TO HALF THE VALUES OF
(5,36)%/53X,*21 = 1%/

4/7TA1) WHERE -TAU I

s AS, BS,X;RN,BSN,NS, R,
TySCS, NV, NNT, IPRINT3I,
)

UTS, THE REST REING

W,
UTINE SO AS TO EMNAALE

X1 = X 7217

AODITIONAL FAUATTIONS APE ATTARHED TO THS LINEAR MODEL,

(N

(14)

- (156}

U2 T U uNIT

(16)

225
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NU2 = NU + NUN

UrR = se oo N2 THPUT REFSZPENCE POTHTS(N ANDITINHAL CANTROL LAW FOR)UZ2
EE = (MHZ,MU2Z) MATRIX WHTAH TS RASITALLY THE INEMTITY MATRIX,
SUBBLEMENTED 1Y ELEMENTS (IF ANY) REPAESENTING CONNEZCTIONS
BETWEEN THPUTS, ’

NOW INFOREARATE HEYW THPYTS INTO ORIGIMNAL SYSTEM (3)
AS* XL + OS*Y £ANAUY

ASEXL + nS*u2 ) (34}
' GSH T (8BS 3N, AN = [0]

Xxinrotv

REPLACTING {(14,16) INTO {9A) AMD. (15) WE ORTAIN

TASERSNHYHRGYIAYY & ASH¥T*Y + RSN*ECRYR ’ (1?)

X4nnTt =

HROT = [S*¥CS+NN»y*CSI¥ x4 + [(P#NOXTIXW + DD*CEXYN A {18}
IO EO
FURF IR XL AF XX R LR ASBABTREIR L RN
LS L) .
* XPDOT(TY = AF#X2(T) » BF=*yny * ' T (13)
» ¥

FEREFRVE AN AR NARN RN AR AR RS NN URRENRN

WHERE
X2 = TX1 WIT  WITH ({X2 = NL + NM) COMPOHENTS
t 1T 1 e N
r 1 t 1
{ AS+3SH¥YLS  ASNAT ) [ 9SN*EE 13
AF T ( 1, RF 2 ( 1
r ’ 1 t R
(NX2,MX2) [t 1t n (HX2,MU2) 0 [ 1
1 It n re N
[ S*CS+NN%V*GS  R+DD*T 13 . L DD*EE ]

re "o N rt "

QEAL AS (HL, HLY o RS CHL MUY 5 XTHY 5 ANCNL yNUM)Y , RSN (NL ,NU2) , S INY, NL)
1 ROMW WD) 3 S CHN, 1YY o A (I RU2Y 5 T INUZ gNKY 3V (NU2 yHY) 4 EE (HU2,4NU2)
2 AF (IX2 g NX2Y 5 37 (NX2,NU2)

WOBKING HMATRIGCES (DIFFERENT NAMES IN 4AIN ROUTINE)

BEAL VOSINHZ2aMHL) g VO (NLGNL)Y g AT INL NR) 4 SASTNN, NL) s DVCINHyNL) ,
1 INT N, MY 3ST LML, HN2) ,D0T (W, NU2)

NATA FO= HRTHX AND NAAWMY

DATE THMORGH,TNPAS, TUIR, TWSS, TRAIN, THRT, TURY, IK2AF , IWRRF/

t 3HASMy 34 0S, 34 By3IH S,IH DD,3H  T,2H  V,3H AF,2H BF/,
2 TURBYG ,, THRAT , THNSCS, TNV, THRAST, THINGY, IN20NT, TyPany

3 IHG,3H T, THSCS, MW,  3IHASI, 3H ST, IHODT,3H RNZ,
A IMAFE, THRISE,IN?DDE/2H £E,3HASE, IHCNE/

INITIALIZE HEN MATRICES

TALL MULL (TN NL ,NHH)

CALL MULL (DS,NY,NL )

SARLL LU (2,000, N
. CALL MULL € S,HM,HY)
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CALL

CALL
CALL
CALL

FABIXENRER
» *
¥ GASF 1 *
¥ ¥
FARKR TR LR R

RXELANENER
* x
* CASE 2 *
» »
XER XX ERERX

CAX T EREEN
» *
* NASE 4
* »
HXEESXEERE

XERRA YL RER
x® »
¥ CASFE §© %
> £
ERFRXERNEY

AAERIRERE N
% L]
* GASE 6 *
x x
XRRXFIR RN

LARKR R NEE
¥ *
* 04asST 7 *
z ¥
ENREX B YR

ENARERTEER
x »
* GCASE 3 *
x *
REE R XX Y

EE R T Y

(1) LOAD FOLLOWING

Y(&)

HnaT(3)

27

NULL
NULL
UM IT

227

NULL (10, HW, N2 )

O Tytn2,Nu)
(V2 HY)
{EE,HU2)

2841.70

-

APPLY CONTPOLS EXISTING {0R SUGGESTED) IM SIMULATOR
2044476

ADPLY FEEAUATEDR LONTTOL (3} ONLY
17.8,73

APOLY ALL CONTROLS AS IN (1) "UT MOYE LAG ON WSOERRDOR BACK OM WSO

17.83.72

AS CAST (4) PUT HMITHOOT MINERATIR CONTRIL (2)
"T.2. LEAVE £ (14,135) =N v, KWOOT, YT REMDVE EQ. (16) FOR U2
{ CTEAP IS BUNHCHED OM THEZ CARDS CORRESANNITING TO U2)
9.9, 73

AS GASE (5) RUT WITHOUT LOAD FOLLOWING, T.E. FEEDWATER CONTR, OHLY

10.9.70

AS CASE (£) -UT REMOUTNG ALL EAUATIONS (14,15,1A), NOT AS

IN NASER (5,£8) WHZRPS ONLY THE FEENTACK WAS PEMIVED,

SUMMARITING, THIS CASE IS AS CASE (2); 3UT WITH SNYME MONIFICATIONS
IN THE MODERATAR GANTPOL WHICH IS MOT ACTIVE ANYHAY,

THIS IS THE MONCL COYMPATE]D HITH THE WINFRITH TOANSIEZNTS (0,Ke)d

28 44070
APPLY LOAD FRLUOWING(L) AND FEENUATER CONTROL (3) ANLY

MO .

A) GOMT20L (2} IS NAT REMOVED F204 THIS PROAOGRAM
ALTNGETHR 2, BUT LOMMINT CAROS CTEMO PUNOHED INSTEAD
OF LEGITIMATE STATEYENTS FOR W AND U2 (THZ S0O2P2FSPONAIMNG

ouTenT v, I,E, ELFMTNTS OF MATRIX €S, PEMATN 84S VALIN

STATEMENTS,
2} SCE OUTPUT Y(2) (MOJERATOR TEMPERATURE) AFTER
CONTRNLS (1) T (3}

PAY ATTEMTTOH TO YHE SPENTAL TOMMENT ON THE COST FUNCTIOM

TH THAT NHARTZIR,

£, NUMB,
(STHUIL,)
= X(18) .
= TFL#Y4) = TFL%U2(%) 176 AND
= 4 (3) 0 THERS'



[y

DI BIOOHAINANIIIO

DO IONNANONOIANNIAITIINTIIINNION

(2)

WHEPE (MEM PARAMETERS)

Y {4)
W {3}
yz2(8)

(RIS LI

PME
OF
PE

CH MW ()
Cers
MU (E)

ANN (OLN PAPAMETERS)”

X (18)
uze7?

pPMZ
nF

nH

AND (COEFFINIFNTS)

TFL
NATA

TFY

$S(4,18)

S(2,4)

nnez, 8)

T{7,43)

228

MEGH POWER PRODUCEND 3y TURARINE  (X18)
FREAUENAY ERPAR
ELES POWER NELIVERED TO GRIN

TRANSF FUNCTTON CGATN(INTFGR)Y FROM ACG TORQUE TO NF

0.5

(TR R T A 1]

515

« 0515
1.
TFL
- TF1
i,

Uy2(7) IS A INPYT WITH FEENBACK

MONERATOR ¢

Y (1Y
Y (5)

WROT (&)

va2(s5)

woinou

Y

(CHEMGED ON 17,8.70 ACCGRIING TO WINFRITHy 15.4%)

ouTROL
(1.838=-0, 3729¥X(22YPARY*Y (1) = G,83722%X (L)RAR*X(22) 18
Fe3862FX(22)TA¥XALL)Y + F,3862%X(10)3AR*¥(22) 83

= (L. /TALFY *WLL) ¢ (1. /TAUF)*Y (1) ~(,Q029/7(2,*TAUF)Y*Y(5) 125,131

KFEW (4) - TKFE*Y(1) = (TKF/4,)*U2(7) + (TKF/2,)*J2(9) 129,130

HHERE (NEW PARAMETEDRS)

Y {5)
W(L)
uz2(9a

S
1P3
WST

oM LRS/SEC MASS FLAOW RATS OF STREAM FROM DRUM (XET)

DEN NORYMAL,

AND (OLD PARAMETERS)

Y (1)
H2 (5}
X (1)
X(10)

X222y

X{23)

IR TR AT 1k

PHITON NORM,
YHIY NOTV,
PHTOASH  NO°M,
23] osra
HNASH NORY,
YTou NOQRw™,

FOWER CONTPOLLF® VARIARLE
DEMANNED WSORUM (NORMALIZTN TN 344491 LAS/SEC)
(1./344,94 = ,0029)

I0M CHAMBER INNTCATION OF FLUX (“ORMAL,)
CEMANNET YM (10DERATOL VALVE POSITION)
NEUTRON FLUX

STEAM DR PRCSSURE

MONZRATNAR HEIGHT

TURRIHNE CONTRPNOL VALVE PROSITINON T

X{ YRAR = X( ) IM STEZADY STATE

ANO {COFFFICIENTS)

TKF

TAUF

NATA

TKF
TAUF

ot

£SiL, 1)

TRANSF FUNGTION GAIN FOR MONERATOR VALVE

36

40

se6

30
40«

MONERATO2 VALVE LAG (POWER CONTROLLER)

1.828 - ,3729*%X(22)
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rS(1,22) = = ,A4729%X (1)
NS(5,10) = L386R2*%(22)
£S15,23) = . ,3862%X{10)

c

CTEMP P(L,4) = = 1., /TAUF

[

CTIMPR S(h,1) 1. /7TAUF

o

CTEMP S(4,5) - LCN2a7 (2, ¥TAUF)

L

r

CTEMP T(G,4) = TKF

CTEMP V(5,1) = - TKF

¢

TTEMP EC‘(G,?) = = TKFE/4,

CTEMP £F£(5,9) = TKF/2,

c :

GC¥ex 205y IS AN INPYT UWITH FEENDACYK (NOT TN RUN (3)) s¥x»x¥xx

G

C (3 FEENUATER naiTonL

i

c Y{3)ERR = Y (3) - U211} i 112,113
Cc Y {3)Y = §412R8E-2%X{12) ' 112,113
[

G - Y(h) = X{1e)

] HONT(2Y = = (TYL4/TAULLY*H (1) = (TKL4/TAUL1Y*Y(3)

¢ + L UT2e*TRIG/TANLLY*Y(S) - (L20297TAUL1)Y*Y (6) 120,101,
C O (TKLL/TAMLIY * 2 (1 0) 133,404
c WONT(4) = {1.,77ANA0)Y*Y(3) - (2./7TAULSY*U2(L10) 116
C . .

c U214y = TKLZ¥M{2Y - TRIZFTKILFW(L) -~ TKIZ*TLig*Y(3)

L + JCO29*TKLZ*TKIS*Y(5) - 0029*TK1Z*Y (6) 3G,103,
G + TK13#TK14*92(10) 194
c : :

c WHERE (NEW PARAMETERS)

G .

A Y(3) =t IMTHES  STEAM NPUY LEVEL (IN 2PREVIONIS NFFINITIONS IN
i . MXEVA2 AMND SSHLF, Y{3) WOS THE ERROR FROM

C . NOPYAL WNRKING LEVEL)

C Y(hY = WFW LAS/SEC MASS FLQOYW PATE QOF NATESZ IMNTH NBUY (X16)

c W2y = IF2 FLENHATER CONTRCLLER VARIASLE

C Wiy = IFL TMAKES . .e ) ve '

Y U2(L0)= L1DEM INCRES STEAM DRUM NEUANNED LEVEL FOR YR CONTROLLER
c (HORMAL YWNRKING LeEVEL IS 44 INCHES)

c

Cc AND (OLN PARAMETCERS)

c - | o

C UztLy = YRNEM NORPMAL, DEHAMIED YR (FEFDOWATER VALVE PNSITION)

o X{12) = My LA MASS NF WATER IM STEAY [CRUM

r X{16) = WFrY LNS/SE0 MASS FLOW RATE OF HATES INTO ORHY

c ) .

r AND (CREFFICICNTS)

G

o TK1Z = TRANSFER FUNCTICN SATM FOR yRnww

G = K, ’ ’

Y] TKit = FIAST TRANSF FUNCTIOM GAIN FOR YR CONTROLLER

C¥*¥x = 0625 (CRITICALY :

C Tvis = SET RATIO IN Y CONTROLLER

C = 1, *

c TAULD = TIME CONSTANT FOR YR CONTROLLER (FIRST TRANSF FUNCTION)

T = 200 SEC : .

i TAUL4 = TIME COMSTANT FOR YRNEM

C = 100 SEN

c

C NATA
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C
TKi3 = 5,
TK1G = L025
TK1S = 1,
c
TAULE = 200,
TAULL = 10¢0,
c -
Ne(2,12) = ,126A8C~2
CS{Hy 1Y = 4,
1]
R{2s1) = - TKi4/TAULL
¢
St2,3) = - TKi4/TAULL
S(2,%) = LNN29%TKi5/TAULY
S(246) = -, P29 /7ANLYE
3(1,3) = 1./7A1U10
C
00(1’10) e 5(113)
S D0(2410) = - S(2,7
C
T(4,2) = TK13
T(h,1) = - TK13*TK14
(

' V(4,2) = - TKIZATKi4
Vi{4,5) = G UG23¥TKLIZ*TKLS
V(4H,6) = =, 0027%T¥4S

" .
EE(&,J.C) T - V(A,3) .

U2¢4) IS AN THPUT WITH FZEDRACK

MONERATOP TEMPERATURE (NO COTROL SUGGLESTEN HERTZ, INTRODUCEN gNLY FOR
THE SAKE OF COMPLETENESS OF THE MATRIX CS)

~
=
—

Y2y = 2%X{(4) - 12023 : 23

WHERE (0L PAPAMETERS)

FAAAIINIAOAONITINOD
D

iy Be Ko K Nv No NoNe N

Y{2y = TMOUT nee o 400 RPATOR QUTLFT TEMPERATURE
X(ny = TMAY neEG o MCAN HMONERATCR TEMPERATURE
uz(2y= T™HIN DEG © MNOSRATNR INLET TEMPERATHRE

c*#*’-*‘#*#** S')[‘_"IAL Qnuuc{l”’ RPERNEEFLNE
IT WILL BE SESM TN SUPQUTIME SCSMY (STATE-COSTATE MATOIXY THAY WE NCFINT
A COST MATRIX NY FOR THE QUTRUTS Y RATHER THAN FOR THE STATE VARIABLES
THERE FOPE THE CAUATION (23) F0R Y(2) IS INCTOMNVENMIENT SINCE IT WoULn
PROMINE  MTIXEN TARMS (IN X AND W) TN THE COST FHMNCTINN,
IM CONSEZAQUENMT VE SHALL KECEP ((2) COMSTAMT NLESS AND IINTIL WE CHAMNGE
THE STRUSTYRT OF THT COST HATFIXe THEREFOREseses

R LR XL NERR 5 .

NATA
03(2, 4) = 2.

c

c

H

i SET AND PRINT MATRIX RSN = [AS,PNY ' (aa)

¢ .

CALL TMRED (75,83SN, NU,NU, NL,NU2,1,1)
CALL TMBED (M, 05N, NL,NUN, MLy NUZ, 1, NI+1)
IF (IPPNT3) 111,222,111 .
111 fonTIMMIE PAIMT
CALL WRAIMX (3SNyHLyMU2, TWRASN)



[ No Jov

DAOOHD

QNo

AOO

CALL DRAMMY-(ASH, L, NU2, THRRSN ,7)

PRINT ALL MNFHLY INTRCOVCED MATRICES

CALL HRPTHUX (CSyNY,tL,THPNSY
GCALL N2AMMY (7S, MY ,HL , TNETS, 6)
CALL WOTHY { B,HW,HW,THPR)
CALL NPAWNY{ B, HW MU THRD,H)
CALL WRIMX ( SyHW Y, IHRS)
CALL NRAWMY { [y MM MY, TYPT,G)
CALL HRIMX (AR,NW HY2,THNRND)
CALL NPAHUXLND, N, 12, TWRLN,7)
CALL WRPIMX  T,HU2,HW,IWRT)
BALL DN2ANMY{ T,NU2, W, IWRT, 8)
DALL W2RTHY (VM2 HY, THDY)
CALL NANMY( VN2, MY, TRV, 9)
CALL WRTIMYX {27 ,HU?,NU2,IWRET)
CALL NNAMMY (S56,MU2, N2, THAZE 1)
222 CONTIMUE

COMTTINUE

“

CALCULATT PARTIAL MATRINES
ASR = ASN¥Y*CS 4 AS
CALL MULTI (V,NnS,VCSMUZ,NY, NL)
ALL MULTT (RS, VNS, 200, KL, N2 NLY
TF (IPRUTHY I04,352,3"1
301 SONTTHE
CALL WRIMX (Y0, NLyNL, IW2Y()
SALL NRLMMY (DY, NL ML, THABYR, 9)
3N2 CONTINYE
cALL ANN (AS,BYC, AYG 4y NLyNL)
IT (Ieo4TL) 341,312,214
211 COMTINUE
SALL WPTMX (W0, NL,NL, TURAST)
CALL N2ANMX (3YC, NL, ML, IWPAST,6)
312 CONTINDE
RT = ASN*T
CALL MHLTT (RS, Ty RTLHL,NI2, NW)
IF {IPPNTY) 221,322,321
221 CONTINUE
SALL WPIMYX (BT,MLy MW, THPT)
CALL NRAWMY (OT,HL,HY, TW?AT,8)
322 NONTINME
SN = S*0S % ND¥Y*(S
GALL MULTI  (S,05,50S, MU, NY,NL)
TF (IPONTL) 231,332,374
331 NONTINIE :
CALL WRTMY  (SOS NN NL, THRISNS)
CALL N2AHNK (STSy NHgNL, INRSGES,6)
372 CONTINUE
CALL MULTTI  (00,VGS,DVT 4 MH,NU2,y HL)
IF (TI9PMTL) T41,342,741
361 CONTTNIE
DALL WRTMX  [(DYC, NH¢NL, IHIDVE)
CRLL DRAWMY (QVG, NU 4 KNL, IHRAVS,6)
342 CONYTIMHE
CALL AN {SCSy VG 4NV R NLY
TF (IPPNTLY 361,352,281
351

231

(16,15,
16)

NOPRINT

(17,18}

PRINT
NO PRINT
BRINT

NO PRINT

PRINT

ND PRINT

PRINT
NO PRINT
PRINT
NO PéINT

PRINMNT



OO0

QOO0

SO00

OO0

OO GO

CALL HOYMX  (NVOy NW, NLy THRS?)

CALL NRANMX (DVS, NH,NL, THRSD, 6) :
352 CONTTINUE ' : ’ NO PRINT

RD = R + 0N*T

GALL MULTI (NN, T,0T, U, N2, NH)
IF (IPRMTLY 361,362,32A1 . .
261 CONTINHE ‘ PRINT
CALL WPTMX  (NAT, NW MW, THRINT)
CALL N2AUMX (71T, Ny KW, IHRONT, 8)

362 SONTINUE , NO PRINT
CALL AND 12, 00T, NNT, N,
IF (IPPNTL) 374,372,371

374 FONTTHYE : PRINT

: CALL WRIMX {DNT, N¥,NW, THRN)
CALL NPAWMX (DNT, NY,NW, INRRN, #) _

372 CONTTINME MO PRINT
ASE = RSM*EE
ONE = DN¥EE
TALL MULTT (RGN, EZ, TST4NLyNIZyN12)
CALL MULTI  ( NNy EE, 008, N0, NIZ,NU2)
IF C(IPRNTH4) 381,392,381 ‘

381 COMTINUE
CALL NRIMX (P7F, N, NU2, THRASE)
CALL NRAWMX (RSE, N, N2, THRASF, 1)
BALL WRTHX  (NN7, A4, NU2, TH2ODE)
CALL DRAWMX (DN, NN, N2, INRONE, 1) :

382 CONTIMOE '

PALCULATE FINAL MAYRIGSS AF AND PF (1348)

CALL IMREN  (RVS, AF,NL NI, UX2 yN¥2,1,1)

BALL IMORED  ( N7, AF, ML, N4HX2 yNX2 41 ,NL+ 1)
CALL TMRED  (NVE, AT, NW, NL yMX2 , NX2 s ML 1y 1)
CALL IMRED  (NNT, AR, NH,NH X2 MX2,NL+1, NL#L)

NALL THRED  (NSE, 06 KL, NH2,HX2,NU2, 1, 1)
CALL IMOED  (NDE, OF yNW N2, NXZ, HUZ2, NL#1,44)
CIF (ICPNT5) 333,444,333
I3 CNANTTHNE PRINT
CALL HPTMYX  (AF,NX2 ,NX2, IWRAT) .
CALL DPAWHX (AF HX2 4 NX2, TWRAF,19)
CALL WRIMY (NPT, X2 ,N12,IWANF)
CALL NRAWMX (RF,MX2,NU2,IHORF,7) _
4o COMTTNUE _ NOPPTNT
CETIaNY ' '
cND

SUBPGUTTHE TESTUX (HZNAGNUZHT ¢ Xy XA, Uy XT 4Ny NG, 00X, IXA, D1, FIAR, G340,
i ARy AN, 0, N, F L EN,F UN, VNA,EQPF ,ERDG,ERPFPAC,,ERIGPC,
2 MO, Ly GyRii gl FyPAS IV HNY 36Ty GAT, UHN, WNA, WAN,YAA)

TEQTS MATRICES CALGHLATED IN MXZVA BY GIVING VALUES (SMALL SUT NOT 7ERO)

TA X,¥A, 1) AND CALCUUATING XODT=F  AND G :

Xy XA U ARE CALLED AX,NX8,NU T0 NISTINGUISH THEM FRAIM THE STEADY STATE VALUES
Fyb .o ee  DF,NG

THE PESHLTS NUAHT TO RE CLASE TN THE VALUES FRAR ANM 61A° ORTAINEN FonM THE
NONLTNEAR EAVUATIONS (CALFUN) FO2 VALUSS 0OF X,XA,U EQUAL TO  X+DX,XA+DXA, U+0DU
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REAL X(M),XACNAY, UENUY 5, XE(NEY ,NDXIN) ,DXA (NAY , DUINU) 4 NF (M), N5 (MAY
FRAD (N, G347 (HAY ,ERRF (M) ,ERDG(NAY,, ERRFOC (N) , EPRGPC(NAY ,
ACHYNY 3B LN HAY 3 RN, N, PN, NID
DOMA L) S ELHA LAY, EDINAL N ,F (NA, NI Y,
UN (VY g VHA (1A 5 6 (D, MY 3 GA CHN, 1A g HINDLL) g PCL,NY 5 BA (L, NAY ,
OV LL,L Y, HOVEND, LYy 6T (N, MY , GAT (D, NAY,
WNN (N NY g WA (M NAY g HACECIA M) gWAR (HA,HA)

REAL S(11)

DA F NN

c
C GEMNERATE NYX,XA,0U
G
PEAN {(5,1144) (S(1),TI=1,11)
1114 FORMAT (7(EB.i,4%))
BFAT (5,1112) IL,IP
1112 FOPMAT (A3, A5)
N0 1 I=i,My4
1 9X(T) = Y{T)*5 ({1
no 1004 I=2,M,4
1001 AX(IY = X(I)*<{2)
NO 2601 I=34MN,4
2001 DX(IY = X(I)*S({3)
DO 001 T=4,l, 0
3001 NXATY = X(I)*S{kL)
V no 2 I=1,M4,4
2 NDXA{T) = XA(T)*S(5)
no 1202 I=2,NA,4
1002 DXALI) = XA (T)*=S(E)
na 2392 TI=3,%1A8,4 .
2002 NYA(T) = XA(TI*SA{T) )
N0 30172 T=b,MA,4
3002 DXA(I) = XA(II*SUAB)
a0 2 I=1,MU,3
3 DULIY = UCIY*S(9)
nc 1003 I=2,MU,3
1603 DULCIY = U(IY*S(1R)
N0 2903 I=3,H11,3 .
2002 NUITY = U(IY*S(11)

c
C NF = A¥DX ¢ A¥NXA + RN*0XD + C*3U (1)
c = TA+NA(G-HXNYRD )] ¥NY & [(N+INF (GA-HAQVAPAYYXNYA + 0¥DY (1)
N
C NOTE.., (1A) HAS AEFN OBTAIMED BY MAKING 700T=0 IN (3) (STEANY STATE)
c AN FINDTHG YN FPAM (3,5}, DENLAGTNG INTO (1)
t

CALL MULTI  (HyNW 1OV, ND,LyL)

BALL MULTI (MO, Fy 6T HN,LyN)

FALL SURTR (6,67 ,6T,NA,N)

CALL MILTT (00,67, NN, N, NI, H)

CALL AND (A TN NHN G H oy N)

GALL MILMXV (W1, OX, 0F, Ny N)

CALL HULTI  (HAY, PA,GAT, M0, Ly NA)

CALL SYATR  (GA4GAT,GAT NN, NA)

CALL MULTTI  (R7,GAT ¢NNA,M,MT, MA)

GALL ANN (U, WAy NNA N, KA)

CALL MULMXY (HHA, CXA, YN, NyNA)

CALL ANAV - (DF, VN, DF,N)

CALL MILMXY (g 0NV Hy NED)

CALL ANNV  (NF, VN, DE,N)
c - .
C 06 = N¥NYX + EX¥OYA + EO¥0XN 3 F*nly : )
o = [M+EN*(G=H*NVFP)1¥0Y & (C+EN* (GA-H®OU*PA) 1¥DXA + F*DU (2p)
c, .

CALL MULTT (ED,RT,HAN,NA,NDyN)



CALL AND (7, HANy HAN, NA 1)

DALL MULMXY (WAN, DX, 5, NA,N)
GALL MULYT  (£0,6AT, HAA,NA, NN, NA)
GALL ADD (E,WAA, AR, NA,HA)
SALL MULMXY (N4, IXALUNP,NAZNA)Y
~ALL ANNY (053 YNy 26, HA)

CALL MULMXY (7, DU, VHAMNALND)
CALL ADOY (N6,VHA DG, M)

3
B GEMTPATE XeNX, XA+OXA, U«NY FOR GALFUN
e o :
DO & I=iyzH
4 X(I) = X(I) + (D)
ng s I-'-'iyk"\
S XA(T) = YA(TI)+OYA (D)
N0 A I=1,HY
A ULIY = UCT)+DUCT)

DALL CALFUN (M yMAyHUGNFE X 3, XA,U XE,FAAR,,GRAP, X130, X200, XA4D,141,1,1)

234

H
€C CALOULATE £RROIS (NF=FRAR) ANT (DNG-GRARY, AS WELL AS THE PERCENTHAL ERRIRS
n . (RELATEN 10O FRAR AND GRAR)

30 7 I=i,M
7 ERPOF(IY = NF(IY = FRAR(T)
NN 8 T=i,MA
8 TRAG(I) = N5(I) - GRAR(I) .
no 20 T=1,4
TF(FRAR(TYV ARG, 401,491
101 FRRFPS(TY = 0,
6o Tn 20
100 EESFRC(T) = 149.%ERRE(T)/FRAZ(I)
20 COMTINUE
nO 24 T=1,"MA
TF(GRAR(IN) 200,204,200
201 SRRGPO(TI) = Do
0 TO 21
207 £OPGON(T) = 101.*SR2G(T) /GRAR(T)
21 CONTIMUE
c
C HRITE TABLES NF DF,D5 SIDE BY SIDE WITH FRAZ AND GBAR FO2 GOMPARISON
o
WRITS {6y17) IL,IP
10 FOOMAT (1H1,31X,*TEST OF GORZENTMESS OF MXEVA¥/ /731X, *F3AQ AND GRA
4R ABE THE VALUTS O3TATHEN FROM THE NONLIMEAR SET {TALFUN) *//41X,
2¥NITH X = 40X, XA = XA+DXA, U = UsDU*/GHX,#FARD = F(X+DX,XA+0 .
TALENUY = F (X, XA U)X 746X, *GRAP = GIX+NY  XAEIXA,U+NUY = G Xy XA, U)*/
4771 X, ' *
GNFE AND NG ADE DBTATNER F2n0M THE LIMEA® SET*//44X, :
HIIHIE = AXNX + DENXA + POXIX) & CXOI, 3TV, ¥ (1) 27 akX,hAHE (A+INH(G-H

TEOUEDYY XNYX + (MEANF (SA-HEQUROA))EOY L+ N¥MY) (1) /741X,
B2IHNG = D*NY ¢+ S¥0OXA + FO*OXN 4+ F*U,I2X, # (2 */ 44Xy 65H= (D+EN*(G=H
Q¥ NY*0)) *NX + (E+Z ¥ (GA-HFCVFDL)FXNYA + F¥OU (2477

ALY, ¥V ALUES OF 9%, DXA,NU ARE SCATTERED OVER THE RANGE *,A3,* TG *,
R AG,F NF STEADY STATE VALUSS.*/
NAX, ¥(44,2A) HAYF QTOR NATATNEN SY MAKING Z30T7=0 IN (3), (S/STATE),
N AMD FINDTIHG XD FROM (Z,4),%,22X,¥PERCENTUAL SR0R*/
FLY, *(SEE MATY DODGRAMY*,a3X ¥ (1], = UMDIEFINEN) ¥/}
URTITH (6,13) ((I,0F(T),I,FRAR(T), I, I, F2RFI{IY,ERRFAC(II),I=1,N)
11 FOOMAT (LOX*DF (¥ 12,%) =*;FE15,8,4Y ¥FNAR{Y,T2,%) =¥%,F15,8,10X,
1 ¥QF(¥',T.?, ¥)_¢Qf\p(x,12,1) :¥1E15u?‘;qX, 13,
HRIYE (6,12) {((IyG (1Y, I1,5030R(I),I,I,E2°G(I),ERRGPC(II) I<1,NA)
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12 FOPMAT (40X,*06(* 4yT2,%) =*,E15. 354X 3 *GRAR(*,12,%) =*,F15,9,10X%,

1 #DG(¥yIZ,‘)’GqAQ(*, IZ,"‘) =*’E1508’9Yy E10.3)
PETURN
FNN

(¢ X X

SURROUTINY TESTHX2 (N ,MA,NH,A,0,80,0,0,E,ED0,F,NN,L:G,GA,H,P,PA,
WHH g WNA G Y AN WAL,
MLy AS 3RSy My AT, A7, 07 42T,NT,FT,70VY,834,
WHL L, HML2 5 W NN LA G HLND .
REAL AN, MY 3T, MA) , IDCNG N G TER, NI G DINAGZNY B ECHALNAY HEN(NAZND,

W e

1 FOMA LMY 50T, Y, 50 (N0, A 1O, L) ,P (L, M) 4 PA(L,HA) ,
ra WM CHEy MY g HHA Ly NBY AT EIA N , MAA (N A, MA)Y

EAL AS (ML, LY, IS (L, N1IY , B {L, L) UNL 1 (HL 3NLY , WNL2 (NL, ML) ,
1 AT Q1N A7 (M,L) BT C4N) ,PTIL, NY 32T (1, L) sFTIL,NI),
2 EOVUHA JHA) 3300 (1 HA) GHNY AN, HNY JHEA (L yNA) JHLD (LyND)

f
C TEST PART TI

c

C TEST CORRENTMESS NF FTIMNAL HONEL

C . .

c X100T = AS*X1 + 33*) {9)
c _ )

e AGATINST RASIC LINEAR MONEL

G .

© ¥NOT = A¥X + VFXA + "N¥YD 4 Ty (1)
¢ N = N*X & E*X1 4+ FO*XD + F*y . (23
c i .

c 7007 = D¥Y &+ DA%YA ¢ N%7 g (3)
c XD = G*X + GA¥YA ¢ H*7 : C ’ (4)
[ i

c :

c XDOT = A®Y % A%XA + 0¥ (GFX+HARXALHETY + G

¢ 0 = N¥X + E*YA ¢ EOT{GEX+GATXA+H¥T) + Fxy)

¢

o P = (N+E0N%5)2Y ¢ (THEA¥GAY*XA + F¥J & EN¥Hr7

c XA = ~FDVH{(DRENESI*Y ¢ EN*H2T &+ FH*iY EDV = INV(E+ED*GA)
o ,

] XNOT = A¥X = N¥ENYLL {I+IDFGY X LENTHRZeF2YY + B*GHY 4+ BN*H*7 ¢+ CrY
c - ANEGARCNY*[ (N4EN%GY 2Y $EDFHF 7LF ¥ ()] :

¢ ZNOT = P*X PAREOVRL (MEENEG) ¥X+EOXH* 2+ 7 ¥y +Q7

o ,

o XO0T = AT*XX + AZ%®7 + 0Ty {8
C 7N0T = PT*X + QT*7 4 FTYy ’ (3)
Lo : N

i WHE PE

c 5

£ AT = A # AN®G = (MHANRGA)XEQUE (N INEG)

c A7 = 80%H - (P+ANFGAYFZNYEINEY

c 0T = 0 o (3:3N*GAY*ENYRF

] SPT = D o~ PARIOYR(LENER)

c AT = N - DASCOVEENRY

[ CT = = DAREIVEF

CGALCULATE ENV = INY(E+EN*GA)

o0

CALL MULTT {(EN,GA,HAA,NA,KND,NA)
CALL AON (S ,HAD WAL, A, NAY
CALL THVERT (WAA,SNV,HNA, IRANKY .

Y GALRULATE BRA = (N+AI*GA)*EDV

oD

OALL MINTT (M0 BAHMA LN, NG NAY
CALL AND (T, HHASHNA, N, HA)Y



J3HO

QOO0

SO0 SO0

ooo

ano

v XeoXvd

CALL MULTI (WNA,SO7,I0A,H,NA, NA)

CALCULATE HWAMN = (D+EN2G)

GALL MULTT (0,6, WAN,NA N, N)
CALL ADD (3, 4AY,HAN,HA,N)

FALGULATE AT = A + NN*G_ = ASANYAN

BALL MOLTI (A0,5,AT,N,NN,N)
CALL MILTT (A8A,9AN, WA, A, MY
CALL SHUATR (AT, HIUN, YNNGy Ny N)
CALL ANN  (A,HNN AT M N)

CALCULATE A7 = (RO - QRAXEMNH

GALL MULTTI (RA,E0, MNT, NyNA,TM)
CALL SUAT2 (N0, NN, Ny ND)
CALL HULTT (WNJ,H 487 4NyNO,L)

CALNULATE CT = G - 73A*F

AALL MULTT (R3445F 0T 3Ny N,
CALL SURT2 (f,"T, 07, N, NI

CALPULATE PT = P -~ PAXICV*{D+EN*G)

CALL MULTTI (50,0, HAN, KA GNP, )

CALL AND (N, MAH,WAN,HA,N)

OALL MULTT (DA EOV,ULA,LyNA, A -
CALL MULTT (HLA NS, ST L,NA,)

GALL SURTR (P,PT,PT,L,N)

CALCHLATE NT = N - PAXIAYREN®Y

CALL MULTT (DA, 70V, WLA,L,NA,MA)
CALL ™MULTI {NLA,SN, WLT, L, NA,ND)
DALL MULTT (MLN,H,NT,L,AN,L)
CALL SUAT2 (1,017,107 ,L,L)

CALPULATS  FT = PARENVXF
CALL MULTT (PA,=7Y, YLA, Ly NA,NA)
CALL MULTI (WLA,F 4FT,LyNA M)
CALL MEGATE (FT,FT,L,N1)

COMPARE AS AMD BS FROM EGQ (9) WITH THE MATRRICES OF EQ (A),(8B)

WRITE (6,500)
SCN FORPMAT (4HL1,34X,*TSST OF SNARECTNESS 0OF FIMAL MCOEL*/7/

134X ,504X1D0T = AS*¥{ + RS*Y - (9) 77
231%,50HAGATYST THE BASIA LINEAD MONEL : 77
I31X,50H XANT = A¥X + N¥XA & NAEXD + O*Y (117
431%,50H 0 = NXY + E¥X8 & EDXXD + F¥Y (2)77
531X ,50H 7007 = PEY & PA¥XA N¥7 . (37
RZ1X,57H XN = GEX + GA¥XA & HE7 (4Y 777
731X ,50H(1,2,3,4) NOMATHE TO GIVE 174
831X,50H XNIT = AT*X * AZ*Z & CT*U (A2
934X,504 7Z0NT = PT*Y « NT*Z + FT*Y (3) 77
A21X o5 IHUHENE 77

+ ANFG - (D&POFGAY¥ENV*(DEEN5)
PO¥Y - (NERD¥GA) ¥EQY ¥ EN¥Y
- (R+RYFGA) ¥ENYXF
- PAXEAYX({NFA¥G)
- PA¥EQY*EN*H

>

R31X,50H AT
C31X,504 A7
N31X,504 CT
FI1X,504 0T
F31X,504 AT

= B Ry
BT N S ]
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[+ Xe X y)

e 20 2o BN

QOTOOHOO

G31X,504 FT = = PARCOYXF

H21X,5MHTHE ELEMENTS OF AS AND 3S ARE COMPARED TN THE

I31X, S2HANESPANO TG FLEMEMTS IN THE SUPMATRICES

1777

/

0% (AF,3F) 7277

J3LXHSOHCLEMTNTS WITH ERROR GREATER THAN 1.E-15 ARE LISTENZ///70

HPITZ (6,571)

501 FORMAT (//12X,*FLEMENT OF MATPIX AS*,410X,*ELEMENT 0F MATRIX ATH,

113, *TPROD# 1 7)
TALL COMPADE (AT, AS, N N MUy NL1,1)
WRITT (5,572)
502 FOOMAT (//12X,*TLEMENT OF MATRIX AS¥,10X, *ELEMENT
113Y,*5RR0R% /) _
CALL COMPARE (AZy AS, Nyl yNLyHL 31 ,N#1)
KPITS (5,513)
503 FNA2MAT /712X, *CLEMFNT OF MATPIX AS¥,10¥, *ELEMENT
113% , ¥FR202% / /)
CALL COHPART (DT, AS,L,NyMLyNLH#L,1)
WRITE (/,5%4)
50y FOOMAT (//712%,*TLEMENT OF MATRIX AS¥,13X, ¥ELEMENT
112X, *EPROR* / /) -
CALL GOMPART (AT, AS,L,L,NLyNLyN+1,N+1)
WPTTE (/,515)
SRS FORMAT (//12X,*ELEHENT OF MATRIX BS¥,10X, *ELEMENT
113X, *EPROR%7/)
CALL GNMPARE (7T, a5, NyNU,NL,NU,1,1)
WOITE (6,575)
506 FOOMAT (//712%,*ILENSNT OF MATPIX RS*,10%, ¥ELEMENT
113X, *5720Rx//)
AELL TOMPARE (FT, 95, L MUy NL,HU, N1, 1)
RETUQM
END

SUSROUTINE TOMPARE (B,0B,M,"1,M1,N1,K1,X2)

0F

OC

oF

nF

ne

MATRIX
HMATRIX
MATéIX
MATRIX

MATRIX

COMSAPES 4ATRICES WITH SURMATRICES IN PARTITIOMED MATRIX

BPEAL ACMyN) ,n (M1, N1)

no 1 T=1,M
IT = TI+v¥i-1
No 1 J=14N
JJ o= J+K2-1

ERRNZ = B(II, 1) -~ A(I,J)

IF {(TRUNP,LT.1.E~13) GO 70 1

HPITE (6,2) TIyJJ,3(T7,J0),1I,J,%I,J),ERKROR
1 CONTINUE

AZ®

PT*,

QT+,

cTH,

RETUOM
2 FORMAT  (AUN ¥ (¥, T2, %, % T2, %)% ,3X 515, 8y0X ¥ (¥,12,%,%,12,%)%,3¥%,
END

SURROUTINE DRAWMX [A,MyN,; IWRA, LOLLY)

DRAUS MATRIX, X FOR NONZ7ERQO ELEMENTS
~«+ FOP 7ERD e

ZERGC DEFIMEN AS LE.1.E-10

PEAL A(M,M)
INTERER NRAW (31, 21), IFRMT(31)
NATA T7,M774H,,14%/

NATA (IFRMTIT),I=1,31)/
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T
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10H (31X, 1A1), 10H(31X, 2A1),

10H (31X, SA1), 10H(31X, 6A1),
10H(34%, 84), 1LHL31X,1041),
1O0H{31%,13A1), 10H(21X,15%81),
10H(31Y,17A1), 1CH(31X,18A1),
19H(31Y,24A1), 10H(31X,2201),
1CH(31%,2500) , 10HI31X,2541),
10H(?i¥,29A1),-1“H(’1¥,¢0A1),
WPTTE (Ay1) TUPA,M,N

NI SN

1 FORMAT (//31X,X"MATPIX ¥,03,% (¥,72,%,%,12,%)
45678901234567690 12

i SiX,*122
PO = 1,E-41D
QO 2 I=1,4
DO 2 J=1,Y
NRAW (I,JY = 17
IF (ABSA(T,;J)) = 772R0) 2,2,3
3 AW (T,J) = NZ
2 fONTTHNE
LFRMT = TFOMT (M)
WRITE (&,LFAMT)
HRITE (6y4)

10K (31X, 3A1), 10H(31X, 4Al},

10H (31X, 7A1), 10H(31X, 8AL),
10H (31X, 11443, 47HI31X,12A1),
1TH(31X,15481), 40H{31X,1641),
10H(Zix,1081), 1NH(31X,20A1),
10H(21X,2301), 17H(31Y,2441),
104 (21x,2781) , 17H(3LX,28AL1),
10H{Z1X,3141) 7/

TN DRANING*7/
245673901%/)

(ONAN(T,J) yJ=1,NY, I=4,M)

4 FORMAT (//31X,*ZLEMENTS OF YALNE GREATER THAM 1.E-10 DRAWN AS X*/)

‘RFETUIAN
ENN

SURROUT INE DPAWLM (NeNAZNUZNT,L,,HL, T,RA,0,

GeGAsHIAYN,00,C,04,E450,F

21 AS, 3SyNL ,UAi,NUi N“l,LLL,NLi,

,AC,?C,M%21,NU21,ICDMY

PEAL ACN, HY p (N MAY , 3N TN N GOy N, NONA LY, E(NALHAY JED (AL HNY,
FANA,NUY 3 ASONL S NLY 3 2SN, NUY 5P (LN, PACL 3NA) 3N (L, L) 5 GINAGND,

1
2 NY2 4 N2
i
2

GA(ND, HNAY , HINT, L)

INTEGED MLAN) 1AL (A, NUL (NUY G N4 (HDY ,LLI (L) , NLIINL)

REAL AF (MNX2,MX2),737(NYX2,N12)
TNTEGED MX21NX2) M2 (RN2)
DATA TI7,M07/71H, 14X/

GO TO €100,200,308),ICON

C NRAXS DOMPLETE LINEAR MO9FL

c

1

100 WOITE (6,1)

1 FOAMAT (LH1,31X,¥COMEBLETE LINEAR MONECL, BASIS EQUATIANS (XD(T) IS
1YHE VECTOR NF APDROX, NELAYEY VASIANLES)I*¥/F/ /21X,

270HXANTLTY = A¥X(T)Y + O¥XA(T)

2 () r777

4345567990123 L4567 %, 20X, *1234%,
N0 2 I=1,N

DALL STAY (4 4yt N1 5, T7,47, 1)
CALL SNAN (7  NyMAZNAL,I7,47,1)
fRALL SCAM (qo,w,uﬁ,nvi,zz,w7,1)
CUBALL SCAN (0 oMyMU NI, I7,N7,T)

+ RNEXN(TI+ CFy(T)
5X,¥123456789112345674330C

123%,22X, *¥12
23X, *1234567%*/)

HURITE (R, 4101, (HLIIY 4 0=1,4N) , (NALLY) yu=t NA),(NOi(J),} 1,N7),

1 (10, d=1,NUY

2 CONTINME
WOITE (&, 12)

12 FORMAT (///727¥%,hLHN = DEXAT) + EPXA(T) + ENFXDUT)

1 (2y7 77

23%, 20X, *12345A78A01 234567 *#,

ng 13 I=1,44A

CALL SOAN (0 yMAZN N1 3TI74N7,I)
CALL SOAM (5 JHAZHNAZMAL,T7,N7,T)
CALL SPTAN (EN,NAZNIENNL 3 I74N7 4 1)

FOOMAT (1X,IZ,?X_2¢A1,3€X 17A4,20X,4A1,20%,7A1)

+RAUY(T)
5X,¥123456739312345/789012

20Xy *L234%,20X,¥1234567% /)
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CRLL SCAN (F yHASNUZNHL 3 TZyN7 1)

HRITE (6,313 T,(NL 1Y 5 J=1, M) 3 (MAL LY =1 ,HAY , (NOL (D) , 021, N,
i (NUL (I3 =1,
12 CONTIMNUE

WRITE {5,4°)

4O FORMAT (LH1,31Y,*TIE DELAY APPOROXTIHATTYOMSS///7 721X, 36H7O0T(TY = P
LEXATY + PANA{TY & A¥7(T) 34X, ¥ (2V*77/24X,*THE LENGTH OF 7 IS L*//
276X ® 123455739042 3L5673CG123% 20V #4234 5A7890423L567%,20X,*1234{TH
FE eOW LENGTH 0F N IS Lyx/)

no 41 I=2, :
GALL SOAN (P 4L N sN1 ,I7,47,1)
BALL STAM (PA,L,HA,NAL,T7,H7,T)
GRLL STAL (0 ,L,L 4 LL1,1I7,47,D)
WOITE {f,42) T, (MLA(JIY 3 0=1 4, (MO CIY,J=1,NAY , (LLL 6N, J=1,1)
42 FORMAT (4X,I2,2X,2711,20X,1744,20%,441)
41 CONTINUE
WeTITE (R/y5))

50 FORMAT (//7/7723%, 36HXD(TY = GXX{TY + GASXA(TY + HEZ{T), 341X, *{u)*//
175X, ¥42345/73G01235687890423%,23X, ‘123QG67390123h567‘,23X *1234(TH
2% POW LENGTH OF H IS LY*/)

nn r4 IzlyL

CALL SPAN (G 4ULsN 4 N1 3 I7,47,1)

CRLL SOAM {(GAL L, A, MAL,T7,H7, 1)

CALL SOAN (H LL,L ,LLi,T7,07,T) )

URTTE (6,42Y T, (HLCJY,J=1,83, (HAL{J),J=1, NAY, (LL1(D) ,J=1,0)
54 CONTTNUE

IPAWS EQUIVALENT LINEAT pOYEL .

390 WRITE (5,29)

20 FOPMAT (LHL1,34Y,*CNUIVALENT LINEAR MODEL*///7/20%,2949XA00T(T) = AS
1¥X1(T) + QS””(T),31X,”(”)'K/12ﬁX ¥4 IS THE £O0MPCSITZ VEOSTOR OF X
2AND T, ITS LENGTH IS NL=M#L¥////7/75X,%1276567330123456783512345587 (R
30H LENGTH ML) *,33X,*1234567*/)

2ls4470
CHECK IF NL AWOD HIJ ARE ERUAL TO 27 AND 7 PESPECTIVELY

IF (NL = 27) 34,33,34

I3 IF (NU = 7) 32b4y36,34

34 URITE (6, 35)

6 FQOMAT (//7//710%, %L IS NCT ENUAL TO 27 ANN/ZO® NU “OT FQUAL TQ 7%/
L77710%, ¥CHANGE N2ANLH AKD SEOMAPS DELAYY)
STOR

36 N0 21 I=1,ML

CALL SOAM (AS," 1Ly KL, NLL,I7,N7,T)

CALL SCANM (WQ,IL,HI,“Ui 17,47, 1)

HRITE (6,221 T, (NLLCJ),J=1,N0), (UL (3), J=1, M)
22 FORMAT (1X, T2, 2x,27«1 L5¥,7A1)
21 CONTINUE

RETURN

NRAWS COMPREHENSIVE LINEAR MONEL

200 WRITE (B,A71)

60 FOPMAT (141,31¥, *COW°7’H¢MQIUE LINJMODEL*¥///7720%X4284X200T(T) = AF
L1¥X24T) + 374NB G3TY, F{L3Y*2/727%,*¥2 IS THE 70oYoQ0SITE VECTNR OF X4
2 AND W, ITS LONGTH IS NXZ2=NL*MHS//7/7 /5%, ¥123456739N11234567310123456
378901 (ROW LTMGTH NX2)*,25X,%1234567890G(R0H LENGTH NIJ2)* /)

GHECK TF NX2 AHD NH2 4RE ENUAL YO 20 AND 10 RESPESTIVELY *¥x (CASE 3) **»
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CHECK IF NX2 AMD NU2 ARE EQUAL TO 31 AND 40 RESPECTIVELY *2*CASES 4,5,6%+

CHEGCK IF NX2 ANTO NU2 ARE EQUAL T0 29 AND 1ﬁ RESPECTIVELY »%*CASES 7 r

TF (NX2 = 31) 4,3,4 : CASE 4,5

3 OIF (NU2 = 10) 4,6,4

4 WPITE (6,5)

5 FORMAT (1HL,15%X,*NY2 IS MOT ENUAL TO 30 ANN/OP NU2 NOT ENUAL TO 10 GASE 3
L% /77710, *SHANGE P ANLY AND PERHAPS FNANKL*) :
STOP .

6 N0 61 T=1,'1%2
BALL STAN (AF,*IX2,MX2,M%21,IZ,N7,1)
GALL SPAN (75 ,1X2 M1, NU21,T7 17, 1)
HPITE (6,62) I, (NYX21(J),J=1,8%2), ClU21(J) ,J=1,NU2)
62 FOPMAT (1X, T2,2X,37A1,42%,13A1) CASE 3
61 CONTINUE
2ETURN
£ND

QUQPDUTINE SSA“ (A,“i,”,ﬂ‘l,IZ, NZ’I,
REAL A(H, ) .
INTEGER NM(H)
ZERD = 14E-12
0 1 J=1,N
NNCJ)Y = I7 .
TE (ANS(ALI,JY) = 7280) 1,1,2
2 NNtSY = NZ -
1 COMTINUE
RETURN
END

FUNCTION SLOPEL (7)

BEPIVATIVE 0F YE(1) (DKM=REACTIVITY EFFELT OF HAMERATOR HEIGHT)
HeReTe X(22) (HDASH=MDD, HEIGHT FROM CORE ROTTOM NORAAL, TO 12,5 FT)

NOTE
THE VALUFES FnR nATA WERS CALCULATEN IN SLOPES FROM DATA OF FUN
(TAKEN FROM STZANG) AY STMPLT INTERPPGLATION,. '
SER SLOPES (UMACZUA,3,3.69) FOR DETAILS

POLYUOMIAL FITTING MIGHT BE GONSINCZRED AT A LATER STAGE

AL XUi6Yy, Y1) .
ODATA (M(I), I=L,14)/ . ‘

i 0. » oesgnE‘(xij .RQGUE-CZL,' uiLi'r'{]E"rU, .1BL;BEH'10,

2 .2320F400, «2800F4035, « J2RGE4CD, 3760245 N, 42405409,

3 JW720EXQG, «5200C400, «BT720E+CT, BOCGIHL U/, :

A VIIY, T=1,14)/

5 +1919E+0), «17865+00, «15AUES (), 12628460, siC42E+00,

6 L B8437E-(L, «H7715-71, 5628201, e5105E-1, «4533£-014,

7

+ Z54L42E-01, «32292-21, s+ 2857E-G1, 26572-01/
L =14 :

SLOPEL = 1.

PALL THTPOL (L,XyY,SLOPE1L,™)

RETURN .

ENN
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NERIVATIVE OF XZ(4)
X{10)

HOTF

NN e

NERTVATIVE OF XE(S) (OHW/NP=FUN3) W,2,T, X(1() {(PN=STEAM DRUM PRESSUSE)

NMOTE

N U N e

FUMCT ION SLOPEZ2 (7)

NIOOT.

ORESSURE)

(HHSTAR=ENTHALPY 0OF WATER AT SATURATION)
(PN=STEAM DRUM

THE VALURS FOR NATA WERE SALNULATEN IN SLOPES F20M NATA OF FUN

(TAKEN FPON STEADG)
SEE SUNPFS (MHAGT JA, R,9,69)

POLYMOYIAL FITTING MIGHT 82

PEAL X(14),Y(1L)

n

L

ATA
t. ]
«2750E+03,
IRINCEDG,

(X(I),I=1,14)7

PR AE 31
035007402,
+REZDEL0Z,

(V(I),T=4,14)/

«11A2%+01,
«35617+45,
+1R2GE+QG,
= 14

SLOPEZ = 4,

c

ALL INTPOL

RETURN
END

WGEGHEH00,
.2010F400,
«16a05400,

FUNCTIOMN SLOPEZ (7)

Ry SIMPLE TNTERPOLATION,
FOR NETAILS

CONSIDERED AT A LATER STAGE

«12565+03,
CLGOCED3,
«A500E+03,

W BL2CE4D0,
« 2539F+ (1,
« 15826405,

(L, Xy ¥, SLOPE2,7}

175054073,
«5530E+0 3,

W1n80EENG/,

«4a805+00,
22208400,
15245400/

«225GE+03,
65305423,

+4119E+09,
«1991E+09,

THE VALUES FDR NATA WERE CALCULATED IN SLOPES FROM DATA OF FUN

(TAVEM FROY STZANR)
SES SLOPES (HIMAC? JA, 83,9.69)

Ay <IMALE

INTEREOLATION,
FOR DETATLS

POLYNOMIAL FITTING MIGHT RE CONSIDERED AT A LATER STAGE

RPEAL X(13),Y(13)
NATA (X(IY),1I=1,13)/

L
SLOPER

Ge ’
«2250E+33,
+H7505+03,

LOANSE02,
27530473,
L 7GONCAG3,

(Y(I),I=1,13)/

-+ 1061FE-01,
-|13329‘02,
-e 2L 0T E-L3,
= 13

= 1,

‘UBSB?F'UZ’
-.1968=-22,

'015&35"&3’

«QO0ACE+D2,

+ 2552402,

«1300E+04/,

~+5550E5~22,
‘0823”E'03,
-« 75A2E~04/

- CALL IMTeOL (L,X,Y,SLORPES,T)
RETHON
END

NERIVATIVE OF FUNGLIKXZOHT)

FUNCTION SLOPEL (7)

WeRa T

KXCOUT

«12505+¢€3,
27502403,

-.34008=~-r2,
~e58005~(3,

«1750E+03,

« 42505493,

-, 2009%=92,

'aQQGDE°03)

THE VALUFS FOR NDATA WERE CALGULATED IN SLOPES FRCM DATA OF FUN

{TAKE™ FRNY STCANAY
SEE SLNPES (UMACT JA, £,9,59)

nY STYPLE IMTERPQLATION,
FoR” DETAILS
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e POLYNOMIAL FITTING MIGHT 7F GONSIDIRED AT A LATER STAGE
c
REAL X(16Y,Y(1t)
DATA (X(T)yT=3,14)/
1 Uo y 0‘5"03’:-01, 51(;0”?”'[0; 326256*’00’ |397C)E*'Q0’
2 WBL75C4+07, (TLRBEHDG, L QLB7ERCD, 11505301, 214425401,
3 L17925401, W2212E 401, C27T25C4 01, 390065401/,
A (Y(I),T=4,14)/7
S  L4A177sG3, JHFGAITERD, S 41AST+0T, 2OLOE D], « 31595400,
6 J2771E+33, «233234% %, C20497 400, W ATLAE LT, «1458€40,
7 L12505+00, +2911E-01, 7882501, BBLTE=1/
L= 14 ,
SLOPEYLG = 4, .
RALL TIMYPOL {L,X,Yy,SLOPEL,7)
TN
(A3}
c
c
]
FUNCTION SLOSESR (7)
o
O NERIVATIVE OF XZU(3) {ZUNG = FUNSTION NF Y1)
o We, Ty X (19) (Y¥YR=100°C FEEDYWATER VALVE PASITTON)
c
C NOTE
] THY VALUES 0F NATA ASF TAKESHN FROM SLOPES IN STEANG
] o
c POLYNNOMIAL FITTING MIGHT 080 CONSINERED AT A LATEP STAGE
c .
: QFAL X(9),Y ()
DATA (X(IV,I=1,9) 7,0 54050,,1005,45%;,206054250,¢300, +350,4,
1 (YUI)yI=4,9)/4180,.275,,32135.426,457Rye770,0957,14232,1,232
L =9
SLOPES = 1,
NALL INTPOL (L,X,Y,SLNOEG,”)
RETUSN .
FND
c
c
c
FUNCTION sLOPEs (7)
c
C DEPIVETIVE 0F XT(11) (FUNATYNY = FR,NISOHUAPGE VALVE CHARACTERISTIAS)
' HePo T, UL3)  (YNV = JISCHARGE VALYE P0STION FROM FULLY 0PEN)
c .
£ NOTE ’
c THE VALUTS FAR NATA WERE TALRULATED IN SLOPES FROM NATA OF FUN
c (TAKEN S0 STEANA) nY SIMALE THTERPOLATION,
o SEE SLOPES (1MAC.IJA,8.9,563) FOR NETATLS .
o ‘ ,
c POLYNAMIAL FITTTNS MIGHT 8E nONSINTRED AT A LATE® STAGE
C .

REAL X(13),Y(13)
NATA (X(I),I=4,13)/
0, s WHEBS5E-01,  W1917EXGO, 429165400, «37505¢0¢,
CUSR3EXQ0,  W5HLTERQD], L 625RE+00,  J7IS3ER00, . 79L7E+NQ,
«B7SITHLIN,  JO5R3E4QG, L 10Q0E+01/,
(Y(I),I=1,13)7 .
«252RT+00, 3793400,  L5730T+00,  ,591RE+00, L 7434E+q,
«85715400,  ,9280FE+00,  .991AC+02,  L1134E+401, 41237E+01,
C173NER0L, 22698401, .2538E+01/
L= 13
SLOPES = 1,

~N U NN

/y
/

242



QOO0

D00

’

[ By B

DO DO

(v By v Xy Bv No)

DO
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GALL INTPOL (UL,X,YySLOPER,7)

RETURN
ENR

SURPOUTINE THYIRT (73,4, M, I2ANK)
INVERTS PERL HMATRICES

REAL ACHM, Y, R0, -
NIMENSION ISHCH(LTE)Y 3 JSUTHILZE)
TRANK = M .
No 15 Tiz1,M
no 10 I2=1,4

10 A(T1,I2)=0(T4,12)

INITIALISE PIVAT SHNITAHES

no 1 T=1,M

IswCH(I)=0

JSUCHIT)Y=0
i NONTTHIE

MATN L00OP TS EXZOUTED M TIMES, FIMD PIVOT hun INTERCHANGE CORRESPONDING X AND
Yy IF M9 PIVOT ™ATRIX IS SIMGHLAR

ng 2 I=i,M
SFARCH FOR PIVNT

"AMAX=0,10

N0 2 Ii=1i,4

a0 4 I2=1,M
IF(ISHOHITILY JHE G LORGJISHUOHE{T2) ,HNELD) GO TO &4
IF (ARSTA(I1,1I2)) LELAMAY) GO TO &4
IPTVOT=T1 ’

JPIVOT=12

AMAX=AZS(ALIL,I2))

ONYTINYE

FOMTINNE

TF(AMAX JLEL D, 200001y GO TN 999
APTIVYOT=1,0/7ACIPIVOT,JPIVOT)
ACTPTIYNY, JB IYDY)I=ADPTYNT
ISHDHIIPTYOT) =1PTUnT

JSHCH{JPIVOT) =T”PIVOT

o

PIVAT FOUNTT PEOUCE ELEMENTS _ .

PEQUITE CLREMENTS NFF EBIVCT ROW AND PIVOT COLUMN

nNO 5 Ti=1,4
NO A I2=1,"
TF(ILLEN, ICTIVNT,NR, I2,EJ.J"IVOT) 60 TN 6
A(T1,T2)=A(TI1,T2) -A(IPIVCY,I2)*A(11,JPIVOT)*APIVOT
6 NONTINYE
5 CONTINYT

PEDUYCE  ELTMEMTS ON PIVOTYT ROW AND COLUMN -
N0 29 I1=1,M

TFETIL.EN, IPTH¥NTY GN TN 66
B(T1,J2IYNTI=ACIL, JRPIVAT)*ARIVNT



65

99
2

QOO

i1

B3R

77

12

55

c

IF(I1,.,EN, JPTVQT) GO Tn 349

ACIPTVOT, T4)=~A(IFIYCY, T1)*APIVOT

CONTINUF
CONTIMNE

INTERCHANGE R0HWS AND COLUMNS IF NECESSARY

no 77 Ti=1,M
IFCTSURH{TI) (EN.T1)
K=TSHCH(I1)

DO RS J=1,4
TEMP=A(T1,J)
ACT1, ) =A(K, D)
AKX, J)=TEHP
COMTINUE
ITEHP=ISHAY (T1)
ISHAHITIL) =TSHAH (M)
TSHOU (Y= TTFHD

GO 70 11

COMTINIE

no 55 T=i,M

TF (JSHOHII)LENLI)
K=JSUCH (T}

N0 Gy J=1,M
TEMP=A{ 1, 1)
ACJ,TY=R{J, K)
A(J,K)=TEND
CONTIMIE
ITEMP=JSHEH (T)
JSUOH (T )= JSHAH{K)
JSHCH (K)=ITEMP

60 TO 12

CONTINIE

RETURN

C  MATRIX SIMGULAR

T
999

200

GALL SLITR(1Y
YeITe (6,207)

Gn 10 77

60 710 55

FOCHMAT(LH ,15HMATRTX SINGULAR)

IRANKM=T-1
PETUPN
END
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APPENDIX C.
Iisting of the more important routines in REGULA
REGUILA
SCSMX2
RICCAT2 -
CTROBSL
EIGVVL
HESSEN
QREIG
QRT
ASQR
EIGVEC
DEISP
WRCMX .
DRRMX
CMPEIL
INCOMA

MATINI (in COMPASS language, usable as FORTRAN in CDC machines).



OO OO NNINNIINO0NAN0IINTONNN0NININ0NNADNIIONINTNANOCNNANINIADOIOD

PROGRAY REGULA (INPUT,DUTPUT,PUHCH, TAPEG=INPUT, TAPES=0UTPUT,
i NATOU, TAPEI=DATOU, PERMNITA,TAPEZ=PERMNTA)

1ST GA2D (KEYS).. MICI/S ¥EOTUY FOR PESMANENT RATA), MO{O/P MEDIUM
FO2 OATA THTN STMLLX), ISHOST (A,R,A0" HOT PRINTEN)
NATA IS A, B, RTG, £P04, NGASE, ANSTS. N 0 NAME NATDS,
DUTPUT DATA IS KR, KN?, PROANS, £OSTS, NCCASTOMALLY ©TC ANN/AR PR0A
K, KN%, ©ACAQS, C0STS, WRITTEN ON TASE 3 IS REQUIR,

19,14,72 (L, TEPRER, PONTOCL SYSTEMS SENTICN, DEPARTHMENT OF

COMPUTING AMN ZONTROL, IMPERTAL COLLEGE)

OPTIMAL LTIMEAD REGHLATOS PROBLEM, |

SSOLUTION OF THFE STZANY STATE (ALGEORAICY MATRTX 2ICCATI EQUATION.

SHITARLE FOR EXTTRMAL "ISTHRRANGE INPUT U0 ANA HINCE FOR COMTROL
INPUT SETTLINA NAMN VALUE UGCRAR DIFFFRENT FROM 0,

THIS PROGPAM HAS EVOLVS™ FROM MYAMLY, IN WHICH THE CHICF PUDPHSE WAS
TOMPUTING EIGTHVALUES ANN EIGEMVENTORS NF A REAL SNUARE MATRIX,

THE MAIN SURROHUTING FO2 MXANLL WAS EIGYVL,

THE SUBROYTINES SOSHX  AND  RTICCAT ARE MEMTRAL TC THE SOLUTION OF
THE RINOATI EGUATION. CT®ROAS  TYESTS CONTROLLADILITVY AND OJSEQVARILITY

21.5.78

INTRODUCE PNYTIHES RICHAT AND SCSHY{STATE-COSTATE MATRTX A4AM)
WHERE AN IS PARTYITIONST INTO & JIMENSIONALLY EQUAL NTIARTERS (N, N)

et 1 N e 1" 1

[ AMI1 AM12 ) ¥ A - DEERIINVATMIT 3

AM = ( I 11 = It 1C 11
{2My2M) [¢ 3t N g1 i 1]
t AN2L  AM22 ) I -0 - tA)T 1

it 1t 1 te 1 13

THE ©URPQSE IS TN CALCULATE R(H,N)Y FROM THE MATRIX RICCATI EQUATION
C = N & [(AYT*P ¢ P¥A - BFR¥[OJINVF{N]T*P
AND THE CONT2OL LANW

U = - [RYIINV¥{3)T*P*X (FOR SYSTEM WITH 7ERO STEANY STATE
DTSTURAANCF TNPUT)

FOR THE SYSTEM

’

7/ XDDT = A¥X + 3%y
’

’ ¥ = C*X
12.4,70

MATRIX ANALYSIS

CALTULATES ETGENVALUES AND EIGENYENTORS OF A SAUARE AND REAL INPUT MAT®IX
(0% SEVERAL) AHN PERFORMS VARINUS GTHER MAHIPULATIONS AND OPS2ATIONS,

REERFEARRR . :
THE MAIN SUBRNUTIME IS * £IGYVL * WHICH IS A MODIFIED VERSIOHW OF EIGSYS

¥ERERL RN R

(L:HEINEQ/J. VAN NESS, VOGELRAGK GNHMOPUTER CEMTER, NORTHWESTERN UNIVERSITY,

A
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FYANSTON, TLLINOIS) WHIGH TN TUPN IS HASED ON WILKINSOM.S INVERSLT ITERATION

METHOD FOR CALRULATIMG SIGENVERTORS AND THE USUAL AR  ALGORITHY (FRANGIS)
FND EIGENVALUES., THE ETGENVALUES ARE GORPECTED Gy THE RAYLEIGH QUOTIENT
SrHEME, '

SURROUTINGS USEN Ny £IGYVL

HESSEM, OPFIG, QPT, ASQP, €IGYES, DELS® (ALL SRROUTINES OF EIGSYS)

WRE MY OATNTS .4 COAMPLEX MATRIX

nerAMX NRAWS A COMPLEX MATRIX WITY DOTS AMA CROSSES
DTHER SURROUTTMES

SrSMY 2 STATE-"NSTATE MATPIX CONSTRUSTION

RICKRATY SOLUTINN OF THE @INCATI € OATION,

POHKKD eRNNYreEs K2, K12 (RENYCSD TEEDRACK MXS)
£yooRsy CHECKS NONTOLLARILITY AND NRSEPYARILITY
nonMY g DRAMS COMPLEX MY (MAX PRESENT DIM, IS 21)

WP IMY WRITES RTAL MATOIX

RAMX DRANS A REAL MATRIX WITH NOTS AND OROSSES
WATEIG WRITES EIGENVALIES )

PeME2NL3 PUNCHES NOMPLEX MATRIX WITH FORMAT (4E20.13)

oCHq2613,y PRM2243, RAM214T, FLOV2{13, RCV2913
BEANS COMDPLEX MATRIXY, PUNCHES REAL MATRIX,
REANS BEAL MAT?IX, SPUNCHES, REENS NOMPLEX VECTOR,
oMeeET COMPAPES CIGENVELUTS OF THO MATRIGES
’ G0MPARES 2FAN-IN PPO0UCT OF CIGENVALUES
WITH CaMeUTEn YALUE, STCOPS PAOGRAY IN
GASE GF NISAGRTEMENT, )
MULTT, ADA, “MULL, MEGATE, TRANSP, UMTT
OPERATINNS OM REAL MATRICES

IMaEnD TRANSFERS SUARMATRIX INTO PARTITIONED MATRIX
caARyID TRANSFERS SUNMATRIX FROYM PARTITIONEN MATRIX
ENMIME, ENNVG EAUIVALSHGE OF ©°0OMPLEX MATRITES, VECTORS
ENPcx SNUIVALENNS OF A REAL  AND A ROYPLEX MATRIX
ToeNse TRA/MSPASES COMPLEX MATRATIX

HHLCOM MULTIFLIES COMPLEX MATRICES

MLM¥XNC MULTISLIES A SOUARE MATRIX RY A DIAGONALIZED

MAT2IX WITH 2 NPTIONS
OPTION 1 » A®D
OPTINN 2 » D*A

MULGR, “ULPC MULTIPLISS COMPLEX Ay EAL MATRIX,REAL RY COMPLEX,
INVYCNN INYE2TS CO4PLEX MATRICES ’
INCOCMA INVERTS ~OMPLEX MATOICES, MOPE PREGISE THAN INVCOM
HATINL . INVERTS REAL MATRIX

LISY OF DIMENSIONS

N NHMAEn 0F STATE VARIARLER

N1} S OHHMRE 2 DF INPUTS

NCTR = HUMRER OF TMPUTS Tn 8 SONTQALLED (SET TN SCSHX)

sh 4 = ONUNMRER OF N TRYTS (GCNSTFPURTEY IN  SOSMX)

HYS = NUMRER NF niTPyTS TN ONNGRAM  MYEYZXE

NL = DIMENSINN OF Xt IN 2RNGRAM  NMXEV2XL (1ST NL CNMPONENTS OF X)

HNCASFR = CASS-NMUMAER  (OF FCB0K1 IN FROGRAM  HMXTY2XL) OF INPUT MATRIX A

LIST OF MOST IMPARTAMT ARRAYS

A = STATE MATRIX, REAL (&F TN MXEY2X1) (N, N)

Nz NPTVIMG MATRIX, SFEAL (UF TH MXSTY2X1) {NgNU)

T OUTSUT MATRTY, REAL (NONSTRUCTEN HERE, AS EXTENSION OF £S)
(Y, N)

TS I AUTPUT MATRTIX, REAL (NS TN MXEY2X1) (MY S, NL)

RO T NTAGOMAL LIST QF COST MATRIX R (FOR ) (NU)
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¢ RNINV = TNVERSE NF R0 {NU)
Ayl = NIAGOMAL LISY OF COST HATRIX QY (FOR Y)Y (NY)
AM = STATE-CNSTATE MATRIX, REAL ‘ (2N,2N)
AMGC = STATE-GCOSTATI HATAIX, NOMFLEY (2N,2N) (HOT USED YET)
(AL SO USEN AS NORKING MATRIX IN EIGSVVL AND NESTROYED WHEH IVC = NOT 1)
RTR = EIGFHMVALUES, °7AL PART (2m
RYI = ETGEMVALUES, THAG PART (2N
RTC = TIGEMYALUES, ANMBLEX (2N)
EVC T EIGEHVERTONS MATRIX, COMPLEX - (2N, 2N)
(TONTATIMNS 2,H, SZIGENVELSTARS FOR OFTIOM IVEL = 1,3
(COMTATINS Lo, RIARENYECTORS FO2 0°TINON IVC = 2)
(CONTATHS UIRTSH FOR OPTION IVC = O)
EVSIN = INVERSE OF Yyl ’
Pr = CoMPLEX P MATRIX OF RICCATI £2IATION (N, N)
e = PEAML P MATRTYX NF RICCATI ENUIATTION {Ny NY

SURRAUTINE TIGVVL (IVEG,IPR1,TPR2,IPRI,TPOL,NyA,B,0,7,Y,TOX,ECK,
Xy XTI, ¥,V I, W, IrOW,:,” D2, 0X,0¥, 87,90, A0, XD, V0,
Gﬂ HN)

0N -

COMTROL POINTS AF £IGVVL

NO ETGENVECTO?Y CALTULATTION

I¥C = 0 =~

IVE = 1 » FALCULATES REGNLAR (RIGHT HAMND) EIGENVESTORS
IVe = 2 » CALPNMLATES TRAMSPJSEN (LEFT HAHNTY) ETGENVECTORS
Ive = 2 p»

TALCIILATES R0TH

FEXUARNING
FOR THE TIMZ NEING, OPTIONS 1 ANT 2 ARE FORRIADEN, FUYRATHER CHANGES TN
CIGYVL ART MEMESSACY,

ToR1 = 0 » VALUES 0F CURRENT EIGENVECTORS (IN EIGYEC POUTINEY NOT PRINTED
IPRZ2 = 0 » YALUSES OF COPRECTED EIRENVALUESR, 7£SINUAL VECTQORS,ETC., NOT PRINM,
I7R2 = 4 » FINAL EIGEHYICTOR MATRTIX NOT PPINTED

IPRYLG = [ » INOUT MATRIX A NOT PPRINTEN

NOTE

FOR TIPR3 = MAT f§, THE R4, FIGENVECTOR MATRIX IS PRINTEN FOR IVC = 1,3,
WHERSAS THE L,H, EIGENVESTOR MATRIX 1S PRINTESD FAR IVEC = 2
(SSE TEMPORARY WAPNING AROVF) :

I.E.
CALL
W= 0,4, TIGFNYIrTCO YATDTY
TVIT = LoH, FIGENYELTCR 4ATRIX
NTA = DIAGOMNALTIZED TRAMSFOGM OF A
INV = TMYERSE OF E£ITHER MATRIX
THEN
A= N * 9TA X THY (W)
A =

THVIIVITY * DIA * [VIT

DO ANONNOANAAASOAOOIINNANNOTTNINHNHNONIDIAISADNAISONDITIND

¥EATHE MAXTMUM DIMENSICN NCW IS N = 30 (2N = 62), NI = 10, NYS = 6 **rx¥s¥xxexy

FOR HIGHED 0275R IT TS NECESSARY TO INGREAST THE JIMTHSIONS IN THIS MAIN
PROGRAM NMLY, NOT IN THE SUBPOUTIMES, THE EXCEPTIONS ARE HESSEN(HIGHEST
NRAER 200), DRMY(ID), "ROMUX(3L)

QOO

*f DIMENSION OF £ IS 10 ONLY: ®*esmresaraxexxxy
REAL AC3T,3I0),R(33,17),0(10,30),05(6,27), WW(ig),pﬂIHV(is) aYn(3o) -
REAL AM (01563, ™ (50,600 ySH (511, 6L)  RTRCEI) ,RTT(60)
PEAL WAL 4 3 X (RS, Y TURDY ¥ (AD) sUT(RDY, 6L ,HIEN)
INTEGRER I°OW (50,2) ,NRAN(60,60) 5, TCTRILR),ICOL (15) ,K0MENT (14)
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T COMPLEX AMC(60,60),RTCIB0) 4EVC(H0,60) JFVGINY (30 ,2G) 5PC(30,39) .

COMPLEY DA(A) L,/ ,DX{AT),0V(60)N0(60),00(60)
DouUALE AD(H7,60), XD (F)),¥I(5T),6DLA0),40(6T)

DEFINITIONS FOR SUARONTINE RINCAT

a0n

COMPLEX AMT1032,33) ,0M02(35,30) ,AMN3(30,30),AMT4C30,30),2TCA(3D)

REAL 3M1(30,30) ,AM2(77,30),%47 (30,30),9M4(30,30),KV(15,30),

1 TMLC3T,30) M2 (306,27 ,0M7 (30,30 30HL (35, 30)

IMTEGER THX (60}

SANTIVALENAT (AMC(4, 1) ,AMCLY, (AMCT 1,16) ,AMR2) , (AMC(L,31), AMC3),
1 (AL 1448 ,AMAL)

ENNTVALENGCES (R (15,10 ,M1), (1 1,15),842), (3 (1,31),043),

1 (30 1,46) 3044) , (CH{1,1),CM1), (CH( 1,156),0M2),

2 (CHMUL,32) 3 NM3), (CM(32,47),044) , (A4,KD)

ENUTUALENCE (EVCINY, o0)

EOMIVALENGE (I'IX, IR0W)

EOUTVALENNE (AMN, DA, DY, (DX, X0) 4 (DY,YD) , (DC,GN) , {ON,HM é
INTEGE® NATOASE(?) :
DATA IWPA,IMOCTN, TURAS/1GYH A yLOHEIGVYOS*INV ., 10 HEVFITAZXINY/ :
DATA ICASE, ICO',IWN,IV0,I5Ins :
1SHOASE ,iGH  OOITLIX, 1EHNIANCY s 4THVADT) 2 1TIEIGVALANCY /,

2 IPR, IPEALFL0HP (RICCATI), 10H  REBL /7, IKR/Z1Q0HY(REDUGCED)/ ,

3 S Ivi/10HMN(oENUn, )/ , . i

ISHORT
MT
MT
M0
Mo

¥

By Ry ANC NCT ERINTED

PEAN PERMANTMT NATA (R,,,,,0P0R) FROM CARD
PEAT PEOMANENT NATA (Ay,,,,PPN8) FROM TAPE 2
WRITE 070 OQATA Oy PAPER :
WRITE 2/P NATA ON TAPE 3 ' g

W n
WD S

E I 2

[r Ry Xy Xr N N Ne)

READ 117, MI,™0,ISHORY
REAN (MT,11R) TJATCASE

PPINT 119, DATCASE

NCASFY = 3 : FRagcKiL 3 !
N o= 30 _ . ‘ :
NU 11 :

NYS = §

NY =
NL = 27
NN =

c .
C** ¥4 ARMING 02TTOHS 1 ANN 2 FNR IV0L ARE FORBINDEN FOR THE TIMS BEING

~n
*
=

READ INPUT MATRICES 4,9,0%, PRINT AND NRAW

3000

CALL IRM2TL3 (1T, 4, NyN)
CALL T242013 [MT, 7y M, NI
CALL PIM2OLI(NT,NYS,NL) . , o
TF (ISHNRT,EN.1) 6O T0 3 : : ;
CALL MPIMX  (A,N,Ny3H  A) : .

CALL N20MX (A, My, NRAN, 304 A ' )
CALL WRTMX  (8,N, NI, 2H  R) ' '
TALL NOOMX (T, N, N, O2AM, 30 N )
CALL WRINX  (0S,'1YS,NL,3H £3) :

CALL N2RMX  (C5,HYS,NL,DPAW,3GH GCS . _ )

by}

RCAD MOMOLEYX EIGEMVALUES 0F A (IF AVAILAPLTY

QDDHIOD

3 CALL Toveniz (11,270,
SALL WRIEIG (RTC;H,10H A ) : ‘ _ .;



N

[ Jer

QDD o (2 N> R N

AN OD

[ Xy X

D

DHO

FODDODAIAOION

-

READ PRONUCT OF REAL PARTS OF EIGENVALUES OF A (IF AVAILABLE)

PFAN (MI,104a) PRNA
PRINT 110, PROA,MI,HN,ISHORT

REAN  NCASE AN NOSTS FOR Y(3), YI(7), U(5), U(6) {THE 2 OQUTPRUTS
AN 2 THPUTS WIIGHTEN IN MATRINES Ay AMO R IN ROUTINE  SCSMX2)

QFEAD 115, HOASE, (KOMINT(T),T=1,6)

OFAD 116y [KOMINT(IV,T=7,14)

READN 113, NYI3,NYN7,305,RNE

POINT 11iL, NCASE,XNHruT,AYN3,NYN7,205,R06

IF (£nF,5) 1,2
4 PPIMT 414n

50 TQ 9349
2 PPINT 106

RONSTPUET  STATE-COSYAYE MATRIX CALLING SCSMY2 (THE FI2ST STEPS ARE
THE CONSTR2UCTINM QF MATPICES G, N, R)s USE PARAMETER 2,

CALL SCSMX2 (NyHUSHY gNH,HYS, ML, Ay 3,0, 0S,8M,20,27INV,NY0, ICTR,NCTR,
1 HRASE, N3  NOASER, 2, NYA3,NYNT, P05, 9NF,M0)
CALL NRRMX  (AM,MN,NN,DRAY, 33 Y AM, STATE=GNSTATE MATRIX )

CALCULATE LIGEMVECTORS OF A AMY CHECY COMTROLLARILITY ANO OASERVAAILITY

ISTONS = 0 » CONTROLLANILITY ANO ONSERVASILITY IS “NOT GHECKER
TIGTMYALUES PEAN IN FROM A PREVIOGUS PROGIAMS JUTPUT

I6TORS = 1 :
IF (TCT0RS) 4,5,4

& PRINT 105
CALL EIGVUVL (TUfyfiyny0,C,N sA 5 OM GH, RTRyRTI, PTOLEVG, X, XTI, VyVIy W,
1 IPOW, Gy Hy T NX, 0V NG, DNy A0, XDy Y1y GO, HD)
SALL THUROM (EVL, EVOINY,N, IRANK)
PRINT 102, IVOA,TRAHK

THE FOLLOWINMG STATSEMENT ONLY IF  PROA HAS RERN RIZAD IM,

BALL GMPETE (RTOA,NTA,N, P04, 1, NCASE,NCASER,MN)
CALL MILCOM (EVO, EVETHY ;08 , N,y Myt -
DALL N20MXL (DAyH My INRSIN, DRAW 4 NY)

CALL OT703S1 (3,0 3H, MUy NY,EVS s EVE TNV, OVD, A4, DA, 2 T4, INTR,NATR,
1 IN0L, 1AW M)
fALL PRY2013 (PTO,H)

5 GALL INUVEC (RTC,RTCA,N)

CALCHLATE EIGEHYALUES AND (IF IVLC = NOT 2) EIGENVECTARS oF AM

PRINT 178 _—
CALL ETAVVL (TVGC,0,0350,9,NN,AM, OM CM RTR, PTT,RTC,EVC, Xy XI5V VT, M,
1 TROM, Gy Hy DA, MY, IV, N0, NN, AT, XN, YN, GO, H)

PINK UP THE FIGENVECTORS CORRESPONDING TO STAILE CIGINVALUES OF AM AND
COMNSTRULCT MATPICTS Wii, W24, WHTRF Wii CONSISTS OF THE !JPPER HALVES
AN W21 OF THE LOWER HALVES 9F THE STARLE EIGEHYECTORS OF AM ,

CALCULATE AICCATI MATRIX P o= W24i*IMV(W11)
TP2W = 0 » Wi1,"21 NOT PRINTED

IP2R = § » P(2ACCATI) MOT PRAINTED

IPeS = 0 - SSY(STIADY STATE) HOT PRINTEN
IPANC= 0 »

AQC(OPT s TONTROLLEN) NOT PUNGCHED
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ANt= 0 » NOC (N + [KIT*P¥K) MOT PUNCHED

IPRW = IPPT = IPRS = @
= ¢

IPNOS = 0 .

BALL RAOTAT2 CLNNy A, CYRAMTL AMC2,AMRZ, P ,3M1, T2 A, 0L,

GML 02,003, RTS,IX, DA, 3,02, CHE , BOTHY , NI, TPRW,
IPRR, IPRS, TPAOC,,HCASE ,IPNOC,NCASFS, INX, OV,K 0, ISHORT)
1 = Py M3 = 2T, M2 = AXP{ = aANC, CM3 = AX22 = SS9,
o (WHEN IPAOCR,.'T.C, THEN AXP2 = QOC),
4 = OK I K = [RITHNY*#(NIT*P
= (RYTHYSIARITH{FNLITINYITRl = QTCSITNV*r U241 T
IR PTCS = STABLY EIGINVALUES OF  AM
= 2715 :
= {= RTGCSTITNY
T CONTACL LAW TS U(T) = = K*FX(T)

IS A MATPTX (M), N) WHICH IS EMFTY EXCERT FOR THE 04S CORRESPONNING TO

£ QONT?OLLEW INPUTS, WE PHUNNH OUT THE CONTROLLED W04S OHLY (KR)

PUMCH 112, ICAST,NRASE, IUR,IRFAL,NCASFA

WPITE (M0,112) TOASE,NCARE, IK®, IREAL, NCASFA
RALL PrHKKA (N Fy N HTTR, O,y R2, IOTR,708W,1,M0)
PPIMNT 111, ICASE,NCASE, IKR, ISFAL,NCASFN

2 SYSTEMS WITH MONZERQ DISTURRAHNCE IHPUT THC GRPTIMAL CONTROL IS
(TY = = KR¥XA(T) - KO*AL¥YD &+ (I - KOR¥RCI¥NICHAR
ERE
S GONTROL INPUTS VERTAD (PART OF )
RAR = SSTTLING-DNUWN VALUE 0OF Wi
= NISTURANGE IHPUTS VECTOR (PART OF W)
= PAPT OF MATRIX R LORPEIPONDNTING T0 UC
S PART 0OF MATRIX R CORTNESPORDING TN UN
d = PART QF MATRIX K COPRESPONNING TO UC
R T PART OF MATRIX KD AORRISPONT, TO BE
£ DETATLS OF COHSTRUGTION OF KB IN POUTINE RICGCATL

BUMGH 112, IBASE,NCARE,TKTR,TREAL,NGASEN
WRITS (*N,112) ICASE,NCASE,IKDR,I2FEAL, I0ASER
BALL O0HKKD (NJZNyNCTR, K0 4042, TOTR,NRAN, 2,10)
PRINT 111, ICASE,NCASFEyIKOR,IRCAL,NCASFB

THE = 1 » D MNOT PUNCHEN

IPLUP = 0

I€ (IPNYP) 7,8,7 :
PUMNTY 112, TCAST,NCACE, TR, TRFAL,HTASFR
CRLL PaM20i3 (RAML,NN) '
PRINT 111, TICASE,NCASE,I”%, IRFAL,NGASFR

LCULATE ZIGEMVALUES O0F o0 10 THEGCK PQSIYIVE DNEFINTITENESS
PRINT 1n3 .

CALL EIGVVL (0,0 ,0,7,1,N,BM1,R43,CH3,RPTP,RTL,2TC,CV",%X,XI,V,VI,H,
IR0, Gy Hy MA X, MW, N0, DN, AN, XN, VD, 6T, HM)

CALCULATE EIATNVALNTS OF ACO (A ORPTIMALLY TONTACLLINY  ANN COMOARE

. EIGETNVALUES OF A

WITH
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Ly

DD OO0

PRINT 14
CALL FTIGVVL (0,0,8,0,0,N,0M2,0M83,0M3, RTP,RTI RTC,EVG,,X,XI,V,VI N,
1 IROW LGy HyTA,NX, DV ,T3C, 00, AD XD VN, GOyH0)

IN THE FOLLOWING STATEMINT PEPLACE 3 By 2 FOR  PROA TN AE PUNCHER,
CALL GMPEIL (RTCA,RTO,N,PROA, 2,MCASE,NCASFR,MO)
PRINT AMN PUNGH GASE NUMIER AND nnSTS, USF PARAMETER 3,

CALL SUSMX2 (N, M MY NN NYS 1L, 4,8, 0,05,A4,20,209INY,2YD, ICTR,NC TR,
1 . NCASE, N2AH, NTAS A, OYDS,OVN?,“D),QQS,WO)
99499 STNP :

100 FOPMAY (1H1,10X,*SNN OF FILE CARN REAQ AS DATA¥//7/40%,* ONE OR MOR
1E OATA OADRNS MTYQSTHG®)

104 FOPMAT (AHLZL 2727272777760 ,%0 A R N I M G¥/77/730X,*THE PRECENING
IMATPIX A IS THE GPIGTINAL CHEX2//20Y ,%C0CM NOY ON A TS THE TNRUT A
2YRIY AFTER DXSHANGING RAWS A0 AOL'TMNS ACGOINTING TO MAIN 220604M*)

102 FORMAT (7712X, ¥*PANK OF TIGENYICTOR MATRIX OF *,A40,% IS*,16///)

103 FOPMAT (LHL/////710X,*CTEENVALUFS NF 0 (RIGCOATI MATRIX) FOLLOW*//
110Y,* (5GP POSITIVE NEFINTTENESS THEY MUST &L A FASTTIVE)*7/)

1G4 FORMAT (AWML I//7277 110 %,*ZIGEUVALYUES OF AQC (OFTIMALLY OD4TRILLE
in Ay FOLLNW*Z7 /)

195 FOOMAT (//7//7/10%,*0PIGTINAL SYSTEM MATRIX A AND ITS SIAGENYVALUES
1 FOLL N *)

106 FORMAT (/740X *NATA N,K.*)

107 FROVAT (4HL /777 740Y, *FCLLOWING IS THE CHENKING THAT ©  AND THE
4 CONTOAL LAM ¥ TIT THE IMTECR2AL NF THE CNST FUNATINY//Z
2L0Y F TV E ¥/ /7100, ARAHTHTI (L7211 <X(TY ,A¥X(TY> + <H({TY,R*U(T)>1*7T)
3 o= (L2)XX (MY PEXR)S /740X, X*THE INTEGRATIAH IS NDONT ALGEAR
LAINALLY USIMG SIGENVALUES/EIGENYECTAORS QF+/40X,*¥AN%  {(THE SYSTEY W
SITH THE OPTTHMAL NOMTOOL LAW IHDORPNHDATIM ¥/ /142X, *AFTED ALL THE
6C0MPUTATI NS HAVE 3TEN PONE, THE MATRIX PINT SHOULD 8F ENuaL TO
7 RxLIIN

108 FNAPMAT (AHL/ZZZ2077777177740%, *STATE-COSTATE MATRIX AM  NHITu*z//

1 10X, *EIGSHVALUES/EIGENVELTORS FOLLOW®)

109 FORPHMAT (£20,13) .

140 FOPMAT (/7//717X 4 ¥BRANUST QF REAL PARTS NF F=-VYALUSS 0F A =*,FE20,13
17744%,*¥MT = #,T1, % o (2 TMPLICS READIMG PEIMANENT NATA FROM TACE,
25 FROM CARNS) #7414 X, *M0 = *,I1,%* o (3 I4PLISS WRATITING O/P NATA ON T
ZAPE, A DM DAPTOY*/4G¥,*ISHORT = *,Ti,* » (4 IMPLIES A, B, AOC,
GMOT PRIMTENYX) :

1141 FOOMAT (14X, A5, T3,2(5%,A17),10Y,¥(FND QASE *,12,% OF FO3GKLY*)

112 FORMAT (4>,Tz 2(5X,A10),10X, ¥ (FNR CASE *,I2,% OF FNRCK1)¥)

113 FOPMAT (413X, 1PER,1,3X))

“144 FORMAT (///1rx,4vnqrx T6,5X,AAL0E7LY X, QAN
1 13v FOYN(IY =*,4PFA,1,5%,¥0YN(7) =¥,E8.1,
2 X, *20(5) =¥,£R.1,5X,*°D(ﬁ) =*,58-1///’
145 FOOMAT {4%X,I6, GY,6A10)

T 116 FOSMAT (RALF)

DOD

oo

117 FOPMAT (3T

118 FORMAT (A2,A3) .

119 FORMAT (LHL///710X,*DATA INPUT TO REGULA , OUTPUT FROM  MXEV2X1*/
1710X, *CASE {(*,A2,%) QF FNONKL , POWER LEVEL = *,A3,% Ph.¥)
END

SURROUTTHE SRSHMX2Z (M, NI, NY, NH,NYS, N, A, 7,1, AN, RN, PATNY, AYN,
1 ICTR,NCTR NCASE , NRAH 4 NCASFR, ISCS,0YN3,NYN7,RN5,206,M0)

fe Be 71
[
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3

[+ Ry Re BrRe Ny

STATE=-NOSTATE MATOIX AN, FAOYTTIONED INTO 4 EQUALLY DIMENSIONED NUARTERS

tt 1€ 1 e 1 mn

[ AMLIt AML2 1 4 A - °*(R]INV*["}T 1

aM = (T 1T 1 = u I 11
(2N,2N) (¢ 1t M 181 i 1)
[ AM21 AM22 1 . t -0 - [AYT 1

14 ¢ 1t AR A S 1t 1]

WHERE THFE. STEADY STATE RINCATI ECUATION IS
0 = Q + (AYT¥P 4 P*A - PEAF[RITHVH[RIT*P 0
AND THE ONJECTIVE IS TO MINIMIZE THE COST INTEGRAND
[XIT#N*Y + [INT*R*N ‘ | . (2)

FOR THE SYSTEM

7 XDOT = A¥X + 3w , (3)
4 ' ) :
7 Y = C*X (4)

RY CEEINING A ©AST MATRIX QY FOR ¥y RATHER THAN -FOR X, WE ORTAIN,
FenM (2) AN (4) .

n = [(/IT+#0ven ' : {5)
REAL  AMOMIL,MND » 1 (R MY P (N, NUY 5 RDINUY yBNINY (N € (HY,4N)
i FRIEHY S, HLY s AV INY)
INTEGER IONTRINIY, NRAW (N, N)
GO TO (20,27,30), ISNS
t1) COoMSTRURTIAON OF N
C(NY,N) IS A4 EXTENSION OF CS(NYS,HL) CALCULATED TN FDRCKL IN MxEvaxi

H £ONRESPANNS TO NY2(MATRIY AF) NEFIMED IN FA3CKL

ML . ee ML (MATRIX AS) . se  as
NYS .e e NY (OUTPHTS) ’e se s
NY = ACTUAL NIIMRER CF QUTAUTS (MATRIX € )

Y(i) = X{1) = PHINASH

¥Y(2) = X(4) = THAY

¥(3) = ¥(10) = PO

Yiu) = X(13) I PMEDH

Y(5) = X(22)} = HIAGSH

Y{6) = X(23) = YTOV

Y{7) = (33} = 0¥

Y(R) = X(2L) = YM

SET  Neee WNIT VALUFS TC ALL CORRESPONNING ELEMENTS

20 CALL HULL (£, NY,*M)
Cl1,1)=0(2,4)=0(3,10)=C(t,18)=01(5,22) G(6,23)~P(7;3UD"C(8 21) = 1.
GALL HZ2TIHX (FytY, N, 2H G )
CALL NRRAMX (P MY 2ty PRAW , 30H c }
PuNCH 131, NY,H :
CALL PRA42047T (MY, N)

SEY NY AS A LIST OF ELEMENTS OF A DIAGONAL MATRIX

QYD (3), NYN(7Y AHD NCASE WAYE REEN READ IN MAIN PROGRAM.
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A TITN

QDAOMIANOAAINIDIIONIIIOIIOOOD

[ 2 Ner oy |

2)

ueim

THEY ARF PRIMTEN IM THE OUfPUT.

N0 4 I=1,NY
nYn (I O .
nyYon () aYn3 £ nyYyon(7y = nvo7

(11

0. = [(TIT*Qy*n

1JSE FOLLOWING FORMULA NY -
NLT,J) = SUM CHK,TY*CL{K, ) *C¥YD(X)
K=1
AND RECALL THAT ANM2L = - N

I=1,N
T4+N
J=1) N
J

10
IT
no
JJ
AMITIIJN = 0,

NGO 2 K=14MY ,

AMOII,J)) = AM(II,JJ) = (K, I¥%C(K, Y *QYD(K)

N

COMSTRUGCTION OF AMi2 = - RY(RIINV*[A}T _

SFT R AND [RYINV AS A LIST O? ELEMENTS 0F A OTAGNNAL MATRIX
WRERE
ER &)
Jz2)

1(3)
uh)

KRl

THI

Yny

YPDEMNEY (vy®DgM, THE QORIGINAL U(4) IS ACTIVE 'IN GONTROL
A4S DESGRIARED IN FDACKL)

AT R ] ]

A5y
{5}
ui7)
(8}
1J(a)

YMNTM
DYTRYNIN

NFNZH (NF, THE OPIGINAL UC7) IS AGTIVE IN FD3ICK1)
PE

WSNNEN

L1NEM

U YR T]]

No = I=4,Ny
ICTR(I) = ¢
RNLIY = RN5
20(R) = PN
N6 & T=1, N
ROIMY LIY = 4,/RO(I)

ROTHNV(2Y = S9JINVY(3) = RITNY (L) = RIINV(7) = RIINV(I) = 0,

ANIMY (1) RATHY(8) = RIINV(I0)Y = 0,

ICTR(5Y = INTR(GY = 1

NCTR = 2

. MU

AML2(I,J) = - SHM R{T,K)*D(J,K) *ROINV(K)
K=9 ’

no 5 I=zi,N

IT =1

no 5 J=i,MN

JJd = J+N

AM{IT,Jd) = 0,
NO & K=1,NY

5 AMIIT,Jd4) = AM(TII,J4) « °O(I,K¥*7(0J,K)*ROTNV(K)

(3

IMPED A AN - CAYT
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CCALL IMBEDN (A AM; Ny NyNNyNNy1,1)

B0 6 I=1,N

IT = TI+N

no 6 J=1’N

JJ = J+N

6 AM{IT,JJ) = = A(JS,I)
BPRIMT 100
RFTUPN

30 PRINT 102, NCAST, NCASER, (AYN{TY,I=1,NY),RPN(5),27(6)
DUNCH 102, NOAST,NCASFO,, (NYILTIY,T=1,MY) 4RD{5),R0({6)
WPITE (M0,102) NOASLC,NCASERLIPYD{IY ,I=1,NY),RD(5),R0(B)

. RETURN
100 FORMAT ((Z777777777731X,¥AM  (STATZ~COSTATE MATRIX) FOLLOWS*r27/77
131%,53H4 {t I A I e 1 11 /
231% 4584 T aMi1 AM12 1 { A - B¥IRIINV*(AIT 1Y /
331X,584 aM = {{ 1t 11 = It 11 /
431X ,58H 2Ny 2N) ([ It n e I 1 /
531%X,58H { AM21  aM22 3 t -1 - = [AYT 1 /
31X 45RH {1 1t 1N t 18 1 /
Tr777) :
1014 FORMAT(LZIH MATRIX € (,I2,1iH,,12, iH})
102 FORMATY (LY, *CASE®,16,% FOR CASC *,72,*(108 PC)Y OF MXEV2X4i*//
1 9X,*¥(1) = X( 1) = PHIDASH, 0YD{1) =*,1PER,1/
2 9%, *Y(2) = X{ %) = TMAY sy NYN(2) =*,4PER,1/
3 9X,%Y(2) = X(i7) = en » OYD(3) =*,iPER. 1/
b SX,¥Y{4) = Y (18) = OMENH , YD&) =%,i1PER,1/
5 99X, ¥¥(5) = X(22Y T HDASH 4 QYD(S) =%,1PES8,1/
B 2X,*¥Y(RY = X(23) = YTCV sy QYD(B) =%,1PE3,1/
7 9X,*¥V(7) = X(34) = DF y  AYD(7) =¥*,1PER, 1/ )
B 9X,*Y(R) = X(21) = Y™ s 0OYD(3) =*,1PER,1//
9 9X,* U 5) = yupeMm RN{5) =¥,1PER,1/
A 9X,* U 6} =NYTOVDEM, RO(R) =%,1PE%.1)
END :
SUARNUTINE RICNAT2 (N NN, AM,Y,H11,W11TNV,W21,P,P,N,A,AT,ANL2,
1 AXR1 ) AXR2, RTCyRTCS,DRAW, R, BT, NK, ROIINV,NU,
2 IPRW, TPR2, TP S, IPTH,NNASE, IPCHN,NCASF 3, IXyRTOSING KDy ISHORT)
131,72
CALCULATE THE RICCATI MATRIX P AND CHECK IF THE STEADY STATE
RICCATI ENJATION IS TORSECT
0 = Q % [AYIT*P + P¥) -~ DEOF{QIINY*[OA]IT*P (v

P IS CALCULATED AS FOLLOWS (POTTER,VAUGHANLETC,)

W 2 ESIGENYECTOR MATRIX OF STATE-CASTATSE MATRIX  AM  CALCULATED IN SCSMX
PICK UP THE STARBLE E£IGENVENTORS FROM W (TREY MUST 8F HALF THE TOTAL NUMBER)
AND CONSTRUCT Wii, W2i, WHERZ W11 CONSISTS OF THE UPPER HALVES OF
THT STARLE EIGENVIrTORT  WHEREAS W24 COHSISTS OF THE LOWER HALVES,
THE"‘ LI BN ]
P o= H21#[W113IINV ) (2}

P SHNOULD BE REAL, SYMMETRIC AHO POSITIVE DEFIMNITE, THE FIRST TWO PROPERTIES
ARE CH=CKED INSINE THIS ROUTINE, THE THIRD IN THE MAIN PROGRAM,

FINALLY CHECK EQUATICN (1), RECALLING THAT, FROM SCSMX

STATE=-COSTATE MATRIX M (OR AM),; PARTITIONED INTO 4 EQUAL QUARTERS

L 4

tr I ‘l! 4 R L O n




SO D

OO0 9D

QADDOADAOOININIOINAOHNIIIOADD

AM
(2N,2

f AHi3L ame 1} ) A - B¥{RIINV*IRIT 1

ER B ¢ 1t W = (t M 1]

Ny (¢ it " e If 11

{ AM21 AM22 ] t =-4@ - tA7 ]

tr 3t 1 {t 1t 11
GOMPUTE KN (DTISTHRBANCE GATN MATRIX) .

Ko =

TRYIHV*TRIT*(THIL YIMVIT*{~[RTCSTINVI*(WH2LTT

256

THIS IS TO NC USEN FAR THE SIMIILATION OF CASES UWHERE THE NISTURBANCE
AND THE STEANY-STATE VALUES 0OF THE CONTROL INPUTS ARE NOT 9.

INPUTS

uc(orT

WHE RE

"ne
UGBAR
un

nc

10

Ke
Kn=
RT"S

RO el iy ot ks

- X2®Y(T) - kOP*30¥UD + [T - KD*ACI1*¥UC3AR

3 =
= = KR¥X(T} + KN0Y
CONTROL INPUTS VECTOR (PART OF W)

SEYTLING-0D0OWN VALUF OF UG

DISTURAMCE INOUTS VESTOR {PART OF )
PART 0F MATRIX R CARRESPANDING TO UC

PART 0OF MATRIX A £ARRISEONTING TS UR

PART QF MATRIX K CORPESPANNING TO UC

DAPT OF MATRIY KO GORRESFOND,  T0 UG
NDTAGONAL MATRIX OF THE STAARLE EIGENVALUES

COMPLEY W NNy NYY ) WLL (N, NY G WLLINV Ny MYy W2 (N, MY 3 PC(M,NY , RTO(NN),

1

RYOS(NY ,RTASININY -

REAL AM NN, NNY 3 PIN, MY 3 (R, MY, BTNy M) 3 AT (N, N) , AMI2 (N, N)  AXRLIN, N),
AXR2 (M) $ 3INy NUY 5 T (HUy MY 3 ROINV (NUY DK (NU,N), KD (NUy N)

1
INTEG

IR ONRAWH (N, M) ITX(NN)

DATA ICASE,IAOG1, TAOC2/54CASE ,10HAOC(OPT, C,10HONTROLLED)/,

i

CONSTRUAT

L X ]

J

=0
No 4

IF (R

13=1J
RYCS(

110C1, I0052/

UPPER HALVES OF STAZLE FIGENVECTORS
LOWER X . .s ve

Hil
w24

JJI=1,y 1N
TSN ) 1,4, 4
1

JY = RTC(JD

1GHA0C (N + [, 1JHKIT*R*¥K)

/

17

13

" CALL

A
T

PICRATTT F£NUATION (SEF AriLoW) ARE PERFORMED MERE,

NG 2 IT=1,M
I =171

W11 (I4J) =

M1 = N+t

No 3 IT=Mi,NN
I = 1IT=-"

21T, 1)

COMTIMIC

PPINT 101
TF (IPPW) 18,17,18

PRINT 114

50 10 19

CALL WRAMX (H11i,NyMy1nHWLL (UPST™) L,RTES, 1)

CALL N80MYL (H11,M, N, 1I6HWL1 (U STRY 4 17AY, RM)
NALL WorHMY (W24,MyH,10HW21(LNSTA) ,RTCS, 1)

DROMXL (H21 ,H My L0HKNZL (LASTR) 5 ORAH, KN)

WIIIsd

= W(II,JdN

M IS

HEREFQRE, THEZ GARVYYP

NEENSN AS AN AUXILTIARY MATRIX IN THE INVERSIOM NOMING NEXT,
OFERATIONS NTCESSARY FOR CHECKING THEZ STEAOY STATE

20,108,749




Cc
c
C

QaONONn

19

GALL CARVIP (AM,AHL2 JNM,NNyNyNyiyN+1)

CALL GARVUP (Mg, NNy NNy Ny NyNed, 1)

IMVERT Wit AMD CHECK IF PRODULT IS I

i4
22

23

i5

BALL SMIUMT (W11,4M31TNY4N,N)

DALL INROMA (WLLITINV,NyAN NN N, 0 4Ny NNy NN, NERR, TX)

IHE4 = 104W11 (UPSTN)

PRINT 117, MEPR,TWi1

IF (NERD) 1+,15 14

IF (IPPW) 23,22,22

CALL HROMXY [Y11,M,N,10HN11(UPSTR),RTCS, 1)

NALL UPAMX (WZi,N,H,iCHNZl(Lh?TB),RTCS,l)

CALL INUAOM (W21, WiiINV,N,IRANK)

IW21 = 19HU21{LNSTR)

PPINT 192, IH2?4i,TPANK

CALL MULCOM (N91 WL 1INV, PG, Ny Ny N

TALL ORnMYL (or N,N,iﬂﬂﬂ?i*wﬁixwv IRAW, NN)
STNP

FALL MILCOM (W14, Wi1TNV,PCyN, Ny N)

CALL DPCMYL (PCyN,N, 16HWL11¥ULLINV,0RAW,NN)

P = W21*[W113INV

CHECK IF P IS REAL AND SYMMETPIC, CONSTRYRT

N
=1

3n

s

31

32

N W

23
34

RECALL TO TALCUULATE EIGENVALURS OF P AFTER CALLING RINCAT,

CALL MILEOM (H24, NLLINV, PG, N, My N)
IF (1P 20,21i,2n

CALL WPOMX (PG, H, Ky 10FP(RINAATI),RTCS,9)
CALL DRCMYL (PCyHy Ny 1OHP(RICCATI), ORAW,NN)
BRINT 103

TEPO = 1.E-7

no 6 I:i,N

no 6 J=1,N

IF (REAL(PS{T,J))) 32,30,32

IF (ARS(AIMAS(PO{TILU)))Y - TERQ) 6,5,31
RATIMR = AGSTATHMAG(PO(I,J)})

PRINT 115, I,J,P0(1,J),RATINR

GO Tn 6 _
RATIMR = ARSCAIMAGIPA(I,NIIZARS(REAL(PC(I,0)))
IF (PATIMP -~ Z2E8N) 6,5,5

PRINT 104, I,J9yPC(I,J7,ATIMR

IF (PATIMR - 1.E-4) 6,6,13

DPINT 409

P{T,J} = (P(I,J) + PL(J,IV}/2,

PRINT 105 :

JT = 1

NMIM N-1

N0 R T=1,MMTM

JY o= JT#

N0 8 J=JT4N : :

IF (SAAS(PC(I,U0)1)) 35,33,35

IF {(CARS(RPR(J,I)) = 7FR0) R,%,34

LSYMF = CARSIPLIU,I))

PPINT 116, JyI;PCUJ4I),1,3,P0 (I,J),ﬂgYWF,J,I
GO Tn 8

ASYMF = CARS(PM (I J)-p°(J,T))/"ARS(PF(I,J))
IF (ASYMF - 7ER0) 8,7, 7

PRINT 106, J,I PF(J,T§,T Jy pP(IyJ) ASYHF
IF (ASYMF - -4} B8,8,16 .
PRIMNT 110

CONTINIE

"

(2)

FROM  ©C{COMPLEX)

TO CHECK P, NDEF,
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CHZCK STEADY STATE RIGCATT EQUATION

CALL CARVUD (AM ANL2 3NN, NNy Hy N, 1,N+1) OPERATTON OERTORMEN AROVE
CALL CAPYIS (AMy0,  HMN, NNy Ny NyN+iy1) OPERATION PERFORMED ANOVE
CALL NEGATE (0,0, NyN)

CALL TRAMS® (A AT,H,N) |

GALL DPRMY (A ,M,N,00A81,30H A
CALL T2PMX (AT ,MyN,"2AW,20H (AT
CALL NPOMY  (AY12,M,N,"N0AW,30H  AM12
CALL DRRMY (2 ,M,N,DRAW,23H Q

- Nt P

CALL MULTT (AML2,0,A%21,8,H,N)
CALL MULTI (P,AYR1,AX02 0 M,N)
OALL MULTTI (O, A,8XP1,N,N,N)
RALL ADN {AXP4, AXR2,AXR2,N, M)
RALL MULTI (AT,P, AXPL,N, N,
DALL AND (AXD1, AXR2,AXD2,H, N)
CALL AN (14AXDN2, AXP2,N,N)
IF (IPRS) 24,25,24
24 BALL WPTIHMX (AX722,N,N,3HSST)
25 NALL NPRMX (AXP2, Ny NyN2AW,30H SSO(STEADY STATE RICCATI = 0))

CHEGK TIF STEATY STATE RINCATI CNUATION IS 7ERO

DRINT 107 .
nNo 1G I=1,N {
10 17 J=1,M
IF (APS(AXR2(T, )Y - ZEPD) 13,9,9 ' -
9 PRIMNT 108, T,JyA¥YRP2(T,J)
TF (ABS(AXRZ(I, ) - 1,.,E-4) 18,10,12
12 PRINTY 109
1N DNONTINUE

CONSTRUCT CONTROL LAW

K = [RIINV*I3]T*0 L , ‘ (3) _
SHCH THAT

U - K*X (FO2 THE UNDISTURRED CASE) (W) |
I.EQ
XNoT

A¥Y + Ax¥y .
A¥X -~ A*{RITNV*[RIT*P*X . (5)
HENCT THE QPTTIMAL CCHTROL MATRIX AnC 1s

A = B*TRITHVX{RIT*PE ‘ (6) A |

"

AQG

CALL TOANMSP (R, AT,M,NU)

GALL MULTI (BT,0,0K,NUyN,N)

N0 11 T=1,M1

No 11 J=1,M . ,
11 DK(T, )Y = DI, N *W0DINV (I . o ' ,

DALL MMLTTI (DyNKyAXPL,NyNUyN)

GALL MEGATE (AXP1,AXR1,N,N)

CALL WRTMX (AXP1,NyHN,3H=-RK) i

CALL DPPMX (AXRL, NyN,IRAW,3LH = 8*K (ANDED NONTROL) ) -
COMPUTE (IF ASKEN TO) QOr = N + (KIT*R*K

(THIS IS FOR CHECKING THE LIAPYNAV EAUATINN WITH AQC AMD Q0C,
IT IS HNT MEGESSAKY FOR SOLVIMG THE OPTIMAL REGULATOR PROZLEM),

IF {IPnHN) 28,29,28




] OO0

OO0 Ly ]

D0

28 PPINT 114

CALL MULTI (P,AXPL,AXR2 N yH4N)
CALL MEGATE (AXR2,AX724N,N)

CALL ATN (0, 8YR2, AXP2 N, 1)
CALL WPIMX  (AXP2,M,N,3HNOC)
CALL N2PMX  (AXP2,H,N, 124K, 30HNO" (N 4+ (KIT*R¥K) )

PUMIGH 112, TICASEZHNOASE,TI00%1,T0002,HNASERD
CALL POM2017 (AXP2, M, N)
PRINT 113, INASE,NOASE,IN0NL,INn0C2,HCASFR

29 CALL ADN {8, A¥YP1, AXL 4N, Y
IF (ISHORT,Zn.1) GN TN 44
CALL HoIMX (AX71, Ny H,ZHANN)
CALL IROMX (A¥P1,N,MN,N2AH,304A0C (A O0NPTIMALLY CONTROLLED))
Gy TF (TPROHY 26,27,2F
26 PUNPH 142, ICASE,NNASF,TAQGCL,IAOC2,NCASFR
CALL PPM201T (AXR1i,H,N)
PRINT 143, ICASE,MNASE, TAOTL, TADC2,HCASFR
27 COMNTINUE

RECALL TN CALCULATE SIGEMVALUES 0F ANK AFTER CALLING RIGCCAT)
CONSTRUCT KD = [RITHV*{AITHIIWLLIINVIT®T{~ RTCSIINVI* (V21T

no 36 T=1,"
36 PTASIMIT) = = 1,/RTAS(I)
CALL TRMSDPO (M21,P0, N,
PC TS NESTROYIN, TS MCW [N2LYT
CALL MUMXA" (P3,411,RTASTH,N,2) .
RALL ToNSPC (ML1INY, 30, N, M)
n6IS MOW TTHILYINVYT
CALL ™M'ILCOM (PR,N11,W21,N,N,N)

Wed MOM STORIS THE PROAUCT (THLLYINVIT*0- RTCSTINV*IH21]T
IT SHOULD BE A 2TAL MATRIX. CHECK IF IT IS AND CONSTRUZT REAL IN 4.

PR2IMT 148
no 37 I=1,H
nn 27 J=1i,N
IF (REAL(W21(T,J))) 11,329,491 )
29 TF (ANS{ATYAG (M4 (I,J)Y) = 7EP0) 37,37,410
40 RATIMR = ARS({ATIMAGIW24{I,NH )
PPINT 115, T,JyN210(I,J),RATINR
nn TN 37
44 RATIM? = ANS{ATHMAGIWZL(T, DN ZANS(RAEALIW2I(I,J)))
IF (RATIMR - 7E°N) 37,37,42
42 PRINT 104, T,Jd4H21(1,J),RATINP
IF (PATTM2 « 1,E%4) 37,37,43
42 pPoIMT 4ing
37 N(I,3) = H21(I, N

FIMNISH EXPRESSTON KD

CALL MAILYT (3T,N, KTy NUyNyN)
D0 33 I=1i,'"14
no 28 J=1,4
38 KDU(I, ) = <N(T, N ¥ NTINVLI)
RETHD N . .
401 FOOMAT (AMLr772777710%,%THE FOLLANING TWO MATRICFES ARE®///7/771CX,
1% Wit = UPPTR HALVES 0OF THE STABLE EIGENVECTORS OF AM (STATE-COSTAT
2% MATOIXY*//710Y,
3¥U21 = LOWER "o e e ' s s v e . ve
4 e xfrrrz)
102 FOPMAT (777777710 Xy ¥PANK OF MATRIX A1, * IS*yI677777)
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103 FORMAT (LH1/77710Y, *THE MATRIX P (RTCCATI) SHOULN BE REAL*///10%

1, *ELEMENTS WITY RATIN OF IMAG OYER REAL FART 6T, 1.5-7,IF ANY, FOL
PUNME/ 77 /20X, *REAL PAGTY 2%, *IMAG PART#, 8% ,*RATIN*//)

104 FOPMAT (* D(*,I2,%,%,12,¥%) = *,251%,8, 5X,E8,1)

105 FOPMAT (LH17//771G%,*THE MATRIX P (RINCATI) SHOULD RE SYMMETRICH
177 10X, *THT PATITS OF SYMMETRTIC ELEMENTS WHICH SHOW A FRARTIONAL 0I
2EFEOCNAT GT,  4.M=7, IF AY, FOLLOWY////718%X,¥REAL DARTX, 7%, * IMAG
IPADTH 21X, *REAL RARTH, 7Y, *IMAG OART*,7X,*FRACT, ASSYMETRY*//)

106 TO2MAT (2(* OL#,T2,%,%, T2, %) = %,046,9,% % ,£415,8),7%,510,2)

107 FOPMAT (1H1//7/710%,*THS MATOIY SSO (STEARY STATS RINTATI SAUATIAN)
4 SHOULN RE 78202 /49%,% (P SEAL HAS MEEN CONSTRUCTTN BY AVEPAGING
PTHE SYMMETRIGC ELEMENTS®/40X,*0F THE COMSLEX MATAIX AMD NESLEGCTING
ITHE THARINAPY PADT) ¥7271° X, *SLEMENTS 6T, 1,5-7, IF ANY, FOLLOW*//
4t /)

108 FOPMAT (% SSO(*,I2,%,%,12,%) = *,E48,%)

103 FOPMAT (114%,6RX,*5T, 1.E-4*)

110 FORMAT (144 ,110L%, ¥GT, 1,5-4%)

111 FARMAT (7//7710%, ¥THEY APE NOT POINTED ™ THIS 2UN, EXGRPT IF Wit
1 IS STNGULAR¥Z//)

112 FOPMAT (AS,T3,5%X,2010,24%, *{FNR CASE *,I2,* 0OF FOROCKL)*)

113 FOPMAT (1XyA5,T3, 5%, 2810,26%, *(FOR FASE *,I2,* OF FNINKL)*)

114 FN2MAT (////fl/1GY,4”5TPIX NOC  FOLLOWSX//7710%,13HN00 = 0 + [K1T*
12¥K/7100Y , 134 = f + Doy 7777)

145 FOPMAT (% P(%,12,%,%,12,% = *,2E18,8, S5X,EB8,1,5X,*RATIO IN THIS
1LTHF TS REALLY THAG(F)*)

116 FOPMAT (2(* DA T2,%,%,T2,%) = % ,E15,8,%,%,E15,8),7X,E10,2,5%,
1 ¥F A, IS O(¥,I2,%,%,T2,%)%)

117 FORMAT (/77777710 X,3ECDOP OF THYFRSTON = *,T3,%  (IF 0, INVERST
10N 0F %, A10, % TS SUARESSFULLY COMOLETEN)*//7/) -

118 FOPMAT (//7/77719%,AAHTHE MATRIX PRINUCT C(HLLVINVITH[- RTCSYIHY (W
12177 SHOULN RE REAL  ///10%,*ELEMENTS WITH RATIO nF TMAG OVER RE
28L PADT GT. 1.E-7, IF ANY, FOLLOW*///720X,*REAL PART¥,3X,*IMAG PAR
IT*, B *RATIO* /7).

END

SURROUTINE CTRONSL (R,C,N, NI, NY, W, WINY,NVD, AXC1, bXFE,P709ICTR,
p N”T”,IPOL,W°AN'NU

9.8.71
ROUTINE TO CHECK CONTROLLABILITY AND ORBSERVARILITY OF SYSTEM
4 XNDOYT = A®X + R*U
/
4 Y = C*X
IN COMJUNATINN WITH THE COST MATRIX 0 OF THE COST INTEGRAND
[XYIT*O*X + TUYT¥R*

ﬂONfROLLﬂQILITY TMYOLVES THE PAIR OF MATRICES A, B,
NBSERVABILITY IN THE CASE WY APE INTERESTEN IMN, INVOLVES THE PAIR

HHERE (caIT*C1 = Qq

(1)

2)

(3)

A,

(%)

ca

IN OUP CASE (SEE RANUTINE SASMX) WE USE A FOST MATRIX NY FOR Y RATHER

THAN Q FOR X, THEREFCRE THE FIRST T=RM oF (3) IS

IYIT*OY Y = (XIT¥[GITHQY¥C* X
HENCE
N = (eNIT*NAO = {CIT*NY*C °

(5)

(/)
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IF WE SET nv  ODIAGOHAL (AND WE DO SO IN SCSMX), THEN .

O = SABT(NV)I*C o ' (71

(OLEAPLY IF  NY HAS ALL OIAGONAL ELEMENTS MONZERO, IT IS EMOUGH WITH
CHECYTING O8SERVAAILITY OF THE PAI® A, € )

NTIAGOMNMALTZING THE SYSTFM (4),(2) INTO THE SYSTEM

4 7007 = O*7 & E*yY (8)
/
/ Y = 2 (9)
WHEOE : :
WHERE 7 = [WITMY*X
N o= CHYINVEAZY .
E o=z {HYIMy*a im
F = C¥y ' ' (11)
W I EIGEMVEFTOR MATHIX

THE SYSTEM (8),(9) IS COMPLETELY COMTROLLARLE IFF

1, € HAS AT LEAST ONE NOCON7ZR0O ELEMENT IN EACH de
AMO COMPLFTELY OARSERVAOLE IFF

2e F HAS AT LEAST CNE NONTERO ELEHENT'IM EA&H‘COLUQN

SINFE WE ARE GHEOKING ORSERVASTLITY OF THE PAI® 4, ©A, THE HMATRIX
F0OF CONAITIO (2.) SHOULD RTALLY 3F :

FN = CA*H = SORT(OY)*O*Y (12)

THE ETGEMYCOTCR MATRIX W OF A AND ITS INVERSE (HIIMV MUST RBE GCALTULATED
AEFORE CALLING CTRCAS

REAL REN, MY, 0 (HY 3H) 4NY D (NY)

COMPLEX WLy H) g HINY (N 1) 5 AXCL (H,NUY JAXN 2 (HY 4N) , RTCIN)
INTEGER IGTRINUY, ICNLINETRY ,IPANIN, NN)

PRINT 1

(1) CONTROLLATILITY
£ = [WYINVER

RALL MULCR (HIMY, 7y AXPL N N
CALL WPMMX (AXC1i,NyMUy40H £ =WINY*1,RTC,0)
CALL NPOHXL (AXCL, NyMU,10H £ =WINV*3,DRAN, HN)

Knot = 1
DO A T=1,NY
IF (ICTR2(Dy - 1) 3,9,8
g ICOL(KCOLY = I
KroL = X0l +1
R COHTTINIYF
PRTHT 163,((ICNOL(I}Y ,I=14NCTR)
KOTR = L
ng 3 I:i,M
ng ¢ J=1,My
IF (ICTP(4) = L) Ly7,4 .
IF (ARSIREALIAYTIA(TI, 1)) - 1.E-2) 4,3,3
GOMTIMUF
PPINT 104, I
%CTD = N
3 CORTINUE

S~
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IF (KCTP) 10,11,10 : ' ‘ .

© 10 PRINT 104
(2) QASERVABILITY

FO = QNPT (Y)Y *0 ¥y
11 CALL MULRC (D94 ,AXC24NY 3Ny N)
A0 2 T=1,NY
no 2 J=1,M
2 AXRZ2(T,0) = AXC2(T, JI*SART(AYN(I))
NALL WPOHX (AX02,NY,N,10H £ = CO*U,RTC,N)
CALL. NNOMXL (AXC2,NY,Ny10H FO = CO*W,IRAHNM)

KoAS = 1

N0 5 J=1,M

N0 & T=1,NY

IF (ARS(REAL(AXCZ2 (T,J))) = 1,6-2) 6,5,5

6 NONTINUE
PRINT 102, J
KCRS = 0

5 CONTINOE
IF (KJ37R) 12,13,12
12 PPINT 105

12 RETY9N

1L FOPMAT  (LHL/Z//777731%,*0 0 M TROLLANTTI L ITY AND )
13 S E RV ATT L T TY*RSLP77/72IX,25HSYSTEN XONT = A*N & NXYYs34Y,
2104 Y = CAX//TAY,*HAS ATEN OTAGONALIZEN 'THTN* /760X, 10H
I7D0T = N%7 + EXNU/4IX,7HY = ©27,20X, 20 HUHEPE E = (WITNY*/78%, 7H
LF = OXWL73Y,22H4H = ETGERNVENTAN MATOIX/31X,¥THE £OST THTERIAND TS*/
5/L0X, 1QHIXIT*N®Y & [UITHD* /31X, *UHERE N CAN RE EXPRESSEN AS*//
BLDX,27HICNITECA G2 S IRITEAYEOZ/IIX,¥HHEIRE QY IS THE COST MAY
7RIX OF TUE OQUTPHTS  Y2//LAX,3H[YIT*QY*YF/ /31X ,*FROM AROVE*//40X,
B OASHNN = SABTLAYY*O/ /31X, ¥ANDY HE AEFINT*/ /LY QHFC = DO*¥Wr77/7177
10X, *THE SYSTEYM IS OCHOLETELY NONTROLLASLE TFF THE MATRIX £ THA
AT FOLLNWS HAS AT LEAST CMNT NOMZERO ELUMENT Tt EACH RON¥//10X,*,.

- R L . .0 ORSERVARLE *s e . F"I () *s
C e *e 9 LN LN 4 e COL‘,JMN*/”
101 FORMAT (10X *ROW (*, T? ¥ OF ¥ HAS NO ELZHENT WITH ARS VALUE OF
1RFAL PART G, 1.E=2 IN "THE COLUMNS MENTIOMED AROVER)

102 FORMAT (40X, *0OLUMN (%, T2,%) NF_ Fn  HAS HO ELEMENT WITH A3S VALUE
1 OF REAL PART GE., 1,8-2%)

.103 FORMAT (///717Y,*n0L1UNS TORRE]PONDING TN THE CONTROLLED IMPUTS ARE

1 ¥,1001I2,%,%)7/7)
104 FOPMAT (LCOX,¥EACH ROW OF £  HAS AT LEAST OME ESLEMENT WITH ARS VAL
1UE ¥/10¥%, ¥0F REAL PART GE, f.,£-2 Id THE COL/JMNS MENTIONEO ATOVE*/)

105 FORMAT (///10fX,*EACH COLUMM OF Fn HAS AT LEAST ONE FLEMENT WITH ..
14085 VALNZE OF 2TAL PART I, 1.0«2%/)
M)

SURPQUTINE E£IGYVL (IVh,IPRL,IFRZ, TPRZL,IPRL,M, Ay, CyZy Yy RTOAXHECK,
Xy YL,V VI h,IDOJ Gy DA, X DV,D’ N0, ADy XD, VD,
Gﬂ H2)

~n =

1044.70

ROMTING FOR SALCULATING ETRENVALUES ANA EIGEMYTCTORS NF A REAL SNUARE MATRIX

MANIFIED YE2STNN (TEPPER ,) OF EIGSYS FROM MARTHNESTE®N UNIV. (WEINER L,H.)
USES SUBROQUTINES HESSEN , NOE TG s NPTy ASAT, EIGVED yNELSP ZNROMX , DREMX
FIGYER IS AASSH ON MILKINSOH,S ITHYERSE ITERATION METHID
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000000 AINNOHONIAOOANIANDIOA

DOD

L

IST 0F MOST IMPORTANT ARRAYS AND CONTROL POINTS

A = INPHT MATRIX,REAL (N4N)Y

R, = HIORKTING MATRICES, REAML . (N,

NA = WORKIMG MAT2TX, "CMRLEX ‘ (NyN)

7 = EIGEMNVALUNS, REAL FART ()

vy = . IMAG % )

°TCX = e COMPLEX. (N)

EOX T COMOLEY EIGENVECTO®R MATRIX (ti, N}

X T CURPENT ReHs EIGERYECTOR, REAL PART (N)

XI = oo .o ve . INAG .. (M)

V ; LR ] Lo”o L] RﬁaL LN} (N)

VI = .o .2 ‘e IMAG oo (M)

IVE = 0 » NN SITMyTOTNR CALS'ILATION

TYE = 1 o» CALGHULATE PERHMLAR (R H,Y EIGENYERTARS

IWC = 2 o e TRANSPOSIN(L s He) ()

IVC = 3 e noTH (X

IPRL = 0 o VALUES NF CURRENT FIGENYECTNORS APE NOT PRINTED

IPR2 = 0 » CORPELTEN CIGENVALNES, RESINUAL UéﬁTOQS, ET0.y NOT PRINTEN
CIPR3 = N o TIGFNYERTAR MATQIX(COHMPLEX YERSINN) NCT PRINTED

IPRL = 0 INPUT MATIIX & NOT PRINTEN -

T2

i2

inz22

in23

21

8¢

43

L1

42

REAL ALNyH) g7 0t 3 C (Mg NY 9 ZTH) 3 YIND 3 WIN 6, X EN) 3 XTIND 3V (M), VI (M),
1 G INY,HIN)
INTEGER IROY(N,2) T2 ]

TO RE USED ONLY WHEN SYSTEM ON TAOF

COMPLEX NATM, MY 3DXINY 3V (N) 3 YC(H) 30N IN) JECX (NyN) 5 2TCY (M)
DOUALE  ANINg MY 3 XNENY 3G IN) G0 (N) 3 HO (M)

COYPLEX DL, OUy0R, 127, 0R1L, BLNE W

DOURLE LD, SN,B0, 89,200

EQUIVALENCE (1L L”),(WU,Q“),(“P,°1),("°° RSN , (NRL,5LM)

NATA THRA, IW2CL/LTHR.H, EIGVL,10HLsHe EIGVC/
T2 = 0 . EIGSYS
M=N CIGSYS
no 12 I=1,N EIGSYS
no 12 J=ti, £I6SYS
A1, J)-A(I,J) EIGSYS
IF (IPau) 1122, 1323,1722

PPINT 9ng EIGSYS
nNo 8 I=i,M EIGSYS
PRINT 9,1, (A(T,J),J=1,N) EIGSYS
GALL HESSEN (A,M,N)

CRLL ARETG(A, M, 7, Yyd,H)

no 2% 1=1,u EIGSYS
no 25 J=1, £IGSYS
ACT,d)=n(T, J) EIGSYS
AALL DE1SP (A,%,NET, TEXD, N)

NSH = 1 EIGSYS
TPACE = (.0 EIGSYS
TRICE = €,0 EIGSYS
PPND = 1,0 ZIGSYS
T =19 EIGSYS
I=T1+1 EIGSYS
IF (Y(IY) 41,42,41 EIGSYS
PPAD = ORNN * (7(I)*%2 + Y(I)**2) EIGSYS
I=14+1 ‘ EIGSYS
GO TO EIGSYS
PROM. = PRON * 7(I) EI6SYS
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DI OO Qa0

DOO

OO0

A0

40 IF(T = N)43, 45,45

45 N0 48 T = 1,N
TRACE = TWACE + B(T,T)
48 TPICE = TPIGE + Z7(I)
PPINT A5, TRACT,NET, IEX?, TRICE, PRON
IF (IVE) 1017,1000,1710
1010 6O TO (85,1900), NSH
A5 NQ 23 I=1i,MN
N0 23 J=i,M
23 A(I,3) = (I, N
BALL ASTR { T2,3, 8,H,N,N)
A IS MOY A=SOUARE A IS THE ORIGINAL MATRIX
no 21 K=1,M
IF (IPP1) 1737,1038,1037
1037 PPINT 601
1728 ISH = 0
26 N0 22 I=1,N
nO 22 J=1,N
22 A(I,J¥=A(T, D)
CALL EIGVES (TVC, T,C,Wy IROH, Xy XT,V,
1 VI,7(KY,7(K) s"yN »T2,SHL,TFOUNT,EPR,2 )
IF (IR0UNMT) 31,31,28
81 PPIMT §15,7 (K), Y(K)
60 Tn 21
29 IF(Y(K)) 27,249,27
29 N0 7C T = i,M°

XN IS NP, ReH, F=y=CTNP X
XN(I) = %(1)
Va(T) = V(1)

VO IS D.Pe L,Hse E=-VEOTOR V
N0 70 J = 4,N

70 AD(I, Ny = A{TI,J}
41 IS 0,9, INPUT MATRIX A
LD = 7(K)

LN 1S N9, OURDENT REAL EIGEMVALNE
No 71 I = 1,M
6GN(IY = 0,0
ng 74 J = 1,4

71 600X)Y = GN(IY + AN(I,LJ} * XN(PH)

6N IS D,P, PANNUCT A*X
N0 73 1T = 1,1

GN IS NNW D,P, RESIDUAL A#X - LAMROA*X

73 AD(I) = GNITY - LO * X0(D) ~
Sh = 0,48 : .
RO = 0,0
RRNY = ALN = {,0
nn 74 1 = 14N

SN, IS N,P, PROJUCT V-TPANSPASE(A®X ~ LAMOOAXY)

A

EIGSYS

EIGSYS
CIGSYS
EIGSYS
EIGSYS

EIGSYS
EIGSYS
£IGSYS

EIGSYS
ETIGSYS
EInRSYS
EIGSYS

mmminm
4 ot
-
%]
<
Ve

EIGSYS
EIGSYS
£IGSYS
EIGSYS
EIGSYS
£IGSYS
EIGSYS
£I5S8YS
EIGSYS
EIGSYS
CIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EISSYS
ETIGSYS
£16S8YS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
FIGSYS
EIGSYS
EIGSYS
EIGSYS
EI6GSYS
£IGSYS
EIGSYS
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SO = SO + vn(D) * GD(Y)

RN = PO ¢ GO(I)**2

200

C . ' . ' .
] RRO IS NOUR,PREGC, R,4, PESINUAL VECTOR SQUAREN
c .
74 RN = RN & MDLIY * X0O(Y)
T .
C PN IS N,2, VFEATOR PRONUAT  Y-T2ANSPOSE * X
c
2R = RPN
NN 78 I = 4,N
G(IY = GN(D)
HREIY = €42
NN 75 J = 14N
75 HDC(IY = HOCIY + VL) * (4, D)
HN IS THE D,P, PRONUCT  V=TRANSPNSE * A
N0 76 I = 4,N
HD(I) = HN(I) - v{I} * LN
76 H(IY = HO(T)Y
C
G H(I) IS HOW THE PESINUAL (SINGLE PREC,) OF (V-TRANS*A - V-TIANS*LAMB
nn 78 I = 14N
C
n RLD IS DOUR,.,PREC, L.H, BESINUAL VECTAR SNUAPED
C
78 RLD = PLN ¢ HN(I) ** 2
n
. ECX IHNORPORATES CCHOLEX CIGEMVELSTORS (FNR REAL EIGTNVALUES)
¢
e TVC = 4,3 o+ ENX(COLUMN K) IS R.H, TIGENVESTOR K
1 ive = 2 o EOX(ROYW K) IS LeHse EIGENVECTOR K
c

0 TO (4120,1025,1020), Ive
1020 N0 1624 I=1i,M
1026 ECX{I,,Y)Y = X(I)
: G0 T0 1027
1025 N0 1026 I=1,N
in26 ECX(K,I) = VD)
C
1027 IF (IPR1) 1012,1013,1012 ’
1012 PRINT 235, ¥, Z(<)y, X(I); Y{I), G(I), H(I}, I
1212 Z(KY = LN + SN / RN

7(KY IS MOW THE SINGLE PREC, IMPROVED EIGEMVALUE

QOD

QL = PN
IF {T272) 1219%,1019,1019

1048 PRINT 945, SHi, TCOUNT, FRR,RR,RL
PRINT qisp
PRINT ari , ¥, 7(K)

1119 ISHd = ISW + §
GO TN (26,21), ISH

27 DL = CHMPLX{Z{K),Y (X))

A
G NnL IS CO¥PLEX £IGEMVALUE
G
DO 59 I=i,N
DeeTY = 6,0
NACIY = 0.9
DY(IY = AMPLX (XTI}, XI(I))

EIHSYS

£EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EINSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIRSYS
EIGSYS
EIGSYS
£IGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS

EIGSYS

EIGSYS
EIGSYS

EIGSYS

EIGSYS

EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS

EIGSYS

EIGSYS
EIGSYS
EIGSYS
EI5SYS
EIGSYS
EIGSYS
EIGRSYS
EIGSYS
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o

[z No K> By No No N No!

0X IS TOMPLEX 2, H, EIGEHVECTOR

JBV(IY = CHPLX(V(I¥,VI(IN)

DV TS £OMPLEX L. He EIGRENVECTOR

FCX INCORPORATES £ OMPLEX CIGEMNVERTNRS (FOR COMPLEY EIGEMVALUES)

IVS = 1,3 » FOX{COLUMN K) IS R,H, EIRENYENTOD K
Ive = 2 s ENX(RNY K) IS L.H, EIGENVESTOR K

GO TOo (1023,1023,1023), IVC

inz2e 20X(T,K) = IX(I)

GO 70 1031

1029 FCX(¥,I) = Ny (I)

]

v

1031 N0 50 J = 1,

)

OAD 3OO DHO HOO D00

GO OOD

50 NA{I,JY = BR(I,N

N4 IS COMPLEX VERSTON OF GRIGINAL IMNPUT MATRIX

N0 52 T = 1,4

N0 82 J = 1,

NCITY = NCLTY + NA(T,J) * XY
g2 DNI) = 0N(I) + NA(J,TI) * ny(J)

NC 60 I = 44N

DCA(I) IS THE RESTINUAL OF A%Y = LAMATA¥X -

3e(TY = DR(I) - NL * AaX(D)
617 DOCD) = DNOCIY -~ DV(I) = 0L

DN(I) IS THE RESINUAL OF V¥A - V*LAMTNOA

DRR = NRL = §,C

nP = g,0 '

U = Q"

N0 54 T = 4,M

NPR = NPR 4 DC(T) ** 2
DRL = DRL + ON(I) ** 2

ARR IS COMPLLX ReHe RESIDUAL VECTOR SOUARED
NPL IS nOMPLEX L.He RESISUAL VECTOR SAUATED

U = DY+ NY(T) * 901}
DU IS SOMPLEX PRONUCT  V-TRAHS(A%X - LAMAOA*X)
54 NP = NP ¢+ YY) * IX{D
NP IS -ROMPLEX YIOTOR P°ODUCT. V=-TPANS * X
NLMEW = DL &+ DI /7 NP o
DLNEW IS THE COMPLEX IMPPGVED VALUE FOR THE CURRENT CIGENVALUE

Y (K)
7(X)

ATMAG (NLHEW)
REAL (DLHEW)

IF (IPRY) 41214,1016,1014

1014 PRINT 9N, K, W, (NX(I}, (D), NGCI), DOC(I), I = 1,N)

G

1016 IF (I0P2) 35,1017,35

EIGSYS

EIGSYS
EIGSYS
EIGSYS
EIGSYS

EIGSYS
EIGSYS
£IGSYS
EIGSYS

‘EIARSYS

EIGSYS
£IGSYS
£IGSYS
EIGSYS
EIGSYS
FEIGSYS
EISSYS
EIGSYS
ETI6SYS
EINRSYS
E£I6SYS
EIGSYS
EIGSYS
EIGSYS
EILGSYS
£IGSYS
EIGSYS
EIGSYS
EIGSYS
EIssys
EIGSYS
EIGSYS
EI5SYS
EIGSYS
EIGSYS
£IGSYS
EINSYS
EIGSYS
EIGSYS
E16SYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
EIGSYS
ETRSYS
EIGSYS

EIGSYS
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35 PRINY 911,SWi,IC0UNT,ERR,ORR, NRL EIGSYS
PRINY ainp EIGSYS
PRINT 250, ¥, NILMNEW £IGSYS

1017 ISWH = ISH + 1 EIGSYS
GO TD (26,21), ISH EIGSYS

21 NONTINIE EIGSYS
NSH = 2 . EIGSYS
PPIMT 455G EISSYS
0 TN 8N EIGSYS

304 FOPMAT (1H1)
855 FORMAT(///77% MATOIX PROEERTIES RIPRINTEN YERE USING NOP2ECTEN EIZIGSYS

. LGEMVALUES ¥) EIsSYS

9415 FOMAT (/77 FINSYS
113QH44#44444!-*4444*4&4#4¥¥¥¥4¥¥¥¥¥¥EIGS\(S
244#44444!3&#4#4#4!-44#*#¥¥¥¥'¥¥¥¥¥¥¥EIGSYS
z F/% SURPAUTIME TIAYEL CANNQOT FIMNN E-ySNTORS FNR LAMANA =% CJTASYS
LZ2EL17. 3, FUPTHER CAMPUTATINNS FNR THIS LOOP ARS OMITYER®*// £IRSYS
qiglp¥l¥¥43441-4#'-#44&-*4#444¥¥¥¥¥¥¥¥¥:“IGSYS
6’!#4‘-#’5444-‘;4443%‘#44!*&¥¥¥¥¥¥¥¥#¥¥EIGSYS
7 ) EISSYS

a5 FOPMAT(// 65Xy *?, H, E-VYECTOP 0OF A L. He E-VECTOR OF 8% 44X EIGSYS
1 4AHLA®X - LAMINA*X) 5X 18H(VFA = Y*LAMDNA) 55X . EIGSYS

2 02 LAMANA(RIZ, *) =% S17.9,//7(2522.3y2521,9)) EIGSYS

G FOPMAT(*22NH NO,¥T7,7 (Li"X,10F12,.3)) : ~ EIRSYS
g0 FORMAT(Z//7 * SW1 =*F£17.,9,% COUNT =* T3, * ERR =*%E£17 ,9,/ FIGSYS
1% By, RISIMIAL YEATOR SAUAPEN =*E17.9, EIGSYS

2% LeHe RISTIDIAL VYECTOR SNUAPED =%E17,9) TINSYS
ai1 FOPMATL/7/7 % SHi =¥E47,9,* cNyHY =¥ 13, * EP2 =%£17,.8,/ EISSYS
1> DL,He PISTVIAL VELTAD SNHATPED =% FE47,9,F17,9 ,° FIGSYS

2% LaHe PESIMIAL YEFTN= SPADER =% F17,9,517.93 ) TIGSYS
apG FORMAT(// ¥ FAR MOMBLEY CIGENVALUE (*12,%) =% E17.9,E17,3 //5IGSYS
i* PeHe COMPLEX ETIRCNVECTOR L.H, COMPLEX EIGENVERTOR E£IGSYS

2 ¥Z32HCHMPLY RESTY, NF (A*¥X - LAMBNA*YX) EIGSYS

2 2 CHMPLY RESIN, NF (VFA - (AM3IDA*Y) /7 4(E17,9,517.9))) EIGSYS

916 FOPMATL 5(/Y) £I6SYS

60 FNRHATL// *  THE CORSECTEN COMPLEX EIGEMVALUE(*¥I2,*) =* EIGSYS
1 £1743,E17.3 /) . EIGSYS .

QN2 FORMATI(S(/Y 4% see INPUT MATRIX FOLLOWS e o®/) EIGSYS

9561 FNACMAT(/S * THZ CO2PECTEN RFAL EIGENVALUT (*I2,%) = *£17,.9,/) cInSYsS

950 FORMAT( ///% TRACE OF INDUT MATOIX =*£17,9,10X EIGSYS
4% NETERMINANT OF THMPUT MATRIX =*C{17,3,2H * T4,/ EIGSYS
4 * SUM OF EIGEMVALUSS =*E17,9, 10X £IGSYS

EIGSYS

3* PROIUCT OF EIGENVALUES =*£17.9)

c
i rONSTRUCT AND WRITE VENTOR CF FINAL EIGENVALUES (COMPLEX VERSION)

o

10402 NO 1201 I=1,*
10014 OTOX(IY = CHMPLX{Z(I),¥Y (I
’ PEINT 1402

1002 FORMATOLAHL, 34X, ¥F INAL EI’“NVQLUFS*IIIIZWX ¥2C AL PART*,7X,*¥I4AG PAR

1T/
N0 1387 T=1,N
1603 PRINT 1004, I,RTOX(I)
1004 FOPMAT (LIX,*RO0OT (*,T2,%)*%,2616,9)
c
Cc WRITE AND ORAW MATRIX CF OQMPLEX EIGENVECTYORS ** (NO DRAWING NOW)**
c
IF (Tvn) 1111,1945,1014
1011 IF(IPR3) 1921,1015,1024
1021 ©ORPIMT 1032 ‘
1032 FQPMATY (LWL Z7722777277777772777)
60 TN (1037,1035,1632), IVG
1033 PPTINY 1034
1034 FOPMAT (34X, *¥PIGHT HAND SISENVECTORS MATRIX FOLLCUS*////7/731%,

%
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QOO0

aQ A0

sa0

1 3I8HA ¥ EIGENVECTOR = FIGENVECTOR * LAM3DA)

BALL URTMX (ECX,N,H, TWRM,RTGCX ,1) ,
60 TH 1015 - , .
1135 PPIMT 1036
1036 FORMAT (31X,*LFEFT=HANN EINVESTORS MATRIX FOLLOMNS*///7/31Xy
1 LU TGENYELTNR (TRANSP) * A = LAMBOA * EIGENVETTOR(TRANSPY)
GALL HPOMX (ECX,H 4N, IHRCL,2TCY,0)

REMOVER 0P IGINAL IMPUT MATRIX A FOR FURTHER USE AFTER EIGVVL

1045 N0 1640 I=1,M
_ NO 1040 J=1,M
1740 A(T,J) = R{I,J
RETURN
END

SURPOUTINET HESTEN (A, V,01)

SURRQUTINE TO PUT MATRIX IM UPPLR HESSEHBERSG FORM,
NTMENITON AL LY,y (20M)

TF M4 - 2) 30,3022

32 00 4u LC = 34M
N =ML +« 3
NL = N -1
N2 = M -2
NI = i

DIV = ABS (A (M, “—1,)
N0 2 J = 4,M2 -
TF(ARS(A(N, VY= DTIV) 2,2,1
1 NT = U
DIV = ABS(A{M,J))
2 CONTINYE
IF(NTY) 3,49,3
2 TF(HNI = N1) 4y 244
L N0 5 J = 14N
NIV = A(JyHIY
A(J,’!I) = A(J‘,Ni’
5 A(J,N1) = DIV
nn 6 J = 1,M
DIV = A(NI,JD)

R{NI,J} = A(ML, )

6 A(N1,0) = GIV

7 N0 26 ¥ = 1, 4

26 R(X) = BN, K)/A(NyN=-1)
N0 45 J = 1,4
StiM = 0,0

IF (J - N1) 56,13,43
Wb IF(NCD)) 41,43441
41 A(N,J) = 0,0
no 42 ¥ = 1,M1 -
R{Ky,J) = ACK,JY = A(XK,NLY*3(J)
42 SHM = SIM & A (K,J)*FR(K)
G0 TN 46
47 D0 44 ¥ = 1,ML
Lt SUM = SUM & A({%,J)*8({K)
65 A(N1,J) = S'IM
40 CONTIMIE
3N RETURN
ENN

SUBROUT INE QREIG(A,H,ROCTR,ROOTI,IPRNT,Ll

EIGSYS

HESSEN
HESSEN
HESSEN
HEZSSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN

ESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HZSSEN

HESSEN

HESSEN
HESSEN
HESSEN
HESSEN

HESSEN.

HESSEN
HESSEN
HESSEM
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN
HESSEN

QR:IG
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Bi
1

17
13

A3

ig

21

22

24

28

85

81

77

Rz

iz

i6
31

32

33

15

i8

70

84

PROGRAM TO CALL R TRANSFORMATION, MAXIMUM ITER IS 50,

DIMENSION AC LyL ),R00TR(L Y,RO0OTIC L)
N =4

IFCIPRMTY  A0,61, 80

POINT 104

ZERD = §,0 ,

JJ=1 .

XN”=D.O

XM2=0,0

AR = 0,0

ITER = 0

IF (N=2) 13,44,12
IF(IOPHT) 32,873,482
POINT 135 , A{i,1)

RONTP (LY = A(1i, 1)
RONTI(LY = (.0
RETURPN '

Jd=-1

X = (ATH=31,N=-1) = A(N,N))*¥*D

S = L4eOFA(N,M=1)*A(N=1,N)

ITE? = ITER + 1

ITF(X JEN. G,0Y GO TN 45

TF(ANSIS/ZXY 67, 1.08-2) GO TO 15
IF(ARS(A{H-LyN-0)¥=-ARSCAIN, N} Y) 32,432,314
€ = A(N=1,N-1)

G = A(N,N)

GO Y0 33

G = A(H=1,M-1)

E = A{M,N)

F =0,

H==C,

n0 TN 24

S =X+ S ’
X = A(”’i,q-i) + ACNGNY
IF(Y 13,19,19
SO=3SQRT(S)

F=0,0

H=g ,

TF (X) 21,21,22

E={x=SN)r2, 0

G=(X+SN)/2,0

G0 T0 24

G=(X%X=SNY¥/2,0

F={X+37%)/2,9

GO Yo 24

F = SART(=8) /2.0

Ex)/2.0

fi=F

H=z=F

TFOJIY  28,70,73 .

N = 1.,08=-15%(ARS(G) + F)
IF(ARSAC=-1,11-23) ,GTe 0) /O TO 26
TF(TPPNT) 14,85, RL

PRINY 178, E,F, ITER

PRIHT 105, Gy H

ROOTR (MY =
RONTI(N) =
ROOTR (M=1)
POOTI (MH-1)

i M

AREIG

AREIG
NREIG
NREIG
NREIG
IRETG
NREIG
QREIG
nreI6G

NREIG

NRETG
NREIG
NacIsG
AREIG
QRETIG
NRETG
NREIG
AnEIS
ARE IG
NREIG
NREIG
N2EIG
AREIG
N°EIG
NREIG
AREIG
AREIG
NRZI6
NREIG
NREIG
NRE 16
NPEIG
NREIG
AREIG
QREIG
NRZIG
NREIG
AREIG
NRE TG
NREI6
N 16
AREIG
NREIG
REIG
NREI6
AREIG
AREIG
QrEIG
NREIN
NREIG
NREIG
nerIG
NRETR
NREIG
QREIG
OREIG
NREIG
NREIG
NREIG
ARE IG
NRE I
QREIG
NREIG
NREIG
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oy

29

164

166

6l
66
%4

51
53

54

5?
55

601

60

ing

i
ins
107

N=N=2

TF(JIJ) 4,177,177 :

TF{ARS{A(N,N=1)) (6T, 1,05-19%ATS(A(N,NIY) GO TO 50
TF(IPPHT) 85,87, 86

ORINT 1nS,  A(U,N}, 7ERO, ITER

PONTRINY = ATN,N)

RODTI(N) = 1,0 .
N=N=-1

50 10 177

TFEANSCANSIXHN/AIN, H=1))=1,9) =1, E=6) £2,63,62
TFOARSEARSIX 2/ A(N-1,1=2))=1,0) =1,3E=-8) 63,672,760

SVN=AAS (AN, H=1) ) =AAS (F (N=1,N=2))

IF (ITE2-15) 53,1€4,€4
TFIVN) 165,165,156

R = AI-1,11-2)%%2

STG = 2,0%A(N=1,N=2)
G0 TO /0

2oz A{MyM-1)RE2

SIA = ?_.g"‘A(N,M'i)

GO TN A0

IF{vD) 674,674 6H
IF(IPONT) B8 ,RG, AR
PRINT 117, A(H=~1,M=2)
60 TN AL

TF(I®2NTY  A9,47,89
OPTMY 107, Aty N=-1)
GO TN 8’4

IF(ITED ,GT. 65%) GN T £3
TFCITER «GT, 5 ) 6N T 53
ET = E¥E 4 F=f
IF{ETY732,621,7N2

GY = G¥G + H*H.
IF(GT)Y?03,543,703

221 = ((C-AL)#¥2 + (F-R}¥¥2) / ET

72 = ({(G=CY*72 + (H=L")**2) 7/ 6T
TF(71=-0,25) 51,51,62
TF(72=0.25) 573453,y 54
RzE*G-F ¥y

SIG=E46

50 10 AN

P=g*E

SIG=E+E

GO To 61

IF(72-0,25) 55,565,601
QA=6*%6

SIG=6G+6G

GO TO 60

= 9,0

SIG = 0,0

YNM=4 {M,N=1)

XN2=A (N=1,'1-2)

CALL OPT(AZNyRy,SIGyD,L)
AA=F

N=F

=6

DN=H

60 TN 12

FORMATY({/7775%X, GHRTAL PART X {14HIHAGINARY PART, 20X

1ZHTAKEN AR ZERQ 6X ¥ITSRATION NO,*//7)
FOPUMAT(IX,S15,%,3%,E15., %, 42X I3
FOPMATIOZX, F1i7.8)
END

AREIG

NREIG
AREIG
nreIG

AREIG .

NREIG
AREIG
NREIG
neLI6
MREIG
NREIG
NREIG
1RZI6
NREIG
NREIG
NREIG
NREIf
QnEIG
NREIG
NREIG
AREIG
NREIG
NREIG
NRZ 1%
1REIG
QRES
NRZIG
NR]I 15
nRE 16
NREIS

"AREIR

NREIG
nrzIG
%16
NREIG
NREINH
NREIG
ARLIG
NREIG
NREIG
NREIG
IREIG
QREIG
IRETIG
OREIG
QREIG
AREIG
NRETIG
IREIG
N*e£16
NREIG
aRTIG
nREIG
IREIG
NREIG
NREIG
NREIG
AREIG
AREIG
NREIG
NREIG
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D

SURPAUTIME NRT Ay Ny P,STG,0,M)

- DIMENSION A Y4 ), PSI(2),5(3)

60

11

61
10
iy

13

15

i6

17
iR
ig

22
22

34

35

35
37

3R

N1 = M - 1
TA = N - 2
IP = IA

N0 12 J = 3,41
Ji = N - Y

TFEANS(A(JLI+L,J1))=-N) 10,40, 11
NEN = AQYE+d, UL+ (A4, 044 8)=SIGI+ACIL+1, JL+2)¥A(J142,01+1) ¢R

TFEDEMY R1,12,51

IFTARSIACIL+1,J0Y A 012, 51410 (A0S (A(JLI+1, 0L +1)Y A (JL42,01+2)
1=-SIGI+ARS{A(JL+3,JL+2)) ) /0EN) =-N)

1021
N0 14 J=1,IP
J1=To-g41

TFCASSIA(IL+1,J1))=D) 13,427,148

TN=4d1
No 100 TI=IP,M1
TF(I-IP) 1h,15,16

G(1y=4AL{IP, IH)*(A(TW Iey - QIP)+A(IP,I°+1)¥A(I°f1,153+Q
G(2)= A(TD+1,LD)4(A(I°,Lr\+Q(IF¢1 IFP+1)-SIG)

R(3)=0(1041,10) ¥4 (1242, 104+1)
A(TP+2,TP) =04 0

G0 TN 19

G(1)=A(I,I-1)
6(21=A{T+1, I-1)

IF(I-TAY  17,17,18
5(3)=AT+2, I=1)

60 T 19

G(3)=0.90

XK = SIGHLSART{AR(1) **¥2 & G(2)**¥2 + G(3}*¥*¥2),

TF (XY} 23,2u,423

AL=06(1) 7X¥%+1.0

PSI{1¥=6G(2) 7 (G(1) +¥XK)

PSI(2)=5(2) 7(G{1) +XK)

GO T 25

AL=2,"

PSI(1¥=C.0

PST(2)=12,1

IF(T-IN)  26,27,25

lF{I P}y 29,28,29
I 1,“"\(&,;"1)

GO TO 27

A(TI,T-1)==-¥%XK

00 3% J=I,H

IF(I-10) 31,3132
OST(2)*A(T+2,))

10 Tn 332

C=0,0

E= AL”(A(I,J)#PQT(i)*Q(Ifi,J)+C)

ST, =0T, -

AT, J)=AUTHL,J) =PST(LI¥E

IF{I-T0) T4 934y 30

A{T+2,J)=A{I+2,J)-PSI{2)*E

soNTIHOE

IF(I-1A) 35435,36

L=I+2

G0 70 37

L=N

no 48 J=In,L

IF(I-TAY  23,33,39

C=PST(2)*0(J, I+2}

nrY
nrT
ney
ORrT
nRY
nrRT
nRT
T
nrY
nRY
arT
aQrRT
nRT
neT
IRT
T
nrT
nRY

"ART

neT
aRY
arT
nRT
nRT

ney

N7
aRT
a°er
nrT
arTy
nRrR7T
neT
arT

nRT |

aRrRT
arT
nRT
aRrRT
arT
nnT
nRT
=T
RT
arT
NRT
a2
arT
aer
arRT
nrRT
AT
npT
nRT
arT
QarT

aeT -

arT
aRT
nRT
nRT
nerY
T
QRT
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39

41

42
40

43

150
ing

[x 2 Ryl

OOIINND

11
i2

13

o000

AQODZIHOD

14

GO TO 41

n:Doo
E=fL*(AJ,IY+PSTLY2ALI,T+1)+C)
ACS,IV=ACY, 1) -7 .
AC),I+1)=A 0, T¢4) ~-PST(1)*E
IF(I-TA) L2, 42,40
AlJsT+2)V=A{J, 142} ~PST(2)}*E
NONTINUE -
TF(I~N+3) 43,43,100
F=AL#OSTI(2Y ¥A(I+3,T+2)
A(I+3,I)=‘E
ACT+#3,T+4)=-PSTI(11*E
A(T+3,T+2)=A(T+3, I+2V-"PST(2}*E
NONTINUE

SETURY

END

SURPQUTINE ASNR(T2, A, A, NN, NMAX, MMAX)

PROG2AM TO SNUAPE THE A MATRIX, THE MATRIX MUST NE O2IGTINALLY
IN Ay IF T2 IS HON=7ERN, A SOHUARED.WILL AE STORED NN T2, ANOD O
WILL 8% & ZUFFEO WHTI™H MUST HAYES AT LFEAST 251 WORDNS, IF T2 IS
7E20, A SNUAREN MILL 8% TN B WHICH MUST BE NMAX RY N4AX,

DIMEMSTON A (HMAKL, NMAX), 2(MMAX, MMAX)
IMTERER T2

o= NM

Te(Y2y 12, 13, {2

REWIND T2 .

JJ = @

NO 2 I=4,N

No 2 J=i,M-

Jd = JJ + 1

Q(JJ, 1Y = 6,0

N0 1 K=1,M

B(JJy1) = B(JII 1Y) + A(I,)¥A(K,))

TF(JJ=-250) 3,2,2

JJ =0

WRITE (T2) (B(L,1}; L = 1,250)

CONTYNUE

IF{JI oNEs ) HRITE (T72) (H(L,1), L = 1,250
RFWINMN T2
RETUPN
no 14 T =
no 14 J =
R(I,J3% = 0.0

nn 14 ¥ = 1,4 )

(T, J) = 3(T,Jd) + A(I,K)*a(K,N
RFETNRN .

- ENO.

SUSROUTTING EIGVFC(IVC, A, 8, W, IOW, ¥P, XI, VP, VI, ROOTRE,
i RANTTFE, NEy MMAX, T2, SWi, COUNTE, ERPHMM)

SHAROUTING TO FTHE THE ZIGFMYECTARS OF A NOM~SYMMETRIC MATRIX

BY A MOJIFIEN WILKINSON'S IMVERSE ITERATION METHON,.
CONTROL TVC fONE IS :
1 FIND ONLY THE REGULAR EIGENVECTARS (A X =
2 FINT ONLY THE TRANSPAOSED EIGENVENTORS (AT V
3 FINN BITH YYPES OF EIGEMYRCTNRS,
TIMEMSTON ACHMAX,NMAX), D{NMAX, NMAX), WINMAX,4), XR{NMAX),

LAMaDA X)
= LAMRDA V)EIGVEC

ART

ART
Nt
ART
aRT
ORY

- ART

arT
neT
ner
aQRY
aeT
QRT
arT
a7
nRY

ASAR
ASNR
ASNR
ASNR
ASOR
ASOR
ASne
ASAR
ASNe
ASIR
ASNR
ASAR
ASNR
ASNR
AsnR
ASnR
ASNR
ASaR
ASOR
ASNR
ASAR
"ASNR
ASOR
ASQR
ASTR
ASNR
ASOR
ASOR
ASAR
ASAR
ASNR
ASNR
ASNR

EIGVEC
EIGVEC
EIGVEC
EIBVEC
EIGVES
EIGVEC

EIGVEC
EIGVEC
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DOO

[+ X+ R¥)

DO

610

A01
hC2

602
604
6Nn5
606

622
23
624

/25
626

1

608

609
699
619

XI(MMAX) y VP INMAXS, VI(NMAX),

INTEGFR COUNT, COUMTE, T2
ROODYR = RO0TRE
ROOTI = RO0TIE

N = NE

MM = MMM - g

ML = N - 1 .
NPL =t &

IVEL = Ty - 1

IVC2 = IvCi - 1

TOUNTY = 1

CLIM = 1.0E-4
IF(RONTTY 1, 60, 1

COMPLEX EIGENVALUE,

TEMP = « RNOOTR « RONTR

ISW = 2

TEMP2 = NOOTR**2 + RCOTI**2
JJg = 300

nn 626 T = 4, N

IF(T2) 600Gy 603y 670

no 632 J = 1, N

Jd = JJ o+ 1

IF(JY - 251) 6n2, 601, €01

JJ = 1

PEAN (T2) (M{Li,1), LL = 1,250)
MI,JY = ACT, N FTEMR ¢ B(JJ,1)
60 Tn 605

No 674 J = 1, N

BUT4J) = A(T,JYXTEMP &+ R(I,))
M(I,I) = R(I, 1) + TEMP2
A(T,I) = A(T,I) =~ ©OOTR

IF(T2 JNE. C) REMIND T2
G0 YO 740
IF(I%"Y 622, 603, 622

MATRIX SINGULAR,

IFLIVR2) 623, K25, 623
nn 624 LL = 4, N

XT(LLY = H(LL,2) = 0.0
IF(IVEL) 625, 514, H25
nNg F26 LL = 1, M

VI(LLY = W(LL, %) = 9,0
60 TO 511 :

MATRIX NOT SINGULAR,

10 603 I = 4, &4

na &9 L = 4, N

N(LL’I‘ = 1.0

IFLIVE?2) AL, AL2, 610

DO 611 T = 1, N

I2 = IRIM(I,2)

XI{I2) = Y(I,1)*R00TI

nn 14 5 = 1, Y

XI(I2) = XT(I2) + A(T,Jd)%¥H{J,2)
IF(IVNRLY »12, 530, 612

no 613 T = 1, M

VI(I) = W(I,3)*2NCTI

N0 613 J = 1,N

VIITY = VI(T) + A, I¥¥d(J,4)
GO TN 4939

IROW(MHMAX, 2}

EIGVEC

EIGVEC
EIGVEC
EIGVEC
EIGVES
EIGVEC
EIGVEC

- EIGVEC

EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC

.EIRVEC

EI6veC
EIGVEC
EIGVEC
EIGVEC
E£IGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVCC
EIGVEC
EIGVED
EIGVEC
EIGVEC
EISVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEGC
EIGVEC
EIGVEC
EIGVEC
EIGVEN
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEG
TIsvVEC
EIGVED
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVYEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
CISVEC
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OO

by R e

615

616

617

H18

6819

620
621

627

628

529

630

631
632
633

634
635

636

637
38

639
647

642
647

641

CERR = 0,0

IF(IVR2) 616, A19, 616

NN 618 T = 1, N

XRETY = =W(T,2)

no 617 J = 14 N

YPLT) = ¥OUT) + A(L,J)*XT(J)
XP(I) = XP(I}/PNOTI

TFLTYCLY 619, A33, 619 °

NO R21 T = 1, M

VR(TY = -W(I,4)

NO R20 J = 1, I

YRII) = YR(I) + A{J,TI*VI(J)
VP(I) = VR(I)/PONTI

"nou

SEARCH VEATORS FOR LARGEST €LEMENT AND NORMALIZE,

AMAY = G,0

N0 624 L = 1, "

TEMP = VYR (L)**2 + VI(LY**2

IF(TEHP -~ AMAX) 629, 623, 628

AMAX = TEMP

I2 = L

CONTTINIE

1 = VR(I?)7AMAX

62 = =VI(I2)7AHAX

no RI0 L = 1, H

TEMP = VT (L) )

VI(L) YO (L)*2 + TOMOX~Y

velLy VYR{L) ®N1 - TEWN*02 .
IFICOUNT LEN, 1Y GO TN 632

N0 A31 LL = 1, M :
CERP = AMAX1(CRRR, AISIVR(LLY «~ W(LL,3})y ARSHVI(LL) - WlLL,4)))
IF(IVG2)Y 633, A33, 633

AMAX = 0,0

N0 625 L = 1, M

TEME = XRLI¥*2 & YT (LY**2

IF(TEMD - AMAX) 635, €35, 634

AMAX = TEMP

IZ = L

CONTTNIE

0L = X2(I2) 7/AMAX

C2 = =XTI(I2)/AHAX

0 36 L = 1, M

[{

TEMD = XI (L)

XT(LY = XO(L)*¥N2 + TEMPEOY
XPIL) = XR(L)*01 - TEMP*C2
IF(FOUNT €7, 1) GO TO €46
N0 637 LL = 14 N

TEST FOR CONVIRARENCE,

CEPR = AMAXL{{CERR, ARS{XI(LL) =~ W(LL,1))y AASIXI(LL) - WlLL,2})})
TF(COUMT 27, 1) GO TO €4E
IF(CERR ,GE, L14NE-t) 60 TO A29
IF(CER™ JGE, CLIM) GC TC €48
NLIM = CERR

IF(CLIM JLE. 1,0E=-%) GO TO 648
IF(COUNT 68, 15) A0 TO A8
NOUNT = fOUNT + 1

IF(PNNTI) 642, K73, 642
IFLIVR2Y 640, 644, 64D

00 641 LL = 1, M

WiLtt, 1) X2 (L)

WLL,2) XTI(LL)

o

EIGVEC

EIGVEC
EISVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
ETSVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EISVEC
EIGVEC
EIGVES
EIGVEC
EIGVEG
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVESR
EIGVEC
EIGVED
EISVEL
EIGVEC
EIGVEC
EIGVEC
ETGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
ETGVEC
EIGVEC
EIGVED
EIGVEC

T EIGVERD

EIGVEC
EIGVER
EIGVEC
EIGVEC
EIGVEC
TIGVEC
FIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEDC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
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Fy R R

QDD

HDOD

ANOO

6 Ul

545

646
5U8
667
549

63

AU
650
651

652

681
681
682

683
684

6RS
653
654
A56
H57

655

658

IF(IVO1) HLhy, 6Hi0, 6u4Y4

DO 645 LL = 1, N

WILL,3) = VR(LL)

HILL,4) = VIC(LL)

60 TN 699

CERP = 0,0

IF(ICC) AL, B4T, H4S
EPO = fERD

COUNTE = GAUNT

IF(PONTTY 6675 568, 6H7
no 649 I = 1, "

A(T,I) = A(I,I) + RODTR
RETUSY :
PPINT 101, ROOTR, POOTI, CERP
GO TO 643

REAL EIGENVELTORS,

IS = ¢
N 651 I = 1, N
no 650 J = 1, M

B(I’J) = A(I,J,

R(I,I) = B{I,I) - ROQTR
Gn Tn 7ac

IF(ICC) 687, 685, BHA0

STHRULAR MATRIX,

IF(IV"2) 681, »83, 631
n0 682 L = 1, H

XI(LY = §,0

IF(IV~L)Y 633, S1ih, 633
N9 BBL L = 1, M

VI(L) = G.0

50 70 511

MATOIX NOT SINGULAP,

IF(IVG2) 653, 656, A53
N0 RSL L = 4, N

XI(LY = 1.%

TF(IVC1) A5&, 500, BEG6
no 657 L = 1, N

VI(LY = 1.3

GO TN 499

NORMALIZE RFEAL VEGTORS.
CERP = 0.7

IF(TVR2) 653, 662, 658
CL =602 = 0.0 -

N0 AR L = 1, M

TEME = ARS(XT(LY)
IF(TEMP - 1) 686, 669, 659

C1 = TP
£z = XT(L)
CONTINNIE

no 661 L = 1, N

XI(L)Y = ¥I(L)/C2

CEPR = AMAY1(CERT, AAS(XT(L} = XR(L)))
XO(LY = xT(L) ‘
IF(IVGL) 662, 638, 662

fL =02 = 0,0

.D0.66L L = 1, N

EIGVEC

EIGVEC
EIGVECT
EIGVEC

‘EIGVEC

EIGVEC
EIGVEC
EIGVED
EIGVEC
EISVEC
EIGVEC
EIGVED
EIGVEC

EIGVECD

EIGVEED
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVED
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVED
EIGVEC
EIGVIC
EIGVEC
EIGVEC
EIGVEC
EISVEC
EIGSVEC
EIGVEC
EIGVEC
EIGVEC
EIRVEC
EIGVEC
EIGVEC
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EIGVEC -

EIGVEC
EIGVEC
EIGVECG
EIGVEC
EIGVEC
ETGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEG
EISVEG
CIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC



6hT

664

665

668
669
670

"h71

672

73
674

675

[y Ee Ky,

409
500

5n1
511
502

503
504

505
506

5r7
508

509
5ir

514

515
516

517
518

519
520

TEMP = ARS(VYI{

IF(TEMP - C1)

C1 = TEMP
62 = VIL)
CONTINIE

Ly

664y HEL, B63

M

VI(LLY = vI(LLY/s%2
CERP = AMANL(CERR, AFS(YTILLY -~ HWILL,1I))
WILL, 1) = VRILL) = vyT(LL)

60 TN 638
IF{TIVE2) /5D,
no 676 L = 1,
XI(L) = (,°
IFTIVCL) 671,
pDo 672 L = 1,
VI(LY = 0,0

' RETHRH

IF(TYC2Y A7 4L,
no 676 I = 1,

I2 = IPAN(I,2)

XI(I?2) = XR(I)
GO T0 500

671, 6HESG
H

502, A74
N

BACK SU3STITUTIOM SECTION.

TF(IVN2) 571,
No 501 I = 2,
I1 =1 -1

N0 S0t J = i,
XI{I) = ¥I(DY
IF(IVCY)Y 512,
nNo 510 I = 1,
I1. =1 - 1
IF{TLY 5023, 53

no &80 J = 1’

VICEIY = vI(TY

532, 570
H

I1

= BRI, H*XIN
51k, 872

Y]

5, 503
T1
- B{J,MI¥I(N

IF(ICHY 505, 506, 505
TF(R(I, 7)) 506, 557, 506
VI(D) = vItI) 7R(I,1)°

GO Tn 510
TF(VICIY) 508,

509, 503

VI(I) = YTI{IY*L.0E+15

G0 TO 5140
YI(I) = 1.9
OCONTINHFE

TF(IVC?)Y 514,
ng 522 1 = 4,
IR = NP - T
IF(T - 1) 515,
I2 = 17 + &

nn s16 J = I2,

525, 514
N

517, 515

N

XI(IR) = XT(TM) = B(IR,N*XI{N
IF(InY 517, 514, 517
IF(R(IP, IR ) 518, 5149, 514
XT(IR) = XT{IR)/3(IR,IR)

GO TO0 522

IF(XI(I®)Y 520, 521, 520
XTUIRY = XI(TIR)*L.0F*1S

G0 TO 522
¥YIerey = 1,9

2 CONTINHE

TF(IVGL) 525,
no 525 T = 2,
IR = NPL - T

529, 525
N

276

EIGVEC

EIGVEC
EIGVEC
EIGVEC

.EIGVEG

EIGVEC
EIGVEC
EIGVEC
ETGVEC
EIGVEC
EIGVEC
EIGVEG
EIGVEC
EIGVEC
CIGVEE
EIGVEC
EIGVER
EIGVEC
EIGVEC
EIGVED
EIGVEC
TIGVEC
EIRVEC
EInVEC
EIGVEC
EIGVEC
EIGVEC
EIGVED
EIGVEC
EIGvER
EIGVEC
EIGVESD

" EIGVEC

EIGVEC
EIsVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
EIGVEC
LISVEC
EISVEC
FIGVEC
EIGVEC
EInVEE
EIGVEC

TEIGVEC

SIGVED
EIGVEC
EIGVEC
EIGVER
EIGVEC
EIGVEC
EIGVEC
EIGVES
EIGVEC
EIGVEC
EIGVEC
EIGVED
EIGVEC
EIGVEC
EINVED
EIGVEC"



QIO

2%
529

7381

7N

1462

723

703

704
705
706

707
708

712

713
709

1051
1n5g
710

711

1052
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Iz = IR + 1 _ PIGVEC
no 526 J = I2, N _ . o EIGVEC
VI(ID) = VI(I™M - 91J,I™*vI(dy , ' : EIGVEC
ng 527 L = 1, N : . EIGVEC
12 = IROMI{L,1) - EIGYED
yR{IZ) = VI(L) EIGYEC
nn 528 L = 1, H - CIGVEQ
VI(LY = VR{L) EIGVEC
IF(RNOTTY 615, 655, 615 » : EIGVEC
‘ : - FIGYEC
FACTNR MATRIX, EIGVEG

. , EIGVEC

It = 0 ETGVEC
SWL = 1.0%T300 : - EIGVEC
ng 701 LL = 1, N EIGVEC
IPOH(LL,1) = LL : £I5VEC
ng 708 X = 1, M1 EIGVES
AMAYX = ARS(N(K,¥)) . EIGV=EC
IMAY = ¥ , EISVEC
KL = K + 1 . EIGVEGC
np 752 1T = Ki, N ' CIGVEC
IF{AMAX +GT. ANS{R{I,K})) GO TO 702 : EIGVEC
AMAX = ABS{NLT,K)) EISVEC
TMAX = T . : EIGVES
COMNTINNE ' FEIGYED
IF{AMAY LLT, SUW1) SWi = AMAX , EIGVEC
IF(AMAXY +GS, 1.00-25%) GO 1D 723 CIGVES
ICh = INC & 4 ‘ EIGVEC
G0 Tn 7468 EIGVEC
IF{INAX «ENe K) GO TH 704 . . EIGVEC
ne 703 J = 1, N : EIGVED
AMAY = ALK, S EIGVEC
A{,J) = F(IMEX,J) g EISVEGC
REIMAX, J) = AMAY ‘ EIGVEC
I2 = InnW{K,1) EIGVEC
IPOW (K, 1) = IPOH(IMNAY,1) ' EIGVEC
IPOM( THMAX,1) = I2 ) EIGVEC
DN 707 I = ¥i, N _ , EISVEC
IF(R(T,KYY 7?0%, 707, 705, EIGVEC
R(I,K) = S{IyK)/2(KyK) EINVEC
nn 706 J = X1, M : A A EIGVEC
23(I,J) = BLI,J) - B{K,JI*RLI,V) , EIGVEC
CONTINUE ZIGVEC
DOMTIMIE . EIGVES
- AMAX = ARS(T(N,H)) . EIGVEC
TF{AMAX = 1,0GE-25) 712, 7i2, 713 , EIGVEC
BEN,MY = SYL = §,0 BIGVEC
ICH = ICC + 1 : ' EIGVEC
50 T 709 : : : EIGVEC
IF{AMAY LT, SHi) SWi-= AMAYX EIAVEC
IF(ING JLE, ISW) Gn TO 711 : EIGVEC
TF(MHM ,GT, 1) GO TH 1050 ' EIGVEC
PRINT 402, INC - EIGVEC
COUNTE = @ . . EIGVEC
RETURN : EIGVEC
pPOIMNT 1752, ICC : ' EIGVEC
nn 741 L = 1, M , . ‘ EIGVEC
I2 = I=20W (LL,1) : EIGVED
IP0W(I2,2) = LL _ TEIGVEC
IF(200TIY 657, Hh52, A7 : EIGYEC
FQAMAT{//7 /234 *+eess {ARNIHNG *>e¥3% * SURRQUTINE EIGVEC HAS EIGVEC
1{EOUNT AN EINENVALUE OF APSASENT MULTIPLICITY® EIGVEC

1 _ o I4,/23X *  COMPUTATION OF EIEIGVEC

s




O30

75
77

278

2GENVERTOR(S) CONTINUES AT USER § O0OTIOM*//) T EIGVEC
101 FOSMAT(ZIAHUMNRT THAM 15 LCOPS FOR EIGEMVLOTOR OF 2512,4, EIGVEC
2 14H NIFFEPENGE OF F12,4) ' EIGVEC
102 FORMAT(LEMG ***¥YARHTNG2*¥ %% T4, 74H ZERNS 0N NTIAGONAL OF FACTORENDEIGVEC
1 MATOIX, OHESK FOR MULTTFLE EIGENVALUES, 729X EIGVER
2% SURRNMITING EIGVENR WILL NOT PEPFORM COMPUTATION FOR THIS £ISSHVECEIGYEC
3TN0 */7) . ‘ : EIGVEC
ENN EIGVEC
SURROUTINE NF1SP (A, N1,DET,IEXP,N2) NnE1sSe
DIMENSION A(N2,12) ) . ' NDE1SP
NE=N1 o : DELSP
NET=1.0 . neise
TEXP=9 - _ : DE1SP
ASSTAN B1 TA TJK _ DELSP

8 ND 1060 K=i,N" DEL1SP
IF (K=tf) 11,9,11 DE1SP

8 ASSIGN 98 TN IJK . . neyse
50 T0 28 - : . NELSP

11 TEMP=0,0 ' ' , neLse
IT=0 : , pELSP

A0 16 T=¥ , NG ’ . pELSP

nNo 15 J=K,N0 ' : ' : DELSP

IF (ARS(A(I,J)),LE,TEMP) 60 YO 15 DE1SP
TEMP=ARS(A(T,J)) pDE1SP
II=1 DE1SP
Jd=J T NEL1SP

15 CGNTINUE NELSP
IF (IT.FN,3) 20,21 T DELSP

20 neT=q, DELSP
IEYP=0 : Co DE1SP
RETHAN nE4SP

24 IF (I1I-K) 25,20,25 ' _ DELSP
25 N0 20 J=K,if ' NE1SP
TEMP=A(IT,J) DELSP
ACTT, D =A(K, D) : DEL1SP

30 A(K,J)¥=TEMD ‘ ‘ ' nNE1SP
NET==NET - : NELSP

23 IF (JJ-K) 35,33,35 ' : DE1SP
35 N0 48 I=K,'C DELSP
TEMP=ACT, J)) 4 DEL1SP
AT, J0)=A(T,¥) DELSP

40 A(T,K)=TEMD . - ‘ pEisSe
NET==NET : : DE1SP

38 SAVE=NST*A(K, K) : ‘ ' DE1SP
IF (LEGYAD(SAVE))Y 72,75 , o ' NELSP
IF(ATS(SAYT) W LT, 1,E~280)77,54 , . , neEise
NET=(NET*1{,E26%) *A(X,K) : DELSP
IEXP= TEXP=250 : : nELse
GO T TJK,T41,998) ‘ C pELSP
72 DFT=(NFT*1,F=-250) *A(X,¥) DE1SP
IEXP=TEXP+250) : : : DELSP

G0 TN TJK, (41,79) o , DE1SP

81 NET=SAVFE » - : DELSP
G0 TO TJK, (41,3M) ) : DELSP

41 M=K+1i _ : - DELSP
N0 60 J=H,HT ‘ DELSP
Ay J)=A(Y,y J) ZA (K ,K) : DELSP

NO RQ T=M N pDELSP

60 A(T,J)=ACT, ) -A{K,J) *ALTI,K) DELSP
100 CONTTMUE . peE1sP

98 RETURN ) DELSP
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END ‘ ' ' 0ELSP

SUAROUTINE HROMYX (A, M,N,I4R,RTC,IXT)

1Rr.3,70

r

WRITF MATRIY NF COMPLEY VECTANRS {OPTION IRT=0()
NP TION IRT=1 IHCLUNES THE FIAGFNVALUES WPITTEN AS BOTTOM ELFWFNTS
OF CACH CNORPRESEQNNING EIGLENVEARTOR

COMPLEX A(M,N),QTC(N)
INTEGER JJ(4)

K =0

NN = N
KK = 1°
ML = M

IF (NN - &) 4,4,5
H K = NN « &4
NN = &4
L WRITE (6,170)
100 FOPMAT (LHL)
IF (IRT) 13,113,401
191 WPITE (6, 10°) M
102 FORMAT (21X, *ET' NYECTORS AND ETIREMVALUES OF GIVEN H\T°IX*I/1“X,

15TYE FIPST =,12,% TLEMENTS BRE THE £OMDONTMTS CF THE EIGENVECTOR
2 AMP THE LAQT FLEMENT IS THE POORESPONVING SIGENYALUS*///)
M o= Mo+ 1 . '

103 NDIT‘\‘. (6,12) I‘»"O,Mi,N”,KV.
12 FORMAT (34X, *"MATRIX *,A10,% IS PARTITICNED INTO NIMENSTIONS ¥,
1T2,* RY *,12//734X,*THE ELEMENTS OF THIS MATRIX STARTING AT ROW 4
2 AND TOLUMM %, T2,*  ARE AS FOLLNUSY7/7X,*PEAL PART*,5X, *THAGIMARY
3 PART*, 4X,*2TAL PART*,SX,*IMAGIHARY PAQTH*,uX, ¥3TAL PART¥, 5X,*IMAR]T
GNARY PART*,4Y *REAL PADT*,5X, *IMAGTINARY PARTX*)
L= KK # NY - 14

KI = 8
N0 2 TI=KK,L
KI = KI + 1

2 JJIKIY = 1
WRITE (6,3) ((JJI(TY,J3C0IY),T=1,NN)
3 FOOMAT (L1HN,* COL NO*,ZX,I3,7{13X,I3))
WRITE (5, 8)
B FORMAT (2Y, ¥20M NOX/I2X, ¥, %/2X,*,%*7/)
nn 1 I=i,M
1 WRITE (Ay11) I, (A(I,J),I=XK,L)
14 FOTMAT (1X,I3,1iX,83(E156,8,1¥N
IF (IRT) £35,135,104
104 WPITE (H,14) M4, (RYC (), J=KK, L) .
105 TIF (KL.LE.0) RETYIN
IF (‘( - "}) 6,6,7

6 NN = K
KK = KK + 4
X =210

R0 TO 4K

7 K=K-=14
KK = KK + 4§
O TO &
END

SURRDUT TNT NRRMY (A, M, M, RAW, IWR)
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13.5,70 - : o - - ]

D2ALWS MATRIX, X FOR NON7=RO0O ELEMEMTS

« FOR.7ERN .o

ZE°0 NEFINEN AS LE,1,E-1"

3~

[« VR ]

O BN P E AN

»

SEAL A (M, N)
INTEGED DAY (H,M), THR(2) ,TFRMT(99) ,LFAMT (&), IN(99)
NATA I74N7/44, 41X/

DATA LERMTZADH{LAX,T2,2%,1H,,2H 49HAL,1X,T2) 7
NATA IFOMT/

2H 1,2H 2,2H 3,74 4,24 5,24 5,24 7,24 8,24 9,2417,2H1y, 2412,
2H13,2M16,2H15,2416,2H17,2HLA,2H1G,2H20,2421,2422,2H23, 2424,
PH25,2425,0HP 7, 2H2%, 2423, PH2G , 2H31, 2HI2,243 1, 24754 ,2H435,2H26,
ZHIT, 24T, 2H3G, PHUD  2HLL, PHL2 2 HLT, 2HAL, 2HG 5, 2445, 2HL 7, 2HLS ,
2HLO, 2467y 2H51, 2HE2, 2453, 2454, 2155, PHEE,2H57,2453,2H593, 2He],
2HAEL, 2157 ,21HA T, 2H6L [ PHGR, PHGBR ,2HAT, 2HAR ,2HA T, 2HT™ ,2HT 1,2H72,
OHT T, PHT 4, PHT 5, 2HTR  2HT T, 2478, 2H7Q, 2HBL 4 2HB1 , 2HR2 ,2HA I, 2HBL ,
2HR B, 2436,2HAR7, 2HAA, 2H83, 2HAL ,2HT1, 2HI2, 2H33 , 2494 ,2H35, 2H96,
2HA7, 2HI8, 24497 .

PRINT 14y M, HN,I4R

DO 9 I=i,H

IN(I) = T

IF (IN(T) - 10) 9,8,9

IN{IDY = IN(DY - 18

G0 ¥n 7

coHTTIMIE

PRINT 2, (IMII),,I=1,N) -

POINT 3

7ERD = 1.E-10

no &4 I=1’M

a0 4 J=1,N

IPEW(I,J) = I7

NRAW(I, ) = N7

CONTINUE

LEOMT(2ZY = TFRMT(N)

BRINT LFRHMT, ((T, (ORAMM(I,J),J=1,M,1),I=1,W)

PRIMT 3

PRTHT 2, (THII),I=i,N)

POETIMNT §

RFTURN

FOMMAT (1H], TLX,*REAL MATRIY  (*,12,%,%,12,%) * AL/
EOPMAT (14%X,99T1)

FORMAT (1H )

FORMAT (/7/31X,*ELEMEMTS OF A3S VALUE GT 1.E8-1C DRAWN AS X¥/)
€N

SURRQUTINE CGMPEIL (RTA,RTANDC, N,y TROAR, IN ,NCASE,CASTR, MO}

FefRe?1 :
COMPARES EIGENVAL'IES OF ORIATHAL SYSTEHM WITH OPTIMALLY CONTPOLLEN,
COMPRRES PRONYNT OF COMPYTEN EIGENVALUCS HWITH RZA3-IN PRODUCT.

20

COMPLEX RTA (MY, RTANC(N)
GO Yo (3(,23,20), IC

PRIMT 400
N0 7 I=igN
RATR = 0O,
RATI = 9,

IF (PEAL(RTACTI)) 1,2,1

1 PATP = O Al (PTANC(TI I 2REALIRTACTY)

2 TF (AIMAG(RTACT)}) 3,4,3



Ed

QATT = AIMAG (RTAOF(T))/AIMAG(PTA(I))

PRIMT 101, T,RTALT),?TACC(I), I,RAT“,QATI
TF (Rth(DTA(T))) 54645

B IF {ATMAG(PTA(TIII) 7,647
h PRINT 4102
7 CONTINUE
30 PROAOC = 4, .
D0 8 T=1,N
8 DROANG = PROAONFRATANC(T)
IF (I - 1) 31,322,341
31 ePDA = 1,
NC 9 I=1,M
9 PROA = ORQA*PTA(T)
PPINT 1C3,??NACC,PROA
IF (PROAY 19,11,1n
10 2ATP = PROAQN/PROA
ORINT 104, °ATP
11 PPIMT 115
PUNTH 1193, NOASS,KNRASFR,PROANC
WRITE (M0,103) HPQSF NPAS”R,OPOAOC
IF (1IC - &) )q’ ,‘3’39
35 PUMCH 106, ©ROA
3T RETIRN .
32 RFLPD {PINAOT - PROARY/PROAP
PRINT 167, PRNAAON,DRCAR,RELID
IF fARS(RELPPY = 1,E-10) 33,33,3
34 STOP

100 FORMAT

1ANT) OF OPTIMALLY CONTROLLEND
PEIGENVALIES OF
IPACT TMAG

(1HL,10Y,XCOMPARTIROY AF EIGENYALYES NF NRIGTHAL MATRIX A

AnO*

S ART

4LF TMAGSY¥)

101 FOOMAT
112, %)

102 FOOMAT

103 FORMAT
1

104 FORMAT

105 FOOMAT

106 FOOMAT

(2X, *20NT (%,
¥,73,4,7%,E8,1)
(1H+,31%,* (7, HIRE {SANS IMNEF,
(771Y, %900 W0T OF SIGINYALHES OF
*7200RT 0F EIKEMVALUSS OF
(1X, *2ATIO0 NF PRADUGTS
(149, (PEAL PARTS CHLY
(E20.,13)

ge INF,

AQT
A

LOT*,9X,*2ATIOS OF eNOT (ANT) /PONT LAY *
REAL PART IUYAG PANT*,7X,*¥2ATI0 CF RZALS

TATIOY *
=¥
=%, cin, 2
=¥,7019,2/)

COMSIOEREM *//)

}

)

/L2, *TICENYALUSS 0OF

I?.,"’) *,EQQZ,*"95912’3\(y59o2’*,4,‘;‘9. 2,3)(,"‘("‘,

)Ein' 2/1X,

A%, X, *
FL2% ¢ ®REAL
QATIO O

281

107 FORMAT (77/717X%,*PROOUCT NF CHOMPUTED EIREMVALUES OF A =%,720.13/
1 10X, *2EAD~TN PRONUCT OF EIGEMVALUES OF A =%,£20, 137
2 10X, *FRACTTIONAL NTFFERZINCE =*,—23.13)
108 EORMAT (SCASEX,TH,* (%,12,% 0OF £000K1)*,14X,*PROANG = *¥,E£20,13)

£ND
Cc
T
[

SHNDOUT INS INﬁOHA(A,IP,C,IQDIP,N,H,NOM,NPN,WPNBM,MERROQ,IHOEX,Iw°)¢303nH
CERN £3233 NS OMS FORT F333
C . F303
C¥-*- THYERSINH OF A OOMPLEX MATRIY,AND SET OF SOLUTIONS . F333
G A= GIVEN NaMSBL X ARRAY AND RETUPNEN TNV A) NEY
C IR= COLYMN SITZE(T.E. ROW NIMEHSINN ) OF A F233
o 0= AXTLIARY RTAL ARQAY,MEIONEL FOR IMYERSION F313
c IRP IR=ANLUMN SI7E aF €, THWITFE IR SAv,IH FACT,2*N IS SUFFIGCIENT, 393
G N o= NANER NS THE MATRIY TC "F INVEOTED F333
G M= IMIMRER OF SETS OF SOLUTIONS =NIIMRER OF SETS OF GIVEN PONS(ANTS¢\"3
i NPMzHEM F323
C NPM=N &Y F313
r NPHPM=MeN+M F303
C MERROR= AS FNR MATIMi.IF NTR20R=0 AT THE OUTPUT,PROALEN IS SOLVED F3023
c TNOEY AS FO? MATING ,FOR BNOXK-KEEPIMG F333
Cc F333



CIAIOA0

QOOONNOD OO0

DN

COMPLEX A TIR,NOM)

DIMENSINH NIIRPIRGNPHPH) , THAEX (NPH)

COMPLEY MATPIX A(1.,.Myl,4,M) TRANSFORMER INTO REAL MATRIX
Pl ee oHEMN L as o 4N)
M SETS OF GOMPLEX TONSTANTS A{L,..NyN#1,,,N+M) TRANSFORMED
TNTO REAL MATRIX O(4,.eNtNyNENEL, o o NENEM)
NP1 =N+1
N0 4 I=1,N
No 2 J=1,N
CR=PEIAL (AL, )
CT=ATMAG(ALT, )
f(T ,J )=0R
BCI+N,J+MI=0R
CLI+M,J = oI
2 6(I  LJ+M)==CT
IF M=0,NNLY THEZ INYEPSE IS NOYFUTIO
IF(M,ENTY 60 TO 1
N0 5 J=NPL,NPY
BT LJ+NI=PTAL (A(T,I))
& CUI+M,JFN) =ATMAG(A(T,0))
1 CONTINIET
PALL MATIND Fn2 INVEFSTON AND M SETS OF SNLUTIONS IN 26AL TERMS
BALL MATING {C,IRPIN,NFN,N M, INAEX,NEPRNR, NETEPH)
INVERTEN MATZTX Cllae o N4ty de, JN+4) y IN REAL TEOMS
M SETS OF SOLUTIANS G(leesNb HEN, oo NeNEM) T REAL TERMS
FNOR  OUTPHT, EAOMETHS TNTO SCHSLEY FORM
IMVERTEN MATOTIX AQdassMyles o)
M SETS OF SOLUTIONS AlleeelyNtlesottM)
N0 3 I=1,N
N0 & J=1,N
6 A(I,J)=CHMOLXICITI,J ),0(I+H,J )
IF(M,EN,2) 60 TO 3
N0 6 J=t1Pq, NPY ‘
6 A(T JI="HPLY(CIT, JEN) yC(T4+M,J4N))
3 CONTTINYEC
RETURN
END
INENT  MATIML
ENTRY MATINL
EXT oNTe TN
PROAM 15 2
+ VED 36/0HAAT TN, 26/3
MATINGL  DATA n .
© SA4 n3 LOAD N
say7 3
MX5 54
S8y X1
B X0 X5 %X 1 - :
GE 7,06, NEO0L . NLLE, L
"7 XL yNTLDY
SA3 TSHL
Say ASHL
RX6 X3
LX7 X400
SAB TSWTAHY

Jp LP2

282

F303

F303
F392
F293

TF303

Fit3
F302
F343
F313
F363
F323
F3C3
F3nz
F3C3
F302

"F303

F3n3
F303
NEW

F393
MEW

F302
F3L2Z

F3a3

F203
F303
F302
£3,3
F203
Fa03
F303
F303
F353
£393
F3C3
F303
F303
NEW

NEY

F303
F303
F303

F100 .

Fi0eC
£19¢
Fi00
F168
FLge
Fiec
F106

. Fi00

F1190
F1u0
F109
F16¢C
F130
Fi60
Fio0
F100
F100
F100




NZLP1

LpP2

N7 P2

LeP3

SA3

SA4
X5
8X7
SAh
SA7
R X0
NZ
S4&3

SAY4

axn
LX7
SAR
JD

SA3
Say
X6
nx?
SAH

S84

SA6

SA?
SAu
TAB
SA2
Yy
SX6
ax5
%7
LX0
axp
SA7
nx2
QA5
NO

TSW2

ASu2
X3+X0

X4 +X 0
TSWTOHL
ASNT "CH
-Y5¥XL | NUMRER oF LOOPS TN L00P2
AE GyNTLP2
TSU3
RANTE]

X3

Xt yRY
TSHTCHZ
Les

TSHGL
ngy2
X3+X 0

X4 +X D
TSHTCH2
RSUITOH
X1

X1
7IGLOOP
n4{-37

ny

N

FIVYTC®
n2 GET R0 QIMENSION
42

Xe*Y i
SWAP~Y
X0*Y6

B85 GET M
X1+X 2

a7

na

X5+%X 3
T+ a
Y2+ 84 N+M
XN¥X5

AL

AL

30

N5-37
SHAP -2
Xg*x2
Xe+X1
X54X14

_AS

A2 - .
INIEXL TO PLUG START OF APIAY INDSX-1
SHHF FLE

TLONR+1

X0 *X 4

RG-R7

XnNxX5

X4+XB

30

X6+%5

an

XR*X2

AG

283

LF180

F138
Fing
F100
F100
T160
F19¢
F100
100
Fii¢
F106
F1006
Fise
Fi1d¢
F130
F108
c10¢0
F130
Fige
c19¢
Fi1p0
Fi09
F106¢
Fio¢
c1ne
F100
100
120
F10¢C
c4ins
Fi90
Ficg
F19g
Fic0
Fi00
Fiie
F100

- F13e

FingQ
160
£120
L 1]
120
cid0
=140
100
F1d0
Fi00
F190
Fi60
100
TFANG
Finp
Figo
F100
Fi00
FiG0
FipQ
F100
FiacC
F160
F100
£100
F£100
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SAl =1,0 ' a ’ ) ' .FlaU 86
ny?z X1 : : Fi00 87
IX6 X2+% 3 . Fi60 88
SA7 DETER INITIALIZE DETTRMINANT F128 89
SAh TLAOP+L 100 90 -
x F100 91
* RIGLOO® TN TRANSFORM THE GIVEN SYSTEM , Fipt a2
* ‘ “i0¢ 93
¥ ' . . Fi0o gg
¥ GET MEXT PTVYOTSLEMENT ANY TIANSFAPY ITS CCLUMN FigeC as
* : . . - FiG60 96
¥ B1 = A{RY, N2 = 1, °3 = MAININOEX, A4 = OROER OF MATRIX F190 97
x . . Fi100Q 938
» Fio0t a9
RIGLOOP SA2 PIVTOP STARTANDOESS - 1 OF NYBDENT PIVOT SOLYMN F4C0 100
SX2 ] LUGGED IH BOW ATHENSION NF A F16C 191
S¥X1i nE-332 NUYMIER NF ELEYMFENTS TN CYRPENT PIVOTSURBCHL, FLa0 172
sS85 X? KEEP THE TND ATARESS - 1 FL008 103
X7 X3eX2 NEXT TOPANDRESS = 1 Fi09 404
MXL 57 Fi39 105
SX1 ¥i+n2 INC2EMENT RY | : F100 106
RX& -X4*% X1 NUMRER OF LO02S IN PLAOP? Fing 167
SA? A2 F1G0 108
AXi : 3 . : 100 109
SAsS PSHYTCHY F10G 1410
Lxt 2 NUM3IER OF LNOPS # 1 IN PLOOPY F100 111
Ix6 X64+X5 F190 112
S"6 i-1 Fi90 113
SX0 10 - ' F12C 114
LX5 32 - ’ Fi00 115
* ; . ' Fig80 1156
¥ SEARTH NEXT PIYNT FLEMENT Fi100 117
* . ) FiC0 118
SAS DSWTTNH STLRE THE LAOBINCEX FOR eLONP? €130 1109
SAL X248 3 FORCE A STORE LNAD CONFLICT, JUMMY LOAD Tn FI10Q0 120
SA5 f1+72 <7 At, 500D LOAD IN %5 . F160 121
S87 59 : Fi00 122
GE BG4RGB, PSHITAH LFSS THAN 8 SLEMENTS IN SURCOLYMN Fi00 122
MYy 69 TO FO2CE BOTH TESTS 7O FAIL FIRST TIME F10g 126
X2 Xt ) F109 125
PLOOPL AX3 X547 EYTENY STAN F108 128
axe X3-X5 ABSALUTE VALUE F100 127
SAL AL+2 LOAD NEXT ELEMENT OF COUUMN ’ F1606 1238
&+ Dy, X4 4% 41 Fi%¢ 129
nX0 X2 KEEP THE ANSOLUTE VALUE . F13C 130
SAD A5-02 KTEP THE ADDRESS . F100 131
FXYy X0=X§ _ Fi100 132
AX3 ° Xi,R7 : Fi60 133
SAG AG4+2 : =400 134
+ eL Yiy ¥+l . F130 135
LX¢ X5,8n0 . Fi00 1326
San Al-r? ; ’ 100 137
LT R="2 REMICE LOOPINNEY c400 138
ny2 X3-X1 _ : . F100 139
FXu XJ=X2 ) FiC00 140
NO < £400 181
N7 RGEL,PLONFL Fine 142
AX3 X5 ,17 HANDLE LAST TWO FLEMENTS F100 143
RX6 X3=-X5 ‘ F100 164
L L X4y *44- : TF143-14%
%0 X2 Fi00 146
SAQ a1 ‘ ~ F100 147
Yy YQ-X6 106 148

Sa1 ©AS T0 SET AL FOR NEXT LOOP F10G 149



Xipg ¥ +1

+ PL’
SAn - AH
- BX0 X6
PSUHITCH SRk RH+N
7R nG,POUT
pLOoOP2 SAL AL+AR2
AX3 X4,77 .
3 X5 X3=-X1
- FX4 X0 =X$6
+ oL X, * 41
SAG AL
axg X5
sS8s AH-12
N0
N7 " n6,PL0082
pour X6 A{-75
SAL A
A LyEPR0?
SAs ONE
SAL4 NEYER
FY0 X5/%1
SAZ R3I+32
FX7 X1*Xiy
_ SAN G
INNE XL SA7 1.YA
sS85 nG5+32
SA” B3+0
- i

* YRANSFORM THE PIVOTCOLIMN
*

TSWTICHL SA2 ns5

S16 Ag

PLUGGED IM LOOPINDEX

LOAD OME ELEMENT AT 4 TIME

GET RIW INTHMTIFTIER INTO X6
RELNAD THT PIVOT VALUE
FIVAT FLEYENT IS 7E£20

Lcan (-1,7)

INGCREMENT MAIN INOEX

KEEP AW INCNTIFIEP ALSO IN AP
STO2E DETER

MOW STARTANDRESS OF PIVOTCOLUMN
PLUGSRED ANIRESS-1 OF ARRAY INJEX

FIRSY CLEMEMT OF PIVOT COoLUMM

SA3 R5+92 ALTEONATE 2LUG  SA3 85-32
336 0 PLUGGEN LOOPINNEX EQ TSHTCHZ
X4 X2*X4g ‘
FX5 X3*X ]
sar B2+032 az = 2

TRANSPL  SAZ A2+17 LOAD NEXT PAIR
X6 X4
SA3 A3+n7
L X7 X5,R0
F Xt X2+#Xn
SA6 A2-R7
SR 835-R7
FX5 XT*YQ
SA7 A3-n7
NE B7,86, TOANSPY
BX6 Xy
LX7 X5, R0
SAR A2
MO
SA?7 A3

TSHYCH?2 SR7 81 -

' M0 ALTERNATE Je 1Tnav
SnA 0 PLUGRED LOOPINDEY FOR YRANSP2

TRANSP2 SA3 AS+82 LOATD AND HANOLE CNE ELTMEINT AT ATIME
FX6 . X0¥X3
LT Bh-32
NO .

* NO
SA5 A3
N7 Rhy TRAMNSE?2

ToUT X7 -X10

. LX6 X74070

RCY INENTIFIER

285

F100

Fi030
Fioc
Figc
Fi0C
Fing
Figt
Figo
Fioe
Fi0c
Ficte
Fin ¢
Filgo
Fivg
Fieh
Fi60
Fi1ag
F130
F184d
F139
£13¢
100
ol DAS

F130

¢
Fid6g
F13¢
Fi0¢
Fio¢e
Fi9¢g
Fi0¢Q
FAo g
130
FLC G
Fi00
400
F100
F13¢0
Fi1lt
“15¢C
F150
Fi0¢
FidgQ
Fi30
Fi%¢
Figo
F10¢0
Fiog
Fitg
Fico
Fi5¢
F19n
160

- F100

FidG
F10G
Fie?l
Fi0e
F140
F100
F100
F10@
156
F100

150

151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
165
157
158
169
17¢
171
172
173
174
17%
176
177
178
179
180
131
182
183
184
185
186
187
198
189
190
191
192

194

-195

196
197
1938
199
20!
201
anz
203 |
204
205
2th
207
208
299
210
211
242
213
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¥ TRANSFORMATION LOO® FOR REST OF MATRIX

*

SWAP

TLONP

ASHITCH

ALone

S84

SA7
MX1
SAB
SAL
SAD
£0

SA2
SAa3

SX4

nX6
LX?
Sns
SAs

IXG

SA7
HO
SA2
SA3
X6
LX7
N7
SAahR
SA?7
S a5
7 X6
S A6

SAL
;1
X7
SAD
S37
£n

7R

SA%
SAS
sS15
FX6
FX7
SA2
SAL
X0
n X5
382
N XA
FXy
SAZ
SAs5
MX7
SAL
SA2
S86
FX3
SAR
FX5
FXG
SA?
ME
F XY
HY6
NX7

Xt 420 UNEIRTUNATE CONE

286

R0 Flog
At STARE THE PIVOT INTO THE MATRIX F100
59 , F100
PIVOT - KETP THE PIYNT VALNE FOR LATER USE F106
A3+R1 FIRST ELEHSMT OF oIY0T 00U F10¢
R1+32 STAPT NF MATRIX £126
06,3, TLOOP F100
D1+n3 DIVOT NOT ON NIAGONAL Fing
R1+B6 F100
0 NUMAER OF TCLUMNS IN SYSTEM F10¢
X3 ' ' Fin0
X2,30 F100
g ROW NIMENSION F130
A2 £100
XX 4 PENURE LOO? INNT X F139
AT F130
F1og

A2+86 F12¢
A3+96 £100
X3 Fig0
X2,R30 F100
Xty SHAP FLoe
A2 F100
a3 oo F190
 NETER RCMPLEMENT NETERMINAT F120
-X5 F100
AS FiGe
Fiep

: F10¢

FL0D

AL+97 LOAD HFXT ELEMENT OF PIVOT 20W Finp
N6 432 REQUCE MATIN LOOPTMIEX F196
X1 F190
AYen7 NEXT TRANS, COLUMM Fio00
9 FLUGKED R04 DIMINSION OF A F1g0
A4,73,NUTH#L  SKIP THE PIVAT COLUMN £170
X1,0UT+1  SIVATPIY ELEMENT IS 7ERD F116
B5 ALTERNATE  SAS H5-82 F100
35402 SAL AC-82 Fia0
0 ‘ LIOPIND, EN BSWITSH £110
X3*X1 MULTIOLY FIZST 2AIR 0OF PIVOTCOLUMN F1o¢
X5%X1 Fi0e
Ag F190
Ax+n2 FIRST PAIR OF TNAYS, COLUHN F105
XA+X 2 Fi00
X7 F100
n2en2 np=> F190
Xn,a0 FAST IN STARK LOQP TO TRANSFORM €420
X4 +X S A COLUMN AS FAR AS POSSIILE F106
A3+ LOAT NEXT PAIR OF PIVOTSOLUMN F100
AGen2 F109
X400 ' F190
As+A2 LAAD MEXT PATIR2 OF TRANS, (OLUMN Figp
A2+n2 F100
RH-32 REGUCE LOOPINNEX, CAMMOT DO AMYTHING ANYHOWF110
X3%x4 - F100
A2-32 F106
X5¥X1 F100
X34X2 F1006
A4~12 F100
n2,0K6,ALONP F1i00
X44X 5 HANALE THE LAST PAIR Fin0
X5,"0 F102
F100

214

215

217
218
219
229

221
222
223
224
225
226
227
228
229
236
231
232
233
234
235
235
237
233
229
249

261
242
243
244
245
246
247
248
249
250

251

252
253
254
255
256
257
258
259
260

261
262
263
264
265
266
267
268
269
270

271
272

‘273

274
275
276
277
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RSHITCH

AL O0OP

outv

SHUFFLF

LOOP1Y

Loo"43

Locin

HANALT N=1

NENL

.

SA6

SA?
sn2
S35
SAS
FX2
SAY
FY3
MX5
Sas6

MO

SA6
L 4

SA?
'
SA3
S34
SA7
GE
S
NE

SX2
MXYy
SAs
SR5
PXn
S34
sS4l
SA3
I¥5
S¥Y2
T XA
P X7
nXi
PY7
nxs
7R

SAL
SAa2
Ix3
X6
LX7
SAL
SA2
IX3
SAs
SA?7
PL

Sn5

NO

N7

SAy
SA2
SA3
9X6
MX7
SAS
SA7
Je

GE
SAL

A2

Al :

i . ALTEPHATE SpR2 1

0 ACCPTINDEX JP ouT
AG+92 LOCPS MAXIMUM 3 TIMES

XH5%¥ 1 HANILEZS THE REST OF THE 7TGLUMN
ALEN 2 ’

X2+ L

X3,79

R3-92

AL

R4;LOOP

PIVNT TRANSFORM PIVODT ROW ELEMENT
PEaD &

N .
o HytnE R OF COLUMNS IN SYSTEM
Al : .
R5,94, TLO0P

X3

14,32, AIGLCCF

R7 X2=NTH

59

0 START OF AZRAY TMNNEY-1
BL-RB2 36=N~1% R

X2

Ai+R2

n5+7386 CINIEXA{MAIND

N -
Xi+Xy LFIv=-1

Bh-n2 MATN-1

X5=X2 '

X5,483

X?*¥ 1

X2,7390

X7%XQ

X6,L0%14

R1+X 1

BL+XS )

X2+X Y4 GET N - 4

X1

X2,4R0

AL#n2

A2+32

X3 +X 4

A2=-12

Al-2

X3,L00nP43

QG- 2

RE,LNNP1L

NETER

MALTIN -7 ANNSE Q]S NE NEDRQP
MATINL=-2 AQDNRESS OF NETERPM
X1

0

X3

X2

MATINL .

N0, h, MATING NoLEs 3
1 N=1

287

JF100

Fig¢
F19?
c40¢0
i8¢
Fige
Fi00
Fi0¢
Figg
Figg
Fi0¢
Fi0¢
Fig0
Fio¢
Fige
Fing
F1iG
Fi9¢
Fi0¢
Fi9¢
Fi90
Fing
Fi0¢c
140
F19g

104U 3

1360
F130
10
Fing

F1a¢0

Fi0g
Figen
F134¢
F1dg
Fin¢
Fi2¢0
F196
Fiap
Fioo
F10L
F13C
Fi3ge
Fiac
Fiag
‘Fio0
F1i00
Fi3g
Fise
F130
FiGo
"F1igc
F10¢C
F100
100
100
Fiog
Fiae
F100
F100
1400
Fioc
F13cC
F10¢e

278

279
250
231
282

283
294
235
286
287
288
299
290
291
292

12932

223
324

326

233
334
325
326
337
238
339
340
341



NENIL

© "ERROR

¥
L]
»

ASHW1

ASH2

TSHWL

, TSH2

SA2

ZR

FX0
RX5H
SA3
SAL
sn2
SnS
SA6
GE

SAL
FX6
sa5
£1

SA1
SA2
SAL
AXL

=1,0

X1,ERROR

®2/7X1

b 44

B2 GET 20W DIMENSION

ns . GET NUMSER OF RISHT SINES
X3

X4 .

Al

A3,35,MATTINL

AL+R2 HEXT ELEMENT

XG*X1

RG~1

30,30, NEQLL

MATINL FETNY NAME OF CALLING RAOUTINE
MATINL -2 ANARZSS NF NETEPM

MATINGL -3 ANPESS OF NERPQ0OR

39 GET YAYE OF SALLING RNOUTINE
B2 ’

5Q

b &4

X7 - B2=-1

X4

X1+82

AR

X5

X2

NnTTE"

PIVOT : . .
n13-32

ng

FTLE

PTIYTON

R?-92

FOR4AY

T IC

BO,1Z2,MATINL=-1

DETER

L

(s R AR In

RGeA2y HATINL-1

-1

DUTRTEG

ATy 1y MATING~L

MATINL

3T/THTAPF2,33/710

35333703030901351130408

H*{Z MAYTHL seees CALLEN PY ROUTIMNE Z,A7,= AY LOCATI*
H®*ON T,06,T FOUND THE MATRIX A OF OPNER Z,I3,/14X=SI*
H¥MGSULAR, ON PTYOT SEARMH THE =4,y13,Z. SHBCOLUMN CONT»
H*AINS ONLY 7SRNES,.Z)* :

LG LORATINNS

SASG
SAY
Jp

SA3
SAS
S3AR
SA3
JP

SA2
SA3

288

F100

Fioe
Finge
Figg0
FigQ
F10¢
Fige
Fiacg
Fi0 ¢
Fio¢
Fis
F14d90
Fi9¢
Fign
Fi0¢
Figt
F130
Fi0¢
130
Fil¢
cigt
F1G0
F130

Fi08

Fige
£100
F1le
Fiap
Fitg
Fing
F130Q
F100
F1Co
Fine
F100Q
Fige
Fi0¢
Fice
Fisc
£100
FiGeC
F10G
F1GQ
FiGC
F10¢C
F130Q
Firp
100
£400
F10G
FiCT
F18¢
Fine

- Fi00

B5=12
AG-82
RSHITOH
15
R5+82

0

B5-02
TSUTCH2
G
95402

Fice
F100
FicQ
FiggQ
F106
F1G0

Fin0

F160
F10C
F100

343
34k
345
246
37
348
249
350
351
52
353
354
755
356
257
254
359
50
361
362
263
364
265
266
267
358
369
37e
271
372
373
374
375
376
277
378
379
339
381
382
383
384
235
286

287

338
339
390
391
3a2
393
a4
395
296

397
398
339
439
%01
492
403
4ny
405



TSH3

TSH4

gSH1
ASwW2

PSWYCHY

SRe

SA7
JP
sSa7
NO
S36
sn2
JP
SR2
SR5

70

SR6

nQ
TouT
HQ‘

0

1

onT .
1

0
B&,POYT
nGH4+Q

LOCATIONS FOR INTERNAL USE

ONE
DETER
PIVOT
N
PIVYNP

nAYTA
NATA

"NATA

NATA
NATA
)

1.0

(o3 I e N |

'289

Fi00 606

Fio0o 407
Fip00 408
Fi3¢ 409
F100 %10

TF100 414

100 412
F130 413
F100 414
F10¢ 815
F130 416
F130 447
F193 418
Fi00 419
Fien 420
F1aC 421
FIft 422
Fi0e 423
FIGO 424
F100 425

F100 426
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APPENDIX D.
Iisting of the more important routines in SIMULA
(Routines listed in APPENDIX C are not repeated).
SIMULA
DCCOMP
FILTER
EXCITED
EXTRA3
CONSTR1
PLOTS
GPH
SCALPLL
STORE
LISTVSV

COMPCR

INVCOM
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PROGRAM STAULA  ( TNDUT, QUTPUT,PEPMATA, TAPES=TNPUT,

1 - TAPSA=CUTPUT,TACZ2=PERNITA)

ORNER NF DATA IS I©0,TAUIGK,HT,IKNI1,M0,KPEN, INCISET)
MCT{T) (SET IF Inn=1)
KRy KNP (REGULAY , XAX LR (MXTY2X1,XAX11)), SSXTR, SSXU
(UXEY2YL,MTMXU) , B,A8 (MXEV2X1),PR0A0G,09STS {REG,)
KRFILTCSET IF 2EAYIRE™ ,KM(SET IF 229,),
KRy K12, PROAG™ ANSTS, READ FROM TAPE T IF REQUIRED
XAX1R,3SXT2,SSXU,B8,A PSAN F0M TAPE MP IF RQENUIRED

24,5,72 (L. TEP?ER, TONTRCL SYSTEMS SESTION, DZPARTHENT OF
COMPUTIMG AND GONTROL, IMPERTAL COLLEGE)
SIMULATION (SOMPUTATIAN AND PLATTING) OF TRANSIENTS £R0M THE EXCITATION of
STATE VARTARLES OR JISTURAANSE INPUTS
DART (I)

1. COMPUTE EIGENVALUES AHN EIGENVECTORS OF "A  OR  AOC
2¢ CHESK (USING 0oMBL2 ROUTINEY  THAT '

A = WX¥QTC*Y WHERE RTG = NOMPLEX EIGRHVALUSS (NIAGONAL)
" T COMPLEX EIGEMVELTOR MATRIX
. v Z TNVERSE OF W
PART(II) CALOULATE  TRAMSIENTS

IN REGULA WE HAR

ARX + nEy, U = (UC1) e, , UCI0)TT (1)
nex (2)

xXnoT
Y

QUT.ONLV 2 TUPUTS ARE USETN FOR CONTROL, THE PZMAINNER REING POSSISLE
DISTURRANACFS, HYEMOE THE OOPRECT REPRTSINTATION IS

XNOT = A*X + BC*IS + RI*yN, ’ _ (2
uG [U(5),U(56)1T
UD = CUCLY yaey U4 U9, U010 ,U(7),U (8T

.

AFTER SOLVING THE RIGCATI EQUATICN FOR THE OPTIMAL LINSAR REGULATOR

XNOTITY = AQN*Y(T) + MLG¥UND )

L RS R LT .
* HO(T) = = KO¥Y(T) - KNR*D * {5)

RN AERERRFA LR RERE KL B XERFERLE

WHEPE

NETIMAL FESNRTACK SATH MATRIX (PRODUSED 8Y REGHULA)
NETTHMAL STATE MATORTX ’ '

KO (NG 4N)
AOG (N ™)

= A~ AN ¥KR ' (6)
ANGINgNT) = OPTIMAL NRTIVING MATRIX , :
= T = AC*KNP1+{AN + RC*KGD) AN
KNG (M, ND) = NISTHRAANCE CATIM MATRIX (NYFERALL) :
KNR*4yn &+ KIS0 - TI®KG0 )

DISTURAANTE GATIN MATRIX (FROM  RB) (PROIUTED AY REGULA)
GATH 4ATRIX FRCH W To UCPAR (TO 3E SET FOR TYPES OF
EYOTTATTION, MAKTMNG TT GENCRAL TS TENIQUS AND USELESS)
STEATY STATE DEVIATION (DUE TO UMY FRIOM STRADY STATE,
unn*un

VAR ING ,M)
KCN (HE, HD)

i

uUnnaR

11

1
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FURTHER ON RELOW, WE SHALL USE FNR SIMPLIGITY THE TERM .

f

KDY = = KIG*UN o : , (84)
THE SOLUTION OF (3) FOR STEE INFUTS UG, UD IS

X(T) = [EXOAXTYII¥NNY + [INTO-TITEXCA*TL)I®NTLI*(AN*UN + 1N*UN)

. (3)
THE SOLUTTON N& (L) £0R STZP INOUY UN (AND HENOE UC3AR) IS
X{TY = (EXP(AGC¥TIT*X (D) « [INT(O-T)LEXP(ANC*TL1)1*PT11%80G%Un (1)

USING EIRENVALUES/EIGENVECTORS  RTC(A),  W(A),  V(A),  AND
‘ RTC(AQT), W(AOC), V(ANE)
THE SOLUTION (9) IS (OHITTING THS ROAGKETEN A)

LR e R R T IR PR RS PP PSR T T $e

¥ XAT) = W¥[FXP(OTOXTYIISy2Y (2% + WHS{TY ¥ 30%Un 4+ 2p*nt = (11)
R R LR R R Y R I I Y I SIS IS Y

WHERPE S(T) = [RTCIINV*IEXP(RTC*T) - I}

THE SOLUTION (1n) IS (OMITTING THE SPACKETEN - AQ%)

R e E I I R A T Y T T ¥ 'S

¥ X(T) = WXIEXR(OTA*TYII¥YXX{0) + W¥SLT) *yxnnnxyn x (12)
R IR IR R Y R IR I RS FETTELTTNE PR R ER TR

HOTEsee  EN, (5) FNR UC(T) IS USEN OMLY IN COMJUNCTINON WITH 2N, (412)

ANV ITIONAL PARAMETRS XTR {SEE EXTRA) ARE COMPUTED AS FUNCTIONS OF X
STEPS FNO TMBLEMENTATICN

esAr IV ,

1, IPN (SET TN 0 FOR N9 PRINTNYT OF SOME TNOUT DATA (SZE RELNW))
INUINK (SET TO 4 Y0 FIY CATIGIRY Jh (0NC), EXC(E) HNT PLATTEN
MI (SET TO 5 FOR REANING KP,,,,C0STS FFOM CAR3S, TN 3 FROM TADE),
IKNU (SET TO 14 IF A VALHUE OF KU NIFFEPENT FROM THE COMPUTEN ONE

IS TN "% SET, TO TEST ITS INFLUENCE)

MP (SST TO 5 S0 REANING  XAXiR,.ss,A FROM CARDS, TN 2 FROM TAPE)
KRED (SET T0O 1 IF NOT ALL THE STATE IS FED BACK)
INK (SET TN 4 IF NL.0, COMPENSATION IS TO AE USEN)

LALNDIC(I)  (STATE VASTAESLES TN §i FORGEN YO SSTTLE AT 0.)

(SET IF 17 = 1)

2+ FRING,N) AND  KOR(NG,N), P20DUCED 8Y REGULA, XAX1°2(HAR,NL), BY
MYEY2X1, TALL  EXTRAZ (1,...) FNR THIT PURPOSE,

3. LISTS OF STEANY STATE VALIES, NAMES ANDP UNTITS (IN THAT ORDEP), OF
XTPLMXTO), X (M), DN {TH THAT ORNE?), AY MYEVZ2Xi.

Be A(NyNUY, A(N,HY, PPCDUCFD RY  MXEY2Y1,

B« PROAND (PROAUYCT OF erALU"Q OF AOC(REAL FANTS)), 6NSTS, BY REGULA

6, KPFILT FILYRP SATTERN / SET IF
¥ou FORCED FIXEN CONTROL/Z -RENUIRED
CAMPUTE

1. RREAK UP A (N,NU)Y INTO PCIN, NC) ANT BT(NyND), CALLING RORIRM
AMD CAPRPYUID ’

2. PEORNTO TYE STTANY STAYT YALVES, MAMES AND YNITS 0OF g{MUY AND
FEHTZOATE THE NORRESOAUDTING ITCHa OF UCINGCY, CALLING PORDUS,

2A.,RILN ADT™ = Q4 « NGFKR

Ze PTO(NYy M{NZNY, VIH,N)

4o HEDTMRY, ”Owon”r WITH QRIGTIMAL MATRIX, CALLING CoMbPne

G. RTCIN(NY, THE INVERSE OF RTA,

Be SET TYPI OF FYTITATION GIVING A TYPE NUMPER ANN “ALLIWG ZXCITE,
IMN THIS RAOTINE X (DY AND/OP U (STEPR INPYT) ARE SET,.

292



[y ]

ODOOQOO‘OOQC‘}C)QQ:1OOC"C')C,C“)C?-.ﬁnOOOVOOODOGQOOOOGOCOOOG0DOOOOOC’)Q:‘JGOODOOOO'

293

Ken 1S SEY FoP SPELIAL TYPES OF EXCITATION AND  UCRAR COMPUTEO..

(UDRAT = KGOX00), ALSEC nOMPUTE IN THIS ROUTINE...

AL, YX% v#X(n) FOR ALL CASES

/R, ViU y*ax)  FO% NFEN LOO™ CASE (E£N, (11)) )
60, KNA, KDY T-¥AGXUN, VYBY = V*BIG*UN FOR 0PT, CCM, CASE(E7], (12))
fN, READ KDY IF IXNU = 3

BE. PEAOMPUTE KOU IF-INC = 4 WITH NFEW FORMHLA IN ROUTINE DCCOMP

IR

T UNL{DY, XTR(L)  RALLING  EXTAAZ (25 44e)
B, PRINT X (%), U{N); XTR(D), UCRAR 8NN KNU,
g, SET THAY(MAYX, TI4T), HLIP(MAX, NUMPER OF TIME INTERVALS)Y AND INITIAL TINE
SET ALL A2PAYS QF STOPE TO £ AND INITIALIZZ, CALLING STORE (1ys4ede
18, SET X {PESAINUSZ . TO UDY AND X1 (RESPONSE TO X0) TO ¢. PRINT TIME,
11, EX2(RTCH*TY
12 S = RTCIH*(EXP(RTS*T)-T)
13, IF U FX",, ©0P, 2NO TERM OF EN(44) OR (12) ,CHECK PFAL, ©2INT IF
BEAUTPED {IPR,NE, ()
14, IF X £XC,, CAMC, 1ST TERM OF £0{11) OGP (121 .0HECK REAL,y PRINT IF
RENUTRENDN (IPRMT.T) :
15, ADD BNATH TERMS 0OF (411) O° (12). PRINT IF REQAUIPEN (IPRNE.H)
16, UC AND XT2, ORINT IF IP2,NT,0,; SALLUING EXTRAZ (35440)
17, STORE THE PESPONSFE FOR T , OBLLING STOPE (3y44e)
1R, SFT NFW TIME T AND GO To (10). ‘
19, POINT FINAL VALYUES O9F X, U, XTR, UTRAR, KDU,
28, PPINT ALL YVALUSS IN 4ATRIY FOTIM (EACH COLUMN HEANRN Ry TIME T),
IF KHPSY,NE G '
21, PLOT SELSATED PAAAMSTRS X, UG ANN XTR, PRINT TARLZ OF CONSTRAINTS
AMN DEAK VYALYTS, PIINT MATAIX [KR(I,JI)*X(J)PZ iVl, Y0 OBTAIN
DOMTHNANT VALUES FOR FEFNIACK, _
22, SET NEW TYPE OF IXCTTATTION AND 60 T0 (6).,
Y = C¥Y TS NOT HUSED NOW (THE NEFINITIOMS ANN STATEMTHMTS ARE COMMENTED)
LIST OF SumRJUTIYES
CHORTA THTCKS INPUT DATA (MUST AT CHANGFD FOR NDIFFERTNT
: CASES gF FDACKY  NR STEADY STATE IN  MYXEveXi,
KNUCHG CHAMGES NMAUTEN KN (FIXED SONTROL ANDEN FOR
EXTEANAL DISTHRRIANGCES), CALLED FROM  EXGITEL
FXCITRL SETS INITIAL EXCITATION X(M) AND/IR STFP INPUT 1,
CAMPUTES VARTOUS VALUES (IMNVARTAMNT DURTING STHULATION)
S EXTRAZ oAMAYTES, BRINTS PAPAM, OQTHIR THAN X, PIANS MET, NATA
ROPDUS BENINERS STRADY STATE VALUES, HAMES ANO UNITS OF U
CONSTR SETS CONSTRAINTS AND TESTS VIOLATIONS, PRINTS TARLE
PLOTS TLATS SITLECTET PARAYM, FR0Y Xy XTR, US. GALLS fGONSTR,
SCeALPL
GPH CALLEN ©ROM PLOT FOR EACH LINE OF OPINTING (I.£., EACH TIME T)
STALPL CAMDYUTES THET SCALE OF EAMCH PARAMETER AND TESTS CONSTQ. vioL,
SINeE * STNRES X, YN, YTR AHD T FOP ALL 7T .
LTISTYS POTHTS IMITIAL, FTIHAL SS VALUES 0NF  X,H,XTR,
POTHTS HCAAP, KIU, ANT SONSTRAINTS 0F 16
ToFYno CHANGES FAMBLAY YEOTH2 TNTO RTAL TF IMAS PART IS HEGLIGIRLE
CoMPER CO P ARES CAMDL, AND REAL MATPIY (Tg TEST IF A = Y*RTC*Y)
wonwMy URITES OCAL MATAIY OALYMNHMTSE (N0 LTIMTT ON DIMENSINOMS)
H2CMX WRITES AOMPLEX MY DOLUMNUISE (NO LIMIT ON DIMENSIONS)
WRRMXT CXTENSION OF WRRAMX, T HEANTIMNG EACH COLUYMN, NAMES OF
ALL PARAMETERS NN FACH SUAMATRIX :
POM20173 REANS  CCUPLEY MATRIX (LE27,13)
RAM2043 PEANS  PFAL MATRIX (LI21,13)
PCV2lL3 REALNS OCOMPLEX VECTOR {4E20.13)
PRVY2013 READS PEAL VECTOR (4E23413)
PIVaALC PCANS  INTERER VESTNAR (BALN)
GARvUP TRAHSFERS SUTMATRIX FR0M PARTITIONEN MATRIX
MOLMYY MILTIPLTIFS PAL MATRIX AMD RCAL VECTORP
NUL

L SETS THE NULL MATRIX
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AL (NyM) ,A2(NyN)

RORDRM "SHITCHES ROWS OR COLUMNS IN REAL HATRIX

NFGYR NEGATIVE OF REAL VERTOR

ANNY ATNS THC REAL VERTORS

NULLRY SETS PEZAL WERTOR TO ZERD

MULCOM PRODUCT OF TWN COMPLEX MATRICES

INVTOM TMYERTS NOpoLSX MATOIX

MLMXNG PPN, OF A(SN,) ANT DINIAG,.) OOMP, MATR, (A*7 0R D*A)

MULBHCY PPNN, 0OF 00MDL, MATEIX AND COMPL, CCL. VECTO®

MULCHPY POOA, OF GOHPL, MATPTIX AND REAL CCL. VECTOR, PESULT COMPLEX

MULYE oR0Y, 0F TOMPL, DIAROMAL MATRIY AHN COMDPLEX VEGTO®

ETSVV COMPUTES 4, PPINTS TIGTNVALUTS, EIGENVEGCTORS 1F f REAL SNUARE
MATRIY, YSING FAANCIS, NR ALGORITHM FOR C-VALUES, WILKINSON.S
IMYZRSE ITERATINH HETHOD FNR E-VESTORS AND THE PAYLEIGH QUOT,
SCHEPE FOR E-VALUES NORRECTION,
THTIS IS A MONIFIED VERSION OF EIGSYS (VAN NESS/WEINER, NORTH
WESYEZRN UNTV,, SVANSTON, ILL.) ANO CALLS THE FOLLOWING

HESSEM, NPEIG, Q2T, 4S0R, SIGKVYIN, NCLSP, WACMY . '

SLOPF1 4 HUPERICAL TAMLE ,

INT POL STRAYGHT INTERPOLATION

LIST OF DIMENSIONS AND ARRAYS

T MYMBER OF STATE VARTIAPLES

NU = .o oo IMOUTS

Nf E .e os CONTPCL INFPIITS

ND = .o es JISTURMANCE INTUTS

MY = .s os OUTPHTS

CHXTR = vs oo ADDITICMAL VAJIARLES XTR

AN, STATE HATOIY

LR ENINIE)) DRIV ING MATOIX _

PTO(M) COMPLEX SIRERVALUES 0OF A

WIN,) CAMPLE X TIGCNVECTORS MATPIX

V (H,N) IMVEDRSE nF W

AC{Ny M) COMPLEX MATRIX FOR PRNOUNRTS

PTR(Y) PEAL PAIT NF Z=VALUFS OF A

PTTI (M) T4 PARY OF E-YALUES 0OF A

AMXTLIARY REAL MATRICES FOR EIGVVY

QL1(NY 3oy @6 (MY ANXILIARY REAL VEFCTNRS FOR FIGYVY

DA(MN, M) ANMXTLTIARY COMPLEX MATRIX FCR £IGVVY
PLN) 5o ey CHINY AUXILIARY COMPLEXY VERTO2S FOR SIGVVL

AD{N, MY ANIX, NOUPLE PRENTISION MATRPIX FOR EIGVVL
N1TNYy  HDLN) AUX. DOHELE FRECISION VECTRS FNAR EIGVVL
IPOW(M, 2) AiXe INTEGER MATRIX FNR EIGYVL

BTNINNY COMPLEY, (RICIINY

EXPRTC(N) COMPLEYX, EXA{(RIN*T)

S (N) CNUPLEX, [RTCIINV*IEXP (RTC*T) - I}

BUM REAL,y R*Y

Y a(N) COMPLEX,y V¥R¥(]

VX0 (N) COMPLEX, Y¥*X{(1}

CML1(N,M) COMPLEX AUN, MATOIX

ANy NG)y BACH,ND) ,UCIND) , UDINDY SEE FQUATION (3)
Xa(N) INITIAL VALUSS OF X

X1{N) CURIENT WALUES 9F X, FOR X EXCITATION ONLY
X N) CHRRENT VALUES OF X, FOR U DISTURIANCE ONLY

XT2ANXTR)

XSEHY SHSIN) NS ) X TES (NXTRY -
NAMEX (N) g HAMZUCMIY y NAMENHC (HC) yNAMXTRINXTR)
UNTTY D), UNITUCNDD y UNTTUS (HE) gUNTXTRONXTR)
MAMXTRY (NXTR)

ICASE (HW)Y
XA {(MAR)

XAX1P(NAR,NL)

ALSO GURRENT VALUES OF X, FOP SIMULTANZIOUS X EXCe AND U DIST,.

TUPRENT v

VARIARLE
NIMBER DOF

ALUES NF XTR, TWF ADOITIDMNAL WARIACLES
STEANY STATE VALUSS OF X, U,H0,XT2
MAMES OF XgUyUG,XTR
UNITS OF Xy UyUC,4XTR
TYPE AMD NUMRER AS DEFINEN IM PROGRAM MXEV2X1
CASE REING STHMULATED

XTR VARIARLES QTFIHTO AS XA IN PRIGPAM MXEY2X1
MATRIX IMN Effe XAR=XAXL1R*X1, WHERE x1(NL) IS THE VECTOR OF THE
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1ST NL NGHPAONENTYS OF X h .
KR{NG 4 M) ' MATRIY IN EN, HI=KQ*Y
XPLNy HLIMY JUDPINT HLT M) (X TP {HXTRGMUIMY TP (HLTY)
ARRAYS FOP STARING X, UN, XTR, T FOR ALL ¥
NAMCOST (55} NAMES OF PENALTIZEN VARTARLES ANN THEIR 70STS WRITTEN
OM L3 CARNS TN FOPMAT(5A10)
UEBAR (N STTTLING=-BCWN VALHES OF UN(NREVIATIONS FR0M STEADY ST)
DUT TO PERMAMENT NISTURRANCE Un
KNYncey FIXZ0 ANNEZD OGONTPOL, NUE TC PERMAM,., EXT, NISTURAR, UD
KFUN2(NC) FIXZT ARNCN COMTROL, HISE0 IN SONJINCTION WITH KN,
T TEST ITS THFLUENCE
KOFETLT (NG, FILTER FOR MASZ(¥ReD=1), T.F. NOT ALL ST,V, FEQ BACK
KO? (NE, MATIIX ORTAINED FROM  PEGYULA  TO SCMPUTE  KnNU
KNG (MG, M) SEE €1, (R)
ArD (1T, NN AUXTILIARY MATRIX FOR AQNVE
REAL AL31,31
DOMPLZX RTS(31) ,4(31,31),VI(31,31),A0(34,31)
INTEGER THAMT (R)
PEAL  A1(34, 71),&2(71,71),”T°(31),°TI(31),QN(’iy&), R1(31),R2(31),
1 D’(?i),ﬂh( D ,RBI3NILRA{ZN)
INTEGED IRON(ZL,2)
COMPLEX  NA(31,31),n1(31),02(31), C?(’i),"h(?i)
novnLs AN(34,31),01€31),72(31),03(21) ,N4(31)
EQUIVALENNE  TAC, DA, 8D), (T1,731) ,(02,N2) ,(C3,D3), (C4,NG)
AEFIMNITIONS AND NATA FAT PARY(II)
COYPLEY RICIN(IL) ZEXERTA(31), 031, VU331, UX0(24),0M4(31,31)
REAL 331,12y, X0(3L),UN (), U1(83),¥0(71,2),37(21,0),3U(21) ,X(31),
i YL(31) yUSTL7), XS(31) ,"I0S(2),HIARAR(2) 4KI(2) , KMIND(2)
OFAL C(10,34),Y(12),Yi (1) *EXFNQ THE TIME RETMG Y IS MOT USED***

INTEGER IGASE (T, NAMEX(21), MAMTULL0),UNTTX (1), UNITULL0) , NAMEUS (2)
INTEGER UNTITUC(2) ,MAMEOSTIAG) ,PATOASE (2, K2FTLT (2,31)

EQUTVALENGE (73,730), (711, 21), (Xy72) 5 (X1,23) , (X0 ,24)

EQUTYALFENCE (YY1, 11), (VXE,02)

PEAL UPHT(2),LPH5(2).

DEFINITIONS SOR EXTPAZ AND EXCITEL

REAL XTP(14),XTRS{LL),KP(2,34), XAR{7) 4 XAXIR(7,27),KW2(2,31),
1 ANL2,23,KCN(2,3),K06(2,8),ACN(2,2),PC1(2,2),AKNU(2)

KECN, Kﬂu,a"0,7,,'Pl,ﬂ/”L A2F AUXTILIARY FOP ROUTINE EXCITED

D=

EAUTYALEMOE (AL KCNY , (AL (152) 3 KNGYy (ALC1,3) ,ACN)
INTEGED NAWXTD(ih),NAMXTQV(iQ),UMTXTP(iq)

INTEGER NAT(2)

FINITIONS FAR STNRE

DEAL XP(31,R0),10P(2,303 4XTOO(18,80),T°(80)

EQNIVALENSE (XP,A1), (XP(1,32),A42),(XP(1,63)3A), (A (1,19) 4XTRP)

NAYA TOASS/Z3I0H 0F PTGULA FQP NASE 3/
DAYA ICASL/3ZOHCASE 7 NF FOANKL (MXEV2X4) /
I8 = 1 » OPFEY LOCP SARE (£, (14}
IA = 2 » CLOSEN LOOP CASE (EQ.(iZ))
T = 2
IPR = ¢ o TNDIVINYAL VETTORS FOR ZACH TINE NOT PRINTED
I°N = ¢ » XAXLR,R,A,A00,RD,20 NOT PRINTZERN
INNINK = { o th(,, NNT BLOTYEN, KP2,KNDR NOT PRAINTENLTO FIT J6 ON CGP)
MI = & o KRHZKNPLPRAANG ,NASTS, RCAN FRAM CARAS,
MI = 3 p KP,K3R,7200807,005TS, RCAD FRCY TAPE 3
IKOUY= 1 » XNU TN RE RSAD IN, TO TFST INFLUTNOES OF ADNEN CONTROL,
THIS TEST M4¥ AFE NONE OMLY AFTEP HAVING ONR2EGT SIMYLATION,
MP = 5 » YOAXLP,SSUTP,SSXI1,%,A, PEAD FRCM CERNS
MO = 2 5 XAYi”,x»XT? 3EXU, 8,7, RTAQ FOoOM TAPE 2 '
KeenN= 4 » MOT ALL STATE VARIA“LES FED BACK, READ IN FILYER KRFILT

A
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12 Nr o)

c
c
c

IF

45

PEAD 120, TIPN,INUINK,MI,IKNU,MD,KRED, ING
TF (IMINK,EN,L) IPNY = @ .
IiPe = Q

N = 3N

HU 10

NG ’
ND
NW
NYTP
NAR
ML 27

NOY N 8

IF (IDNWNEL1) GO TO 4¢
REAN 4125, (NOT(I),I=1,4C)

oo

W uil =

13
7

MO = 5, A 0APY MUST 3T INSERTED (AFTEP THE

CARDY,

I FORMAT 122, HITH THRE CASE () OF FO3CKL(MXEV2X1) AND

THE P.f, LEVYEL 0F POUHER

READIMO,122) DATCRASE

PRINT 122, NATRASE

PRINT 124, I%7, INUICK,MT,IKNI,HP4K2EN, 100
IF (TN6.NZ.1) 60 To 45 .
PRINT 126, ((T,M0IC(I)),T=1,M0)

45 PRIMT 127

REAN IM

READ TN XS(M), NAMEX(MY, UNITX(NY, US(NU), NAMEZU(NUY,

i
2

KR LIS, NY, KNP ING,NY, YAXAIR (IAR,MLY, XTRS(NXTR),
NAMXTRY(HXTRY) 3 NAMXTRINXTR), UNTYXTR{NXTZ).,

CALL FEXTRAT (1, THAMT (8, Ky Ny X, XSy S NCy ND LG, N, NXT?, XTRy XT RS,
NAMXT R, AMX TRV, U TYTR ,NAMTY, KRy TA 3 IPR,NAD, Ly XARy XAX1R, ICASE,NH,

Ipn’qu"(r.’(J!HI’”f’,IG‘.)I(‘!()

READ (MP,101) INANME
CALL TPV20173 (XS, N,4P)

RALL TIVBALN (NAMEX,N,MP)Y

SALL IIVRALD (UMITY,N,0)
PRINT 102, TYAME

REAN (MP,101) THNAME

CALL IPV201Z (US,NIJ,MF)
CALL TIVSALO (MAMTY,NU,MP)
CALL TIVRALD (1"ITTH,MU, HD)
PRINT 102, INAME

REAND IN N {MHUY, A(NygNY,

29
39

REAN (MP,104) TNAMT

CALL TRM2013 (7,N,N,MP)

PRINT 102, TMAME -

IF (IPD) 29,71,29 :

CALL WPRMYX (,N,MU, IOHR(REFORE RENZILRING)
REAN (MP,171) INAME

CALL IRM2213 (A,N,N,MP)

PRINT 102, IHAME

IF (TPN) 31,32,31

31 CALL N2PMY (A,M,M,TIHSTATE (IMPUT)

PEAD IN PROANC (1 CARDY, CCSTS (13 GCARDS).

22 IF (IA - 1) 35,36,35
35 REAN (M], 117} PROANM

NMAMGST = 5 * (3 + NG + NQYD)

UNITU(NWD
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(2] OIOO

AOOBD

TFOOIODNO

QOO

OOID

BEAN (MY, 114) (NAMCOST{I),I=14NNAMGST)

36 IF (EQF,MD) 1,2
1 PRINT 103

STOP .

2 PPINT 104

CHECK IF A R=EOUCEN SET CF FEENRACK VARTARLES

0OF THE CHANGE MATRIX

41 CcatL
42 IS

REDRMER MATAIX 7 (CHANGE COLUMMS 5,6 FNR 9,14), CPEAK UP

AMD 80, REQRNER (CHANGE 5,6 FOR 9,10)

33

FHULL SET. IF SO%

TF (KREN -
FILTER

1) 62,41,42
(N0, KRy K2F TLT s HAMEX

LAHADS €31, 30
10MA  (30,37)

IS

1S

CALL
GARLL

RORNCY (1,3, NgNU45,)
ROONRM {1,y Ny NU,H,1M)

CALL CASVUS {7, D,y NI, Ny Nyl ,1)
GALL CARVUP (M, 30,1y N3 NyNC,1,9)
IF (I0N) 33,334,332

DALL HReMY
CALL WRPMY

IS REAQUIREN INSTEAN
KR

1 1)

1 INTO AN

{RALMZMT,I0HRN (NTSTHRAANCE INPUT 4ATRIX) )
(3T yNT G ITHAN (TONTROL TNPUTS AT IX) )

34 CALL RORDUS (NI, USy MAMELyUNTTU, NAKTUG 4HC, ND, UGS, UNITUR)

THE

THE
THE

FOLLOWIMG STATEMENT REFIKS DATA
THE SHIROUTINE CHIATA

PPESENT STEADY STATE,

PURPOSE TS 70 TLAG A MISTAKE IN

CHECK UC
ELEMINTS,
IS PAPTICULAR TN THIS SYSTEM AT

TT WIST Ag CHANGEN FOR ANY CYGE I INOyT,

JATA RATHER THAN HAVIMG LNONG

PRINTOUTS, FIR PRINTOUT ECIONOMY S SAKE,

IF (TA - 1) 37,38,37

37 CALL CHDATA (BR,N,NC,NAMTOST,NNAMCST) .

BUILN

MATRIX  ADC = A - PBO¥KR
CALL MULTT (BC,KP,A1,NyNC,M)
SALL SURTR (A, A1, A, H,yN)
IF (IPN,EA, M 60 TO 33

CALL WRIMX (A4,'1,M,30H At = A -

ne*KR )

38 CALL EIGVVL (350,05 0,0,Ny3yA1,A2,RTR,PTI,RTO, Ny R1,R2,R3,Rl,RH,
IR0 ,R5,P6, N4, 04,02, C3, 4y AD401, 02, D3, N4)

COMPARE

39

1

27

25

28
4n

‘PRINT 105,

PRAOT
PROANT

(PROMCT OF CoueuTeED
(PEAD=-IN PRNJULCT OF

I® (IA ~ 1) 29,40,39
PRANN
no 27
DRAQC

1.

=1 4Y

PRANC*ATC (I)

QFLPe (PPAON - PINACG)Y ZS20A0N
PRINTY 119, PRANG,PROANG,RELBD

IF {(KREDLEN.L) GO TO 40

IF (ASS(REL2P) = 1,E~5 ) 23,28,25

—~t il

HH

PRINT 118

STOP

PRINT 104 :
SALL IMVCOM (W,V, N, I2ANK
1S, TIRANK
fALL

MLMXOG (Vy0M1,RTG,N, 2)

EIGENVALUES OF ANG)
EIGENVALUES QF AON)

WITH
‘ANN PRINT,

FOR A
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v ]

[y Re No Ne]

[y Xz K]

QO

[y Ro v ]

TIOD

CALL MULCOM (WyCHMi, AT, HyNyM) T

CALL WRCMX  (AN,M,N, 16HA(CALOUL,.} ,RTC,1)
CALL COMReR2 {AC, A, N, N, 10HA(CALCYL .}, 10HA(ORIG,) )

D0 2 T=1i,N
3 RTCINACI) = 1.,/72T7C(IY

SET TYPEZ OF EXNITATION AKNN TEST IF KDU IS RENUIEN TO RE CHANGEN
FOR TESTING PUSPQSES (IF SN, REZAD IN KDV ),

ITYPE = § ~
IF {TKNU,EN.1) ITYPE = ¢
4 PALL CIMLLRY (Y,M)
CALL EXOITEN(Y], U0, U7, N, NG, N, IX0, TUS, TUN, IS, INASE, N, R0, 10,211,R2,
1 Vo UBU, U XD,y TEXD , XS, IS, HUy TTYPE, KNP, UCRAR, TA, ¥ M, KCN,
K6y ATD 00 KON, TKY Yy Ay ALy A2, 204, NCT, AKDU, 177

CALL SYTOAT(R,THAME , 8,1 1l X7, XS, US40, NOL,UR, UN, HXTR, XTR, XTS5,

1 NAMXT O, NAMX T2V, UNTXTR  NMAMES KRy TA, IP? 4 MAP NLy XAR, XAX1R, ICASE,, NH,
2 TPN,KNAR,KNH,4T, MD, TNUTIRK)

NALL PLOTS  (Hy:I0,"MKTR,2, XPyUBP, XTED, TP, TLAST, NI N, XS, 1ICS,

1 XTOS,MAHEY , HANEUG g NAMXTO  NAHXT Y JUNI TX UNTITUS  UNTX TR, IEXC, IS,

2 ICASEZNY, TAyITYDI, TAUINK,KFyURUS,LALG, 1)

POTHT 111, IFXN,TS, ICASE,ITYOE -

PRINT 112
IF {(Iyr,s1,9) GO 10 26
PPINMT 124
25 CALL LISTYS (U yHUZMO N XS 4N, UD XSy HS g HAMEX (MAMEU, INTTX NI T,
1 ZHXCy MXTR X T2 )X TRS, NAMXTR yMAMX TPV 2 UNTXT R, 1IC TA 2, KN,
2 URUG, LAUC, UNS,, HAMEYS, DMTTUC)

SET TIME INTEQVALS (LONGEZSY TIME CONSTANT OF A IS OF ORDER 2CH0 SEGCONNS)

T = 1,
T™AX = 10000,
NLTM = 80

CALL STORE  (1,Nya NCyNXTR¢NLTIM,, X, Uy XTP,XB,UCO ,XTRP, T, TP, TLAST,HNT,
1 NYLAST)

PPANEED COMPUTING FOR REACH T (STEPS 5 70 110)

6 CALL HULLRY (X, M)
CALL MULLRYV (X1i,N)
TF (IP2) 16,12,15
12 IF (TY  15,13,15
13 PRINT 116, T
. GO Th 17
15 TF (INUINK,EN.1) 6D TN 17
POTNT 117, T
60 TO 17
16 PRINT 1Ph, T
17 90 7 I=1,M
EXPRTO(TI) = GFYD(ITA(T)*T)
7 S(I) = RTICIN(I)I*(EXPRTC(I) - 1.)

BHECK IF U, X 02 NQTH ARE £XCITED
IF (TUR.S7,0,AND, TUD, €A, N) 60 TO 8

DALL HULDVS  (S,VR11,02,N)
CALL MULOMNY (H,03,04,N,M)

C& IS NOW X(T) AND SHOULD 8E REAL, CHECK IF IT IS ANO CONSTRUCT REAL.

IF (IPR) 19,25,19
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DD

QOO

13 PRINT 107

20 CALL TOFVOR (4,X 4Ny 10HXLT) 2 NAMEX , TPR)Y
8 TF (IXn) 9,10,9
g GCALL MULDVE  (EXPBTR,UXD,03,N)
GALL MILGHOY (4,03, 0ty N, M)
G4 IS NOW X1 (T) AND SHOULN 3F REAL. CHECK IF IT IS ANN COMSTRUCT REAL
IF (I7P) 21,22,21
21 PRIMTY 11§
22 CALL TRFVCR (CL,X1,H,10HXI(T) s NAMEY, IPR)
1¢ CALL AnnY (¥, XL %, N)
IF (IX0.EN, 0N, TUSLEN.DLANDTUNLEN,G) GO TO {1
IF (I7") 18,11,18
18 PPINT i0a9, T .
DPINT 410, ((T,XCT),N8MEXLTY) ,T=1,M)
11 CALL EXTOAZ (I, THAMS 8, N, N 1, X oX Sy 11T, M0, NN, U0, 1D, NXT2, XTR, XT2S,
1 NAMXTD, NAGXTIV, UNTXTO, NA'EY, K2, TA, IP2 ,NAR yNL, XAR s XAX1 2, IGASE, NH,
2 IPD,KNR,KAi1, 1T, MR, TABTAK)
CALL STORE  (23My NG LNXTRGNLIM, X' IC s XTRy XP,NCP,XTRF, T, TP, TLASTZNT,
i HTLAST) .
IF (NTLAST.SE LI GO To 14
TE = T ¢+ 1,5-10
IF{TE.GE, TMAX) GO TO 14
IF(YE,G6%, Je) nT = N1
TF(TE.G*%, »3) T = 05
TF(TE .GE, i) nT = i.
IFITE.GFe 134D nT = 13. -
IF(TE .GE, 10%,) T = 100,
TF(TE ,6E,40133,) nT = 1000,
T=T ¢« 07
GO TO 6
PRINT FIMAL VALUES 0OF X(T)
i4 PRINT 111, IZXH,IS,ICASE,ITYPE
PRIMT 143, T
CaLL LISTVS (MyNUyNOGND Xy G, Uy XS, US yHAMEX G HAMEL, 'TNTTX 4 UNTTU,
1 2H X, HXT2, XT2,XTIS, NAMXTR JHAMXTRY , UNTXTR, UG IAR, KNU,
2 Unuet, L3uC, UGSy NAMEUC, UNITUC)
PRINT ALL VALUES IN HAT2IX FORM
"KWRSIYM = & o TESULTS 0F STMULATICN HOT PRINTED (PLATTED OHLY)
KHRSTM = §{
IF (KWPSIM,EN,1Y GO TO 24
CALL WREMXT (X7, Hy NTLAST 4 394X (T) FROM T = 0, TO T = ’
i TLAST, TRL1NH  SENQONTDS JHAMEX ;1)
CALL WRRMXT (UC?, MT, NTLAST,20HUS(TY FRPOM T = (¢, TO T = ’
1 TUAST, 72,104 SECONNS HMAMEUN, 1)
CALL HWPEMYT (XT3P 4HNXTP,HNTLAST ,38HXT2(TY FROM T = 0, 1O T = Ty
1 TLAST,TDpi?” g’?f\'n"""‘c ’HAMXTD\!H)
24 CALL PLNTS  (My MG NXTEyNTLAST,, XP, USSP, XTRP, TP, TLATT NI NU,XS,UCS,
T4 XTAS,NAMEX HAHENTS , NAMXTR, HAMXT Y, UNT TX, UNITUC JUNTX TR, TEXC, TS,
2 JCAST N, TAL TTYPE , TQUICK (KB, URUG ,LBUEC, 0} .
PPIMT 144, (HAHCOSTOI), I=1,NNAMCST)
IF (KPER = 1) bu, 43,064
83 CALL FILTER (NP GNGJKP L HRFILT NAMEX 42)
Lt IF (TTYPE - H) 23,1000,23
23 ITYPE = 5 -
GO TO &
igan STNP

100 FORMAT (1HL)

299



161 FORMAT {(3AL)

102 FOPMAT (L0Y,8A1LMN)

103 FORMAT (40X ,*E£NN 0F FILE CARN READ AS nATA*//i“X,*ONr OR MORE NATA
1 CARDS ”IS“TMF*)

106 FORMAT (//71UX,*¥0ATA C,Y *2/777/) -

105 FO°OMAT (///1@X FRANMK OF EIGENVECTOR MATRIX OF  *¥,A10,* IS*,16/7/)

106/ FORMAT (114, AX %7 _ = ¥,F11,7,%* SEOQUNS¥)

1In7 FORPMAT (/14Y,*¥THI FOLLOWTNG VEOTOR X(T)}) IS THE RTSOANSE TN THE £
IXCITATION NF THE TNPUTS U ANLY,.¥/710X, *IF THE INITTAL STATE EXCIY
ZATION IS NTL, THEN X{T) IS ALL THE RESPOMKE THERET Is¥)

108 FORMAT  (//7/710X,*THE FOLLOWING VESTOR  X4(T) IS THE ©£SPANSE TO T
IHE TMITIAL SYATE EXCITATION NNLY.*/10X,*IF THE INPUTS EXCITATION I
25 NIL, THIM  X1(T) IS ALL THF RESPONST THERE IS*/)

108 FORMAT  (/7730X,*FOLLOWING IS THE RESPONSE X(T) Fn? T =%*,F11,3,

' 1* SECONDS,*/19X,*2NTH THE INTTTAL STATE ANN THE INPUTS HAVE RBEEN E
2YCITEN* 2/ 1) .

140 FOIMAT (15Y,*X(TY (*,12,%) = ¥,011,4,5X,410) .

111 FOPMAT (14i, O%,A10,*FESOQNSE OF SYSTEM  *,810,%, *,3A10,%, EXC T
1YPE (¥,I2,%)V%//7) ‘

112 FOPMAT (10X ,*FOLLOCHING IS THE LTISYT OF VALUES OF THE TNITIAL STATE
LEXCITATION (X))  AMA THD DISTHRIANGT IMPUTS (UDI*//7/710X,*THE VALU
2ES 0OF THE CONT20L IHPUTS (UC) AND.AINITINNAL PARPAMETERS ARFE THE
IRESULTS 0F THE TNNTROL LAW FOR THISF/1e¢X,*CASE ANMD OF THE ALGEARRAIL
405 RELATIONS TH TYE AASIZ MONSL, PSSOECTIYELY, THEY 79 HoT RE
BORISENT ZUSTTATINNTZ10X,%0F THE SYSTEM (UNLTSS IT IS SPECIFICALLY
ASTATED TN 35 SN XL/ /10X, #THE STEADY STATE YALUES ARFE ALSO PRINTED,
7 AS ARE  HCRAT = STTAGY STATE DEVIATINN OF UG FROM  S.S. VALUE,*/

8 Sy 4IHIHN THE PRESENCE NF 4o (UCRA2 = KOD*UnD)/
g B3N, XKD = FIXED AMOUNT OF CONTROL TC A% ATDED TCO THE FEENDRAC
AV ¥/ B, BHH(USIT) = = KR*¥X{(T) + KW = =« KR*X(T) - KNG¥UI//

BH1X, *CONSTRAINTS oM HS*2
113 FOPMAT (10X4¥F I N A L VAL UES (T = ¥ F11,3,% SECNNNS)I*/))
11t FOPMAT (5ALD) ‘ ‘ ’

115 FORMAT (57%,E27,13)

116 FNRMAT ( 4H1,3X,*SIHULATION COMPUTING STARTS, TIMES T ARE PRINTED
1,87 /700%,*ALL ELEYSNTS SHOULD fF PEAL*¥/10Y,*THNSS ELEYENTS (IF ANY)
2 WHICH HAYS IMAG PART GT.1.E-7 AND {(IMAG/RIZAL 9ATIN GT.1.E-4 0O PE
IAL TERD) ARE PRINTEN*/10X,#X(TY ASE ELFEMENTS 2ESULTING TR0M THE EX
GOITATION 0F U OHLY®FL0X,*X1(T) ARE SLEMENTS RESULTING F20M THE E
EXCITATION NF X ULV*//IZQX,*D”AL PART*,32 X, *IMAG PART*//7/14X,
6T = *,F11,3,% TC¥)

147 FORMAT (10X,*7 = * yFl1,3,* SEC*) :

148 FOPMAT (£/7710X,* nAra HWRONG, RUN AGAIN WITH IPD = 1i%)

119 FOOPMAT (//74nYs#*RR0NLAT QF NIMDYTED EIRTNVALYES OF ANG =%,£20,13/
1 _ 10X, ¥PEAN-TIN PROIVICT OF EIGENVALUES OF AQC =%,522,13/
2 16X, *FRACTIONAL NIFFERENCE =¥, 20,13/

129 FORMAT (711) B

121 FORMAT (10X, *WARNING o+ o o THE CONTROL INPUTS (UC) HAVE REEN £
1IXCITEN® 27 /) . '

122 FORMAT (AZ,A3)

12% FOAMAT (LHL/Z7 /40X 7 ATA rnpnr TO STHHLA 4, OUTRPHT £20M wx=v9x1*/
“4/10Y, *CASE (¥ ,42 4) nF rwqr&: y POWER LTYTL = *,43,% x)

124 FOoMAT (///////401,*an = Ti,% » (0 IMOPLTITS XAYLPD, w a Anc,ap,
1N N N T PRINT.I*/Z1PYX, *IQUIPK = ¥,T1,* » (4 IMPLIES EX"(S) N O
2T PLOTTEM 740X, ¥1T = *,71,% » (5 TMPLITS KP,KIR,PRNOADC,COSTS
3, REAN IN F30OM GARNS, I FIOM TAPE 3J)*/10X,*IKDY = #,T1,% o (1 IM
4OLIFS ¥NY TO RE READY TN, T0 TEST IMFLUSHCE 9F FIXED ANAED GANTROL)
SHILOX 4¥MP = % ,T1,* o (5 IMPLIES XAX1R,SSXT2,SSYX,3,A, PEAD TH
AFROM CARNS, 2 FROM TARE 2)%/4iPX,*KRED = *¥,I1,* » (1 IMPLIES N O
7 T ALL STATS VARIARLTS FEN TACK, HENCT FILTER BATTERN TO BE REAN
SINY *74n X, *¥TNC = ¥,71,%* » (1 IM2LIES OC COMPENSATINN USEN, RECOM
aPyUYING KNSy SUCH THAT YINGI(I)) = G)%s/7/7)

125 FOOMAT (R(3Y,I2)) .

126 FOOMAT (10X, *NOIC(*,14,%*) = *,T2,*% (SEE EXPLANATION FOR IDC =
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127 FOOMAT (F7/7177)
0

SUBPOUTIME NELNMO [N,NG,NT, Ay AL, A2, RG,PN1,NGT ,KNUOR,KNU, B0, 90,1IN,
1 ATT, AKOL)

245,72 » COMPUTE N0, GATIM. XU SUCH THAT X{KNCI(I}) = G,
THIS COMPEMNSATION IS NECESSARY WHEN THE FEZNRACK GAIN
MATRIX K2 (£0.(8) IM HATIY PRNGRAMY IS FILTEREN AHT HENCE
NOT 4LL THEZ STATES AQE FEJ RACK, TRE KDY COMPUTED IN
RAYTINE  EXCITE MIST 3£ RECOMPUTED AS FOLLOWS.,
FeaM £nS, (4,6,7,%) I MAIN PROGRAM

XDOT = (A =~ AN*KOI*Y + RO¥KD) ¢+ AD*¥UN = 0
X = - (A - QP*VDWTNV¥[GP‘KGU + 99*yn}y
Y = C*X = IX(UTIM)) o, SI(NGIIT ' :
= - fr(A - wh*«°1fhv4nﬂanu = GXLA - CRKRITNVFAORUD = 0
KNU = = [C*[A - IC¥KRVINVERCITNV¥CHL A - ROXKRY INV*RD*UN

THE EXPPESSINN N¥{,1INV IS ENUIVALENT T0 A SUSMATRIX OF [.1INV
HHERE THE ROWS(I) ARE THE RGWS(MCIC(IY) OF {41TNV

REAL AN, yA100, 0, AZINCLH) S RO (NG, NC) y PCL(NC 4, NCY W0 (N, NCY
i BO (11"0) 3 IBCNDY yKIUIND) 3 KDUGRING) , ACD (MG 41D )Y , AKIULNG)
INTEGER NOIHD)

- N0 1 I=1,H0
1 ¥nuoR(Ty = KDU(I}
CALL IMVERT (A,A1,N, IRANK)
POTMNT 100, IRAMK
no 2 I=1,M0
NI = NOI(I)
N0 2 J=1,HM
2 A2(I,JY = AL(NI LD
CALL MULTT (A2,RC,RGCyNC,y Ny NC)
GALL INVERT (PT,201,NG, IRANK)
PPINT 101, IRAMK
CALL MULTI  (A2,730,A00, N0 ,N,NN)
CALL MULTTI (RC1,ACD,A2,4,NLyNC,HD)
CALL WRRMYX  {A2,Nf,N0,20HKNC (UG(T) = ~KR*X{T) ~KOC*UDY)
CALL HULMXY (A2,0,KDU,NC,ND)
CALL MNEGYR (K N
PRINT 102, (NRI(I),I=1,NG)
VORINT 103, ({I,KNUDRITI),KDU(I)) I=1,NC)
PETUPN ' .
190 FORMAT (1H1,9%,37HRANK OF MATDIX AQC = A - AG*¥KR IS ,I2) ..
101 TORMAT (40X,35HRANK CF MATRIX C¥[AOCIINV*BGC IS ,I2//7)
102 FNOMAT (10X, %W A R N I N G ».¢,THIS RUN INTLUDES 0,Cs COMPENSATION
1SuUCH T‘!AT*/(iGX,"X(“,I2,“) = C.*))
103 FORMAT (10X, *HENTE THT yALUE FIRST COMPUTEN FQR K™} (CONSTANTY £ON
4TPNAL ANDEN €OR EYTERNAL NISTHYORAMNAE) HAR o5CN PEGCQOU™MITEN AS*//
210X 4 3HKNY = - (RACANTTINVERCIINVAS*¥AQCTINY*BD*YUD///
16X, *FIRST GOMPYTEN VALUE®*,9Y,*RECOMFUTEN VALUE*//
k(iﬂX,*KﬂU(‘,Ii,*) = ¥3F13.6,16X4£1346))
NG

SURPOUTINE FILTER (NO,N,KRyKRFILT,NAMEY,IF)

" 311472
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REDUGES THE NYMBER OF VARIABLES FED ALK, SELECTING THdSE THAT YIELD

¢ e MTOMINANT VALUES,, (T.E, THOSE ELEMENTS OF THE . WEIGHTEN-5ATM..
MATPIY {KP(I, JJ¥*X(JIPEAK] WHICH ARE WITHIN THZ UPPER DECADE, SEE
SURPOUTINE 2L0TY ' ‘

INTEGER KOF TLT(MA 1) y NAMEX (N)
REAL K2 (NG 4, M)
50 YA (10,20), IF *

10 N0 11 I=1,Mn
SEAN 100,  (YNETLT(T,J),J=1,N)

11 OPINT 174, T, (XRFILT(I,J),J=1,N)
IF (S0F,5) 12,13

12 POINT 112 .
STOP

13 PRIMT 4103
0 15 I=1, M40
nNO 15 J=1,4
IF (KRFILT(I,J) =~ 1) 14,15,14

14 KR(T, 0 = 0,

16 CONTINUE
CALL WRRMX (K2,H0,M,30HKR FILTERSY (REN., SET FB VAR,))

20 PPRIMT 1n4 '
N0 25 J=1,'
TF (MRFTILT(1,0) «MT, 1o ANNKRFTILT(2,J) MEL1) A0 TO 21
TF (KREILT(L,J) «EN 14 AUDKRFILT (2, 1) NE,1) 60 T0 22
IF (KRFILT(1,J) oE, 14 D KRFILT(2,J),ENGL) 70 TO 23
TF (KRFTLT(1,J) e 5N, 1. AHDLKOFTLT (2, J)4ENe1) GO TO 24

21 ORINT 108, J,NWEX(d) £ 60 TO 25
22 ORINT 1Ph, JyNAMEX(S) £ G0 79 25
23 PRINT 177, J,NAM=EX()) £ 50 70 25

24 PRINMT {108, J, NAMEX(J)Y
25 GONTINUE
RETHRM

100 FORMAT (30TI1)

101 FORMAT (10X,*FILTER FOR UG(¥,Ti,*),, ONES REPRTSENT VARTASLES FED

.1 RACK,, ¥,37T71)

102 FNRMAT (710X, *¥END QF. FILE CARND 9RA0 AS DATA*//1X,*NNE OR MORE NAT
1A CARDS MISSING®/ /7 /740X, *THIS RUN MUST READ FILTER KRFILT¥*)

103 FORMAT (//77710%,*DATA Q,Key FILTER REAN IN¥//)

104 FORMAT (//719%Xy*THIS SIMUHLATION WAS RUN CN A FILTER, ONLY THE ,,AC
iTIVE, . VARPIAJBLES WERE FED BAGCKY//Z/33X,¥FOR UL {1)*,5X, *FOR UC(2)*//
27)

105 FORMAT (10X ,*X(*,I2,¥)

105 FOOMAT (L{Y,*X{*,T2,%)

107 S02MAT (1LY, *X(*,12,%)

108 FORMAT (L0Y,5X(*,I2,%)
. ENN :

*y ALC)

*,810, 5Xy *F7 ACTIVE*)

*yAL0 419X, ¥FB ACTIVE®)

*y A1, 5X,*FR ACTIVE®,5X,%*Fa ACTIVE®)

RERTINIT ST

SURRAUTINE EXCTITED(XO,UN,UB,M,MN0, N3, TXD ,IUN,TIUN, TS, INASE,NN,83C,3D,

i NUR2, Y, VU, ¥XD, I‘:XC,XS,”S,'IU) ITYDE, KU*?,UCFMQ,

2 T8, KNI, KEN, KNG ALY RO, KA R, TR, A AL, A2,201 ,

3 NCIZAKDU,IDM) :
2445472

SET INITIAL EXCITATION Y0 F02 STATE VARTARLES

SET STEP INPUTS UG (LONTROL)  AND  UD (DISTURBANCE)

SET K&0 (6010 FOR CEQYAIN TYPES OF EXOTITATION ONLY. TO MAKE IT
GENFOAL HOULD RE T=0IOUS AND USKLESS)Y, '

COMP,  UCRAR SETTLING-OCHN VALUE 0F UG

konxLn .

V*X(Q)Y FOR ANY CASE (EQS. (11,12) IN MAIN PROSGSRAM),

itk

VX o
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D00

"VRU = v*R*y  FOR OPEN-LONP CASE (EQ, (11))
KDG = NISTURDANCE GAIYN MATRIX (OVERALLY FCR 0,Ce NBASE (12)
= KDOR*¥ID) & [KOR*AT - TI¥KOD
VAl = VERAGXUD . FOR 0.0, CASE (EN, 12)
KDU = = £0r*yD FOR 0.0, GASE (EN. 12)
FOR TKA = 1 » PCTAD IN FONCED KOU TO TEST ITS THFLUEMCE
FOR ING = 1 » ROMINTE AGATH K ACCORNINA T THE EQUATIONS IN

POUTIMT ONGOM2, FOR 0Bf COMPENSATION WHEN FILTER USED

TNTEGED TCASE (M) ,HET (N0

COMPLEIX VUM, 1Y , VHIINY , VXD (M)

REAL XD (M), 157 (416) 41D (NA) , AT (H,NC) ,RDIN, ND) , 315 (M) , R2(N),
1 XS AN) , US {HUY GKIP 00, 1) ,UEVAR (1G] ,KNU(NC) 4 KGD (NS, ND) ,
2 KRG IMG M) g ACT (NG, KDY RO (NT, NG Y, KNHOR (NS

PEAL A(NgN) s AL TN, i), A2INT M) 3 PCLLNN G NE) JAKNTI(NT)

Ixn = 0 2 Iuge = 9 z Iun = 9

CALL NULLPY (X0 ,4N)
CaLt NHLLRY (H7,HE)
GALL MULL®?Y (U3,nm
CALL NULLRV {USIAR,NT)
GALL MULLRY (KO,  NT)
CALL N1tL (KGT, Ny N)

303

(RECALL TO RESET TXCL,ETC TO 1 WHERE NEGESSARY)

EXCITATION TY2E (1) X(n) = Yo = yn = o,
EXRITATION TYOS (2) X0(43) = 27, OSTA, UD(RY = ,1*US(3)
EXRITATION TYos (3) UN{4) = 10 MILINILES = 10E-5
EXCITATION TYPE (L) U3(8Y = L1*US(8) T
EXCITATTON TYPE (5) X0(19) = 20, PSIA

EXCITATION TYPE (8) SUN(R) ==,1*US(R)

FPAM THE STEADY STATS SET OF EAUATIONS (82,175,177 0F UWINFRITH
STMULATND) ANDY MIZ TN THE FACT THAT STEP INPUTS ARE US=n, THE
FOLLOWING STATEMENT TS INTROJUGCED FOP EXC, TYPES (1) T9 (6),(CHCK 3)

KED(2,8) = 8,1195/XS(10)

G0 10 (q’ 2,3,‘#,9, 6) ] ITYPE

2 IXt = 1Un = 4§
Xe¢ig) = 29, £ unia) = J1*US(8)
G0 TO
3 Iun =
une)y
G0 YO
¢ TUn =
uni{s)
GO TO
5 IX0 =
XQ(ad) = 20,
.60 TN a
6 TUN = 1
un(sy = - ,1*UsS(’a)

10.,E-5

« 1¥US ()

OO0 D

9 CALL HMULMXY (KGD,UD, URIAR NG, ND)

IF (IUCLEN.C,AND. TIDLENLU) GO TO 11
IF (TA - 1) 14,13,14

NOMPUTE  y8Y  FOR NPEN LOOP CASE

13 CALL MULMYY (T, U7, R, N, MDY
IF (TUNLENGDHY 6O TO 190

DKBAL

PEIMY)

PRUPSIA)

PE(M4W)




DO

DO

[y By

QOO0

QOO0

o000

OO
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CALL HULMXV {77, UC,P2yN,NE)
CALL ADOV  (RU,R2,AU,N)
60 TO 10

OPTIMALLY ROMTROLLED CASE

Ky
K h

- KNG*Yyn
Kne¥Rn + {(KaR*3(0 - I1+#KCN

o0

16 FALL MULTI (KN2,30,P0,NC,N,NG)
no 15 T=1,'10 :
15 ROCI,IY = SC(T,T) - 1.
FALL MULTT (920,K010, ATD, N, N, HD)
PALL MULTI (N2, 80, KNG, NS N, HN)
CALL ADD (15,400, ¥NG, NG, NN)
PALL WROMY (K05,N0,10,374K0G (UC(T) = -KP¥X(T) -KOG%UnN))
CALL ™MULMXY {KNN, U, KOU, NS N7
TALL MEGV2 (KNU,M%)

TEST IF  KDU IS REOQUIRTH TC BE CHAMGEN TC EVALUATE ITS INFLUENCE
IF (TKNDULET,1) SALL XNDUCHG (M0, KDU, KNUDP)

TEST IF KDY HAS Tg BFE PENOMPUTEN, FO2 N0, COMPENSATION
If (INCEM 1) CALL NCCOMD (Mg NOyNN, A, A1 ,82,RC,RGL,LNCILKOUNR,KNU,

1 A% 337, U3, AGN 4 AKDU) ,
VBU = v*RNG¥In
AN5 = (1 = 3CFKNRIFIBD + NC¥KADY = BN - 3rEknG

MENCE  YAU = VF[3I%¥UD + BC*XNY1
CALL MULMXY (TN,UM, 0ls,N M)
CALL MULMXV (RG,K0U,092,KyN0)
TALL A0V (BU,22,81),N)
10 GALL MULRMAY (Y,73U,V2U,NyN)
11 IF (IXPL.EN. M) 50 T 12
CALL MULAMIY (V,X3,VX0yNyN)
12 TEXC = 10HSTEP
eETUAN
ENN

SURROUT IMNYT EXTRAZ (ToX, INAME, NHAM MM, Xy XS4 USyNC, D, UL, UN, NX TR,
1 XTRy XTRSyHAMXTR gy NAMX TRV INTX TR HANU, K2, TA, I2R,y NARZNL y XAR,
2 XAX1Ry ICASESNUyIPAZKOR KW MT 4 MP, ITNVTINK)

7eta??

CAMDUTES AND PRINTS £XT2A WANTED PATAMETERS WHTINH ARE HOT STATE VARIARLES
THIS ROMTIMNE MECDS A0JUSTHENT FNP NIFFERENT CASES OF MYXTY2Xi,.
HAW IT IS SET FN2 GASES (1) TN (7) OF FADCKL (4XEV2X1Y, .

PEAL X (MY XS SN ZUTCHT) JUHND) , XTP (MY T), XTRPS{NXTQ),

i KR IMOGNY 3 XAX IR ({NDGNLY g XAR{NARY ,KARP(NO y M) , KNY(NG)

INTEGER NAIXTR2{HXTRY yNAMXTRVINXTR) yUNTXTR{NXTR) 9 INAME (MNAM) ,

1 NAMIINUY 3 TCASE (NK) . -

FOR ANY CASE, THE FOLLOWING PARAMETERS FPOM HMYXCY2X1 ARE NERIYEDN

XTR(1)

XA(2) = FAAe o = XAR({(1)
XA(3) = TranLsTR (NEGFY » XTR(2) = XAR(2)
XE(2) = TFAVSTAR (NEGFH) » XT3}
YE(7Y = YSDPUM (La/7s7.0)y p XT2(4)

= # XTR(5)

X=£(12) W (LB/SER)
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Y(3)-112(49)=

Y{)-uydDL{5 = NL {INCHES) » XTRI(R)
XEL1) = Kk ' * XTR(8)
XA(5) = NNASH CHCRMALTIZED) s XTR(3) = XAR(2)
XA(B)Y = NHSH (3TU7LD) o XTR{10) = XAR (W)
XA(%) = I4n (RT3/7L7) e XTR{11) = XAR(5B)
XA(12)= KXnouT ¢ XTR(12) = XAR(6)
XA(L4Y= ¥ XRRAQ - s XTR(13) = XAR(7)

FOR CASES (1) To (7) 0OF ¥0RTKE IN MXEV2Xi
uz{L4)y = YRNEYH (NNPHAL,) o XTR(7}
NOT TO 3E COMFUSED HITH U(4) = YRDEM(REF)
GO 70O (i0,2u,20), IEX
DATA TAKEN FPOM MXEV2X1 (UMACHEX, 16.9,70)

COHﬁn’E XA12,3,5,6,8,1251%) WHHICH CORRESPOND Tn XTR(1,2,9,10,11,12,13)

.29 "D 27 I=1,YMAPR

XAR(I) = 0,
nn 27 J=1,ML

27 YAR(I) = XAR(I) + XAXIR(T,J)*X{J)
NO 34 T=1,44° .
IF (T = 2) 23,23,29

28 XTR{I) = XAR(I)
60 TO 30

29 XT2(I+45) = YAR(I)

30 CONTIMUE

DATA TAKSH F20M SSNL2F (CALFUM, 18.11,63) (EASIER THAN PUNSHING OUT)
XTP(3) = 5*X(3) + ,5%X(9)
XTP(4) = 3362%XS{23VAX(L0) + o3I862*XS{(1M)*X(23)
XTRU5) = = ,3999F-1%XS{14)%¥X(13) + (- ,39595-1%XS(13) +51.8) *X{1ik)
XTR(8) = SLOOELIXS(22) ~ 4)%X{22) .

DATA TAKEN FRNM FDICKL (CASES 3 TO 7)

XTR(6) = ,1258E-2¥X(12) - 1N(6)

TXi2 = 5, 2 TKiG = ,925 £ TKiS = 4.

XTO(7) = TKI3*X(29) -~ TKIS*TKLL4*X({28) - TKI3*TKiL4L*XTR(6) + ,D029*
1 TKAZ*TKLIS*XTR(Y) = O029¥TKLZ*X(16) .

TA = 1 » A
IA = 2 » AOC
UGLT) = = KR¥X(T) - KOG*UN = = KR¥X(T) + KNU

(KDU GOT MEGATIVE SIGN IM ROUTINE EXCITE) : c.

IF (IA - 1) 21,22,21
21 CALL MULMXV (KR, X 410, NG, W)

CALL MEGVR  (UG,NN)

GALL ADNY  {UC,K0I, U0, NM)

22 IF (IFX,EQ.2) RETURN
PRINT RESULTS IF REGQUIREN (10, MT.0)

IF (IP2,E0,3) RETURN - A
PPINT 190, HXTR . .
NN 23 I=1,NXTR :

23 PPINT 131, HAMXTRV(I),XTR(I),NAMXTR(I)
IF (IA = 1) 24,26,24

24 PPINT 102, NO
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no 25 I=1,H%

IS = I+ND
26 PPINT 103, T,UCTI) NAMUCIS)

26 RETUAN .

400 FOPMAT (740X ¥FOLLOWING ART THE VALUES OF*%,I3,* PARANETERS WHICH .A
1RE NOT STATPE YARTIARLESH )

104 FORMAT (16%,A10,% = ¥,644,%,6X,A10)

102 FOPMAT (/13Y,*FOLLONING ARE THE VALURS OF*,T3,% CONTROL INCUTS*/)

103 FORMAT (18X, *US(¥,12,%) = *,041,4L4,5X,A1L"N)

REAN TN MATRIX MR ({TI.F. K(REDHCENDY) ANN KON (KI(REDUCED) ),
HC (T} - KR¥EX(T) = KN2*°0%Y0 « (1 = KAR*ACTI#YSRAR

- K2¥X{T) = KDG¥UD = - KR¥X(T) & «KDU

(SEX DT FINITIONS IN MAIHN PROGPAM)

ft i

10 IF (IA -~ 1) 11,12,11
11 READ (MI,230) THAME
LALL TP4201 3 (K7, NCyNgMI)
PRINT 201, IMNAME
ICASE (1) = THAME(D)
PEAD (MT,223) THAME
CALL IRM2013 (MOR,ZNO Ny MI)
PPINT 201, INAME
IF (IONNINK - 1) 14,12,14 )
14 NALL WRRMX  {K2,H0, M, 30HKR (IN(T)Y = - KO¥)(T) -XNG*yn))
CALL WPRMX (4DR,N7, 4, ICHKIR(KDA=XNI2#AD+ [KOR¥RC- 1) *KND))

REAN TN MATOIX  XAXLR (I,E, XAX4 9ENYSEN) FROM PUNAMHED NUTPUT IN MXEV2XL,
XAR = YAXi9*Y] N
WHETRE X1 TS THE YEATOR OF Tue FINST  ML(27) ELEMENTS 0OF X
THE ORIGINAL EMNIATION IN MXTV2Y1 HWAS ‘
XA = XAXL%¥X1 & XAU*Y
AT FOR THE XTR VALULS NEEDED HERE, THE CORRESPONDIING ELEMENTS IM XAU ARE NIL
ANTY ALSH THE MATRIX XAX1(17,27) IS RETUCED TO XAX12U7,27) FO2 THE SAME REASON

12 REAN (MP,217) THNAME
PRPINT 2n1i, THAME
CALL IRM2013 (XAX1P,NAP,NL,MP)
DEAD (P, 210) THAME
POTNT 2r1, INAME
IF (IPN.EN,G) 60 TN 13 :
CALL HROMX (XAXLR,NAR,HL, WHXAXIR (XAR(T) = XAXLR*X1(T)) )

PEAN TN STEATY STATE VALYES, HAMES ANT JNTIT OF EXTRA PAPAMETERS
DATA TAKEM FROM MXEVE2XY (HEUX!)

13 REAN (MP, 202} THAME
DALL TPV20L13 (XTRS, NYXTR,M2)
CALL TIVRALL CHAMYTRYZNXT,MP)
NALL TIVBALD (MAMXTR, HXTE,MD)
ALl ITV8AL0 C(INTYTR, . .NXTR,MP)
. PRINT 201, TINAME :
QFTI2N

200 FORMAT  8ALM)

e Ky

OO0

201 FOPMAT (10X,8MD)
END

SURROUTTINE NONSTRL(IN,IP,¥,UPPND,LORYD, UPNER,LONTR,PPK,NPK, PPNER,
INPOER,,LUYPA, LLOT,LUPD, LLON,VIOLB, VIOLD,; SSyNAMY ,NAM,UNT,PPBNN,LPPY)

31.1.72

-
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c

IC =1 »
IC = 2 »
I? = 4 » HWANOLES UG
IP = 2 & HANALES X
IP = 2 » HANOLES XT

PARAMETERS
PARAMETERS -
R PARAMETERS

SETS CONST?ATHNTS CN PARAMETER VALUES AND/OR DERIVATIVES

POTHTS CONSTRAINTS, PZAK VALUES AND VIOLATIONS

REAL UPBNTI(HM) ,LOTHN (M), JDITRLMY LLONCR (M), PR (M), NPK{H) ,PPIER(M),

1 NPAER (M), SS(

MY ,BEANT (M)

INTEGED MAMY (M) ,MAN(H) JUNT (M) ,FHIL2),FO(12),FP(L3)

LOS TC AL
NATA FO/
1 EOH{LX,*NERIVATT
2 BAHE/SEGF, 3X 42X,
naTA Fos
1 LOH* T *,A10,10%
2 LRHIPEL0,3,*

60 Tn (1,57),
1 00 2 I=1,M

LUPR(T) = LLO3(T}
2 CONTINIE

e

GO Ta (5,19,15),

SEY CONSTOAIMTS FNR

5 LUPR{i) = LLINIY)
Lurn(2) = LLan(2)
UrEAMD (L)Y = 1.
HPpEN2Y = 3,25
UPAFR(2Y = 43633
PETURN

SET CONSTRAINTS FN°

10 LFPREL) = (TRUT,
Lusa(in) = LLOBR(L
LLon{it)y = LLon(d
turs(49) = LN {1
LurPa(21)y = LLO(2
LuPe(22) = .TRUE,
LuypPn(23y = LLOT(2
Luen(28) = LiP(2
LURn(30) = LLOA(3
epaN (1) = .2
UPINN(10) = SS((49
LONERLYY = - 4.
LOANT(11)Y = LORMND
UegMa (i) = 4.
NPNERTLIY = L0033
UPRMNDI(24Y = 1.
UPNFRI(21) = .2
upnNn 22y = L,97
UPAIND(2ZY = 1.
HPANR(2]) = YP3INN
eP’NN{39) = 4.
BETURPN

SEY PONSTRAINTS FNR

15 LuPa( /Y = LLN3(
LUPRL 7) = LL0O3C
LuepC 8y = LL0Y(
LPER(a) = (TRYE,
LLOR(19) = LLO3(1L
UPBNNL 6) = 8,
genrnne 7y = %,
UPNER( RY = 3.2-5

5GH(19X,

VE OF %¥,4X,
1PT40.3,
(15X,

) 17X,y -

LUPIIMY L L0 () , LUPT(HMY ,LLOD(M) ,¥I0OLI (M), VIOLD(M),LPPR{M

¥UC(*,12,%) =

1PEL12,3,EX,E% 1,
2 ALD,

1DE12.3, [} *

¥,51’:‘,2X,!\1'}’ 1]
2XyE8,1) /
* X(”',IZ,‘,

PEAY, TQ PK*,5Xs53.1,42X,58.1) /

= LUPO(IY = LLON(T) = LPPR(I) = ,FALSE,
in
cOMTROLS  Un
= JTRYL,
= LUPN(2) = LLOD(2) = TRUE,
2 LOonNN(L) = - 1,
< LO7NN(2Yy = 3,
b LONER(2) = «,00233 -
STATE VARIARLES X
3}y = LLAN{LY) = JTRUE,
2) = LLNi(i5) = LLO7(ie) = ,TRYE,
Sy = LUSN(419) = LLND{L1sYy = ,TRUEL,
1Y = LUFD(21) = LLO3(21) = TRUE,
3 = JTRUE,
3) = LTeuR,
3} = JTRUE,
) + 4, £ LOBNNC(L0) = SS(10) - 48,
(142) = LCANN{15) = LOUNDILR) = €,
£ LOMN(LS) = ©,
£ LOTIR{19) = =433
2 LNanNng{241y = - 1,
z LONE2{24) = ~.2
£ LOANT(23) = 0,
(29) = 4. :
£ LNRNI(23Y = - 4,
AIDTTICNAL PARAMEITERS XTR
5y = .TPU%,
7)Y = JTIRYE,
8) = 4TRYE,
1) = LLO3(12) = LLOB(L3) = ,TRUE, -
£ LCAINNC 6) = - 8,
2 Loy 7y = 13,
g = = 3.,BE-5

Lon=e ( 8)
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In 70 FH
I0 TO FM
REPLACE
REPLANE
REPLACE



OO0

[y Xv’

PPRUN(G)Y = 24

LOANN(LG)- = LOAND(LLY = LCRNN(L2) = LOBND(L3) 1t

RETURYN

PRINT NONSTOAINTS, PIAK VALUSS AHTD VIQLATIONS
OBTNT TITLES ANY SET FOPHMAT DATA

59
81

51
101

52
102

53
1083

No 81 I=1,12 -

FM{I) = °n(T)

O TN {51,52,52), IO

ooTNT 191

FORMAT (15X, 4rquTP0L INFUTS (UC)*®/)

0 YO 64

PRINT in2

FROMAT (/15%,"STATS VARIABLES*/)

FMlLY = FR(5)

0 TO 54

BPINT 4N3

FAPMAT (/15¥, *ADNITIGNAL FARAMETERSH/)
FM(Z) = FR(4) £ FM{y) = FP(3) £ FM{5)

FR(AY

SCAN PARAMETERS

54

N0 RO T=l,M

TF (L NOT, (LUPRLIY ¢0RLLOR(T), 02, LUPDII) (OR,LLOD(I}, 0, LPPI(II )
60 TO AQ

IF (,NDOT, (LUPN(I) L0 LLCY(I), OR,LPP(IN)) 6N T 69

PARAMETC R R0UNNS, SET FLEHMATS AYD PRINT

56 .

56
57

31
3”2
4n
‘58
59

A9

61
62
63
Bl

65

FM(7) = Fr{9) oo

G TN (Sq,?",) ,, In B

FM{1) = FR(1) £ FM(2) FMIZ) = FR(3)

o0 TN 57

FM(1) = FR(2) £ FM(2) = FP(3)

TFCLHNTCCLUPTLI) JANTLLLAT(I) ), ARLPPA(T))) GO TO 60

IF (LHAT.LPRA(T)) GO TO 40

FM(9) = Fo(1n) £ F4(12) = FP(11) s FMU11) = FR(12)
FM(12Y= Fo(1i3)

GO TN €31,31,32), IP

DPIMT ©M, I GNAM{IY,UNTLIN,SS{I),PPRNNII), FRK{I) ,NPKII)
50 70 K5
POIMT FM, NAMV(I\,NA“(I),UUT(I),SS(I) PERNN(I), PPK{TI) 4HPK(T)

G0 TN 66

50 TN (58,58,53), IP

PEINT F4, I SHA-4(I) UNTITI),SS(I),=3N0(1), LO?WW(I),DDK(I),
HPKAI)

GO0 D 66 ‘ -

PRINT FM, HAMY(T) ,HAMIT),UNT(I),SS(I),UCBHD(TI),L08ND(I),PPK (I},
oY (I .

50 TN &%

IF (LUPa(IY) 60 10 67

FM(Q) = FR{7) :

GO TN (61,61,57), IP

POIMY M, T NFW(I),HN*(T) SS(IY,LCBNN(T]), DﬂK(I) NPK(T)
G0 TN 656
PRIMNT FM, NAMVI) MHAM(I),UNT(I),SS(I),LCRND(I), PPK(I) NPKII)

60 TO 66
Fu{10) = £2(8)
60 TO (6BL,HG4,E5), TO

PRINT FM, I ,NAM(T),UNT(I),SS(I),U”FND(I),PPK(I),NPK(I)
R0 TO 66
PRINT FM, N\MV(T),NAM(I) UNTLT) o SS{I),UPBND(T) ,PRK(I), NPKI(T)

CHECY VINLATION

65

IF (L NOT,VIOLB(I)) GO TO A7

308
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PPINT 104

104 FORMAT (1H#,111X, *GONSTRAINT VIOLATENR®)

RESTORPE FOQMAT AS NHANGED . FRCY STATIMENT 56 OMWAPAS

67 FMLL)=FI(1) SFH(2)=FOL2Y sFHTI=F0(7) £FM(9)=FO(9) EFM(LHY=FO{1D)
FM{11) = FO{i1Y £ FM{12y = FO(12)
G0 T (A3,613,87), IP.

68 FMLZ) = FO(3)

PARAMETER NERIYATIVES RCUMNS

69 TF (LHOT, (LYUPN(IY N2 LLLSOCTY)Y GO0 TO 89
IF (LNOT,(LUPYIIY LANILLNDITIYY) GO TO 72
60 TN (?C,73,71), Ip

70 PPINT FM, I ,NAM(I),UNT(i),UDOEQ(I),LOUER(I),PPQER(I’,NDOEQ(I)
G0 Tn 78

71 PRINT FMyNAY(T), NAMITY,UNT(I),UPDER(TIY,LONER(I) ,BPNER(IY ,NFIER(I)
0 TO 78 .

72 IF (LUPY(I)Y 6O Tn 78
FM(Q) = Fo(7)
60 TO (73,73,74), IP

73 PRINT FH, T LNAMCIY,UNTITY, LODER(I), PENERII) ZNPNED(T)
Gn 70 78 ’ )

T4 PRINT FMy, HAMVI) NAM(I),UNTL(IY, LONER(IY PPNRER{TI) 4 NPDER(I)
a0 Tn 78 . .

75 FM(10) = FR(”)
GD TO (76476477), 1IP :
76 PRINT FM, T SNAMII) ,UNT{I), UPNE2{TI), PPDER(T) 4NPDER(T)

60 To 79 )
77 PRINT FM, NAMV(I} JNAM(I) ,UNTL(I), UFDER(I), OPDER(I) yNPBERII)

CHEOK VIOLATINN
78 IF (LNOT,VIOLO(I)) O TO 79
PRINT 194

PESTORE FORMAT AS CHAONGED FRCM STATEMENT 72 OMWARNS
79 FM(2) = FO(9) g FM(i0y = F0{10)
84 TONTINUE

RETURN

END

SURROUTINE PLOTS ( NyNCsNXTR,NL,;XP,UCP, XTRP, TP, TL {N0, MU, XS, UGS,
1 XTRS,NAAX, ARG Ny NAMX TP HAMXT OV, UNT X, UNTUC,, UNTX T2, TEXS, ISY, ICASE
2 GNWyTA,ITYPE,IOUINK,KP,UWC, LAUC,KUC) \

543472

PLATS SELETTEN PARAMEITERS FEOM X, XTR, AN Uf ON A SOALE SUCH A5 TO FIT
INTO THE PANGE =42 Tn + 1,7 ,

THE SELECTING OF PARAMTTESS IS NONE MANUALLY

THE SCALING OF PARAMETERS IS DONT AUTOMATICALLY

PRINTS THE PEAK VALUES OF PARAMETERS ROUNN BY SONSTRAINTS (ANNZOR ITS
DERIVATIVES) AND FLAGS A WARNING WHEN A CCHSTRAIMT IS VIOLATED.

BOIMNTS ALL PEAK VALUFS X(J), COMPUTES AMN PRINTS ,  NZIGHTED GAIN.;
MATRIY [(KR(I, N*X{(JIPEAKY IN QR0FER TD NETERMINE ,,.REBUCEN SET,,

REAL XP (H,NL) 02 (NP HL) s XTRE (NXTRyNL) , TP (ML) 3 XS{H) , UCS(NGC) ,
1 XTRS (HATR) JKO (N, M)
INTEGE® MY(5) yRLANK(6) 3 TRASECNN) , NAMX (M), NAMUS (NC) yHAMX TR (NXTR) ,
1 MATXTRY CIXT 7Y, HINTYCNY , UNTUR (NE) ,UNTXTO(NXTO)
. REAL SOALX(31),SOALUN(2)Y,SOALYT2(14)

wadd



INTEGER WARNY (31) yJWAPNHE (2) ,HARNXTR (1 4)

C ODEFIMNITIONS FOR THE NONSTRAINTS PART
REAL M7 (245, LA (ZL), UTX(31) ,LOX(34),PPX (31) ,NBX (31),PPOX(31),
b3 NPOXA(S1)Y,H30C12¥,LNGC(2) ,UDUC(2) 4LOUCI2)Y ,2PUCL2) ,NPUC(2),
2 PROUT(2) 4 HOOUS(2Y yURXI(L4) ,LBX (L H) , UMY {14) ,LIXT(16) ,PPX2(1L)
2 s NPXP (1 6),0PNXR{14) s NPAIXRI14) ,P2X (21),2PAXR (14}, PR3N (2],
4 PMAX(31) .

LOGIAAL LURX (311 ,LLAY (724),LU0X (34),LL0Y (31)y,VvaX (31),vDX (31),
LUBNG O 2),LLBUCC 2) ,L0nUSC 2),LLnUs( 2), VRIS 2),V72UCC 2),
LUAXR(LG) (LU (L) LMY (1 4) , LUNXR 11 4) , VRIXR(14) , YAXP (L1 4)

LOGICAL LPORX(I1),LPRRXR(14), LPBNYNS (2)

DATA MK,3LANV/ 14M1,1H2,1H3, 14,145, A0H

i ' ' /

GMAX
GMIN
GPEF

N

[ZY

[ ]
2

Wi

S I |

SET TONSTOATIMNTS

x By Ee!

CALL COMSTOL (1,1,80 ,UNUG,LAUGC,USUG,LOUG, PPUC, NOIIN, PROUS, NPOUG,
1 LUBHT, LLRUR, LUNUG, LLDUA, VRUR,¥YAUG, URS ,WARNX. ,NAMUG , UNTHC,

2 POQUG, LPP3IUN)

IF (KUTLEQ.1) 2ETUON

RALL GONSTI1 (152,10  4UAYX ,LBX ,UNY 4L0X ,PPX 4NPFX 4PPOX ,NPOX ,
1 LURX 4LLAX 4LUDX LLDX ,Y3X ,¥IX 4 XS SWARHX  ,NAMX HUNTX ,

2 BORY LLPP3YX )

CALL COMSTOL (1 ,3,8XT2, UNXR,LIXR, XD LY D, PRYD ,HPYR, POAX D, NRNX A,
1 LHRXR, LLOXR, LUNX S, LLOX R, YIX2, YIXR, XTOS ,HAMYT Ry, NAMXT Q, 11 TYTO,

2 PPRX?,LPNP3XN) .

COMPUTE STALES, PEAK VALUES, ETC,, PRESERVE MAX, M0O FOR X OMLY

DD

CALL STALPLA(N, NL,XP, SBALX, WARNX, GMAX,GMIN,TO,U8Y ,LBX ,

1 UDX 4LOX 4PPX 4 MNY ,PONX JNPDX ,LUSX ,LL3X ,LUIX ,LLDY ,

2 VX ,V1X XS PP X,LP07, PMIY,1) '

CALL SCALPLA(NG, NL,UMP, SOALBG, NAPHUM, GMAX,GMIN,TP,NBuM,LRYs,

1 "IN, LU, PO, HEUR, PPOYS, HODUG, LUMUS, LLRUC, LUNYS, LLDYGC,

2 VBUC, VIUC, NS PRI, LPP3UG,PHNX, 0) :
FALL SHALPLL (HXTP,NL,XTRP,SCALXT2, HARIXTR,GMAX y GHIN, TP ,UIXR,LAXR,
1 DX, LNYR yPOXF, HAXP , BENXRy NPAXR, LUAXD LLAXRy LUAXR,,LLDXR,

2 VAXR, VXD, XT2S, PPAXR, LOPIXD, PMIX, 2)

c CHENYK WHETHER IAYINK = 1, IF SO JUMP PLOTS FOR EXC(5)
IF (IANINK,NE,L)Y G0 TN 1Y
IF (ITYPE = B) 11,8,11

C STALT AND PLAT  X{1), X(&), X{]), X{7), X(iD)
11 PRIMNT 1GC, TEXO,ISY,INASE,TITYPE _
PRINT 101, MKOL) ZHNAMX( 1), SOMLYC 1), UMTXE 1) 4,XS{ 13y, HARNX( 1),
MKE2) gNEMY L 43, COLLY O &) yUNTY ( 6 3 XS T 4, HARNX{ &),
MK{R) yNAMY L 3),STRALXC ), UMTX( 3),X5( 8),HARNY( 8),
ME(L) yNAMY( ), SOALXE 33, HNTXC 3),XS{ 9) 4 HARHNX( 9),
s MK{B)Y JHAMY (10), SCALX (1) ,UNTX(L0) , XS (10, WARNX (1)
190 FORMAT (1H1 ,9X,A10,¥PESPANSE OF SYSTEM *,810,%, +,7A10,*, EXC TY
108 (#,12,%) %7 /734Xy *SCALT*, 11X,y ¥UNIT Se STATE VvALUZ*/)
101 FOBMAT(

£ NN

Xt 1)

1¥ (¥, A4 ,%) » T %, AL0,* 1, = ¥,34PE7,0,2%X,010,E13,4,A40 /
2% (*,A1,%) o XU 6) Z #8040 ,% {, = *,40€7,0,2X,A10,E13, 4,440 /
3IF (¥, A1,%) o XU Y T ¥,84C,% . 1, = ¥,4PT7,1,2%,A10,543, 4,440 /
LE (* Ng,*) (. Q) T F,AL(,% 1, T ¥, 4PC7 0,2¥,A10,543, 4,040 /
BX (¥,A1,%*) » X(18) = *,A40,% 1, = ¥,1PET,0,2%X,A10,E13,4,A40 )
NLIM = - 1

NO 4 T=1,ML

A = XP(1,I)/7SCALX (1)

310

oo ki




G
G

C
C

G
C

[0e}
!

Mmoo
ton b

XP(L4y I) /SOALX (4)

XP(3, I) /SOALX (8)
XP(9, I) /SCALX (D)
XP{10, 1) /SCALXI40

TIME = TRIU(I) '

PRINT 100,
PRINT 112,

£ W N

182 FO=MAT ({

1% (¥, A1,%)
2% (¥,A1,%)
RE(F AL, ¥
4 (=%, 081,%)
5% (¥, A1,*)
NLTIM = -« 4

N0 2 I=1,NL

XP(11,TY/30AL%X (1Y)
XP(12,T)/aNALN(L2)
XPLAZ,IV/SOALY(13)
XP(16,1)/70ALY(L1E)
XP(17,T)/7537ALYX(17)

‘A
g
n
n
E

non oH oo

1 CALL GPH {3LANK,MLIN,TIME,GHAX,50EF  GMIN,A, 7,0y Ny EyMK)

SCALE AND PLAT  YIL1),.X(12), X(13), X(im), X{17)

ISXTyI3Y,ICAST,ITYPE

ML) gMAMY (42, STALNTLL Y, UNTYX(L1) 4 XS (4l), WACHY (11),
MK O2) gNAMX (172), SOALXLL2Y,UMTY(12) , XS {12), HADHX(12),
HEL3) GHAMX (4 7) ) SRALX LY, UNTX(L3) y XS (132), WARNN(13),
ML) B AMY LAY, STALXTLNRY ,IMITX(15) , XS LR)Y, HARNIX(16),
MIK(5) gNAMX(17) 3 STALX(L7) ,UNTY (A7) 4 XS (47) 3y WARNX(17)

> X{31Y = ¥,8170,% 4, = %,10%7,5,2%,040,713, 4,410
N X(12) = F,AL0, % 4, = ¥, 4007 ,0,2X, 210,547, 4 A1 0
g X043y = ",Aif,* 1. = *910"‘:7.;12{1&15, 13, 4,A10
” X(18Y = *,81C,*% 1, = *¥,4PE7,5,2%X,810,F1 3, 4,411
[ X(17) = a'y“it’"' 1e = ‘,1‘"’57.0,2X,M.3,El3.lnﬁ10

TIME = TR(I)"

PRINT 100,
PRINT 193,
i

103 FORMAT (

1% (¥, A1 4%) » X{18) = *,A810,% 1, = *%,1057,0,2X,A10,E1%. 44A1LN
2% (*,A14%) o X(19) = *,A1C,% 1, = ¥,1907,0,2X,81 04513, 44410
3¥ (¥,A81,*) o X(2G) = *,831C,* 4, = *,1PC7,0,2X, 840,513, 4yA10
L* (*,A01,%) = X{24Y = ¥,A1C, % 1, = *,1PE7,3,2%Xy8104513.5%,010
5% (*;A1L,*) o X[(22) Z *,A10,% 1, = *,4PE7,0,2X,A10,E13,4,A4D
MLIM = - 4

NO 3 T=1,HL

A = XP(1B,I)/SCALX(18)

R = XP(493,I)/750ALX(4 D)

N o= XP(20,I)/STALX{29)

N o= X{24,I}/SCALX(21)

E = XP(22,1)/S7ALX(22)

2 CALL GPH (NLAMK HLIMyTIHME yGHAY,GPEF ,GMINg Ay Ty 0,y Uy EyMK)
STALE AND PLOT  X{12), X{1d), X(20), X(21), X(22}

TEXN,ISY, ICASE,ITYPE
(COIKCT) g MAMY (T+17) , SCALXCTIHAT) JUINTX(T+47) ,XS(I+17),
NAPMX(T#17)) 41=1,5)

TIME = TO(T)

PRIMY 100,
ORINT 104,

1

HLTH = - 4

No & Is1,NL

3 CALL GPH [NLAHK,NUIN,TIME GMBX,GREF ,GMIN,A,3,C, N, EyMK)

STALE AND PLAOT  Y(23), X{3M), XAI2), XA(3), XE(2)

TEXN,I8Y, ICASE,ITYPE :
ML)y NAUXADT) ySOAEXI23) 4INTY(23) ¢ XS (23) ,HARNX(23)

NN NN

NN N

MKL2) g NAMX(33) 3 SCALX L33Y JUNTX(30) 9 XS(3D),HAPNY (30),
2 ((MK(I*Z)’NAMXTDV(I},”AMXTQ(I),ScALXTQ(I);UNTXTQ(I),XTRS(I),
3 WARXTR{I)Y), I=1,2)
1046 FORMAT (

) 1% (*,01,%) » X(23) = *A1C,* 1, = *,iPE7,.5,2X,A40,E132.44,A10 7
2% (¥, 81 ,%) o X(33) = ®*=,A10,* 1. = “)1DE70512X;A10,E13-‘#,A10 !/
3% (FyA1,%) ax,AL0 ¥ T F,AIC,* 1. = X, AD07,5,2X30810,E13.44A10 2
L¥ (%, A1,%) »*,01N ¥ T F,AL0,* 1, = 2,4PZ7,0,2X,N10,F13.4,A10 /
S¥ (F,01,4%) ¥, A0 | ¥ I ¥4A10,% 1, = ¥1PET7.042X%X5110,513,4,A10 )

311



A = XDB(23,T)/50ALX(23)

B = XP(30,I)/S0ALXL(30)Y
C = XTPP(4L, I)/STALXTR (L)
D = XTRO(2,T)/2CALYTR(2)
£ = XTRO(3, 1) /SNALXT2(3)
TTME = TR (1)
4 CALL GPH (QLANYZMLUIN, TIME ,GUAX, RPEF,AMIN, Ay 3, C, N, E,MK)

T
G SCALE AND PLOT XE(7Y, ¥CU(12), YOI -HDLE), U2(4)
PPINT 10N, TEX",ISY, ICASE,TTYFF
PRIMT 135, (QMK{IV,NAMXTRV(TIAT) ,NAMXTR{T+2),S0ALXTR(I+3),

1 UNMTXTRLI+2) g XTRS{I+3) , WARNXTRIT+31) ,I=1,4%)

iP5 FORMAT (. &/
1% (¥,A1,%) o%,h10 2® T ¥ RL0,¥ 1. = ¥ APET . T,2X,A10,E13, 4,10))
MLTN = = 1

00 § I=4,NU

A = XT2P(4, I} 757ALNTR (L)
o= XTOR(5, T} /SOALXTR(5)
= XTRP(R, I} /STCALYT(H)
D = XTRP(7, 1) /SOALXTR(T)
£ = 2, . NOMNEXIST
TIME = TP(I)
5 DOLL GPH (ILANY HLIN, TIME,GHAX,GPES ,GMIN, A, 3,0, 0,5, ")
¢ - .
G STALS AND PLAT XT(1),¥A{5) (XT2{(3,91), X{2),%X(3)
DPINTY 160, IEXT,ISY,ICASE,ITYRC
PPINT 107, ({X{IV,MAMXT2U(T+7Y yNAMXTR(I+7Y,SCALXTRITI+7),
1 UATXTRALI+7Y, XTRS(I+7Y , HAPIXTR{I+7) ), I=1,2),
2 COARET+4) g NAMYLT) g SEALXCT) JUNTXLT) 3X S (T) yHARNX (1)),
3 T=2,3)
07 FNOMAT ( 2
1% (“‘71‘1’*) P"‘,Ai:’ ,"' = *,Alt’"‘ 1. = ¥’1DE7QG,2){’-51[’,513.'+’A19"
2% (F,01,%¥) XC 2) = *,810,% 1, = *¥,4PE7,0,2X, 810,843, 4,20 /
TEO(F, AL, XC 2) S ¥)A10 )% 1e = ¥,1927.0,2X3A00,E43,4,AL0 )
HLTN = - 4 .
NO 7 TI=1,M.
A = XToP(3,T)/SCALXTR(8)
B = XTRP(4G, I)/3NALXTO(3)
o= XPL{2, 1) /5CALX(2)
D = XP(7F, I)/SCALX(3)
£ = 2.
TIME = TP(I)
7 GALL GPH (BLANK HLIN,TIME,GHAX,GREF ,GMIN, AyB,Cy 0,y EyMK)
c

G SCALS ANHM PLAOT CONTROL INPUTS UC(1), UN(2}
IF (IALEN.LY GN TN 8 :
PRINT 100, I&EXN,IS5Y,ICASE,ITYPE
PRINT 106, ({HMX(T),NAMUNITY, STSALUCID) ,UNTHC(TY, UCS(ID),

1 WATNUC(IND ,, I=1,47)
106 FOIMAT (
1% (*,41,%) = UP LY Z #,010,% 1, = ¥,1°207,3,2X, 810,543, 4,AL0 /
2% (¥*,A1,*) o UC(2) = #,A010,% 1., = ¥,4PFE7.2,2%X,810,E13.4,A19 )
MLTN = - 1

N0 6 I=1,NL
a HOP(L,IY/7SCALUC LY
8 UCcP{2,T)1/s5CALUC(2)
n=nz===z= 2, , NONEXIST
TTHE = TP(I) :

6 CALL GPH {BLANK,MLIN,TIME,GMAX,GREFGMIN, A,R4C,D,E,HY}

PRINT 139

109 FORMAT (3HP)

P o
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8 PRINT 108, ISXC,TISY,ICASE,ITYPE ' .

198 FO3MAT (1HL,9%,A10,*RESPONSE OF SYSTEM  *,A10,%, *,3810,%, EXC TY
IPE (%,T2, %) %7/740Y%, *LIST CF GONSTRATNEN PARAMETERS ANN/02 NERIVATI
PVES (A VIOLATEN SANSTRPATNT YIELNS A WARNINGY*//7/

3 28Y , FHAME®, 8X , *UNTT*,10%, *S, STATE*, 10X, *CONSTRAINTS*, 12X, *PE
GAK YALMES*7 X, ¥ (LTHEAR DEVIATIONS) *Z767 X, ¥HPPEX 27X, *LOUERY ,7X, ¥00

SSITIVE MNEGATTYR*/) |

PALL GONST21 (2,1,N0  ,UAUs,LRUC, UBUG,LNUC, PPUC, NRPUS, PROUG, NPOUC,
1 LURUS,LLIG,LUNUS,LLAUG, YBUS ,VIUS, UNS ,HARNX 5 NAMUS ,UNTUS,

2 PROIIR, LDEOYT)

CALL CONST2L {2,2,M  L,4nX ,LBYX ,UTX ,LAYX 489X ,NPX ,PPNY ,NOOX ,
1 LUSX 4LLBX ,LUNX ,LLDX ,¥Y8X ,Y0X 4XS ,HWARNX ,NAMX UNTX , :
2 PPAX LLPPAX )

BALL GONSTRL (2,3 ,MXT2, U9XR, L XR,HIXR,LAXP, POX2  NPX R, PPOX R, HPDX R,

S1 LUBX 2, LLAX 2, LUNX 2, LLOXG, VIXR y VX Ry XTRS , MAMYTPY ) NAMXTR, UNTX TP,
2 POAXT, LPPRXO)

COMPYTE  JHETGUHTID AATN,, MAT2IX [KR(T,J) =Y (JIPEAKY
POINT PEAK VALUSS ANN , HETGHTZIN GATN.. MATRIX
(U3X,L8% APE NAT NEENEN ANY MORE, HENGCE THEY WILL BE USED FOR THE
TWO VECTORPS nNF THE W,.h, MATRIX)
N0 21 J=1,!
Hoav (J) KD (1, N*PHNX(.))

"o

21 LO% () K2 {2, ) *PP DX ()

FTNO THS MAXTMUM YALYZ OF EAGY YESTOP IN THE 4,6, MATRIYX
MaYd = O £ MAX2 = 9 2 WMLMAX = &, ES WM2MAX = 0,
a0 25 J=1,M ‘ )

TF (ARS(UAY(J)) = WHMIYAYX) 23,23,22
22 WMiMAX = ABS(URX(D)
MAYL =
23 IF (ARSILAX(J)) = WH2MAX) 25,25,24
2l UMZHMAY = ANS(LRX(JI))
MAX2 = )
25 COMTTHUC
. WMINOM
WM2NOM

WMiMAXs19,
W2MAX /710,

[[]

ORINT TITLES
PRINT 146, IEXC,ISY,ICASE,ITYPE

PRINT VALUSS AMD PGINT AT THE DOMINANT ONSS, T.E. WHEN THIY ARE
VBE . (MAXTMUM YALUS/Z10) :

N0 21 J=1i,N

DPINT 111, (JsNAMXCI),PEX (314 NOX ) ,USX (I 4 LBX(J)) -

IF (J - MAX1) 27426,27
26 PPINTY 112
G0 1o 213

27 IF (AQS X (J)) 6E,HMINNMY PRINT 114

2% IF (J - MAX2) 30,29,31
23 PPINT 113
G0 ¥n 31 '
30 IF {ATSILIX(J)) LGELWHM2DCH) PRINT 145
31 CONTINUE :
PRIMT 116
RETUBN )
110 FGRAMAT (1M1 ,9X,A10,*RESIONSE OF SYSTEM  ¥,A10,%, ¥,3A13,*, EXC TY
APE (X, T2, %Y R/ /740X 4hH. JHEIGHTED GAIN,s MATAIX [KR(I, DN *X(JIPEAKIT
T2 /710X, F IRy XU NPEAK WE MEAW THE 9NSITIVE 0% NEGATIVE PEAK HWITH TH
2T LARGEST ARSOUNTE VALHEY ¥/ /728X g ¥HAUET g1 5%, *PEAK YALUES* ,14X;16HK
LT, JY*Y(J) PIAL,L2X, ¥PATEANOY R/ JLEX,¥POS, *, 7%, *NER,*, 13X, *T=1*,AX,
G¥I=2%,6X, *FNR2 UN(1) *,4%X,*FOR UG(2)*//)

313



DHD

C

111

142
113
11
115
ii6

400

1
3

314

FORMATI20X, "X (*5I2,%) T *,A11,19613,1,T11.1,E16.1,E14.1)

FOPMAT (1H%, 93X, ¥MAYX, VALIE*)

FORMAT (L1H+,1056X%, *HAX, VALUE®)

FORMAT {1H+, 93X, *N0v, vALUE*)

FORMAT (1Hs,1056X, *N0M, VALDEX)

FOOMAT (777740 * (THT OCMIHANT VALUSS ABE DRFINEDN AS THOSS WITHIN
10NE DECADS OF THE HMAXIMUM VALUEI®)

£ND ‘

SUTPOUTINE GPH (ALF, NLIN, TIME ,6MAX, GREF,GMIH, Ay3,C,N,E, IST
PEAL Y({A3)

INTEGER ALF(AY,IST(5),LA(121) 4KSTAR(?)

IF(NLTMLGE.)Y GO Tn 1

nn it Iz14,5

DATACKSTAR(I) ;T=4,7)/ 1H,,1H,,1H4*,1H0, 1P-,1Ht,1HX/

NAYA TRLANK 717H 7y IREC/IHG/

KETAR({I¥= IST(D)

NLTM=D

IF{NLIMEN,3) HWRITE(£,3) ALC

FOPMAT( 7 6ALN AT TR T 22 L 2 R T T AR IR A % A A SR AN A A AR TR AR AR AR SV RO A A S S A A A 8
b A A R O N A R R N R L R L L g R SR A AOVUR A AUt S SR A AR AN A AT R Y
2YLEedi bbby TTHE (SEN)Y*¥/¥ -2 -+l - 8. el
22 3 ok «5 3 7 8

Yy - 1. 122294 * 3 + & +

5 4 .o¥ ¢ + B ¥ +
6 " 23 : -
NLIN=NLIMN+1 -

T=TTME :

GALL=GMAX~SMIN

QUANTISE VALUES

6
5

QUANT=RALL/12,.

ALOW =GMTH ~NUANT /2,0

NCAP =GALL #NUANT

N0 4 J=1,121

LtA(N = I”LANK

V{iy=Aa

v(2)=R

v3y=0

viu)y=n

V(SY=F

V(") = GREF

nn 5 M=1,6

L= TFRFIX (24 % (V{MI=-NLNY) 7OGADY &%

IF(L.LT,1.0R.L.56T4121) GO TO 5

IF(LAMLYWMNZ,IRLANK) GO TO 6

LACL) = KSTAR(M) : A } .
K0 Tn & . ‘
LA{LY =X3TAR(7)

CONTINUE

C LINF COUMY T0 RTPEAT RBEFERENCE FOINTS

100
104

IPEH= MOD(NLIN,20)
IF{HLTM,EN, 1) 60 TO 110

IF (IRSM NE.1) 50 TO 190

N0 P I=1,121,10

IF (1.EN,24) GO TO 8

TF (LA(I) NS, T3LANK) GO T9 8 o ,
LACT) = IREF , ~ .
CONTINUE

WRITE (hy184) LA,T

FORMAT(14,12101,512,2)

RETUAN
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110 HRITE(H,111) LA

111 FOPMATOIX,121A0,42H ZERO )

RETURN
END

SUARDUTINE SEALPLY (M,N,A,S7AL,WABN 6P, BN, T2, UPIND,LOBND, IPNER,
1 LODER,PPK,MNPK, TPOFR, NBDER, LIIPA,LLOT, LIIPY,LLO0D, VIOLY, VINLN,SS,
2 PPANN,LPOR,BHDX, IX)

Ti.1.72

ASZTERMIMNES THL SCALE OF THE PARLMETER GONTAINTN IN EANH ROW OF MATRIX A (M,N)
SUCH THAT IT FITS INTN A PLOT MHEDE THE MANTIM' OIMTNSIOMS APF GP=+i, GN=-,2
THT VALUSS G2, GH APE SHOSEN HERE FOT SONVENICHCE, TUIT ANS(GN) MYST IN NO
CTRCHMSTANCES E SMALLER THAYN GPR/1C,

TESTS ARE MADZ TO SEE IF CERTAIM CAPAMETERS AND 02 THEIR DERIVATIVES VINLATE
CONSTRAINTS,

REAL A(MyNY 3STALIMY 3 TOINY 3 SSIMY ,UPTBND (M), LOIND (M) ,UPOER (M),
1 LONE R(HY ,DIKC1) yNEK (4) yBFNER (M) g NPDEF () 4P OAKRI (1) 4 PMOX (1)
LOGINAL LJ“"(“),LLO"(M§,LU“Q(H),L’OD(H),VIOL?(W),VIO'ﬂ(%),LDPQ(W)

INTEGED WARN (M)

DATA TINLANK, INCGL/L0OH s10H MC PLOT/

7 = {,E-i

IF (ARS(GH ,LTAS({,.1¥GP)Y) Gn To 21

GPM = (5%4,0D .
GPS = ,2%G0

GP2 = 2,.,*hGP

N0 1 I=1,M

I WARPH(IY=IRLANK
START SOANMING PARANITERS
nNo 60 I=1,4

COMPUTE ™MAY PNS VALUT, CALL VMAXP
COMPUTE MAX NER VALUF, CALL YHMAXN

VMAXP = 0,
VHAXN = 0,
nNo & J=4i,M

IF (A(T,J)) 2,3,3

2 TF (A(T,0),GF,V4AXNY GO TO &
VHMAYM = A(T,J)
GO0 TO 4

T IF (A(I,J),LE,VIAXP) AD TO 4
VMAXP = A(I,J)

& CONTIMNHE

NETFOMTNE WHINH OF ARS(VMAXP), ARS(VMAXM) TS LAPGER, CALL VMAXPN
CALL THE SMALLER OME YMAXOQP - .

IF (ANS(VMAYP) = ARS(YMAXN)) 5,646
S YMAXPN = YMAXH
VMAXOP = YMAXP

0 To 7 ' _ : w
6 VMAXON = VMAXP .o
VYMAXOP = V4AXM

CHEMY TIF yMAXSH TS NOT MEGLIGINLE,., IF IT TS, NG NOT PLAT THIS PARAMETER, T,E
. 1. MAKE ALL VALUES OF THIS PARAMETER LARGER THAN GP, SAY 2%GP



DO N

oD

DODICTN

OO0

by Ko No N

AN

D0

2

GIVE WARMING THAT THE PAPAMETIR IS
GO TO COMSTRATHTS FART NF ROUTINE
WILL 3% FALSELY 7E7D,
VALUES 0ETING NEZGLIGTRLE ANYWAY)

3.
L.

7 IF (ARS(VMAXPN) - 7)), 8,3,10
8 .Nn g J=1,N

9 A{I,J) = GP2
SCAL(IY = 1,
WAPN(TI) = THEGL
3 TO 2N

NETERMINT NRICS 0T yMAXPH, SALL IT INRIEC
NFTEDMING PRNYTSINMAL
(PETALL THAT LAG OF &
INTEGER NF THE LnG IS 1 1P THE SCALE,

NIHE 9 SMALLER THAh

THYS- IS NO ESSENYIAL

VALUS nF SCAL ACCORDING TQ ICROER,

I.E,

MAKE THE SGALE OF THIS PARAMETER 1,

NOT PLOTTEDN
(IF NERIVATIVES AREZ CQOMPUTEN,
MISTAKE, THE ABSOLYTE

CALL IT SCALP
1 IS NESATIYE, THEREFOWRE THE
JUST THE 22NER WE ARE LOOKING

ON THE OTHIZI? HAYN, £02 NUMAERS LARGER THAN 1, INGQEASE THE INTEGT2 8Y 1)

10 TIORDFP = IFIX{ALDGLI CANS(YMAXPN))Y)
IF (ASS(YMAYPMN) ,GT,1,) I0?NER =
SCALR = 10, **IORNER

SCALP = SISM(3M1ALP, VMAXFN)

NETERMINE
AETEIMING PRAVTSIONAL STALED VALYE OF
TEST IF VYHMOPS™ FITS IHTN 6N

VMNPST = VIAXOT/STALP
IF (A3SYHNRSe) + GN) 12,12,11

11 SCaLP = 10, *SCALP
12 VMAXSG = VMAXPN/SCALP
SCAL(I) = SCALP

TEST IF VMAXSG TS SMALLFR THAN GPM OR
TEST AT TACYH STED IF ¥wangh FITS INTN GN
IF (ASS(VMAXSC) =-GPHM) 13,13,20

SCALIIY = SOALP*GPY

IF (AAS(VMAXOP/ZSHALITY) + GN) 1,144,417
IF (ABS(VHAXSE) = 6°S) 15,15,26
STALCIY = SOALP¥RPS

IF (ASS(VHMAXOZ/SCAL(TIY) + G 20,20,16

i3

16
is

16 SCAL(IY = STALD*GRY

N 10 217
17 SCAL(I) = SCALP
CONSTRAINT PART OF ROUTINE
21 PPRKA(I) = VyHaAx®

MPX (I} = VYMAXN

IF THF SCALTHG IS NCNE FOR vERTOR X

(IXeMEL,1) GO TC 183
VHAXPN

IF
PMOX(IY =

IF NECESSARY,

18 IF (LNOTL(LUPD{TI) JORLLLCB(IY)) GO TO 5S4
NERMP = @, ’
nEaMy = p,

N0 53 J=2,M
NER = (A(I,0) ~ A(I,J-1))/7(70( -~ TPUY

s POESSOVE

LOMPUTE PEAK POSITIVE AND HEGATIVE

IOROER + 1

PEOYISINIAL SCALFN YALUE OF VMAXPM, CALL IT YMAXSH
VMAXOPR,

CALL IT VYMOPSO

GPT, CHAMGE SCAL(I) ACCORDINGLY

VMAXPN

TERIYATIVES

=1))

316 .
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IF (NFR)Y 5i,52,52

51 IF (NERN,GE,NERMM) GO TQ 53
NERMN = 0E9 '
GO TN 53

52 IF (DER.LEZ.DT3MP) 6N TO 63
NERMP = NER

53 AONTINNE
PPAER(IY = NERYP
NPDER(I) = NERMN

DVTFOHINF IF PCAK YALUES OF PARAMETERS AND/OR DERIVATIVES VINLATE
ANSTPAINTS,
p‘-""ALL THAT. THT VALUES HERT APZ DaVI”TIGNS FROY THE ST<A0Y STATE, HENCE TEST

uepen WOUND e GE (DEAV + STEADY ST2TE)
ANN - LoweE2 90441, LE o (PEAK + STEANY STATE)

54 VINLA(I) = JFALSE,
VIOLN(IY = FALST,
IF (LNOT,LU28(I)) GN TN 55

IF ((PPKLTY + SSEI)YAGTLUCRNN(IN) VINLY(I) = JTQUE,
55 IF (JHNT.LLOR({I)) GO TO 56

IF ((NPK(T) + SS{D)JLTLLCINTICII)Y VIOLR(I)

+« TRUE,.
6 TF (JMNOT,LIPT(I))Y GO TO 57 :

« TRPUE,

IF (PPRER(I)LGTMPATR(INY VINLN(I) =
57 IF (LNOT,LLCDI(T))Y €GN TO 53
IF (NPNER(IY,LTLLODER(INY VIOLD(IY = ,TRUZT,

53 IF (LMNOT.L7=23(T)) G2 TO 60
IF ((PPKITIY - MPK(IN)GT,PPANT(I)) VIOLHI) = ,TRUE,

AN CONTINUE
PETURN

21 PPRINT 10D
SToP

490 FORMAT (4HLZ/77% ABS(GMIN) LT ABS(GAX/LD) *//% REARRMMGE THESE VALY

1ES*)
ENO

SUSROUTIME STORE (TSyNy REyNXTR,NLIMy X, 1, XTR, XP, UCP,XTRP, T, TP,
1 TLAST4NT,NTLAST)

12249,70

STORES THE VALURS 0F X, UG, XTR ANJI T TN CORDER TO PLOT .THEM AFTER HAVING
COMPUTED THE STMULATION, ’

REAL XIN), NO(HEOY yXTRINXTR)Y JXPIH,NLIMY UNPINCyNLIM),
1 YTRP (IXT Ry HLTI"Y y TOINLIM) '
GO TO (10,27, 1S :
CLEAR ALL MAT°IPE§ VEFNRT REGIMMING SIMULATION ANND SET INITIAL VALUES

10 CALL NULL {(XPyN, NLTM)
CALL MHLL (OGP, NC, NLIM)
CALL HULL (XTAP L HXTR, NLIM)
CALL HULLRY (TQ,NLIH)
T = TLAST = 0,
RETURN

i

NT = NTLAST = 0

STORE VALUES

29 NT = NT 4+
NTLAST = NT




e

21

22

318

TLAST = 7

TPINTY = T

N0 21 I=1,N
XP{T4NT)Y = X(T)
no 22 I=i,MC
UCRP(ILNT) = "IC(I)
N0 23 I=1,NYTR

-

23 XTRP(I,NT) = XTR(I)
RETURN
£NN
i
Cc
t
SURPAOUTINE LISTVS  (NyHUZNCHHD, X, UnyUN, XS,US, NAMX 4 NAMU, UNTY , UNTUY,
1 IX g MXT ™y XTR, XTRS,HAMXT R, NAMXTRV, UNTXTR, UCTAP, KO, 18U, LRUM,
2 UTS, HAMUG, U TIN)
M
c Se2,72
o o
T PRINTS VALUES OF X, U, XTP, AS WELL AS NAMES, UNMITS, S.S. VALUES,
£ ORTMTS HNRAT  AHND KNU  (SEE EXPLANATION IN MAIN PROGAM)
. DOTINTS CONSTPAINYS CM UG
c .
REAL X (M) UNINGY, UDINDY ,YSINY JUSIND) , XTEHXTR) , XTRS(HXT ),
i UCRAR(NG ), KNUIN) L UNSINA) L NBUS (NEY LN (NG)
INTEGER NAMY (HY gNAHTHINDY UNTY (M) INTH (U g HAMUG (NC) 4 UNTUC (NE)
INTEGER HAMXTR(MXTRY yNANXTAVINXTR) y UNTXTR(NXTR)
c
PPINT 100 ' -
PRINT 101
. D0 1 T=1,40
1 PPIMT 402, I,UNCIY,MAMI{I),UNTU(I),US(I)
PPINT 41903 - _
no 2 I=1i,MC
CONP = 'm1I2(I) - NUNS(T)
CONN = LRUC(T) - UNS(D)
2 PRINT 124, I,UG(I),NAMUT(I),UNTUGC(I),UCS(I),UCRARII),KDU(TI),CONP,
1 - GONN
PPINT 105
NO 3 T=i4N
3 PRINT 406, IX,T,X I} 4NAMXII),UNTX{I),X%XS(I)
c 17.9.70 ’
PRINT 117
DO 4 TI=1,MNXTR
4 PRIMT 108, NAMXTAV(I) yXTRII)yMAMXTR(IVZUNTXTR(I),,XTRS(I)
c . _ .
RETURN
100 FORMAT (4inX,4*NISTURIANTE INPUTS (U7)*)
101 FORMAT (35Y,*NAYF *,9X, *UNIT* 3X,*STEADY STATE VaLU=*®/)
102 FORMAT (1rx,¥un(*,11,*) = T11.4,203%, A40) 33Xy E1144)
103 FOMAT (liﬂx,*CﬂﬂTQOL’INﬁuTS (HC)*,uax,¥un%a2',11x,*Kﬁﬂ*,izx,
: 1 FOONST2ATINTS NN CF/ANPX,¥ONSITIVE®, X, ¥NTGATIVE*/)
106 FOAPMAT (LI, *UN(*,T1,%*) = *,511.4,2(3¥, A0 ,3X, 511445 2(5X,511.44,
i 3IXyT11.4Y))
115 FORMAT ( 74106%X,*STATST VARIABLES*/)
106 FORMAT (OX,D2,%(*,T2,%) = *,611,4,2(3X,840),3X,E44.,4)
107 FOPMAT ({  710Y,*ADNTTYIONAL PARAMETFRS*/)
108 FOPMAT (S5X,A10,% = *,£11.452(3X,010),3X,E11.4)
. END
c
C
A

SURPNUTING CNUPSR (C,2,M,N, INC, THR)
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NOHPARES COMPLEX MATRIX 6

DEAL R{M,N)

SOMOLEX € ( 1yt

INTEGER Fo4T(15),9T10H, 2 T10FF,0T204,RT
1 W20FF,W2RLNY, ML PG, 4220, 2FNNA, RFONS,
LOGICAL P3T4,N0T2,P0T3,00T4,00T5

NATA EPMT f L0HE® O(*,12,, 1IH*
1 10H¥,*,FE15.8,, 104 sy  10HY
2 10H¥,AY, sy 10H s 10H
3 iﬂH 1] 13H,QY, *’ 10H

NATA RTANY ,RTLNFE,RT2AN JRT20FF,W
1 H2RLOH,H2LRGT,U270  ,PEONA ,REONT 4R
2 145X, 1PTheity, 10H11X, y 10M
2 1pM s LLHPEAL(MY=C,, 10HG
4 LOHPEAL(N)=(,y 4194974 1,84 , 10HP
5 10H*,T2,%) =%, 10H,E1A,8, , 10H2
6 10H ’

THT FORMAY FOR A TYPINAL QUTPUT WITH HIGH
AN HIGH FRACTICHAL DIFFZRENCE OF REALS

(* C(*, I2 ,";,12’¥) =
6X,‘9(*,IZ,*,‘,IZ,*) =

F,E15,R,%,% £15,8,
*,E15,8,10X,1°E66
THE COMPUTARLT ELEMIMTS OF THE VARIARLE

RT10FF

”ATIO % T OEPHT(S) = RTiCH OR

RATIN 2 T EPMT(L2) = 2T2CH IR T20FF
WARNTNG 1 = FPMT(7) = W1iQFF OR WiAUCH
WARNING 2 = FRYT(i4) = N2GFF 0NR W22LCH

RDEAL FLD FAMT(9,10,11) =
PRINT 413€, ING,IUHR

POINT 4191 .

77 1.E-7

k4 1 E~-7

1:9'9

I=1,4

on J=1,N

K1 K2 =
FRHT(5)
FRMT(12)
FRMTC(?)
FPMT(14)
FOoMT(D
FeMT(10) RFQFFA
FRMT(11)Y RFEOEER

GRA ATS(PZALICLI, D))
CTA ABS(ATHASIC (T,0)))
PA AAS{(T,.0))

IF (CRAY 12,11,12

n7
2

no

L i [

3 = K = 0
RT4AEF
RT20FF
WLOFF
W20FF
RFOFFA

LT I T S FI | I N

11 IF (RA - 7Z7) 25, 25,13
13 Kt = K3 = 1
CFPMT(Q) = 2FONMA £ FRMT{40) =
FPMY(16) = 4Y2PLCD
GO TO 200 o
<12 IF (CRA - Z7) 1u,iu4,1¢ ¥
14 IF (PA - 77) 2u0,201,1%
14 IF (RA - Z7) 25, 25,15
25 IF (CTIA = 7)) 203,201,256
26 K1 = K3 = 1

(RFONA,RFONRP, REOND)

REONB £ FPMT(11) =

319

WITH REAL R

20FF, MiO0FF, WiRLED , WLLRGE,
RFONT,RFOFFA,RFOFFR,RFOFFC

,*,I?,*) ’ 10u4= *,51508,’
Xy *y 10H T
’ 104 N
y 10H%) /

10FF ,WiRLO0,HILPRGE JH2OFF ,
FCNCy PFOFFA,REOFFB,RFORFG/
5XsiPE6.7, 10M11iX s
Te 1.E-4 4, 10H ’
= G, s 13H*Q(*,IZ’¥Q,
6X, ] 10H b4

RATIN OF IMAG{C)/PEALIC)
WCULD BE AS FOLLOWS

SEX,1PEGO4UX,*6T. 1.E-4 ¥,
.'],‘*X,“GT. ioE‘LD *)

FORMAT CORPESPOND AS FOLLOUS

NR WiILRGE
N’ W2LRGE OR W2P1
IR (RFOFFA, RFOFFB,RFOFFG)

RFONG



is

is
17

22
24
209

2r1
202
203
20t
205

206

110

FRMT(3) = RFONA £ FRMT(10) = RFONT £ FRMT(11) = RFQNG

IF (RAJENLGWG) FRMTI14) = HW2Ro

GO 7o 1%

Ki = X3 = 1

FPMT(G) = RFONA £ FRMT(13) = PFONI £ FRMT(L1) = RFONO
50 vn 200

IF {(RA)Y 20,17,20

FPMT(14) = W2RP -

Ki = I = 1 _ ‘ '

FRMT(A) = RFONA £ FOMT(1%) = RFONA £ FRMT{11) = PFONG
IF (':7’\ - qﬁ) 1"),1%,19

IF (CTA - 37) 200,209,19

FPMT(7) = WiLPGE

60 10 2¢r

RT2S = ARS((2PEALIC(T,J}) = R(I,J))/REALIC(I,JINY)
IF (RTPS = 7) 293,200,21

K1 = X3 = ¥4 = 1

FRMT(Q) = AFOHA 2 FPRMT({iN) = OFONA

FeMT (14 REONG '

FRMTY (12} RT204

IF (RTOS = A7) 203,206,22

IF (PR - 7Z) 27,27,24

FenT (143 HeLRn’ .

PPT1 KL o FQed e AN K2aTNe 3 ANN (KT 5N, 04 ANN KL EN D
pRYZ2 KLaZNe o AN K2 EGeLe 1N, KZaED, 0, AN KY T, 0
ocpT2 KL oSNy de AN K270, L AUNKI ENe 1 AND KU 4EN L
BETL KL emNed e "IN, X2, 87,10 AN K2, T 10 AND KL ,=06 1
PPTH Kl e SN d g AN K2 FTe e VN KZ,EQ, L, AN, UL, TN, N
PRYTH K1 ENe o AHMN K2 ENe T 8O, KZL,EN, L, AN KL o 2% 1
IF (PRT1Y 50 T 201 :
IF (»272) 60 T0 232

IF (P73 GO TN 203

IF (pPaTLY GO TO 204

IF (PRT5) 60 TN 2CS

IF (PRTH) 6N TO 276

G0 70 ¢

PRINT &PMT, T,1,0(T,H

50 0 & :

PRINT FRMT, I,4Jy0{(T,3J7,RTIY

G0 7O ¢

PRINT FRMT, I,1,0{1,0),RTIM,T,J4,R(I,J)

60 TO 1 _

PRIMT FRMT, I,JyC(I,J)yRTIMyT3JyR(T,J3,RTRS

50 TN 4

PPINT FOMT, T, 1,001, 5T5J;2(I,0

50 0 1

PRIMT FRAT, I,3Jy0(T4JY3I1yJy2(01,J),RTRS

CONTTMUE

RETURN .

FORMAT (LHL, 9X,*MATRICFS *#,A10,* (£0¥OLEX) AMD ¥ AL ,* (REAL
1) SHNULN 3£ ENUAL*Z/77iNYG *FOLLOWING T< A LIST CF NOTABLE IMCOMGR
PUENPTES (LET n AN R DENOTE THE COMPLEX AND RSAL MATRICES PESP

NN

o itoun

it

RECTIVELYY ¥/ /740, *ELTHMENTS OF ¢ AN 2 WTLL AE °PRINTED IF ONE O

L2 MARE OF THE FNLLOWING NONOITIONS HOLN*//

S10X%,*1. PEALICY GTe L,2-7 AND ((PEALICI=-RY/PREAL(T)) GT. 1,E~-7%/
BLOX* 2. (RPTALIC) CR IMAGHN) fT.1.E=7 ) AND (R = €, 02 LTe1.E-7 }¥*/
710X 4*3, P GT. L E~7 AHN (RELLINY = €. OR LT. 1.E-7 Y*//

BLOX, *NOTES®Z1GY,+ 4, TNOMPARISOHNS ARE MAJE RETHEEZN ASOLUTE VALUES*/

S AiGY ¥, FOR COUNITION (1) THE RATIO IS PRINTED IN THE COL'MN UNDER

101

B THFE TITLE +,FPANT.DIFF(REALS) e®*/ )
nNiBY,*A HARNINA IS PRINTED MEXT TO THE RATIO IF IT IS 6T, 1,E-4¥%/
CL6Xe*0, FOR -GOMNITION(2), IF FEALIC) OR IMAGICY IS GT. L1.E~4 4 WAR
DMNTHA IS PRINTER NEXT Y0 THE COMPLEX ELRVENT*///7777)

FNRMAT (15X ,*%REAL PART®,7Xy*IMAG PARTH, 65X, *FRANT ,VIFF(REALS)Y*///)

320
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SURROUTINE WRPMX (A,M,N,IHR) .

31.7,70 :
WRITES MATRIX OF SCAL VECTORS

REAL A{M,N)
INTEGRR JJ(8),IWR(3)

K =1
NN = N
KK = {1

IF (NN = 9) 2,2,1
1 K= Ny - §
HN = %
2 PPINT 160
PPINT 101, TWP,M, HN,KK
L = KK & NY - {4
KY = 0
nn X I=K¥,L
KT = KT + 1
3 JUKIY = 1
POTMT 102, (JJ(I)I=1,NN)
PRINT 103 ‘
. Do 4 I=4,M
4 PRINT 1"‘#, I’("\(I,J)’J:KK)L‘
IF (ML.,L=,3) RETHRNM
IF (K - 8) 5,546

5 MN = K
KK = KK + 8
XK =0
. 60 Tn 2
6K = K =8
KK = KK + 8
60 Tn 2

1092 FORMAT (LML)

101 FORMAT (31X, *MATAIX *,2A170,* ‘IS PARTITIONED INTO DIMENSIONS ¥,
1 I2,* RNy #,12/73X,*¥THE ELEMENTS OF THIS MATRIX STARTIMG AT ROW
2 1 AND GOLMMN ¥,T2,*% LRE AS FOLLOWS*/?/)

102 FORMAT (* GOL MO *313,7043%X, 130D

103 FNRMAT (LHY,* ©O0W HC®/¥ I
4Ch FORMAT (1Xy,1I3,1X,8(E15.8,1X))

ENN

SURRAUTIME TNVGOM (7,A,M, IPANK)

TOMPLEY A (M), 1 (My M)
S BOMPLEX  APTYNT,TIMP

AIMFHNSINM TSHOH(LNNY ,JSUAH LAY

IRANV = M
no 10 Ii=1,4
70 10 I2=1,M
in A(TL, I2)=3(1I1,12)

INITIALISE @2IVOT SWITCHES

N0 1 I=i,M
ISHCH(T)=0
JSUTH (T =]

4 COMTINUE

"W ¥/

321
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MAIN LOOD IS EXEQUTEN M TIMES, FIMND PIVOT AND INTERCHANGT CORRESPOMNING X AND
Yy, IF NO PIVOT MATRIX IS SINPULAR

N0 2 I=i,M
SEARRH FOR ®IynT

AMAX=0,0

N0 3 Ti=i4.M

N0 4 T2=1,4

IF(TQN”H(Iilaﬂ « o0 GJISHWCHIIZ2) ,NE,0) GO TO 4

IF {(AIS(A{TI1,1I?)) ,LE.A4AX) RD TO &

IF(CANS (A (T, I2)),LE, Awnx) 60 TOo & NEW CARND
IPIVNT=T1L * .

JPTVOT=T2

AHMAX=ATS(A(TIL,I2))

AMAX = PANS (A(IL, IZ2)) NEW CARD
CONTINYE ’ )

CONTINUE

IF(AMAX,,LE, ", 00G01Y GO YO 939

APIVOT=1,97A(IPIV0T,JPIVOTY

ATFIVNT, U TYNT)=APTIYOT

ISHCH(IPIVNT) =)RTYNT

JSHOH(SPTIVNT) =I”TYyaT

‘o B

PIVOT FAUND  REDUTE ELEMENTS

REQUCE ELEMEMTS 0FF PIVCY ROMW AMD PIVAT NNLUMY

10 65 Ii=1,4

NO0 6 I2=1,M

IFtIL.EN, IDIVOT DRy IZ2.EQJPIVOT)Y 60 TO 6

N0 6 I2=1,M

A(T4,T2)=A(TI4,12)-A(IPIVOT, I’)*Q(Il,JpIVOT)*ADIVOT
6 NONTIMNDFE .
5 CONTINUE

REMICE ELEMENTS ON PIVOT ROW AND GCOLUMN

DO 92 Ti=1,M

IF(TIL.EN, IPTIVOT) GO TO €/

A(I4, JPTIVATY=A(TIL, 0 TVOT)¥APTIYOT
66 IF(IL.EN,JPIVOTY GO TH 139

ACIPIVOT, I1)==A(IPTVNT, I1)*APIVOT
93 SONTINUE
2 CONTINUE

INTERCHANGE RNOKS AND AOLUMNS IF NEGZSSARY

N0 77 Ii=1,M
11 TFCISHAH(TLY . E1.I1) GO To 77
K=ISWCH (I1)
nNo 88 J=1,4
TEMP=A(I1,.0)
A(T1,J)=0(%yJ)
A (K, J)=TEMD
88 CONTINUE
ITEMO=ISHEY (T 1)
ISHCH (1) =ISHAHIK)
ISHRH(K)=ITEMP
GO TH 11
77 CONTINUE

wtl
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D00

12 IF (JSHCH(I),EQ.I) GO TO 55
K=JsSyrH({T) ‘
NN 4t J=1,M
TEMP=ACS, D)
A(JS, T)=0{J,K)

CA(SGY=TEMP .

4ty CONTTMUR
TTEMO = JSUHA(T)
JSHPRH (T Y= JRUGH(K)
JSHOH(K)Y=TITFYPR
RO TN 42

56 CONTIMIE
RETHRN

MATRIX STHAULAR

agg9 GALL SUITE(L)
WRITE(6,23)
200 FORHMAT(LH ,1SHIATRIX SINGULAR)
IRANY =T -1
RETURM
END
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APPENDIX E.
Listing of the more important routines in SIMSAT
(Only routines not common with SIMUIA are listed).
SIMSAT
EIGSAT .
SATCOD
UPDEIG
UPDVEUL

EXCITSD
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PROGRAYM STUMSAT (INPUT,OUTPUT, PEPMDTA,TAPES=INPUT,TAPEG= QUTPUT,
1 . TArC2= D"QM”TA)

OPNER OF NATA IS TRN, TOUINK,MI,TKNUY, MP,KIEN, ISKP5,IN (SET)
TMAX,PTMLIM,NT13,0T100,NT1000,0T100CC (SET)
NATCI) (SET IF REANIREN)

2,KNO (FFAULAY 3 XAXAR (MXEV2IXL s XAX1UY 5 SSXT 2, SSXU

(MXEY2X1,NEUXUY, 8,8 (MYEV2Y1),2P0A00,00STS (MEG.)
VOFTLT(SET IF RENYIPSD) ,KDU(SET IF RN, ).
K3, KPR, F20ANG,00STS, RTAN F20M TAPS MI IF PSnUIRED
X AX 10 ,ssxrn SSXUyBy A READ FROM TAPZ MP IF RENUIRED

12.6.72 (L., TEPPED, CONTROL SYSTEMS SERTION, NEPARTMENT OF
AOMPUTI'I AND GCNTROL, IMPERIAL COLLEGE)

STMULATTON (ROMBITATINAN AND OLNTTING) OF TPANSIENTS FR9Y4 THZ EXCITATION OF
STATE VARIARLES 0P QISTURCANCE TNPUTS,
THE GONTROL IMNPUTS HE ARE HNNT ALLOWED T0O VIOLATE CﬂNSTRAINTS.

PART (ID FRZE SIMULATION, 1I.E&E, NO SATURATION
(IYMPLEHENTEN I PROGRAM  SIMULA)

IN RFGULA NE HAN
XNOT = A¥X + A%, U= (UM yeeasULOIYT (1

Y = C*X 2)

RUYT OHLY 2 INPNTS YERE USES FOR CONMTROL, HENCE CORRECT REPRISENT, IS

X0DOT = A®Y + 3C*UT + BO*YH, us = TUS),UBINIT (3)
- N = (UML) yaosUlL),U(3),UCL0),U(7),U(8)IT

AFTER SOLVING THE 21ICO ATI EQUAYION FOR THE OPTIHAL REGILATOR,
XNDOT = ADNG*¥X & RNG¥UN ' (4)
BEERREERFEFF AL FL L KA REEREEERR

* POCT) = - KR¥X(T) « KNG*¥yn » ° . ’ (5)
PEEBPERE RN FFRLFSL XIS RS FERRERERY P

WHE PE
KP(MG,M) = OPTIMAL SEEIPACK GAIN MATRIX (PRAJUCED ™Y  REGULA)
AOR (HyM) = OOTIHAL STATE MATRIX

= A - An¥QR ’ (6)

BNGIN,ND) = OPTIMAL DRIVING MATRIX A
[T - 8CXKOPI*[3N + ACHKSDY _ (7)

KNG (NG, MY) = DISTHABANCE GATIN MAT2IX (OVERALL)
KNR¥AN & [KNRXAN - T1¥KED (8)

L VDR(NG, M)
KECD (NG, M)

NISTYRIANNE GATN MBETRIX (FPOM  8) (RRONNGED RY QEGULA)
GATY MATRTX FRCM UDN TN ULPAR (TO 3% SET FOR TYPES OF
EXSTYATION, MAKIMG IT GEMNEPAL IS TETJICHS AMD USELESS)
STEATY STATE EVIATION (NUE TO UM F20M STEADY STATE,
KCO*Un

syl e

unnaAR

"o

FURTHER ON BELOM, WE SHALL USE FO2 SIMPLICITY THE TERM
KNY T = KIG*UN A (30)

THE SOLU3ION QOF (3) FOR STsP INPUTS UC, UD 95

X{Ty = [FYP(A*T)‘*Y(”) + (INT(I-TITEXP(A*TII*NTLI*(ON*¥UC + anx(ny
(3)

s 1)
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THZ SOLUTINN NF {4) FOR STEP INPUT UD (A&DvHENCE UcRAR) IS .

X(TYy = [EXPIANCHTII*®X (D) + (INT(O-TICEXP(ADC*TL)I*DTL1Y*BROG*YN (10)

USING EIGENVALUES/EIGENVECTORS RTG{AY, W(AY , Veay, AND
RYCCAOC),, W{ANT), V(ADG)

THZ SOLUTION (9) IS (OMITTING THE RBRACKETEDN A)

Y S I T N YR PR NE Y I T T T ST T Sy

X XATY = WRLOXP{ATOET)IT*VEX{0) ¢ WXS{TI*y*{AC*UT + 3D*¥DY) * (11)

Ry T T R S TP R T
WHFE ef S(T) = [(RYNIINVHIEXP(RTC*TY - I1
THE SOLNTION (49) IS {OMITTING THE ARACKETEND A0C)
TR P R Py Py R ET T T T X TR T TR e g

¥ X(TY = WFEXPA(2TC¥TITHVRN(]) + W¥S(TY ¥yxpnn¥yn =» (12}
L O Y I I TE P Y

MOTEsee £Q0, (5Y FOR UC(T) IS USED ONLY IN CONJUNGCTION WITH EN,. (12)

ANNITIONAL PARAMETRS XTR (SEC EXTRA) ARE COMRPUTEN AS FUNCTIONS OF X

PART(IT) SATHRATEN SIMULATION, THE CONTROL TIMPUTS ARPE MOT
ALLOWED TOQ VIOLATE PHYSICAL COMSTRAINTS,
CIMPLEMENTED IN THIS PROGRAM, SIMSAT2 )

THE OPTIMALLY RCUTRCLLED SYSTEY  AOC  OF FAIS,. (4yi€C) IS

A - 3C%KR (6)
A - RAG(1)¥[KQ(1))T = PO(2)*[KP(2)IT (13
FOOM ENS, (4,5,7,3A)
X007 =(A - AC{1L)*¥{K2MIIT = BL(2I*[WR(2IITI*X + BO*UD +
+ BCILI¥KIUL) + BC(2)*KNU(2) (138)

A80C

IF Un{2) SATURATES, CALL IT USAT(2), THEN
X007 = [A - AC(LIXIKR(LIITI*X + 80(1)¥KNU(1)

+

RC(2) *YSAT(2) +
+ PD UN (14)

IF UC(1) SATURATES .
X007 = [A - 3C(2)Y*IXP(2)ITI*X + AC(2)*KDU(2)

-+

AC(LY*USAT(L) +
+ 20U (15)
I () AN Ine2) SATURATE
XNOT = A¥X + BC{1)*USAT(1) + ACI2)*USAT{2) + 30*UD (i6)

THUS THERE ARE 4 POSSIRLE  AOG(LY AN SUHLIIBCIII*KAN(IN I,
AS WELL AS ¢ PNSSINLE SUM(MINC (JYFUSAT (U]
THE GEMNERAL E£XPRESSTANS FCR ENS. (138,,.,516) ARE

Anr{LY = A - SUMILIIRT(I)¥IKR(IIITY . s L= %5e09l (47)
. n = 1,50’9

. JeNE, T .

X107 = AOC{LI*X + SUMIC)[RN(II®USATID ) + SUMILYLRICID) #*KWW (DY +

. + 30*UD (18)

A SATURATION CONE TARLE FOR AOC({L) AMD SUM{N) IS FOUND FURTHER BELOW,
SUR LY IR (I *KIN(TY 1 HAS THE SAME CONE NUKRER AS  AOC(L). -

AS THF NTIARITAL STMULATICN TS NISCRETR, IT IS MECESSARY T0 AODLY HSAT
NURING A COMPLETE TINTEPVAL, RESARTDLESS OF THE PRECTSE CROSSIN POINT
0F b AMD THE SATYUPATICN LINE. AMONG SEVERAL POSSITLE APPROADHES,
THF CHOINE HIRT IS TO CHECK THE SATHRATINN STATUS AT THE REGIMHNING
OF EACY TIME IMTTOVAL, AGCCORNINGLY, #N. (18) IS INTEGRATED QVER AN

i



(]

AN ANINIANINANITANONIANANITANINANNIONOOIINAONNOONINNINIONOOIITNIIANOINIIIANO

INTERVAL DT = OT(K) APPLYING THE APPROPIATE AOG (LY  AND  SUM(N),

X{K+1Y = (EXPIANCILY*OT) I¥WA(K) + [INT(E-OTITEXPCAOCILY ¥TL)1*NT1Y*
*SUMED TG LI FUSATIINY & SUM(LYTARC (D) *KDPUCDY Y + 3n%UD1Y

X AAFAFXFEFEF PRI YN IXEE FE ¥R NG R R A DAL IS AR R NN RN R KRR N ENXE XY

YHEPE k

(19
USINSG EIGENVALYUESSYERTNARS RQTS, W AND INVERSES RTICIM, V¥
U UL g pepupepe g
¥ OXIKeLY = WY TTYRUPTALIRITIVEV (LY ¥XA(K) + ’ * }
* $ WLY*RTCTHILXFIEXP(RTAILY *DT)Y - IY*y3y(D) * (2¢)

P Y R A Y Yy Ty E Yy N R L s SR

* yayq(n) = YL *ISUMIM IO *USAT () T+SUMU IRG(T) ¥ (T)T1+830¥YNY  *

NOTEe s

Ly Ny Y Ry Y Y I S RISV R ST 3 2 3

(21)

RTO(IY = 9, THE FACTOR
RYCIN(I) *(EXP{RTLID) *AT) - 11

IF SouMg :
1 COMES nrt

UPPER ROUND OF UC(1)

STEPS FOR IMPLEMENTATION OF SIMSAT

QEAN IN

1. IPN, INUTSK,MT, TN, MR, KREN, TSKO5,TNC
TUAX GRTMLIM,NTL0,0710C0,NT1030,9T10020

fe PPOAOFR (2ROD, NF E=-VALINES (REAL PA®TS) OF AQCY, CNSTS

1. APEAK UP R (Y4,HU) 3NINyNT), CALLING
ROPD2H  AND CARVUP,

2, REORNDTR THE STEANY STATE VALUES, NAMES ANY UMITS OF  U(NU) AND
GEMEPATE THE CORPESAONNING TTZMS OF  UC(MC), CALLTNG  RORNUS,

X, SET CGONE NUMRER 1 TN KASAT AND KSuMAR,

INTC AC{N,NC) ANP

SATURATION CODE TASLE .. usnCcteiy =
Leys(1) = LaOWER 391NT OF UN (1)
URHEL2Y = UPPER NOHNT 0% Un(2)
LAIC(2Y = LCWER aguND OF Un(2)
KASAT,KSUM3 = L,n OF £NS. (20,21)
UEIHA & B Lc (1) unurn (2) LRui (2) KASAY KSuMn
- - - —-—— 1 1
- - vioL, - 2 2
—-——— - - vinL, 2 3
VIOL. -—— -——— - 3 4
- VIOL. -——— - 3 -]
VIOL. - VicL, - 4 6
VIOL. - ~—— vViot. 4 7
- - VIOLn ' VIOL. |- "|' 8
- — VinL,. hadednd VIOL,. 4 ]

SET, SEE EXPLANATIONS BELOW

NCI(D) SET IF REQUIREN
2¢ KR{HL ,NY,KNRING,H) DRODUCED AY PRAGRAM  REGULA ..
Je XAYLR{MAR, L) - PRJDUCED 3Y PAnniRAM  MYXEY2X1
4, STTANY STATE VALUFES, KAMES, UNITS, (IN THAT CRPER), OF XTR(NXTR)
XINY, U {IN.THAT ORDER) PRODUNGEN MY PONAROAM  MXEV2XY
Se BLHZNUY, A(NyN) (TN THAT 0RDER) PROOUCEN 1Y PRAGPAM  MXEV2XY

PRONYCED 3Y PROGRAM REGULA

7. KREILT FILTER PATTERN / SET IF
KDU i FORGED FIXED CONTROL/ RENAUIRED
COMPUTE

327
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4,

S5e
B

7.
%

FoR
9.
i¢.

i1,
12,
124
12,
iy,
is5.
16,
i7.
i3,
19,
20.
21.
22,
23,

24,
LIS
FIG

SAT
yen

uen
ExC

EXT
rRaw
coM

COMPUTE  RTCL (NI, WL(NGNY 4 e, RTCLIN) JWG(NyN) FOR  ANG(L)y EN.(21]

COMPUTE:. INVIRTOL) ,THY{HLY, STORE  RTNL,WL, INVIRTCL)Y, INV(W1) IN
RTCyH,RTCIN,Y, RESPECTIVILY. CALL EIGSAT FOR THIS SYEP,

SET TYPE OF ZXOITATION GIVINMG 2 YYPC NUMAER AND CALLING EXCITE,
IN THIS ROUTING X(0)  AND UW(STEP INFUT)  ART SET, ALSOses
SET LA FO2 ANY PARTICULAR KIND OF £XCITATION
COMPUTE KNG SEE_EN, ()
UNRAR = KON*YN (SEE EXPLAMATTIONS FOLLOWING £, (5))
¥1u = - KNG¥UN (SEE £0,(5))
(13 = ANG*YN (<22 £, (12))

PCIDYFKOUCLY +N5(2) *YRU (2) 43D *UD (SEE EN. (21))
VRUCLY = V(1) *3D621N (SET £, (21))
By, V3UCL) 'ARE 502 THE NON-SAT, CASE, T.E, SUM(0) = 0,
SHM(LY = 8C®KNDU, KASAT = XSUM3 = 1
PTAD KW TF IKIU = &, T.FE. TEST IMFLURMCE 0OF ¥y
COMPUTE KU IF IGFM = 1, WITH NEY FN2MyULA IN 8QUTINE DOCNMP,
02 9.8, COMPENSATION

UGNy . AN XTRI(MY  CALLING  EXTRAZ(Z2seee) )

CHECK IF UC (1) VIOLATFS COMSTRAINTS, IF S0, SET NEW CONE NUMBERS
AMDY GHANSE M TO USAT, BALL  SATCON  FI2 THIS STER,

POINT  X(0) (3 )y XTRIA) ,HUATAR ZKDY,CONSTRATINTS, CALLING LISTVS
SET THMAX(IAX, TI4D), NLIM{4AX, HHOs OF TTI#E INTERVALS), TCINITIAL
TIMEY, NTLINITIAL TIME IMTSPYALY), SET ALL APRAYS IH STNBRE TN 0
AND THITTIALTIZEZ, CALLING STORE (L5.44)e PRINT TIME, ’

EACH T

CHECK IF HEW SONE NUMPREZRIKACHTWY IS SAUAL TN PREVINUS{KASATI,. IF
HOT, IPNATE CTIGEMYALISS/VENTAAS AND INVERSES RALLING UPNEIR,
THECK IF NTW 700C NMIEQIKSONCW) IS ENUAL TO PREVIOQUS({KSUMR), IF
NOT, UPNDATE vaU  CALLING uenhysly,

£¥2(oTC*NT)

S = INV(PTCHYLEXD(PTLA¥NT) - T1¥V13U

IF RTGITY = A4 o S(I) = OT*VRO(DY .

&4 2MD TERM NF E9, (20), CHECK PEAL, PPIHT IF IPD,ME,0

X1 1ST TCRM OF BN, (27}, CHECK REAL, PRINT IF IPR,NE.QD

X X1 + X2, FRAINT TF IPALME,D

Ufy XTR, TALLIKNG FTXTRA (3y44e)0

CHECK IF 1C VIOLATES CONSTRAINTS, IF SO, PROCEED AS IN STEP 6,
PPINT UG, XT7? IF IPR(NE,D . ’
STOPE THZ PRESPONSE FOR TIME T,

SET NEW TIME THTERVAL OT AND 0 TO 9, .

PRTNT FI'IAL YALYUES OF X, ', XTR, CALLIMS LISTYVYAL.

PRINT THE VALMIES 0F X UyXTR FOR ALL T MATRIXWISE, TF KWRSTIM(NE.D
PLOT SELEZATEDN PARAMEYERS OF X,UC,XTR, PRINT TARLE OF CNMNSTRAINTS
AMD BEAY YALHES,

SEY NEW TYPE OF EXNITATION AND GO T0O 4,

#HouH

T 07 SURPNUTINES

SAT $O4PUTES C-VALUES/VECTORS OF A0S FOR VARIOUS
, MANES OF SATHRATTON

c00 SETS COTE NUMIE2 OF SATURPATION MODE AND MAKES UGC=USAT

EIG UPDATES £-VALUES/VECTORS AND INVERSES WITH CHANGE OF
NONZ NUMAER

vRy UPNATES VAl (9. 21) WITH GHAMNGE OF OONE NUMAER

s SETS TNITIAL EXSITATTTON X(0) ANN/OR STEP INPUT U
COMPUTES VARIAUS VALUES INVARIANT OURING SIMYLATION

RAZ £0MP,, PRINTS PARAMETERS OTHER THAM X, BLADS HER, DATA

ns PENANERS STTANY STATE VALHES, NAMES AMD UNITS OF y

STR SETS CONSTRATHTS AMD TESTS VIOLATIONS, PRINTS TAALE

PLNTS PLOTS SELENTED PANAMETERS FoOoM ¥, XT2 A0 UG
CALLEN FROM PLOT FQOR EACH LINE OF PRINTING (I.E, EACH TIME T)

5oy

328
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.

SraLPLL COHYOUTES SCALE OF EAGH PARAMETER, TESTS CONSTR. VIOL.

.
STORE STORES X, g, XTR AMD T FOR ALL 7T
LISTYS PRINTS INITTAL, FIKAL, SS VALUES OF X, U}y, XTR, ALSO
HORAR, KM, CONSTRATHTS
TRPFVAR CHAHGES RONMPLEX YRGTOR INTC REAL IF IMAG PART IS NEGLIGIRLE
weeMy HRITES PrA( MATRIX COLUNMISE (NO LIMIT OGN DIMENSIONS)
WeCHYX URITES COMFLEX MX COLUMNWISE (NO LIMIT Ot NIMENSIOHS)
HRPMXT EXTENSTON CF WRPMY, 7 HEANING EAGH COLUMH, NAME OF
ALL PARAPETZRS OM TAGH SUTMATRIX
REM2015 PEADS  COMPLEX MATRIX (4E2D0,13)
eRY2n13 REANS  RFAL MATRIX (LE20,13)
rCY2213 BEANS  FOHPLEX VECTOS (4E20.13)
RPVZ2113 REANS RFAL VECTOR (LE2%5,413)
RIVEA1Y QTADS  THTERER VECTOR (RALMY
caryvyp TRANSFERS SUAMATRIY FACM PARYTTIONEN MATRIX
MUL MY Y MILTIPLIRS 2ELL MATRPIY AND BREAL VICTOR
NULL, HMULT I, S"nTR NOLL MATRIX, PROOUCT, SURTRACTION NF MATRICES
PnanaM SHITOHES ROWS 02 NOLUMNS IN PTAL MATATX
MULLRV, NEGY 2, AN KRULL VECTNAR, MEGATIVZ VR,, ANDITION OF VEGTORS
ENYIME £ MIYC EMITYALENGE OF NOMPLEX HMATRICES, VECTORS
MULCOM "OONUCT OF TWI GCM2LEX MATRICES
TNVCOM INVERTS COMPLEX MATRIX
HLHXDC PRNT, 0F A(SCUARCY, J(IIAG,) NOMPL, MXS. (4*70 0OR D¥A)
HULCHeY PPN, 0F AoMPL, MATRIYX ANY COMPL, GGCGL., VERTND :
MUt cHYePy pPRAN, 0OF COMPL, MATIIX NN REAL 0L, VECTOZ, RESULT COMPLEX
MuULavVe PRON, 0F GOMPL, DIAGNMAL MATRIX AND COMPLFX VECTOR
EIGUVL CoHqPUTES |, PRINTS TIGENYALUSS, ETGIMVESTORS N A REAL SNUARE

MATRTIX, HSTING FRANCIS, NP ALGORITHM Fn? f-yALNeS, WILKIMSON,S
INVERSZ ITEPATION “METHON FO E-~-VECTORS AND THZ RAYLEIGH QUOT.
STHIME FOR C-yAlLUTs CAPRIGTION,
THIS IS & MOOQTFIED VERSTOM OF ETASYS (VAN HESS/UEINER, NORTH
WESTEAN NyIv,, EVANSTON, ILL,) AND CALLS THE FOLLOWING
HESSEMN, AREIS, 32T, AS2°, EIGYZIC, DELISP, WRCMX
SLOPRL A NUMERTICAL TARLF
INTPOL STRAIGHT INTERPOLAYINM

LIST OF DIMENSIONS AND. ARPAYS

N T NUMBER OF STATE VARIAQLES

NU = .. s IMPUTS

N = ve ss OONTRCL INPUTS

MD = te oo DISTURAANRE INFUTS

NXTP = .o oo ANDITICHNAL VARIABLES XTR

ANLMDY STATE MATRIX (BEFORE APPLYING NPTIMAL CONTROL)
RNy NL) GRIVING MATRIX

RTOLIM) ya oy 2TOL (MY SOMELEX E-VALUES OF AOC, IN 4 SATURATION MODES
HLCH, M) 5o 0y WG (MlyM) COMPLEX E~-VECTOR MATRICES 0ORRISP, TO RTNL,,..RTCG
RTICANY , RYCTIHINIDURRINT BTN (1,0 94) AMD ITS INVERSE, GOMPLEX

WM V(M) rORPEMT W (1,.4,5) &HD ITS INVERSE, COMPLEX

RTP(YY, 2TI(N) AUXILIARY REAL YFOTNRS FOR EISSAT

BLCH, NY 5 A2 (N, NY , PH (M, &) AUXTLIARY PEAL MATRINCS FOR EIGVVL
N1(NY ;444 R6 () AYIXTLIARY 2FAL VERTCRS F0° FIGYVL

NA N, N) AUXILIARY COMPLEX MATRIX FOR E£IGVYVL.
C1(M) yoegfL () AIXILIAPY CAMOLEYX VECTN?S FOR £IGVVL
ADIM, N) AUX, DOUSLE PRERISTION MATRIX FOR EIGYVL
NLINY, S NB(N) AUX, NOUTLE ©RERISION VERTPS FOR EIGUVL
TROMW (M, 2) AY, IMYEGEDP MATPIX FOR FIGVVL

A3 My M) AtIXe REAL MAT®IX FOR SIGSAT

SN AUX, REAL VECTOR FOR NPDVAU

BUCH) REAL , B

EYPRTC (M) COMPLEX, EXP(RTC*NT)

&) COMPLEX, [RTNITHYS[EXD (RTG*NT) - TY*VRY

van Ny COMPLEX, EQ. (25)
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C ON{Ny NI 3 BD (N ZHD) ZUCIHN)Y  UN{NTD SEE EQUATION (23)

XN} INITYAL AND CURRENT VALUES OF X (XEPT FROM ONE STEP
TN THT NEXT)

X1(N) CHURRENT VALUES 0F 1ST TERM OF EN,(20) FOR X
X2{(M CUPRENT VALUES OF 2HD TERM OF EN,(20) FOR X
XTRIMXT Q) CHR2ZHY VALUES OF XTR, THE ANTITIONAL VARIAARLES
XSUHY JUSENUY , UCSINT Y, X TRS (HXTR) STEANY STATE VALHES OF X,U,UC,XTR
HAMEX (N g NAMEUT{IN'D) 3 NAMENT (NS) 4 NAMYXTRINXTR) NAMES OF Xy UgNG 4, XTR
UNTTY (HY UNITUIND)  UITTUCINCY yUHTXTRINXTR) UNTITS 0OF X, Uy UG, XTR
NAMXTRY (HXTRP)  VARTARLE TYSZ AND NITMRER® AS DWFINED TN OPROGRAM MXEVZX1
ICASE (MY) NUMBER OF CASEC RFING SIMULATED
NAYCASE {2) CASE NUM3ES AN POUER LEVEL RPEAT IN ON TOPMAT (A2,A3)
THAMZ (8) NAME OF YECTOR 0O° MATRIX BFAN TN ON FORMAT (3A19)
XAR (NAR} XTE VARIALES NEFTINET AS XA IN PROGRAM MXEV2X1

XAXER (NAR ML) MAT2IX IN EO, XAFP=zXAXIR*YL, WHERE X1 (ML) IS THE VECTOR OF THE
© 1SY NL FCHEDONENTS QOF X
KRINC 4Ny MATPIX IN EN, YS=KR¥X
XPINygNLIM) G UN BN, LTy YTRE(NXTR,NLTM) , TEINLTIM) |
- AN2AYS FOR STORING X, UC, XTR, T FOP ALL T
UBHMMCY, LRUTS {NC)  UP, LO4W, SBOHUNNS OF UC ,REAL
UVUCING) , LVUS (HNN)  VIOLATION OF UBRHC,LBUC 4LOGICAL

NAMROST (55) NAMTS, SCSTS OF PENAL, VAR, ON 43 CAPDS,FN HAT(5410)
UTRBAR (NCY SETTLIHNG-ACHN VALIE 0OF UC (PUS TO PERMANENT NTST, UM
KN (Ne) FIXEN(ACMD,) ANDNEN COMNTRNAL(NUE TO PESMANENT NIST. UN)
Kaune (NGY FIXSQ(FCRG,) AIFD CONTROL(NUT TO FERMANENT IIST, UM)
KRFILTINC,M) FILTEP PATTERI FCR REZNUCED SET OF Fl.B8, VAR, (KRED=1)
KNR(NE, D MATDIY CITAINED FOQOM  REGULA  TO COMPUTE KNU

KON (NT 4 ND) MAT2IX SET FOR AN EXC. TYPE TO CaMPITE KnUu

K6 (M, N SIE EN. ()

RC(NC M) ,ACD(NC,ND) AUXILIARY MATRICES FNOR ARCVE

HOAINNONANONOADNHIINAAAINNONIAOHOONO

PEAL A(39,30)
COMPLEX RPTR{Z0),W(30,30),V(30,37%),41(30,30),W2(35,30),W3(30,30),

1 W4 (3N, 30) 4T L (23Y 4 RIN2(ZN),RTAI(ZNHY L,TCLI3CY
PEAL AL(30,30),A2(70,30),RTR(30),RTI(3IN) ,PU(30,4),R1(30),R2(30),
1 R3(31Y 4y RPLI3ZIY ,P5{20),R6(30)

INTEGER IRPNON(R0,2), INAME(S)

COMPLEXY NA(3IC,33),71{31),02(320),03(31),C4(30)

DOUBLE AV(3,30),01€30),02(30),03(30),N4(30)

EQUIVALENAT (W ,MA, AN, (N1,01),(02,N2),(03,03), (04,04)

GOMPLEX PTGIN(30) EXCRTC(30),S(30), VRU(20)

QEAL B30 413),X2(30),UC(2),UD(3),3C(30,2),307(33,8),RU(303),X(30},

1 X4 (20R) ,HS(47), ¥S(70),005(2) , A3 (39, 30),S3(3)
REAL NN2ANC2) ,KN)12) ,%UNR(2)
c REAL G{10,39),Y(10),Y1(110) *¥¥COR THT TIME BEING Y TS NOT USEN**#*

INTEGER ICASI(3) ) NAMEX{3C) NAMFULLIYyUNTTX(3CY, UNITUCL0), TTAMEUC (2)
INTEGED UHITIC(2) yMANCOST(55) 9NATLASE(2), KRFILT (2,30
DEFINITIONS FNR EXTRAZ AN EXAITS .
REAL XTR{LZ), XTRS (L3I 4K?(2433),XA2(7) 4XAXL2(7,27)
PEAL ¥NR(2,30 ) KETI(2,R),4YD5{2,R8),RN(2,21,ACN(2,%)
NEAL PR1(2,2),0KNUL2) .
C KN ,KNG,ANN, 27, REL, AKNY,  ARE AUXILTARY FC2 RVUTINE EXCITSD
ENUTVALEMNE (AL,KCNY, (A1(41,2Y,KNG), (A1(1,2},ACN)
INTFGER HAMYTRIL4), MAMXTRVIL4), UNTXTRILL) 4NCTI(2)
. € DEFINITIONS FOR STORE
PEAL XP{30,92),U00{2,92) ,XTIP(13,32),TP (92)
) REAL UBNC(2Y,L310 (2) :
LOGIGAL UVUC({2),Lvun{2)

(o]

] : .
NATA ICASE/37H 0F REGULA FOR GASE 3/

] NATA INASEZRQHCASE 7 OF FOROKL (MXEV2XL) / FOR A

G IA = 1 » OPTY LOGP NASKE, £0,(11) / THIS CASE WILL NOT RE UN ON »

G IA = 2 » £LAS LNOP CASE, €0,(12) / SIMSAT. IT DOES NOT MAKE SENSE

.-y
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ono
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SINCE FOR UC INAGTIVE THERE IS NO POINT IN NONSTRAINING

IT. IT IS LEFT IMN HERE FQOR THE CONVENIENCE OF ROUTINES
COMPATIPILITY WITH SIMULA

I8 = 2 .
In2 = 0 o IMONIVINUAL VEQTARS FNOR EACH TIME NOT PRINTEN
IPPA= 0 o MATRICES  ADG{1) ,,49ANC{4) NOT PRPIHTED,
I°n = 0 » XAYIR,8,4,70,00 NOT PRINTED
INUICY = 1 » EXC(5) NOT- RLATTEN, K2,KIR NOT FRINTED(TO FIT J6 ON CNC)
MY = 5 » KR,KIR,P20A005,NCSTS, REAN FROM CAROS
T = 2 » KP,KIR,PPOAOR,CNSTS, READ FRQOM TAPE 3
I = 4 » XNU T9 27 2%A0 IH, TO TEST INFLUSHOE OF AD7E0 CONTROL
Ho = 5 a XAX1LR,SSXT2,S5SXU, A, REAN FROY CARNS
up = 2 o XAEX4T,SSXTR,SSXU,RyA, RCAD FROM TAPE 2
KREN = 4 o RENUNEN SET QF Fe3, VAP,, HENCE READ FILTERP PATTN KRFILT
ISKPSE = 1 » TX0(5)Y NNT SN AT ALL
PTHLIM = RTAL TIME LIMITY
THAX = SIMULATINN TIME LIMIT
nTse = INTIGRATION INTERVAL AFTER 1€ SEC, SIMILATINY
nTing = TNTEGRATTINN INTERVAL AFTER 10D SEC, SIMNLATION
pT1600 = TMTEGRATION IATERVAL AFTEZR 10C0 SEC, SIMULATION
pTingng= INTEGRATINN INTERVAL AFTER 10360 SED, SIMULATION
ISAT= FRES SIMULATICN, I.E. MO SATURATION
ISAT= 1

- BEAD 121, IPN,INUINK,MI, KD, MP,KRED, ISKOS5, INC
RFAN 125, THAX,PTPLIM
DEAD 12/, NTL0,NT100,7T1002,0710900
IF (INMICK,EQ,1) IPN = ¢
IP2a= @
ipPR = ¢ -
N =
MU
MO
HD
NW
MYXTR
MAR
ML
NaYn
NNAMAST = 5 * {3+NOC+NAYM)
IF (INCLNE.LY GN TH 4R
READ 127, {(HRTI{I) 4T1=1,MC)

o
(2
[N T TR S B
=
o

DN N
ﬂ

IF MP = 5 A CARD MUST RE INSERTEN AFTER THE KEYS. £A2N, IN FORMAT

122, INCLUDING CASE NIMBES (FAICKL,,MXEZV2XL) AND PO, LEVEL OF POKWER

4% PFATY (MP,122) DATCASE
. PPINT 123, DATCASE )
PRINT 124, IO, IQUINK,MT,TKOU,MP,KREN,ISKPS5,THAX,RTHLIN,
i NTit,07433,071007,071307%0, INC )
IF (INC.HE. 1) 6N TO 49
PRINT 128, (LI,HNCI{INY,I=1,N")
43 PRINT 129

REAN TN KRCMC,N) ,KNR {1, NY g XAXLIR(NARZNL) 3 X TRS{HX TR 4 NAMXTRY (NX TR},
NAMXT2(IXTRY HBHTXTR (NXTR)

CALL EXTOAZ (4, TMAME JRL NG NY X, XS, USyNCy ND I, UNyNXTRyXTR,XTRS,
1 NAMX T2, HAMXTRY g UNT X TRy MAMEY, KR, TA, IPRyMAR, NL, ¥ARH XAX 1%, INASE,
2 - NW,IPT,4NR,KDU,MT, ¥, TAUICK)

READ IN XSEN}, NAMEX({N), UNITX{N}, US{NU), NAMEUINU), URNITUNWD)

READ (M2, 101) TNAME
- GALL IRV2013 (XSy Ny MP)
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CALL IIVAALG (HAMEX,N,HP)

CALL IIVBALD (HHITX, Ny4P)

PRINT 102,

THAME

RFAN (MP,101) THAME
CALL IPV2013 (115, N1, MP)

CALL TTvaAaln

(HAME']y NIJ, MD)

CALL IIVRALD (UNTTU, NUyMF)

PRINT 102,

INANE -

REAN TN RINGNU), A(NGN),

REAN (P, 401) THAME
CALL IPM20172 (%,N,Hl,MP)

PPINT 1692,

TNAME

IF (IPYY 3,5,3

2 CALL WaRrMX

(RyHy Ny 2OHB(RTFARE REQPNER ING)

5 SEAD (MP,471) THAME
CALL IDM20L3 (A, N ,M,4P)

DRINT 172,

THAME

IF (IPD) 15,26,10
10 CALL WRRMX (8,N,N,30HSTATE (INPUT) )

REAN IM PROADS (L CATD), GOSTS (13 CARIS),

2h IF (T4 - 1)

27428,27

27 2FAN (MI,115) e50400
PEAN (MT,114) (NAMCOST(IY,,I=1 ,NHAMCST)

28 IF (ENFMT)

1 PRINT 103
SToP

2 PRIMY 194

DHECK IF A REDUNED SET OF FERDNACK VARIAMLES
NF THE FULL SET,

1,2

IF (KPEN - 1) u5,29,45

29 CALL FILTER
45 TS
IS

104a

REN2NER MATRIX

(MO 4N KP 3 KRFILT yNAMEX 41)

10HANG (30,30)
{30,30)

7 (CHANGE G2ULYMHS 5,6 FOR 9,17), AREAK UP

REORDER  US (CHANGE 5,6 FOR 9,10)

TALL PORDPH
CALL RORPN2M
CALL CARyUP
CALL CARYUP

IF (IPD) 4%,

46 CALL NROPHMY
CALL WRPMY
47 GCALL RORPDUS

THE FOLLONING

SUNRGUTIMNE  OHDATA

(1,7, NyN1J,5,9)

(1,7, Ny NU,6,10)

(AyRN My NUs Ny N1 ,1)

(N30t g NUs Ny NG 41, 9)

4746

(BN,N,NN,20HRN (NTSTHPIANGE INOUT MATRIX)
(AN N,HG,3THRE (BONTPOL INPUTS MATRIX)
(NS, NAVEU, UNTT Uy NOMEUG y NS, NO, UGSy UNTTUS)

STATEMENT THEZLKS NATA ELEMENTS,

332

IS RENUIQEN IMNSTEAD
IF SN, GHANGE MATRIX KR READING FILTER PATTN KRFILT

3 INTO 2D AND Bf

B

)
_.CHECK uC

IS PARTICULAR TO THIS SYSTEM FOR NASE (3) OF

FRacK4 (MXEY2YL) AMD 407 °f, ONWEP LEVEL. IT "IST R% CHANRED FCR AMNY
CHANGE IM INPUT, THEZ 08J5CT IS TN FLAG A MISTAKE IN DATA RATHER THAN
HAYING LONG PPINTNITS, FOR PRINTOYT ECONOMY S SAK®,

CALL CHNATA

KASAT = KASNEW
= KS3MNLHW

KSUMNR

(IS 3N H4MNC yNANCOST, NNAMCST)

i
1

COMPUTE EIGENVALUES/VENTORS FOR ADC (OPTIMALLY COMTROLLED) FCOR THE
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4 FOLLOMIMG POSSYAILITIAS, IN 3 OF WHIGH ONE OR 0TH CONTROL IMPUTS

ARE SATUPATEND,

NO SATUPATION, ADC(1)
UG(2Y SATUSATEN, AAC(2)
Ur (1) SATURATEN, ANT(3)

A - ACIL)*(KR(1)YT COMRUTE 42,RTGC2
A = AC(2Y*(KR{2))T COMPUTE Y3,RTC3

“ohon

uc SATURATEN, ANC(4) = A GOMPUTE WL, RTGh
caLL ETGSAT (M,0,A1,A2,83 ,RTR,PTI,PTC, PTNL,RTN2, RTC3,RT Y,
1 Wyl W2, 3, Wa Wy OTATIM,R1,P2,R2, P4 4,PE,FH,OHy b,yTROW; 2,0A,C1,
2 - C2,03,0UyA0,D1,02,N3,04,3C,KR,"NC,IPRA)

A3 YIS NOW ANT{1) = A -~ OC*KR
HyV,RTC,RTGCIN ARE NOW Wi, INV{WL),PTCL, INVIRPTCL), RESPECTIVELY,

COMPAPE PRADL (PRODYCT OF LOMPUTEN E-VALUES NF AQQC) HITH
PROANT (PEAN-IN PRANUCT 0F E-VALUES NF  ANCY AND PRINT

i,

PRADC =
nNo 51 T=1,M
54 PRAQS = PRAOCH*¥ATNL(TI)
RELPP = (D407 -~ PROAQC)/PROANC

PPINT 119, P2AQG, PROANG,7ELRP

IF (KRBREN,E7,1) GO TN 38

IF (ARS{PELAP) - 1,E-5) 53,53,52
52 PPINT 105

STne
53 PRINT 104

SET YYPE OF EXCITATINN AWD TEST IF KNDU IS REAUIRED TO RE GCHANGED
FOR TESTING PURPNSES, TF S0, READ IN KOU,

38 ITYPE = &

& DALL EXNITST (X,UN,UD,NyNC, NN, IXA,TUC,IUN, IS, IGASE,,MH,RC, 1N ,8U,R2,

1 Vy Y, IEXC y XSy USy NI, ITYPE,KDR, T AAR, KDY, KEDZ KNG,
4 AGO,PC,4KDUDS, TKNU,A3, A1,82,RCL, NC I, AKDU,IDC)

vAay TS NOW INVIN1)*3nG*un, SEE EN. (12}

KASAT
KSUMB

ay
VR

BIGXUD = [IDFLD + BC*KOUY 7 VALIN CHLY FOR L
ALY _ / 0

ion

[ ]
[ey

I,E« WHGEN THE CONTRCL VECTYOR IS WITHIN THE GONSTRAINTS

PPINT 111, IEXG,IS,TCASE,ITYPE
PRINT 112
CIF (TURLEN,T) GO 10 25
PRINT 118 °
25 CALL SXTRAT(2,IMAME, 3,H,NU,X, ¥S,US,NC,ND,UC,UT,NXTR,XTR, XTRS,

£ NAMYTO HAMYT SV, UNTXTRyNAMEL KRy TA, IPPy NARy NL ,XAR , XAX 1Ry ICASEy

2 N s TP KR K NU, ¥ Ty MP, I T6K)
SET CONSTRAT/ITS 0 RONTROL IN®UTS Un

DALL PLOTS (N, NG ,HXTR, 2, XP,UCR  XTRP,TD, TLAST,,ND4NU, XS, UCS,
i XTPSy HAMEX g NAMEUC , NAMXTR ,NAMXTRY JUNITXUNITUG UNTXTR yTEXC, IS,
2 ICASE, M, IA, ITYPE, IQUICK,KP,URUC,LRUT,1)

CHECK IF UG VIODLATES CONSTRAINTS AND IF S0, CHANGE UC TO THE
COMSTPAINTO(SATURATED) VALUE, SET GCORRESPCHLING GQDE NUMBERS
KASNEW AND KSANEW,

IF (ISATY 41i,4N,41%
L1 TALL SATGOD (MG,UC,U3UC, LBUC,UCS, UVUC, LVUG ,KASNEW, KSANEW)

333

A - 0FKR ' COMPUTE W1,RTOL,V,RTCIN

*ADJUST*
* WITH *
* EXTRA*
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GO YO 42

40 KASAT = KASHEH = KSHMR = KSANEW = 1

62 CALL LISTVS (M MU UG, U X U 3 UNy XSG, US,y NAMEX g NAME,TINTTX, UNTTU,
1 2HY Iy NXTR, XTR,XTRS, NAMX TR yHAMXTRY , UNTXTR, UG RAR,, KDY,
2 UnyT,L3UC,USSyNAMEUC, UNITUC)

SET TIME INTERVALS (LANGEST TIME LOHSTANT OF A IS 0OF ORDER 2009 SECONDS)

T .

nY o, .

IF (ITYPT,E1,5) TYAX = 1103,

NLIM = 92

CALL STORE  (1,H, NG, NYTR,NLTH,X,US, XTR, XP,UCP,XTPO, T, TP, TLAST,NT,
1 NTLAST) :

wou

PRONCED SOMPUTIHG FCR FACH T (STEPS 9 TOo 2M

6 CALL SSNONY (RTTMA)
IF (2TIME = QTHMLIM) 27,14,14
CNC 6630

37 IF (IPP) 16,12,16
12 IF (T)  17,17,17 ,

12 DPINT 116, T, RTIMI,KASHEW,KSINCH

. A0 TO 17

16 POINT 106, T
17 IF (ISAT) 39,33,%9
29 IF (KASOT ~ WASMEW) 26,31,39

30 KASAT = VASMEW

YONATE EIGEMVALUES/VEATAPS AMA INVERSES, I.E,

PEDLAGCE W,RTH  FROM WiyeeyHi,RTC1y44,RTCH, ACCORDING TO KASAT
COMPUTE V,RTGIN F20M W,°TC : :

nALL UOAETG (N,V,RTOIM, Ni,W2,H3,W4,PTOL,RTC2,RT(3,RTCY,
1 Wy RTCy KASAT) :

24 IF (KSHMAR - XSBNEW) 22,33,32

32 XSUMR = KSBNEW
PPINT 117, TyRTIME,KASAT,KSUMR
ORINT 120’ ((I’RTC(I)),I=1'M)'

uenaTeE, I.E. COMPUTE yRu= ¥Y*{SB + 8U)
FO? ONE OF TYHE G POSSINLE VALYES OF SA, AGCORIING TO KSUMRB
CALL UPNYBUL  (MyMT, Y, R, YR, KASAT, G, 87,58, A1,A2,4 NN, D, UD, KNU,R2)

33 N0 7 I=1,N
CEXPRTOL{T) = CEXOURIN(II*AT)
IF (CAnS (RTC(T)) - 1,.,E-10) 8,9,9
8 S(I) = DT*y(I)
50 T0 7 :
9 SLI) = RTCTN(I) ¥*{EYPATC(I) - 1,)*¥YRU(D)
7. CONTIMNYE
CALL MULCMCY (NS, N4,N,N}

04 IS HOW  X2(T), 2MD TERM OF EN, (24}, AMD SHOULD BE REAL. GHECK
IF IT IS AND GONSTRNGT REAL, . . S .

IF (IP®) 19,20,19
19 PRINT 107 : :
20 TALL TOFYCR (04,X2,N,10HX2(T) s NAME X, IPR)
SALL MULCHMRY (VyX,0kyNgH)
GALL MULDVG  (EXPRTG,C4,C2,N)
CALL MULCMEY (4,52, Ch4,NyN)
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4 IS NOW X1i(T), 4ST YERM OF Ed. (24) y ANT SHOULD RE RZAL, CHECK IF

IT IS AND COMSTRUGCT REAL,

IF (IPPY 21,22,21
24 PRINT 108
22 GALL TPFYG® (CL,X1,N,10HX1(T) s NAME X, IPR)
CALL ANDY  (X2,%X1, X, N)
IF (IPP) 18,11,18 -
18 OPTNT 049, T
POTNT 110, ((I,X(T),NAMEXY(I}) ,T=1,M)
11 GALL EXTPAZ (3, TTAME, 3, Ky K11, X, XS, 1S, NGy NOLUS, UD, NXTR, XT2, XTRS,
1 NAMXTR , HAMXT RY , UNTXTR,HAMED KRy TA, IPP, HAR, NL , XA, XAX1R, ICASE,
2 MW, TP, KPR, KN, MT,¥E, INYICK)

SHERK TF UG VINLATES LONSTIAINTS AND IF SO, CHANGE UG TN THE
AOMSTRATINEN(SATYZATENDY VALUE, SET CORPESPONDING CODE NUMRERS
KASNEW AND KSTINEW,

IF (ISATY 43,4L,43
43 CAaLL SATGND (NG, UG, UTBUC, LRUC,UCS,UVIC, LVUC,, KASNEN, KSINEW)
44 TE = T & f1.E8-4

IF (7T - 10,)35,35,34

IF (v - 1, )35’35;3“
34 TLASTR = TULAST + 1.E-4

IT = TE

ITL = TULASTE

IF (IT = ITL = INS) 136,35,36

35 CRLL STNPE {2,y NCyNYTR,NLT', XUy XTR, X2,U%P, X TPP, T, TO , TLAST,NT,

i NTLAST) .
26 IF (NTLAST.GREHLIME GO 10 14
IF(TE WGE,THAX) 6D TO 14

IF({TE ,GE, 0.) nyY = Nk
IF(TE.GEI :3) nT = ’05
IF{TE GE, 1) DT = o1
IF(TE.GE, 1.} InsS = i
"IF(TE «GE. 19,) nT = NT4n
IF(TE.GE. 13,) 1INS = 11
IF(TE OGS, 1170, a7 = 0T14g90
IFIYE.GE, 1034) ns = 100
IF{TE,6E,1007,) NT = NT1309
IF(TELGE. 2300, T1NS = 10609
IF(TE.GS,10800.) DT = 0712000
IF(TELGEL10000,) INS =100400

T =T + 07

GO TO 6

PRINT FIMAL VALUES 0F X(T)

14 PRINT 147, T,RTYIME,KASMEW,KSAIMENW
PPINT 1141, IEXC,IS,ICESE,IVYRE
PRIMT 143, T .
CALL LISTVYS  (MyMNUZ MO ND X, U0 1IN XS 1S, NAHEY, NAMEY, UMTITY, INITY,
i 2H Xy MYTR, YTD,XTPQ,NAMYTD HAMYTRY, UNTXTQ,UPWAD,KHU,
2 URUC, LBUC, UGSy MAMEUG, UNITUC)

BRINT ALL VALUES IMN MATRIYX FORM
KWRSIM = 0 » PESULTS OF SIMULATIGN NOT PRINTED (PLOTTED ONLY)

KWRSIM = ¢

TF (XWRSIM.=0,0) G0 0 24 )

CALL HRPHXT (XD, U, NTLAST ,30HX{TY FROM T = 0, 7O T = ,
1 TLAST, TP,10H STOONAS 4NAMEX,3)

CALYL WeouyT (Usn, NG, MNTLAST,ZRHUS(TY FROM T = 0, T3 T = ’

1 TLAST, TP,10H SENONNS RNAMENGC,0)
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DO

t

CALL WRRMXT (XTRP,NXTO,ZNTLAST,3GHXTR(T) FROM T = 3, TO T = ’

1 TLAST;TP,10H SERONNS ,NAMXTR,0)
24 CALL PLNTS (M, HA MY TR, NTLAST, XP,UCP, YTRP, TP, TLAST,ND,NU, X5, UGS,
1 XTRS,MAYEX ,HAMEIC s HAMXTO  NAMXTPY 4 INTTX ,UNITUR s UNTX TR, IEXC, IS,
2 INASE, NN, IA, ITVOE,TAUICK,XP,USUC,L UG, )
DRINT 114, (MAMROST(I), T=1,ANAMCST)
IF (ISKP5,30,1) 50 TO 1000
IF (ITYPE - §) 23,1007,23
23 TTYPE = 5

TEST IF THIS IS A RUN WITH TMPNSED KDU, IF SO, MISS EXC(5)

IF (IKDU - 1) L,1000,4

1000 STOP

100 FOPMAT (//7/7740Y, *REAL TIME IS*,F11,3,*SEC*)

101 FOOMAT (AALF)

102 FORMAT (10X,3417)

107 FORMAT (40¥,*787 OF FILE CARN READ AS DATA®//iGX,*ONE OR MORE DATA
1 CAPDS MISSTHGX)

104 FORMAT (LOX,¥NATA N K *2/77777)

105 FORMAT (/7/40%,*DATA WPCNG, 2UN AGATN WITH. IP) = 1%)

106 FOPMAT (LHL,  W,*T = *,%11.3,* SECOUNSY)

107 FOPMAT {/13X,*THE FOLLOWING VECTOR X2(T) IS THE 2NN TERY OF €0,
1 (24) TN MAIN ©P0GPAM, T,E, THE DESPONSEX/10X,*(0VER THE LAST INTE
200AL ONLY) Tn THME E¥SITATION AF THE UTSTUP?ANCS INPUTS AND THE SAT

. 3URATED CONTROL INPUTS (TF ANY)*)

109 FOPMAT (//7740X,*THE EOLLOHING YENTIR  X1(T) IS THE 41ST TERM OF EQ
1. (24) IN MAIN OR0G24M, I,E, THE RESPONSE*/1LX,*T0 THE STATE EXCIT
2ATION, TAKTH AS IT WAS IN THE LAST CALCULATED INSTANT®)

109 FORMAT (///19X,*FOLLOWING IS THE RESPONSE X(T) FOR T =%,F11.3,
1* SFROMNS.*//7)

118 FOOMAT (15X, *XU(TY (*,12,%) = *,E11,4,5%,A10) :

111 FNRMAT (1M1, 9X,A10, *DE<Douqr 0F svcrrw ¥ A10,%, *,3A40,%, SXC T
1YPS (*,72, X34 717)

112 FOSMAT (10%,¥FALLCHING IS THE LIST OF VALUES OF THE INITIAL STATE
1EXCITATION  (X2)  AND THE DISTHRDIANCE INPUTS (UM *//710X, *THE VALY
2ES OF THE GONTROL INBUTS (U7)  AND AGNITIONAL SARAMTTERS ARE THE
2RESULTS OF THS SNNTPOL LAW FOP THIS®/I1CX,*CASE AND N° THE ALGESRAL
uC 2ELATTONS IN THE RASIM MANEL, RESPECTIVELY, THEY "0 N O T RE
SPRESENT EXCITATION®/40X,¥0F THE SYSTEM (UNLESS IT IS SPECTIFICALLY
BSTATEN TO RS SNI%///15X,*THE VALUES OF 1€ ARE LIMITED AY CONSTRA
7INTS (PRINTED HZRE) IN THIS INITIAL LIST AND ALL ALOHMG THI SIMULAT
ATON®7 /7 . 10X, *THE STEADY STATE VALUZS A%F ALSO PRINTEN,
a AS ARE  HORA® I STEADY STATS NEVIATION OF UC FRQOM  S,S. VALUZ,*/
A 62X, 4O HIN THE FRESEMCE OF UD (UCRAR = KAO*UNY/

3 63X, *KNU = FIXYEN AMOUNT OF CONTROL TC RE ADCEDN TH THA FEEDIAC
TK*/ BAX, 46H(UC (T) = = KR¥X(T) + KU = = KR*X(T) - KDG*UD)//
NRLX , ¥CONSTRATHTS 0N UGC*/7)

113 FORMAT (10X,*F I N AL VA LUE S (T = *F11,3,* SECONISY*//)

114 FOPMAT (5A10) :

115 FORMAT (5U¥,F20.,13)

116 FOOMAT ( 1M1,09X,*SIMULATICM BOMPUTING STASTS, TINZS T ARE PRINTED
1.%7710X,*ALL ELEMEUTS SHOULD BE REAL*/10%,*THOSI ELEYENTS (IF ANY)
"2 WHISH HAVT IMA5 PART GT,1.F-7 AND (TMAA/REAL RATIN 6T 1,E-4 OR RE
AL 7ERN) ARE ARINTEDX/L0X,*X2(T) ARE SLEMENTS REPRISENTING THE 2ND
4 TEPM OF EQ, (24) IN MAIN PROGOAM*FL0X,*X1(T) AREC CLEMENTS REPRESE
SNTTHG THE 1ST TE2% 0F EN, (24) IN HAIN FROGRAMX//45X, *WHERT*//10X,
6L2LHX (K+1) = WILY *[EXPIRTCILI*DTI(KI I 1Y (LI*X LK) + WILI*PTCIN(L) *(E
TXP(RTCILY *AT(KY) = TI¥W(L)* [SUMIN (ROIJI*DUSAT(I) Y + RO*UNY 7/71GX,
RXUHEPEX /715X, *1ISAT (J) = VALUE QF US(J) CCRPESPONTING TO UPPIR OR LQ
GWEP FOMSTRATHT#/15Y,% U3 = VECTOR OF DISTURBANCE INPUTS*///29X
Ay ¥RERL PART*, 32X, *IMAG PART*////710X,*T = *,F11,3,% SEC*,

3 20X, *REAL TIME IS*,F11.3,* SEC*,
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£ 15X, *KASAT = *,11,5X,*¥KSUMB = *¥,I1)

147 FORMAT (10Y,*T = ¥, F14,3,% SEC*,20%,*REAL TIME IS*,F11.3,* SEC*,
1 35¥y *KASAT = *,T1,5%,¥KSUMT = #,T1) .
118 FORMAT (10X, *WARNING o .a o THE CONTROL IMPUTS (UCY HAVE BEEN E

IXCITEN*® /7 /)

119 FORMAT (/7//710X,*20NUCT AF CNMPUTED EIGENVALUES OF AON =*,E29,13/
1 12X, *RTAN-TN PRONUCT OF  ETGENVALUES OF ADC =%,T20,13/
2 16X, *FRACTINNAL DIFFERPEYNCE =*,E£20.137)

120 FORMAT (///73LY, % CW SIGEMVALIES*///23X, *REAL PART*,7X,*IMAG PART*
1 77 0L9%,*PO0T (%, 12,%) ¥,2E16.9)) ,
121 FORPMAT (8T1)
122 FNOMAT (A2,47) _
127 TOPMAT (1HL1//7/10X,*NAYA INPUT TO SIMSAT , OUTOUT FRnM  MXEV2X1*/
1710%, *0AST (*,A2, %) CF FHACKL , PONER LEVEL = *,A3,* Pn, %)
124 FOPMAY (/£7/7/77711%, %100 = *,T1,* » (0 IMPLIES XAY12,9,1,A06,80,
1BC M N T O2T4T,1*/740X,*IOUICK = *,T1,* » (1 IMPLIES EXC(5) N 0
2T  PLOTTEM) %712, #1471 = *#,T1,% o (C IMPLIES KR,KN2,P20A0C,00STS
3, REAN IN 7704 GARNS, 3 FROM TAPE 3)#/10X,*IXOU = *,Ti,* » (1 IM
LOLIFS KNI TQ BE REAT TN, TO TEST THFLUENCE OF FTIXEN ANNEN CONTROL)
G¥ /10X, *MP = ¥,T1,* » (5 IHMPLIES XAX1R,SSXT2,SSY¥U,R,A, READ IN
AFPOM GAPNS, 2 FONM TASE 2)%/1C0X,*KREND = ¥,T1,% » (L IMPLIES N O
7 T ALL SYATE VARTARLES FEN AANK, HENGE FILTER PATTERN TO AE Q£AN
BINY /10X, *TS%P5 = *,T1,% » (1 THMPLTIES €XC(5) NOT PUM AT ALL)I*/10X
SO, ¥TMAY  =*,T7,0,% (STMULATION TIME LIMIT, SECONDSI*/4CX,*2TMLIM =
A X, FB.0,% (2CAL TIME LIMIT, SECANNSI*/

RLCXXNTIC  =*,FB,1,*(INTEGR, INTERVAL AFTER 10 STC. STIMULG)*/
RLUX*¥NTL00 =%,F3,1,*(INTEGR, INTERVAL AFTZR 108  SEC. SIMUL,) */
NLEX,*DTL014 =+4,58,1,3 (INTERR, INTEQVAL AFTED 1510 SEC., SIMUL.) */
F10X,*DT1060A=%,TA,1,* {INTEGR, INTEQVAL AFTER 15300 SEC, SIUL,) *//
F10X,*TN0 = %,T1,% » (1 IMPLIES NC COMPENSATION USED, PEROMPUTIN
66 KDU, SUTH THAT X(NCI(I)) = 0)*//77)

125 FOPMAT (56X, F7.0,23%,FR,0)

126 FOOMAT (4(19X,510.1))

127 FOPMAT (3(8X,72))

128 FOPMAT (10X,*HRT(%,T1,%) = *,12,% (SEE EXPLANATION FOR INC = 1
11"

129 FOSMAT (/217770)

ENN :

SUAPOUTTINE SIGSAT (MyA,AL,A2,A00,RTR,RTI,RTN,RTNL,0TN2,RTG3,PTCH,

1 WaWly W2 3y W2, HG W, ETCINGRL,P2,R3,R4,4,RG5,RH,RW,N4,IR0OW,N2,DA,C1,
2 N2y 0330uy AN YL, M2,303,3 04,4 K230y K)
21.1.71

COMPITE EIGENVALUES/VECTORS FOR  ADC (DPTIMALLY CONTROLLED) FOR THE
4 FOLLONING POSSIRILITIFS, IN 3 OF WHINH ONE OR RITH CONTROL INPUTS
ARE SATRATED,

NO SATURATION,  AOG(1)
Ur(2) SATHPATED, ANN(2)
UnT1) SATURATEN, ADCG(3)
un SATURATED, AOC(4)

A - 2C*KR COMPUTE W1,RTC1,V,RTCIN
A - RO *{KR(LIIT  COMPUTE W2,RTA2
A - AC(2)*(KR(2))T COMPUTE W3,RTC3
A _ COMPUTE Why RTCY

REAL A(NGN) ALy NY AP INGNY LACN (INGMY,RTRIN) ,RTT (M), R1 (N}, R2(N),

i DI (MY, PL(HY g BEIN)y PH UMYy PRING ML) JACIN,NC Y, K3 (NC, N)

COMPLEX RTIC (M), ATCL{NY yRTC2(N} 4 RTOI (N) 4 RTCH(N) , W INyNY y WL (NyNY,
i H2 (NGNI gHICH MY WG Cigt ) g VI, N) GRTTININY g NACN,N) 3 CLIN) 352 (N),
2 N2 (N}, CH D

DOURLE ADIN,NY, D1 (N) ,N2 (N, D3 (N), D4 (N)
INTERER IPOWI(H,N2)
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s Xy Xv)

SO

101 TOPMAT (1Hi,aX,*EIRENVALUES OF ANC(1),
102 FORMAT (4H1,9%, *EIGENVALUES OF AQC(2)
402 FOPMAT (41H1,2X,*ZIGENYALUSS 0F AOC(3)
104 FORMAT (1H1,9%X,*EIGENVALUES OF A0C(Y)
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AN (4)
PPINT 104 : , ' o -
RALL EIGVVL (2,0,0,0,K,NeAy AL,A2,RTN,RTI,RTNL,W4,R1,R2, 3 ,Rl,RH,

1 IROW 25,06 ,NAy 01,02 ,02,C4yA0,N1,02,03,04)
SALL INVEOM (Hy,V 41, IRANK) o

INA = 10HADGL (SA) =A

ORINT 190, TuA,N, N, TRANK

IF (IRANK.ME,N) STOP

ADC(3)

POINT 1173

CALL CARVUP (0 ,A4,HN,NO,N,1,1,2)

CALL CTARVUD (K,A2,NG,N,1,M,2,1)

CQLL H'lLTI (I\i,ﬂ?.,;\f)f‘.,l\‘,i,'l)

GALL SUAT2 (A, A0C, AOC,N,N)

CI‘LL C*GVVi (3,51,C,f‘,‘(,‘f,:ﬂc,Ai,ﬁZ,QTQ,QTI,RTC3,N3.°1,°2,"{3,‘?1§,?N,
i IRNN,05,26,08,71,82,03,04,A0,91,02,02,"4)
CALL INVROM (N3,V,N, T?ANK)

TWA = 1C0HAOOI(SATY

PPINT 100, IWAyMNyN, IRANK

IF (IRANK HNZHN) STOP

ANC(2)

POINT 102

CALL CAOYUD (AN, A1, M, HC,Nyi,4,1)
CALL CARVUP (K7,A2,M4%,4,1,M,1,1)
CRALL MULTT (A1 ,L2,A00,Ny4,N)
CCALL SUATR (A, ADC, AOT,N,N)
CALL ETGVVL {350, 0,0 ,KyNyA00, 81,82, RTR,ATI,RTC2)W2,R1 yR2, P3,Rly RH,
1 TPOW,PG5,P5,94,01,02,03,044A0,01,02,03,04)

CALL TMYRGM (M2,V M, IRANK)

TWA = 19HANC2 (SATY

ORIMT 100, THA,N,N, I2ANK

IF (IRANKGHELD STOP,

ANC (1)

PRINT 101
CALL MULTI (30 ,KR, ACT,N,NG,N)
CALL SUATP  (A,A0T,A0%,N,yM) .
CALL ETIGVUVL (7,0, 0y sKyN,ANR, AL ,A2,RTP, RTT,RTCL,Wi,%1,R2,R3,R0, 0N,
1 IROW,R5,06,NA, 01,02,03,04,yA0,01,02,02,04)
CALL IMVEOM (WL,V,N, IRANK)
IWA = 1GMA0%1 = AOC
PPINT 100, IWA,H,N, IPANK
IF (I2AMK.HE,N) STOP

nn 1 T=1,M4 .

1 RTATINA(TY = 1,/RTCL(IY
FALL FNUYE  (RTNL,BTN,N)
CALL ENUMED  (Ui,4,N,N)
PETIHRN

100 FORMAT (///710X,*RANK OF EIGENVECTOR MATRIX OF *¥,A10,%(*,12,%,*,

i I2,*) IS*;IAR/77)

AOC*7777/)

AOC (UT(2) SATUR*/1/777)
AOC (U (1) SATURGY*//2/77)
A (UC(1,2) SATUROI®/II77)

RINTI NPT E L]

END
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(1]

N NeReNeNoNa

SURROQUTINE SATROD {1C,UnN,URNC, LRIG,

21,1, 71

gcUECK IF UC VIGLATES CONSTRAINTS
CONSTRAINEN(SATUZATEN) VALUE, SET
KASNEW ANN KSRMEH, *

SATURATION CONE TARLE

uruC (2) L

HESyUVUC, LYUC y KASNE W, KSINEW)

AN IF SO0, CHANGE Un T0 THE
CORPESPONDING CORE NIIMRERS

UPDATE EIGENY
PEPLACS W,RTO
rOMPUTE v,qrc

ALUES/VECTORS ANT INVERSES, I.E,

uRyG (L) LG (1) s (2) KASAT KSUMB
—-——— - - ——— i p
- —-— VIOL. —— 2 2
- - - vIint, 2 "3
vIoL, - -— -—- - 3 4
S VINL, - -— 3 5
vIioL, - VIoL, - 4 6
VIOL. -— hadashed VIOL. " 7
—— Vint, VIOL. § o m—— L 8
hadhoadind VIiaoL, habadnd VIOL' 4 9
REAL UG (MC) yIBUSINNY L LY NN ZUSS(NCY .
LOGICAL UVUS(NTY, LVHG(NN)
N0 13 T=1i,H0
. UVHC(TDY = (US(TI) + UNS(I)).G6E UaUC(T)
19 LVUC(IY = (UCLI) + UCS(IN) . LE.L3UC(I)
IF (. NOT. (HvnC (1) ,0R, YU (1), 0P, UVIC(2) ,0R,LVNC(2))) GO TN 4
IF (LNOT. (UVUC(L) NPLLVUC(L)Y) JANDUVIIC(2}) 6n 10 2
IF €. NOT, (YUC(L) N7, LYUC (1)) LAND,LYYC(2)}) GO TO 3
TF (MOT, UIVIHRC(2) (02, LVUC 21 JANDIVUC L)) GO TO &4
IF (WNOT, (IVUA(2) N2 LYUC{2)) JAND LYUCTL)) GO Ta 5
TF (VN (L) LAND, Ve (2)) GO T0. 6
IF (UVUCTL) JANT.LYUS(2))Y 63 T 7
IF (LVUC(LY JANT VIR (2)) GO To 8
IF (LVUC(1) JAND,LVHT (2)) GO Y0 9
1 KASNEW=1 £ KSANCHW=1 £ RETURYN
2 KASNEW=2 £ KS?NEW=2 2 U2y =uaiur(2)-ucs{2) £ RETHYRN
3 KASHTW=2 £ KSWMEW=2 ¢ yc(2)=Lauc(2)-U6S(2) £ RETURN
4 KASHNEMW=Z £ KSRNEW=4 ¢ UCiiy=uyaic(i)~-uCs(i) £ RETURN
‘5 KASHZW=2 £ KSNCH=5 £ US01Y=LrCIY~ulsS(i) £ RETURN
6 KASMEW=4 £ KSANEW=4 & UT(L1)Y=0WC{LY-UCS (1)
Un(2y=uaG{2r~UCS(2)Y £ RKRETURN
7T KASNEW=4 £ KSRNEH=7 2 UCc(1)=uriuci)-unsiiy
* e (2) =L (2)-ULS(2) £ PRETURN
8 KASHNEW=4 £ KSONEY=3 & ucii=Lin(1)-uss(i)
U2y =uniG(2)~UCS(2) £ PETYRN
9 KASNEW=4 £ KSAMEW=0C- & "Un(1)=LUyt(1)~-Ucs(1)
Uc(2)=L3C (2} -UCS{2) £ RETURN
EMN
SURROUTINE UPNEIG (N,VY, QTCIN Hi,H2, W3,NQ,RTPi,QTFZ,RTC3,RTCk,
i Wy RTT, KASAT)
21.1.71,

FROM Wl,4.,H8,T01,0, 4270, ACTORNING TO kaSAT

IM FROM WHRTC
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OOHD

AN NAIDIODOHON

bt |

COMPLEX WN NI, RTCINY V(NN PTAINCNY g WL (N, MY, W2 (N, NY W3 (M, NY
1 LN, DT”*(H) RTIC2(M) RT3 (N ,RTCLIN)
5C TN (1,2, 3,@), KASAT
1 CALL SQUVR (RTGL,RTE,N)
SALL SNUME (WL, HW Ny M)
60 T0 5
2 TALL ENUVE (RTO2,PTE,N)
NALL ENUMEC (M2,4,H,N)
50 T &
? OALL ENYYC (RTCILPYC,N),
TALL SOHMA (W3, H 4ty N)
G0 TN 5 3 ‘ :
& CALL SNUVE  (RTCL ,,RPTAO,N)
CALL SOUMC (ML, ,N,N)
S SALL INVDOM (W, V, N, T7ANK)
nn 6 I=1,%
& RYNIM(IY = 1,/RTC (D)
DETYON
EHN

SUAROUTING UPDVYRIJL (N,NC,V,I,VAU,KASAT,UC,NC,S7,A1,42,ND,80, UD,
i KXo, QL)

1.5.72

UPNATE wRl, 1,5, COMBUTE
YBIENY = VIL) RESIICA [OC()*ISAT (JI] 4 SUP(LYLACLT) *KII(T)T + RO*yM)

JeNELTy SEE EN.(21) INH MAIN PROGRAM

qu ONE OF THE Q P0SSTIALE VALUSS NF SUM(N), ACCORIING TO KSHMA
FOR OME OF THE &4 POSSTIILE VALIES 0OF VL)Y, ACCOROING TO KASAT
FOR OMNE OF THE 4 POSSIALE VALYES OF SHM(LY, ACCONING TO KASAT

£OL. VEGTCR OF an ¢nopPSsSP, TH NON~SAT, GONTROL INPUTS

LA B3] =

BL(H T COLe. VEGCTAOR OF 0N S0°RESP, TO SATURAT, GONTRAL INPUTS
KDU(I) = VALUE OF FIXE0D ATED FONTROL TN EAGH ACTIVE INPYT
USAT(YY = VALUT OF UN({J) CORRESP, TN UPPER 0OR LOWEP SOMSTRATIMT,

YHIS RNUTINE IS CALLED AFTER SATrON, WHEFRE US(J) TAKES
THT SATURATETD VALUE YHEN A CONSTRAINT'VIOLATION oncuRs

REAL BUIN) 537 (1,NC) yUTINGY, SQ(N),Al(N,H»),&’(N,NC),B)(N,N?),
1 HDIND) 4D (HS) , SL (M)
CNMDLEX ¥ (M, N), VAU ' N
CALL MULMXY (%),U7,3U,N,ND)
L CALL GAPYUD (9%,A1,H,R2,N,I0,1,1)
CALL CAPVUD (I0,A2,NyNC,N,NCyi,1)
AL ANMD A2 ABE NOW BOTH ITNUAL TO MATRIX RC
60 TO (1,2,3,4), KASAT
1 CALL NILLRV (S7,N)

.60 T3 7
2 N 12 I=i,*
AL1(I,1) ="
12 AZ(I,Z) = 0,4 . X
GO TO & o D B .

3 NO 13 T=1,N
AL(I,2) = 9.

13 A2(I,1) = @, : , _
B MALL MULMXV (A1,133 Nqu) - -
IF (KASAT - &) ? 6, '

& CALL NULLRY (SL,N)
a0 10 S
7 CALL MULMXY (A?,Kﬂ“,'t, P NCDY
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5 CALL ADnvY (SN,RU, 37,N)

LALL ADNVY (SN, Sy, ST, M)
CALL MULCMRY(Y, SN,V ARU,H,N)

BFETHPN
F NN
SURPIUTINE EXOTTSOUXT,U0, UM, Na, MY, IXT, TUG, TUN, IS, TRASE, HW,AC, R0,
1 _ A1, R2, ¥, V3L, IEXC ,XS,US,HU, ITYPE, KN 3, UCIAR,
2 : VAU, KOO, KOG, ACN, PG KMIOR, TKT, ANC, AL ,A2, 201,
3 : MCT,AKOU,I00)
12,6472

SET INITIAL CXRITATINN Xfi F02 STATE VARIARLES
SET STEZP INPUTS UL (CONTRPOLY AND 40 (DISTURRANCE)

STTTLING=-NCUN VALUE 0F UC
vroxun

CO4P, ULRAR

KOG = NISTHARANGE GAIM MATOTIX (OVYERALL)Y, E£Q.( 8) MAIN PRGOS,

= KOIR*¥02N ¢ {KNR*2 - TI*KOD
VBIH(LY = v{1) *¥anGcryn EQ. {21) MAIN PROG,
KNY .= - KNG*Yn EN, ( 8) NAIN PROG,

FOR IKOU = 1, REAN IN SORCED K TO TEST ITS IHFLUENCE
FO2 IDC = 1, SOMPUTE AGATIN KDY ACFOROING TO SAUATIONS IN RIUTIME
neCAMB, FOR AC GAMPENSATION IN THE NASE NF FILYER USED

INTEGED TCART (HWY LHCTI(HN)
COMPLEX V1,1, VRU{M)
REAL XOUN), S UIC) ,UD00M , a0 (M, N0 4 IDINGND) , B {M)Y ,R2(N),

i XS (M) USCIN g KICHE G NY IINRAR (NN KT (H9) KGN (NG, NNY ,

? KOGCHR DY G AT (NS, NN, 2T {NA, M0 ) , ¥IUNS(NG)

CRFAL ADTIN, N) AL INyNY 3 A2 ING,M) , POLINA MO JAKDUING)

X0 = 0 s tuio=aq £ VD =

=0

CALL MULL®V (X3,M)

FALL ULLEY  (UD,N0)

CALL NULLPY (UD,NM

GALL NMUYLLPY (Rt1,N)

CALL NULLRY (US3A®,N0)

faLL NULLeV (KT, NC)

CALL HULL (KNDy NG, ND)

(RECALL TQ FESIT IX0,ETC TO 4 WHERE NEBESSARY)

EYSITATION TYDE (1) Y(1y = Uo = un = ¢,
EXSITATION TYZZ () X5€43y = 21, PSIA, UN(A) = ,1*1S(8)
EXCITATION TYDPE (3) UN{Ly = 10 MILINILES = 10E-S '
EXSITATION TYRS (4) ©ubERY = J1*US(8)
EXCITATION TYDE (5) X0{13) = 20, PSTA
EYCITATION TYZE (6) N8 ==,1%US(3)
FOOM THE STEATY STATE SET OF FAUATIONS (83,175,177 OF WINFRITH
STMHLATOD)Y AMD QUT I0 THE FAST THAT STSP INPUTS AZE USTN, THE
FOLLOWING STATEMENT IS INTRCOUCER FOR EXS, TYPES (1) TN {6).(NHCK 3)

KED(2,48) = 8,1195/¢XS(1D)

G0 TN (9,2,3,4,5,6), ITYPE
2 Ixn = 1D = 1 .

X0(10) = 20, £ UD(8) = L,1¥1S(R)

0 TO 9 o
3 Iun =t , : _ . : '

yn(iy = 10,E-5 : NKaAL
GO0 TO 9 : :
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.

QA AOD

o QAANIONOD

X Ee K1 K2 X X3 Ko )

Haoo

4 IUD = 1

ua(a)
50 Y0
5 IXC =
X0q4i0y = 20,
50 70 4
6 I = {
up(e) = - J1*S(3)y .

+ 13US(R)

O It

9 CALL MULMXY (KON, UD,UCRAR,NC, HN)
IF (TUNLEAN, 2, ANN, THN,EQ.) 0 TO 19

KNy = = KNDG¥UN
KNG = KDR*RJ + (KDR+*¥aC - T1¥KCO

SALL MILTI (KN2,05,00,H%,N,N0)
no 45 T=1,N6

16 "I, I) = ACLI,I) - §,

PALL MULTI (10,KA0,ARN, NG LHE, M)

DALL MULTI (KN2,47, K G, NG NN

CALL ANR (K06, A0N, KNG, M0,NN) - :

BALL WRPMX (KNG,HC, M, 30HKOG (UG(TY = -KR¥X(T) -KOG*UD))
CALL MULMXV(KD?,UD,K”U NP,NU) : :

SALL NEGYR (KN, HN)

TEST IF KDy IS QEOUIQED TO BE GHANGED Tn EVALUATE ITS INFLUENGE
IF (IKNULEN.1) TALL KMUCHG (NC,KDU, KTUGR)
TEST IF KN HAS TO RE RECOMFHTEN FOR NG GCMPENMSATICN

IF (IDC.EN.1) GALL ICROMP (4, HC,HN, ADC, AL ,A2,R3,REL,NET,KAUOR,KIY,

1 RA,NN, uw arn AKIU)
VU = V¥RIGENN FOR MON-SATURATING CASE
BNG = (I - BC*¥KN2I*[AN &+ ANFKCNY = 87 - AC*KOS

HENCE V3U V*E80*UD + BC*KNUY
CALL MULMXY (80,10, RU,N,ND)

CALL MULMXV (BG ,KSU ?2,N NC)

CALL ANV (B1,R2, 3U,yN)

18 TALL MULCHPV (V,7U, VI, N, N)

V3L IS NOW INVIWL)Y*ONG¥un, £0,(21) MAIN PROG,
3Y = 8DG*UN = [(RD*UD + RCF*KOUY / VALIN ONLY FOR L = KASAT =1
vy = y*3uy . / N = KSUM3 = 1

I.E. WHEN THE GONTPOL VESTOR IS NITHIN‘THE GONSTRAINTS

IFXC = 10HSTE®
RETURN
END
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Appendix F
list of results of SIMUIA for cases of REGULA

Below tables F.l (a) to F.1l (j) are listed with the results of all
the cases run. Only the most important peak values are listed,
and underlined when a .constraint is violated. The constraint
values are written on table f.l (a).

A1l results are for excitation fype (6), i.e. a change of -10%

in demand of electric power.




Costs - Results
Y Y, ey (igz) ~ Peak devia#idns from s.s.
p, o Yy Yt |Bo. YT S
316 fl‘ 1 :~ 1 1 | s .f‘?3 f%i; :g;g""3;9':
510 ._.3.« l | 1, . “1‘,'; v6.5', tit;é | j%ig 5.6 15
s0] 1 1 .'1‘: "fi | es ’:éfé | 2 28 {46:'
s06| 1 1 1-;,. 10 | 55 k:%i% Pt 2.2 ﬁ;.l;l
el 111w ss| B UR o1z ks
| 111 om | s B % e o
302 1 1 1}0   1| 0. | fﬁ iLZ.E L. 64 '
sl 1 1 10- € E37 6 ;i%é. f:iB ‘.4-" :ij.‘j
ss| 11 10 Bl s | R % s
303 1 1 m 10 '13}" ey 2L 5.3 23
328 »1’ 1 _Eat 1 E3 _';.6' fé§8' ' f:§1~ | ;62_- ';9;.
56l 1 1 m ;.Eg" 5 e __?51 23 22,
305 | 1 “1 B o1 25. fi?g | f?=2‘ 11. 1.6

- Table F.1 (a). Results of SIMUTA (freefsimulatioﬁ) for .
' - cases of REGULA

Case (3) in FDBCKL at 100% of full power

BExcitation (6): u, = ~.1lu - (u P , step disturbance,
, dg~ Sg da E* -

u

n

sq PE s steady stat§).

Constraints on deviations: ' : ‘
~40. < xp <+ 4O. psia
-1, < x50 <+ 1. ofs

L -l.<u <+ 1. |
=

"'1014‘5 u < + 1.8 )
Cz‘—

Notes: (i) Values underlines violate constraints.

EYVAS

f22N TZ  ITNn3 .



Costs Results
ase |k xo o, u (Sgc) Peak deviations from s.s.
. X18 . u. %0 X190
P O Yy Yoy | Pumc ! ’
30 1 1 B B | .8 %f_g M VS R
330 |1 1 E3, El .5 tﬁ?}i _(_)(')9 .23 6.
o4 11 1 mos s | I % -9
307 |1 1 El 1 | us. f:gg f—?—% 19. 2.8
38 |11 1 B 10 |7z, :gS e 15, 6l
39 |1 1 Ex  E2 |o20. ii_g _J:%Z 7.6 23.
v 101 omoom [ | DO 18 s
320 |1 1 B+ B4 | .5 P23 3 s
2 b1 1 Es Es | .5 3o % .25 110
2wy 1 1 By ms | .5 w20 =3 s
0080 |1 1 E5  E3 .6 _‘::g; _‘:i:_g 3.2 90.
3L {1 1 B B4 | .5 Tee ¥ s mo.
33 |1 1  E5 ES .5 jf6 % s mo.
008y |1 1 E5  E6 .5 fi?é _(_)i .23 110.
o081 {1 1  Es B3 | .4 * 35 f25 2 5.k 160
33, |1 1 m m | .5 fgg _‘f% 1. 190.
335 |1 1 E6  E5 .6 _‘::gg f% .45 190.
35 |1 1 m B | .6 j:gg O 0 100
33 |1 1 B2 B | .5 f:g; e 330,
w0 11 1 B m -5 f:g; O 8 3300
351 |1 1 E7  E7 .5 f:g; _(.)i 67 330,
Table F.1 (b). Results of SIMULA for cases of REGULA

Continuation of Table F.1l (a) where the comments are written.
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Costs Results
_ T Peak deviations.from SeSe
Case | X4q X350 uc1 uC2 (ij:) uc1 ‘ lﬂa- %50 Xr0
Pq O Yy Yoy | Pume

311 1 10 1 1 4.5 fi99 f‘g6 1.7 5.7
+.62  +5.3

000L| 1 10 Elf 1 25. 11 -3 11. 13
+.18 +.75

352 -1 10 E4 E3 .9 1.7 -1 1.8 52,
+2,8 +.31

32 1 E2 1 1 .6 55 5.9 .55 7.9
' +.16 +1.6

0002} 1 E2 E4 1 2. 1.6 -.17 2.6 42,

351] 1 SE2 Eh 1 A *ilg 3 90 5o,
1.6  —2.

| 1 B 1 1 .09 2.1 +.65 oy,
¥ ° -20 _5.‘7
+3.1 0.

3131 1 E3 1 E3 .3 25 -3 A4 11,
+.31°  +.93

0003 { 1 E3 E4 1 1.7 5. -2 .51 60.
+3, +1.3

315) 1 El 1 1 .06 S5. 8.0 .03 11,
: - +.19  +3,

3231 1 Es El 1 .05 1.6 s .02 _gj_._
+.11 0.

00901} 2.1 1 Es E5 .5 dep -.09 .25  90.
A : ) +.11 0.

0091 | 2.1 1 E5 E6 .5 o -9 .23 9l.
+.07 0.

0092} 2.1 1. E6 ES .5 65 -1 43 160,

+.07 0. .

0093 | 2.1 1 E6  E6 .5 65 -0 .33 160.
+.14 0.

0086 | 3.1 1 E5 ES .5 1. -.09 25 82.
+.14 0.

00881 3.1 1 E5 E6 .5 1.3 -.09 23 8.

00871%.1 1 E6 E5 .5 f:gS _Oi 4 140,
+.08 0.

0089 | 3.1 1 E6 E6 .5 S -0 .3 140.

+.28  +.23

350f( 5 1 E4 EL .6 o, - 11 .72 39.
+.23 +1.7

53| 5 10 B& B3 N I S T LV AR

Table F.1 (c).

Results of SIMULA for cases of REGULA

Continuation of Table F.l (a) where the comments are written.
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Costs Results
T Peak deviations from s.s.
Case | x4 X3 . ucz' (}scec) T o g P
Py OF My Yy PM;Z 1 2

301 | 10 1 1 1 6.5 fé?a f%iz a1 .05
33| 10 1 B E .8 fj'ig L1 3.
345 | 10 1 BB .5 fg_g _?55 .23 36.
346 | 10 1 E5 By .9 fi% f:ﬁ 1.8 5.
348 | 10 1 Fs E5 .5 ffé j:gl .33 6L,
0085 | 10 1 5 E6 .5 fﬁg _?i .23 62.
5910 1 ® B R D I S BT}
338 | 10 1 B E6 '.5 Lﬁi?é _?i .25 1i0.
337 | 10 1 ®m .5 i:gg SR 99 1%.
210 1 m om 5ot % 30 10
0006{10  mE By 1 16. fi‘) j.él 6.5 7.7
oo7}10  E2  E 10 15. f_éf) 22 6 7.8
0008 |10  E2  Ey  E2 | os. j_z_i 2 6. 9.
o118 | 10 F2 B4 3 8. :_é_ig_ i%—ig 3.9 16.
0119 | 10 Ep Eh EL4 .7 fig f:i*z 1. 3.
0120 | 10 E2 By  ES .5 _fiﬁ _?i 2% 36.
o134 | 10 E2 E5 F5 .5 f_lig fgé .33 110.
0135 | 10 E2  E6 ES .5 f:gg f:? .57 110.
36|10 E2 B B . f:gg f:% .98 190.
0137 | 10 E2 8 E5 Imprecise in REGULA

ooos |10 BB mYy 1 1.7 fj'_?l f:g 2.1 25,

Table F.1 (d).

Regults of SIMUILA for cases of REGUIA

Continuation of Table F.1 (a) where the comments are written.
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Costs Results
S P Peck deviations from s.s.
C1 C2 X48 u u X0 X4q0
Py of Ty Yooy | Pumc “ °
ooos5| 10 EZ B4 10 | 1.8 ’_’il Tl 2l 2.
320] 10 El 1 1] -0 til.i% j%—'—?— .06 8.1
. 6009 10 El EL 10 { .11 ’_";j_ﬁ DL 29 6.
ooLz2 | 10 Bl EL B2 | .16 f_;f_ﬁ f_ifg .29 36.
oo15| 10 B4 B B | .2 f_,f_i PP .29 6.
ool0| 10 E4  Es 10 | .13 “_“i%g 2. s ko
ooLz| 10  E4  ES E2 | .2 t_ij_z _’fih 51 60,
oo6| 10 B4 B B3 | .2 fﬁz 'f:é .5 60.
0011 | 10 Bl E6 10 | .1 j:gg jﬁ .89 100
oot | 10  BL  E6 B2 | .15 j:gg fﬁg T .8 100.
oy | 10 m  m B | .2 f:gg f:g; .87 100.
0029 | 10 B  mBA. E2 | .1 fii .»f’?z oL 37,
00%0 | 10 E5 ES B2 | .1 i_ij_; f'ﬁ% .05 63,
0098 | 20 1 B B | .5 |F _2_2_2 * 88 A4 52,
0L00 | 20 1 5 E6 | .5 ’_’_Z_Z_Z _(_)(')9 .23 53,
09 | 20 1  E6 B s |5 TE m s
oLoL | 20 1 E6 E6 | .5 fﬁ -?69 .25 91,
0094 | 30 1 ES B5 | .6 ’_’_2_2_2 iy i 5L L6,
0096 | 30 1 E5 B | .5 jé?G _%9 .23 48.
0095 | 30 1 E6 B | .6 fiz f:il .95  78.
0097 | 30 1 E6 B | .5 t_li% _?(‘)9 .25 8.

Table F.1 (e).

Results of SIMULA for cases of REGULA

Continuation of Table F.l (a)} where the comments are written.
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Costs Results

T Peak deviations from s.s.

e N S - - -
Pq o i oy PM;:Z o % ” "

0103 | 20 1 5E6 E | .5 f:g’; _?(')9 .37 120.
347 | B2 1 B5 B | 13 *_‘ﬁ *_‘—?—i—% 4.5 1k
39 |82 1 B o) .8 [fIF a0 .
o142 | E2 1 ‘E5 B | .5 fzz _?(')9 .23 6.
o104 | E2 15w m| .5 |5 %9 .
0105 | E2 1 E7 Bl .5 f:gg 1—:29 .57  110.
o122 |m2 e B o6 | _LLLE T2 26 8.
o2 | B2 E2 By  E5| .6 *_'é?? 2 .62 9.
0123 |E2 B2 B B6| .5 i_é_g _?i 23 2.
0138 | E2.  E2 B B .7 f'ig f:;% 1.1 3.
0139 | B2 E2 B EB5| .9 jig f:ﬁ 1.8 s2.
0140 | E2 B o s .6 |l bz 9.
ol |m2 S  E5| .4 *_':25 f—?—é—% 5.4 160.
0037 | B2 E4 E5  E5| 1.8 fil f:i; 2.1 26.
0023 | B2 E4 B 10| 2.2 *_'i%g tié% 3.6  L2.
0019' B2 El E6 BE2| 2.2 *_'i_g fllg 3.6 L2,
0018 | E2 EL E6 B3| 1.9 ﬁ_iig fig 3.5 Lo,
0020 | E2 EL 7 E2| 1.5 f:gg *_'_12_—:_% 6.1 72.
0031 | E2 E5 E5 Bl .1 f;_i * il .29 36.
0038 | E2 &5 E5 B3| .15 jﬁ fizg 29 6.
0021 | B2 E5 6  E2| .13 j_ij_% j_%_?i .51 60.

Table F.1 (£).

Results of SIMULA for cases of REGULA

Continuation of Table F.l (a) where the comments are written.
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Costs Results
N PR ) o Peak deviations from s.s.
€1 C2 Xq8 u u X 30 Xq0
Py o B Yooy | Pumc “ *
o022| B2 E5  E6 E5 | .2 fig iﬁB .51 60.
0106 | zE2 1 586 6 .6 fﬁg ‘_“;L* .81 67.
o107 |2E2 1 B | .6 fﬁ 35 8.
o111 | sE2 1 5E6 B | .6 fﬁg f:? 1.1 6.
o113 |sE2 1 Ep E6 .6 fﬁg ijiﬁ | 1.3 67
o114 | 5E2 1 E7 E7 .5 fﬁg _?69 .27 73
ooyl |5E2  ES @ E6 B | .8 f_‘aig : fgz 1.4 3.
oowz |sE2 B B B | .o |47 Ip 2w
o046 |5E2  E6  E6 E5 | .1 jig jj'ig 18 Lo,
o3 | E3 1 S £6 .6 féés ffl .63 19.
o112 | 3 1 56 _E6 .8 fﬁ _ f:? 1.6 5.
o108 | B3 1 E7 % | -9 fig fzf 1.8 s2.
0109 | £3 1 EY 7 .5 fﬁ f:gl .33 61.
o115 | B3 1 E8 E7 .5 f:gg igg .57 110.
o124 | B3 E2  E4 B | b4 fé?z ‘_L:i 1.8 6.1
0125 | B35 E2  EL £6 .5 fﬁ f:iB 4o 13
oo2h | E3  EY E6 B |16 f;9 f%—é 6.4 7.8
0025 | B3 E5 % £5 |1.8 jil f:?g 2.1 25.
o026 |m  m & m |22 |4 NS 36 k.
0060 [E3 E5  EY B | 1.9 iﬁ__g_ fﬁg 3.5 k2.
o2 | o  w B |17 |40 I oz s

Table F.1 (g).

Results of SIMULA for cases of REGULA

Continuation of Table F.l1l (a) where the comments are written.
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Costs Results
T Pezk deviations from s.s.
Case [ x40 X3 u_. u_  |(sec)
o1 o2 X418 u, v, X30 X40
1] 1
Pg Yy Yooy [ Bume ! :
+.07  +2.
0061 E3 Es E8 o 1.2 -8 ¢ 6. 72.
+.07  +2. '
0063 | E3 E5  E8 ES 7 it IS 53 -
T+.35 +.2%
0051 E3 535 E6 E3 .2 3.3 -2.8 .56 3L,
+.18  +.34
0050 | E3 SES E7 E3 .3 1.8 -2, .97 57.
+e36 4.4
0027 | E3 E6 E6 E2 12 ) .29 36.
0032 B E6 16 |*:36 .06 )
> 3 B4 -3.4 -1.5 2 36
+.36  +.02
0033 E3 E6 E6 ES .2 3k -.62 .29 6.
+.19  +.3%
0028 E3 E6 E7 E3 14 -1.8  -3.5 .51 60.
, ' +.19  +.1
0034 E3 E6 E7 E4 .13 -1.8  -1.3 :51 _6_9.'
+.27  +.58 ’
oouy | E3 E6 AE’? ES 3 |6 -6 Lk 3Bh
0110 {383 1 E7  -E7 6 |12 w13 g g,
2.4 -.1 —
+.1% +.31
0116 | 3E3 1 E8 E?7 .6 1.3 -1 95  Z8.
' +229  +.32
0052 | 3E3 E6 SE6 2 4 15% LA 6.
0053 | 383 ®6 By EL4 N L - WO 2.
) -2- _-91 _—
+.24  +.38
0057 | 383 E6 E7 ES o ol =39 1. 43,
0065 | 3E3 2FE6 E7 EL Imprecise in REGULA
0075 | 3E3 2E6 E8 ES " " n
0054 3EZ 386 - E7 EL " 1 "
0055 | 2E3 32E6 SE? EL " " "
+.16  +.13
0056 | 3E3 3E6 SE7 S 2 |6 -.8n 57 £8.
0068 |3E3 386 B8  E5 | .16 |12 17 g8 oo

1.3 .85

Table F.1 (h). Results of SIMULA for cases of REGULA

Continuation of Table F.l (a) where the comments are written.
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Costs Results
T Peak deviations from s.s.
Gase | *u *30 u°1 e, (;f:) e, Ye, X30 Xq0
Py of Ty Ypov | Pumc

P ' +.15  +.47

| 0117 | 5E3 1 E8 E7 | .6 1.5 -.12 1.3 67.
o1 E . +.16 0.

26 | 5E3 1 ES ES 5 e -9 27 I3

0127 | 583 1 B B | .5 f‘gg 02w 130
0064 | 5E3 | E5 E8 ES. Imprecise in REGULA

o049 | 5B E6  E6 E . .51 +.b7 g 20,

9 | 5E3 5 5 -4.9 =3.9 2
+.27 +°59

0043 | 5E3 E6 E7 EL .8 —2.6 =51 1.4 3h.
+.27  +.58

0045 | 5E3 E6 E7 E5 .8 c26 =26 L4 3k
0058 | 5E3 E6 E8 E5 Imprecise in REGULA
0066 | 5E3 2E6 E? EL " .on "
0067 5E3 2E6 ES “EL " " ]

0070 | 5E3 3E6 5E7 “E5 .3 filg +.26 82 S8
1.0 -.72
+.15 +.352

0071 | 5E3  3E6 E§8 . E5 .3 .2 -7 97 £9.
0059 | 5E3 SE6 E8 E5 Imprecise in REGUILA
0048 | 5E3 E7 E7 EL " " "
+.%6 0.

Oluk | E4 1 E7 B |.5 I _g 23 36
) +.19 +.01

0145 | Eh4 1 E8 E8 .5 8 -l 33 &L
+.06  +.09

0128 EL 1 9 E8 .5 99 -1 .57 110.
+.01 0.

0129 | EY4 1 E9 E9 .5 SG. -9 25 L0
+.05 +.21

0130 | E4 1 E10 E8 A -.53  =.15 .99  190.
+.05 0.

0z | E4 1 E10 E9 .5 A .45 190,

ouz2 | B4 1 FO  EO |.5 ‘_“gg 2 390 190,

Table F.1 (i).

Results of STMULA for cases of REGULA

Continuation of Table F.1l (a) where the comments are written.
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Costs Results
T Peak deviations from s.s.
Case | X4 X3 u u ' (sec)
1 C2 X u u X X
8% 1! 1 p €1 C2 ? ®
Pg M Ty | “MEC
OL46 | EL 10 E6 E7 Imprecise in REGUIA
+.34  +.41
0147 El 10 E7 E7 .7 . Iz i s
+.99 +.8
0148 | E4 E2 E5 E6 |h.2 -8.8 ~.1h 1.8 6.
0149 | E4 E2 E6 E6 "Imprecise in REGUILA
0035 EL{- E6 E7 Ell- 7" 1 "t
0072 EL A3E6 E8 E5 " " "
+.18 +.32
0073 | EL 2E6 E8 E7 .5 1.8 -.14 .93 57-
oo7n | Ex  2E6  3ES B | .5 e ﬁfi l.2 7k
+.19 +.2
0069 | E4  BE6 E8 E7 3 1.8 -.18 7 59.
00%6 | EL E7 E7 EL Imprecise in REGULA
0076 { 2EL 5E6 E8 EY " n w
0077 | 5EL 5E6 " E8 E7 " " "
0078 | 5E4 E7 E8 ’ E7 " " "
+.17  +l.L
0079 | E5 E7 E9 E7 1.7 -1.6 =.13 3. 45.

Table F.1 (j).

Results of SIMULA for cases of REGULA

Continuation of Table F.l (a) where the comments are written.
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APPENDIX G.

SIMULATION PLOTS AS PRODUCED BY SIMULA AND SIMSAT *

Following are the simulation plots produced for case 0126 of

REGULA, which is one of the optimal controllers recommended,

(see section 6.3.5), as well as plots for the uncontrolled plant

according to the model of case (7) in FDBCKL of MXEV2Xl (see

section 6.4).

Specifically:

Section (G.1) contains plots of case 0126 from SIMUIA (free simulation).

Section (G.2) contains plots of case 0126 from SIMSAT (saturated

simulation) with all state variables fed back.

Section (G.3) contains plots of case Ol26 from SIMSAT with a reduced

set of feedback variables and D.C. compensation.

Section (G.4) contains plots of the uncontrolled plant, corresponding

to case (7) in FDBCKL of MXEV2X1, the purpose being to
compare the response of the linear model with the analog

record of the non~linear model.

Several general comments should be made on these plots:

(1)

(ii)

The time scale is piece~wige linear. This allows to
examine the short transients as well as the long-run
behaviour of the response. On the other hand the

response thus acquires an unfamiliar shape, presenting
several sharp turns due to scale changes. These changes
take place at 0.3, 1, 10, 100 and 1000 second respectively.
There are several parameters on each plot (up to 5)

which are symbolized by the numbers (1) to (5). Although
it requires some effort to follow the curves, it was
decided not to join the successive points on each curve

as it is felt that the picture would be more confused.
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(iii)

(iv)

(v)

(vi)

355

The symbol (X) denotes that two or more curves fall

on the same point. The arrows are reference points
for the main time axis and for the (0.1) intervals on
the amplitude scale. A symbol (X) in the place of an
arrow indicates that one or more curves fall on that
point.

The amplitude is normalized in all plots, from ~0.2 to
+1.0. At the top of each plot there is a table
indicating the amplitude scale for every curve plotted.
The steady state values are written at the top of each
plot.

Not all the variabies are plotted.

There is a table of constrainted parameters at the end of
each section (after the plots) with a warning printed

wherever a constraint is violated.
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G.l. Case 0126 as plotted by SIMULA

Following are the plots of the free simulation of the optimally
controlled plant for case (0126) of REGULA.

The excitation is type (6), i.e. ¢

uda = =0.1 U..Sa
where Uy = Electrical power disturbance, step input.
8
u_ = Electrical power, steady state value.
8

See comments in introduction to appendix (G).
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G.2. Case 0126 as plotted by SIMSAT (full set of feedback

variables).
Following are the plots of the saturated simulation (control
inputs are not allowed to violate constraints) of the controlled
plant for case (0126) of REGULA. All the state variables are fed
back.

The excitation is type (6), i.e. :

where'ud = Electrical power disturbance, step input.
8
u_ = Electrical power, steady state value.
s ;

See comments in introduction to appendix (G).
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G.3. Case 0126 as plotted by SIMSAT (reduced set of feedback

variables and D.C. compensation).

Following are the plots of the saturated simulation of the
controlled plant for case (0126) of REGULA, Only the "dominant"
variables are fed back (see section 6.3.4). D.C. compensation was
used to force X1o(pd) and X34 (8f) to settle at value O for step
Vinput. .

The excitation is type (6), i.e. @

-0.1 u

u
de Bg

where ug = Electrical power disturbance, step input.
8 ‘ :

u

s Electrical power, steady state value.
8

See comments in introduction to appendix (G).




13
t2)
t3
[(£3)
t5)

e
+*

L3R S A

STFP

Xt
Xt 4
Xt R}
Xt %)
A1

-t

v

RESHPMSF OF SYSTeM  aCC(30+430) e CASE e&  CF RLGULA FOK CAdE Je rxrC TYPF ({ &)

PHIDASH
THay
TF1STaR
TFR5TaR
D]

LU U3 TR 13

O

SCaLE -
le ® =SFavl
1a & «2E409
1e 8 =5€492
le = =2€402
e » lE+02

I3 .

L 2 ¢

UNIT

NORMALFZED
DEG €

vEG F

DEG F

Psia

3

STATE vaLUE

140576E400
449950E+01
1e1703E404
8.7385F 402
9.4000E902

o

5
v

0 o7

T R L T R R A TR T AR R R S SR T e D U A A G AP e 3

adt

375

Ve bbddbeubbebbbedrivd TIME (SEC)

.8 9 1s 12272

™ L v

- - 1ERO
o0l
02
°u3

004

«05
2006
«07
. «08

Y

+10

ell

212

el3
ele

*1>
slo
el7
»ls
.19
29
o2l

e22
.23
24
25
20
«27
2y
29
T 03y

3%
Y T

045
. .SV

*55

1000
2000
30+00

40400
50400

00400

7000
80400
90400
10000

L] K2 X8 20000

- S S kL] . 300400
S Ix 400400

x X - 500400

T X k} S 600400

- X° x 700,00

R 3Ix 800400

. . I - ) 900400
- x ax - 1000400

et X I T1llU0e0v
o ) Lo k2 1200400
saieia - X . - e o i - o I 1 1300e00
T - X B } 3 2 1400600
B 3x T U e a R 2 1500400

T TR A T o B o - 2 1600.00
oz B, N 3x I . N s - R 17uGe0U
R ) { ~ '" 2 1400400
- v X v ax ' v v * + v - " + e 190040
x 3x 2 200000

: X Ix oo e e T et T T - TEE e e o e 2 3000400

- o IR kS “ 2 4000¢00
X ax ~ o 2 50V0.0u

X 3x 2 6000+ 0y

x i et SO . o2 760000

c X ax l T 2 H000,0U

x Ax 2 VULV OV

x Ix 2 100000




th
23
3) 9
147
t5) »

STF R

LEARH)
x(1?)
X
X014
21N

RESPONDE OF SYsTEw

»
Mw
HDSTAR
= OWF

= DPHEG

5CALE

- 1Ee03
n «2E+03
- 2E401
s *1Es02
s =5Ee02

ALC(30930) e

CASE 126 CF RELGULR FOM CASE 3y eaC

UNIT

LB

LB
sTusLB
LB/SEC
PSia

TYPE ( o)

Se STATE vaLUE

BeaS21E404
3.4T00E+04
to1920E002 - - - e S
3.4493E 402 :

2.3753E402 : e

376

PR T N P R L N I TR 2 T 2R LA 2 TA AR R AT TR AL PR PR PR RT R DL 2L L TR 2R TR ORI PR T AT IR XY T L Y L o T 41 Ao ]

ae?
+

=ol
-

Os

ViAW

ol

2

»3

o 5 ot 7 . 9
- - + [ . * PO . v

L1

2eR0O

]

i
'

i

¥

i
¢
i
s

.

O3 3 M D€ XK I M M M

:

e W W I

rrePrsrE I I e s s LI P s rarr

|
]

¢
i

-
h

)
"

2000
T 3e0d
400
Sa00
6408
T« 00
8.00
. 9e00
10.00°
20e0u
30.00
40600
5000
0000
7000
600U
90,00
100400
200,00
300400
400e00
50000
600400
70000
800400
QU000
100000
T llu0e00
12v0.08
1300s00¢
1400.00
1500400
160000
17000V
10000
1900s0u
2000s00
3006,00
4000,00
5000400
600000
7000.00
Bopbe0y
Yovuedy
10ndvevy




th
t2)
)
%)
[3-1]

L X B AN

-2

+

StTre

LR L
X019
X290}
X2
a2

*

100 10 8 AT M

HESPONSE OF SYSTEN 366(30.30). Cast 126 GF wtBugh FOR CASE Je raC TYPE { &)

PHFCH
¥R 1
HFHSTAR
M
Hi)ASH

Do - ol
L4 +

PRI 22T DR R R R R R LR R L TN T R R

5CALE

«2Ee0}
=1fan1
«1E+01
«1£GQ
~3Eev2

- o2
-

LAIT

Mw(f}
KCRMALIZEC

141000E402
Aohel0E=-0L
8Tu/L8 *3,355T7€+0]
NCRVALIZED O0+E+00

NCAMALIZED 942000E~01

F 2 2 e R e e e T

»3 -

Se STATE vaLUE

bebbedbidviy

P

] 4

v h I b e U b e b it bl b e eebevevbidorde TIME (SEC)

377

8 . 9 le (22

+* +
x . . .

2ERO

-

~. x2

Xe
x4
X2 s

- >
'

i '
L
»
'

0L
«0¢
003
06
°05
0B
Q7
h ° 08
09
10
11
sle
13
sle
215
elé
17
sls
_el9
20
o21
w22
023
o 24
25
26
.27
.28
29
«30
+35
ey
o4
50
031

TebU
-}
- aT70
75
«BY
*H5
«90
95
1.00
200

S 34001

4,00
5400
6400

de s eneee

*

> >

B P e T I X s

i n

*
.

i
4

NP BROAREIARAAARANE RGN

NN

NNUNNTBVRNNNNUNNNNUN NN NN

-

- bt Pt ot . bt 1d bt o el o b B b =t s e o

Wi WhWWLWwwLbbwlwwiwwwWwk we

700
8400
Y00
1000
20.00
30.00

«
«

40400,
BCe00 !
60400
T0+00
80400
90,00
100400
200400
300400
400400
500400
U000
700400
HU0.00
" 900.00
1000400
1100400
1200.00
1300409
1300. 00

. 1500400
1600400
170040v
1A00.00
1900.00
2000600

DEe LY ° : 3000400
400000

Suvosqu

$000e0U

7000400

8000.00

o000

1000ne0w




1)
2
3)
fa}
9

LR I Y 3

STrF

X127
X313
Xa( 23
xat M
XEL 2)

RESHONYE OF SYSTEP  alCI0v3ale  CASE 126 CF REGULA FOK CadE 3 ral TYPF ( by

ERRALL 1.

OF 1e
FRAR be
= TCOOLSTR te
S TFAVSTAR 1.

SCALE

~2f=il
SEadl
«lEe01
2E+01
~2E+02

UNIT

NOWMALEZED
(4]

0EG F
OEG F

Se STATE vALUE

9+5014E=0]
QGeE+QD

2etbh2E~D]
143524F 02
28,7209k e02

378

L2 2 R R e T R A R 2 R T R R T T A L A T Y et T A R R T E R R T YRR T T T T 2 PR TR L DL S Ry § 1714 {SEC)

-2
+

.l

+

[LE .1

N
Lk

T e
+

o4

5
+

1)
-

1o b
*
ZERO
R 0l
02
«03
«06
05
«0b
«07
+08
209
10
ell
sl2
13
Telé
elS
ele
17
ola
ol¥
020
21
T a22
«23
24
25
226
o27
28
*29
»30
035
b
*85
«Su
«55

T eB0
113
»70
75
«84
e85

T 090
9>

le00

2+00

RS I EERE T2 AR N B 4 5 38 S XN b‘ﬁ‘.‘# FREECEETEE EE TS
)
i
1
i
|
i

3
4 '

¢
* ‘ B
WL O W WL WWWWWWAWR W WW LWL WW W

t

mmmwmmmmmmu‘ummmmummumuimmm

wnw

T 300

8 Bt et (o D s Dt Pt D G Bt 4 P B o s Bt Bt o 8 P Pt

4400
500
6200
T«00
8400
9400

10400
20400
3000
40.00
$0e00
00600
70400
8000
90400
1U0.00
200400
3u0.00
AU0.00
50000
oubsOy
790400
80000
90000
1000400
1160400
12u0400
1300400
1400400
1500400
1600400
170000
1800400

R 1900400

2¢ubety
3000400
A000eQu
500000
6000400
7000400
BOUD 00
FUOH 0L
100600V




379

Step RESPNNSF DF SYSTEN  ACC(3De3ale CASE 126 GF HEGULA Fok Cabe 3¢ ray TYPE ( 63
SCALE LAET  Se STATE vALUE
1y . XET 7} = wSnRUM 1o 8 =1E402 |R/SEC J.4493E402
2} » AE 112 2 ww : 1e ®  SEefl LH/SEC 441867E+03 TT st smmemes s e s e e
(3 +viy-unts) 2 DL 1o » =5Ee00 INCHES B.€200 . R .
to) o Uz &) F YRDEM o = <2EeU1l -NChMALIZED 4.6410E-01 . -

T T I I R T T R T R R PR PR ST PR TR R F PR RN R T T I R 2 T T 2 2 R T A g R A B e e A T T T T2 T I & LA £ 4 ]
LYY -, - Ne Y | 2 2 s 5 ] o7 o8 ) 1, et

+ + ) - : - ) ) +

ZERO

o
-
..
o
-

200
L 3.00
4.00
5.00
6400
T«00
8400
. 9e00
1000
20400
3000
4000
5000
. 60408
TG00
80400
90400
1U0.+00
200.00
300400
400e0U
K00.00
60000
T T Tu0.00
8U0e 00

QU000 -
1000400
11v0.0v
1200400
1300400
la00.00
1500.00
160000

1700.0u

1840, 00
19009y

- 2000400 -
R R 3000400
4000,00

S5000.00 .
6000+00
Tuu0.00

BouC e 0
Fuedevu

100v0sduy |

NEGE ECEXCETE & & &

.
!
e
,
]

f

* € &
W

i
'
i
:
i
!
t
o

|
‘!
i
|
%
i
|

l
i'

|
i
{
|
;
t
i
i
i
i

)
i
|
1
f
§
{
i
H
1

e
* i
-
-

Kl
i

LR X R A X I RN Y s
KANARANANRNNNNNRNNARNRONNNAN

EEE TR BT S RSP RS T DS




. 380

13{3°] RESHPONSE OF SYSTEM 8CC(30+30)e CASE 126 UF WEGULA FOR CASE Js raC TYPE { &)
SCALE UNIT S, 'STATE VALUE
2 1 % XE¢ £ Okm 1e ® =2Ea03 2.3775€-02 o -
2) xat QDASH 1. = «2£<0) NCRMALIZED 340136E*00 . - .
(32 ) Xt XIHARDASH 1. ® =2E-N1 NCRvALIZED leDSTHLE+00 ) T
(A} » x4t AZBARDASK 1, = =S5Eeul NCRMALIZED  1.0574E+00

B R R S R A ST L T R T O A R A A A R o T 2 T A TP S TR ST IS TR 2R RN TR DLPRT LT & £ £ {4 ]
-e? .1 . De ol 2 3 o 5 14 ) o7 o8 9 le L1223
& + ) + ] . +* * * * : ) * L) v

ZERO

1«00
2.00
T L300
4o 00
$¢00
6400
7.00
‘Be00
T 800
10000
20000
30000
40000
S0400
6000
T0e00
B0.00
90.00
100,00
20000
30000
40000
500000
60000
70000
800,00
QU0.00
10004 0¢
1100400
f2u0.00
130000
° 1400400
1500400
1600200
1700400
1AU0e0u

L 2 1900.00
2000+ 00
3000400
4000.0u
5000.00
6000400
7000400
800000
GuU0s 00
1006000

|

" MDD R P DVR DR UW DD WRD PO W

PO PPOPPPIPPOOPIPIPLOE RIS NI,
NNNNNNRNAONNRANANRNNUVRANNODANRANR

-t b Bt S B0 B s Bt ot G G Gt s

[(*XF "]




381

sTee AESHANSF OF SYSTEM ACC(33+30)e CASE 126 CF HEGULA FOR CASE 3+ £xC TYPE ( 63
SCALE UNIT S STATE VALUE
iy - uC{ly T YVDEM le a =1E+00 NCRMALIZED  8.£400 - N - :
-12) - LCH2) T YTCVDEM le = ~lE=N1 ANCRMALIZED  144501E«00 - EREE .

Gfﬁt‘i'&&i#&tibi0&*‘*0&#**00*&4i&0&00*&“000&*000066&*&&*Ot&i‘4&&&0&0&Gﬁ%i&&&#*&i&0%‘&‘t@660&‘&&00#ib&&ti*i&‘&o&it#é&it&i TIME (SEC)
-e? =1 e ol 2 3 oh 5 1 o7 .8 9 1. [233
+* + T * - L I A L 4 T [ 2 E L] . 2 T - L2
o B h - : L o T T ) ) ZERO
«01
o2
*023
o 04
»05
o0&
07
08
09
elv
11
«l2
T “el3
o .“
15
el6
cT 17
esla
«l9
a2V
21
22
023
°24
*25
26
027
XL
29
*30
235
o4u
45
-1

trCEEEEESELIUEEEEEE EtecreEerr

P 5 b B0 B s B P $b b o ot Bt S B0 Bt e B Gt b S B B Pt Dt s Bt B O B b et B B et Bt B0 ot O B B8 B s e

le00
2400
3.00
T 6e00
5200

... . bel0
T.00
8.00
900
1000
20400

© 3000
4000
$0400
60400
70400
80400
90.00
100400
200.00
300400
400400
500400
60000
700,00
#00400
90000
1000400
1100400
120000
1300400
1400400
1500400
1600400
1700400

. 1800.00
- 190,00
29V0a 0y
3000.00
400000
8000400
6080.00
To00.00
BOVULeOU
00400
10000400

[ i

o B Gt 8 S el S B Bae

'

|
|

- .
NNV RNRNBNRRNDNUNRDDND

3

NVRRNRRS




ESPONSE OF svsrswz'aoc<3o.30)'

:CnNTHOL INPUTc uey -
VMDEN - <% NORMAL1ZED -
YTCUDEM — = NORMALIZED -

YTCVDEN T

:"~51A1£ VARIABLFS s

CASE 126

0.E+00 °

1.450E+00 -
NORMALIZED/SEC

"1¢05BE+Q0

CF REGULA FOR CASE 3. ;xc TYPE ( e;'

“1,000E+n0
3.,250E+nn

2,000E=nY

F.B00E*N2

" 1+000F+*n0
" 34300g=n2
1.,000E+nn

2.000E=n1

$.T00E=1
1,000E+00
“1«000E+00

1,000e+n0”

1.000E+00

4,000€+0n
1.000E+n0
3.0005-05
20400E™n)

= =HInASH - NORMALIZED -
D f"“'pSlA T 94400Ev02
z 8D T pSIA /SEC
z N R - B.452E¢04
Z ww Topd 3.4T0E+0DG
E MMEGA-T T RAD/SECT T 1+516E+02
2 wFW 7 T LB/SEC 3,449E+02
el - 2 YR - NCRMALTZ2ED 44641E=01
b DERIVATIVE or X(19) = ) " NORMALTZED/SEC
: T 2 " NORMALTZED 0.E+00
3 NORMALIZED/SEC
= - NQRMALTZED G«200E=01
z " NORMALIZED ~ " 9.501E=01
H = INCHES . D4E+00
= T " 0.E+00
= R o7 - T 0.E+00
PAGAMETERS -
3 nL = INCHES OsEvp0
2 YRDEM T NORMALI2ED 4.641E=n]
= PKM Y /SEC
2 cDASH NCRMALIZED 1.014E+00
ShHSC 7T JHTU/LB 7 14BST7E+01
= 7 B "4 4945E0pl
Z " 1e402E400
32 9¢535E=0]

3.300E-“3

LowER -7

=14000E*0R

DeE¢0D -

PEAK TO Py "

QQOOUE*D?
-I-UUUE*OO
Oeb¢00
DeE+00
geE+Q0
DeE+00
D«E¢Q0

=~3.300E=02

~1«000E*D
=2 000E=DY

0-5*00‘"“’;

=1+000E*+0g 7

=3¢300E=0a "

= NeE*0H

7055'
“Re9E*n]
“1e1E#%nl
TG gE+nd
T 3426402
Y e 6E=n2
T DsE*un
]QBE‘HZ
Se2t=n2
T le3c=nl
‘2.55-02
OQE*JO

T 0.E*un
T Be4Emn2
T T BelE=nd
7 342Ewnl

~8+000E+Dgy ~ T 4elE=nl
0eE+QU T T PeBE=n2

=3.000E=na 3.3k=nb
PEAR TO Py ~ =7 2,8E=n2
0«E+00 T T BelEen0
0eE+00 T 04E*0D
DeB+00 ~ ~ T T DeE+OD
0«Ev0U T T 0eE* 0D

- PEAK VALUES
~(LINEAR DEVIAT[ONSY
"T POSITIVE

A104E-01

2+s3Ewn2

108400 <

wFeBEm2

wl «2E=01
-BOOE"DO
wled2be00
0.E+00
~8.1E+02

V.LE*QO =~ T

wSatb 0l
—7'55—02
-1.4&'01
wlelE*00
wle0E+00
-3.1E'02

w3e7E~0l
wPe4E~03
-Q.SE-OZ

«1la0E+00
wle7E=0]

‘mleAE=05

-104E'01

NEGATIVE ™~

wZ2¢6E=03

" CONSTRAINT VIOLATEG

CONSTRAINT VIOLATED

CONSTRAINT VIOLATED © °

CONSTRAINT VIOLATED

CONSTRAINT VIOLATED =~

A-ICAE-OI R

wleBE®QO 7

wledk*+00
w3e2E=p0l

9y.4E-01">:“;" S




383

Gl Checking of the linear model against the analog record

of the non~linear model.

Following are the plots of the free simulation of the uncontrolled
plant. As mentioned in section (6.4) and elsewhere a special case
was selected in the r?utine FDBCK1 of MXEV2X1l (see section 5.2.3):
this was case (7) which differs from case (3) - used for the optimal
control studies = in that it does not include load following. 'The
reason for this difference was mentioned in the sections referred
to above.

The model of case (7) in FDBCKL was constructed with the sole
purpose of comparing the responses of the linear model on the
digifal computer and the non-linear model on the analog computer.
The results were discussed in section (6.4).

The excitation is type (3), i.e.:

=
10 miliniles = 10

I

vhere u, = 5kba1
See general comments in introduction to section (G).

Special commeﬁts:

(i) The parameters ticked /) ét‘the tops of the plots
indicate responses recorded on the analog computer for the non-
linear'model;

(ii) The numbers encircled indicate by their positions the
values of the analog responses for the particular times involved,
to be compared with the digital plot of the same numbér.

(iii) In the final table for constraints there are some

differences with the tables for the other plots seen before:



s : ' .' ot
the values of constraints for u02 (YTCV)’ X 4 (¢') ana XA5(Q )
are different. This simulation was carried out at an earlier
stage in the project. The difference does not affect the

comparison of linear and non-linear models.
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