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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 plant. 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 calculating 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, the design of 

the optimal linear regulator, the free simulation of the 
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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 reported 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 control, 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 strategies to a large plant, 

described mathematically by a set of non—linear differential 

and algebraic equations, including a number 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 constructed 

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 

methods of model reduction[1'
2] 

— 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 system 

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 design and the 

simulation. 

(v) There are two simulation programs: the free 

simulation in which no constraints are attached 

and the saturated simulation in which the control 

inputs are allowed to move only within their 

permitted constraints. 

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

a number of articles and books[3;4] have been 

written on the subject of modern control applied 

to nuclear reactors. The emphasis is in general 

on a small number of key 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 neutron 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 generating heavy 

water reactor) installed at AEE, Winfrith. The mathematical 

model was constructed by the Control and Instrumentation 

Division of that establishment[6'7'8]. 

The plant, the main dynamic interactions and the 

existing control system are described inD9 '10]  . Briefly, 

the reactor has a nominal output of 300 Mw (thermal) with 

105 Mw net electrical output (Fig.l.l). 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 equations describing 

the dynamics of the reactor assume it to be a point model, 

wherefore the thermal output is roughly proportional to 

the average neutron flux and the moderator height. 

The reactivity is dependent mainly on the fuel 

temperature (negative coefficient), coolant voidage (neg. 

coeff.), moderator 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 generator. 

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 

the plant
[lo]. Figure (1.3) gives a schematic diagram of 
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the existing control systemsNJ although not all of 

them are actually implemented. It is possible to 

distinguish three main loops plus various emergency 

controls and logical set—ups (*). The three subsystems 

are: 

The reactor power output is controlled 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. 

(iii) The drum—water level is controlled by the feed— 

water flow valve. 

(*) 	The 

W
s 

relevant symbols in Fig.(l.3) are: 

Ft 	Mass flow of steam from drum to turbine. 

Pd a Pressure in the steam drum. 

1w a" Level of water in the drum. 

W
f 

= Mass flow rate of feedwater. 

ti s Neutron flux as 
chamber. 

measured by an ionization 

Tss 
 
s 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 is controlled by altering reactivity, whereas 

the power demand is controlled by 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. diameter 	 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 control valve 	532°F 

Steam flow rate to turbine 	 330 lb/sec 

Final feedwater temperature 	 390°F 

Drum water level 

channel average void fraction 

kv 	
a voidage coefficient of reactivity 

44 inches 

— 0.02 

bkM  /bTM  
m moderator temperature coeff. of reactivity 	15 mN/°C 

bkf/bTf  a fuel temperature coeff. of reactivity —0.877 mN/°F 

bk c  /bTc  

mN 

ES coolant temperature coeff. of reactivity 

milinile = 10-5 

—2.778 mN/
oF 
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- 1.3 Control objectives  

The main objectives can be summarized as follows: 

(i) Minimize frequency variations due to rapid changes 

in load. The droop is 4%; i.e. 2 c/s variation for 

100% change in load (normal frequency 50 c/s). The 

constraint here is not clear cut, it being desirable 

to keep the variations within 12.5% of the droop 

(i.e. + 0.25 as) 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 the operating 

level) be turned on within 2.5 seconds, the remainder 

within 2 minutes. For the usual operating level of 

75% the above two quantities represent 15% and 10% 

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 110%. If overshoots can be 

minimized as a consequence of the present study, the 

operating level — now at 75% — could be raised, with 

a better economic performance as a result. 

(iv) Minimize frequency variations and overshoots in the 

presence of plant disturbances. 

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 constraints, some of them of a 

physical character such as valve openings, others specified 

for various reasons such as safety and engineering 

considerations. 

The actual plant at Winfrith includes a number of 

control devices 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 a performance such 

that the system recovers as fast and as smoothly as possible 

from external and plant disturbances. 

It has been decided from the outset 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. Later the successive versions 

of the linear model used for the regulator 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 explained 

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 frankly 

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 



23 

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 controller. 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 listings 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 4 

pure time delays. The equations, the variables and the 

delays will all be listed below. They were directly 

transcribed from the Winfrith model
[8] with the exception 

of a few equations which were rearranged but not 

intrinsically changed. It should be said at this stage 

that these and other equations are implemented on an analog 

computer at Winfrith 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) 

).c(t)  = 1.(2ElicE 14 	t ) 	 (2.1) 

where 

0 = £(x,xE ,xA ,u,t) 	 (2.2) 

x,(t) = h(x,x x ,u x x ,t) 	(2.3) — —E ' —A --"—D 

x = vector of 23 state variables 

xA  = vector of 17 implicit algebraic variables 

xE  = vector of 19 explicit algebraic variables 

= vector of 7 inputs 
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x, = vector of 3 delayed x variables 

-AD = vector of 1 delayed x
A variable 

Before writing the equations and parameters in 

detail, let us 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) 

*(t) = A.x(t) 	A1  .x(t-tAl
) 	B x (t) 	C.u(t) 	(2.4) 

	

0 = D.x(t) f Di.x(t-t D1) 	
D2  .x( t-tD2) 

E.xA(t) 	Ei.xA(t-tEl
) 	F.u(t) 	(2.5) 

where A,...,C 	= matrices of 23 rows each 

D ,...,F 
	= matrices of 17 rows each 

tAl'tD1'tD2'tEl = pure time delays 

x x u 	= 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) 

*
1 
 (t) = A

s
.x
1
(t) 	B 

s
.u(t) 	(2.6) -   
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where A 
s 1
B
s 
 are matrices of 27 rows each computed in a 

manner to be described later 

x
1 
 = vector of 27 state variables, 4 of which 

represent the 1st 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 FDBCK1, is open—ended 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) 

*
2 
 (t) = A

f 
 .x
2 	

+ Bf.ub(t)  

where Af,Bf are matrices of 30 rows each, computed as 

described later 

x
2 

= vector of 30 state variables, 3 of which 

(2.7) 

represent the equations introduced in the 

FDBCK1 routine 

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

introduced through FDBCK1 — the remainder have 

the same meaning as the previous vector u 1 

except for 2 of them which are now included in 

feedback loops and therefore represent reference 

points. 
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2.1 Lists of equations and parameters 

2.1.1 Model X (non—linear 5  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 MXEV2X1. 

(iii) xd  = vector of delayed variables. 

Explicit algebraic equations  

f(x u) 

Reactivity 

xE 	= FUN1(x22 — 0.4) 1 
Fuel pin temperature 

xE 	= 0.5x8 	0.5x9  
2 

x 	= 	(1.1931x
5 	

1.1569x6 	
2.5958x7 

 )/ 
x22 E

3  
Channel and riser 

xE4 
= FUN2(x10) 

xE 	= FUN3(x10) 
5 

 

x 	= - 3.99896E-2x13 	
5.18E1 

E6  

Steam flow 

xE 	= 0.3862x10x23 
7 

Feedwater 

x 	= FUN5(x19) E8  

Feedheat 

x 	= 9.67E-4x16 — 0.1082 	
x 

E
9 	

E
9 

 > 0 

(2.1.1) 

(2.1.2) 

(2.1.3) 

(2.1.4) 

(2.1.5) 

(2.1.6) 

(2.1.7) 

(2.1.8) 

(2.1.9) 
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Recirculation 

% 
= -- (x14)2 5.31E-3(x14)

2  + 
	+ 1.266E-3x14x15  

10 
(2.1.10) 

xE 	= FUN6(u
3
) 

11 

f(x,x, ,...,xE  ,u) 
1 	11 

Recirculation 

xE 
= x  

12 E6  4 

Feedheat 

(2.1.11) 

(2.1.12) 

xE 	= 	0.408654x x + 0.408654xE — 1.42749E2 	(2.1.13) 
13 	E

7  E9 	
7 

 
f(x,xE  ,..,x E

11'40AD'2) 1 

Feedheat 

= x20(t—TAUFW) E14 
Channel and riser 

xE 	= x13(t—TAUW) 15 

= x (t—TAURW) 	x (t—TAUR) — x 13 E16 	A4 	E4  

f(x,x,• 
1 	

,xE
17 

L) 

Channel and riser 

(2.1.14) 

(2.1.15) 

(2.1.16) 

xE 	= 4.329E-7x 	x 	1.11E-3x, 	(2.1.17) 
17 	E16 10 	F-'16 

= 2.1E4xE17
/x10 	 (2.1.18) E18 

x
El9 

= 0.31x„ 	1.2 	 (2.1.19) 
1"18 



Differential equations  

= f(a,412sA,L) 

Neutron kinetics 
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X1 = f1 = (2.5E3xA
- 1.3E1)x1 + 3.9x2 + 9.1x3  l  

X2 = f2 = 2.4E-2x1 
- 2.4E-2x2 

X3  = f3  = 0.15xl  - 0.15x3  
3 

Moderator temperature 

(2.1.20) 

(2.1.21) 

(2.1.22) 

 

4 	f4 = 6.929E-2x1
x22 

- 3.03E-3x4 	
3.03E-3u2 (2.1.23) 

0 <x4  < 100 

Decay heat 

X
5 
 = f

5 
= 9.53E-2x1x22 - 9.53E-2x5 	

(2.1.24) 

X6  = f6  = 1.395E-2x1x22 	1.395E-2x6 	(2.1.25) 

X7  = f7  = 4.0E-4x1x22 - 4.0E-4x7 	(2.1.26) 

Fuel pin temperature 

X8  = f8  = 6.736E1x1  - 0.2564x8  + 0.2564xE  + xE 	(2.1.27) 
2 	3 

X9  = f9  = 6.736E1x1 	0.6051x9 	0.2564xE 	0.3487x 

Channel and riser 

3'i
11

= f
11 = - 1.43x11 + 1.43x (1.0497E3/(1.+x 	)+1.2597E3) 

	

E6 	A14 

(2.1.29) 

Steam drum 

X 	= f 	= 	f 	x 	+ x 	x 	> 0 	(2.1.30) 
12 	12 	11 	A15 	16 	12 — 

3 1() = flO = (1.16E -5x10 f12+°. 2639(xA 15 
 -xE 

 7 	
c ))/(1.-1.E- 'x12)  

(2.1.31) 

2 	A3 
(2.1.28) 
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X13 = f13 = (xE4x.46-xl3xA1
6-xl3x,_6+ xEl4x16))/x12 

Recirculation 

= 4.444xE10  - 4.444xA17 *14 = fl4 

X15  = f15  = - 7.197E-4(x15)2  - 1.29525E1x15  

+ 2.03145E3 

Feedwater

-  116 = f i6 = 	5.2962E-2(x16-}2 	3.704E1x10  - 

- 3.704E1x17 + 5.055555E4 

X17  = f17  = 3.2E1x16  - 2.08E3xE8V;1; 

x19 = f19 = - x19 	/14 	-0.1 

0 

Feedheat 

- 2.339E-4x16  x20 1. 2.339E-4XE
13x16 X

20 
=

20 
= 

Power controller 

x21 = f21 = - x21 + u5 	
-0.2 

-1 

X22 = f22  = 8.56E-4x21 

Turbine 

X23 = f23  = 	4.0x23 + 4.0u6 
- 2.0u

7 
 - 2.0 

0 

-1 

Turbine and alternator 

118 = f18 = 	2.0x18  + 0.6378xE7  

Implicit algebraic eguations 

• 

- 0.8903xE10  

x15  > 0 

1.85185x16  

< X19  < 0.1 

< x19  < 1 

< X21  < 0.2 

x 	< 1 21  

< x23  < 1 

< u6 	< 1 

1.5E-4x4  

(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 ) 

A(x5aElaA,u)  = 0  

Reactivity 

0 = gl  = 	xAl 	2.0E.2xA2  - 2.778E-5xA3  + 

	

+ xEl 	8.77E-6xE2  + ul  
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Channel and riser 

0 = g2  = - xA2 	0 OAR 

o = g3  = 	xA3  - —5(-A8)2/xA4 	0.5xA4  + xE15  

0 = g4 = - 	A x-4 	
2.81E5xA5/xE12 

xA5  - 2.5118E-3xAx 	+ 2.5118E-3x922  x 0 = g
5 
 = - 5 	322 

O = 	 xA6  > 
g6 = 	xA6 	xE5xA7 	xE4 	xE15 

0 = 
g7 = - 

xA7  + xA10 	°.5xAll 

O 	 A 	 xA8  > = g8  = - x 

	

	- xA6  ..43  

0 = g
9 
 = - xA9 	

xA7 + Xio 

+ 1.085E-3(x14)2 (x44+1.°) 	7*()/(xA144-1.0) = g10 = 	xA10 

,2 
O 	g11 	xAll 	4.16xA2  + 1.01314E- 3(x14) xA  12 

7.05E-4(x14)2  + 4.16 

O 	 = - xe = g12 	
-12 4- 2.7514E1xAexA9 	XA12 

slip ratio = 	y = 

0 = g13 =x-13 - 	A 	FUN4(XA12) 

o °.5XE18/XE19 = g14 = 	
0.547645XA 

XA14 	12/XE19 

xA14 

Steam drum 

0 = g15 = - 	
+ xE 	(xA 	+xA ,) xAl5 	17 	15 	lo 

O 
= g16 = 	xA16 	xAl5 	xE12 	fil 

Recirculation 

O=  g17 = 	xA17 	xA10 	xAll + 2.1225E-2(x14
)2 xE11 

3.13E-3(x14)2  - 1.116E1 

Time delays 

(2.1.44) 

(2.1.45) 

(2.1.46) 

(2.1.47) 

0 	(2.1.48) 

(2.1.49) 

0 	(2.1.50) 

(2.1.51) 

(2.1.52) 

(2 .1.53) 

> o . 	(2.1.54) 

1. 

(2.1.55) 

(2.1.56) 

> 0 
 

(2.1.57) 

(2.1.58) 

(2.1.59) 

( 2.1.60 ) 

f 	(x1.2.SE,LcA)  

Recirculation 

TAUW = 5.675E2/x14  
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Feedheat 

TAUFW = 8.55E3/x16  

Channel and riser 

TAUR = 1.048E3/(xEl9x141-xEl9x14xA14) 

TAURW = TAUR + TAUW 

Output variables (feedback to no other 

corresponding 

variables) 

O < x4  < 100°C 

0 < y
2 
 < 100

oC 

u
2 

= 27.7°C 

to the "simulator" 

42 .1.61) 

(2.1.62) 

(2 .1.63) 

(2.1.64) 

(2 .1.65) 

(2.1.66) 

fo(x,u) 

Ion chamber flux 

y
1  = 
	0.8729x

1
x
22 

+ 1.838x1  

Moderator temperature 

y
2 
 = 2.0x

4 	
u
2 

Feedwater level 

y
3 	

1.268E-3x
12 

List of parameters, names 

Names 	Units Description 

Inputs 

u1 

u
2 

u3  

u
5 

u6 

u
7 

Reactivity adjustment to balance 
reactivity 

oC 	
Moderator inlet temperature 

normalized 	Discharge valve position from 
fully open (6 inches) 

normalized 	Demanded position of YR (100 pc 
feedwater valve) 

normalized 	Demanded position of YM (Moderator 
valve) 

normalized 	Speeder motor demanded position of 
YTCV (Turbine control valve) 

c/s 	Frequency error 

Note: if u
5 
/ 0, moderator height changes 

DKBAL 

TMIN 

YDV. 

YRDEM 

YMDEM 

YTCVDEM 

DF 
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State variables xto x 

Neutron flux 

1st group delayed neutrons effect 

2nd group delayed neutrons effect 

Mean moderator temperature 

PHIDASH 

X1BARDASH 

X2BARDASH 

TMAV 

x
I 

x
2 

x
3 

x4  

1 	23 

normalized 

normalized 

normalized 

Al x
5  

normalized 1st group decay heat term 

A2 x6  normalized 2nd group decay heat term 

A3 x7  normalized 3rd group decay heat term 

TF1STAR x8  °F  Mean temperature of fuel centre 
zone (offset 400) 

TF2STAR x9 oF Mean temperature of fuel outer 
zone (offset 400) 

PD x10 p.s.i.a. .Steam drum pressure 

M x11 lb Total mass of water and two phase 
mixture in primary circuit 

MW x12 lb Mass of water in steam drum 

HDSTAR x13 btu/lb Enthalpy of steam drum water 

QW x14 
ft3/sec Volumetric flow of water through 

main circulators 

OMEGA x15 rad/sec Circulator pump speed 

WFW 
x16 lb/sec Mass flow rate of water into steam drum 

DPREG x
17. 

p.s.i.a. Pressure drop across feedwater 
regulator valves 

PMECH x18  Mw(el.) Mechanical power produced by turbine 

YR x19 normalized 100 pc feedwater valve position 

HFHSTAR x20 btu/lb Enthalpy of feedwater leaving 
feedheaters 	(offset 400) 

YM x
21 normalized Moderator valve position 

HDASH x
22 normalized Moderator height from core bottom 

(normalized to 12.5 feet) 

YTCV x
23 

normalized Turbine control valve position 



PC 

DPR 

DP C 

KXCOUT 

F4 

KXRBAR 

WSRISER 

WWRISER 

Mean channel pressure 

Pressure drop through risers 

Pressure drop through channel 

K.quality at channel outlet 

Function of xAl2  

K.average riser quality 

Mass flow rate of steam from risers 
into drum 

xA p.s.i.a. 
9 

psia  

psia  

xAl2 

xAl3  

xA14 

xA15 lb/sec 

XA16 lb/sec 	Mass flow rate of water from risers 
into drum 
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Implicit algebraic variables  

DK 	XA1 

FBAR 	xA2  

TCOOLSTAR xA3  -c)F 

Excess reactivity 

Channel average void fraction 

Channel average coolant temperature 
(offset 400) 

DH 	XA4 btu/lb 
	

Enthalpy rise through core 

QDASHxA5  normalized Thermal power output from fuel to 
coolant (normalized to 296 Mw(th.)) 

DHSC 

DPSC 

xA6  btu/lb 	Enthalpy of subcooling 

xA7  p.s.i.a. 	Pressure difference between channel 
and steam drum 

DHB 	XA8 btu/lb 	Enthalpy rise of coolant through 
boiling region 

DPREC 	xAl7  psia 	Pressure drop in the recirculation loop 

Explicit algebraic variables  

DKM 	XE1 	 Reactivity effect of moderator height 

TFAVSTAR xE
2 
 °F 
	

Mean temperature of fuel (offset 400 

HGTF 	xE3 	Function of the 3 decay heat terms 
and normalized moderator height 

HWSTAR 	xE4  btu/lb 	
Enthalpy of water at saturation 

DHW/DPxE5  btu/lb/psia F3 a function of pressure 
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ROW 	xE6  lb/ft3 	Density of water at mean channel temper. 

WSDRUMxE7  lb/sec 

F5 	xE8  

F(WFW) 	xE9  

DPP 
xE10 psia 

FUNCTYDV xEll 

WW xE12 lb/sec 

HFHOSTAR 
xE13 btu/lb 

HFWSTAR xEl4 
 btu/lb 

HISTAR xv "15 btu/lb 

B 	xE16  btu/lb 

XR 	XE17  

KXROUT 	xE18 
GAMMAR 	xEi9  

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 

Transport delay times 

TAUFW tAl seconds From last feedheater exit to drum 
inlet (feedwater) 

TAUW tDl sec From drum outlet to core inlet (downcomer 

TAURW tD2 sec Sum of TAUW and TAUR 

TAUR tEl sec From core outlet to drum inlet (riser) 

Output variables 

PHIION Y1  normalized Ion chamber indication of neutron flux 

TMOUT 
Y2  

Moderator outlet temperature 

L Y3 inches Steam drum level 



36 

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 

delay) is: 

= variable for approximating delay tAl  

= variable for approximating delay tDl 

= variable for approximating delay tD2  

= 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  

x28  = wi  = IF1 = feedwater controller variable 1 

x
29 

= w
2 

= IF2 = feedwater controller variable 2 

x30 = w3 
= DF = frequency error 

Inputs  

u28  = PE 	= Electric power delivered 

u2
9 

= WSDDEM = Demanded WSDDRUM (normalized to 344.91 lb/sec) 

u210
= L1DEM = Steam drum demanded level for YR controller 

(normally 44 inches) 

Outputs  

Y4 = PMECH = Mechanical power produced by turbine (x18) 

y
5 	

WSDRUM = Mass flow rate of steam from drum (xE7) 

Y6 = WFW 
	= Mass flow rate of water into drum (x16) 

approximation for each 

x24 = zl 
= DELAYVAR1 

x25  = z2  = DELAYVAR2 

x26 z3 
= DELAYVAR3 

x27 = z4 
= DELAYVAR4 

The list of additional equations for case(3) is as follows: 
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Load following.  

Y4 = x18 
*3  = TF1y4  — TF1U28  

u27= w3  

where TF1 = Transfer function gain (integrator) from 

accelerator torque to DF 

= 0.0515 

u2
7 
is an input with feedback. 

Feedwater control  

4 2 .1.67 ) 

(2.1.68) 

(2.1.69) 

= y3  — u210  Y3(err) 	 (2.1.70) 

Y3 	= 0.1268E-2x12 	
(2.1.71) 

Y6 	= x16 	 (2.1.72) 

1;1-
2 	

= — (TK /TA U )w — (TK /TAU )y + (0.0029TK /TAU )y 14  
11 1 	14 11 3 	15 11 5 

- (0.0029/TAu11)y6  + (TKIVTAull )u210 	(2.1.73) 

*1 	= (1./TAU10)y3 - (1./TAu10)u210 
	

(2.1.74) 

U24 
	 = TK

13
w
2 

— TK
13
TK
14
w
1 

TK
13
TK
14
y
3 
+ 0.0029TK

13
TK
15
y
5 

— 0.0029TK13
y
6 

+ TK
13

TK
14u210 
	

(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 

TAU10 
= Time constant for YR controller (1st transf. function) 

= 200.0 sec 

TAU11 
= Time constant for YRDEM 

= 100.0 sec 

u2
4 
is an input with feedback. 
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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 

(ii) 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 (iii) 

(v) "Saturated simulation", i.e. the transients 

computation described in (iv) with the control inputs 

constrained to move only within 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 (linear) deviations on which 

this work is based. Actually this computation is necessary 

not only for one 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 
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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 

using acceptable amounts of control".
[Li] Our study deals 

with two kinds of perturbation: 

(a) state perturbation (e.g. a change in the drum steam 

pressure), in which case the system 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 one 

it was forced to depart, a level consistent with the 

new set of inputs. 

This problem is tackled by solving the steady state 

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 

to exceed their 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 

differential equations and 17 implicit albegraic equations, 

described as Model X (non—linear, basic) and listed in 

Section 2.1. 

On the face of it s  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 done). 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 algorithm used for this problem is the 

Powell method[12] for minimizing a sum of squares of non- 

linear functions, those representing the 35 equations 

containing initially chosen values in place of the unknown 

quantities. This by now well known method is similar to 

the classical "generalized least squares" method, but, 

unlike it, does not require any derivatives to be computed. 

It is therefore less cumbersome and more efficient. 

Since Powell's method works best 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 been developed. The 

orders are known from similar steady states. The same is 

true for the numerical values of the functions, although 

there is a difference because they keep changing their 

order by the very process of minimization. Also, it is 

necessary that 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 Equations  

As mentioned in Chapter 2, three successive linear 

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

(*) 	The names inputs and variables apply to the dynamic 
model only. 



af. 
and [1:, = iJ 3 	au. 

 

X0 -0  
V -0 
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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  the 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 = f (x u) (3.2.1) 

about an equilibrium state x0 U
-0  5 

 that is — 

X= f(x ,u ) = 0 

	

— 	—o —0 

and obtain a linear system of the form 

X = A.x + B.0 

The matrices A and B are determined such that 

af. 
[a. .] = 

	

ij 	bx. 

(3.2.2) 

(3.2.3) 

(3.2.4) 

(3.2.5) 

3.2.1 Model X (linear, basic)  

This model will be discussed only in so far as it 

was constructed and tested, with the 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) + A1—  
x(t—tAl

) + BxA 	
+ C u(t) 	(3.2.6) 

0 = Dx(t) + D x(t—tD1) + D2x(t—tD2 
+ Ex (t) 

1 	 A 

+ E x
1A  (t—tEl) + F u(t) 
	

(3.2.7) 
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From (3.2.6) and (3.2.7) 

= A ,x(t) D (t) 	B .u(t) s'— 	s — 

where 

A - BE-1D 

C - BE-1F 	 (3.2.10) 

A
1—  
x(t-t

Al
) - BE-1[D

1—  
x(t-t

D1) 	D2— x(t-tD2) 

E x1A (t-tEl)1 
	

(3.2.11) 

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

t+A 
x(t+A) = 0(0).x(t) 	j 	0(t+A-T)EDs(T)+Bs (T)]dT (3.2.12) 

t 

where 0(t) is the state-transition matrix 
A t 

0(t) = e s  (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 ahead with model Xl, 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 abetter 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 

As = 

B
s 

= 

D
s
(t) = 

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 basis of the approximations are tables 

of values calculated from orthogonal functions such as 

Legendre polynomials or trigonometric functions,
[131 which 

Reeve (1968) showed to be a more general approach than 

the Pade approximations or some generalizations of them.[143 

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 1st order trigonometric 

function approximation seemed the best "value for money" 

choice, but the routine written (DELAY in MXEV2X1, see 

section 5.2.3) is capable of dealing with higher orders 

and different functions as well. 

For this choice, the approximation for each delay is: 

xd = —x + 2.T -.z 
	 (3.2.14)  

= 2.T-1x — 2.T
-1
z 	(3.2.15) 

where x
d 
is the variable x delayed by T and z is a new 

state variable introduced. 

This gives a step response of the shape of a negative 

unity—amplitude drop, followed 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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x
d 

= —x + 4.T-1z 
	

(3.2.16) 

z = x — 2.T-1z 	 (3.2.17) 

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)): 

X(t) = Ax(t) + BxA  + BDD  x 	Cu(t) (3.2.18) 

0 = Dx(t) 	E2sA(t) + EDD  x (t) + Fu(t) (3.2.19) 

where x x u = vectors as dimensioned before, representing 

linear deviations 

D 
a vector of 4 delayed variables (3 state 

variables, 1 implicit algebraic variable) 

A IBI BD,C E matrices of 23 rows each 

D"EED' F = matrices of 17 rows each 

Now the pure time delays are approximated in the following 

general way; 

	

(t) = Px(t) + PAxA(t) + Qz(t) 	(3.2.20) 

	

xD(t)  = Gx(t) + G
A2A

(0 + Hz(t) 
	

(3.2.21) 

where z is a vector of L new state variables 

4L = 4 for 1st order approximation in all the delays) 

z E [za  z2  z3  Lit]
T 

z. has a dimension equal to the order of approximation 
-3_ 

for xDi 

P1PA,Q. a matrices of L rows each 

G,GA,H a matrices of 4 rows each 

The following set holds for each time delay (compare it 

with the specific 1st order chosen case of equations (3.2.16,17Di 



= 	+ Q.Z. —a 	n i 	1-1 (3.2.22) 
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= g.x 	+ h.z. Di 	ni —a-2 
(3.2.23) 

where 	i = 1,2,3,4 

xnl = X20 

xn2 = x13  

Xn3 = X13 

xn4  = xA4  

and 

L. a order of approximation of xpi  

z. = vector of L. new state variables -3_ 	 1 

P. E vector of L. components set according to 

desired type of approximation 

h.1  a vector of L.1  components set as for P. 

Q. . 

	

	 11.  a matrix of L.x L. elements set as for . 

gi 
	scalar set as for Li  

L = L
l 
+ L

2 
+ L

3 
 + L

4 

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

in (3.2.22,23) in the following manner: 

P = 

(Lx23) 

41]
o 0 	[p.2] 

[2.3] 

13 	20 

P
A 

 

(Lx17) 

CEO 

4 

0 

 

Eql3  
EQ23 

CQ3]  

0 	 EQ43_ 

= 

(LxL) 

 

 



[ hT. ] 
—2 

[ hT  3 

0 
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0 G = 

(4x23) 

H = 

(4xL) 

gl 
g2 

g3 

0 

4 
13 20 

GA  

(4x17)  

0 	0 

84 

4 

0 

0 

[ hT
4 
 ] 

Now we define the composite vector xl  with (23+L) state 

variables 

2C1 = 	.z..]T 

and obtain the following  equations which combine (3.2.18) to 

(3.2.21) 

*l = 	+ 	+ 1 	11 	1A 	1— 

0 = D1x1 + E1xA + Fu 

where (we leave the matrix manipulations out) 

(3.2.24) 

(3.2.25) 

Oa, 

B 

ma) 

A+BDG. 	BDH 

Al 
	 B1 = 

(23+L)x(23+L) 	

P 	1[ Q 

	(23+L)x17 

PA 

 

c 

ro 

 

D1 = {[D+EDG 

17x(23+L) 

E = 1 	E+E G
A 

(17x17) 

 

Cl 
 

(23+L)x7 

 

I EH] 

    

Finally, eliminating  xA  from (3.2.24,25), the equivalent  

linear model X1  is 

X 	u(t) (t) Asx1(0 —1 = 	Bs— (3.2.26) 
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— 
• where 	As = Al 

— B1E1
1 D
1 

B
s 

= C
l 	

B
1  E1

1F 

Equation (3.2.26) is of course the same as eqn. (2.6) 

for the 1st order approximation which we have chosen for 

all 4 delays; L = 4 and therefore A ,B are matrices of s s 

(27x27), (27x7) respectively. The details will be found 

in the routine DELAY1 of MXEV2X1 (see section 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 additional equations, involving new variables, 

inputs and outputs, equations which represent certain 

controls and the load following existing in the Winfrith 

simulator. These new equations have been incorporated into 

a separate routine, called FDBCK1 in the matrix evaluation 

program MXEV2X1 (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 

is 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 simulator. 

Indeed, they may vary in the controls implementation of the 

reactor itself. Thus, while the basic dynamics is contained 

in the basic model and unaltered, the FDBCK1 routine allows 

us to alter controls and load following at will. 

Thus it will be seen in section (5.2.3) that there 

are seven different versions of FDBCK1, numbered "Case" 

(1) to (7). The modifications are readily done, without 

upsetting the general structure. Case (7), it will be seen 
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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 Xl in the following way: 

starting with equation (3.2.26) 

X (t) = A
s1

(0 	B 
s
u(t) 
	

(3.2.26) 

The newly introduced equations are 

x(t) = Csx1(t) 
	

(3.2.27) 

*(t) = Rw(t) + Sy(t) + Ddu2(t) 
	

(3.2.28) 

u2(t)  = Tw(t) + Vv(t)  + Eeub 	(3.2.29) 

where 	= vector of n outputs (6 for cases (1) to (7)) 

w = vector of nw 
new state variables (3 for case (3)) 

u = vector of nun newly introduced inputs 

(3 for cases (1) to (7)) 

u = vector of nu2 inputs 
(10 for cases (1) to (7)) 

i  
= 	

T 
u 	Eu 	

u2 —2 	--u  n 	n = 7 + nun 

Elo  a vector of nu2 input reference points for u2  or 

additional control laws to be found in subsequent 

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

C
s 

= matrix of ny  rows (6 for cases (1) to (7)) 

RI S,Dd  a matrix of n
w 
rows (3 for case 3) 

T,VI Ee  a matrix of nu2 
rows (10 for cases (1) to (7)) 

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

=Ax +Bu+Bu —1 s-1 s-- n—n 

= A
s—
x
1 

+ B
sn —

u
2 
	 (3.2.30) 



B
snEe 

B
f B

snT  Af 
A+BVC s sn s 

(nx2xnx2)  (nx2xnu2)  

[DdEe  I SC
s
+D

d
VC
s 

it+D
d
T 

50 

where B
sn 

= [B
s 
B
n
], 	B

n = [0] 

Bn 	matrix of (23+L) rows 

Replacing 

i • 	• 

yi 

(3.2.27,29) 	into 	(3.2.28,30) 

1 = [As + Bsn
VC
s]x1 +B  sn  Tw 

= [SCs  + DdVC ]x 	+ 	[R+D T]w 
d 	s 	 1 	d 

+B 	Eu sn e—b 

+DEu 
d e—b 

(3.2.31) 

(3.2.32) 

*2(t) = Af2  x (t) + B ufb (t) (3.2.33) 

where x2  = 
[x
1 
 w]T  

— — 

= vector of (nx2 = 23+L+nw
) components 

and 

(nx2 = 30 
for case 	(3)) 

Af' Bf  = matrices of nx2 rows each 
(30 in case (3)) 

Equation (3.2.33) represents 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 performance such as to satisfy the 

requirements of the specifications. The detailed equations 

for the different "cases" of FDBCK1 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. 
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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 MXEV2X1 (see section 5.2.3). 

There are some further points which might as well 

be mentioned here, concerning the eigenvalues and the 

transients computations of the linear model: 

(i) 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) 

A T 
0(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 

1

1 

° 



52 

appear, which increase with time(*) 

(iii) The conclusion of (ii) was an additional reason, 

among other reasons given previously, to incorporate 

FDBCK1 into the program, 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
s 

of model X1) was closed. 

(iv) 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 MXEV2X1 for eigenvalues/eigenvectors, 

employing a modified SHARE library program, was not 

entirely satisfactory, particularly the computation 

of eigenvectors, for which great precision was needed. 

A new routine based on Wilkinson's inverse iteration 

method  [i6] 
 
was then used, with the added bonus of 

higher precision for the eigenvalues. 

It is easily shown that E15]  if  

1 t t 
t 

] 
and for second order e

Jt
=e 	[1 

0 1  
Therefore, for % = 0 we have 

Jt [1 t 
e = 

 

e
Jt 

= e
%t 	0 1 

J = then 

   

0 1 



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 eigenvalues and eigenvectors 

must be computed anyway in the last two ones, hence only 

the eigenvalues of As  (i.e. model X1) are computed in 

MXEV2X1, 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 0(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 = W-1 

W,V are computed once and equation (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 ATP 	PA - PBR 1BTP 	(3.3.2) 

while the linear or "Liapunov" part of it is 

0 = Q 	ATP 	PA 
	

(3.3.3) 

There are, generally speaking, two numerical approaches 

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. 

(*) It should be added here that there exist algorithms 
N Such as MEXP7T (Lund/[173  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. 

511 
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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 "eigen" routine is available, 

and if computer storage is not a too stringent 

limitation, this is the most straightforward way of 

solving (3.3.2). 

3.3.2 The old routine  

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

EIGSYS") was a modified version of EIGSYS,[181 which in 

turn is a modified version of the original EIGSYS employing 

SHARE library 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-

values are found using the QR transform method[193. The 

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=WAV 	 (3.3.4) 
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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 (1) 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—transform, the A matrix is transformed 

into upper Hessenberg form, that is all the elements below 

the first subdiagonal are zero, using a series of similarity 

transforms:[20 21]  

XXXXXX 

XXXXXX 

O XXXXX 

O OXXXX 

O 0 OXXX 

O 0 0 0 X 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 XX XXX 

X XX XXX 

O X X X X X 

O 0 XXXX 

O 0 0 XXX 

O 0 0 0 0 

then the matrix has a real eigenvalue of a 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 .XXXXX 	 • 

XXXXXX 

O XXXXX 

O OXXXX 

O 0 0 0 X X 

O, 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 

O 0 0 0 0 X 

O XXXXO 

O XXXXO 

O 0 X X X 0 

O 0 0 X X 0 

O 0 0 0 X 0 

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 has 

been handled, the algorithm keeps "climbing up" the sub—

diagonal, undisturbed at finding additional zeros on the 

diagonal in its way. 

Condition (ii) is more tricky, since it deals with 

precision. The results of the computation of equation 

(3.3.4) yielded 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 0, it means that the 

R.H. elements may be as high as 10-5. This number has to 

be compared with significant (i.e. 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 10-5, only one order 

smaller 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 X. 

(b) Same as (a) using double precision. 
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(c) 	Complex matrix with diagonal X. For this purpose 

an inversion routine for complex matrices was written 

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 A contains complex 

conjugate values. 

Let 

A w w 	....  . . . w -a —2 	—n (3.3.5) 

Suppose that % %
2 

and therefore w1'  w2  .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 

N.,  =a 4- if3  a1  

and 

2 
% 

= al — j p1 

w = +ji a -a 

(3.3.6) 

w =r —ji 2 	1 

It can be shown[22] that)  constructingAr 
and W

r in the 

following way 

a1 -p1 

(3.3.7) 

Ar  p1 al 
%3 

W
r = r i w ...w -a -a 	—n (3.3.8) 

0 %n  



Then 

where 

A =WAV 
r r r 

V = W 1 
r 

 

(3.3.9 ) 

so 

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 

inverse iteration method adoptedC16] 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 based on the fact that 

the eigenvalues calculated by any numerical method, including 

the powerful QR transformation, are not, in general, accurate. 

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

bypassed and the set of homogeneous linear equations 

EA — I %.3w. = 0 —a a  (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 %
a .1 

but not equal, then the iteration for eigenvector w. can 

be summarized by the equations 

CA — Ip]xs+, = zs 	(3.3.11) 

(3.3.12) z 	= .s+1
/max(x

s+1) 
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where z0 
the initial value of z, is an arbitrary vector, 

usually chosen to be all ones, while max(xs+1) is the 

element of 
xs-4-1 

with the largest magnitude. The iteration 

process continues until the change in z is less than a 

prescribed value. To examine this process, expand z in 
—0 

terms of the precise eigenvectors of A 

z = c.w. 	 (3.3.13) 

After s iterations, and neglecting the normalization 

process of equation (3.3.12) 

Z s 

c w. 

(%1—p)
s (3.3 .14) 

(this is not difficult to prove with some matrix 

manipulations). From equation (3.3.14) it is clear that 

w.2 will predominate in the sum if p is close enough to X.., 

hence z
s 

is the desired eigenvector w.. 
— 

It is seen that the accuracy of w. does not depend 

on the accuracy of p with respect to !.i. On the other 

hand, with eigenvectors as accurate as wished, the eigenvalue 

p calculated in the first place can be made as accurate as 

wished by the method of the Rayleigh quotient
[16] 

which 

can be described by the equations (to be iterated) 

s+1 = Ps 	vTEA 	Ip s1w/vT
w 	(3.3.15) 

where ps is the current estimate of the eigenvalue and w, 

v are respectively the eigenvectors of A, A
T
. 

The new program which will be described later (see 

section 5.3.3) employs the inverse 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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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 

EIGVV1. 

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 failures 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 

EIGSYS 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. 

(*) It was converted for the CDC-6400 by L.H. Weiner, 

Vogelback Computing Center, Northwestern University, 

Evanston, Illinois. 
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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 
tf 

J = f 	L(x, u, t) dt 	(3.4.1) 
t  

for a system described by 

X = f (x,u,t) — —•—• (3.4.2) 

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

control law obtained will be 

0 u
o 
= u kx (3.4.3) 

One approach for dealing with this'problem is the 

Hamilton Jacobi approach[24] which will not be described 

here except by stating that it involves the solution of a 

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 

X(t) = A(t) x(t) + B(t) u(t) 

t, 

	

r 	, J = —1 xT
Qf—f 1  + — 	(xT  Q,x + u

T 
 Ru/dt 2 —f 	2 j  

t
o 

where Q(t) a Positive semidefinite cost matrix 

penalizing the state x 

f 

	

	
= PosItive semidefinite cost matrix 

penalizing the final state xf  
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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 1BTP 	Q 	(3.4.6) 

P(tf
)= 

Qf 

P(t) is obtained by integrating equation (3.4.6) backwards 

in time from the known terminal 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-1(t)BT(t)P(t) 	(3.4.8) 

Furthermore it can be shown
[ii] that the minimal performance 

index at any time is 

o 1 T J = 	x P(t)x (3.4.9) 

For a stationary system, i.e. A,B constant and if the 

matrices QI R are constant, consider the case tf — to 

Examining the Riccati equation (3.4.6) it is possible that 

a steady state, finite solution exists as 

P = 0 = —PA — ATP PBR-1BTP — Q 

implies that 	P(t)—›.P°  as 

with the conditions that the pair A,B is stabilizable and 

the pair A,C observable, where C
T C = Q. 
q q 

If so, the feedback gain matrix of equation (3.4.8) is 

constant 

K°  = R-1 BT To 
	

(3.4.11) 

(3.4.10) 
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Furthermore, from equation (3.4.9) the minimal performance 

index at time to 
is •  

3°(t 
o) = 1 xT(t o )p0x(, 

o
) as tf 

-->- 
— 	—t (3.4.12) 

which is independent of time. 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) = -ex(t) 	 (3.4.13) 

is an asymptotically stable regulator[113 

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 equation (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 "goodness" 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 (REGULAlsee 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[25J. Although it concentrates on the 

"Liapunov" equation, 

Q .4  A
TP f PA = 0 
	

(3.4.14) 

which is the linear part of the Riccati equation: 
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(1) 	many conclusions can be extended to eqn. (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 

integration 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, but in our own 

experience it proved to be a fairly reliable method, if 

time—expensive. Since it is the one we adopted, it 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 directly9 i.e. without breaking it into its 

linear and non—linear components9 is to integrate it backwards 

with boundary conditions P(tf) = 0 until P Az 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 methodE272. 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[25J  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 	ATP 4- PA 
	 (3.4.15) 

is 
r c° ATt At P 	e Qe dt (3.4.16) 
0 

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

integration Davison's[29] and Hagander'sE257  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 = fWVTe AtWTQweAtvdt 	 (3.4.17) 
0 

Developing this equation, the result is 

  

m...1. .1 
V 

1 j 

 

P = Epii] = —VT  

where [m..] = M = WTQW 
ij 

 

(3.4.18) 

   

%i'j = eigenvalues of A 

  

There are other methods[253  for solving the Liapunov 

equation for special circumstances. 

The approach adopted in this work was the direct 

application of eigenvectors/eigenvalues to the Riccati 

equation. This technique was proposed by MacFarlane[30] 

Potter E313  and extended by VaughanE323  FathE333 . 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 

0 

the Riccati equation 

= Q + ATP + PA — PBR —1BTP 	( 3 .4.1o ) 

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

Construct a matrix M (2n x 2n) 

A
T 

M = (3.4.19) 
BR-1BT  —A 

Call 

where 

and 

the 

b.  

c.  

eigenvectors 

a. 	= 

are the vectors 

are the vectors 

b.

c. 

of M 

of 

of 

i 

the 

the 

1 	• • 

upper 

lower 

• , 2n 

n elements 

n elements 

Theorem (i) : every solution of (3.4.10) has the form 

P = [131 	bn][c1 ... cn 
, 1 	

(3.4.20) 

so, if [el 	cn] is nonsingular, P of eqn.(3.4.20) 

satisfies eqn. (3.4.10). 

Theorem (ii) : if Q and BR-1BT are symmetric then al,...,an 

are eigenvectors of M corresponding to eigenvalues 

such that %. 	—%* (conjugate) and if [c1... cn] is non- 

singular, P of eqn. (3.4.20) is symmetric. 

Theorem (iii) • if Q and BR-1BT are positive semidefinite 

symmetric and a11...,an are eigenvectors of M corresponding 

to %,,...,%n  and these %1". % have all positive real "  n 

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

is positive semidefinite. 

The 3 theorems above, coupled with the fact that it 

can be shown[343 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  

(1) 
	

Construct M (sometimes called the Hamiltonian or 

state —costate matrix) crisscrossing the submatrices 

of equation (3.4.19) and giving the Opposite sign. 

M = 

	

A 	—BR-1BT] 

	

—Q 	—AT.  
(3.4.21) 

(ii) Calculate the eigenvectors of M. Precisely one half 

of them should correspond to stable eigenvalues. 

(iii) Reorder the eigenvector matrix thus obtained into 

four equally dimensioned submatrices such that 

W = 
W11

- 	

W
12 

w21 	w22  

(3.4.22) 

   

where the columns of W11'W21 are the eigenvectors 

corresponding to the stable eigenvalues. 

(iv) 	Compute (if Wil  is nonsingular) the Riccati matrix P 

P = W
21
W
11 

—1 	 (3.4.23) 

(*) Fath'sE33] 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 

K = R-1BTP 
	

(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) 

A = A — BR-1BTP oc (3 .4.24) 

The matrices Aoc  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. 

Before solving the matrix Riccati equation, two steps have 

to be taken 

(a) Set Q and R of eqn. (3.4.5) 

(b) Test if the system of eqn. (3.4.4) is completely 

controllable, and if the pair AIC is completely 
q 

observable, where 

CT  C = Q 
q q 

(3.4.25) 

These are conditions[35] for obtaining an optimal 

control law via the Riccati equation. 
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(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 xA it is possible to cause xB to become larger 

than it was expected before penalizing xA. Also, by 

penalizing xA  and xB, the result may be that neither will 

be substantially reduced. All this will be discussed in 

more detail 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 series of runs 

performed. 

(a.i) It was decided that rather than penalizing x it 
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would be more reasonable to penalize 	(see eqn. 

(3.2.27) where 	are the outputs (measurable) 

encountered in the basic model X and the additional 

FDBCK1 routine. 

i.e. 
= C x 	 (3 .4.26) 

and minimize the performance index 

J = 	fee[I7Q4 uTRu]dt 	(3.4.27) 
o 

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 = CTQ C 	(3.4.28) 

In this case, and if Q is a diagonal matrix (which 

seems the easiest and most sensible way of constructing 

it), then, from eqn. (3.4.25) it is seen that the pair 

of matrices which has to undergo the observability 

test is A, C where 
q 

C = Qi 	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 W11 of eqn. (3.4.22) was singular, 

hence the Riccati equation could not be solved. The 

main cause of the inclination to singularity of Wil  

(and of course also W
21 

and the rest of W) is obviously 

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 exactly which 
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variables are to be penalized and by what amount. 

Still, only measurable state variables were penalized. 

The number of "cases" in which W11 was singular 

dropped. In order not to change the routine, the 

arrangement of (a.i) was kept, but new outputs 

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 arrangement 

of (a.ii) there were still "cases" of singularity of 

W11. This was irritating because in the process of 

searching for a better control, certain cases had to 

be dropped not because the results were going in the 

wrong direction but because the computation tool did 

not work. 

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 

SDA318O 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 

CR = [R —I I   (3.4 .30) 

Inverting CR and calling V = CR-1 

V11 	V12 
V 
	 (3.4.31) 

V
21 
	V22 
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It can be shown that
(*) 

C-1 = V11 
+ jV

21 	
(3.4..32) 

This program 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 good, 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 

X =Ax-I-Bu 	(3.4.33) 

= Cq  2E 	 (3.4.34) 

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

C x = b 
	 (3.4.37) 

Find C-1 such that x = C-1b 

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

 

(3.4.38) 

i.e. 

(3.4.39) 

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 

= Az 	E u 	 (3.4.35) 

(3.4.36) 

where 

=V AW 

z =Vx 

E =VB 

F =CW 
q 	q 

W = eigenvector matrix of A 

1 — V = W 

The two conditions 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 

F has at least one non—zero element in each column. 
q 

Dealing as we do with numerical computation, it has 

to be defined what is a non—zero. 'It was decided to consider 

f 10 	(rather 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-1) was used 

—1 in such a way as to make the elements r
dd equal to 0, where 

ud are the fixed inputs. In these circumstances a proviso 

(*) Note that eqn.(3.4.34) employs 	and Cq  as distinct 

from 	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. 

= F z 
q q — 
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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 r 
 

dd 

are nil. The controller will then be designed so as to 

bring the state x to zero from whatever initial excitation 

the system starts. However if one or more of the inputs 

u
d 
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 ud  

without further changes, since from eqn.(3.4.11) the same 

u
d 

after applying the optimal control law would be nil, 

which it is not. 

Various methods are available for dealing with external 

disturbances, notably the oneE373 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: 
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(a) The D.C. gain of the system is computed and controlled 

simultaneously with its dynamic behaviour. 

(b) In computing the transients, it is sufficient once 

only to calculate the transition matrix of the 

optimally controlled system. The expressions obtained 

are capable of accommodating any number of disturbances. 

Without elaborating, the equations for the original 

system, the optimal control law and the optimally controlled 

system are, respectively 

x= Ax 	B u 	Bu
d 	(3.5.1) c-c 

uo = -K x - Ku  
-c r- dgd 

(3.5.2) 

where 

= -K x k, r- -du 

X = A oc- x Bc
Ldu 4-  Bdud (3.5.3) 

c = vector of the control inputs 

41.  E vector of the disturbance inputs 

B
c = driving matrix for the control inputs, a sub-

matrix of B in the general linear system 

equation (3.4.4) 

B
d 

a driving matrix for the disturbance inputs, a 

submatrix of B 

u
o 

E optimal control vector c 

K
r = feedback gain matrix from x to u 

-c 

K
dg 

= "disturbance gain" matrix from u
-d 

 to u 
-c 

= -K u 
-du - dg-d (3.5.4) 

Aoc a state matrix of the optimally controlled system 

=A-B c Kr 	 (3.5.5) 
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Kr is a submatrix of K from eqn.(3.4.11) repeated here 

K = R-1B
T
P 
	 (5.5.6) 

K
r 

is the submatrix of K consisting of the rows of K 

corresponding to uc. 

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

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

P = W21 W11 
	 (3 .5.7 ) 

where the meaning of W21,  W11 
can be seen in eqn.(3.4.22). 

It is easily seen that 

K = R-1 BT W W-1 
c c 21 11 (3.5.8) 

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

input cost matrix R with columns and rows corresponding 

to u . —c 

The expression for Kdg is 

K
dg 

= K
dr 

B
d 	

[lc
dr 

B
c 

— I] K
cd 

where 
—1 T T .-1 —1 	T K

dr 
= Rc Bc (W11)  A 	W21 

(3.5 .9) 

(3.5.10) 

A = diagonal matrix of the positive eigenvalues 

of the Hamiltonian matrix M of eqn.(3.4.21) 

K
r and Kdr 

are computed in REGULA. 

K
cd 

is the gain matrix from u
d 
 to u—c  , i.e. —  

u c = K
cdd — 

(3 .5.11) 

where uc 
 is the settling—down value of u—c 

 for a final off— 
— 

set value ad. Kcd is set from values taken from the 

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 hdu of eqn.(3.5.4) may be considered as a 

"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 ud. The block 

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 quality of the "optimal" controllers 

computed 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 

*(t) = Ax(t) 	Bu(t) 
	

(3.6.1) 

for an initial time t. = 0 and an initial state x(0) = x is —o 

t  A(t—t) x(t) 	j eAtx0 
	

e 	Bu(T)dT 
0 

— 

For u constant this equation becomes 

X(t) = eAtxo 	ES e
AT 

 dTjBu 
0 

= eAtx + A-1[eAt— I]Bu —o 

(3.6.2) 

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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Kr 

kdu is 

Bd 

Bc 
X 

Fig. 3.1 Block diagram of optimal controller for internal and external disturbances. 
Ud :vector of external disturbances 
K r  :feedback gain matrix 
Kdg  :feedforward matrix 
kdu  :correcting control vector (for external disturbances) 
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to use the algebraic eigenvalue/eigenvector method, hence 

x(t) = WeAtVx 	WA—l[eAt— I]V-Bu 
	(3.6 .5) 

where A,W,V are the eigenvalues, 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 (x ,4 [0]) or step response to input u. For 

responses other than step type (e.g. impulse or ramp) 

different 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" controlled 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 B
d, 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 

(3.6.6) = Ax 	B u 	B
d
u
d c—c 

b. The optimally controlled system 

• x 	=A 	xi-Elk' 	4-Bu 	(3.6.7) oc— 	c—du 	d—d 

-- 	 (3.6.8) uc  = —Kr x.4 kdu 

The symbols are described in the previous section. 

The basic simulation equation (3.6.5) thus becomes: 

a. 	For the uncontrolled system: 

x(t) = weAtvx 
—  o 	

W —1[eAt—I]V[B u
c—c 	

B u
dd ] 
	(3.6.9) 
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b. For the optimally controlled system: 

A t 	, A t 
x(t) = W e °c  V x + W 	oc _Ii— 

	

v 	k +B u 3 
oc 	oc—.0 	oc oc 	oc c—du d—d 

(3.6.10 
where the subscript ( 

oc  ) refers to the state matrix Aoc 
 of 

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 weight in the feedback 

to u 	etc. 

In SIMULA the state variables x are computed, as well 

as the control variables u
c 
 and some additional parameters 

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 Saturated 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 

violates a constraint, a clear warning is printed and the 

designer subsequently changes the elements of the cost 

matrices Q, R for the next "case" of optimal regulator. 

In the real working of the plant, however, certain para-

meters cannot violate their constraints, due to physical 

limitations. These are the so called "hard" constraints(*) 

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, 

are engineering constraints, which at least in theory could 

be changed by applying higher gins to amplifiers or other 

driving elements. 

It was decided to construct a program 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 100% or close to less than 0% . 
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mathematical manipulations are much easier for constraints 

on the controls than for constraints on the state variables. 

Necessary because to constrain 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 Jet it be so. It should 

be added at this stage that there are a number 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 negative. But theme 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 checking the controls 	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—BK 
oc 	c r (3.7.1) 

it is clear that there will be four possible state matrices 

according to the saturation conditions. Also, uc  will 

assume 9 possible values, since the upper and lower 

constraints must be taken into account. Specifically, 

and starting from eqn.(3.5.3) for the free simulation 



for 	eqs.(3.7.4) 

+ 	C. +B q—c c 	d—d  

	

to 	(3.7.7) 

Q 	= 	1,... 	4 

q = 

i,j= 1,2 

i / j 

are: 

(3.7.8) 

(3.7.9) 

The general expressions 

. T 1 1 A = A — i n to oc 

X 	= A — x + ock 	Lk —c du i  

k =A x+Bk +B u oc — 	c—du 	d —d 

= (A — BcKr) x + Bckdu  + Bdud  
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Break up matrices Bc Kr into vectors and vector k —du 

into components, then: 

For non—saturated case: 

T 	
2
T 

X = [A —b1k1  b2  k2 	1 k +b2k +B u —c—r —c—r 	—c du1  —c dug 
d—d 

A. 
If uc saturates, call it u

cI 
 then 

2 	 2  
iT 

," X = [A—b k ]x + b
1k +b2u +B u 

—c—r — —c du —c c2 d—d 

If u 	saturates 
cl 

 

	

2 2 .1
T
n 	2 X = [A—b k x + b k +b u +B u —c—r 	—c du

2 —c c1 d—d 

If u saturates —c 

A. 
X = Ax + B +B u c—cu  d—d 

Thus there are 4 possible A oc and b Z —c
ik  dui 

as well as 	9 possible 	b u q —c c 

(3.7.4) 

(3 7.5) 

(3.7.6) 

(3.7.7) 

A saturation code table for A°et' 1t  and Gq  is printed on 

the program SIMSAT (see section 5.5). As the digital 

simulation is discrete, it is necessary to apply uc  during 

a complete interval, regardless of the precise crossing 

point of uc and the saturation line. 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, 

eqn.(1.7.9) is integrated over an interval St = St(k) 

applying the appropriate A 	and 
act  

A St 	St A T 
X 	

= e  ocn 
k  X +ES e ckdda

2
14k

du.
4- y

q
b
c c 

+B
ad 

(3.7.10) 2C1  
—k+1 	—k 	

a 

Using eigenvalues/vectors A, W and inverses A
-1 

V 

A
it,
Sit  

- 
= We 	V x + WiA56

1 
[e

A ot 

k+1 	
- V

buq  (3 .7.11) 

where 

= V [1 bik 	+ 	+ B u ] 
bu 	k k—c du. 	qc c 

(3.7.12) 

There remain two observations by comparing eqs.(3.7.11) 

and (3.6.10) for saturated and free simulation, 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 ro 

point. For the 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 	may contain zero eigenvalues (this is not so 

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

there is a % = 0, in which case the factor 

V EA 
%71( 1 —1) becomes bt 

3.8 Reduced set of feedback variables  

Having 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 techniques of deterministic 

state reconstruction of the observer type[38J or estimation 

by stochastic filtering of the noise—disturbed plant E39] 

It was decided in this work to find out first which are 

the more important feedback variables 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 need 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 x. 	of all the state variables in the 
Jpk 

simulation; multiply these values by the elements of the 

feedback gain matrix k 	(see eqn. 3.5.2). The products r. . 

thus obtained form a "weighted gain" matrix of elements 

k 	x- 	each row of which feeds one of the control 
ti l3 

jl j 	pk 
inputs u . Now determine the maximum absolute value of 

Cl 
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each row: the "dominant" variablesare 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 of the system with the full set. 

Furthermore, the "weighted gain" matrix was computed for a 

number of cases and the dominant variables were generally 

the same. The "filter" adopted for the dominant variables 

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 be 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, eqn.(3.5.3) becomes 

* =Axi-Bk 	B
cl
u
d 
= 0 A 	=A—BK 	(3.8.1) 

oc— 	c—du 	oc 	c r 

x = —A
-1(B k 	B u ) oc c—du dd 

(3.8.2) 
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Define an output vector x such that 

= C x 	 (3.8.3) 

It was said before that frequency and steam pressure were 

chosen as the variables to be forced to 0. However the 

pertinent routine DCCOMP (see section 5.4.3) is such that any 

two variables may be chosen, their respective numbers 

being read in as data. In the particular case of pressure 

and frequency and according to the mathematical model of 

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

x10 

x30 
In general it is desired that • be 0, hence: 

= —CA-1  B 	— CA-1  B u = 0 
oc c —du 	oc d—d (3.8.4) 

where kdu  is the forced added control computed instead of — 

kdu of eqs. (3.5.4), (3.5.9) 

(3.8.5) 1  
= —[CA

-1 
du 	oc B —  

—1 CA B u 
oc d—d 

The results obtained with this formula were highly satisfactory, 

as will be discussed in the chapter on results. Not only did 

converge to 0 but all the other variables settled X10'X30 
at values within a small fraction of one % of the values 

arrived at with the complete (unfiltered) set of feedback 

variables. 
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CHAPTER 4  

A NEW METHOD OF OPTIMAL LINEAR REGULATOR DESIGN FOR EXTERNAL DISTURBANCES 

The need for a controller to accommodate external disturbances 

was explained 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. 

4.1. 	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 

*(t) = Ax(t) + Bu(t) 	 (4.1.1.) 

where the object is to minimize a cost function 

V(T) = if f< x(t), QE(t)> + u(t), Ru(t)>)dt 
2 0 	

(4.1.2.) 

Q > 0, R>0 

For the generalized problem of external disturbance, define: 

u
c 
 WEE control input vector 

u WET:disturbance input vector 

ra 
c 
 (t) Z.= value of u—c 

 (t) as aTected by u—d  (t) 

B
c' 	

L--; driving matrix for 1.1(t) 

B
d 	

==driving matrix for ud 
 (t) 

The generalized system and cost function are then, respectively 

*(t) = Ax(t) + Bcac(t) + Baud(t) 	(4.1.3.) 

V(T) = 	QEW> + < (uc(t) - msc), R(uc(t) - Trc  )>1 dt 
2 0 	 (4.1.4.) 

(From here on, (T) and (t) will be dropped for more convenient writing). 

The proposed technique for solving the'problem for the optimal control 

u°  follows the conventional line starting with the expression for the —0 
Hamiltonian: 



B x 

0 X -Q 

A -B R
1
B
T  

c 	c 

-A
T  (4.1.12.) 
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H =1 < x, Qa> + < (u c  -17 c), R(u-c-c )> + < (Ax +Bauc +Bdud' ) X> --- 
2 	2 

(4.1.5.) 
From here: 

. 	= Ax+Bu +Bu 
- 	a-c dd 

. 	. cts  + ATX 	 (** 

= R(u - u ) + B X -c -c c  
-c 

u° ..;..r..ali = o4.u° = u - R 1 BT X 
"7-u. -c 

The optimal control problem is now reduced to solving the equations 

X = Ax +Bu -BR BT X+Bu 
1 

- c-c c c d-d 

= Q2E.  + AT  X 	 (4.1.11.) 

With boundary conditions[227 (*) 

x(0) = 

X(T) = 0 

Call [Br] = [Bc  Bd], 	.c = 	for convenience 

d 

Rewrite (4.1.10.), (4.1.11.) as: 

(4.1.10.) 

and attempt to solve for X(0) . 

(*) The more general expression for eq. (4.1.2) includes a second 
term Lf(x(T)). It can be shown that X(T) = aLf/axlx = x(T). 
In our case Lf = 0, hence X(T) = 0. 

(**) ( )T  = ( ) transpose. 



W11 W12 V12 

W21 W22  
V22 

Hence 

x(T) 

X(T) 

e
-A(T-t) 

	

0 	V11 

0 	eA(T-t)  V 21 

-A-1(e-A(T-O_I) 	0 

0 	A-1(eA(T-0-1) 

W11 	W 12 	
e-A(T-t)v

11 
A(T-t) A(T-t) 

W21 W22 e 	e 

	

V21 	V22 

-A(T-t) 
e 	V12

- 
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The Hamiltonian matrix can be decomposed as 

M 

A 

-Q 

-B R 
C 

-A
T  

BT  
C W1 1 

W2 1 

W.12  

/A 	2 

-A 

0 

0 

A 

V11 

V21 

V12 

V22 (4.1.13.) 

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

eigenvaluesof which E34]  are symmetrical with respect to the 

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

Let At,T) be the state transition matrix for eq. (4.1.12.) 

     

YJ(t ,T ) = em( t-T) = 

  

V 

(4.1.14.) 

 

VOW 

  

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

x(T) 	V(T,t)[a(t)  +I
T 
16(T, T) rj]udT 

X(T) 	k(t)] t 	0 
(4.1.15.) 

We shall later generalize for u being any given function. Let us 

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

function, in which case
E  0  2 may be removed from the integral. l- 

{ 

rs, 

From eq. (4.1.14.) 

ft 
A- 1 ( 0 

-1 A(T-t) 	V 
0(T,T)dT = W 

0 	A (e (4.1.16.) 

(4.1.17.) 

-A(T-t)_ -A (e 	1)Vii  

A (eA(T-t) 

-A 1 (e -A(T-t)-1)1/12 

-1 A(T-t) A (e 	-1)V22..  

 

0 
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 [ e -A-  ( T-t) V-4eA(T-t) V 	 skt) + w[-A(T-t)v - 	eA(T-L)141X(t)X(T)=W21 	. 122 	2.j2 	21 	12 	 22 

cw21 A 1 (I-e-A(T-t) )vi  11422 	.(eA(T-t)-I)V2ir' 	(4.1.18.) 

For the boundary condition X(T) = 0 the expression for X( t) is 

X( 	1,W2 e 	v i2  +1422  e 	v22  A(T-t),, IR e-A(T-t) 	A( T-t ) V2 i] 2s( t v 	e r -A(T-t), 

	

-414.21 	(I-e-A(T-t) )Vi  +W22  A-I (eA(T-t)..i)v21]1;3-;1

2 

(4.1.19.) 

Let us now use certain properties of matrix inversion[34J for the 

above eigenvectors under certain normalization conditions which will 

be described in section (4.4) 

..1 
W-1  = W1 1 W12 [ 

1A121 W22 	

= 'TV 	V I = W., T 	, TI 
V1 	12 - z.2 	"" "12 

T V21 V22 	-4.421 	Wi  iT  (4.1.19.a) 

Equation (4.1.19) then becomes 

A(t)=+ 1A121 e-A(T-t)w12T+w22 e  T-t )w11T] ":1  [w2 e-A(T7t)w22 _w22 eA(T-t)w2  Ix( 0+  

Ilia2 A-1  (I-e-A(T-t) )w22T...w22 A-1  (eA(T-t)_nw2 	711 	(4.1.20.) 

From eq. (4.1.9.) 

u°  
c( 

t)= c u +R 
.-1BTo[-w2 

 e 	Wi2 +
-A(T-t) T W22 

e
A(T-t) Ti 	-A(T-t), T , A(T-t) T 

Wri 	L"2 1e 	"22 "22 e 	W2112:( t 

±[w21 A-1  (I-e-A(T-t) )11,122T_w22 A-1  (eA(T-t)..I)W21IBu 
 

Now call K(T ,t) the feedback gain matrix from x to uc  and — 

(4.1.21.) 

 

_ 
Kd(T ,t) the gain matrix from B u to u —c 

  

   

    

 

K(T ,t)=R BT L 1 e -A(T-t)
"1 

 
2 '72 el"-t)Wi 	[W2e 

-A(T-t)
w2 2

T 
-;2 e

A(T-t),  Ti 'It 

 

    

    

 

rpr 	
-A(T-t),12 ±W22 e T 	A(T-t) 	LW21  -1  (e-A(T-t)-I)  W2121 d( T ,t )=R 	e 	" A 

4-T/2 A
-1

(e
A(T-t)...I)11;iTi 	 (4.1.23.) 

 



Equation (4.1.21.) now becomes 
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- - 
u°(t) = -K(T,t)x(t)-K (T t)B u + u 
—c 	d 	 —c 

= -K(T,t)x(t)-K (T,t)[B 	+B u ]+: a-c 	—c 

u°(t)= -K(T,t)x(t)-[K. (T t)B -flu 	'(T t)B u 

	

d 1  c 	d ' d-d 

(4.1.24.) 

(4.1.25.) 

 

From the steady state equations a relationship between u and u 
c 	 d 

must be found such that 

u = —c K u 
cd —d 

Hence 

u°(t)=-K(T,t)x(t) 	d' 
(T t)[B c Kcd +Bd 

 3-K 

=-K(T,t)x(t) - K (T t)u dg ' —d 

(4.1.26.) 

(4.1.27.) 

u°c(t) = -K(T,t)x(t) + kall(T,t) (4.1.28.) 

where Kdg and k du  have been introduced for more convenient writing. — 

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

(4.1.28.), the optimal system is now 

(t)=EA-B
c
K(T,t)3x(t)+B k (T'  t)+B u a-du 	d d (4.1.29.) 

*(t)=A (T,t)x(t)+B 	(T t)+B u oc 	a**du 	d d (4.1.30.) 
For a more closed expression we can sum up the last two terms of 

eq. (4.1.30.) such that 

Bds(T,t)=Bd-Bc[Kd(T,t)DcKcd+B.
a3- Kcd] 	(4.1.31.) 

whence 

5c(t)=Aoc t)a(t)+Bdg(Tt)23.d (4.1.32.) 
This sums up the controller design for finite terminal time T and 

constant (step function) disturbance ud. Its relevance is mainly 

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

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 ->co. 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 case when u,(t) is any given function, as opposed to the --a 

step function we have dealt with so far. 

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

ic 	T)r 	( T)d T = Z( t) 0 
B 

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

Equation (4.1.17.) becomes now 

(4.1.33.) 

      

x(T) = W11 W12 

V(T) 	W2 1 W22 

-A(T-t) e 	0 Vi  V12  
A( T-t) 	 _ 0 e 	v21 v  22 

x(t ) 

A(t) 

 

zz (t) (4.1.34.) 

     

      

      

%(T)=[W2 1 
e-A(T-t)

V11  + 2 W eA(T-t)1 Jx(t)+[Wa
le-A(T-t)V12+

W22eA(T-t)/;23 x(t) 

-1-Z2  (0 	 (4.1.35.) 

%(t)=-[-142le
-A(T-t)

WI;
'TI +IA,22eA(T-t) 	w w  

Wvi T ]-1 {N21 
 e-A(T-t 

 v2  2
T 

 -"2 2 e
(T-t) T w2  1  J x(t) 

4 (t)} 	 (4.1.36.) 

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

K (T,t) = R 1 BT 	-A(T-t) T 	A(T-t) T 
c [W21 e 	

W12 -W22 e 	W11 ] (4.1.37.) 

uc°(t)=-K(T,t)x(t)-Kz(T,t)2 	+ Tic(t) 	(4.1.38.) 

There is not much point in going further towards a closed expression 

for the control and the whole (optimally controlled) system, since 

any expression will include 2 (t) which is an integration result 

anyway. The conclusion is that the controller can still be designed, 

although the continuous heavy on-line computing renders the design 

all but useless, except for a possible theoretical follow-up. 

If the disturbance input is a known and analytically integrable 

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

In the case of u
d  constant, the expressions for K(T), Kd

(T) 4  

can be simplified for T 

Inspecting eq. (4.1.22.) 

K(T ->oc) = R 1  Bc
T  [Wil]-1 T  1,421 	 (4.2.1.) 

On the other hand, the solution of the matrix Riccati equation via 

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

external disturbance and infiniteterminatime[32] yields 

and 

X( t ) = Px( t) 

T 	1 
u°c 
	

-1 
= -R B X

c—
(t) = -R BTPx(t) — 	 c 

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 eqs. 4.1.28. and 

4.2.1.) 

u°  (t) = -Kx(t) + k 
—du 

-1 	T -1  T = -R Be  [VI 1 	W2  X( 

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 eq. (4.2.3.) which handles the dynamic performance 

T -1  T 
. only. Hence N11 3 1421  = P, and since P is symmetric, eq. (4.2.1.) 

becomes 

 

- T 
K(T 	

1 
= R B

cW2 1 W11 (4.2.6. ) 

which is the formula arrived at in[32] 

 

Now, inspecting eq. (4.1.25.) 

 

K
d
(T--)01 = R BT[W22 eATW1  TJ  1 

[1422  A 1 eAT W21 T ] 

T T)-1 Al T 
c 

= R B ( 	) 	W2 1 (4.2.7.) 
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Before finishing this section, a word of caution is necessary: 

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

controller thus designed is therefore strictly optimal only for 

step functions. For any other disturbance function, if the 

disturbance settles at a steady value md, 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 hand, 

if the disturbance function is known and analytically integrable, 

such as for instance a sinusoid, the computation will still yield 

a closed expression. 

Finally, the matrices called K and Kd  in this section and in 

the previous one, are called K
r 
and K

dr' 
respectively, in section 

(3.5) and in the computer programs. This is so due to the 

particular matrix manipulations of the programs, where K
r 
and K

dr 

are submatrices of larger matrices computed for the case when all 

the inputs are used for control. Also, R is called R
c 
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 disturbance 

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 advantages are: 

(i) Theorectically 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 

well known oneC37] 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) 

X(t) = Ax(t) + B 
c-c  
u (t) + B

d-d  u (t) 

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

as follows, for u
d 
 constant. 

X(t) = Ax(t) + Benc(t) + k d 	 (4.3.3.) 

(*) The description does not follow exactly the presentation inE37] 

where the magnitude of u
d 
 (t) is unknown. Also, for the case of 

several disturbance inputs, if their magnitudes change in equal 
proportion, only one additional state is needed. 



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, 

additional 

new matrices 

z = 

then 

state 

A, 

:n +1 

di , 

x
n+i 	to 

- - 

d 

x, call 

••■• 

A d 

0 0 

are needed 

the 

, 	B 	= 

for n inputs. 	Add now one 

enlarged vector z and define 

B
c (4.3.4.) 
0 

The new system is now 

= Az 	u 
a-c (4.3.5.) 

which, if decomposed, yields 

= Az  + d x 	+ B 	u n+1 	c 	c  

kn+1 = 0 
(4.3.6.) 

Comparing eqs. (4.3.3.) and 

identical if 

x 	= k 

(4.3.6.) it is seen that they are 

n+1 = 0 
(4.3.7.) 

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 of creating a new state (or several) and hence 

the 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 

9 9 
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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 pair of row and column.(*) Having said that, there are still 

two advantages to our method: 

a. In the new method there is no difference whether there 

are one or more different disturbance inputs. 

b. Even 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 said. 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 case for the 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 inputs lie on their saturation lines, as was 

shown in section (3.7). 

(*) It can easily be shown that if A = WAV, an nxn matrix, and A 

of eqs. (4.3.4.) is A = Rrs, the first n eigenvalues of A are 

equal to those of A, the new Y is nil and the new eigenvectors 

are as follows: 

	

, •.., rn -1 0 1 , 	0  

The last eigenvector rn+1  is calculated as follows: 

	

n+ih 	A rn+1 
E 	- 1 	

= 0  n+1 

	

r 	- [0], Ah + d = [0], h = -A d 	(4.3.8.) 
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4.4. 	Normalization conditions for the ei envectors of the 

Hamiltonian matrix 

In section (4.1) certain properties of matrix inversion 

for eigenvectors were used for conditions of normalization not 

discussed there. The properties, found by O'Do-nnell[31+3  are 

repeated here 

-1 1 T 
W11 W12 V1 1 V12 W2 2 -W12 

W 
W2 1 W22, V 21 V 22 -w21 W11 (4.4.1.) 

As WalterE4°]  rightly pointed out, the scaling is not the expected 

one of normalizing to unit length, but instead involves the 

following procedure: 

a. For the 2n x 2n eigenvector matrix, the first n columns 

(W11 , 1421 ) are scaled arbitrarily. 

b. The remaining n columns are first scaled arbitrarily 

(U12 , T.] 2 ) and then resealed using the following 

formula which it is fairly easily shown to be correct. 

The result will be the final matrix W 

W 

where 

[ W11 

W21 

W12 

W22 

G  = 

= 

CW11 

W11 	U12 

W21 	U22 

U22 	- 

-  I 	0 

G 

W21 	U12 3  

(4.4.2.) 

(4.4.3.) 

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 

-1 
Riccati equation (P = W21  W11  ) for a system with no permanent 

external disturbances and infinite terminal time, as Vaughan 	in 

turn showed: the reason is of course that only W11+ W21 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 eqs. (4.1.22.), (4.1.23.), 

hence Walter's normalization procedure is needed. On the other 

hand, for infinite terminal time the normalization is again not 

needed, as can be seen in eqs. (4.2.6.), (4.2.7.). 
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CHAPTER 5 

DESCRIPTION OF DIGITAL AND ANALOG PROGRAMS  

It was stated at the outset of chapter 3 that the 

computations of this study are broken into five main components. 

The following digital programs contain these computations. 

(i) SSNL2D 	: 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 

problem. 

(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. 	SSNL2D (Steady State)  

See section 3.1. 

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). 
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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 VA°2A. For this routine: 

M a number of functions F 

N a  number of variables X 

NW a  size of auxilliary array W 

> N + (M + 
3N+1)  (N+1) 

NA = number of algebraic variables XA 

MA = number 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. 

E a array of the accuracy of the variables 

ESCALE a limits the step size of the search. 

Normally xi  will not be changed by more than 

ESCATF.*E.in a single step. 

MAXFUN a  maximum number of calls for the evaluation of functions 

(CALFUN), set in order to stop the program if it does not 

converge reasonably fast. 

IPRINT a periodical numbers of iterations after which the values of 

the variables and the functions are printed. No printout 

if IPRNT = 0 

ITATJW, 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. 

The most important points to remember are: 
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(i) The scaling of functions and variables, done in 

order to enable VA02A 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 solution 

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 Lit of subroutines 

CALFUNO 	 YTAU 

REPLACE 	 EXPL 

CALFUN 	 CALCLT 

SCALEV 	 FUN1 

SCALEF 	 FUN2 

SCLEVA 	 FUNS 

READ 	 FUN4 

OINPUT 	 FUNS 

INITIAL 	 FUN6 

OUTPUT 	 INTPOL 

OPUNCH 	 VAO2A 

U1N 	 VD01A 

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. 
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CALFUN 	Carries 35 functions only, as explained in section 

(3.1). This is the set to be minimized by VA02A. 

REPLACE 	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 variables are scaled to unit order before calling the 

minimisation routine; 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 only. 

SCAT= 	: Multiplies all functions evaluated in CALFUN, by the 

scaling factor computed in SCLEVA. This operation is done at the 

end of each CAIFUN call. 

READ 
	

: 	Reads in initial values as data. 

°INPUT 	Prints initial values, calling sub-routines UIN 

and STAAL for formats, etc. 

INITIAL 
	

Reads and prints comments on level of power and 

initial values. 

OUTPUT 	• Prints final values, calling UIN, STAAL, YTAU and 

EXPL. 

OPUNCH 	Punches final values, to be used as input data for 

the next program, MXEV2X1. 

CALL LT 
	

Calculates time delays and output variables. 

FUN1 to FuN6 	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. 

VA02A 
	

This is the Powell routine for minimizing a sum of 

squares of the form 

m 
f(x1  ,x2  , 	xn) = 	xn) 	(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 

m 
a H = [11. .3 = [ 	E afk • ij 	• ax
fk 
. k=1 

m 
ak 	afk 	a2fk 

E (ax
f 	

-37 f 	] k=1 [gij3  k 	. x. 

(5.1.2.) 

(5.1.3.) 

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. 

VA02A calls VD01A, the routine in which the search is done for one 

function of one variable at a time. 

5.1.4 Output  

(i) List of initial values for all variables. 

(ii) Function values of the 40 original equations 

calculated in.C1LFUNO (no scaling). 

(iii) Function values of the 35 remaining equations to be 

solved for the steady state (no scaling). 

(iv) Values of variables and functions calculated after 

each 'PRINT 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) List 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 under 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 E, 4, 1, 

xE' z 
of the basic model, the steady state values of which are the 

output of program SSNL2D and the input of MXEV2X1. This means 

that for each level 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 FDBCK1. 
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5.2.2 List of subroutines 

DELAY1 	EDMX 	SLOPES 

FDBCK1 	FMX 	SLOPE6 

CALFUN 	PMX 	INTPOL 

TESTMX 	PAMX 

TESTMX2 	QMX 	CAUTION 

COMPARE 	GMX 	IMBEDV 

NEWXU 	GAMX 	IMBED 

XAX1U 	HMX 	EQUVRR 

WRIMX 	A1MX 	UNIT 

DRAWMX 	B1MX 	CARVUP 

DRAWLM 	C1MX 	MULMXV 

SCAN 	D1MX 	ADDV 

READ 	E1MX 	MULTI 

OINPUT 	ASMX 	ADD 

UIN 	BSMX 	SUBTR, 

STAAL 	FUN1 	NULL 

YTAU 	FUN2 	NEGATE 

EXPL 	FUNS 	RORDRM 

PCH2O13 	FUN4 	INVERT 

AMX 	FUNS 	XEIGEN 

BMX 	FUN6 	EIG6 

BDMX 	SLOPE1 	DETMT 

CMX 	SLOPE2 	HESSEN 

DMX 	SLOPE3 	QREIG 

EMX 	SLOPE4 	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. 

FDBCK1 	: In this routine the additional equations mentioned 

in section (3.2.3) are set and incorporated into the equivalent 

model (X1) to form the final comprehensive model (X2) which 

represents the uncontrolled system. There is a great deal of 

matrix manipulation 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 a 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. 

CATFUN 	: 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 on-the 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 equal. 

As it is, when deviations of up to 2% were used, the differences 

between the results obtained using the two models, are well within 

one per cent for the most part, although a few results are further 

apart, one as far as 100%. 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. 

f, „g are the values obtained from the non-linear set (CALFUN) 

(see eqs. (2.1) and (2.2)). 

I = f(x + sx,xA  + oxA,u + 6u) - f(X,xA,L) 	(5.2.1.) 

.E = .E(2c 	5Z,ZA 	8ZA,12 	611) 	E(2E,2S.A,2.) 
	

(5.2.2.) 

These values are compared with 6f, 6,g, from the linear model 

(see eqs. 3.2.18 and 3.2.19) 

6f = A6x + BOxA  + BD  6. 01  + C6u 	 (5.2.3.) 

Sg = DOx + E6xA  + EDSxD  + FOu 	 (5.2.4.) 

2ED  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 = 0 and eliminating z. Having done so, the two equations 

(5.2.3.) and (5.2.4.) become 

Of = [A+B
D
(G-HQ 1 P)]6x+[B+B

D
(G

A-HQ 
1
PA  )] 5xA  +COu - - (5.2.5.) 
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[D+E3(G-HQ71 P)] 5x+[E+E0(GA-HQ71 PA)]SxA+FOu 	(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 A
s 
and B

s 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 	: Computes and punches out the matrices XAX1 and XAU 

necessary for calculating xA  from x1  and u, needed in SIMULA and 

SIMSAT. From eq. (3.2.25) 

xA  (t) = 	Di  xi  (t) - 	Fu(t) — 

XAX1 x1(t) + XAU u(t) 

(5.2.7.) 

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

SIMULA and SIMSAT in order to save storage in these two programs. 
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XAX1R includes only the rows necessary for those components 

of xA  needed in SIMULA 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-zero element 

. for a zero element 
_10 

where "zero" is defined as 10 

DRAWLM 	Draws (with the same symbols as DRAWMX) the 

complete linear models evolving in MXEV2X1: 

(i) the basic model, i.e. eqs. (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. (4.2.33) 

SCAN 	Routine called by DRAWLM. 

READ 	Reads in as input the data punched out by the 

previous program, SSNL2D. 

OINPUT 	: 	Prints out the data read in, which is a list 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 °INPUT, identical 

'to those in SSNL2D. 

PCH2013 
	

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 eqs. (3.2.18, 

3.2.19) are set. The individual elements have been calculated by 

hand according with the linearization procedure described by eqs. 
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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 eqs. (3.2.20., 3.2.21) are 

set in this routine. 

A1MX, B1MX, C1MX, D1MX, E1MX 	: 	compute the matrices 

corresponding to eqs. (3.2.24., 3.2.25) which is an intermediate 

stage towards the equivalent linear model (Xl). 

ASMX, BSMX : compute the final matrices for model Xl (eq. 3.2.26) 

FUN1 to FUN6 	: 	Tables, of empirical functions, identical to 

those in SSNL2D. 

SLOPE1 to SLOPE6 	Derivatives of the functions tabulated in 

FUN1 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 SLOPE1 to SLOPE6, identical to the one used in SSNL2D. 

CAUTION 	: 	Prints a message at the end of the output, warning 

the reader that ub  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 PDBCK1 

(ii) some of the inputs ui  are involved in feedback loops 

incorporated in PDBCK1, and therefore their counterpart 

ubi  must be considered as an additional reference point, 

and is therefore different from u.. 

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. 
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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. 

MULMXV 	Multiplication of a matrix and a column vector. 

ADDV 	Addition of two vectors. 

ADD 	: 	Addition of two matrices. 

MULTI 	Multiplication of two matrices. 

SUBTR 	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 

existing routine at the Control Section library, which in turn is 

a modified version of the SDA318O 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[18] 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). 

XEIGEN 	Calling routine from the main program. 

N = order of square matrix AS(input) 

WNN1, WNN2 a  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. 

DEIMT 	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. 

QPT, 	 This is the central part of the method. It performs 

the QR transformation explained in Section (3.2.2). It is a FORTRAN 

version of the second ALGOL program given in Francis' paper
[19] 

5.2:4, 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) All the matrices computed in routines AMX to EIMX. 

(iv) Matrices XAX1 and XAU intended for the computation of 

xA( t) in SIMULA and SIMSAT (see eq. 5.2.7). 
-- 

Both matrices are printed and punched. 

There is an option that a reduced matrix XAX1R be 

punched out instead of XAX1 and XAU, in order to 
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save storage space in SIMULA and SIMSAT. 

(v) Matrices A
s 

and B
s of the equivalent model X1 (see 

eq. (3.2.26)). 

(vi) Eigenvalues of As  and Bs. 

(vii) The drawing of the complete basic linear model and 

the time delay approximations. 

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

3.2.26). 

(ix) The test of correctness of the basic linear model 

(see TFSTMX in 5.2.3). 

(x) The test of correctness of the equivalent linear model 

(see TESTMX2). 

(xi) All the matrices computed in FDBCK1 leading to the final 

comprehensive model X2 (eq. 3.2.33). 

(xii) Matrices A
f 
and B

f of eq. (3.2.33). They are also 

punched for input data to REGULA (see section 5.3). 

(xiii) A warning message described briefly in CAUTION. 

(xiv) The drawing of the comprehensive model (eq. 3.2.33). 

(xv) 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). 

5.3 	REGULA (Optimal linear regulator)  

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. The store needed 

is about 53K (system excluded). 
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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 eq. 3.2.33, punched in the previous program, 

MXEV2X1. The dimensions here are: 

A(NxN) 	B(NxNU) 

The principal arrays and their dimensions are explained in the 

program(*). An important parameter is NY, which is the order of 

the cost matrix Q, with C(NYxN) (see eqs. 3.4.26 to 3.4.29). The 

program starts by reading and writing the matrices A and B. In 

previous versions it nlso reads C
s (see eq. 3.2.2?) 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. Later it checks controllability 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 K
dr 

from eqs. (3.5.8) and (3.5.10) respectively, are 

computed, printed and punched for use in SIMULA and SIMSAT, 

according to eqs. (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 Q where 
oc 

Qoc  = Q + KTRK 
	 (5.3.1) 

It is easily shown that the Liapunov equation (3.4.14) holds 

if Q is replaced by Q (*) 
oc
. 
 

The eigenvalues of P are then computed in order to assess if the 

matrix is indeed positive-definite. Finally the eigenvalues of 

A. are computed and then compared with those of A in the routine 
oc 

COMPEL 

This comparison gives a quick idea of what has changed in the 

"optimally controlled" system from one case to the next. 

The product of the eigenvalues of A
oc 
 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. 
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5.3.2 List of subroutines 

SOSMX 	COMPU 

RICCAT 

PCHKKD 	MULTI 

CTROBS 	ADD 

EIGVV1 	NULL 

HESSEN 	NEGATE 

QREIG 	IMBED 

QRT 	CARVUP 

ASQR 	UNIT 

EIGVEC 	TRANSP 

DE1SP 	EQUVC 

WRCMX 	EQUVC 

DRCMX 	EQURCX 

WRIMX 	TRNSPC 

DRRMX 	MULCOM 

WRIEIG 	MLMXDC 

ORM2013 

IRM2013 

IOV2013 

PCM2013 	MULCR 

RCM2013 	MULRC 

PRM2013 	INVCOM 

RRM2013 	INCOMA 

PCV2013 	MATIN1 

RCV2O13 
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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 controli u5  and u6. The state 

variables costed are at present 	x4, Y11 0, X18, Yil, Yi2 

x2 3 , x3 0 . For their meaning see section(2.1). 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, pd, x30  = 6f) after it was found that the trial-

and-error procedure of computing the "optimal regulator" and then 

simulating the new system obtained became easier with less states 

being costed, and easiest with two states only, controlled by two 

inputs (u5  - IA,  u.6 = .;CV )  
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 

K
dr (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 

W21  (eq. 3.4.22), the Riccati matrix P (eq. 3.4.23), the 

matrix SSO resulting from computing the Riccati equation (3.4.10) 

which should be nil. Three of the four tests indicated in the 
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algorithm are performed inside the routine, namely: 

(i) P should be real : those elements which have a ratio 
_7 

of imaginary over real part greater than 10 are 
_4 

printed, and if the ratio is greater than 10 a 

special warning is printed. 

(ii) P should be symmetric : the absolute values of 

symmetric elements are compared and if their fractional 
-7 

difference is greater than 10 , they are printed. 

Same special warning as in (i). 

(iii) SSO (i.e. the matrix Riccati equation) should be nil. 
_7 

Elements greater than 10 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 Kdr (eq. 3.5.10). 

The optimally controlled matrix A is computed an printed. 
oc 

As discussed in section (3.4.1),the complex matrix W11  which has 

to be inverted is sometimes numerically singular (this depends on the 

precision of the inversion routine). When 14" is singular, both 

W11 and 1421  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 K
d 

corresponding 

to the control inputs, thus producing the reduced matrices Kr and 

K
dr (eqs. (3.5.8), 

(3.5.10)). They are printed and punched for 

use in SIMULA and SIMSAT. 
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123 

  

(see section 3.4.1(b)). 

It computes the matrices E and F of equations (3.4.35, 3.4.36) 
q 

and then tests if E has at least one non-zero element in each row 

(controllability) and if Fq  has at least one non-zero element in 

each column (observability). 

Furthermore, since not all inputs 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 F are printed and so are the numbers of the 
q -.2 

E-rows or F -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 

EIGSYS[23] 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, DE1SP 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 eigenvectors wi  and the left 
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hand eigenvectors t. are computed, using the inverse iteration 

method and, if so requested, printed out along with their 

respective residual vectors (Aw. - X.w.) and (t.A - k
J
.t
3
.). 

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 

quotient scheme is used to correct the original eigenvalue, 

which, in turn, produces 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. 

QREIG, QRT 	: Almost identical to QREIG, QRT of the "old" 

EIGSYS (see sections 3.3.2 and 5.2.3). 

ASO, 	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. 

(*) 
	

ASQP 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. 

0RM2013 	Writes a real matrix on an output file numbered as 

in arguments list. Intended to write on tape, punch or paper, as 

requested. Format is (4E20.13), each row commencing on a new card. 

12E2013 	: 	Reads a real matrix from an input file, selected 

as above. Format as above. 

ICV201 	Reads a complex vector from an input file, selected 

as above. Format as above. 

PCM2013 	Punches a complex matrix, format as above. 

RCM2013 	Reads a complex matrix, format as above. 

PRM2013 	Punches a real matrix, format as above. 

RRM2013 	• 

• 	

Reads a real matrix, format as above. 

PCV2013 	Punches a complex vector, format as above. 

RCV2013 	• 

• 	

Reads a complex vector, format as above. 

COMPEI 	• Compares the eigenvalues of the original matrix A 

with the "optimally" controlled A oc
, 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). 
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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. 

MLMXDC 	: product of a square complex matrix A and a 

diagonal complex matrix A, with the two options A A and A A. 

MULCR 	: 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 taken from the 

CERN library [36] INCOMA calls MATINI. 

MATINI 
	

Inversion of a real matrix and solution of a set of 

linear equations. This routine was taken from the CERN libraryC36] 

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): 

(i) Matrices A and B. They correspond to A
f and Bf 

in 

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

(ii) Complex eigenvalues of A, computed and punched out in 

a previous run, read in for the current run. 

(iii) Matrix C (eq. (3.4;g)) constructed in SCSMX. 

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

SCSMX. 

(v) Eigenvalues of A, computed in the current run and 

punched out. 

(vi) Matrices E and Fq  of eq. (3.4.35, 3.4,36) and the 

tests of controllability and observability. 

(vii) Eigenvalues of the state-costate matrix AM. 

(viii) Matrices VII1  and Ur21  (eq. 3.4.22). 

(ix) Test of the real condition of matrix P (eq. 3.4.10). 

(x) Test of the symmetric condition of matrix P. 

(xi) Matrix P. 

(xii) Matrix SSO resulting from computing equation 3.4.10. 

(xiii) Test of the null condition of matrix SSO. 

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

out for use in SIMULA and SIMSAT. 

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

and SIMSAT. 

(xvi) Matrix A oc, i.e. the optimally controlled system. 

(xvii) Eigenvalues of P to test positive-definiteness. 
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(xviii) Eigenvalues of A . 
oc 

(xix) A comparative table of eigenvalues of A and A . 
oc 

(xx) PRCADC, the product of the real parts of the 

eigenvalues of A , punched out to be used in SIMULA 
• oc 

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 compu-bx(t) for a given initial 

excitation x(0) or a step input (*) of u
d  (t). Equations (3.6.9) 

and (3.6.10), using eigenvectors/eigenvalues, are repeated here: 

(a) 	for uncontrolled system A 

_1 At 
x(t) = We

At
Vx + W A [e - I]V[B u +B u —o 	c-c d-d (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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(b) 	for optimally controlled system A
oc' 

and writing, 

for the sake of brevity, W,V,A instead of Woc, Voc, 

A 
oc 

x(t) = We
At
Vx + WA

1
Ce
At 

- IP(B k 	B u ) 
c-du dd (5.4.2.) 

For each t, x(t) is computed and then uc(t) with eq. (3.6.8). 

Then several additional parameters are computed called x
tr 

 (t). 

All the computed parameters (u (t) is not computed in case(a)) 

are then printed out and most of them displayed graphically along 

the length of the computer paper. 

Then a table of constraints is printed, where the peak values and 

the bounds of the constrained parameters or of their derivatives 

are printed. A warning message is printed when a constraint is 

vitiated. 

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. Other options are inserted 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 SIMULA are: 

(i) IPD = 0, XAXIR, B, A, AOC, BD, BC not printed. 

(ii) IQUICK = 1, KR and KDR not printed, simulation 

for excitation No. 5 not plotted. 



130 

(iii) MI = 5, KR, KDR, PROAOC (product of eigenvalues 

of A 
oc

) and costs read from cards. 

MI = 3, KR, KDR, PROAOC, costs read from tape No. 3. 

(iv) IKDU = 1, kdu  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 "permanent" for a fixed 

level of power and for a fixed case of FDBCK1 in 

MXEV2X1 (see section 5.2.3). 

MP = 2, "permanent" data read from tape No. 2. 

(vi) KRED = 1, not all state variables are fed back, hence 
. 	 ' 

read in filter pattern KRFILT (see section 3.8). 

(vii) IDC = 1, D.C. compensation computed such that NC (number 

of control inputs) variables settle at 0. This 

option is to be used only when KRED = 1 (see above). 

Before the input data are read in, and for the case TT)C = 1, the 

numbers of the variables chosen to be forced to 0 by D.C. 

compensation are read in. 

The input data are, in the following order: 

(i) Matrices KR(NC,N) and KDR(NC,N), produced by PCHKKD 

in REGULA (see section 5.3.4). 

(ii) Matrix XAXIR (NAR,NL), produced by XAX1U in MXEV2X1 

(see section 5.2.4). 

(iii) List of steady state values, names and units of 

xtr(NXTR), x(N) and u(NU), in that order, produced 

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

MXEV2X1 (5.2.4). 

(v) PROAOC (product of eigenvalues of matrix A ) 
oc 

produced by REGULA (see section 5.3.4). 

(vi) Costs set for the matrices Q, R in REGULA, produced 

by REGULA (see section 5.3.4). 

(vii) KRFILT, filter pattern set to return only a reduced 

number of state variables for feedback.(optional). 

(viii) KDU, values of kdu  set to test their influence 

(optional). 

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

(i) The matrix B is broken up into its components B and 

Bd. For this purpose it is necessary first to reorder 

B such that the columns of B
c (corresponding to u ) be 

at one end of B. Routines RORDRM and CARVUP are used. 

(ii) As a consequence of (i) it is also necessary to 

reorder the steady state values, names and units of u. 

This is done in RCRDUS, where the s.s. values, names 

and units of u are generated as well. 

(iii) Construct Aoc =A-B
c  Kr  if the controlled system is 

to be simulated (K
r may be filtered if KRED = 1). 

(iv) Calculate eigenvalues/eigenvectors of A
oc 
 (or A, if 

the uncontrolled system is to be simulated) i.e. A, 

W, V. (A is called RTC). 

(v) Compute WAV and compare the resulting complex matrix 

with the original A or Aoc  using routine COMPCR. This 

comparison was felt to be necessary as giving an idea 

-A 
of the accuracy of the simulation. Compute A 

(RTCIN). 
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(vi) The type of excitation is set by assigning a certain 

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

with a different excitation at each turn. This is 

done so 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
o 
 and step (or other) inputs 

u
d 
 with routine EXCITE. 

In the same routine EXCITE: 

a. Set KCD (see eq. 3.5.11) for a special type of excitation. 

b. Compute ic  = Kc  u . 

c. Compute V x0 
 for all cases. 

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

e. For optimally controlled case compute 

K
dg (eq. 3.5.9) 

kdu = -Kdgad 
VBu = V(Balidu  + Bdad) for eq. (5.4.2) 

f..If IKDU = 1, read in values of isdu  to test their influence. 

Call KDUCHG for this step. 

g. If IDC = 1, compute IZdu  (see eq. 3.8.5), different from 

ISdu" to insure DC compensation. Call DCCOMP for this step. 

(vii) Compute additional parameters with EXTRA. 

(viii) Print initial values of x, u and x tr" 

Print u 
c 
 , k
—du 

 and constraints for u
—c 

 . 
—  

(ix) Set maximum time, TMAX, maximum number of time 

intervals NUM and initial time. 

Set all arrays of routine STORE (to be described later) 

to zero and initialize. 

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



133 

for each time. 

Set x (response to u ) and x1  (response to x
o 
 )to 

zero. Print time. 

(xi) Compute eAt. 

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

(xiii) 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 to input. 

(xiv) If there is a state excitation, compute first term 

of eqs. (5.4.1) or (5.4.2). Check real condition. 

If requested, print response. 

) Add both terms of eqs. (5.4.1) or (5.4.2). If 

requested, print response. 

(xvi) Compute additional parameters with EXTRA. If 

requested, print. 

(xvii) Store the response for time t calling sub-routine 

STORE. 

(xviii) Set new time t and go to (x). 

(xix) Print final values of x, u and ictr. 

(xx) Print all values in matrix form, each column headed 

by the corresponding time t, if requested. 

(xxi) Display graphically the response of certain selected 

parameters x, uc  and 2str. 

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. 
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()mil) Set a new type of excitation and go to (vi). 

5.4.2 List of subroutines  

FILTER 	NULL 

KDUCHG 	MULTI 

CHDATA 	SUBTR 

DCCOMP 	ADD 

EXCITE 	RORDRM 

EXTRA 	NEGVR 

CONSTR 	ADDV 

PLOTS 	NULLRV 

GPH 	MULCOM 

SCALPL 	 INVCOM 

STORE 	MLMXDC 

LISTVS 	 INVERT 

TRFVCR 	MULCMRV 

COMPCR 	MULCMCV 

WRRMX 	MULDVC 

WRCMX 	EIGVV1 

WRRMXT 	HESSEN 

IRM2013 	QREIG 

IRV2013 	QRT 

IIV8A10 	ASQR 

RCM2013 	EIGVEC 

RRM2013 	DE1SP 

RCV2013 	SLOPE1 

RRV2015 	INTPOL 

RIV8A10 	RORDUS 

CARVUP 

MULMXV 
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5.4.3 Description of subroutines  

FILTER 	: This routine is active when KRFD = 1 in the "keys" 

card 	(see section 5.4.1). It reduces the number of variables 

fed back selecting those that yield "dominant" values (see section 

3.8). First the filter pattern is read in, then the matrix K
r 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 at the end of the program's output, 

where the maximum value of the "weighted-gain" matrix [kriii  xipk] 

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 

kdu  (fixed added control for a:given ud  ) 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 ridclu  for D.C. compensation such that a 

number NC (number of control inputs) of variables chosen settle at 
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zero value for a step input. 

-1  
-[CA B]

-1 
 CABu 

—du 	OC c 	oc d-d (3.8.5.) 

EXCITE 	The initial excitation x(0) for the state and 

the step inputs u
c 
 (control) and u

d 
 (disturbance) are set in 

this routine. There can be a step input u
c 
 for the uncontrolled 

system only (eq. 5.4.1). T1 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, uc  . 0, ud  = 0 

This is also the initialization in advance of all other 

types of excitation. 

(2) X 0(0) = 20 	 Yio 	PD (p.s.i.a.) 

u
de, 

= + ic%.0 	u
d8 

=PE (MW) 
S8  

u - steady state value 
S8  of u

d8 

-5 	 -6 
(3) udi  = 10 	 udi  a  DKBAL (10 = 1 milinile) 

(4) u
de 	

+ 10%.0 s
e  

(5) x (0) = 20 
10 

(6) 
	u 

d8 
= 	1C%.0 S8 

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 
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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 

1C1% 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. 

Types (5) and (6) were used on all cases of simulation. As explained 

in step (vi) of section (5.4.1), in this routine the matrix KCD is 

set and the values of uc, Vx0, VBu (eq. 5.4.1), Kdg, kdu, VBE.  

(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 FDBCK1 of MXEV2X1 (see section 5.2.3). The parameters 

computed at present are: 

(i) u 
c(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 xA(t) using eq. (5.2.7) with the 

reduced matrix XAX1R instead of the matrices XAX1 and 

XAU. This matrix XAX1R is produced in the routine 

XAX1U of MXEV2X1 (see section 5.2.3). 

(iii) several parameters belonging to xE, 	and 	in MXEV2X1. 

For these parameters the corresponding equations were 

written by hand, as it was felt to be easier to do so. 

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 xtr. 

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: 

(i) 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 important fact must be stressed, namely that the linear 

model and the simulation of it refer to linear deviations from 

the steady state, hence to check if a constraint has been vilated 

the following two tests must be performed for each constrained 

parameter or derivative. 

(a) UB.>SS. + ppi  

(b) TR.<BS. np. nP 

(5.4.3.) 

(5.4.4.) 
where 

I113. 71 upper bound of parameter i 

IB. E lower bound of parameter i 

SS. a  steady state value of parameter i 

pp. = positive peak of linear deviation of parameter i i  

n .Pi  a  negative peak of linear deviation of parameter i 

For certain parameters, the constraint is peak to peak, hence the 

test to be performed is 

(c) PP33j" appi 
	 (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 

SCATPL 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 (1)), then tested in 

SCALPL, both routines being called by PLOTS, to be described later. 

The actual list of values of the constraints will be written in chapter 

(6) of results. 

PLOTS 	Plots selected parameters from x, x
tr 

 and u
c 
 on a -- 	— 

scale such as to fit into the range -0.2 to +1.0. The 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 derivatives 

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 remainder 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 gain" matrix [kri,i  xjpk] 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 

library (Imperial College). 

SCATPL 	: 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 value. As mentioned before, the test of violation 

of constraints is done in this routine. 

STORE 
	

stores the values of x, u
—c' x

—tr and t for each t, 

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 u 
c 
 , as well as their steady state values. Prints u

—c  and —  

kdu . — 

TRFVCR 	Tests if a complex vector is real (i.e. imaginary 

part relatively negligible) and constructs the real vector. 

COMPCR 	: Compares a complex matrix with a real one, 

specifically it tests how well, numerically, the following equation 

holds 

A,WAV 
	 (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): 
-7 	 - 

(i) Real (C) > 10 and Real (C) R > 10 
7 

 
Real (C) 

_7 	-7 	-7 

(ii) (Real (C) > 10 or Imag(C)>l0 ) and R <10 
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-7 	 _7 
(iii) 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 
_4 

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. 

IRM2013 	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). 

IIV8A10 	: 	Reads an integer vector from an input file as above, 

format (8A10). 

RCM2013, RRM2013, RCV2013 	: Identical to the routines in 

section (5.3.3). 

RRV2013 	: 	Reads a real vector, format (4E20.13). 

RIV8A10 	Reads an integer vector, format (8A10). 

CARVUP, MULMXV, NULL, MULTI, SUBTR, ADD, RORDRM 	: 	Identical to 

routines in section (5.2.3). 

NEGVR 	Negative of a real vector. 

ADDV 	Adds two real vectors. 

NULLRV 	Sets real vector to zero. 

MULCOM, INVCCM  MLMXDC 	identical to routines in section 

(5.3.3). 
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INVERT 	inverts a real square matrix. 

MULCMRV 	Multiply complex matrix by real vector, result 

complex. 

MULCMCV 	Multiply complex matrix by complex vector. 

MULDVC 	Multiply complex diagonal matrix by complex 

vector. 

EIGVV1, HESSEN, QREIG, QRT, 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). 

SLOPE1, INTPOL 	Identical to routines in section (5.2.3). 

5.4.4 Output  

(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. 

u (t) = - Kr  x(t) 	kdu 	 (5.4.7.) 

(iii) Optional. Matrix KDR (eq. 3.5.10) for computing kdu. 

(iv) Optional. Matrix XAX1R for computing selected components 

of xA  (t) with a reduced version of eq. (5.2.7), i.e. — 

xAr (t) = XAX1R . x(t) — (5.4.8.) 

(v) Optional. Matrix B, before reordering and breaking it up 

into Bc and Bd for use in eqs. (5.4.1) and (5.4.2). 

(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. 
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(ix) Optional. Controlled state matrix A = A - B K . 
oc 	c r 

(x) Eigenvalues of A . 
oc 

Product of eigenvalues of computed A. 

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). 

(xi) Optional. Table of comparisons between the elements of 

matrices A and W A V. See details in subroutine COMPCR described 
oc 

in section (5.4.3). 

(xii) For the case IDC 1, the values of kdu  and kdu  computed. 

For the case IRDU,, 1, the values of kdu  computed and 

these read-in to test their influence. 

(xiii) List of initial values of all the component parameters 

of ad, 2...c, x, c.t)....r  as well asuc, lidu  and the constraints on u . —c 
(xiv) Here the actual simulation starts: 

For each time t, the following are printed out. 

(a) time t 

(b) elements of the vector x(t), when Imag. 

-7 
(X.) > 10 and 	imag(xi)  > 1C74 or 1 	Real(x.) i 

Real(x.),,. 0 . 

The source of excitation (initial state or input 

disturbance) is pointed out. 

(c) The complete vector x(t),uc(t) and xtr(t), 

written now in real form. This option is 

redundant, and therefbre only used when testing 

the program. 

	

xv) 	List of final values of ad, 1 1c' 21,  -Itr.  
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(xvi) Optional. Complete results of the simulation, 

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 constraints and their possible 

violations, as described in routine CONSTR (5.4.3). 

(xix) The "weighted-gain" matrix [kr. 	xjpk 
 ] and a 
 

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 displ  

See section (3.7) 

5.5.1 Main program  

This program is at first sight very similar to SIMULA. 

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 	is x instead 

of x(0) as in SIMULA. 

b. The saturation status is checked after each integration 

interval and the equations changed accordingly. 

We diallrepeat the system equations (3.7.8), (3.7.9) 
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Aoc = A  - ELtikiT  l,  

AOCLa 	
+ EcriZjej  + Bdud  

L= 1, .., 4 

q = 1, 	.., 9 

i,j = 1, 2 

±4 

(5.5.1.) 

 

  

(5.5.2.) 

 

    

(The numbers quoted are for NC = 2 control inputs, as is the case 

here; in general if i,j = 1, .., NC.L = 2NC, q = 3NC). 

The recurrence equations (3.7.11), (3.7.12) are repeated here 

A St 
24ci4  =.WLe L VL_ 

xk wLATIJeAL8t_
ily.buq 

v 	= V rE bik 	+ Eqh u + B u 
—buq 	L L-c dui 	c cj 	d-d 

(5.5.3.) 

(5.5.4.) 

As in the case of SIMULA, the parameters x, u and xtr  are computed - 

for each t and stored. At the end of the computation, 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 case of SIMULA 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) IPD, IQUICK, MI, IKDU, MP, KRED, IDC as in SIMULA (see 

section 5.4.1). 

(ii) ISKIP5 = 1, excitation No. 5 not run at all. 

(iii) TMAX, simulation time limit in seconds. 

(iv) RTMLIM, real time limit in seconds. This is necessary as 

the length of 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 limit on the job card) the 
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simulation finishes leaving enough time for the 

printing and plotting of results. 

(v) DT10, DT100, DT1000, DT10000, respectively the integration 

interval St after 10, 100, 1000, 10000 second3of simulation 

time. Up to 10 seconds the St's are set in the main 

program, and are as follows: 

Up to . 3 seconds of simulation time, St = 10 m sec.. Up 

to 1 sec, St = 50 m sec.. Up to 10 sec, St = .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 the integration is performed from 

tk to t 	and the control values may cross the 

saturation line at any time, the shorter St is the more 

accurate the simulation will be. On the other hand, 

economy in computing time has to be taken into account: 

for each St 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 SIMULA. 

(iii) Set code number 1 to KASAT and KSUMB, which correspond to 

L and q of eq. (5.5.3) and are numbered as follows: 

Saturation code table: UBUC(1) upper bound of u
cl 

LBUC(1) - lower 
	rr 	It ►t 

UBUC(2) = upper 
	rt 	►t 

.. 	C2 

LBUC(2) = lower 
	It 	►t ►t 

V constraint violated 
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UBUC(1) LBUC(1) UBUC(2) LBUC(2) KASAT KSUMB 

- - - - 1 1 

- - V - 2 2 

- - - V 2 3 

V - - - 3 4 

- V - - 3 5 

V - v - 4 6 

V - - V 4 7 

- V v - 4 8 

- V - v 4 9 

Compute Ai , 	..., A4, 144 for AocL (eq. 5.5.1). 

Compute'A1  , V1  . Store Al , W1  , 	, V1  in RTC, W, RTCIN, V, 

respectively. Call EIGSAT for this step. 

(iv) Set type of excitation, initial x(0) and disturbance input 

u
d 
 calling routine EXCITS and: 

— 

a. Set KCD (eq. 3.5.11) 

b. Compute 1.71.c  =. Kea% 

c. Compute Kdg  (eq. 

d. For IDC _--, 1, compute kjdu  (eq. 3.8.5) 

e. Compute vbui 	(Bu)1 =V1  [bic 
kduic  

+g k
du2  +Bdd 

u ] 	(eq. 5.5.4) 

This is for the non-saturating case, 

(v) Compute additional parameters with EXTRA. 

(vi) 	Check if u 
c
(0) violates constraints. If so, set new code 

— 
na* 

numbers and change uc 
 to u 

() 	
SATCCD for this step.  Call 

(vii) Print initial values of x, u, x . Print u-c' —du k and 

constraints for u 

(viii) 	Set TMAX (maximum time), NLIM (max. number of time intervals 

3.5.9), 1-cdu 

(*) u = value of u saturated. —c 	—c 
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to_ht_212-1.10), initial time t, initial interval St. Set 

all arrays in ST1RE to zero. 

(ix) 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. 

(x) Check if new code number KSBNEW is equal, to the previous 

one (KSUMB). If not, update v
buq 

 to satisfy eq. (5.5.4). 

(xi) Compute e
Ast 

(xii) Compute s A-1(eASt_I)vbu. If Xi  . 0 4r.psi  . St . vbui. 

(xiii) Compute second term of eq. (5.5.3). Check real condition. 

Print if requested. 

(xiv) Compute first term of eq. (5.5.3). Check real condition. 

Print if requested. 

(xv) Add both terms of eq. (5.5.3). Print if requested. 

(xvi) Compute additional parameters with EXTRA. Print if requested. 

(xvii) Check if LI
c 
violates constraints. If so, proceed as in 

step (vi). Print u 
c 
 , x
—tr 

 if requested. 

	

(xxiii) 	If the time interval coincides with the preestablished times 

of plotting, store the response for time t. 

(xix) Set new St and go to (ix). 

(xx) Print final values of x, u andAr. 

(xxi) Print all values in matrix form if requested, each column 

headed by the corresponding t. 

(xxii) As in step (xxi) of SIMULA. 

(xxiii) 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 St, 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 

SATCM 	MULMXV 

UPDEIG 	NULL 

UPDVBU 	MULTI 

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 	MUTDVC 

STORE 	EIGVV1 

LISTVS 	HESSEN 

TRFVCR 	QREIG 

WRRMX 	QRT 

WRCMX 	ASQR 

WRRMXT 	EIGVEC 

IRM2013 	DE1SP 

IRV2013 	SLOPE1 

IIV8A10 	INTPOL 

RCM2013 

RRM2013 

RCV2013 

RRV2013 

RIV8A10 
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5.5.3 Description of subroutines 

EIGSAT 
	

Computes the four possible AocL  (eq. 5.5.1), for 

each of them the eigenvalues/vectors AL, WL, and for Aoc  = A-B Kr  r 
-1 	-1 	 1  

the inverses Al  , Wi  . Stores all the AL, WL. In addition it 
1 	-i 	-m 

stores Ai  , Al ,WA in A, A , W and V respectively. 

SATCOD 	Checks if u
c 
 violates any constraint and if so, 

changes it to the corresponding saturated value uc 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 

according to the saturation code KASAT, i.e. stores AL, WL  into 

-1 	-1 
A, W and computes the new A , W . 

UPDVBU 	: 	Updates the new vector v
tuq  (eq. 5.5.4) according 

to the new values of L(KASAT) and q(KSUMB). 

EXCITS 	This routine is very similar to EXCITE (see 

section 5.4.3). On top of setting the initial excitation x(0) 

and Rd, it sets KCD and computesue  KDG, kdu, /Intl , as explained 

in step (iv) of the main program. 

EQUMC, EQUVC 	Identical to the routines described in section 

(5.3-3)- 

FILTER, ..., INTPOL (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 5.4.4) with the 

following additions: 

(i) The table of options as read from the "keys" cards 

include ISKIP5, TMAX, RTMLIM, DT10, DT100, DT1000, 

DT10000, explained in section (5.5.1). 
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(ii) Optional. The four matrices AocL  instead of A
oc 
 only. 

(iii) The eigenvalues and ranks of the four matrices AocIr  

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 

computer is used at Winfrith for the alternate objectives of 

general purpose and in the role of "simulator" of the plant, in 

which case it fulfils the following functions:[6] 

(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 logic and 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 
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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 not 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 JDBCK1 (see section 5.2.3) which includes 

feedwater control only. 

(ii) The plant incorporating the controller for various 

Itcases" of regulator design, including free or saturated 

simulation, and complete or reduced set of feedback 

variables. The non-controlled model here was case (3) 

of i'DBCK1 which includes conventional (existing) feedwater 

control and load-following. 
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CHAPTM  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 small 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 applied to the 

real non-linear system will give it a better performance, 

according to the control objectives outlined in section (1.3). 

The procedures of computation, for each level of operation, 

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 SSNL2D as input data. 

(*) One way out of this problem is 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 MXEV2X1 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 REGULA 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 was computed 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 

reasoning 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) For the 75% level, the set of steady state values 

was found, but it was not further used. ' 

(iii) Appendix (A) is a listing of the more 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 

2 

3 

4 

5 

6 

7 

All equal to the values obtained 
with STEAD6 (Winfrith) 

All ± 3% off (some values + 3%,
some - 3%) 

All ± 10% off 

All ± 30% off 

From x1 	to x1  8, ± 50% off 

All ± 50% off 

Two values with opposite sign 

4 

.8 

11 

18 

44 

43 

4 

45 

55 

64 

87 

206 

183 

45 

+3  1.10 

21111:::  

3.10
+10  

7.10+1 0  

1.10
+11  

2.10+11  

_17 
2.10 

-15 
1.10 

4.10-14  

- 
3.10 12  

_ 
4.10 9  

2.10 
9 

 
-1 

3.10
5 

 

Table 6.1.1. Some results of SSNL2D (100% power level)  

NI : Number of iterations before the program converges. 

NC : Number of calls for the function evaluations before the program converges. 

SI : Sum of the squares of functions with the initial values of the variables. 

SF: IT It It 	n 	ft It 	 ft 
	

final It 
	

It It 	 tt 
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6.2 	The Linear Model  

Only the 100% level has been processed by MXEV2X1. 

Seven different "cases" in FDBCK1 (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 MXEV2X1 are listed in appendix (B). 

Case (3) in IDBCK1 (i.e. load following and feedwater control but 

no moderator control) has been used for the optimization and 

subsequent 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 (s). 

The cases in kDBCK1 of MXEV2X1 should not be confused 

with the cases of REGULA. The cases in JDBCK1 (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 FDBCK1) at a level of operation 

of 100% full power. 
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Case (7) was used directly in SIMULA 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). 

	

= I-  • 838-0. 8729X22 	i 	8729X1 x22 

y5 = 0.3862;z3 x10  + 0.3862x10  x23  
1 	1 0.0029 

 Y; 
. 
w4 = 	+ 	yi  

f 	f 	2Tf 

	

K 	Kf 
u
25

= Kfwi, 	KfYI  - - 
f4- 1127  + -2-- u2 9 

(6.2.1.) 
(6.2.2.) 

(6.2.3.) 

(6.2.4.) 

Where the meanings of most variables are found in section (2.1) 
and 

 a  x = steady state values of x 

w4=  IPC, power controller variable 

K
f = transfer function gain for moderator valve 

= 30 

T
f 
= moderator valve lag (power controller) 

= 40 seconds 
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6.3 	'The optimal regulator  

The linear model at 100% power level obtained from MXEV2X1 

(Case 3 of FDBCK1) 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 A applied to SIMULA for 
oc 

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 by 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 further with the 

same number of cases run. In the end accqtable 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 

towards 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 

"families"' of sensitivity tables for each parameter. Needless 

to say, such a procedure would be unwieldy and enormously 

expensive in computer time, due to thlarge 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 "turn-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 qii, rii  (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 x18, and the peak values of 

the most important parameters involved. 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 wherever a constraint is violated. 



161 

As was explained in the description of SCSMX (see section 

5.3.3) 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 inputs it is easiest to search for a better 

control by costing two states. These were selected to be x10  and 

x30 , the steam drum pressure and frequency, respectively. The two 

control inputs are u
ci (also called u5  ) which is the demanded 

position of the moderator control valve and u 	(u6), the speeder 

motor demanded position of the turbine controlvalve. 

The peak values listed are those of the costed parameters, and in 

addition x1  (the normalized neutron flux), x21(the moderator 

control valve) and the derivative of u
c2 
 . These last 3 parameters 

are not listed in the complete tables of appendix F. 

6.3.1 Contr011ability, observability, 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 10 in columns 5 and 6 (the 

controlled inputs). 

(ii) The observability does depend on Q (see eqs. 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 Fq are proportional to the square root 

of the corresponding cost element qii, hence they may be forecast. 

Row number 3 corresponds to the cost of xl 0 (pd) and it turns out 

that in this row are the critical elements of Fq, 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 xl0  must have a value-high enough for Fq 

having at least one element greater than 10 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 xl0  

turned out to be larger than lOk. During the first stages of 

our trial-and-error runs of REGULA-SIMULA a high value was 

given to q10,10 but it was soon found that although x1 0 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), u (YTCVDEM) 
cl  . 

and x30  (DF). Therefore most of the cases have a lighter penalty 

on x10 , implying that the'bc,n-zero" element in some of the columns 

of Fq was of order 10 rather than 10 ; but since the value 
-2 

10 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, positive 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 smaller 
-7 

than 10 with the exception of a number (the order of several 
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tens) of elements where this ratio was larger but rarely more 
_4 

than 10 . Roughly the same precision occurred with the 

symmetrical condition of P. The matrix SSO representing eq. 

(3.4.10) which should be 0, had a very considerable number of 
-7 

elements greater than 10 and a sailer but significant number 
_4 

of elements greater than 10 (usually the order of several tens). 

Occasionally the 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, dismissed; 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 1010  smaller than the largest positive eigenvalues. 

Summarizing, the precision obtained is reasonably satisfactory 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) If 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 

-1 
of the diagonal matrix R and also with the square root of the 

product of the elements of the diagonal matrix Q. In other words, 

the "speed" increases by giving lighter penalties to the control 

inputs and heavier penalties to the state variables. 
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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 of 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) : 	x10(0) = 20 p.s.i.a. 

Type (6) : 	ud8  . -0.1 us8 	(uAus a PE' step disturbance) 

(us = PE' steady state value) e 

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 (6.3). 

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 x 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 

table (6.3.1) equal to those listed 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 xi 	, normalized neutron flux) and 

xA5  (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 ±13Mw(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 (6.3.1) and (6.3.2) and discuss the 

results. 
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CONSTRAINTS 

UPPER 

------- 7S.STATE 

CONTROL INPUi.  (UC) - 

DEriIVATIV'E OF 

DEiiIVATIV.E OF 

• DEOVATiq OF 

DEOVATIV'E.  OF 

	

_UC( 	1) 	E.  YMDEM 

	

UC( 	2) 	E ifiCVDEM 

	

UC( 	2) 	yTCVDEM 

STATE VAPIABErs 

	

X( 	1) 	PHIDASH 

	

X(10) 	E 	PR 
X(10) E 	Pn 
X(11) E 	M 
X(12) MtrJ 
X(15) E crEGA 
X(16) wrW 

	

X(1q) 	E 	yp 

	

X(19) 	E 	YR 

	

X(21) 	-7- 	yM 
X(21) = 	Ym 

NORMALIZED- 	0,E+00. 	:- 
NORMALIZED 	1.450E+00 
NORMALIZED/SEC 

NORMALIZED 	1.058E+00 
PSIA 	9,400E+02 
PSIA 	/SEC 
LB 	80452E+04 
LB 	3,470E+04 
PAD/SEC 	10516E+02 
LEI/SEC 	30449E+02 
NORMALIZED 	4.641E-01 
NORMALIZED/SEC 
NORMALIZED 	0,E+00 
NORMALIZED/SEC 

1.000E+60 
3.250E+60 
30300E.-03 

2.000E,+61 
90800E+62 

1.000E+00 
3.300E-02 
10000E+60 
2.000E-01 

10000E+00 
0.E+00 
30300E-03 

PEAK TO PK 
9,000E+02 

0.10000E+00 
00E+00 
00E+00 
00E+00 
00E+00 
00E+00 

+.3.300E...02 
"1.000E+00 

X(22)  = HnASH NORMALIZED 9,200E,-01 9.700E-01 
X(23)  = YTCV NORMALIZED 9.501E,01 1.000E+00 01,E+00 
X(28)  E 	IF1 INCHES 0.E+00 1.000E+00 
X(29)  E ' 00E+00 1,000E+00 
X(30)  r- OF C/S 041E+00 141000E400 "1.000E+00 

ADDITIONAL PARAMETERS 

Y(3)..UD(6) = nL INCHES 0,E+00 8.000E+60 +.8,000E+00 
U2( 	4) i;RDEM NORMALIZED . 	4.641E01 1.0.00E+00 0.E+00 

DEfiIVATIV'E OF XE( 	1) 
XA( 	5) 

nKhi 
E (MASH NORMALIZED 

/SEC 
1,014E+00 

3.000E"05 
2,400E-C1 

"30000E...05 
PEAK TO PK 

XA( 	6) nwSC BTU/LB 1.857E+01 00E+00 
XA( E nHB BTU/LB 4.945E4.01 00E+00 
XA (12) KYCOUT 1.402E+00 00E+00 
XA(14) = KxRBAR 9.535E-01 0.E+00 
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Costs Results 

Case x10  
p 
d 

x30  

6f Y M 

ucl ue2  

Y TCV 

Product 
of 

eigenvs. 

T 

XI 8  
PmEc  

(sec)  
Peak values of deviations from s. state 

, or u c2  
XI 

C 
fi 
e2 

X2 I 
Ym  

0012 10 E4 E4 E2 8.8E-17 .16 +.36 +i056 .29 36. -.12 +186.  -2.9 

0029 10 E5 E4 E2 3.E-16 .1 .36  +.39  
73.4  .04 37. -.12 t.L9..!_ -2.t.2 

0046 5E2 E6 E6 E3 2.E-16 .1 . 29 
-2.8 

+. 36 
-3.8 .18 42. -.12 + 78  - -2.4 

73.2. 

0049 5E3 E6 E6 E3 5.8E-16 .55 .51 _4.9  +.47 _3.9  .81 20. -.12 +150. Li, _8.5  

0084 E5 E6 3.E-20 .51 +.06 ..1.  O. _.09  .23 110. -.12 +5E-4 ..7E_5  -.93 

0085 10 1 E5 E6 1.1E-19 .51 
+.19 
_ 1.8 

O. 
-09 .23 ' 62. -.12 

5E-3 1.6 _7E...4  

0092 2.1 1 E6 E5 1.6E-20 .49 .07 
_.65 

0 
-.098 .43 190. -.12 

±..00161  -.62 

0096 30 1 E5 E6 2.3E-19 .51 +.26 _2.5  _. O. .09  .23 48. -.12 +.014  2.2 _.002 

0098 
. 

20 1 E5 E5 4.2E-19 .53 
+.08 
-2.2 

.08 

.09 .44 52. -.12 tm.g2 
-.003 

_1.9 

0100 20 1 E5 E6 1.7E-19 .51 +.3 2 _ 2.2 
. 

-
0 
 09  .23 53.  -.12  

+.01 
--2!-- -.00l 

0110 3E3 1 E7 E7 6.7E-19 .56 25 +..
.1 -2 .4 
4 
- .54 /46. - 

+3 	.08
.0058  -.12 -2.1 

0120 10 E2 E4 E5 6.3E-19 .52 .36 
73.4  

O. 
-.096 .23 23 36. -.12 +.041 -2.9 -.004 

0123 E2 E2 E4 E6 1.8E-18 .52 
+.72 
_6.3 

O. 
-.1 .23 22. -.12 

+. 041 4.9 -.005 

0126 5E3 1 E8 E8 1.E-19 .52 +.16 
-1.5 

0. 
-.093 .27 27 73. 73 -.12 +.022 -1.4 -.002 

• Table 6.3.2. Some results of REGULA with S1MUIA (free simulation)  

Case (3) of FDBCK1 at 100% of full power 

Excitation (6): ud8 = -.1u58 	a  (u,8= PE, step disturbance, 

u = PE' steady state) 88 
Constraints on deviations: 	-1.<u < +1. - ci- 

-1. 45< u
02 
 < +1.8 

 
-1.< x30  < +1. 	c/sec 

-40.< MI 0 < +40. 	psia 

-0.0033< u < +0.0033 /sec 
-1.< x21  < +1. 

x1  (peak to peak) < .20 

Notes: (1) Values underlined violate constraints. 

(ii) E2 = 102 



168 

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 appendix07.1) 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 

mechanical 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. As can be seen 

in appmax(1) (where all the cases run are listed), by penalizing 

one variable the usual result is that one or more of the other 

variables yield higher peak values. 

A situation 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 constraints. In table 

(6.3.2) only two cases (84 and 92) are written for illustration of 

what happens when the peak of u (YM  demanded) is forced to remain 

within its constraints: the pressure rises to peaks 3 or 4 times 
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as high as the values specified in the control objectives. 

The peak of xi(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 YTCV c2
) 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 on u and on x30  have normally the same result of 

reducing the excursion of Y V  and of the frequency error. TC 

This can be seen better from the complete tables in appendix(F). 

But the advantage of penalizing u
02 
 lies in the fact that alone 

among the 4 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 look at 
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table (6.3.3) and discuss it. 

The most important conclusion is that it proved impossible to 

force xio (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 recalled from section (3.7). It is not 

a hard constraint, and the specification may be changed, as was 

found in consultation with the experts at the plant site.(*)  

Next we come to
c2 
 , the speed of YTCV' which in all cases 

violates the constraints, but comes most closely to them in case 

(0085). 

Cases (0096), (0100) and (0126) also yield 15. 	quite close 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 

'̂.12 but for SIMSAT increases and in one case even violates the 

constraint. From the above mentioned cases, (0085) and (0126) 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 case3(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 optimization, 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 changes spring to mind as possible ways 

out of this problem, and most probably a different choice of kv  

(voidage coefficient of reactivity) could lead to a solution 

(see table 1.1 in section 1.2) but any physical change was not 

(*) 
contemplated in this study. 

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 40mdllisecondsto 2500 seconds. 

(*) 
	

Also, in changing kv, careful consideration must be given 
to keep it within the constraints cf a reasonable Uranium 
fuel economy. 
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Costs 	 Results 	* 

Case 	x10 	x30 	u 	u 	(sec) Ci 	C2 

T 	Peak values 

C1 
	X18 	u 	u 	X30 	x10 	u 	X21  

pd 	of 	YM 	YTCV 	PMEC 	
Cl 	C2 	 c2 	

YM

0012 	10 	E4 	E4 	 .16 	+.65 	+.115 
45 	 - 

.64 	78. 	_. 	+ 
-1. 	-.  -.5_2 

7 	22- 	_ • 

0029 	10 	E5 	E4. 	 .12 	
+.67 	+.44 	.68 	!..I, 	-.18 -FIL- 	.. . 
-1. 	-1.45 	 -3.5 

0046 5E2 	E6 	E6 	 .12 	+ 	 .33 	81. 	-.16 	- 	-l. 49 
1. 
	+. 

-1384 	 -4 
+42. 

-. 	.5  

0049 5E3 	
+1. 	+1.1 	 +68. E6 	E3 	.56 	 2.5 	l 	-.18 	-. 	 . -1. 	-1.45 	a. 	:gm  

0085 	10 	 E6 	.51 	1 	 .23 	III. 	-.14 _. +.24 	0' 	 +.005 
-. 	-.09 	 0007 	' 

	

0096 	30 	 +.38 	0. 	 . 	+.014 

	

E5 	E6 	.51 	 .25 	82. 	- -.002 	
1. 

0098 	20 	 E5 	E5 	 .67 	28. 	-.14 	---- 	1. +.32 	+.17 	 +.068 
-1. 	-.09 	 -.005 

0100 	20 	 +133 	
- -. 	.0C E5 	E6 	 •23 	la' 	-.15 -.0013 -1. 

.. 9 
	

+.009 

0110 3E3 	 E7 	 .57 	-1.37 
	

-.09 	-L.- 	-.15 4-. 
+. 	+.28 	 -11'2 

-008 
	

-l. 

0120 	10 	E2 	E4 	 .52 	 . +.66 	+.037 	 . 	. 	+.042 
-1. 	-.096 	 .0034 	1. 2 	80 	-17 ... 

0123 	E2 	E2 	E4 	E6 	.51 	 .41 	80. 	-. 	 • +1. 	+.033 	 +.042 
-1. 	-.12 	 .0043 

0126 5E3 	 E8 	 .52 	 .31 	8.2. 	-.13 	. .. 	 .023 
1. 

Table 	

+118 -0
.094 	 -.002 - 

Table 6.3.3. Some results of SIMSAT (saturated simulation)  

for cases of REGULA 

Same comments as for table (6.3.2) 



173 

6.3.4 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 kri,i  xjp eak  was computed for a number of cases, and the 

incidence of these dominant values inspected.(*) Tables (6.3.4) 

and (6.3.5) are summaries for excitations type (6) and (5) 

respectively. The 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: x4 , x", xie, Y.21 , Y-22 , 

x23 , x30. On the other hand x2 , x3, xe  are not measurable. This 

leavesxli  , x", X25, X26, X27 to be discussed here. 

= M (total mass of water and two-phase mixture in primary 

circuit) follows closely the transients of x20  = h (enthalpy of 

feedwater leaving the feedheaters), which is measurable and hence 

could be taken - with an appropriate scaling factor - in lieu of 

for feedback purposes. 

x13  = h* (enthalpy of steam drum water) also at present not 

measurable, could be measured by the temperature of the steam 

drum water. x25 , Y26, 727 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 Yi5, X26, X27 

(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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obtained from the measurement of the delayed parameters xd, 

i.e. x13 , x20 , x,44 delayed, as seen in the part of section 

(3.2.2) which follows the equations mentioned. We have seen 

that x13  and x20  are measurable; so is xA4,. ah (enthalpy rise 

through core), albeit indirectly. 

Of the three unmeasurable variables x2, x3 , x8  the following can 

be said: for exciation type (6) - the most important - x2  and x8  

are non-dominant, whereas x3  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 x2  and x8  are dominant, and many cases 

where x3  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 x2, x3 , x8  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 run with the 

complete set 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 (0126) can be seen in appendix (G). 

The filter used and recommended is as follows: 

Feedback to u 
 

Feedback to u : 
C2 

X 4.-X 10 r*X1.1  -Xig X21  -X22 -X25 -X26 -X27 -X30 • 

X10 	-X13 . -X18-X22  -X23 -X25 -X26 -X27 -X30 • 

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 Idu  of eqs. (3.5.4), (3.5.9) 

into another vector of two components, computed with eq. (3.8.5) 

and repeated here 

-1 	-1 	 1 
= -[CA B ] CA B 

-du 	oc c 	oc d
u
-d (6.3.1.) 

or 

17 = - Cud p0-d (6.3.2.) 

In those cases where DC compensation was used, the difference between 

kdu and  kdu  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 kdu  and 17c'du  for three cases: 

Case lidu 
17 -du 

0085 k
dui  

-1.839 -1.651 

kA  ,Au 2  
- .09084 - .09136 

0108 k
dui -1.723 -1.553 
k
du2  - .01+271 - .09051 

0126 kdu 1 -1.525 
-1.386 

k
du2  - .09140 - .09410 
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Let us now tabulate comparative results for two cases, 0085 and 

0126, with peak and final values for the four possible ways of 

simulation: 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 (6.3.6) and (6.3.7). From 

them and measuring the peak value, 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(4 

The final values of a number of important variables 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 quite acceptable. 
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0085 

SIMULA 10 1 E5 E6 .51 
+.19 

-1.8 

0. 
-1.6 -.13 -....(0)(A 

SIMSAT .51 
+124 
-. 

.. 
.23 

- .

O

0 91 
111. -.14 + *-2-9-2  

- .0007  
-1. -.15 

SIMSAT & FILTER .51 
+.23 

-1. 

O. 
-.094 

.23 84. -.14 +.222 
-.0007 

-1. -.16 

SIMSAT & FILTER 

& D.C. COMPENS. 
.51 

+.19 

-1. 

O. 

-.091 
.23 ,..15,. -.128 4-'222  

-.0007 
-1. -.143 

0126 

SIMULA 5E3 1 E8 
E8  .52 +.16 

-1.5 

O. 

-.09 
.27 2.1. - 1 .2 

+.022 
-1.4 -.13 - 

-.002 

SIMSAT .52 
+.1 

-1. 

O. 

-.094 
.31 1. -.13 4.21 

-.002 
-1.  -.14  

SIMSAT & FILTER 

. 
.52 

+.16 

-1. 

O. 

-.11 
' 32 11. 
• 1--... -.13 -1. -.15 -.002 

SIMSAT & FILTER 

& D.C. COMPENS. 
.51 

+.14 
-1. 

0. 
-.098 '32 	' 12''123.-. 

+.023 1 - r  -.128 
003 
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YT CV 

X10 

Pd 

X13 

h* d 

X2 1 

Ym  

X23 

Y TCV 

X30 

6f 

Xt., 	I 
'-'2 
Tf* 

X1  
 t 

p 

XA5  

Q' 

0085 

SIMULA -.38E-5 -.09047 .34E-6 .93 -.38E-5 -.09047 .43E-6 -50.8 -.0729 -.0893 

SIMSAT -.25E-5 -.09047 .25E-6 .93 -.25E-5 -.09047 .43E-6 -50.8 -.0729 -.0893 

SIMSAT, FILTER -.24E-5 -.09336 -20.3 -2.03 -.24E-5 -.06993 -.047 -53.1 -.0717 -.0885 

SIMSAT, FILTER, 
D.C. COMPENS. -.24E-5 -.09047-.35E-2 .93 -.24E-5 -.09046 n78E-5 -50.8 -.0729 -.0893 

0126 

SIMULA -.38E-5 -.09047 .34E-6 .93 -.38E-5 -.09047 .43E-6 -50.8 -.0729 -.0893 

SIMSAT -.25E-5 -.09047 .46E-6 .93 -.25E-5 -.09047 .43E-6 -50.8 -.0729 -.0893 

SIMSAT, FILTER -.24E-5 -.105 -20.1 -2.08 -.24E-5 -.06957 -.071 -53.1 -.0717 -.0885 

SIMSAT, FILTER, 
D.C. COMPENS. -.24E-5 -.09047 n42E-2 .93 -.24E-5 -.09047-.14E-4 -50.8 -.0729 -.0893 
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6.3.5 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 totally - 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: 

(i) Kr = Gain matrix for the complete set of feedback variables from x to u . —c 

(ii) Kdg=  Gain matrix for the complete set, from the disturbance vector ud  to k—du  which feeds u—c  . —  

For the reduced set of feedback variables - and hence liable 

to actual implementation - the matrix Kr  must be filtered with 

the filter recommended in the previous section and Kdc used 

instead of Kdg. Hence 

(iii) Kdc
=  Gain matrix for the filtered case - using D.C. 

compensation to force xio(pd) and x30(.5f) to 0 - 

from ud  to 17—du  c which (in place of kdu  ) feeds u c. — 	 — 	— 

Only 5 decimal places will be written, as greater accuracy will 

not be possible to be implemented anyway (E+2 = 102 ). 

(i) 	Matrix Kr (the two rows are written columnwise for convenience) 

Case (0085) 

Feedback to: u
c2
=YTCVDEM 

C l
=1.MDEvi 

From x l  = PHIDASH .16755E-1. -.67275E-5 

x2  = XIBARDASH .15069E+1 -.13517E-2 

x3 = X2BARDASH .95610E+0 -.16211E-2 

x4  = TMAV .22770E+0 -.13481E-3 
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x5  = Al 

x6 = A2 

.62053E-2 

.26588E-1 

-.26428E-4 

-.52033E-4 

X7 = A3 .89290E-1 -.12417E-3 

x8 = TF1STAR -.53360E-3 -.56275E-6 

x9 = TF2STAR .87331E-3 -.18234E-6 

xio = PD •35006E-2 -.11694E-3 

= M  .16716E-3 -.13370E-5 

x12 = MW -.52890E-5 -.14034E-7 

x13  = EDSTAR .53673E-2 .17924E-3 

x14= QW .29300E-3 .89524E-5 

xi5 = OMEGA .10949E-3 .33139E-5 

x16= WFW .17903E-7 -.5o0o5E-8 

xl7= DPREG -.285°9E-7 .11440E-7 

xl8= PMECH .21568E-2 .78609E-4 

x19= YR •11579E-2 -.16740E-3 

x20= HFHSTAR .70906E-3 .22236E-5 

x2 = YM .52264E-1 -.29786E-4 

x22  = HDASH .65784E+2 -.37990E-1 

X2 3  = YTCV -.78187E-4 .85998E-2 

= DELAYVAR1 .12192E-3 -.78934E-6 

x25  = DELAYVAP2 -.15702E-1 -.66777E-4 

x26= DELAYVAR3 .16880E-1 -.51216E-4 

x27 = DELAYVAR4 .17194E-1 -.12816E-3 

-. 40127E-2 -.11174E-4 X28= In 

x29 = 11'2 .14446E+0 .44742E-3 

X30  = DF .83842E-1 -.70244E-3 
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(ii) Matrix Kdg (rows written columnwise) 

Case (0085) 

Feed to: 
Cl C2 

From udi = DKBAL .16055E+4 - 	-.89309E+0 

uA  = TMIN 
u2 

ud3= YDV 

.13119E-1 

-.19313E+1 

.85003E-6 

.10570E2 

ud4 	T= YRDEM(RE) .28892E-1 .89484E-4 
_ ud 	WSDDEM 
5
= 

uA  = LIDEM 
u6 
ud7= DF(REF) 

.0 

.41711E-2 

.83839E-1 

.0  

.11068E-4 

-.70440E-3 

ud8= PE -.17563E+0 -.86731E-2 

(iii) Matrix Kdc (rows written columnwise) 

Case (0085) 

Feed to: 	ucl C2 

From ud 	.16733E+4 	-.96632E+0 l  

uA  
u2 	 .23293E-1 	-.14495E-3 

d3  

u- 

ud6  

u. 7  

ude 

-.20389E+1 

.0 

.o 

.0 

.0 

-.15760E+0 

.93893E-3 

.o 

.o 

.0 

-.50000E+0 

-.87228E-2 
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For excitation type (6) the last column only is necessary for either 

Kds  or Kw, since ud8 is the only external disturbance. 

As mentioned in section (6.3.3), Case (0085) is not entirely within 

its constraints, notably the pressure xio  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 (II ) is 0.0051 instead of 0.0033; 

rate of decrease of pressure (X10 ) is -1.3.psia/sec instead of 

-1.0 paia/sec; speed of opening (closing) of the feedwater value 

position (5c19 ) is 0.057 (-.14) instead of ±0.033; speed of closing 

of moderator valve position (k21 ) is 1.0 instead.of 0.2. 

For excitation type (5) there are only three violations: 

1 is -0.0057 instead of -0.0033 c2  

i:10  is -5.5 	instead of -1.0 

io is 0.23 instead of 0.033 

All 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' 	in TCV 

case (0085) as against the slightly lower excursion of or in case 

(0126). 

The final value of T is -.0729 (see table 6.3.7); the peak values 

of -.128 and -.123 for cases ( 0085) and (0126) mean that the 

overshoots are 76% and 69% respectively. The thermal power output 
1 
Q (x

A
) has a final value of -.0893 (table 6.3.7), whereas the 
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peak values are -.143 and -.128 for cases (0085) and (0126) 

respectively. Therefore the overshoots of Q are 6C% and 55% 

for the above two cases. Hence, if the speed 	can be allowed 
c2 

to be higher, case (0126) may be a better choice. 

The three matrices K
r' 

K
dg' 

K
dc 

will be listed as before: 

Matrix K
r 
(Case 0126) 

Feedback to: 
Cl C2 

From x1 .12021E-1 -.49547E-4 

x2 .11853E+1 -.70209E-2 

x3 .69546E+0 -.83795D-2 

X4 .19101E+0 -.66792E-3 

X9 .33611E-2 -.13618E-3 

X6 .17698E-1 --.27497E-3 

x7 .65216E-1 -.64816E-3 

x8 -.42946E-3 .28537E-5  .28537 

X9 .59034E-3 -.30868E-5 

xio .24788E-2 -.58011E-3 

x11 .11665E-3 -.68224E-5  

x12  -.53851E-5 -.71194E-7 

X13 .29690E-2 .88361E-3 

.21003E-3 .43529E-4 

X19 .78496E-4 .16034E-4  

x16 .13689E-7 -.25019E-7 

x17 - E-7 .56982E-7 

x18 .15249E-2 .34423E-3 

X19 .89214E-3 -.82686E-3 

X20 .48550E-3 .10048E-4  

Y721 .44242E-1 -.14684E-3 
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.55469E+2 -.18890E+0 

-.38546E-4 .39422D-1 

.72744E-4 -.39333E-5 

-.11366E-1 -.32823E-3 

.12037E-1 -.26806E-3 

.12204E-1 -.65545E-3 

-.40378E-2 -.56490E-4 

.14088E+0 .22217E-2 

.59259E-1 -.35241E-2 

X22 

x23  

x24 

x25 

X26 

x27  

x28  

X29  

x30  

Matrix Kdg (Case 0126) 

Feed to: 

From udi  

u„ 
"2 

Ud3 

u, 
u4 

ud5-  

Matrix Kdc (Case 0126) 

Feed to: 

From ud1 
uA  

2 

ud3 
ud4  

ci C2  

.13607E+4 -.43974E-1-1 

.13097E-1 .83184E-5 

-.16471E+1 .51087E-2 

.28175E-1 .44433E-3 

.0 .0 

.42469E-2 .56147E-4 

.59259E-1 -.35241E-2 

-.14563E+0 -.87273E-2 

u Cl  uc C2  

.14109E+4 -.48049E+1 

.20629E-1 -.72074E-3 

-.17230E+1 .46001P-2 

.0 .0 

ud6 

7  u,. 

ud8 

ud5 	 .0 	 .0 
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ud6 .0 .0 

udi 
.0 -.50000E+0 

ude -.13234E+0 -.89851E-2 

For case (0126) the constraint violations are: 

Excitation type (6): 

x10(pd) 	is 89 psia 	instead of 40 psia 

kio 	is 1.2psia/sec instead of -L psia/sec 
• I 

a qic  "YTCVJ is .023 	instead of .0033  

ko(YR) is .052 and -.14 instead of ± .033 

x21 	is -1. 	instead of -.2 

Excitation type (5): 

.6c2  is -.029 instead of -.0033 

il:10  is -5.5 	instead of -1. 

IC19 1-5 
	.23 	instead of 	.033 

To summarize, cases (0085) and (0126) 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 

were 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 confidence towards the completion of the 

digital programs. It should 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 place, as will be detailed 

in the next section. 
() 

6.4 	Model checking 

It has been explained in section (5.2.3) that routine FDBCK1 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 ti e matrices givn for .implementation in the 
construction of a controller represent, for the complete set 
of leedback variables, 74 lines of communication (matrices 
K
r 
and K

dg
). For the reduced set with DC compensation 29 lines 

/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 

ud = DKBAL. The plot is included in appendix (G). The 
1 

 

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: 

x1  = PHIDASH 

Digital Analog 

.11E1 

x4  = TMAV .25E+0 .20E+0 

xio = PD .12E+2 .85E+1 

x16= WFW .43E+1 .30E+1 

x19= YR .13E-1 .95E-2 

x21 = YM -.1E-25 .0 

y-22 = HDASH -.2E-14 .0 

x23 = YTCV -.5E-14 .0 

xA2  = FBAR -.61E-4 Noise 

xA3 = TCOOLSTAR .18E+1 .13E+1 

xTFAVSTAR 
E
= .10E+2 
2 

 .90E+1 

xv  = WSDRUM 
J.J 

.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 X filtered and Kdc).  In either case it is necessary 
to consider the cost effectiveness of investing in additional 
instrumentation as against the advantages in the performance 
with this controller compared with the conventional set-up 
in existence now. 

7  
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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 designed 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 appli-

cation, even if 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: 

(1) Construction of the (non-linear) mathematical model 

of the plant[6'83. 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) Construction 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 Pade 

type. 

(iv) The mathematical model of (i) is simulated on an 

analog computer 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 

Pade 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) The plant dynamics with the successive regulators designed 

as in (vi) were simulated (SIMULA) 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 hardly distinguishable•from those 

obtained using the complete set. The settling-down values are 

different, therefore 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) Frequency variations: for a step disturbance of -10% 

of the full power load, the peak frequency changes 

are 0.23 cis and 0.32 cis for the two cases, respectively. 

Since the maximum admissible change is ±1 cis and the 

desirable less than ±0.25 cis, the cases described 

offer a reasonably good result. 
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(x.b) The time involved in power changes is shorter than 

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. For 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 air-model 

is linear. For straight extrapolation the result 

would not be entirely satisfactory, since the over- 

shoot exceeds 40%, 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 

"small signal". 

(x.d) 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 



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 the 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 measurable, 

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. Although 

it is impossible for us to prove this, the fact still remains 

that with this approach an appreciably large number of feedback 

variables will be measurable, leaving only a few to be estimated 

if they cannot be neglected; this would make the computation 

necessary for estimation considerably easier. It is interesting 

to note how little difference for the transients is caused by 

neglecting all but the most "weight-carrying" feedback state 

variables. 

It is hoped that the report of this study has conveyed the 

difficulties associated with this kind of work on a large system, 

in at least the following aspects: 
5 

(a) The large range of eigenvalues of the system (order of la.) 

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. 

(c) The Teinstaking nature of attention to detail which is 

necessary due to the sheer size of the system. 

1911 
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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 times 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 noise on the plant, i.e. apply stochastic 

filtering and control to the study of this or another similarly 

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 a piece-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. 

Listing of the more important routines in SSNL2D. 

SSNL2D 

CALFUNO 

SCALEV 

SCALEY 

SCLEVA 

CALCLT 

FUN1 

FUN2 

FUN3 

FUN4 

FUN5 

FUN6 

INTPOL 

VA02A 

VD01A 
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C 

	

C 	3.11.78 	(L. TFPRER, cchITPci SYSTEMS SECTION, DEPARTMENT OF 

	

C 	 COMoUTING ANO CONTROL, IMPERIAL COLLEGE) 
C 

	

C 	 STEADY STATE SOLUTION OF 4/L EQUATIONS OF SGHWR MODEL 

C TVA02A (CH.E.) USE1 
C 
C THE SET OE N/L ERNATIONS TNCLUFIE = 

	

C 	A) F(X,XA• X7 I X19,U)=2, IDENTICAL TO XDOT=F() IN OYNAMIC SET 
n ') G(X,XA,X1,XADJU)=0,. 	.. G()=0 	 • 
C WHERE 

	

C 	1/ECTOP r (OIEF.EQUATIONS), 	23 COM0ONENTS 
• •• 	X (STATE VARIA2LFS) 	23 
• • • 	G (Ir-L.ALG.FOUNS.) 	17 	•• 

	

C 	• 	XA( 	VAR'S.) 	17 
U (INPUT VARTAPIES) 	7 	*9 

C ANn 
• xiirl(TT4'itooi30(ITLURW),X211(ITAUFW),X549(ITAUP) ARE OELAYE') VALUES 

	

C 	Or X(17),X(13),X(2O),XA(14) RESRECTIVELY. DELAYS ARE ZERO FOR S.S. 
C FURTHERMORE THE FOLLOWING ARE CALCULATED 

	

C 	TALI 	(1 	TIA'' `BELAYS AN') i LINEAR COAo.) 

	

C 	Y 	(3 OUToUT VARIABLES (FEEOPAOK . TO NO OTHER VARIA0LES)) 

	

C 	XE 	(19 EXPLICIT VARIAOLES FOR CHECKOUT PURPOSE) 
C 
C 

EQUATIONS (51),(E1),(64),(65),(67),(55) TN WINFRITH SIMULATOR 

	

C 	 HAVE NOW BEEN CHANGE') INTO EQUATIONS 
C 

('1.), (63.),(64.),(65.),(67.),(55.) 
C 

	

C 	 THIS CHANGE ENTAILS SOME MANIPULATION vin THE INTROQUCTION OF A TIME 

	

C 	CONSTANT OF 0.7 SECON1S OR X(11),(m, mASS OF HATER A40 2-RHASE 

	

C 	MIXTUrE TN PRIMARY CKT), THIS TIME CONSTANT APPEARS IN EQ. (55) OF THE 
C S IMNL ATOP, 
C 

THE FUNCTIONS AFFECTE9 ARE 
C 

	

C 	 F(1il),F(11),F(12) 1P(13),G(15),G(i6) 
C 

C 

	

C 	 Ftio), F(13) CROP OFNO4INATORS INVOLVING X(12) IN THE STEADY STATE 

	

C 	 (THEY WILL '3E REINTROINCE0 FOR THE DYNAMIC SIMULATION) 
C C  

	

C 	TH7 SrALING 	CTO1S SCAF  Or FUNCTIONS APF CALCULATE') IN SCLEVA AFTER THE 

	

C 	FIPST FUNCTIONS EvALNATI01.1 INSTFAo OF 9FING FIXED .AS QATA. THE REASON IS 
✓ THAT SHALL CI-ONGPS IN TNITIAL VALUES MAY ENTAIL LARGE CHANGES IN FtI). 

	

C 	AT THE ENo OE EACH (`ALL OF C4LFUN THE FUNCTIONS APE. MULTIPLIF9 OY SCAF, 
C CALLING SCALEF. 
C 
C 

	

C 	PoOr7OuRP FOR SCALING VARIABLES IN SCALEV (SCALING FACTORS ARE TIATA HEPE). 
C 

	

C 	1. SCALE VARIAOLES TC UNITY ORDER OErORE CALLINC MINIMIZATION ROUTINE 

	

.11 	2. SCALE TERmS Ill OAlrUN HUM T4E INVERSE OF THE SCALING FACTOR 

	

C 	3. sCALE VARIAlLES PACK TO ORIGINAL VALUES AFTER COMPLETING MINIMIZATION 
C 
• NOTE 
C 

PRoGRAM SSNL20 (INPUTOUT0OTI PUNCH,TAPC5=INRUT,TAPE6=OUTRUT) 
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C 	4. CALL CALFUN (NO SCALING) AND WRITE VALUES 0EFORE AND AFTER THE PROCED. 

C 
C 

	

C 	THE NFW NONLINEAI SET cONSISTS OF 40 EOUATIONS (ANO VARIABLES) ONLY. 

	

C 	THE STEADY STATE SET HAS BEEN REDUc,F1 TO 35 EQUATIONS (AND VARIABLES). 

	

C 	THE DnINTour STILL CONSISTs OF ALL VNITAILES (AS HELL AS XE,Y AND TAN), 

	

C 	TicH THAT THE PUNCHONT IS SUITED FOR DATA INPUT TO .MXFY2Yi (LINEAR MODEL). 

	

C 	ACcOIDINGLY, THE CALFON ROUTINE CONTAINS 7c FUNCTIONS ONLY, BUT AT THE 

	

C 	BEGINNING OF THr PRO SBA)' ANO AT 	END, THE ORIGINAL SET OF 40 FUNCTIONS 

	

C 	(CALrUNO) Is CALCULATE1 EU) CHECKING PURDCSEs. 

	

C 	SOIP OF THE INDUT7 (11(1),N(4) M1) N(6)1 ARE TREATED AS VARIABLES IN THE 

	

C 	STEADY STATE, WHEREAS soHE CF THE VARIAILFS (x(i),X(13) AND X(22)) ARE 

	

C 	TREATED AS T1DUTS AND X(12) IS AN ALTOGETH:R IRRELEVANT CONSTANT. 

	

C 	A SW1PouTINF 	EXCHANGES THESE NAMES Oc VADIABLFS AND IN°UTS AT 

	

.p 	T4c START AND END OF THE DROGRAM, AND ALSO CALCULATES SOME VARIABLES FROM 

	

C 	WHICH THr FuNr*TIO7sts WERE r.7!,0VE9 

	

C 	IN.RAPTICULf4'1. FUNCTIONS r(i) ANO c(22) ARE JUST LINEAL COMBINATIONS. 

	

C 	F(19),E(21) 	r(23) HAVE ?ZEN REmOVED,THE VARIABLES ColPuTro sEDARATFLY. 
C 
C 
C SUBROUTINE REA!) 

	

C 	 OINPUT. CALLS UPI AU0 STAAL 
CALrilli 	FUN) TO FUN), AND SCALEV I  SCALEF 

	

C 	 IT IS REDUCED TO 35 FUNCTIONS AND SOME VARIABLES AND 
; 	TNouTc CHANGE NIMr. 

	

C 	.. 	CALFIINO CALLS FUNI TO FUN , IS THE ORIGINAL NIL SET FROM SImULATOR 

	

C 	.. 	DEDLACE EXCHANGES CIIGINAL NAMES OF SOME VARIADLES AND INPUTS 
SCLrVA 

	

C 	.. 	sr:ALFV 

	

C 	.. 	VAI:2A 	CALLS C6LrfIN ANO VOQIA 

	

C 	.. rUN1 TO FUNG 	INT°OL 
CALCLT 

	

C 	.. 	OUTPUT 	STAAL, YTAU, AND EXPL AND CRUNCH 
DEAL X(40),F(75),N(070),E(15),XA(17),S(17),U(7),Xi39(1),X200(i), 

X440(i) I xEt19),Y(3) ,XD(35) 
PEAL ScAE(S5) 
FoNIVALENcE (XRCIA),X4(1)),(E(1D),G(1)) 
EcuIVALENCE (X(13)0139(1)),(X(20),X200(1)),(X4(4),X440(1)) 
EXTERNAL CALFUN 
M = 35 
N = 35 
NW = 4370 
mA = 17 
NA = 17 
NE = 10 
NU = 7 
NY= 3 
ESCAL = 1.E1 
no 10 I=i,N 

10 E(T) = 
IPDINT = 5 
MAXFItN = iijo 
TTAilw = 
ITAIIFW = 
ITAHR = 
ITAUIN = 
CALL RE4n (1lI N5t,4U,X,YA,U) 
CALL ()INPUT (U,NA,NU,X I XA,U) 
CALL 	INITIAL 
CALL 	CALFUNO (X,XA,U,XE,ITAUN,ITAUFW,ITANI,ITANRW, 

x131,X210,XA410-1-q) 
CALL REDLACE (X,U,XI, 	1,XE,Nu,NE,x4, 

xi,x13,X?2) 
CALL CALEUN(M,N,F,XR0A,NA,Nu,NE,G,x4,UIXE,X139,X20D,XA4D, 
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ITAUW,ITAUrWyTTAUPOTAUM,SCAFI SSO,4,. 

xi,xio,x22) 
viDITP (6,i1a) s7) 

1011 FORMAT (1441.* FIRST FUNCTION EVALUATION (NO SCALTNG)*,7X,*F=*, 
E24.14/7) 

WRITE (6,111) r 
101 FORMAT (iX,77.17.8) 

CALL SCLEVA (F,M,SCAF) 
DUMMY = 1 . 
CALL CCALPV(XR,XA,1,NA,nUm,iy,nuwiy,i) 

CALL VA02A(1,N,F,XR 1r,ECCAL,IPRI1T,MAYFUN,CALFUNI WOW,MA,NA I NU NE, 
G,XA,U,XP,Y13O,X20 ,,,YA41, 

2 	 ITAUN I TTAUFW,TTAIIP,TTAUR,W ISCAP, 
)(2,X110(?2) 

CALL Cr'.ALEV(X4,YA,NINA,OUPNY,CUMMY,3) 
CALL CALFUA(m,1,F,XP,MA0A,N1 1,NE,G,XA,11,XE,X170,X209,XA40, 
• ITAUW,ITAUFWI ITA1JP,ITA 1 JRW,SCAF I SSO,4, 

Xi,Y10,X22) 
WPITE (6,211) ISO 

2911 FORMAT (114;),* FINAL FUNCTION EVALUATION (NO SCALING)*,7X,*F=4, 
E24.14,01) 

WRITE (6,111) r 
CALL "':''LAC' 7.: (Xy1,XP, 	2,Y17,,11,17,YA, 

xiouo,x22) 
CALL 	CALFUNO (YOCA,UOSI ITAIIN,ITAUFWI ITAUR g ITAURW, 

1 	 Yi3n,X20D,XA4R0 5) 
CALL CALLT (N,1A,NO,Nr.,1Y,X,NA,U,XE,YI TAUW,TAUFW,TA1P,TAURN,X13D, 

.4.20O,XA4c) 
CALL OUTPUT (N,NA,411,NPOY,Y,YA,U,XEI Y,TAUW,TAUPW,TAIIR,TAURW) 
CALL 	OPUNCH(MI NA,Nu,NE,NY,X,XA,U,YE,Y,TA1WiTAOFW,TAUR,TAURW) 
STOP 
EN(! 

C 
SUBROUTINE GALFONO (X,XA,UI XE,TTAUW,TTAUFWI ITAUR I ITAURW, 

Xi3O.X210,X4410) 
C 
C 	OPIGIMAL CPT Or 40 ETIATIONS AS TAKEN FPOM THE WINFRITH SIMULATOR. 
C 	N1MRPRS FOLLOWED 1Y A DOT INOICATE REARRANGEMENTS. 
C 	SEE OUTPUT FOR MEANINGS OF VARTARLFS 
C 

PEAL F(4C),Y(23),G(17),XA(17),U(7),XE(19),X1.3C(1),X21C(1),XA4O111 
FOOTVALENCE (r(24)1 G(1)) 

C 
C EXPLICIT ALCFRRAIC EQUATIONS, THESE 
C ADE NOT COOPOI1ATES IN MININTZATION ROUTINE 
C 	 SPUJL. 
C FN  (Y.,0) 	 E/1. NUM. 
C 
C 	REACTIVITY 
C 

XE(1) = FUNI (x(22) - 0.4) 	 30,135 
C 
C 	FU7L PIN TCMPEPATURE 
C 

Y7(2) = o.q*x(A) + 0.P.4Y(1) 	 29 
XE(3) = (1.i931*X(5) t 1.1569'X(6) 	2.5958*X(7))/X(22) 	30 

C 
CHANNEL AND RISER C  

XE(t0 = F112 (X(ir)) 
	

69 
YE(S) = PIN:3 (x(19)) 
	

33 
XE(6) = -3.99S'15E-2*X113) + 5.19E1 
	

53 
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C 

C 	STEAM FLOW 
C 

XF(7) = 0.3A624.X(10)4X(.23) 
C 
C 	FEEDWATER 
C 

xE(n) = FU' 5 (X(19)) 
C 

FFEnHEAT 
C 

C • 
	XE(9) = 9.67E-4*X(16) 7 +0.1042 

C 
C 	RECIRCULATION 
C 

83 

108 

123 
XE(9)GEO 

XE(101 = -5.317-34(X(14)*X(14)) + 3.578E-3*(X(15)4X(15)) 	81 
1 	+ 1.26617-3*(X(14)*X(15)) 
XE(11) = FUN5 (U(1)) 	 75 

C 
C rt4 (X,YF(1),...,XE(11)01) 
C 
C 	'RECIRCULATION 
C 

XE(12) = XE(6)*X(14) 	 74 
C .  
C 	FEEnHEAT 
C 

XE(13) = -0.4n1654*XE(7)*XE(9) + 0.4086544XE(7) - 1.42749E2 	122 

C 1N (X,YE(1),...,XE(11),X1,XA00) 
C 

FErnHEAT 
C 
C 

XE(14) = X2I9 (ITAUFW) 	 119 
C 
C 	CHANNEL AN') RISER 
C 

XF(i5) = x131) (ITAU4) 
AE(16) = xiln (ITA'JRW) + XA41 (ITAUR) - XE(4) 

C 
C EN (X,XE(1),...,XE(17),U) 

C 
C 	CHANNEL AN') RISER 
C 

XE(17) = 4.329E-7*(XE(16)4X(1C)) + 1.11F.-3*xE(16) 
Xr(18) = 2.1E4*XE(17)/X(13) 
XE(19) = 0.31*.XE(15) + 1.2 

C 
C nTrrERENTTAL MATIONS 
C 

C xnoT = F (X0E,XAO) 
C 
C 
C 	NEUTRON KINETICS C  

F(1) = (2.5E7*XA(1) 	1.3E1)*X(1) + 3.9*X(2) + 9.1*X(3) 
F(2) = 2.4E-24Y(1) - 2.417-2*X(2) 
r(.7) = 0.15*x(1) - ^.134X (3) 

38 
49 

46 
50 
58 

15 
16 
17 
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C 	MODERATOR TEM2ERATHRF 

C 
F(4) = 6.929E-2*X(1)4X(22) 	3.113E-3*X(4) + 3.03E-34'J(2) 	22 

C 	 X(4)GEOILE100 
• C 

C 	DECItY HEAT 
C 

r(5) = 9.53E-2*X(1)*X(2?) 	9.53E-2*X(5) 
	

24 

r(6) = 1.7957-2*X(1)4 X(22) 	1.1°5E-24X (6) 
	

25 

r(7) = 4.6E-44X(1)4X(22) - 4.0E-4*Y(7) 
	

26 

C 
C 	FUEL PIN TEMPERATUPE 
C 

F(4) = 6.736714-)CW - (1.2564*Y:011 + 0.2564*XE(2) + XE(3) 
F(9) = 6.736E1*Y(1) 	0.6J51*X(9) + 0.2554*XE(2) + XE(3) 

1 	+ 6.3487*X4(31 

27 
28 

C 
C 	CHANN9_ AH1 9IET2 

F(3.1) = -1.43*Y(11) + 1.43*XE(6)*(1.0497E3/(1.+XA(14)) +1.2597E3) 55. 
C 
C 	STEAM 0?UM 

F(12) = - r(11) - X4(15) + X(16) 	 .64. 
X(12)GE0 

r(iC) = 1.16E-r5*Y.(1Wi.r(12) + 9.2619*(xA(15) - xE(7)) 	 61. 
C ItiSr?T T'-1E =OLL0'.4ING CAP.9 F( 	THE DYNAMIC rttatlL4TIoN 
C 	F(1.(') 	- 1.0E-54X (1?)) 	 61. 

r(13) = )(7.(4)*XA(i6) 	Y.(11)*XA(15) 	 - 67. 

1 	- X(17)4X(16) 	YE(14)4 X(1(1) 

C INSE))1.  THE EOLL. CA10 FOP THE nym. SIM. 
C 	F(13) = r(13) /X(12) 	 67. 
C 
C 	RFnIRCULATI94 
C 

F(14) = 4.444*X6(1(!) 	4.4444XA(17) 	 77 
NO DIRECT FErOPK FP,Cm STATE VAR. 

r(i5) = 	7.197E-44- (x(15)*Y(15)) - 1.29525Ei*X(15) - 0.8903*XE(10)82 
1 	' + 2.(1 3145E3 

C 	 X(15)GEO 
C 
C 	FF=OWATER 
C 

r(1) = - 5.2Pc)2E-:".(Y(1)*Y(1.61 1  - 3.711 4E14X(10) - 1.851154 X(16) 95 
1.7P,4E1*X(1-7) + 5.055555E4 

6(17) = 	3.2 E1 4.)((1) -2.01E3*XE( 1)*C95T(X(i7)) 	96 

F(1Q) = - X(i9) + 1.1(4) 	 117 

C 	 Y(11)GE0,LE1 

C 	 )(007(11 )66-0.1 2 1.E0.1 

C 	FEEnHEAT 

E(20) = - 2.331E.-44X(16)*X(23) + 2.339E-4*xF(13)*x(i5). 	ii7 
C 
C 	°OWF/ (MUT/CI-LER 
C 

E(21) = 	Y(21) + 1)(5) 	 133 
r(22) = 9.51,7-44X(21) 	 134 

C 	 X(21)rIE-11 LE1 
C 	 XOOT(21)r.;E-O.2.LE0.2 
C 
C 	TUR°INE 
C 

F(27) = - 4.0*Y(27) + 4.244)(5) - 2.174- 11(7) - 2.0 
	

140 
X(23)GFA I LE1 
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C 	 U(6)GE-11 1.E1 

C 
C 	TUR1INE ANTI ALTERNATOR 

r(1.1) = - 2.0*X(11) + 0.6378*XE(7) 	 175 
C 
C 
C IMPLICIT ALGERRAIC EQUATIONS 

C G(X,XF,X4,t)) = 
C 

REACTIVITY 
C 

G(1) = - YA(1) - 2.0E-2*XA(2) - 2.774E-5*XA(7) + 1.5E-4*X(4) 	14 
+ Xr(i) -5.77E-6*XE(21 + N(1) 

C 
C 	CMANNEL ANT) RICER 
V 

G(2) = - XA(2) + 3.9P5*XA(13)*X1(1)/XA(41 	 44 
U(7) 	- YA(7) - 0.5*XA(1)*XA(1)/XA(4) + 0.5*XA(4) + XE(15) 	36 
G(4) = 	XA(4) + 2.11E5*XA(5)/XE(12) 	 31 
r,(9) = - XA(5) - 2.5111F-3*XA(7)*X(22) + 2.5118E-3*X(9)*X(22) 	37 
nvo = - x4(6) + xE(5)*xA(7) + XE(4) -XE(15) 	 32 

C 	 XA(6)GE0 
G(7) = - XA(7) + XA(11) + 0.5*X4(11) 	 41 
G(1) = - XA(1) + XA(q) - XA(6) 	 34 

XA(1)GEO 
G(0) = - XA(1) + XA(/) + X(11) 	 40 
G(10) = 	XA(iC) + 1.015E-3*X(14)*X(14)*(X4(14) + 1.0) 	 54 

+ 7.''/(Y4 (14) + 1.1) 
G(11) = 	XA(11) - 4.16*XA(21 + 1.r.1 1314E-7*X(14)*X(14)*XA(12) 	42 

+ 7.05F-4*X(14)*X(14) + 4.1.6 
G(12) = -XA(12) + 2.'514E1 * XA(81/XA(9) 

	

	 43 
XA(12)GEO 

C 	 GAMMA = 1 
G(17) = - X!,-(11) + rUm4 (XA(12)) 	 45 
G(14) = 	XA(14) + 0.547645*XA(12)/Xr(11) + 0.5*XE(11)/Xr(19) 	57 

C 	 XA(14)GEO 
C 	ITEAM ORN4 
C 

G(15) = - xA(15) + XE(17)*(XA(15) + XA(16)) 	 63. 
G(16) = - XA(16) - XA(15)+ XS(12) - FA11) 	 65, 

C 	RECIRCNLATION 
C 

G(17) = - XA(17) + xA(10) + XA(11) + 2.1225E-2*X(14)*X(14)*XE(11) 72 
+ 3.13E-3*X(14)*X(14) - 1.116E1 

C • 
in Iso = r. 

In 30 I = 1,M 
30 Sco = 	Ftr)4e9i) - 

worT! (6,213) SC1 
2r roRmAT(//1X,* rHNCTION EvALNATION AS IN ORIGINAL E1NATTONC (N(401, 

1 M(40), NO SCALING)*,7X,*F = *,E21.14//) 
WRITE (6,40) F 

40 FORm.AT (iX,7E17.4) 
RrTIPN 
rM0 

C 
C 
C 

CURR(lNTTNE CCM...EV (XC,XA0,N,4A,X,X4,ISoA) 
YntN),X4W!1),xt,1),YA04) 

RrAL sC1FY(19),sCAP'xAf17) 
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C 

C THE SCALING FACTORS LISTEN ournE THE VARIABLES VALUES TO OBTAIN UNITY GRIER 
.0 

DATA (SCAFX(I1, I=1,19),/5.E i, i.E 0, 1.E 0, 5.E 1, 1.E 0, 1.E 0, 
1 	 1.E - 0, 1..E 3, 5.E 2, 54E-1, 1.E 5, 1.E 0, 
2 	 1.E 2, 1.E 2, 1.E 2, 5.E 2, 1.E 2, 1.E 2/, 
4 	(SCAFXA(I),T=1,17)/ 
5 	 1.E-1, 1.E 2, 5.E 1, 1.E 0, 1.E 1, 
6 	 5.E 1, 5.E 1, 1.E 3, 1.E 1, i.E 1, i.E 0, 
7 	 5.E-1. 1  1.E 0, 5.E 2, 5.E 3, 5.E 1/ 
GO TO (1P,20,31,40),ISOA 

C 

	

C 	1. SCALE VARIABLES TO UNITY ORDER BEFORE CALLIN1 MINIMIZATION ROUTINE 
C 

10 nO 1C1 i=11 18 
101 X0(I) = YO(T)/SCAFX(I) 

10 132 I=1,NA 
102 XAO(I)= XAO(I)/SCAFXA(I) 

RETURN 
C 

	

- C 	2. SCALE TERMS IN CALFUN WITH THE INVERSE OF THE SCALING FACTOR 
C 

20 10 2D1 T=1,13 
?Pi X(I) = YO(I)*SCAFX(I) 

10 202 T=1,NA 
202 YAM= XAO(I)*SCAFXA(I) 

RETURN 

	

C 	3. SCALE VARIABLES BACK TO ORIGINAL VALUES AFTER COMPLETING MINIMIZATION 
C 

30 on 7,o1 I=1,11 
301 XO(I) = X0(I)*SCAFX(I) 

no 71 ,  T=1,NA 
702 XAO(I)= XAO(I) 4SCAEXA(I) 

RETURN 
C 

	

C 	4. CALL CALF9N(NO SCALING) AND WRITE VALUES BEFORE ANT AFTER THE PROCEOURE 
C 

40 11 401 T=1,11 
4!71. X(I) = XO(I) 

10.492 I=1,NA 
402 YA(T) = XAO(I) 

RETURN 
FN1 

C 
C 
C 

sirtoouTINE SCALEF CF,M,SCAF) 

	

C 	SCALES FUNCTIONS AT THE ENO OF EACH CALFUN 
C 

..RFAL F(4),SCAF(M) 
nn 1 1.10 

t 7(I) = c(194,scAF(T) 
nrToRm 
Fun 

C 

C 
SU1POUTINE SCLEVA (F,M,SCAF) 

C 

	

C 	CALCULATES SCALING FACTORS OF FUNCTIONS ONCE, AFTEP 1ST FUNCTION EVALUATION 
C 

. REAL F(4),SCAF(M) 
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no i 

Sr;AF(i) = 1. 
IF (A1S(F(I)) - .2E-2)itly2 

2 SC4 F( 	= • 2E-2/Af7S (F (I)) 
CONTINIT 
RETURN 
F 

C 

SUBROUTINE CAL'LT (NINA,NU,N7,NY,X,XAO,XE,Y,TAUW,TAUFW,TAUR,TAURW 
,X1300(2011 XA41) 

C 
C 	rOMPUTES VALUES "!OT NE :EC  FOR mINTMIZATION ROUTINE 
C . 	. °FAL 	X(N) ,XA(NA) 	U(NU) ,YE(NE) yY(NY) I  X130(1) ,X231(1.),YAL+0(1) 
C 
C TIME DELAYS 

	

C 	(X, XE, XA) 
C 
C Ea. NUM9. 
C RECIRCULATION 
C 
C 

TAUt4 	= 	5.675E2/X(14) 

rEEnHEAT 

73 

C 
TAUFW = 11.5573/X(10 121 

C 
C CHAI,INEL 	AN1 c!IS5R 
C 

TAW' 	= 	1..CLOF.3/(XE(19)*X(14) 	+ 	XE(19) -f)( (14) 4XA(14)) 52 
TAUDW = TAUR + TA UW 

C 
C 
f. nuTour %/ARIAILES 	(FEPOrtArt< 10 110 OTHER VA?! A9LES) 
C 
C 
C 
C (x,1)) 

C 
C IO'1 	ri-I.119r1EP, 	VITO( 
C 

Y(i) 	= 	- 	0. 037214-X(1)*X(22) + 	1.83WI- X(i) 18. 

C 400ERATOR TE1rERATIJR7 
C 

- Y(2) 	= 	2.0*X(4) 	- 	U(2) 23 
C U(2) 	.= 	27.7 	1ECC 
C X(41 GF0 	LF.100 	" 
C Y(2)GE3,LE100 	". 
C 
C FEL-nw ATER LEVEL 
C 

Y(3) 	= 	1.268F-74-X(12) 	- 	4.4E1 112 
RETU7N 
Fmn 

FUNCTInN FilN1 (7) 
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C OKH(EACTIVITY EFFECT OF MOOERATOR HEIGHT) AS FUNCTION OE 

C HOArH(NORHALI7E0 MOOEPATOD HEIGHT) MINNS 0.4 
DEAL Y(12),Y(13) 
DATA (Y(I),I=1,13)/0.11000.056,0.220,0.16Cy0.2030.256,0.304, 

. 	0.352,0.430,0.449,0.4950.440.6113 / 
2 	(Y(I),1=1,13)/-1.V23)0,-A.313311-1.EV74A0.C8155,0.30665, 

P.(1170, 0.61315, 3.01665 10.P1Q10,C.02130, 
4 	 P.C2300,0.02455,0.026/5/ 
L = 13 

C F'P41 IS GIVEN A VALVE FOR COMPILATION REQUIREMENTS ONLY 
FUNi = 1.0 
CALL INTPOL (L I X,Y,FUN1,7) 
RETIJP4 
END 

,c 
C 
C 

FUNCTION ENN7 (7) 
C HNSTANENTHALPY nF WATED AT rATURATTON(OFFrET 400)) 
C AS FUNCTION () Po(STEAM CRUM PRESSURE) 

PEAL X(17)0(13) 
OATA (Y(I),I=1,15)/ 010,133.1:115.5.0,2r:O.Cy250.1, 303.0,431.3, 

5V.C,63C.1),% ,72.;!00‘.C.,(W0''. 1 ,1C:06.P/ s  
2 	(Y(I, 1 7:=1,13)/-191,1q5s-101.515,—.6q.4'151-• 	24.0, 
7 	 — 6.195, 24.0 , 45.395, 71.5051  91.5, 
4 	 1e9se9,126.6 , 142.395/ 
L = 13 
rIJN2 = 1. 
CALL_ PIT°OL (L s X s Y s FUN2 1 7) 
RrTURN 
ENn 

C 
C 
C 

FUNCTION ENK1 (7) 
C 04W/OP AS FUNCTION OF PRESSURE 

REAL X(12),Y(12) 
DATA (X(I),I=1,12)/ a.o, 9e.c,10a.o,i5o.o,2oo.o, 250.0, 

180.0,350.C1 400.0,45(1.01500.0,1930.0/, 
(Y(I),I=1112)/1.5 0..831,0.7210.55,0.4500.3834, 

3 	 0.33y.239,!7.26,0.24,0.228 11.151/ 
- L = 12 
rm3 = 1. 
CALL TriTont. (L,X,Y,FUN3y.7) 
RETURN 
END 

C 
C 
C 

FUNCTION F044 (7) 
C A FUNCTION OF 'CYCONT(K * QUALITY AT CHANNEL OUTLET) 

REAL X(13),Y(13) 
OATA (X(I),T=1,13)/9. 	10.1 0.2 0.320.47 1 0.525,9.8125, 

1 	 • 	1.1125,1,275,1.61 y1.9750.45 1 3.0 6 
2 	(Y(1) 11=1113)/0. 	yO.C4G9 yO.CIPEy2..134750.15103 
3 	 11,22325,1.263i y0.31165,0.3553 10.40415, 
4 	 0.44795,0.494551 0.5379 / 
L = 13 
FUN4 = 1. 
CALL INTPOL (L,X,Y,FUN4,7) 
PETUoN 
ENO 
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F1WTION FIN5 (7) 
C A FUNrTing Or YR(110 PC FEEOWATE1 VALVE POSITION) 

DEAL X(6),Y(6) 
	

• 
DATA (X(1), 1= 1,6)/0.00.16,0oi4, 0.22 ,0.32 ,1.1l, 

(Y(I), I =1,6)fl.V 1 0,912,0.e31,0.082,0.168,160/ 
L = 6 
FUME = 1. 
CALL INTPOL (L,X,Y,FUN5,7) 
arTHRN 
ENO 

C 
C 

FUNCTION FUN5 (7) - 
C FUNCTION OF YOV, IISCHARGE VALVE CHARACTERISTIC: 

PEAL X(12),Y(12) 
DATA (X(I),I=1,12)/3. 	10.17Z311.25 0.3333,1.4167,0.5, 

0.51370.6667,0.75 1 0.13371 1.9167,10/, 
2 	(Y(I),T=1,12)/0.r2 • 0.06530.124 0.1737,0.2753,0.3167, 
3 	1.314 1 9.4667,0.5517,0.6667,1.111 '1.0/ 
L = 12 
rUNk = 1. 
CALL INTPOL (L,X,Y,FUN6,') 
RrTURN 
EN!) 

C 
C 

SUP.POUTINE 	(L,Y,Y,F101,7) 
C TMTEPPnLATTON 7CIITINE 

PEAL X(L), Y(L) 
Li = L^1. 
IF (7*X(1))1,1,3 

3 IF (7-Y(1. ))21 4,4 
2 nn 5 J=i,L1 

K=J+1, 
!17=7-X(J) 
OX=Y(K)-X(J) 
IF(()'-OX) 6,51 9 

5•CONTINUr 
6 FUN 	= Y(J) + 17.4(Y(K)-Y(J))/OX 

RETURN 
ruki 	= Y(1) 
RETURN 

4 FIP1 	= Y(L ) 
PETNDN 
EN') 

C 
C 
C 

-SUnRONTINE VA02A (1,N,F,X,E,ESCALE,IPRINT,MAXFUN,CALFUN,W,NH3N,MA, 
NA,NU,M7,G,YA,U,XF,X13)0(20 C,XA4O,ITA(JW,ITAUFW, 

2 	ITAUR,ITAIRW,SCAF,X10100(22) 

C 	MTMINI7ATION Or A SUN OF SQUARES OF NONLINEAR FUNCTIONS (POWELL ALGORITHM), 
C 	CALLS 1/101A. 
C 
C 	F(M) 	= FUNCTIONS 
C 	X (N) 	7 VA1IAnUES 
r 	P.m 	7 ATIRACv n7  VAIAr117-  X(I) 
C 	ESCALE 7 LIMITS THE STEP SITE  OF THE SEA1CH. NORMALLY X(I) WILL NOT RE 

f7HANr;E7 1Y 1(107 TH9'1 ESCAL7'":(I) 	IN A sit':.: STEP. 
C 	ZPRINT = PERIODICAL NUMIER Or ITERATIONS .!1F-TP-P, WHICH PIE VALUES OF VARIABLES 
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C 	 Atilt} rUNCTICNS ARE PRINTEQ. NO PRINTOUT FOT PRINT = 0. 

C 	CALPIN E ROUTINE WHERE THE FUNCTIONS ARE EVALUATED 
c 	mAxroN = 14P,x-rgUtA 	OF CALLq OF CALrUN 
C 	W(NM3N)7 AUXILIARY fr!RAY WHERE Nm3N.G5.(N + (1+(34N+1)/2)*(N+1)) 
C 	G(MA),XACIA),U(MU).XE(NE),X17D.Y2ODIXA4D,ITAHW,ITAUFN,ITAURIITAURN.SCAF,X1, 
C 	X10,X22 ARGHMrNTS FOR CALFON, OUE TO THE PARTICULAR STRUCTUTE 0F. THAT 
C 	ROUTINE win FXRLAINrO ELSEWHERE IN THIS PROGRAM. THEY ARE NOT 

INHERENT TO VA(y2A. 

REAL r(M),X(N),E(N),G(MA).XA(NA),U(NU)0170(1),X200(i),XA49(1). 
1 	XE(NE).SCAF(M) 
REAL W(NM3N) 
EXTERNAL CALFUN 
IF(V134-(N+(M+(7*N+i)/2)*(N+1))) 5000.8092 8002 

8n10 WPITE(5.8(11) 
5001 F0n,mAT(25H IIMENSION OF W TOO SMALL ) 

STOP 
5002 CONTINUE 
100 FORMAT (tH 

MPLOSN=4+4 
• KST=N+HPLNSN 

NPLUS=N+J. 
KINV=NRLUS*(4FLUSN+1) 
KSTORE='4INV- 0LHSN-1 

'CALL CALFIN (M.tt.F,X,"A,NA,NU,NE,G,XA,'},XE,X130,X21 O,X44O, 
ITAUW,ITAUPW,ITAUR,ITAURWISCAF,SS1.2, 

R 

	

	 X1.X1r!,X22) 
NN=N+N • 
K=NN 
no i I=i0 
K=K+1 
W(K)=F(T) 
CONTINUE 
TINv=2 
K=KST 
I=1 

2 X(T)=X(I)+E(T) 
CALL CALFUN (M.N.F.X0A,NA.NH,NE,G,XA,NIXE.X13Q02010A41. 

1• ITAUW,ITAUrWIITAUR,ITAURW,SCAF,SS9.2. 

X(D=X(I)-E(I) 
	X1,X10,X22) 

no 7. J=10 
K=K+1 
w(v1=r7. 
W(J)=0. 

3 CONTINUE 
SUM=0. 
KK=NN 
no 4 J=1,4 
KK=KK+1 
F(J)=r(3)-N(KK) 
SUM=SUM+F(J)*F(J) 

4 CONTINUE 
IF (TIM) 5,5.6 

5 WRITE(6,7) 
7 FORMAT (5X0HVAU2A E(,13.204) UNREASON/19LX SMALL) 

OO 8 J=1.1 
NN=NN+1 
F(J)='W(NM) 

8 CONTINUE 
CO TO 10 

5 SUM=1./SORT (SUM) 
J=11,-"1.-T 
W(i)=E(I)*SUM 
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no 9 J=1, M 

K=K+1 
W(K)=r(J)*SUM 
KK=Nkl+J 
no 11 II=1, T 
KK=KK+MPLITSN 
t4(II) =14 (II) +t.4 (KK) *VIM 

11 CONTINUE 
CONTINUE. 
ILESc=I-1 
IGAMAX=N+I-1 
It CINV=N-ICESS 
INC IN 9= TWII NV +1 
IF (ILE.SS) 13,13,14 

13 W (KTNV) =1. 
CO Tn 15 

14 R=1.• 
O0 16 J=NoLUSI IGAmAY 
$4(..1)=0. 

16 CONTINUE 
l<K= KINN 
90 17 	ILEcS 
IIP=I 
t4(IIP)=9(II9)+N(vie.)*14(II) 

IF (it.-T.1_ F.:SS) 1811809 
16 90 21 JJ=J1..,ILFSS 

Kv:=Kv,+4  
JJ9=JJ4.N 
w(TIP)=w( IT P) +W(Y.K) °14(JJ) 
W(JJP)=14(Jj0)+W(KKI4W(II) 

2+.1 CONTINUE 
19 9=9-t4 (I I) 4-14 (II9) 

KK=KK+INCIN9  
17 CONTINUE 

9=1./9 
KK= '<INV 
90 21 II=NPLUS, IG AMAX 
n8=-q#4 (IT) 
90 22 JJ= II ,IGAMAX 
1.1(101.) =VI (KO -39*-14(...1) 
KK=KK+1 

22 CONTINUE 
W (KY) ='19  
KK=KK +I NC IN V 

21 CONTINUE 
'4 MO =9 

/5 GO TO (27,'24) ,IINV 
24 I=I+1 

TF (I-N) 2,2,25 
25 IINV=1 

FF=9. 
!!I=NN 
90 26 1=10 
V.1=KL+J. 
F(I)=W(KL) 
PF=FF+F(T)*F(T) 

26 IONTINuE 
ICONT=1 
ISS=/ 
4C=N+1 
IP9=IPRINT*(IPRINT-1) 
Trr=r,  
IPS=1 
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IPC=0 

27 IPC=IPC-TPRINT 
IF (I0C) 23 / 29 / 29 " 

25 WPI-TE (61 30) ITC, MC, FF 
30 roo.m4T (f/cX / 94TTERATION I I4 1 I9/ 16H CALLS OF CALrON,5X,2HF=,E24./4) 

WRITE (6,31) 
31 FORMAT(10H VAPIATILESI(IY /7E17.5)) 

WRITE (6,32) F 

32 rORHAT(1CH rUNCTIONS/(1Y / 7r17.8)) 
CALL Sr/70M9(S) 
Ir (S.GE.59.0) CO TO 33 
IPr:=IPP 
GO TO (29 /37) 1 IPS 

29 CO T(1 (34135) / ICONT 
35 IF (CHANGE-1.) 10 1 1m1 36 

IF (190I"T) 73131 /37 
37 WPITE-(6/ 31) 
38 FORMAT (//5Y / 459VAO2A FINAL VALUPS OF FUNCTIONS ANT) VARIA9LES) 

IPS=2 
. GO TO 25 

33  RFTNRN 
36 ICONT=1 
34 TTC=ITC+1 • 
• K=M 
KK=KST 
90 39 I=10 
K=K+1 
W(K)=5. 
KK=KK+N 
W(I)=0. 
no 40 J=10 
KK=KK*1 
W(I)=W(I)+4(KK)*r(J) 

45 CONTINUF 
39 CONTINMP 

9M=O. 
K=KINV 
no 41 IT=10 
IIP=II+N 
W(ITP)=W(IIP)+W(K)*N(II) 
JL=II+1 
IF (JL-N) 42142/43 

42 no 44 JJ=JL / N 
JJ0=JJ+N 
K=K+1 
W(II9)=W(IIP)+W(K)*W(JJ) 
W(JJ°)=W(JJ91+4(K)*14(TI) 

44 CONTINUE' 
K=K+1 

43 IF (0M-AIS (4(II)*W(ITP))) 45/41 / 4/ 
45 9"=A9S (14(II)*9(TIP))- 

K1=II 
41 nONTINur 

II=N+MPLUSN*KL 
CHANGE=0. 
90 46 I=1/N 
JL=M+I 
W(I)=5. 

.00 47 J=NPLUSI N1 
41=A+MPLOSN 
W(T)=W(I)+N(J)*W(JL) 

47 CONTINUE 

. W(II)=W(JL) 
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W(JL)=X(T) 

IF (APIs (F(T)*CHANGE)-A3S (W(I))) 43,48,46 
48 CHANGE=ABS (W(I)/E(I)) 
46 oonTrwrE 

no 49 T=1,4 
TI=IT+1 
JL=JL+1 
W(TI)=W(JL) 
W(JL)=F(I) 

49 r:ONTINUF 
FF=TF 
A07=0.1/CHAN6'E 
IT=3 

XL=0. 
IS=3 
XSTE°=-ANT41(0.5,ESALE/CWANGE) 
IF (CWANGE*•1.) 50,50,51 

5C ICONT=2 
51 CALL vnniA (IT,Xr;,Fr:,61 ACC,0.1,XSTEP) 

GO TO (52,53,53,53),IT 
52 mr=4C+1 

IF (MC*MAXFU4) 54,54,55 
55 WPIT 	MAXFUN 
56 FO°"AT (5X,5NVAq2A,I6,104 CALLS OF CALFUN) 

ISS=2 
GO TO 53 

54 XL=XC-YL 
00 57 J=1,4 
X(j)=X(J)+XL*W(J) 

57 CONTINNP 
XL=XC 
CALL CALFU!1 (M,N,F,XlmA,N401N,NE,c,X6,N,YE,X130,X2'7O,XA40, 

1 	 ITANA,ITAUFWITTAUR,ITAURW,SCAF,SSI,2, 
R 

	

	 X1,X10,X22) 
F0=P. 
no 58 J=1,9 
FC=FC+F(J)*F(J) 

58 CONTI:110r 
GO TO (59,59,61), IS 

60 K=N 
IF (FC-FF) 61,51,62 

61 IS=2 
FMIN=Fr: 

GO TO 63 
62 TS=1 

• FHP,I=FF 
Fc!FC=FC 
GO TO 63 

59 IF (F0-.FSEC) 64,51,51 
64 K=KFTOF 

GO TO (75,74),I1 
75 K=N 
74 IF (FC-FMIN) 65,51,66 
66 FSEC=FC 

GO TO 63 
65 IS=3-IS 

FSEC=FNIN 
FMII,!=FC 

63 no 67 J=1,14 
K=K+1 
W(K)=X(J) 

67 CONTINUE 
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90 68 J=1,M 

K=K+1 
W (K)= r(J) 

68 CONTINUE 
GO TO 51 

53 K=KSTOP.E 
KK=N 
GO TO (69,70,691,1S 

70 K =t1 
KK=KqTORE 

69 SUM=0 
9!•"=E. 
JJ=KTORE 
DO 71 J=i,N 
K=K+1 
KK=KK +1 
JJ=JJ+1 
X (J)=W(K) 
W jj) =4(K) .W(KK) 

71 CONTINUE 
no 72 J=10.1 
K=K+1 
l<K=KK+1 
JJ=JJ+1 
F(J)=N(K) 
W (JJ) =14 (K)-N( KK) 
SUM=SU"+W (3 1) 4W (JJ) 
DM=DM 	(J)*- 41 (JJ) 

72 CONTINUE 
GO TO (7340) pISS 

73 J=K INV 
KK=N9LUS...KL 
90 76I=1,KL  
K=J+KL.'•I 
J=K+KK 
W(T)=4(K) 
W (K)=W(J'i) 

76 CONTINUE 
IF (KL-.4)- 77,73,78 

77 KL=KL +1 
JJ=K 
nO 79 I=KL,N 
K=K+1 
J=3 +NPLUS•-I 
W (I) =NCO 
W (K)=N(J..-1) 

79 r:ONTINIIE 
W (JJ) =14 (fe)' 
9=1, Ogn.-1) 
W (KL- i) =W (N) 
G9 Tn 8R 

78 q=1./W(N) 
RA K=KINV 

90 80 I=1 1 ILESS 
313=9*W( T) 
00 81 J=I I IL7,SS 
W(K)=4(K)-33*W(J) 
K=K+1 

81 CONTINUE 
K=K +1 

80 COM.  THU= 
IF (FMINFF) 8',83,83 

83 CMNGE=8, 
GO TO -84 
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82 FF=FMIN 

CHANGE=A1S (XC)*ONANGE 
84 XL=-11M/FMIU 

SUm=1./SORT (SUA+0M*XL). 
K=KSTOPE 
no P5 I=17N 
K=K+1 
WIK)=S114*W(K) 
W(I)=0. 

85 CONTINUE 
10 85 I=1,4 
K=K+1. 
W(K)=SUM*(N(K)+XL 4F(I)) 
KK=NN+I 
no 87 J=1,4 
KK=KK+NDLUSN 
W(J)=W(J)+W(KK)*W(K) 

87 CONTINUE 
86 nONTINUE 

GO TO 1.4 
FN1 

C 
C 
C 	

SUIPOUTINE vontA (ITFST,X,F,MAXPUNIAOSACC,RELACO,XITFP) 
A9Sr(APJ:127)=A1S(.41123) 
GO TO (1,2,7),IT="ST 

. 2 TS=6-ITEST 
ITEST=1 
Timr=i 
XINC=XSTEN-YSTED 
MC=IS-3 
IF (MC) 4,4,15 

3 mC=mr;+i 
IF (M4XFUN-11C) 12,15,15 

12 ITEST=4 
43 x=nn 

F=rn 
IF (F8-FC) 15,15,44 

44 x=nr 

1' RFTIP.11 
1 GO TO (51 6,71 8),IS 
8 
4 (?n=x 

FC=F 
X=X+XSTEP 
;0 TO 3 

7  IF 4F!'-F) 9,10 t 11 
10 X=Y+XTrir: 

XINr=XINC+XINr 
GO TO 7 

9 n9=1( 
Ff1=F 
XINC=-XINC 
GO TO 13 

ii 113=0C 
Ffi=FC 
DC=X 
FC=F 

13 x=orfor,nn 
IS=2 
GO To 7 

A OA=01 
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FA=FO 
F9=FO 

3? nc=x 
rc=F 
GO TO 14 

5 IF (en-F(1) 16,17/ 17 
17 IF (F-F9) 18,32,32 
15 F4=F9 

DA=o1 
19 Fn=F 

ne=x 
() -rn 14 

16 IF (FA-FC) 21,21,20 
21 XINO=FA 

FA=r7; 
FC=XINC 
YINC=9A 
ntt=n 
ne=xINO 

2i XIMC=OC 
IF ((9-nR)*(O-Orn) 32,22,22 

22 IF (F-FA) 23,24,24 
23 FO=F1 

perznq 
GO TO 19 

24 FA=P 
nA=Y 

14 IF (F3-FC) 2n125,29 
25 ITW:=2 

xpic=nn 
IF (F9-PC) 29,45,29 

29 1=(PA-F1)/(OA-01)-(FA-Fr:)/(06,nC) 
IF (14-(i-M-nc)) 73,37,37 

37 1=5.5*(On.+1-(r-FC)/^) 
IF (AISF(D-x)-VISF(AnSACC)) 14,34,35 

75 IF (VISF(O-X)-AnSF(n'tDELACC)) 34,34,36 
34 TTFST=7 

GO TO 43 
36 IF=1. 

x=r1 
IF ((OA-DC)*(D-O)) 3,26,35 

38 TS=2 
GO TO (79,41),TINC 

79 IF (AISF(XIT:)-A9SF(00-0)) 41,3,3 
33 Tc=2 

GO TO (41,42),IINO 
4i x=nn 

no TO i' 
41 IF (AOSc(XINC-X)-A9SF(X-OC)) 42,42,3 
42 Y.=1.5*(YICf'oC) 

IF (tXTNC-X)*(X-'V)) 26,26,3 
45 X=n,F*(09-4)0) 

IF ((99-X)*(X-DC)) 26,26,3 
26 ITPST=3 

GO TO 43 
FNO 
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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). 

MXEV2X1 

DELAY1 

FDBCK1 

TESTMX 

TESTMX2 

COMPARE 

DRAWMX 

DRAWLM 

SCAN 

SLOPEI 

SLOPE2 

SLOPES 

SLOPE4 

SLOPE5 

SLOPE6 

INVERT 
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PROGRAM MXEV2X1 (INPUT,OUTPUT I RNMCH,TAPE5=INPUT,TAPE6=OUTPUT) 
C 
C 	3.11.70 	(L. TEPPER, CONTROL SYSTEMS SECTION, DEPARTMENT OF 
C 	 COMPUTING ANC CONTROL, IMPERIAL COLLEGE) 
C 
C 	LTNFAR MODEL CONSTRUCTION 

C 	MATPIX EVALUATION PROGRAM FOR LINEAR MODEL 
C 	THE INPUT VALUES FOR THIS PCOG744 ARE THE STEADY STATE VALUES COMPUTED IN 
C 	PROG. SSNL2'), X I XA,XE,U. THE PAP(EOP STEADY STATE) HAS 'SEEN REMOVED. 

. C 
C 	 (MATIONS, DERIVED ny LINEARIZATION OF THE N/L MODEL, ARE 
C 
C 	Xn0T(T) = 4"`X(T) + niFx“T) + ID*X0(T) + C 411(T) 	 (i) 
C 
C 	 0 = D*X(T) + 7*X4(T) 	ED*X9(T) + F4U(T) 	 (2) 
C 
C WHERE 
C 
C 	X IS THE VECTOR OF 23 STATE VAPIARLES 
C 	XA 	 4 7 ALGEoRAIG VARIAEILES 
C 	U' 	 7 INPUTS 
C 	xn 	4 DELAYED VARIA1LFS (3 STATE 	i ALGEDR.) 
C 
C 	A IROD,C ARE MATRICES OF 23 ROHS EACH 
C 	1,E,E0,7 	*0 	OS 17 90 	** 

C T HE PURE TIME DELAYS ARE APPROXIMATE') IN THE FOLLOWING GENERAL WAY 
C 
C 	70OT(T) = 0*X(T) + PA*XA(T) + l*Z(T) 	 (3) 
C 
C 	X0(T) = G*X(T) + GA*XA(T) + H*7 (T) 	 (4) 
C 
C 	WHERE 7 IS A VECTOR OF L NEW STATE VARIA1LES (L = 4 FOR FIRST ORDER APPROX.) 
C 
C 	7 = (7/ Z2 Z3 74)T 	• 	 T 7 TRANSPOSE 
C 	P,PA,O = MATRICES DP L ROWS EACH 
C 	GIGA I H = 	 4 0* 	00 

C 	THE FOLLOWING SET HOLDS FOR EACH TIME DELAY 
C 
C 	Z0OTI = 	 + 0147I 	 (5) 	 I E 1,2,3,4 
C 	 T 7 TRANSPOSE 
C 	xni = GI*XAI + HIT*7I 	 (6) 	 XN1 7 X(20) 
C 	 XN2 E X(13) 
C 	WHERE 	 XN3 7 X(13) 
C 	 XN4 7 XA(4) 
C 
C 	LI = ORDFP OF AP` PDXIMATICN OF xoI 
C 	7T 7 VFCTOR OF LI STATE.VAPIAPLES 
C 	7 	.. 	.. ELEMENTS SET ACCORDING TO DESIRE!! TYPE OF.APPDXIMATION 
11 	HT 7 	.. 	.. .. 	.4. 	4.. 	.. 	*0 	Of 	00 00 	00 

C 	DT = MATRIX (Litt.D./ .. 	.. 	.. 	.. 	.. 	.. .. 	..- 
C 	GI 7 ErALAR 	 .41 	.. 	a • 	•. 	*0 	40 	Os 

C 	L = L1 + ... + L4 
C 
C 	THE MATRICES ON (3),(4) ARE FORMED 3Y MATRICES AND VECTORS FROM (5),(6) IN 
C 	THE FOLLOWING 	NNER 
C 
C 	 (01....01,4X0 01 	 (0 	(11 	 GiA(XX ..... 0) 
C 	(Os., rOCill 	[0... 0) 	ro[XYGes 1) 
C 	 TO.P2r0.X.. .11 	TO... 	R1 	92,*XX., n) 

C 	D = 	(O.. OX.. 	.11 	PA E (U... 	01 	0. 7. (00XX.. 01 	(34) 
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C (1.,23) tO.P3r&X.. .01 	(L,17) (0... 	01 	(L,L) t(O3,XX 0) 

• C 	CO.. (0X0. .01 	(0... 	01 	[0. 0XX 0)  
C 	(0•••• 	.11 	tP4rX.. 01 	(0. rztoo() 
C 	10.... 	• .03 	tO.oX.. 01 	CO. 	r(X) 
C 	+ + 	+ 
C 	13 20 ' 	4 
C 
C 	(O.. 	GloX.11 	te... 	.01 	H1T4tXX 	01 
C 	G 7 	(0.G24X. 	..01 	GA 7 CO... 	.01 	H E r0.x)( 	 o1 	(4A) 

..01 
C 14,27) In.G3,0(.. .01 	(4,17) (I... 	.01 	(4,0 f0...XY.01 
C 	 EG4r0X.. .01 	t 0.H4ToXX1 
C 	

II .. 
+ 	+ 	• 	1' 

C 	13 20 	4 
C 	NOW, IF 
C 
Al 	X1 7 IX 711 	WITH 23+L STATE VARTAOLES 
C 
C 	WE OPTAIN THE FOLLOWING EnuATIONS WHICH It-K._111E (1),(7)03),(4) 
C 
C 	xinoT(T) = Ai*xl(T) + ni*xa(r) + 01*1)(T) 	 (7) 
C 
C 	.t) = ni*xi(T) + Fi*XA(T) + F*U(T)) 	 (8) 
C 
C 	WHEPF 	41(23+(.,23+1.), n1(23+L,17) AMP -..(01(23+L,7) 
C 
C 	It 	It 	11 	 It 	11 	Ct 	11 
C 	t 	A2 	R2 1 	' 	= A+ nn*n 	t n 	1 	t 	C) 
C. 	r 	1 	(2.7,23) 	t 	1 	t 	1 
C 	Al 7 It 	It 	11 	R2 = RO*4 	P1 7 t! 	13 	Ci = tt 	11 	(74) 
C 	IC 	it 	11 	(271L) 	([ 	1.3 	CC 	31 
C 	t ° 	Q I 	 t PA 3 	C 0 1 
C 	It 	It 	11 	 (1 	11 	tt 	11 
C 
C 	ni(17,34-L) AN1 E1(17,17) ARE 
C 
C 	r.r. 	it 	1] 	0? = 0 + rnAir, 
C 	r n2 	E2 1 (17,23) 
C 	Di E t 	1 	E2 = EO*H 	Ei = F + E0*GA 	(8A) 
C 	Ct it 11 (17,L) 
C 
C 	FINALLY, ELIIINATINGX4 FROM (7), (8), THE EQUIVALENT LINEAR MOOEL IS 
C 

*********************************** 
c * 
C 	* xinnT(T) = Ac*Yi(r) + 0s*u(T) * 	 (g) 

C • 

C 	WHFOr! 	AS = Ai - 91 #'.1V*rl1 	 (in) 
C 	IS = Ci 	91*1V*F 	 (11) 
C 	 EIV = IHVERSF OF HATPTY Fl 
Ci 

C 28.1.7n 
C 
C COWPRFHENSIVE HOOEL, AnnING (EXISTING) CONIPOLS TO THE SYSTEM. 
CFORCK1 IS THE NEW ROUTINE _INTRODUCE') FOR THAT DURPOSE. 
C 
C THE COMP0,EHRNSIVE MOOEL IS NOW 
C 
C *******4*******444****444,44-44444.4 

C 	* X2nOT(T) = AP*X?(T) + PF*N1 * 
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(66Z) 13COH 14NI3 SUnVm01 c31S NI S3..)1b1Vh 	(VNgv6)-V:1(10VN)Tu 
4(bOlN)TOg(VOlN)Tu4(.101N)TV 

3 

	

(VO U.) 533I61Vc 0NI;i10M. 	(tOvN)zu 

	

(7VN)234(14N)2ui(N4N)a 	3 
3 

(i'2) S1N3W313 SNOIA32id 	OSOdW00 S3J1CIIVW(I':,N)0(VOLN)V9i(N4GN)9 

	

(-01)u'oih'-wd,0(01)d 	0 

	

(945)*X01JdaV AV130 JO 30,1 032iISDO 01 13S SiN3W313 	+7'i!J,etiiTY(4i-0,11)tu 	a 

	

'ul'El)u‘telmu'(T-OT1)Tu 	3 

4(+71),?N'(il)20t21/(3W(T1)TH.3 

	

'(*11)(Z1)Eci6(Z1)(16(T1)Tu 	3 
3 

(6) 	S30I1-iVw 1300W aVZNI1 1N3-14AINO3 	(1010:,:Jg(T441N)SV 	3 

	

(F4T)13COW bV3NI1 OISVU JO S3JIoiVH 36 SAW314313 	(OOCN)36(LOVN)t.3- 	3 

	

(LN'VNI)Z'ti.'Vh)ut(ilk'N)J 	3 

	

'UlkiNg2L'(Lh'N)0(0N)v 	3 

	

'Av13G 3W I1 Is6nd 	3TitL21'LTI'vTi 	3 

	

21NSS NI 0:1V11101V3 S3H-IVA 31Vis ACV31S 	(AN),0(3h)HX 	3 
g(ON)0(VN)VA4(N)X 

	

1900h 3AISN3H363W03 30 	civion 	..1cdin0 30 b3bW1N E 	AN 

	

1300k 	3A1SN3H3ad4.0JJ0 	(1V101) 	SincNI 	30 	3u1.11N 	= 	iNN 
13UOW 	3AISN.M.SLal,U0 30 	(1V101.) 	S3-iLviLvA 	31V1S 30 LjtukoN 	= ZXN 

	

TA3603 NI n0nuobihi S31aVIavA 	31V1S 30 63t,hoN E 	MN 

	

13LOW 3AISN3H3eiai,03 3H1 a0J T>I36U3 NI 033N4UtA.N1 S.V)chi 30 C..3uNON 	E hnN 

	

NOI1VWIXOackcA SAV130 (.1313V 	(14101) 	S5-1i,VIscivA 	AVIS 30 	03akON 	E 	IN 

	

NUI1VH1X0OV 	SAV130 AU (13CLA S316Vi.uVA 	JA.'uiS 30 03QNON 	i 	I 

	

S31uVlaVA 03AclE4, 30 a3ukfik 	E 	ON 
((21NSS i Ud3 	63AU 631i_cV3 3aV 	AN 01 N) 

a 
3 

3 
3 
3 
3 
3 
3 
3 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 	T.:31'NT? 
C 	TPPNT3 
C 	IPPNT4 
C 	IP'NT5 

WNL1 (NL, Ht.) WNL2 	NU WORKING MATRICES FOR EIGENVALUE CALCULATION  
nTASD(NL ,R.TASI (Nt ) 	REAL AND IMAGINARY ROOTS OF AS 
nr-  (9), 9G (N^) ,'')X(N) ,IYA(NA),IN(NW), 
rut., (r1), GO A7,  (NA) ,VN(N-I,VNA (NA) I 
HIV (Nn,t ) GI (NO, ti) 'GAT (NO , NA) 
WNN(N, N) ,LINA 
wAN(tlA ,H) 1 14A A (NA INA) 
FRRF (N) FBRG (NA) , 
ERPF0C 	ERRGRt'. (N 1) 	VARIABLES FOR MATRIX TESTING ROUTINE 
AT (NO) , A?(`1,U 
PT ft ,N) OT (L,L) , FT , 'MD 
NDV ( 	'11) 	 r-0 ONO (N,N1) 
WLA(L,N1),WLNL I N3) 	WORKING MATRICES FOP TESTmX (BART II) 
"1("),t!A1(NA),NU1(N11 ), 
N11(ND).LL1(L).NLi(N1.) VARTAPLFS FOP n,An4 ROUTINE 

PRINT AND DRAW mATRICFS IN MXEVA2 (EXCEPT AS ANO 
DS) FOR ANY VALUE OTHER THAN 0 
ID FOP AS AND DS 
13 FOP. ALL NEW MATRICES IN FD1CK 
ID FOR TNTERmEDIATE SUDMATRICES OF EDDCK 
ID FOP Ar AND OF IN FODCK 
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riV(NA.NA).EEV(NA I NA) 	INVERSE OF Ei AND PRODUCT E1*E1V (10,11) 

C 	nv(L,L)om(t_li) 
	

INVERSE OF 0 Alin PRODUCT 0*DV 
C 	WAL(MA.ULA.NAU(NA.N9) 

	
WORKING MATRICES (10.11) 

CC 
C LIST Or INDPONTTNEI 
C 

C 	OINRNT 
C 	UIN,STAAL,EXPL,YTAU 

C 	Amx,nmx,nrrix,nmx 
C 	1,4x,F,4x,comx,rox 
C 	1,7A4N,  
C 	RMX,P4MX,OMX 
C 	OMX,GANX,NMX 
C 	A1MX.D14X.C14X,01MX.E1MX 
C 
C 
C 	WRI"X 
C 	DRAWMX 
C 	DRAWL'' 

SIAN 
C 	noNNcH 
C 	CALFN4 
C 	RIN11 ...,F1116 
C 

C 	MULTT 
C 	INVERT 
C 	NULL 
C 	ADP 
C 	SMPTR 
C 	NEGATE 
C 	IHBET1 

C 	IMDEOV 
C 	XEIGEN 
C 	FT66 
C 	PFTMT 
C 	HESSEN 
C 	OREIG 

nor 
C 	TESTmx 

READS STEADY STATE VALUES 

WRITE INPUT VALUES( RESULTS FROM SSNL2) 

EVALUATE MATRICES Or EQ (1) 
04 	00 	.. .. (2) 

SETS O?nERS OF DELAY APPROX. .ANI VALUES (5.6) 
EVALUATE MATRICES OF ED (3) AND OVI DOV 

00 	90 	09 110 (4)  

• • 	(7,8) AND Ely, EEV 

WRITE ELEMENTS OF MATRICES 
DRAWS 	.. 	•• 
DRAWS CO'IPLETE LINEAR MODEL 
AUXILIARY TO r_)10Lm 
PUNCH ELEMENT Cr rlUIVALENT L. I. MATRICES 
EVALUATES FUNCTIONS OF N/L MODEL 
TAIIES OF EMPIRICAL FUNCTIONS 
TABLES OF FIRST DERIVATIVES 
SIMPLE INTc.RROt.ATI1N 
MATRIX MULTIPLICATION' 

o. 	INVERSION 

• 	

SET TO NULL 

• 	

ADDTTION 

• 	

SWITRACTION 
• . 	nEGATIVE Or 

TRANSFER OF SUDMATRIX TO PARTITIONED MATRIX 
TRANSFER OF VECTOR TO MATRIX 
CALCULATES AN) WRITES EIGENVALUES OF AS 

/ EIGENVALUES PACKAqE 

TESTS MATRICES BY COMPARISON WITH NONLINEAR MODEL 
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• TESTMX2 	TESTS CORRECTNESS OF EDUIVALENT LINEAR MODEL 

CC 
• rIPCK1 	 NEW ROUTINE CHANT IN; MXEVA2 INTO MXEVA2X 
C 	 ADDING NEW (FEEORACK) EDUATIONS TO THE SYSTEN 
C 
C LIST OF VARIA3LES FOR FORCK1 ROUTINE 
C 
C 	TIN(NLONN),ISN(OL,MN2i 	EXTENSION Or MATRIX IS 	 (9,9A) 
C 	rsply,ULI,P(NW,NN),S(NN,NY), 
• ro(swou?),T(uipow), 
C 	V(NUP,NY),EE(NU2002) 	NEW MATRICES INTRODUCED IY F1BCK 	(1445,16) 
C 	Ar(NX2,4X2),:1F(NX2,)O2) 	COMPREHENSIVE MODEL MATRICES 	(13) 
C 
C 
C 

REAL X(27),X1(17),N(7),YE(1),Y(3) 
REAL A(23,23) 1 1(23,17)1 9^(23,4),r(23,7), 

0(17,23),E(17,17),ED(17,4),F(171 7) 
c 
C 	ASSUME MAXIMUM ORDER. I FOR DELAY APPROXIMATION 
C 

REAL P1(3),P2(70,P3(3),R4(3),Hi(3)02(7),H3(3),H4(3), 
01(3,3) / 02(73 73),03(),04(3,7) 

PEAL P(12,27),PA(12,17),o(12,12),G(h,27)iGA(4,17)0(4,12) 
°EAL A2(23,23),12(27,12),O2(17,23),72(17,12) 

C 	DIMPUSTONS REOU^ED TO ENVISAGE 1ST OPOEP DELAY APPROXIMATIONS ONLY 
REAL A1(27,27)01(2',17),C1(?7,77),11(17,27),E1(17 9 t7) 
REAL E1V(177,17),EEV(17,17),OV(12,12),0°V(12,12) 
REAL AS(27,27)0C(77,7),W3L(17,27),WAU(17,7) 
REAL WNL1(31,'1) WIL2(31 31 ) PT ASP( 	) RTASIC 	) ,WML3 (31, 31) 
REAL OP(23),IG(177,9X(27)0XA(17),O0(7),PPAP(23),GRAR(17)04(23), 

VNA(17),ERRE(23),PP2G(),7),FPRPPC(23),FRRGRC(17), 
2 	HOV(4,12),GT(4,?7),C,AT(4,17), 
3 	NNN(23,23),NNA(23,17),WAM(17,23),WAA(171 17) 
REAL XTST(23),XATST(17),NTST(7),XETST(19) 

C 
REAL Ar(23,23)07(23,12),CT(271 7),RT(12,27),DT(12,12),FT(12,7), 	ARRAYS/ 

1 	EDV(17,17),D2A(?3,17),NN9(23,4),NLA(12,17),WL1(121 4) 	TESTMX2 
INTEGER Ni(23),NA1(17),NU1(7),N01(4),LL1(12)011(75),NAME(8) 

C 
C 	DEFINITIONS FOR FOlOK ROUTINE: (ASSUMING MAXIMUM VALUES OF 

NW = 10, NUN = 8, NY = 
C 
C 	PIMENSIONS REDIrED TO ENVTSA7.  1ST OPOEP DELAY APPROXIMATIONS OILY 
C 

REAL IN(27,8),1SN(?7,15),AF(37,37),IF(37,151,RTAr2(77),RTAg1(37), 
Cs(10,27),R(10,13),S(i0,1n),OD(10,15),T(15,1D I V(15,10), 

2 	Er(15;i5) 
TNTEGcR FIX21(411),NN21(15) 

C 
• WORKINn MAT' ICES USE ARRAYS FROM PREVIOUS SU1ROUTINES 
C 

DATA IwPAS,TNPAF/34 AS1 74 AF/ 
N = 23 
NA = i7 
NU = 7 
NF = iq 
NY = 3 
Nn = 4 
IDRNTi = 0  

I0RNT2 = 1 
IPPNT3 = 0 
IPPNT4 = 0 
IPPNT5 = 1 
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CALL REAn 	(N,NA,MU,NE,X,XA,U,XE,MY,Y,T1A,T10,T2O,TiE,NAME1 8) 

C 
C 22.4.70 

C IIMENSIONS FOR OELAY1 
C 

Li = L2 = 13 = L4 = 
C 

CALL 	OELAYi(L1,112,L31 L4,1)1,n21P3IR401,H2,H30401,12,113041 
1 	(11,62,G7,G4,T1A,T11,T20,71E,1) 
L = Li + L2 + L3 + L4 
ML = N + L 
CALL 1INPMT.  (NI NA,NM,Nt,X,XA,M,XE,NY,Y,T1A,T10,T2n,TIFI NAME,1) 
CALL A'lX 	(M,N1,NM,M7,X,XA,U,Y 17,A,IRRNTI) 
CALL '1'1X (N,NA,NM,ME,X,XAIU,XF,'1 ,I°RMT1) 
CALL ROMX 	(M I NA,NNOFI X,XA,M,XF I nO,Nn,IRRNT1) 
CALL CUY 	(11,NA,NU,NF,X,XA,N,XF,C,TR4MTi) 
CALL OlY 	(N,t0,NN,ME,Y,XA,U,YFO,IPMT1) 
CALL EMX 	(N,NAINU,ME,X,X4,1 1,YE,P,IPaNT1) 

'CALL EnMX 	(4,NA,NU,Nr,X,YA,U,YE,Ec,NO,I°9NT1) 
CALL FMX 	(N,NA,Nc1,"1E,X,XA,ll,xE,P,I°RNT1) 

C 
DMX 
	

(M,NA,N0,L,L11L2,13,L4,p ,°11P2,R3,D4,IRRNT1) 
DAMX 
	

(M,NA,Nn,L,L10-21L30.C,°Ainitr32,111,P4,IC",MT1) 
CMX 
	

I9INA,N0ILILi$ L2,L3,L4,0 ,11,122 03,74,1V,Q0V,IPRN 

CMX 	 ,G1,G2,G1,G4,IPRUT1) 
GA IX 	(N,NA,NO,L,L1 1 1.21L3,L4,GA,51,r,2,',7“;4,IPRIT1) 
HMX 
	

(N,NAINI,L,L1,L2/L3,L4,M ,M1 tH2,0304,IPRNTi) 

AitiX 
	

(N,NA,NU,NCILIML,°,(1 A,O,GIGA,H,A00,A2,R2,41,IRRN 

. 11MX 
	(M,NA,NO,M9,L,NLOR,PA,0,G,GA,M1 7',11,IIIRNT1) 

C'1 MX 
	

(N INA,NU,11,L,NLIP,RA,O,G,GA,M,C,cilIPRNTi) 
01 MX 
	(M,NA,NU,MOI L,NL,P,PA,Q,G,GAIH,D,E1,02,E2,11,IPRN 

EIMX (N,NA,NUO0,L,NL,P,PAIO,G,GA,M,E,7:11 E1lE1V,EEV, 
IPRNTi) 

CALL . 
CALL 
CALL 
iii) 
CALL 
CALL. 
CALL 

C 
CALL 
iTil 
CALL. 
CALL 
CALL 
iT1) 
CALL 

1 

	

C COmPUTr 	MATRICES rOR CALCULATING )(A(T) FROM X1(T) Ni)A 	U(T). 
C 
C FROM (8) 
C 	XA(T) = - EiV*oi*Xi(T) - EiV*r*U(T) 
C 	 = . 	OX1*Xl(T) + 	XAU*U(T) 
C 

CALL XAYill (NA,NL,NO,FiV,11,F,WNL1,WNL2,WNL317,1) 
C 

	

CALL 
	

ASMX INL,NA I MU,Rlyr1V,41,Ci,ASOAL,IPRMTRA,  

	

CALL 
	

1SHX (OL,NA,NUI O1,E1V,C1I F,r.S,WAU,I2FMT2) 

	

CALL 	XFIGrM(ML,AS,WNLiONL2,RTASP,RTASI) 
C 	—CALL 	OPMNCH (MLOU'AiOS,RTASR,RTAST) 

	

CALL 	OR.ANLM 

2 	NX2,NU2,AFOr,NX21,NU21,1) 

PRINT AND PUNCH 

(14) 

C 
C 30,4.7B 
C 
C BEFORE TESTING LINEARI7ATION REPLACE THE INPUT VARIABLES, AS SOME ARE MOOIFIE0 
C IN TFSTMX 	usEn AGAIN LATER 

CALL FOUVR7 (X,XTST,N) 
CALL EoUVr!C (xA,XATST,NA) 

• CALL EOHVq (UOTST,NM) 
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CALL EOUVRr: (X7OETST,ME) 

C 
CALL 	TCSTMX (N,MA,NU.N7,YTST,XATST.UTST,YETST, 

nFOG,OX,DYA,nU,FlAnIGIAP, 
A,309.C.11,E,E9.,F,VN,VMA,E?or,ERRG,ED,RF°C,Enntl, 

2 	MO,L,G,r,A,H,P,D!!,OV,HnV,r,T,GATOOIN,WMA,HAN,WIA) 
CALL 	TEST:1X2 

-WMN.NNA,W)M.WAA, 
2 

	

	NL,ASOS0,47,A7,CI,PT I OT,FT,E0v,10.41 
WuL1,wiL2ONCOLAOLn) 

C 
C THE FOLLOWING PAPAHETERS cOn THE 	FOBCK 	ROUTINE ARE INSERTE0 HERE 
C AM0 WILL nE CI4ANGEnAS THE NEED ARISES 
C 
C 28.4.70 	(NUN = 3, 	NW = 3, 	NY = 6) 
C 

NNN = 3 
NW = 3 
NY = 6 

C 
C NOTE THAT NY HAS 	N 0 T 	THE SAME' VALUE AS A9OVE, WHERE IT WAS USE1 
C FOR CHECKOUT OF THE STEADY STATE (SSNL2) ONLY 	• 

MU' = MU + NUN 
NX2 = 	NW 

CALL EnnI7K1AN,NLOUO11N,MU?,M4'OY,NX2,ASOS,X,111,73S4,CS,P,S,10, 
T,V,AF,."?F,VOI.A.,WHI..2,B101AL.A1,c1,I°')NT3,IPRNT4, 

Er.WNL3.C1V) 
CALL 	rPALILN (N,NA,NU01,L,ML,P,0,G.GAO,A,10n,C.n,E.EI,F 

01S,RS,M1,NAl,MU1011,LL1INL1, 
2 

	

	 MX2,NU2OF,nr,MX21.MU21,2) 
CALL CAUTION 

C 
CALL 	NEWXU (Y I U,M,NU,X4 I YE,N4,NE,N)(2) 	 CHECK 

C 	 WITH FOOCK1 
CALL nCH2P13 (IFI NX2.002,7TAFR,n,TAFI,1) 
CALL RCH2017 (Ac,NX7,NX2OTArp,RTAcI,1) 
CALL PnH2017 (CSI Nv, ML. RTAFR,RTAFI,i) 
sT(TP 
ENO 

C 
C 
C 

SU9POUTINE 7.1ELAYi(LilL2,L3.L4.01,021F3IP4,H1.H2,P304,01,12.03,04. 
G1,G2,G3,G4,T1A,T10,T20.71E,I9LY) 

C 
C 22.4.70 

C IN THIS ROUTINE THE On)CDS OF A027),OYI"IATION OF THE 4 OELAYS AD,E. SET AT WILL, 
C AS WELL AS TH7 VALUES cOR E'1 (5,6). 
C 3 Ts THE mAYIAuH OROER OTIENSIOMEO IN 'VAIN ROUTINE. nEWARE.- 
c SEE EXPLANITIOMS TN PAIN' '1 ONTIMF 
C 

RFAL Pi(L1),P2(L2).n7(L7),n4(L41.H1(11),H2(L2)03(L3).H4(L4), 
01(li,L1)02(L2.L2)03(L3,L3)04(14,14) 

GO To (10D,200),IPLY 
C 
C FTPST oRDER APPPOYIlATIOw C  

C THIS MODEL PAS A RESPONSE" (TO A STEP INPUT) OF THE SHAPE OF A NEGATIVF-UNITY- 
r fkmr,LTT097-,17n-, -nn0tJE9 3Y 	7.YFONENTTAL 	TONAR1S THE TNPUT 4MPLITU0P, 
C WITH A TIME rONSIAUT ECUAL TO HALF THE DELAY TIME. 
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C 

C 	r; = 
C 	4 = 4/TAU 	(TAU = TIME DELAY 
C 	P = 1 
C 	a = -2/TAU 
C 

ion ti = L2 = 	= L4 = 1 
GI = G2 = G7 = G4 = °1. 
Pi(1) = P2(1) = P3(1) = R4(1) = 1. 
01(17 1) = 	2./T1A 
02(1,1) = 	2./TiO 
07(1.i) = 	2./T2D 
O4(1,1) = - 2./T1E 
41(1) 	= - 2.'1- 91(1,1) 
H2(1) 	- 	2.*02(1,1) 
H3(1) 	= 	2.4'03(1,1) 
H4(1). = - 2.*04(111) 
RETURN 

C 
200 WRITE (y jni) 
201 FORMAT (1//1///71X,*THIS PODEL HAS A FIRST ORDER APPROXIMATION FOR, 

i ALL TIME DELAYS t */ 
7 	 31X, 4WITH TP'r CONSTANTS EQUAL TO HALE THE VALUES Or 
2rACH PELAY*t/31X,*SPECTFICALLY, TN EQUATIONS (5 1 6)4 /53X.,*PI = /4/ 
363X,*OT = -2/TAU*/67X,*GT = -1*/63X.*HI = 4/TA11 	WHERE TAU I 
4S THE TIME DELAY IN EACH CASE*/) . 
arTuDm 
END 

C 
C 
C 

SURPOUTINE FOOCK1( NOL,NUOUNO112OW,NYOX2,ASOS,X,DN,BSN,CS,R, 
1 	 SprIO,TO,AF,DrOCS,RVCOT,SOS,OVC,DIT,IPRNT3, 
2 	 IPPNT4,IPRNT5pEE.9SEODE) 

C 
C 	20.1.7D, 15.1.70 
C 

C IN THIS ROUTINE ADDITIONAL EQUATIONS APE ATTACHED TO THE LINEAR MODEL, 
C SUCH THAT THERE IS ETIETIADK JO SOME OF THE INPUTS, THE REST DEING 
C rot4sinEo.E9 REFERENCE POINTS. 

• C NEW STATE VERIADLFS ARE INCORPORATED, CALLED W. 
C THE NEW EQUATIONS ARE KEPT IN THIS SEPARATE ROUTINE SO AS TO ENABLE 
C US TO CHANGE THEN AT WILL. 
C 
C FROM MXEV2X1 
C 
C 	xipor(T) 	As.xi(T) + BS*U(T) 	 Xi = EX 71T 	(g) 

c NEW EQUATIONS 
C 
C 	Y(r) 	= CS*Xi(T) 	 (14) 
C 
C 	WOOT(T) = P*W(T) + S*Y(T) + DDY112(T) 	 - (15) 
C 
C 	112(7) 	= T*W(T) + V*Y(T) + EE4U9 	 (16) 
C 
C.  WHERE 
C 
C 	Y F VECTOR, Or NY OUTPUTS 
C - 	 1W NEW STATE VADIA1LES 
C 	UN F 	 NUN NEWLY INTRODUCED INPUTS 
C • 	112 7 	*. N1 12 TNrUTS 
C U2 7 (.11 UNIT 
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C 	 NU2 = NU + NUN. 

C 
C 	OR 7 	.. 	.. 442 INPUT REFERENCE POINTS (n2 AODITIONAL CD1TROL LAW FOR)U2 
• EE - (W)274112) W\TRIX W.HTf',H IS BASICALLY THE IDENTITY MATRIX, 
C 	 SURRLE'lENTE0 9Y ELEMENTS (IF ANY) REPRESENTING CONNECTIONS 
C 	 DETNEEN INPUTS. 
C 
C NOW INrORDORATE HEN INPUTS INTO ORIGINAL SYSTEM (9) 

• X1POT = AS*X1 + Bs-11j 4.11N;Aur1 

C 	 = AS*X1 + 9S4*U2 	 (94) 

	

OSN 77' COS BN1, 	94 = [01 

C REPLACING (14,16) INTO (94) ANT (15) WE OBTAIN 

'C 
C 	X19OT = t t S4-9S'!"\i*r;SI*X1 + riStNt#T*W f PSN4EE4!Jt! 	 (i7) 

C 	14 1101-  = CS4-CS+nro- \itsi-v- 	+ [P+iing-T1*11 + CI*Er*UR 	(i8 )  
C 
C I.E. 
• **************** 44 44444444 444444 
C * 
C * X200T(T) = AF4X2(T) + BF*09 * 	 (L.?) 
C  * 	 * 
C  444***************4*4************ 

C 
C WHEPE 
C 
C 	X2 = tX1 WIT 	WITH (NX2 = NL + NW) COMPONENTS, 
C 
c 	 Ct 	1[ 	11 	tt 	11 

C 	r 	 I 	 [ 	1 
C 	C AS+ISxI4V*CS 	95N4T I 	 t 9SN*EE 1 
C 	AF I' t 	 1 , 	9F = [ 	1 
C 	c 	 3 	 C 	1 
C(NX20X2) r( 	It 	11 	(NX20U2)C1 	11 
C 	(f 	1( 	33 	ft 	11 
C 	t S*CS+03*V*CS P+00*T 1 	C 00*EE 1 
C 	t i 	 11 	ll 	T( 	11 
C 
C 

REAL AS(NLI NL),9S(NL,NU),X(N),9N(NL,NUo}),RSN(NL,NU2),CS(MY,NL), 
i 	R( NW 'NW) 	WI !IN') 	, N,12) 	(NU? ,N4.1) 	(4U2 INY) ,FE (N82 INU2) 

Ar(NX2,NX2),72,NU2) 
C 
C WORKING MATRICES (DIFFERENT NAMES IN 'JAIN ROUTINE) 

REAL kir Sf 4112 NL ) 9VC 	NI) 	(NL 	W) ,S 	(44, NL ) ovc( NW, NL) 
1 	it-1T ( 	0'4) '1 ST. (NL NO2) ODE (NW, NU?) 

C 
C nATA FOR WRINX AND 1PAWmX 

OATH T.WPDSH,I1,19t".(;.,TI,r4P, Ildqs,114?1D, TWRT, 1WPti, IWRA F 
1. 	3H9sN, 314 cs, 3W 	R i3H5:::44 DD, 314 	T,ZH 	V, 3H AF, 3H (IF/ 
2 	 ,T.W7IVC 	 Iti7r2r!T,TNParT/ 
3 	y 7.1  H SC`1,11-mvr, 	31-1AS7,3+1 	3FinOT,3H Rili, 
4 	11RFE, INR1SE ,IN?DOE/3f-1 EE, 3HrISE, 3HCr1E/ 

C 
C INITIALIZE NEW ilAT7ICES 
C 

CALL NULL (IN INL 'NW!) 
CALL NULL (CS,NY, NL 1 
CALL 	( P I NTY\it4) 

. CALL NULL ( SOH, NY) 
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CALL NULL (1D,NWI NN2) 

CALL NULL ( T,P'U2,NW) 
CALL NULL ( VON2,NY) 
CALL UNIT (EE,NU2) 

C 444444**44 28.i.70 

C * 
C * CASE 1 * APPLY CONTROLS EXISTING (OR SUGGESTED) IN SIMULATOR 
C * 	4 
C *444444444 

C 
C ********** 20.4.70 
C * 
.0 * CASE 2 * APPLY PEEnwA-TPR. CONTROL (3) ONLY 
• * 
C *444444444 

C 4444444444 17.8.70 

t * 	4 
C * CASE 4 * APPLY ALL CONTROLS AS IN (i) 'OJT MOVE LAG ON WSDEPROR SACK ON WSO 
C * 
C 4444444444 

C 
C 4444444*** 17.8.70 

C * 	4 
C * CASE 5 * AS CASE (4) Mir WITHOUT MODERATOR CONTROL (2) 
C 	* I.E." 	LEAVE Er'. (14,15) cor 	Y, WDOT, 	'*UT REMOTE EO. (16) FOR U2 
C ********** ( CTPAP IS PUNCHED ON THE CARDS cORRESfrNOING TO U2) 
C 
C *444444444 g.q.70 

C * 
C * CASE 6 * AS CASE (5) PUT WITHOUT LOAD FOLLOWING, I.E. FEEDWATER CONTR. ONLY 
(7: * 
C 444*****44 

C 
C *444444444 10.9.70 
C 4 
C * CASE 7 * AS CASE (6) '')U7 RFMOVTNG ALL EOWATIONS C14,15,160, NOT AS 
C * 	* IN CASES (5,6) WHERE ONLY THE FEEDr'ACK WAS 0EMOvD. 
C *.-.-*mx** SUTWI7ING, THIS CASE IS AS CASE (2), DUT WITH SOME MODIFICATIONS 
C 	 IN THE MODERATOR CONTROL WHICH IS NOT ACTIVE ANY4AY. 
C 	THIS IS THE mOoEL COMPARED WITH THE WINERITH TRANSIENTS (O.K.) 
C 
C *44444444* 28.4.70 

C * 
C * CASE 3 * APRLY LOAD FOLLOWING(1) AND FEEOWATER CONTROL (3) ONLY 
c 
C 4444444444 Norr.. 

C 	 A) 	CONTROL (2) IS NOT REMOVED FROM THIS PROGRAM 
C 	 ALTOGET1-47?, OUT COMMENT CARDS 	CTEM0 	PUNCHED INSTEAD 

OF IEGITTI41TE STATEMENTS FOR 4 AND U2 (THE CORRESPONOING 
C 	 011TROTs Y:  I.F. PLFMENTS OF MATRIX CS, REMAIN AS VALID 

STATEMENTS. 
C 	0) 	SEE OUTPUT Y(2) (MODERATOR TEMPERATURE) AFTER 
C 	CONTROLS (1) TO (3) 
c4*****44444 	PAY ATTENTTCN TO THE SRECIAL COMMENT ON THE COST FUNCTION 
C 	 IN THAT CHAPTER. 
C 	 ED. NUMB. 
C (1) LOAD FOLLOWING 	 (SIMUL.) 
C 
C 	Y(4) 	= X(18) 

onnT(3) = TP1*Y(4) 	TE1*U2(R) 	 175. AND 
C 1-)2(7) = (3) 	 OTHERS 
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C 
C 
C 
C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 

C 
C 

WHERE (WE'4 PARAMETFRS) 

Y(4) 	= PMFCH 	M,4) 
4(3) 7 OF 	• .r.IS 
U2(8) E PE 	mw(7) 

AND toLn PA 0AmETERsr 

X(iP) E PH=CH 
02(7) E OF 

AND (COEFFICIENTS) 

MEOW PONE? PRODUCED BY TURBINE (X18) 
FRFONENCY ER0DP 
ELF; POWER DELIVERED TO GRID 

TF1 	E TRANSF FUNCTION GAIN(INTFGP) FROM ACC TOPCME TO 0;' 
= 0.0515 

!)ATA 

TFA 	= .0515 
CS(4,18) = 1, 
S(7 1 4) 	= TFA 
on(3,8) 	= - TEi 
T(7,3) 	= 1. 

C 
C 	U2(7) IS AI INPUT WITH FEE19ACK 
C 
C (2) MODERATOR CONTROL 

	
(CHANGED ON 17.8.70 ACCORQING TO WINFRITH, 1.5.4) 

C- 
C 	Y(i) 	= (1.835-0.37294X(22)PAR1*X(1) 	0.172?(1)1AP*X(22) 	18 

Y(5) 	= 1.3862*Y(23)0,AR*X(lt) + 3.3P62*X(10)1AR*Y.(23) 	 83 
C 
	

WOOT(4) = -(1../TAUc)4(4) 	(1./TA1c)*Y(1) -(.0129/(?.*TAUF))4Y(5) 125,131 
U2(5) 	= TKF*4(4) 	TKF4Y(1) 	(TKP/4.)*U2(7) + (TKc/2.)4N2(9) 	129,130 

C 
C 	WHERE (NEW PARAMETEPS) 

C 	Y (5) = NS1RNM 
	

LPS/FC MASS FLOW AT OF STREAM FROM DRUM (XE7) 
C 	4(4) = IRr; 
	

POWFO CONTROLLER. VARIA1LE 
C 	U2(9) = WS1DEM 

	
NORYAL. OEMANIc0 WSDRUm (NORMILI7F1 TO 344.91 LIS/SEC) 

C 
	

(1./344.91 = .0029) 

C 	AND (DLO PARAmETFP:S) 
C 
C 	Y(1) E PHITON 	NOR'". 	104 CHAMBER INDICATION OF FLUX (NORMAL.) 
C 	N2(5) 7 YMlEm 	NOR". 	0F4INIPI YM (101ERATO:: VALVE POSITION) 
C 	X(1) E PHIDASH NOR". 	NEUTRON FLUX 
C 	X(10) 7 PO 	PsTa 	STEAM DRUM PRESSURE 
C 	. X(22) E HIASH 	NOR". 	mODFRAToR HcISHT 
C 	X(23) E YTOV 	NOPm. 	TNROINE CONTPOL VALVE POSITION 
C 
C 
C 
C 
C 
C 
C 

C .  

C 

X( )PAR E X( ) IN STEADY STATE 

AND (COFFFICTENTS) 

TKF 	7 TPANSF FUNCTION GAIN FOR MODERATOR VALVE 
= 30 

TANF = MODERATORVALVE LAG (POWER CONTROLLER) 
= 40 SEC 

DATA 

TKF 	= 30. 
TAOF 	= 40. 

cs(i,i) = 1.838 - .1729*X(22) 

C 

C 



C 
C 	U2(4) = YRIEN 

X(12) 7 Nw 
Y(16) E WF,I 

NOPMAL, DE,000F9 YR {FEED'44TER VALVE POSITION) 
LR 	MASS OF WATER 	STEAM CRNI 
L7S/SFC PASS PLOW RATE OF WnTPR INTO DRUM C 

C 
C 	ANo (CoFFFICIENTs) 
C 
• TK17 
C 

• TK14 

C 
C 
C 

C 
C 

c*** 

C • OATA 

= TRANSFER FUNCTION CAIN FOR yporu 
= F. 
= FIRST TRANSF FUNCTION GAIN FOR YR CONTROLLER 
= ('.02' 	(CRITICAL) 

TK15 7-7 sET RATIO TN Yr! CONTROLLER 
= 1. 

TAU10 = TIME CONSTANT FOR YR CONTROLLER (FIRST TRANSF FUNCTION) 
= 200 SEC 
= TIME CONSTANT FOR YROEM 
= 100 SEC 

229 

CS(1,22) = 	8 ,1729*X(1) 

cS(5,111) = .3f,62*X(23) 
CS(5,23) =..38(-)24-X(10) 

C 
cTEm0 0(4,4) 
C 
crrm0 s(4,i) 
CTEm0 s(4,5) 
C. 

nTF40 T(5,4) 
CTENP V(5,1) 
C. 
rTFmp Fr(F,7) 
CTEMR EE(5,9) = 

= - 1./TAWF 

= 1./IAUF 
= - .0O2R/(3.*TAUF) 

= TKF 
= - TKF 

- TKF/4. 
TKF/2. 

C 
c*** 02(5) IS A! INPUT WITH FEFOOACK 

	
NOT TN RUN (3))******** 

C (7) FEEOWATER CONTROL 
C 

Y(3)ERR = Y(3) - U2(1')) 
	

112,113 C 
112,113 C 	N(3) 	= 0.1258E-24x(12) 

C 
	

y(6) 	= x(1.6) 

wnnT(2) = - (r/14/TAuii)*w(1) - (TK14/TAN11)*Y(3) C 
+.(.,:112R*TX15/TAU11)*Y(5) - (.0029/TAU11)*Y(6) 

	
110,101, C 

+ (TK14/TAW11)4U2(10) 
	

103,104 C 
wnoT(i) = (1.1TAU10)4Y(73) - (1./TAU12)*U2(10) 

	
116 C 

C 
C 	U2(4) 	= TK134W(2) - TK134.TK144W(1) - TK134TK14*Y(3) 

+ .0O294TK17*TK15*Y(5) - .0C2R*TK13*Y(6) 
	

91,103, C 
+ TK13*TK14*42(10) 
	

104 C 
C 

WHERE (NEW DARAMETERS) C 
C 

INCHES STEAM ORIN LEVEL (TN 07EVIOUS OFFTNITIONS IN C Y(3) 7 
mXPVA2 ANO SSNLF, Y(3) WAS THE ERROR FROM 
NORMAL WORKING LEVEL) C 

LBS/SEC PASS FLOW RATF OF WATER INTO PRUM (X16) C 	Y(5) 7 WF4 	
FEEOWATER CONTROLLER VARIA9LE C 	W(2) 7 TF2 

INCHES 	• • 	•• 	•• C 	W(1) 7 IF1 
INCHES STEAM DRUM namaNnE'o LEVEL FOR YR CONTROLLER C 	U2(10)7 L1DEM 

(NORMAL WORKING LEVEL IS 44 INCHES) C 
C 
C 	Awl (OLo PARAMETERS) 
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C 

TK13 	= 5. 
TK14 	= .025 
TK15 	= 1. 

C 
TAU1C 	= ne. 
TAW.). 	= 100. 

C 
n(3,12) = 
CS(6116) = 1. 

C 
R(221) 	= - TK14/TAU11 

S(273) 	= - 1'k:14/TAW-I 
S(21) = .29*TK15/TAU1i 
S(2,6) 	= -.2O/TAU11. 
S(1,3) 	= 1./TA010 

C 
00(1,10) = 	S(1,1) 
OP(2110) = - 5(2,3) 

T(412) 
	

= TK13 
T(4,1) 
	

= - TK13*TK14 
C 

V(4,7) 
	

= - TK13 4.TK14 
V(4,5) = .0079*T11.13*TK15 
V(4,6) 
	

= -.E'.2O 4TK13 

EE(4,10) = - V(4,3) 

C 	U2(4) IS AN INPUT WITH FEE1OACK 

C tto MOOERATOP TEMPERATURE (NO CONTPOL SUGGEST'' HERE. INTROMYCTn ONLY FOR 
C 	 THE SAKE OF COMPLETENESS OF THE MATRIX CS) 
C 
C 	Y(2) = 24X(4) - 112(2) 	 23 
C 
C 	WHERE (Oil PAPANETERS).  
C 
C 	Y(2) E TMOUT 	OE' C 	MOOF'PATOR OUTLFT TqHPERATURE 
C 	X(4) = TWA' 	OEG C 	PcAl MOOE?ATOR TEMPERATURE 
C 	U2(2)E THIN 	DEG C 	MODERATOR INLET TEMPERATURE 
C 
11******** *4 4. 	SPECIAL COQ mENT 	****4****** 

C 	IT WILL BE SEEN IN SUPPOUTINE SCSMX (STATE-COSTATE MATRIX) THAT WE DEFINE 
A COST "ATRIX DY FOR THE OUTPUTS Y RATHER THAN FOR THE STATE VARIABLES 

C 	TPEREFOPE THE EQUATION (23) F('! Y(2) IS INCONVENIENT SINCE IT WOULI 
C 	PROPUC1,  MIXED TERMS (IN X WI U) IN THE COST FtwOTION. 
C 	IN coNsnuE,Ic7 vE SHALL KEF° ii(2) CONSTNT HNLPSS AND UNTIL WE CHANGE 
C 	THE STRUCTUR," OF 14r COST IATTIX. TH'PFFOPE . 	 

DATA 
C 

CS(2,4) = 2. 
C 
C 

C SET AND PRINT MATRIX 	PSN = CISIPN1 	 (9A) 
C 

CALL PIPED TBSOSN,NL,NU,NLOU2.1.1) 
CALL IMBED (1N0SN,N1_,NUNOL,NO2,1011+1) 
IF (IPRNT3) 111,222,111 

111. CONTINUE 
	

PRINT 
CALL WRIMX (BSN,NLINUP,IWROSN) 



231 

CALL ORANIXITISN,NLOU2 I IWRISH,7) 

C PRINT ALL NFWLY IN-MOONCED MATRICES 	 (14,15, 
• C 	 16) 

CALL WDTMX (CS,NY,N1,IwPcS1 
CALL no,wiY(r's,NY,NL,INRCs,5) 
CALL WRT0Y, ( RoWow,TwPP) 
CALL qoAmmx( P,Nw,Nw-,TWP0 ,q) 
CALL NPImx ( S,Nw,NY,INPS) 
CALL nRAwmx( ,z,Nwoy,v4pc,9) 
CALL WRiNX Fir),NN,m1,?,TN2n1) 
CALL oRAwlyinr,Nw,NU2IIw2C0,7) 
CALL WRINX 	7,NU2,Nw,IwPT) 
CALL FIRAW1x( T,NN2,Nw,TwRI,8) 
CALL wpImy 	V,Ni1?_,Nv,Tw2V) 
CALL n?ANmx( V,NN2,NY,Tw0v,R) 
CALL wpImx (E7OW?,NU2,TwREFA 
CALL n74wmx (EE,NU2,P',U2,TWREE,1) 

222 CONTINNE 

C 	CALCNLAT7 PARTIAL MATRICES 
C 
C 	Asq = 	rIsNALV*Cs + 	AS 

NOPRINT 

(17,18) 

CALL MULTI (v,Cs,VCS,NU2,NY,NL) 
CALL MULTI ( 0SN,vC5,'Nfc,NL,NN2,NL) 
Tr 	(IPPNT4) 71::i,37;213,1 

351 CONTT11 )7  PRINT 
CALL 	wRimx (rIV",4L,NL,IWIIVC) 

NL CALL 	nRAw-lx 	(PVC, 	,H9 ,IwR9vC0)  
3 4'2 CoNTINNF. NO PRINT 

CALL 	Ann (AS,9vC,9vC,NL,NL) 
IF 	(IRRNT4) 711,312,311 

311 cONTINur °RINI 
CALL WiTNX (11,W,NL,NL,TWRASI) 
CALL nRANNx (RIJC,NL,NL,Iw0IS116) 

312 CONTINNF NO PRINT 
C 
C r1T 	= 	9N*1-  
C 

CALL MULTI ('ISN,T,PT,NL,NN2,NW) 
IF 	(IPRNT4) 321,322,321 

321 CONTINUE PRINT 
W'FIX (nT,NL,Nw,TW.CIT) 

CALL 	c0 AwNx (oT,NL INN,TwR9T,g) 
322 ^.0NIIN1 1E NO PRINT 

C 
C SD = s*cs nn*V*CS 
C 

CALL 	muLTi (s,,:s,ss014,NY0L) 
IF 	TTPRNT4) 7311372,171 

331 CONTINUE PRINT 
NDIMX (c!'S,444,N1_,INCS) 

CALL 	1-PANMX (SCS,Nw,NL,IwRe;CS16) 
372 CONTINUE 40 PRINT 

CALL MULTI (Do,VCS,CV1,NW,NU2I NL) 
IF 	(IPPNT4) 741,342,741 

- 341 cONTrylp PRINT 
CALL WRTMX (OvC,NW,NL,IW?DVC) 
CALL ORAMMX (OVC,N1J,NL,INRIVC,6) 

34?. CONTINUE NO PRINT 
CALL All (scs,cvc,nvc,N40L) 
Tr 	(IPflNT4) :4 51.,352,751 

351 CONTINUE PRtNT 
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CALL WP.IMX (OVC,NW,NLI IWRSD) 

CALL ORAWNX (OVr.;,NW,NL,INRSD* 6) 
352 CONTINUE . 

C 
C 	RO = R+ D1 4T 
C 

CALL NULTI (O1,T,90T,NW,NU2,NW) 
IF IIRDNT4) 361,3621:561 

361 CONTINUE 
CALL Wr'TMX (DOT,NW I NW,INR1DT) • 
CALL rPAWMX (D1T,NW,NW,INCODT,1) 

362 CONTINUE 
CALL. ADD 	(7,DDT,111-,NW,NN) 
IF (IRRNT4)  371,372,771 

371 DONTTNUE 
CALL WP,IMX triflT,NW,NWOURRD) 
CALL ODAWNX (BOT,NN,NW,INRR9,P) 

372 CONTINNF 
C 
C 	plsE = TISM*EE 
C 	onE = .11n*EE 
C 

"CALL MULTI (D'IN,EE,nSF,NLI NU2,NN2) 
CALL MULTI ( OO,FF,ODE I NW,N+12,NU2) 
IF fIDRNTO 3A1,392, 381 

311 CONTINUE 
CALL UP,I4X (2'7:E,NL,NU2,INDDSE) 
CALL trAwmx (PSE,NL I NN2,IY7T3F,i) 
CALL L4RT9X (Drr,NW,NU2,IWR.01E) 
CALL OD,AWMX (DDE,NN,T)2,INRDIE,1) 

382 CONTINUE 
C 
C 
C PALCULATF FINAL NA7RICEc AF AND PF 
C 

NO PRINT 

PRINT 

NO PRINT 

PRINT 

HO PRINT 

(i3A) 

C 

CALL IMPEI 
CALL INDFD 
CALL IMDED 
CALL INPED 

(BVC,AEOLI NL,NX2 I NY2,1,1) 
( IT,AF,NL,101,NX20X2,10L+1) 
(OVC,AF,NW,NL,NX2,NX2INL+111) 
(COTI AE,NWONINY2I NX2,4L+1,NL+1) 

CALL TIMED (ISE,Dc,NL,N92,NX2,MU2,111) 
CALL IHDEO (DDEI RF I NNINU2INXFOU2INL+1,i) 
IF (Ir'RNT5) 33,444,333 

333 CDNTTNN7 
	

r'RINT 
CALL '4^T' X 	(AE,NX2,NY2,TWRAE) 
CALL DDAWIX (A7,4X2,NX2,TWD,AE,19) 
CALL 142,PlY (7E,NX201 U2*IW-),n17 ) 
CALL ORAWNX (DFOX2,NU2,IWRBE,7) 

444 CONTTNUE 
	 NOPP T NT 

RETU?N 
END 

C 
C 
C 

StnnoUTTNE TEcTlx (N,NA0U07-2,X,yAlUlxT,OF,IG,9x0xA,09,F1AR,GIA0.9, 
A IB I DD,C* 0,E IED,F,VN,VNA,FR2F,EPRG,ERPEDC,ERRGRCI 

2 	ND,L,G,GA,H,P,PA,1VO1V,GTIGAT,WNN,WNA,WANOAA) 
C 
C TPSTS MATDICES CALCULATED IN MXEVA BY GIVING VALUES (SMALL 99T NOT 7ERO) 
C TO X,YA,0 AND CALCULATING .)(noT=F AND G 
C X,XA,U 4R7  rALLEE ox,nxtlInu TO DISTINGUISH THEN FROM THE STEADY STATE VALUES 
C F,G se ,* nroG 
C THE Prcliljq OW;HT TO pr rLCSE TD THE VALUEr EDAR AND G9AP OBTAINED FROM THE 
C NONLINEAR EQUATIONS (CALFUN) FO? VALUES OE X,XA,U EQUAL TO X+DX,XA+OXA* U+DU 
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C 

REAL X(N).XA(NA),U(NU)Or(NE),OX(N),OXA(NA),OU(NU),OF(N),OG(NA). 
1 	 A') (N),G14 1̀ (NA),Err?P(m),ERNA),E7RF0C(N),Erl.RGPC(NA), 
2 	A(M,N),q(NOA),qq(N,Nq),r(N,NU). 
3 	0(M4lq),E(NA0A),rf0(N4,Nr),r(NA,NN), 

VNN),W1A(.1:)0;(,19,N),qA(Hq0A),P(NnIL),P(L0).PA(LOA), 
5 	OV(L,L),H1V(N1,L),GT(I1I N),GAT(N0,NA), 
6 	WNN(N,N),WIA(N,NA),NAN(NA,N),WAA(NA,NA). 
REAL 	S(11) 

C 
C 	GENERATE ox,IxA,ou 

. 	C 
1EA1 	(5,1111) 	(C(I),I=1,11) 

	

1111 	FORMAT 	(7(E6.1,4X1) 
REA!) 	(5,1112) 	IL, IP 

	

1112 	E( 	MAT 	(A3,45) 
10 	1 	I=1,t1,4 

	

1 	9X(T) 	= 	Y(I)*S(i) 
DO 	/001 	I=2,N,4 

1001 	ox(r) 	= 	x(r)4c(2) 
10 	2r301. 	I=3,N,4 

2001 	OX(I) 	= 	X(I)'-S(3) 
DO 	7011 	I=4,1,4 

3001 	ox(T) 	= 	X(I)4S(4) 
nO 	2 	I=1,NA,4 

2 	OXA(T) 	= 	XA(I)*G(5) 
10 	11 02 	I=2,NA,4 

1002 	DXA(I) 	= 	XA(TP'S(6) 
10 	2002 	I=3,IA,4 

2002 	DXA(T) 	= 	X4(I)*S(7) 
10 	30')2 	I=4,NA,4 

3002 	OXA(I) 	= 	XA(I)*S(A) 
10 3 I=1,NUO 

3 	DU(I) 	= 	U(I)*S(9) 
110 	1503 	I=2,NU,3 

1003 	cu(r) 	= 	u(I)45cie) 
10 2003 1=301)9 3 

2003 	r)U(I) 	= 	U(II*S(11) 
C 
C 	OF = AA'nx + (WIXA + on*oxo + c4-no (1) 
C 	= 	tA+In*(n-1-14 ov4D)]*ox 	+ 	(1+11v(GA-H*OV 4PA)1*DYA 	+ C*DU (iA) 

C 	NOTE.. 	(IA) 	HAS IFFN 09TAINED IY MAKING 7001=0 	IN 	(3) (STEADY STATE) 
C 	 AND 	FIN1T11 	XI 	Pr'Om 	(3,4), 	°Er'LACING INTO 	()) 
C 

CALL 4ULTI (Hovoovoo,L,L) 
CALL MULTI ( 141v,p,n7on,L,N) 
('ALL SUITR (G,GT,GT,N1,N) 
CALL HILTI (°D,C,T,'M/N9NI+4) 
CALL ADD 	(A,INNONN,N,N) 
CALL MILIXV (WIN,OX,IF,N,N) 
CALL MULTI (H1V,PA,GAT,II,L,NA) 
CALL sufITR (GA,GAT,GAT,N1,NA) 
CALL MULTI (11,G4TONA,N,N1,MA) 
CALL A11 	(1,14NA,MN4,N,NA) 
CALL MULMXV (NNA I OXA,VN,N,NA) 
CALL ADOV 	(9E,VN,DE,N) 
CALL MIILMXV (CIII,vI,N,NU) 
CALL A9DV 	(OF,VN,OC,N) 

C 
C nn = n.nx + E.oxA + 7D*IY0 + r*OU 
	

(2) 
C 	= (9+E9*(G-H40V*P)14"1X + (C+ED*(GA-H*OV*RA))*DXA + F'-DU 

	
(2A) 

CALL MULTI (E0,GT,WAN,NA IMO,N) 
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CALL min 	(D,WAN,WANINA,N) 

CALL M'ILMXV (W1N,9X,^O,NAIN) 
CALL 1NLTT (E9,SATOAA,NA,NO,NA) 
CALL AID 	(E0AA,WAA,NA,NA) 
CALL MNLNXV (NIA,)XA,VNII,NA,NA) 
CALL A99V 	(OG,VNA,MNA) 
CALL 4ULHXV (r,DN,VNA,NA,NN) 
CALL ADOV 	(DG,VNAOG,NA) 

r GETEPATE X+9X, xA49xA, U+DU FOR CALFHN 
C 

DO 4 I=1,N 
4 X(I) = X(I) + DX(I) 

90 F I=1,9A 
5 XA(I) = YA(I)+9XA(I) 

00 6 I=1, "I') 
6 U(I) = uuriou(t) 

C CALCULATE VALNES OF FRAP AND GgAR (EONIVALENT TO F ANT) G IN CALFUN) 
C 

CALL CALFUN(N,IA,N(I,NF,X,XA,U,XE,FRAR,GRAPIX130,X201,XA40,1,111,1) 

C CALCULATE ERRORS ( 9r-FRAR) AND (PG-GLIM?), AS WELL AS THE PEPCFNTNAL ERRORS 
C 	 (RELATED TO FBAR AND GOAR) 
C 

30 7 T=101 
7 ED7P(I) = Orin - FPAR(I) 

99 8 T=1, NA 
li 7:RRG(I) = 1G(I) 	GRIP(I) 

90 20 T=i,N 
TF(Ft/AR(T))1rq,ini,iln 

101 FRRFPC(I) = 0. 
GO TO 20 
EP7r0C(T) = 1V3.*FRR c(T)/F0AR(I) 

20 CONTINUE 
90 21 T=1,NA 
Tr(G1AR(I))200,201,?0P 

201 ERRGPC(I) = 0. 
;0 TO 21 

200 EPRGL19(I) = 100.*ERRG(I)/GRAR(I) 
21 CONTINUE 

C 
C WRITE TABLES OF OF,OG SIDE IV SIDE WITH FEAR AND GRA? FOR COiPARISON 
C 

WRIT= (6,1'1 ) ILIIP 
11 FORHAT (11-11,31X,*TEST nF CORR,ECTNESS Or MXEVA*///31X,*FRAR AND GRA 

AR APE THE VALUTS OITAINED RPDH THE NONLINEAR SET (9,ALFUN)*//41M, 
2*wITH X = 'X+Px, 	XA = XA+DXA, 	U = 04-nu*/46x,,,, Fna = F(X+DX,XA+O. 
34,11+0N) - r(X,XA,U)* 146X,*GOAP = G(X+9Y,XA+OXA,U+9U) - G(XIXA,U)*/ 
4/71X, 
qor 

 

ARID 9G APE 09TATNE'9 FRO4 THE LINEAR SET*//41X, 
633HDr = A*9x + D*OXA + P941X0 + P*9U,37Y,*(1)*!44X,66H= (A+T)*(G-H 
7*OtI*0))*(IX + (1+7o*(;;A-H*Ov*PA))*Dx4 + c*pN 	(1A)//41X, 
837HOG = 0*IX + 	+ ED*DX9 + r*oN,13X,*(2)*/44X,65H= (O+FD*(G-H 
9*OV*0))*DX + (E+E0*(GA-H!*CV*DA))*'7XA + F*DU 	(21)// 
AiXt*VALNES OF IX,0X4,9U ARE SCATTERED OVER THE RANGE *,A3,* TO *2  
A5,* or sTFA9Y STATC VALUES.*/ 

C1X,*(14,2A) HAVF BEEN nniAINFn BY 4AKING ZDIT=0 IN (3), (S/STATE), 
9 AND FINDING X3 FROH (7,4).*122X,*PERCFNTUAL ERROR*/ 
Eiy,*(srp NAT! or?.0GoA,4 )*,13X,*(1. = U7)EFIr729) */) 
c“IITF, (6,11) ((i,7F(T),I,F0AR(T),III.F.0.PF(I),ERRF0C(I)),I=10) 

11 F°D.MAT (10XO'DF(4- ,I2,4 ) =4-1E15.8,4X,4FRA0.(*,I2,41 ) =*,E15.8,10X, 
*OF(*,7:7,*)-FrI1P( 4,1:2,4) =*Iri5.0X,E11.3) 

WRITE (6,12) ((i,'IG(I),I,GIAR(T),I,T,E°7-'G(I),EP2GPC(I)),I-,=1,NA) 
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12 FOP'AT WX,*1G(*112,*) =*,E15.314X,*CRAR(*I I21 *) =*,F.15,1,1eX., 

1 
	

*DS OE  1'22 	'"G rIAR 	I2 ) 4' ) 1'4' 1E15118,9Y, EV) 02) 
RETURN 
ENO 

C 

C 
SU1ROOTINE TESTOX2 (N,NA,N+),A,r3,RD,t',O,E,E0,F,N'I,L,G, GA,H,P ,PA,  

1 	 1..ii,411114144,14A9.,1444 1  
NI, AS,r3S, (1, A T, 	 , FT 1 7-70V,314, 

3 	 YIL2 ,k4 4^. 	,141n) 
r?Ekt... A (N, 	pr.1(10A) , 10( N,N1),C(N,N')) 0( NA ,N) ,E (NA ,N11) ,E1( NA I N9) 

,TI) 	(t11, 	A (Nr/,`JA) '14  (110, L) 	(L I M I PA (1, OA) , 
2 	writs1( 	ofiA pi 0A) 	, a A 01 non) 
ctzat.. 	(Nt..., 	, 	(NIL pt‘:IJ) 	 1 ( Nt. ,NL) , 	, 	, 

1 	AT (tI, N) 	,L) ,CT ('.1,.411) ,PTCL, N) , 	(1. t.) g FT (L I  
2 	PT] (11:1 011) ,VIA 	oN71.04,11,1) ,14LA 	,tvo ot.r,  (1.1,4r)) 

C TEST rART II 
C 
C TEST CORRECTNESS OF FINAL HO9EL 
C 
C 	X1DOT = AS*Xi + BS*U 	 (9) 
C 
C 	AGAINST BASIC LINFAR monct. 
C 

rIOT = A*X + 1*XA + -n*yo 	r.11 
C 	o = n*x 	E*X1 + FO*X0 + F*U 	 (2) 
C 
C 	?nor = 	PA*XA + 1*7 	 (3) 
C 	xr) = G*X + GA*X4 + H*7 	 (4) 
C 
C 
C 	XDOT.= A*X + 1*XA + '10*(G*X+GA*XA+H*7) + C*U 
C 0= 0*X + E*XA + E0*(G*X+GA*XA+H*7) + F*u 
C 

= (0+F0*1)*X + (r+El*GA)*XA + F*U + E9*H*7  
C 	 XA = -FIV*C(D+EO*S)*X +.E.9*H*7 + F*U1 	EOV = INV(E+EO*GA) 
C 
C 	X'lOT = A*X - 	1*E0V*((1+17G)*X+Erl*H*7.+F*u) + 11*G*X + 99*H*7  + C*U 
C 	 10*GA*TCV*[(0+E9*G)*X+FO*H*7+F*u/ 
C 	Z0OT = P*X - 	PA*FOV*((l+FD*G)*X+E0*H*Z+F*01 +Q7 
C 
C 	X1OT = AT*X + AZ_ -Z + CT*U 	 (A) 
C 	700T ='PT*x + 01'47 + ri*u 	 (9) 
C 
C 	WHERr 
C 
C 	AT = A + no*r; - ( 1+11*GA)*E0,,*(04-E9*G) 
C 	A7 = 19*H - (P+111)*GA 
C 	CT = 	(3+10*G4)*F1V*E 

DT = F - PA'ICOV*(C+F0*G) 
C 	nT 	PA-4.7.nv*Eng.4 

C 	rT = 	PA*F1V*F 
C CALCULATE EcV = INV(E+El*GA) 
C 

CALL MULTI (Eo,CAOAA,NA,N11 4A) 
CALL A01 	(F,uAA,w4A,NA,NA) 

CALL NVERT(WAA,70VINAORANK)_ . 
C 
C CALCULATF BRA = (1+11*GA)*E0v 
C 

npti 401_1E ("1,r,I,WO,M0n0A) 
. CALL Arlo 	(911404/V44,N04) 
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CALL MULTI (WMA,EV,1OA,M,NA,NA) 

C 
C CALCULATE WAN = (D+r94G) 
C 

CALL MULTI (El,r,,wAN,NA,N1,14) 
CALL A00 	(DOAIOAN0AI N) 

C 
C CALCULATE AT = A 4- 9D*G.- 9RA*1JAN 
C 

CALL MULTI (9o,;,IT,N0190) 
CALL MULTI (11A,NAmONNO,NA,M) 
CALL SUQTR (AT,MuNoNN,N,N) 
CALL Ann 	(AOHNOTOI N) 

C 
C CALCULATE A7 = (RD - rut9ifE0)14 
.17; 

CALL 	(1nA,E(;) NNIt m,MA,V1 ) 
CALL SWITr). (7n,U10,14ND,N,N9) 
CALL MULTI (Wn,H,A 7,NINolL) 

C 
C CALNJLATE CT = C - 1144- 
C 

CALL MULTI (99A,F,CTO,NA,41J) 
CALL SUnTn. (C,cT,CT,NOU) 

C 
C CALCULATE nT = P - PA*ECV*(0+EO*G) 
C 

CALL MULTI (71,r,I W4N,NA,NCI N) 
CALL Ano 	(9,wAU,4AN,NA,N) 
CALL MULTI (nA,E9V,wtA,L,NA,MA) 
CALL MULTI (WLA064,071 1.040) 
CALL SURTR (P,PT,PT,L,N) 

C 
C CALCULATE OT = n - pA*Elv*PO*m 
C 

CALL MULTI (nA) 79V,WLA,L,NAOP) 
CALL MULTI (ULA,IIO,PL9,10A00) 
CALL MULTI (14L9,H 2 OT,L,K0,1) 
CALL SunT tn,nror,L,L) 

C 
C CALCULATE FT = PA*E9v*r 

CALL MULTI (RA,79V,wLA,L,NA,NA) 
CALL MULTI (WLA,F,FT,L,NAOU) 
CALL NE>ATE(FT,PT,L,Nu) 

C 
C CoMPARE AS AMO 9.S FROM EC 	(9) 	WITH THE MATRICES OF EC 	(A) , (B) 
C 

WRITE 	(6,530) 
5C0 	rOnMAT 	(1H1 13iXt*TFT OF C910,ECTNESS 07 FT1AL mcopt*ff 

131X,50uX109T 	= 	+ 05*U 	 (9)// 
211Y,7HAGAIMST THE 	BACTC LINEIn mOr)E1 // 
331X,50H 	X9OT 	= 	A*Y 	+ 	n*XA + 	n,c*Xo 	c-4,1J (1)/ 
431X,50H 	0 	= o4 Y + 	EN. YA + rn*xo + 	F*U (2)// 
571X,504 7097 	= Fm"- Y 	+ 	pcoty.A 	4-0*7 (3)/ 
F)31X,574 	xl 	= 	G*x 	GA*xA 	H*7 (4)f// 
731X,50H(1,2,3,4) 	COlqIME 	TO GIVE // 
131X,5qH 	Y.91T 	= 	AT*X 	+ 	AZ*Z + Crui (A)/ 
031X,50H 	7.99T 	= nT 4 X 	+ 	oTv.z 	FT*0 (I)// 
1131X,51HWuEE // 
13ix,50H 	AT = A + 11*c, - (O+09*(-, A)*F9V*(0+,E0+5) 
C31X,50H 	A7 = 	'94H - (n+09*GA)'IEDV* 	E9*H 
031X,50H 	CT = C 	- (B+RO4GA)*EnV 4F 
F31X751H 	nr = D 	PI‘*EnV*(1+Fn*G) 
F31)( 151H 	OT = 	DA*EMPTI*H 
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G31)4,504 	FT = 	- PA*COVIT 	 //// 

H31X,5IHTHE ELEMENTS OF AS AND DS ARE cow2ARE0 TO THE 
I31X,52HCORRESPnN0INS ELEMENTS IN THE SURmATRICES OF (AF I DF)/// 
J31X,50HELFMENTS WITH ERROR GREATER THAN 1.E-15 ARE LISTED/////) 
WPITE (6,511) 

501 FORMAT (//12X,*FLEMENT OF MATPIX AS4,10X I *ELEMENT OF MATRIX AT*, 
ii7X t*FRRO2",) 

r:OMRARE (A7,4S,N,N,41-01.11,1) 
WRITE (5,512) 

502 FORMAT (//12X 1 *ELEMENT OF mATRIX AS*,10XI *ELEMFMT OF MATRIX A7*, 
1171Y4*ERROR*//) 
CALL COMPARE (A7,ASO.L,NLI NL,1,N+i) 
WPITE (5,511) 

503 FORMAT  (//12X,*ELF4FNT OF MATRIX AS*,10YOTLEMENT OF MATRIX PT*, 
11:!X,*FR1OR*//) 
CALL COMPARr (RT,AS,L,N,NL,NLIN1-1,1) 
WPIT7 (6.5'1 4) 

504 FORMAT (//12X 1 *ELF.MENT Or MATRIX AS*,13X,*ELFMENT Or MATRIX OT*, 
117X1 *ERROR*//) 
CALL COMPARE (IT,AS,L,LOI,NL.N+1,N4-1) 
WRITE (5,515) 

505 FORMAT (//12X,*ELFMENT OF MATRIX 6S 4 ,10X.*ELEMENT OF MATRIX CT*, 
113X1*EPOR*//) 
CALL comPa?r: (CTI 0S,NOUOLOU1 111) 
WPITE (61 51,'5) 

5P5 FOR MAT (//12Y,'-:LEmENT OF MATRIX RS*,10X.,*ELEMENT Or MATRIX FT*, 
113X,*7.7=)0D,*//) 

COM2ARF (rT,IS,L,NUOL,MU,4+1.1 1.) 
RETURN 
ENO 

C 

SUBROUTINE COW1ARE (A19,M,N01,41,K11K2) 
C 
C COmRARFS MATRICES WITH SWIMATRICFS IN PARTITIONED MATRIX 
C 

• c 
C 

SUBROUTINE DPAWMX(A,M,N,IWRA.LOLLY) 

°EAL A(M,M),n(M101) 
no I. I=1,M 
II = 
90 1 J=1I N 
JJ = J4-K2-1 
ERROR = R(II,JJ) - A(I,J) 
IF (7Rn.0R.LT.1,E-15) GO TO 
WRITE (5,2) II,JJ,0(ITIJJ),I,J,I(I,J),EFROR 
CONTINUE 
c.FTur>4 

2 FORMAT (nX, 4 (*II2, 41,41T2,*)*OX,E15.8,5X,4 (*,I2,*,*,I2, 4 ) 4.,3X, 
1 	E15.,5X,E15.8) 
ENn 

C 
C DRAWS MATRIX, 	X FOR NON7ERO ELEMENTS 
C. 	FOP 7EPO 	• • 
C.  
C ZERO DEFIMED AS LE.1.E-1O 
C 

PEAL A(40) 
INTESrR DRAW (Sd,71),IFRmT(31) 
nAT A T7,"7,1M*,1MX/ 
DATA (TFR4T(1),I=1,31)/ 
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1 	• 1YH(31X, 1A1), 10H(31X, 2A1), 10H(31X, 3)51), 10H(31X, 4111), 

2 	10H(31Y, 5A1), 1014(31X, 6A1), 1OH(31X, 741), 19H(31X, 8A1), 
1(44(31Y, 9A1), 1 -1 (31.Xl1(A1), 1.011(3iY,i1A/), iI4(31X 7 12A1), 

4 	10H(71Y,13A1), 10,H(31X,14A1), 1.14(31X,i5A1), 11111(31X,15A1), 
5 	10H(31Y,17A1), 1CM(31Y,18A1), 10H(731X,10A1), inH(31X,20A1), 
5 	11H(71Y,21A1) 	1CH (31 X1 22 A1) 	1 CH (31X 1 27.41), 1 H(31X, 2101)1 
7 	icH (-31x ,?5A1) 	11,11 (31X, 25A1), 109 (71X, 2741) , 	Mt 31 X, 25A1 ) 
8 

	

	1GH(31X ,2(4A1) 	10H(?. X, 3041) , 1OH(31X,31A1)/ 
WFIT (511) IMPA,m,N 

	

1 FORMAT (MIX, t`MA TRIx *,A3,* (w, 	I2,*) IN DRAWIMG*// 
1 	31X ,*123456759012345578901271+567B901*/) 
ZERO = 1,E-10 
DO 2 T=1,M 
DO 2 J=1, M 
DRAW (TO) = 17 
IF (A 	(A ET ,J)) - 70) 2,2,3 

3 1R4w (TO) = M7. 
2 fI ON T *IMF 

L FR"T = 'FRIT (N) 
WRITE (C,LFRMT) 	(l2AN(I,J),J=1 ,N) I=19 
WRITE ( 6, 4) 

4 FORMAT (//31X,*.r.:1ENTS OF ,IALIJE GREATER THAN 1.E-10 DRAWN AS X*/) 
•RFTURN 

• FND 

C 

SUBROUTINE DPA1-JL4 (N,NA,k1U,NI,L,HL, c,r.A 	 riD ,C,D,E,E!),F 
, AS, IS,N1,4A101..11 ,M^1,LL1.1NL1 

2 	 MY2,Nti2,A,1c- ,NX21 
REAL A (N, N) ,r1(N,M A) , " 	N1) ye( t1,1111) yn( 	,t1) , EC NA OA) 'ED (NA ,N11) 

Ft NA ,NUT ,A 	,NL) ,1S(NL,NU) 	((.0),P4 (. OA) ,n (L IL) G(NDIN), 
2 	GA (MD, MA) , H (NI 0-) 
INTEGFR Ni(N) ,:4A1 (MA 1 ,NU1 (NU) ,N01 (Nal ,LL1 (L), NL1 (NU 
REAL Ar(NX2,NY2),'"(N)(2,NU2) 

• TrATEGER NX21 NX.2) 'W121(012) 
DATA I"! ,M.7/1H,114 X/ 
GO TO (100,2001300),TOOM 

C nRAws comPLETE LINEAR 4I9EL 
C 

100 WRITE (6,1) 
rORMAT (114,1 1 31Xy*CI4RLETF LINEAR 400FL, BASIC EQUATIINS (XD(T) IS 

1rHE VE(;TOR OF 1RRR3X. IFLAYEI VA'=IA°L='S)*/,/!/21Y, 
27(114'00M) = A4LX(T) 	04XA(T) 	00'''XI(T)+ (.!*1)(T) 

3 	(1)/// 	 5X, 41.23456789J123456789ei23 4.1 29X,*i2 
43456799012345674,20X, 	41234*, 	23X,*12345674/) 
00 2 I=1," 
CALL SCAN (A ,9,N 	$77,"7,1) 
CALL SCAN (0 ,N,NA,NAI,I7,17,I) 
CALL SCAN (0),N,N90'01,17,47,I) 
CALL SCAN (C ,N,NU,NNI,I7,N7,I) 
WRITE (6,11)I,(N1(.Jl,J=1,N) (WU 	,J=1 ,NA) (ND1 (J) )=1,N9) 

1 	 (NU1(J),J=1,NU) .  
11 r0°MAT fix,12,?X1 23A1,20X,17A1,20X,4A1,21X,7A1l 
2 CONTINNE 

VicsTTr (6,12) 
12 FORMAT (///27X1 64H0 = n*x(r) + E4 XA(T) 	E0*X0(T) +F*U(T) 

1 	 (2)/// 	 5X0.12345673°0123456789112 
23*,20X,*1234567800127.4567*, 	20X,41234*,20X,*1234557*/) 
o0 11 T=i,NA 
CALL SCAN (0 ,NA,N 	,T707,I) 
CALL SCAM (E ,WW.1 11,"iF T707,T) 

. ('ALL SCAN (FO INA,NI,N01,I7,N',I) 
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CALL SCAN (F ,HM'4!U,N1!1,I7,N7,I) 

WRITE (6,11)I,(N1(J),J=1,N),(NAi(J),J=1,(1A),(N01(J),J=1,141), 
(NU1(J),J=1,1U) 

13 CONTINUE 
C 

WRIT" (6,4n) 
40 FORMAT (1111,31Y., 41 TI'iE OELAY APPROXIMATTONS$/////21Y,3614 700T(T) = P 

i*Y(T) 	PA'-, x4(T) 	n"4-7 (T),31X 1 4 (7)*/7/21X,*THE LENGTH OF 7 TS 1..*// 
2/5X,4.12745(37tvr12345579901274. 1 20Y,*1244567001234567'!,20Y.O.1234(TH 
7E ROW LENGTH nF 0 IS L)*/) 
no 41 I=1,L 
CAtL SCAN (P ,L,N ,Ni ,1:7,'47, I) 
TALL SCAN (PA,L,NA,N11,I7,N7,I) 
CALL SCAN to ,L,L ,LL1,1707,I) 
WRITE (c,,42) II (N1(J),J=1,N),(NAi(J)0=iom,(Lutj),J=i,L) 

42 FOPW‘T (1X,12,2)(1 27A1,20X,17A1,2(:X,441) 
41 COW' INUF 

WRITE (51 E))) 
50 FORMAT (//r//27X,74HX1(T) = Gv-Y(T) 	r,A*YA(T) 	H4Z(T),31Y,*(4)*// 

1/5X,*12345G719()123457190123*,23X,*12345673901234567*,23X0.1234(TH 
2E ROW LENGTH OF H IS L)*/) 
r10 51 I=1,L 
CALL SCAN (5 ,L,N ,N1 ,I7 ,N7,I) 
CALL SCAN (GA,L,NA,NA1,I7,N7,I) 
CALL SCAN (H ,L,L ,LL1,T7,N7,I) 
WRITE (6,42) ION1(J)5J=1,N),(NA1(J),J=1,NA),(LL1(..)),J=1,L) 

51 CONTINUE 
C 
C DRAWS EQUIVALENT LINEAR vCOEL 
C 
inn WPIT7 (6,20) 
21  FORMAT (1H1,11Y,*EnUIVALENT LINEAR mODEL4/////20Y 1 214X100T(T) = AS 

1*)(1(T) + rls*!1(T),3=1Y,*(r1)v///21X,*X1 IS THE CO1r3CSITE VECTOR OF X 
2AND 7, ITS L:ENSTH IS NL=N+L*/////5X,*1234557i901234557R101234557(R 
30W LENGTH NL)c,3:)X,4-1234567*/) 

C 
C 21.4.70 

. C 
C 	CHECK IF NL AN1 NU ARE ECUAL TO 27 AND 7 RESPECTIVELY 

IF (NL - 27) 34,33,34 
73 IF (NU - 7) 34,36,3(4 
34 WRITE (6,75) 
"45 FORMAT (//'!/ii?X.,4NL IS NCT EoUIL TO 27 ANO/OP NU NOT EQUAL TO 7*/ 

11/110 X, 	ORAWL1 ANO PERHAPS OELAY*) 
STOP 

C 
36 no 21 I=i,NL 

CALL SCAN (SOL,NL,NL1,1707,I) 
CALL SCAN (QS,Nt,NN 5 NUi,IZI N',I) 
WRITE (6,22) I,(NL1(J) 1 ,1=1,NL),(NU1(J),J=1,4H) 

22 FORMAT (1X,T2,2X,27A1,45Y,7A1) 
21 CONTINTIF 

RETURN 

C DRAWS COMPREHENSIVE LINEAR MODEL 
C 

200 WRITE (6,67) 
60 FO'4AT (1N1,31Y.,*OOMP?EHENSIVE LIN.MOOEL*/////20X,28HX200T(T) = AF 

14.X2(T) + 7V-411c1 ,3.7Y, 4 (13)*///2PX,4X2 IS THE COMPOSITE VECTOR OF Xi 
2 AND W, ITS L7Nr,TH IS NY2=NL4-NW*/////5X,4-11345.6730012145671n0121456 
37Fi9ni(ROW LE(!GTH NX2)*,25X,*1234567890(POW LENGTH NU2)*/) 

c 
c 	CHECK TF NX2 AN') NH2 ATE EnUAL TO 30 ANC 10 RESPECTIVELY *** (CASE 3) 4** 

. 	- 
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C 	CHECK IF NX2 AND NU2 ARE EQUAL TO 31 AND 10 RESPECTIVELY 	***CASES 415,6" 

C 	CHECK IF NX2 AND NU2 ARE EQUAL TO 29 AND 1C RESPECTIVELY 	***CASES 7 	44* 
C 	

IF (9X2 - 30) 4,3,4 	 CASE 4,5 
3 IF (NO2 - 10) 4,6,4 
4 WPITE (6,5) 
5 FORMAT (1H1,10X ,*my2 IS MOT EQUAL TO 70 AND/OP NU2 NOT EDUAL TO 10 CASE 3 
1*////10X,*CHANGE OPAC4L4 AND PERHAPS FP9CK1*) 
STOP 

C 
C 

C 
C 
C 

6 DO 61 I=1,1x2 
CALL SCAN (AF,NX20X2,MX21,IZ,N7,T) 
CALL. SCAN (1r,Nx2,MM2_,NU21,12707,I) 
WPITE (6,6') IONX21(J),J=1,NY2),(NU21(J),J=1,NU2) 

62 FORWAT (1X,T2,2X,30A1,42Y,13A1) 
61 CONTI*NJE 

RETURN 
EN71 

.SURPOUTINE SCAM (A,M,H,NNI IZ,NZ,I) 
REAL A(M,N) 
INTEGER NN(M) 
ZERO = 1.E-10 
DO 1 J=11 N 
NN(J) = I7  . 
TF (AlS(A(I,J)) - 77PC) 1,1,2 

2 NN(J) = NZ 
1 CONTINUE 

RETURN 
ENO 

FUNCTION SLOPE1 (7) 

CASE 3 

C DERIVATIVE Or YE(1) (OKM=PrACTIVITY EFFECT OF MODERATOR HEIGHT) 
C 	W.R.T. x(22) (HDASH=m0O. HEIGHT FROM CORE nOTTOM NORMAL. TO 12.5 FT) 
C 

NOTE 
C 	THE VALUES PIP DATA WERE CALCULATED IN SLOPES FROM DATA OF FUN 
C 	(TAKEN FROM STEA06) IY SImPLE INTERPOLATION. 
C 	SEE SLOPES (Um'NC0JA,I.D.F)9) CPR DETAILS 

C 	POLYUOMIAL FITTING MIGHT DE CONSIDERED AT A LATER STAGE. 

REAL X(14Y,Y(14) 
DATA (X(I), I=1,141/ 
1 0. 	, 	.2301E-C1, 
2 .27207+CO, .25CCE+00, 
3 .4721;;E+05, .5200E+09. 
A 	(Y(I),T=1,14)/ 
5 .1919C+rm), .1716E+00, 
6 .8477E-01, .6771r-?1, 
7 .7542E-11, .3229E-11, 
L = 14 
SLoPE1 = 1. 
CALL INTPOL (L,X,Y,SLOPE1,7) 
RETURN END  

.AF!rH)F-C1,' 

.72FM1E+.01, 

.5720E+.0?, 

.150LIE+0;), 

.5625E-01, 
• 2857E-01 

.1419Eft0, 

.3761E“.70, 

.60C0E+CU/, 

.1262E+00, 

.5104E-1, 

.2657E-01/ 

.184DE+DO, 

.4240E+00, 

.1C 42E+01), 
4513E-01 

C 



.R000E+02, 

.

• 

180CE+04/1  

-.555CE-12, 
-.E2PE-03, 
-.7512E-04/ 

.1250E+13, 

.3750E+1:3, 

-.3400E-"2, 
-.5800-u 3, 

.1750E+03, 

.425jE+03, 

-.2000E-02, 
-.4000E-03, 

FUNCTION SLOPE2 (7) 

C DERIVATIVE Or X7(4) (HWSTAR=7NTHALPY or WATER AT SATURATION) 
C. 	W.P.T. X(10) (PI=STE.A4 DRUM PRESSURE) 
C. 
C. NOTE 
C 	THE VALUES FOR DATA WERE CALCUL A TED IN SLOPES FROM DATA OF FUN 
C 	(TAKEN FROM STEADS) PY SImPLE INTERPOLATION. 
C 	SEE SLOPES (11MAC^JA,;!.9.69,) FOR DETAILS 

C 	POLYNOMIAL FITTING MIGHT SE CONSIDERED AT A LATER STAGE 
C 

C 

C. 

PEAL X(14),Y(14) 
DATA (X(I),I=1,14), 

1, D. 	 .5C,r,"1F+02, 
2 .275',1E+03, .3500E+C3, 
7 .75OF+15, .8F1]0E+03, 
A 	(Y(1)1 1=1,14)1 
5 ./132E+0i, .9660E+00, 
6 .3561F+0!i, .3910F+00, 
7 .1$120E+0G, .1SR0S+O0, 
L = 14 
SLOPE2 = 1. 
CALL INTPOL (L,X,Y,SLO°E2,7) 
RETURN 
END 

.125CE+03, 
.1,50CE-1.03, 
.D500E+03, 

.6420E+00, 

.257PE+CO 3  

.15VE+00, 

.1750E+03, 

.55E:0E+03, 

.190PE +P 

.1010E+00, 
.2220E+00, 
.1524P+00/ 

.2250E+07, 

.650CE+03, 

.4119E+094  

.19q1E+00, 

FUNCTION SLOPE?: (7) 
C 
C DERIVATIVE OF XE(5) (DHW/OP=FUN3) W.R.T. x(10) (0D=STEAM DRUM PRESSURE) 
C 
C NOTE 
C 	THE VALUES FOR DATA WE'3.E CALCULATED IN SLOPES FROM DATA OF FUN 

(TAKEN FROM STEADS) RY cI"PLE INTERPOLATION. 
C 	SEE SLOPES (OMAO0JA,3.9.69) FOR DETAILS 
C 
C 	POLYNOMIAL FITTING MIGHT RE CONSIDERED AT A LATER STAGE 
C 

2111 

PEAL X(13),Y(13) 
DATA (X(I),I=1,13)/ 

1 CO 	, 	.40011E+02, 
2 .225CE+.01, .2753E+:3, 
7 .4750E+03, -.75PF+03, 
A 	(Y(I),I=1,13)/ 
5 -.1061E-01, -.3362r-02, 
S -.1332r-02, -.1961E-S2, 
7 -.2417:CE-C7, 

= /3 
SLOPE? = 1. 
CALL INTPOL (L,X,Y,SLO°E3,7) 
RFTUPIl 
END 

C 
C 
C 

FUNCTION SLOPE4 (7) 

C DERIVATIVE OF FUN4(KXnf)T) 	 KXCOUT 

C 	THE VALUES FOR DATA WERE CALCULATED IN SLOPES FROM DATA OF FUN 
C 	(TAKEN PRD1 STEADS) "Y 7IMPL7. INTERPOLATION. 
C 	• SEE SLOPES (UMil- COJA,!.9.69) FOR DETAILS 
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C 	POLYNOMIAL FITTING MIGHT 	OONSIO"PEB AT A LATEP STAGE 
C 

C 
C 

REAL X(14),Y(14) 
1ATA (X(T),I=1,14)/ 
i 0. 	, 	09100E-01, 
2 .9475E+97, .7188+0ii t  
3 .17(12E+01, .2212E+G1 t  
A 	(Y(I) 1 7=1,14)/ 
9 .4977F+CO t  .4f.9174410, 
6 .2771E+03, .2392+30., 
7 .1200E+00, .991iE-0i, 
L = 14 
SLOPF4 = 1. 
CALL INTPOL (LIXOI SLOPE4 t7) 
PFTUPN 
ENO 

FUNCTION SLOPE9 ( 7) 

O1.90fl7+EO t  
.9187F+U), 
.2725F+01 t  

.4199_+frj, 

.204°7+ 1 1 1  

.7882E—Ol t  

.2629E+0C, 

.1190T+Oit  

..300H+1?1/1  

.7640E+.00, 

.1746F+CC, 

.6847E--fl 1/ 

.3979E+00, 

.1442E+01, 

.3169E+00, 

.1458E+10 1  

C 
C.1ERIVATIVE OF X"'(3) (=ON" = FUN TION OF YP) 
C 	W.P,,T. X(19) (YR=10(.0O FEEONATER VALVE POSITION) 
C 
C NOT! 

VALUES OF 1ATA A°F TAKEN FROM SLOPE5 IN STEA16 

C 	POLYNOMIAL FT:TUNG MIGHT OC fONSIIERED AT A LATEF STAGE 
C 

REAL X(9),Y(R) 
DATA (Y(I),I=1,9)/,0 t.D531.100t.15,.2ii0p.250 11.300, .350 t 1. 	/ 1  

1 	(Y(I),I=1.19)/.1117t.2797.313t.4261.978,.770,0960,1•232,1.232/ 
L = 9 
SLOPE9 = 1. 
CALL INTPOL (L I X I Y,SLO°E5,7) 
RETURN 
ENO 

C 
C 
C 

FUNCTION SLOPF6 (7) 
C 
C OFRIVP.TIVE OF Y7(11) (FN!..!CTYr7V = F6,CIS(HARGE VALVE. CHP,RACTFRISTTCS) 
C 	W.R.T. 	U(3) 	(vny = lISCHARGF VALVE. POSTION FROM FULLY OPEN) 
C 
C NOTE 
C 	T147 VALT'S FOR DATA WERE CALCULATrO IN SLOPES FROM OATA OF FUN 
C 	(TAKEN EP(VM STEAT14;) RY 	INTFPROLATION. 
C 	SEE SLOPES C)mACIJA 1 5.9.67) FOR IFTAILS 
C 
C 	POLYNOMIAL FITTTN1 MIGHT RE CONSIO7R-E0 AT A LATER STAGE 
C 

• 

REAL X(13) 1 Y(13) 
"AT' (X(I),I=1,13)/ 

1 0. 	 .6665E-01 t  
2 .4983E+00, .5417E+00, 
3 .87907+00 1  .9913E+0151 
A 	(Y(I),I=1,13)/ 
5 .2528c:4-09, .3795E+10 1  
6 .85717FO0, .9280E+00, 
7 .173nE+01, .2269E4.01 1  
L = 1.3 
SLOPE6 = i• . 	_ 

01917E+N0 t  
.6250E+05, 
.10J0E+01/, 

.9130E+01 1  

.9916E+09. 

.2938E+01/ 

.2916E+60, 

.7183D-00, 

.59111F+00, 

.1134E+01, 

.3750E+00, 

.7917E+00, 

.7434E+91, 

.1217E+81, 



CALL. INTPOL (L,X,Y,SLOPE5;?) 

RETURN 
ENn 

C 
C 

SU9POUTINE INVERT (12A,MIIRANK) 

C 	INVERTS REAL MATRICES 

REAL A(m,11),1f4,1) 
1IMENSION ISUCN(iC0),JSvICH(1"O) 
IRANI< = m 
10 10 T1=1,4 
no 10 I2=1,4 

10 AtT1,I2)=1(Ii I I2) 

C INITIALISE PIVOT SNITcors 
C 

no i I=1,4 
ISNet4 (I)=0 
JswCHiT)=0 
CONTINUE 

C 
C MAIN LOOP IS FYECUTED 4 TIMES. Ftmn DIVOT AND INTERCHANGE CORRESPONDING X AN9 
C Y, IF NO PIVOT MATRIX Is SINGULAR 
C 

no 2 I=11'1 
C 
C SEARCH FOR PIVOT 

AmAy=0.0 
no 7 I1=1,4 
10 4 I2=1,4 
IF(ISNCH(T1).NE.!1 .0R.JSWOH(T2).NE.0) GO TO 
IF (A1S(A(I1,I2)).LE.AMAY) GO TO 4 
IPIVOT=Ti 
JPIVOT=T2 
AmAY=A9S(A(I1,I2)) 

4 CONTINNE 
3 CONTINUE 

IF(ANAX.LE.I.P0O0C11 GO TO 999 
APIVOT=1.0/A(IRIVOT,JPIVOT) 
A(TPIVoT,JRIVOT)=v1 *voT 

ISMrH(T 0IVOT)=JRTVOT 
JSWCM(JPIVOT)=TRIVOT 

C 
C 	'PIVOT FOUNTt PFIUCE ELEMENTS 

C REnur7. ELEMENTS oFc' PIVOT ROW ANO PIVOT COLUMN 
C 

10 5 T1=1,4 
no 5 12=1,4 
IF(Ii.EO.IPIVOT.o.22.E0.JRIVOT) GO TO 6 
A(I1,I2)=A(Ii I I2)-A(IPIVOT,I2)*A(I1OPIVOT)*APIVOT 

F, CONTINUE 
5 CONTI:K(9r 

C 	PEO'JCE EL7mc:NTS ON PIVOT ROW ANO COLUMN 
C 

10 99 I1=1,M 
IF(Ii.ED.IPTvoT) GO TO 65 
A(I1,JRIVoT)=A(Ii9JPIVOT)*APIVOT 
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65 IF(I1.EC.JPIVOT) GO TO 99 

A(IPIVOT,I1)=-A(/PII0T,I1)*APIVOT 
19 CONTINUE 
2 CONTINUE 

C 
C 	INTERCHANGE ROWS AND COLUMNS IF NECESSARY 

nO 77 I1=1,4 
11 IE(IsWCw(I1).ED.I1) Gn TO 77 

K=ISNCN(I1) 
nO RR _J=1,9 
TFmR=A(I10) 
A(I11,1)=A(K,J) 
A(K,J)=TErIP 

RR CONTINUE 
ITmf)=/14c4(111 
ISWCN(Ii)=TSNCH(K) 
ISWCN(10=TTrNP 
GO TO 11 

77 CONTINUE 
nO 55 T=1,m 

12 IF (JSWCHtI).E9.I) GO TO 55 
K=JSNCU(I) 
no 44 J=1,N 
TENR=A(JI I) 
A(J,I)=A(J,K) 
A(3,10=TE40 

44 CONTINUE 
ITENP=JSNC4(T) 
jswCH(T.)=JsW^,M(K) 
JSNCH(K)=ITEMP 
GO TO 12 

55 CONTINUE • 
RETURN 

C 
C MATRIX SINGULAR 

999 CA!..L SLITE(1) 
49ITE(6,2011) 

2O FORMAT(1H ,15HMATRIX SINGULAR) 

RETURN 
END 
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APPENDIX C. 

Listing of the more important routines in REGULA 

REGULA 

SCSMX2 

RICCAT2 

CTROBS1 

EIGVV1 

HESSEN 

QREIG 

QRT 

ASQR 

EIGVEC 

DEISP 

WRCMX 

DRRMX 

CMPEI1 

INCOMA 

MATINI (in COMPASS language, usable as FORTRAN in CDC machines). 
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PROGRAM REGULA (INPUT,OUTPIJT,PtP  
1 	DATOUJAPE3=DATOU,'ERMDTA,TAPE2=PEOM'1TA) 

C 
C 	1ST CAT, (KEYS).. MI(T/R - 0I1J1 FOR PERMANENT nArn), MO(O/P MEDIUM 

r(r 9ATA TriTn simux>, ISHIRT(A,R,A0' NOT PRINTED) 
C 	DATA IS A, n, RTC, RPOI, NCASE, COSTS. 	N 0 	NAME CARDS. 
C 	OUTPUT DATA IS KR, KO', 1RDA0C, COSTS. OCCASIONALLY RTC ANO/OR PROA 
C 	KR, Koq, R4OA0C, COSTS, WRITTEN ON TARE 3 	REQUIR. 

C 	19.1.72 (Le TEPPER, cONT7CL SYSTF"S SECTION, DEPARTMENT OF 
C 	COM''UfING AND CONTROL, IMPERIAL COLLEGE) 
C 
C 	OPTIMAL LTNEA° REGULATO7 PRODLEM. . 
C .SOLUTION OF THF STEADY STATE (ALnERRAIC) mATRTX RICCATI 5QUATION. 
C 	s'aTAILE FOR FXTFRNAL r'ISTUPIANCE *INPUT 110 AND'HENCE FOR CONTROL 
C 	INPUT SETTLIHr, nom VALUE UCDAR DIFFERENT FROM D. 

C 	THIS FROC,PAM HAS EVOLVE" FROM myrmti, IN WHICH THE CHIEF PURPOSE WAS 
C 	COMPUTING EIGENVALIJES AND EIGENVECTORS OF A REAL SQUARE MATRIX. 

• C 	THE MAIN SUBROUTINE FOR MXANLI WAS EIENVI. 
C 	THE SUIROUTINES SCSFIY AND RICCAT ARE CENTRAL TO THE SOLUTION OF 
C 	THE RICCATI EQUATION. CTROBS TESTS CONT'ROLLAI1ILITY AND 01SERVABILITY 
C 
C 21.5.71 

C 	INTRODUCE POUTINFS RTCcAT AND ScSMY(STATE-COSTATE taATRIX 44) 
C 	WHERE AM IS EARTI'IONF1 INTO 4 DIMENSIONALLY EQUAL 1HARTERS (NO) 
C 

	

Et 	lf 	11 	Et 	1E 	11 

	

AM11 Am12 1 	t 	A 	•• n*ERTINV*TBIT 1 
C 	AM = (C 	 I 	11 E. Ct 	It 

	

(2N,2"1) A t 	It 	11 	tt 	It 	11 

	

AM21 4M22 1 	t - 0 E Al T 	1 

	

it 	It 	13 	ct 	lt  11 
C 
C 	THE °U?POSE IS TO CALCULATE R(4,M) FROM THE MATRIX RICCATI EQUATION 
C 
C 	r = o 	tAIT*P 	P*A -.P*C*IP,INV*(EljT 4P 

C 
C 	AND THE CONTROL LAH 
C 
C 	U = 	tR1INV*(9)T*P4X 	(FOR SYSTEM STIFt,;ER.0 STEADY STATE 
C 	 DTSTURBANCF 
C 
C 	FOR THE SYSTEM 
C. 

C / 
C 	/ XDOT = A*X + 1*0 
C / 
C 	Y = C4X 
C 
C 
C 12.4.70 

C 	MATRIX ANALYSIS 

C 	CALCULATES EIGENVALHES AN!? EIGENVECTORS OF A SOUARE AND REAL INPUT MATRIX A 
C 	(OR SEVERAL) AND PERFORMS VARIOUS OTHER MANIPULATIONS AND OPERATIONS. 

C 	 4********* 

C 	THE MAIN SUOROUTINE IS * EIGVVI * WHICH IS A MODIFIED VERSION OF EIGSYS 
• C 	 xxxxxxax 

(L.WEINER/J. VAN NESS, VOGELOACK COMPUTER CENTER, NORTHWESTERN UNIVERSITY, _ 	_ 	_ 
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C 	rVANSTON, ILLINOIS) .  WHICH TN TURN IS BASED ON WILKINSON.S INVERSE ITERATION 

C 	METHOD FOR CALCULATIHr IGENVECTORS AND IHE USUAL OR ALGORITHM (FRANCIS) 
C 	FOR FIG7NVALHES. THE EIGENVALUES ARE CORRECTED DY THE RAYLEIGH QUOTIENT 
C S°HEME. 
C 
C 	SUIROUTINES 9SEO RY EIGVV1 

C 	HESSEM, oprIr,, OPT, ASOfl, EIGVEC, DEiSD (ALL Sq9ROUTINES OF EIGSYS) 
C 	WPCMX 	 DRINTc..4 copiEx tIP,TRIx 

10cMX 	 DRAWS A COMPLEX MATRIX WITH DOTS AND CROSSES 
C 
C 	OTHER SUIPOUTINES 
C 
C 

C 

C. 
C 
C 

SrSMY2 	 STATE-r. oSTATE MATRIX CONSTRUCTION 

RICCAT/ 	SOLUTION OF THE PICCATI  EPUATION. 

PCMKKO 	oRnDHrES KR, KDR (pEnucso FEEDIACK MXS) 

CTROISI 	 rHECKS CONTOLLARILITY AND orASEPV41/LITy 
DDrmxi 	 DRAWS COmPLE)( MY (MAX PRESENT DIM, IS 31) 
WRIMX 	 WRITES REAL MATRIX 
DPRmx 	 DRAWS A REAL MATRIX WITH POTS AND CROSSES 

C 	WRIEIG 	 WRITEc EIGENVALUES 
C 	PCM21/3 	PUNCHES nOmFLEx MATRIX WITH FORMAT (4E20.13) 
C 	DCM2G13, PRM2:113, RRA2li3, PCV2C13, RCV2113 

READS COMPLEX HATPIX, PUNCHES REAL MATRIX, 
C 	 READS REAL MATRIX, .RUNCHES, READS COMPLEX VECTOR. 
C 	CMREI 	 COMPARES EIGENVALUES OF TWO MATRICES 
C 	 COMPARES RFAO-IN PRODUCT 07 EIGENVALUES 
C 	 WITH COMRUTED VALUE, STOPS PROGRAM IN 
C 	 CASS Pc nISASREEENT, 
C 	MULTI, ADD, NULL, NEGATE, TRANSP, WITT 
C 	 OPEPATIONS ON REAL MATRICES 

C 	IMRE° 	 TRANSFERS SUIMATRIX INTO PARTITIONED MATRIX 

C 	CARV11 0 	 TRANSFERS SUPMATPIX FROM PARTITIONED MATRIX 
C 	EONmC, FOIVO 	FlUIvALENCE OF COMPLEX MATPIr!ES, VECTORS 
C 	rDUPCX 	 ECUIVALENcr. OF A REAL AND A COMPLEX MATRIX 
C 	TRNSPC 	 TRANSPOSES COMPLEX MATRIX 
C 	MULCOm 	 MULTIPLIES COMPLEX MATRICES 
C 	MLMXDC 	 MULTIPLIES A SOIJARE MATRIX RY A DIAGONALI7E0 

MATRIX WITH 2 OPTIONS 
C 	 OPTION 1 o A*D 

OPTION 2 o D*4 
• C 	 MULTIPLIES COMPLEX DY REAL MATRIX,REAL DY COMPLEX. 

INVERTS COMPLEX MATRICES 
INVERTS COMPLEX MATRICES, MORE PRECISE THAN INVCOM 
INVERTS REAL MATRIX 

IULCR, MULRC 
C. INVCOM 
C TNCOMA 
• C 	MATIN1 

C 
C 	LIST OF DIMENSIONS 
C 

N 	7 NUM.-1FR OF STATE VARIAnLEc 
R 	= wimnr: )F INROTS 
C 	NCTIR = NUMBER OF INPUTS TO 9E CONTROLLED (SET IN SCSMX) 
C 	4Y 	= N(1MIER OF OUTPUTS (CCNSTPUCTE') IN SCSMX) 
C 	NYS = "1114EP, Or- OUTP”Tq TN PROGRAM mXEV2Xi 
C 	NL 	= DIMENSION OF X1 IN PROGRAM MXEV2X1 (iST NL COMPONENTS OF X) 
C 	NCASFD = CAS7-NUMIER (OF FODCK1 IN PROGRAM IXEV2X1) or INPUT MATRIX A 
C 
C 	LIST OF MOST IMPORTANT ARRAYS 
C 
C 
C 
C 

• C 
C 

A 	7 STATE MATRIX, REAL (AF IN MXEV2X1) 	(NO) 
n 	F 00IVINS MATRIX, cFAL (IF IN MXEV2X±) 	(N,NU) 
C 	F OUTPUT MATRIX, REAL (CONSTRUCTED HEPE, AS EXTENSION Or CS) 

(NY,N) 
CS = OUTPUT MATRIX, REAL (CS TN MYEV2X 4 ) 	( NYS,NL) 
RD 7' DIAGONAL LIST QE COST MATRIX R (FOR U) (NU) 
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C 	ROINV 7 INVERSE or RI 	 (NU) 

C 	OVO = DIAGONAL LIST OF COST MATRIX QY (FOR Y) (NY) 
C 	AM 7 STATE-CoSTATE MATPIX, REAL 	 (2N,2N) 
C 	AMC 7 STATE-COSTATE MATRIX, COmPLEX 	 (2N,2N) 	(NOT USED YET) 
C 	 (ALSO us7n AS WORKING MATRIX IN EIGVVi AND DESTROYED WHEN IVC = NOT 0) 
C 	RTR = EIGFNVALUE, PEAL PART 
C 	RTI 7  FTC=NVALUES, 7HAG PART 	

(2N) 
(24) 

C 	RTC = EIGEHVALUFS, rimptEx 	 (29) 
C 	EVC F ETGENVECTORS MATRIX, COMPLEX 	 (29,2N)  
C 	 (701TATNS R.H. EIGENVE(,TOPS FOP OPTION TVC = 1,3) 

tCOHTA.INC L.H. rTIGFNVE'..;TORS F00, O°TTON  IVC = 2) 
C 	 (CONTAINS Mnr!TSW 	FOR OPTION IVC = 0) 
C 	EVIIN = INVERSE OF EVC 
C 	PC = cn•I';'Lrx P MATRIX OF RICCATI EQUATION 	(NO) 
C 	P 	= REAL 	P 9ATPTX OF RICOATI EQUATION 	(NO) 

C 	SURROUTINE rIcvvi (Ivn,inR1,TPR2,I0R3,Tp0.40,A,n,n,7,y,RTnx,Enx, 

C 2 
C 
C 	CONTROL POINTS OF EIr;VVi 
C 
C 	IVC = 0 4  NO ET(ENVECTO1 CALCULATION 
C 	IVC = 1 4 r'ALCOLATES REGHLAR (RIGHT HAND) EIGENVFCTORS 
C 	IVC = 2 o CALCULATES TR19SPOSED (LEFT HAW)) FIGENVECTORS 
C 	IVC = 	o CALCULATES ROTH 
C 
c**4wARNTNG 
C 	 FOR THE TIM7  "E14(;, OPTIONS J. AND 2 ARE FORRIDOEN. FURTHER CHANGES IN 
C 	 EIGVVi AP7. NECESSA=Y. 
C 
C 	*ERRS, = 0 4  VALUES OR CURRENT EIGENVECTOPS (IN EIGVEC ROUTINE) NOT PRINTED 
C 	I°72 = 0 o VALUES OF COPRECTEI EIGENVALUE, RESIDUAL VPCTORSIETC., NOT PRIN. 
C 	FR27 = n -b FINAL ETGENVECTOR MATRIX NOT PRINTED 
C 	IPR4 = C r INPUT MATRIX A NOT RPINTE1 
C 
C NOTE 
C 	FOR IPR3 = MOT 0, THE R.H. FIGENVECTOR MATRIX IS PRINTED FOR IVC = 1,3, 
C 	WHEPEAS THE L.H. EIGENV=CTOR MATRIX IS PRINTED FOR IVC = 2 
C 	 (SEE TEMPORARY WAPNING AROVF) 
C 
C 	I.E. 
C 	 CALL 
C 	 W = P.H. FIGENVErTCP MATRIX 
C 	 tV1T = L.H. FIGENVECTCR MATRIX 
C. 	 DIA = DIAGONALIZEO TRANSFORM OF A 
C 	 INV 7 INVERSE OF EITHER mATRIX 
C 	 THEN 
C 	 A = N * ITA * INV(W) 

A = INV((V)T) * DIA * (V1T 
C 
C 	-. 
C***TWF_ MAXIMUM DIMENSION NOW IS N = 30 (2N = 60), NO = 1.0 7  NYS = 6 ******44444  

C 	FOR HIGHER DRIER IT TS NECESSARY TO INCREASE THE 3IMEUSIONS IN THIS HAIN 
C 	PROGRAM ONLY, NOT IN THE SURROVTINES. THE EXCEPTIONS ARE HESSEN(HIGHEST 
C 	ORDER 20n), TI,RMX(c19), 9ROMX(31) 

C 
C4** 	DIMENSION OF C TS 10 ONLY. 4**************** 

REAL A(3,70)1 11(70,1"1 ),C(10,7C),CS(6,27),P1(15),POINV(15),OYO(30) 
REAL AN(6q1 63),"."(1)(1 ,6r),CM(51;,60,RTR(61),RTI(60) 
PEAL W()C,4),Y(F1:00(T(0),V(r)P),VI(6:?),),W(r:1 ) 
INTESER I2ON (50,2).,nRAW(60,6C),TCTR(15),ICOL(15),KOIE9T(14) 



COMPLEX AMC(60,60),RTC(60),EVC(60,611),FVCINV(30,30) ,PC(30,30) 

COMPLEX DA(60,61),DX(60),OV(6C),011(60),OD(60) 

DOUDLP AD(5'),6n),X0(),V0(50),GO(50),M0(61) 

C DEFINITIONS FOR SO1RONTINE RICCAT 

C 
COMPLEX AM11 (-3i1,30) AV:2(30,30 OW:3(3000) AMC:4(30,3e) IRTCA (30) 

REAL 9M1(70,3e) 0'12 ( 71 130) 017(30,311 ) 0'44 (39,3D) ,10(15,30), 

CM1(31,3C),C m2(M31' ),C43(30130),CM4(3G,3f)) 

INTEGER Tmx(6o) 

EDUIVALENC: (AMC(1,1),AMC1),(AMC( 1,16),AMC2),(AMC(1,31),AMO3), 

. 1 	 (AMC( 114),AW74) 

EOflIVAL€NCE (P1(1:11),1"11,(P1( 1915),S42),(14(1,31),"3), 

(1M( 1145)0m4),(C4(1,1),C mi),(CM( 1,16),CM2), 

(CM(1,32),C7M3),(C4(32,47),CM4),(AMIKO) 

EOUTVALPNrE (EVCIN",°C) 

EONIVALENCE 

C 
EQUIVALENCE (AMCIOA,AD),(0X,X0),(DV,V0),(OC,GO),(0900) 

INTEGER  DATCASE(2) 

	

DATA IWPAIINRCTN,IHRAP/10H 	A 	110HEIGVC4INV.,10HEV4DIA*INV/.  

DATA TC4CF,ICOM,IWO,IVO,TEIO/ 

15HCASE ,1GM 	C01'IEXpliHW(A0C) 	ti■I'MV(AD;) 	0.91EIGVA(AOC)/, 

2 	IPR,IREAL f1OHP ( ?IOCATI)11CH 	REAL 	/,IKR/1.0 141/AREIUCED)/ 

3 	,IKOR/JOHKDPEOUP.,)/ 

C 
C 	ISNOPT = 	o A,P,Apc NOT  PPINTE0 

C 	MT = 5 4  PEAD PERmA'17mT DATA (A,,o,,PPDA) FROM CARD 

C 	 MI = 2 r■ prAi PERM ANENT DATA (A,...IPPDA) FROM TAPE 2 
C 	MO = 6 A WRITE 01 0  OATA ON PAPEr! 

C 	MO = 3 o WRITE  OfP DATA ON TAPE 3 

C 
READ 117, MI,MO,TSHOPT 

READ ("I,f/A) lATCAP 

PPIMT f ig, DATCAE 
NCASEI = 3 

= 30 

NU = 10 

NYS = 6 

NY = 

NL = 27 

NN = 2*N 

IVC = 3 

FOIOKi 3 

C***WARNING 

C 
n 

(PITONS i AND 2 FOR IVC ARE EOROIDOEN FOR THE TIME BEING 

C 	READ INPUT MATRICES A,P,CS, PRINT AND DRAW 

CALL Ilm2ri3 (MI,A,N,N) 

CALL IRm2r213 (MIt nIMINU) 

CALL R- 1201 z (C'z,NYs,NL) 

IF (ISHORT.ED.1) GO TO 3 

CALL WRIMX (A,NIN1314  A) 

CALL n70.1x (A,N,N,DRAW,3D4 A 

CALL WRTMX (D,N,NN,711 D) 

CALL rflPmX (n,N,NM,DRAM,3PM 

CALL %PIMX (CS,MXS,NL,3H CS) 

C 	GALL DRRMX (C'3,MYS,NL,ODAW,3CH CS 

C 	READ COMRLEX EIGEMVALMES OE  A (IF AVAILAPLE) 

C 
3 CALL TCV2P11  (MI,RTC,N) 

!;ALLWRITI G (RTC,N,11H A 

249 
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C 	READ PRODUCT OF REAL PARTS OF EIGENVALUES OF A (IF AVAILABLE) 
C 

READ (MI, 109) PPOA 
PRINT 110, PROA,NI,MO,ISHORT 

C 
C 	READ NCASE AND COSTS r.OR Y(3), Y(7), U(5), U(6) 	(THE 2 OUTPUTS 
C 	AN1 2 INPUTS WEIGHTED IN MATRICES 1Y AND R IN ROUTINE SCSMX2) 
C 

READ .115, NCASE,(KOM7NT(T),T=1,6) 
READ 115, (KOM7NT(I),I=7,14) 
REAP 113, OY13,DY07,RD5,R06 
PRINT 114, NCASE,KOM NT,IY03,DY37,RD5,RO6 

C. 
IF (POP,5) 1,2 

1 PRINT ion 
GO TO 9999 

2 "PINT 196 
C 
C 	CONST0uCT STATE-COSTATF MATRIX CALLING SCS4X2 (THE FIRST STEPS ARE 
C 	THE CONSTRUCTION O MATPICES C, CI R). USE PARAMETER 2. 
C 

CALL srsmx2 (N,NU,NY,NN,NYSOL,A,B,C,CS,AM,RD,RIINVOYO,ICTR,NCTR, 
NCACE,PRAY,NCASPP,2,1YO30Yo7,R95,PO6,40) 

CALL IRRHX (AM,NN,NN,DRAW,33H 	AM, STATE-COSTATE MATRIX 

C 	CALCULATE EIGENVECTORS OF A AND CHECK CONTROLLABILITY AND OBSERVADILITY 

C 
	

IcTons = 4 o CONTROLLAcILITY AND ODSERVARILITY IS - NOT CHECKED 
C 

	

	
EIG7NVALUES PEA') IN FROM A PREVIOUS PROGRAMS OUTPUT 

ICTODS = I 
IF (ICTORS) u,514 

4 PRINT 115 	 • 
CALL EIGVVI (IVC,01 1,0,C I N 

ino!4,n0,1AolyovoC,(lo,A0,XD I VD,GO,H0) 
CALL 74VCOM (EVC,EVCINV,N,IRANK) 
PRINT 102, IVPA IIRANK 

C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 	THE FOLLOWING STATEMENT ONLY IF DRoa HAS BEEN READ 
C 

CALL CmPFIi (RTCA,CTC,N, 6ROA,11NCASE,NCACF100) 
CALL MULCOM (EVC,EVCINV,94,N,NIN) 
CALL ORCIX1 (0A,N,N,NRCIN,DRAWON) 
CALL Cr-M-3Si (",,C,N,NUINY,EVC,EVCINVOYD,A4C,DA,RTC,TCTROCTR, 

ICOL,DRAW,N4) 
CALL PCV2013 (RTCO) 

5 CALL EDUVC (RTC,RTCA,N) 

CALCULATE EIGENVALUES AND (IF IVC = NOT 1) EIGENVECTORS 	OF 	AM 

PRINT 111 
CALL EIGVV1 (TVC,0,0,0,10N,AM,Om,CM RTR,PTI,RICIEVC,X,XI,V,VI,W, 

1 	IROW,G,H,CA,0X,DV,OC,DO,A1,XP,VD,GD,HD) 

PICK un THE EIGEUVECTORS CORRESPONDING TO STADLE EIGENVALUES OF AM AND 
CONSTRUCT MATICP.S W11, W21, WHERE W11 CONSISTS OP THE UPPER HALVES 
AND W2i OF THE LOWER HALVES OF THE STADLE EIGENVECTORS OF AM 

CALCULATE RICCATI MATRIX 
	

P = W21*INV(W11) 

tot." = 0 4 W11,421 NOT PRINTED 
IRRR = 0 o P(RICCATI) NOT PRINTED 
T"C = 0 4 

 
SG'(CT7ADY STATE) NOT PRINTED 

'Proc.= U A AOC(OPT. CONTROLLED) NOT PUNCHED 
• • • 
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C 	IPrion= o 	roc (o t CK)T4PsK) 	NOT PUNCHED 

C 
IPRw = IPPR = IDRS = 0 
IPAOO = C 
IPOOC = 0 
CALL RICCAT2 (4,NN,A41rVC,A"C1,4402,AMC7,PC 0M1,14?,A 044, 

1 	C41,C.42,m3,RT0,DX,DRAW,10M3,CH4,POINV,NU,IPRW, 
2 	IPRR,IPRS,IPAOC,NCASE,I=o0C,NCASMINX,DV,K9,ISHORT) 

C 
C 	R41 = PI 	r143 = 0T, rm2 = AXPI = ADC, CH3 = AXR2 = SSO, 
C 	 (WHEN IPOCC.N7,,C, THEN AXP2 = 00C), 
C 	CH4 = OK = K = CRITNV*rD)T*P 
C 	Ko = TP,INV#T917*(T'4111INVIT*I- RTCSJINI‘rV211T 
C 	WHERE 	DTCS = STADLE EI,ENVALUES OF AM 
C 	OX = pTns 
C DV = RTCS1INV 
C 
C 	THE CONTROL LAW TS U(T) = - K*X(T) 
C -K IS A NATPIX (10,N) WHICH IS EMPTY EXCEPT roP THE ROWS 001DESPOMOING TO 
C 	THE CONTROLLED INPUTS, WE PUNCH OUT THE CONTROLLED ROWS ONLY (KR) 
C 

PUNCH 112, ICAS7:,NCASF,D<R,TREAL,NCASF9 
WPITr (40,112) ICASE,NCAS17,IK°1IREAL,NCASFO 
CALL 0PHKKD (N1,NINITR,CHLF,C13,ICTR,1°A4,1,40) 
PPINT 1.11, ICASE,NCAE,IKR,IRFAL,NCASFR 

C 
C 	FOR SYSTE4S WITH NONZERO DISTURBANCE INPUT THE ORTIIAL CONTROL IS 
C 
C 	UC(T) = - KR*Y(T) 	KOR*1C4U9 4- CI - KDR*RC)*NCRAR • 

C N4EPE 
C 
C 	UC 	= CONTROL INPUTS VrCTOR (PART OF U) 
C 	UrOAR = SETTLIUG-DOWM VALUE Or ;IC 
C 	U0 	= IISTUR1ANCE INPUTS VECTOR (PART Or U) 
C 	RC 	= PART Or MATRIX R t7:07PcP010ING TO UC 
C 	RD 	= °ART 0= NATRTY R COR^,rSPON7ING TO on 
C 	KR 	= DART OF MATRIX K CODRFSPONOINO TO UC 
C 	KUR 	= DART OF MATRIX KO CORRESDONO. TO UC 
C 
C 	SEE DETAILS OF CONSTRUCTION OF KO IN POOTINE RICCATi 

Co

C  
puNnm 112, ICASE,NrAqr,IKIR,IREILINCASFI 
WDIT= ("1,1i2) ICASE,NCAE,IKOR,IREAL,'ICAS=9 
CALL DCMKKO (NUI N,NCT"R,K0 ,Cm3,ICTRIORAw,200) 
PRINT 111 , ICASEINCASEIIKDR,IRFAL,NCASFB 

C 
C 

 
C 
	IIRCH° = 9 	R NOT PUNCHED 

IPNAp = 1 
Ir (TPCHP) 7,8,7 

7 PUMr4 112, ICAF,r_INPU'ElIP-  TR=AL,MrASFR 
CALL DRm21:,13 (141,N,N) 
PRINT 111, ICASEI NCASE IPR-,IRFAL,NCASFO 

C 	CALCULATE EI;;ENVALUES Or 0 TO CHECK POSITIVE DEFINITENESS 

PPIWT J.D3 
CALL EIGVV1 (0,0,0,9,1 1 40N1043,C43,PTP,RTI,RTC,EVC,X,XI,V,VI,W, 

TRow,G,H, ,m,lx,lvonolon,x1,vn,G100) 
C 
r nAl_coLATE.  P_Ts7NvAup:5 Oc' 	ACC 	(A OPTI"ALLY CONTROLL71) AND COADARE WITH 
C 	 EIGENVALUES OF 	A 
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PPImT 104 
CALL PIGVV1 (0,0,0,0,0 1 N,CM2,P41,013, RTP IRTI,RTC,E•VC,X,XT,V,VI,W, 

IROW,G,H 2 OA,OX,DV I OC,0900,X0,VO,G0,40) 
C 
C 	IN THE roLLOwIMG STATEMENT oPoLACE 3 BY 2 FOR PROA TO RP PUNCHrO. C  

CALL CM°P.I1 (RTCA,RTC,N,-PROA,3,MCASE,NCASFR I MO) 

C 	()PINT ANn PUNCH CASE NU"-IER 	COSTS. USF PARAMETER 3. 
C 

. CALL SCSMX2 (NOM,MY,NI,NYSIML,A,11 C,CG,AM,Q9,RDIN4,1YD,ICTROCTR, 
NCASE,TRAW,NCAScP,3,0Y030Y07,R05,P061 40) 

9099 STOP 
1.00 FORMAT (141,10X1*ENI OF FILE rARo READ AS OATA*///i0X," ONE OR MOR 

iP OATA rnrns mTqsIMG*) 
101 FopmAT (1H1,////////////60X,*14APNIMG*//f/3Cx,*Tml7 PPEOE'DING 

1mATPix A IS THE ORIGINAL 0Nr*///7.20Y 1 srRCM NO4 ON A TS THE INPUT "A 
2TPTY AFTER EX0MANGING ROWS ANC COLMMNG ACCORDING TO MAIN RROGRAM") 

102 FORMAT 	(//13X,"PANK OF 7IGFNV.ECTO0  MATRIX OF " 'API,* IS",I6///) 
103 PORMAT (141/f///10X,"EIGENVALUFS Or 13  (PICOATI MATRIX) FOLLOW*// 

110X,"(FOR "OSITIVE OPFINTTENESS THEY MHST ALL.  or PoSTTIVE)*//) 
iG4 FORMAT (1H1///////1.'4,4EIGENVALUES OF 	AOC 	(OPTIMALLY CONTROLLE 

in Al FoLLow*///) 
105 FORMAT (///////10X,"02IGINAL SYSTEM MATRIX A AND ITS EIGENVALUES 

1 POLL OW") 
106 FORMAT (///ir:x,*onTA 
107 rop,"AT (1Hif////0/10Y, "PCLLOWING IS THE CH7CKING THAT P AND TPF 

I CONTROL LAN K FIT THr ImTFrPAL OF THE COST FUNCTION*/// 
210Y,"/.E."//1 4Y, 5c11-17-nTr(1,2)4r<X(T),14X(T)> + <H(T),R4U(T)}s*0T1 
3 = 	(1,2)*<X(n),P*Y(n)>///////1C:Xl *THE INTEGRATION IS DONE ALGERR 
4AICALLY USING EI(ENVALUrS/EIGENVECTORS OF4/10X,*A0O (THE SYSTEM 4 
5ITH THE OPTT9AL crmTooL LAW INCOPPORAT")*////12X,*AFTFR ALL THE 
6COMPUTATIONS HAVE 37EN POMP, THE MATRIX PINT SHOULD BE EOUAL TO 
7 PAW/  7) • 

lee FORMAT (1111//////////////10X,"STATE-COSTATE MATRIX' AM WITH/// 
1 	 1,"EIGENVALUES/EIGENVECTORS FOLLOW') 

10P FORMAT (E20.13) 
iin FORMAT (///17X,"PROoUCT Or PEAL PARTS OF E-VALUES OP A =1'1 E20.13 

1//14X, *'1I = 	r* (2 TMPLIES READING PET1ANPNT RATA FROM TAPE, 
25 FROM CAROS) 4/14X,"MO = ',It,* . (3 IMPLIES WRITING 0/P OATA ON T 
3APE, 5 ON r) A"rR)*/10X1*ISHORT = "'II," 	(i IMPLIES A, 	1, 	AOC, 
GNOT PRINT-U.)41 	 • 

111 POR"A7  (iX,A5,73,2(5Y,A1?),11Y,"(FOR CASE '4 ,12," Or FOR' K1)*) 
112 FOR"AT 	(A5,T1,215X,A19),i0X,*(FOR CASE *,I2,4  OF rOPCK1)*) 
113 FORMAT (4(qx,1pR.1,7y)) 
114 FORMAT (///ir0(1 *CASE4,16,5X,6A1Pf1?X,riA1C/ 
• 1 	 10X,"0Y0(3) =*,1Pg0.1,5X1 *- 0Y1(7) 

2 	5Y1 *R7(51 ="1ER.1 15X,"00(5) =",r8.1//// 
115 FORMAT (4X, I6, 5X,6A10) 
tin FORMAT (8A1r) 
117 FORMAT (3T1) 

FORMAT (A2,A3) 
119 FORMAT (1H1///10Y,"DATA INPUT TO REGULA , OUTPUT FROM IXEV2X1*/ 

1,10X,"CARr (",A2,*) OF FO90K1 	004ER LEVEL = 	nr;.#) 
ENO 

C 
C 

SURPOUTTNE SCSMX2 (N,NH,NY,NN,NYS,NL,A,R,C,CS I AM IPO,ROINV,OYD, 
ICTROOTROCASr,oRAW,NOnsFplISCSIOY03,0Yo7,R05,0,0600) 

A0.71 
C 
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JI 

C 	STATE-COSTATr MATRIX AP, rAITITIONE1 INTO 4 EQUALLY DIMENSIONED OUARTRS 

C 
C 	 ff 	li 	11 	EC 	it 	 . 11 
C 	 E AMil AM12 1 	r 	A 	- P*(R)INV*EPIT I 
C 	Am 7 it 	It 	II _ if 	If 	 • II 
C 	(2N1 2N) EC 	it 	11 	Et 	1f 	 1) 
C 	t AU21 4m22 I 	t - 0 	- CAlT 	I 

• C 	 it 	it 	11 	it 	It 	 )1 
C 
C WHERE THE. STENOY STATE PICCATIPnUATION IS 
C 
C 	P= Q+ fA1T*P + P4A - P*q*CR1INV*191T*P 	 (I) 
C 
C 	AND THE OPJECTIVE IS TO MINIMIZE THE COST INTFGPAND 
C 
C 	u0140-*X + fUlT*R*1 1 	 (2) 
C 
C 	FOR THE SYSTEM 
C 
C 	/ XDOT = AcX + l*M 	 (3) 
C / 
C 	/ 	Y = C*X 	 (4) 
C 
C 	RY DEPINING A CnST MATRIX OY FOI Y RATHER THAN .FOR X, WE OBTAIN, 
C 	FROM (2) AND (4) 
C 
C 	n = rnir*ov*r; 	 (5) 
C 

C 
GO TO (2C,2f7:1317.), ISCS 

C (1) CONSTRUCTION OF 0 
C 
C 	C(NYIN) IS AN EXTENSION OF CS(NYSOL) CALCULATED IN 	901<1 IN MXEV2X1. 

C 
C 	N 	COPRrSPONDS TO NX2(N4TPIX Ar) DEFINED IN FDRCK1 
C 	NL 	 (MATRIX AS) 
C 	NYS 	 .. NY (OUTPUTS) 
C 	4Y 7 ACTUAL WIPER CF OUTPOTS (MATRIX C 
C. 

Y(1) = X(i) = 
C 	Y(2) = Y(4) 	= 1.4AV 
C 	Y(3) = Y(11) = PO 
C 	Y(4) = X(1.1) = PIECM 
C 	Y(51 = X(22) F R1ASH 
• C 	Y(6) = X(93) = YTCV 
C 	Y(7) = X(33) F OF 
C 	Y(R) = X(211 7 Y4 

C 
• SET n... UNIT VALUF TC ALL CORRESPONDING ELEMENTS 
C 

20 nALL NULL (C,NY,4) 
C(1. 71)=0(21 4)=0(3,10)=C(4,ig)=0(5122)=0(6,23)=0(7,30)=0(8,21) = 1. 

• CALL W?!MX (c,NY,N,7H C ) 
CALL nr,Rmx (C,t00, 1?PO4,3N-1 	C 

C 	PUNCH 131, NY,N 
• CALL °R12017 (C,NYIN) 

C 	SET QY AS A LIST OF ELEMENTS OF A DIAGONAL MATRIX 

• C 
C 	QYD(3), 0Y1(7) AND NCASE HAVE PEEN READ IN MAIN PROGRAM. 

REAL ^M(N+J,`dN),I(N,N),n(N,NU),Rn(MU),PDINV(Nf),C(4Y,N), 
cR(NYSINL),OvI(NY) 

INTEGER ICTR(N0),0PAW(N,N) 
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C 	THEY ARE PRINTEr) IN THE OUTPUT. 

C 
no i i=toy 
nyl(i) = 0. 
CYO (3) = 11‘103 	F 	0Y0(7) = rf07 

C 	0.= trAT*ov.,11 
C 
C 	USE FOLLOWING FOR",ULA 	 NY • 
C 	 P(I,J) = SUM C (KtI)*C{KIJ)*OYO(K) 
C 	 K=1 
C 	AND R7CALL THAT AM21 = 	0 

10 2 I=1,4 
II = T4N 
nO 2 J=11 4 
JJ = J 

C 
C 
C 
C 

C 

AM(II,JJ) 	= 	r!. 
00 2 K=1,4Y 

	

2 	AM(II,JJ) 	= 	AM(II,JJ) 	- n(K,I)cC(K,J)*OYO(K) 

	

(2) 	CONSTRUCTION OF 	AM12 = 	- P*(R)INkt*(n)T 

SFT 	R 	ANO tRIINV 	AS A LIST OF ELEMENTS OF A OIMONAL 

wHEPE 

MATRIX 

C 
C u(i) E 1K1AL 
C U(2) 7 THIN 
C '1(3) = vnv 
C U (4)  = YPOE110E1 (YPOP'1, 	THE OPIGINAL U(4) 	IS 	ACTIVE IN CONTROL 

OFSCRIREO 	IN FOPCK1) 
C U (5)  = 	YMOr-"N 
C t1( 4)) EOYTIVIVEN 

IV.  nEM (0F, 	THE OPIIINAL U(7) 	I S ACTIVE IN FDOCK1) 
C 1.1(1) PE 
C U(P) = 	`4SOOPN 
C U(10) E iinEm 
C 
C 

DO 3 I=1,141) 
ICTR(T) = 0 

3 RntI) = RD5 
0.0(r,) = 006 
IC 4 T=1.01.1 

4 ROINV(I) = 1./RD(I) 
ROINV(2) = ROINV(3) 	R1TNV(4) = RDINV(7) = RDINV(9) = 0. 
ROINVtl) = ROTNV(8) = R1INV(10) = 0. 
ICTR(5) = ICTR(6) = 1 
NCT9 = 2 

C 
C • • TJU 
C 	AM12(T,J) = 	SUM DtT I K)*R(J,K)*ROINV(K) 
C 	 K=1 

DO c I=1I N 
II = 
no 5 J=1,N 
JJ = J+N 
AMtII IJJ) = 0. 
no 5 K=1I NT, 

5 AM(II,JJ) = AM(II,JJ) 	9(T,K)41(J,K)*RPINV(K) 

C (31 IMPED A AM') 	[AlT 
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CALL IM9EO (A,441 N,N,NN,NNI 1,11 

DO 6 I=i0 
IT = T+N 
on 6 J=11 N 
JJ = J+N 

6 AM(II,JJ) = - A(J,I) 
RRINT ioe 
RFTURN 

31,  PRINT 102, NCA9E,N9AFfl,(0YO(7),I=1,NY),RD(5),R9(6) 
DuNru 102, W;A--.Y:,NCASFO t (QY7(I),T=1,9Y),PD(5),R9(6) 
WRITE (40,102) NCASE,NCASF'1,(PYD(I),I=1,NY),R0(9),R0(6) 

. RETURN 
100 FORMAT (///////////71X,*AM (STATZ-COSTATE MATRIX) FOLLOWS4 ////// 

131Y,55H 	(I 	1( 	11 	IA 	II 	11 
231X,5AH 	I AMi1 AM12 1 	I 	A 	- 9*CR1I4V*C91T T 	/ 
33iX,5RH AM E It 	it 	11 7 II 	11 	11 
431X,5'04(2N,2N) It 	11 	1 1 	CI 	1[ 	11 
5.31X,5 9H 	A921 	4'42? 1 	I 	- 0 	(AlT 	1 
631X,58H 	Et 	1 	 11 
71/1/1 

101 FORMAT(13H MAT°IX r (,I2,11-191T2, 1H1) 
142 FORMAT 	(4X,*CASE*,/61* FOR 9ASF *II2,4(10D 0C) OF mxEV2Xi*// 

i 9(,*Y(1) = X( 1) E RHID4SH, OYD(1) =4. 11PE8.1/ 
2 9X t *Y(2) = X( 4) 7 TMAV 	, oY0(2) =4-,1PER,1/ 
3 9X,*Y(7) = X(10) 7 PT) 	OYD(3) =*,1PES.1/ 
4 9X,*Y(4) = /(il) F PmECH , 01'11(4) =*,10Eq.1/ 
5 9Y,4Y(5) = X(721 7 NOASH 	DY9(5) =*,1PF1.1/ 
6 9X,*Y(6) = X(23) = YTCV 	, (1Y0(6) =4,1PEI.J./ 
7 qx,*-(7) = X(3U) 7 DF 	QYO(7) =*,1PF13.1/ 

9X,*Y(R) = X(21) 7 Ym 	t  rr0(3) =*,1PE1.1// 
9 9)( 1 * 	U( 5) 7 YMDEM 	R0(5) 
A 9X,* 	1_1( 6) EOYTCVDEM, 	29(6) =4- tiPEi.i) 
END 

C 
C 
C 

SUIROUTINE RIC1AT2 (N,NN,A4,4,411,411INV,W2i,PC,0 0,A,AT,AM12t  
AXP1,AX°.21 °1-CIRTOSORAN,91 OT I OK,ROINV,NU, 

2 	IPRW,IPP.20IP"S,IPCM,N9ASE I IRCHO,NCASF1,IX,RTCSINI KO,ISHORT) 
C 
C 13.1.72 
C 
C 	CALCULATE THE RICCATI MATRIX 9 AND CHECK IF THE STEADY STATE 
C 	RICCATI EQUATION IS COTRFCT 
C 
C 0= Q+ (A7T*13  + P*A — 0*9*CRIINV*t91T*p 

	
(1) 

C 
C 	P IS CALCULATED AS FOLLOWS (POTTER,VAUGHAN,ETC.) 
C 
C 	W = EIGENVECTOR MATRIX OF STATE-COSTATF MATRIX A4 CALCULATED IN SCSMX 
C 	PICK U° THE STAPLE EIGFNVE9TORS FROM W (THEY MUST DE  HALF THE TOTAL NOMOFR) 
C 	AND CONSTRUCT Wil, W21, 	WHERE Wit CONSISTS OF THE UPPER HALVES OF 
C THE STAPLE EIGENV°9TCP 	WHEREAS W2i CONSISTS OF THE LOWER HALVES. 
C THEN... 
C 	P = W2141W11lINV 	 (2) 
C 
C 	P SHOULD BE REAL, SYMMETRIC ANO ROSITIVF DEFINITE..THE FIRST TWO PROPERTIES 
C 	ARE CHECKED INSIDE THIS ROUTINE, THE THIRD IN THE MAIN PROGRAM. 
C 
C FINALLY CHECK EOHATICN (1), RECALLING THAT, FROM SCSMX 
C 
C 	STATE-COSTATE MATRIX M (OR AU), PARTITIONED INTO 4 EQUAL QUARTERS 

C 	 It 	It 	11 	It 	It 	11 



256 

C 	 C AM1.1 AV12 1 	C 	A 	- B*CRIINV*CillT I 

C. 	AM E CC 	It 	11 E it 	3C 	 11 
C 	(2N1 2N) it 	It 	11 	CC 	3C 	 11 

	

C A421 AM22 I 	t - 0 	- TAIT 	I 
CrC 	It 	11 	CC 	It 	 11 

COM:IUTE KO (DISJORIANCF GAIN MATRIX) . 
C 
C 	 KO = CR1INV*CD1T*CCW11/INV1T*C-CRTCS1INV1*CW2/.1T 

C 	THIS IS TO nE USP1 FOR THrf SPINLATION OF CASES WHERE 'NE DISTUPDANCE 
C 	INPUTS AtIn THE STEADY-STATE VALUES OF THE CONTROL INDUS ARE NOT 9. 
C 
C 	UC(OPT)(T) = - KR*X(T) 	KORc3O*U0 + CI - KDR*DC1*UC3AR 
is 	 = - KR*X(T) + KDO 
C 
C WHERE 
C 
C 	NC 	-7. CONTROL INPUTS VECTOR (DART OF U) 
C 	UCOAR = SETTLING-DOWN VALUE OF OC 
C 	ND 	= DISTURDANCE IN°UTS VECTOR (RAPT OF U) 
C 	IC 	7 'ART OF MATRIX D CORRESPONDING TO UC 
C 	DO 	= DART Or MATRIX D C1'17737'ONING TO Un 
C 	KD 	7 DART OF MATRIX K CORDFSPONOING TO UC 
C 	MIR 	7 DADT 	MATRIx KO CORRESPOND. TO UC 
C 	RTCS E OTAGONAL MATRIX OF THE STAPLE EIGENVALUES 
C 

COMPLEX W(NN,N4)011(N,N),W11INV(N,N),W21(N,N),D0(N,N),RTC(NN), 
RTCS(N),RTCSIN(N) 

REAL AMINN,NN),DiN,N),D(N,N),AtN,N),AT(N,N),AM12tN,N),AXRI(N,M), 
AXD2(10),1tNI NU),DTtN(J,N),ROINV(NU),OK(N90),KO(NUIN) 

INTEG:R nRAN(N,NN),IX(NN) 
DATA ICASE,IA0r,ilIA0C2/54CASE 1 1PHAOC(00T. C I JOHONTPOLLED)/, 

10001,10002/ 	10410C (0 	1,13HK)T*R*10 / 

C 
	

CONSTRUCT 
	

Wit = WIDER HALVES OF STADLE EIGENVECTORS 
1421 = LOWER 	66 	.. 

C 
= 

no 4 JJ=1,NN 
IF (RTC(JJ)) 1,4,4 

1 J = J+1 
DICS(J) = RTC(JJ) 
nO 2 II=10 
I = TT 

2 W11(I,J) = WtII,JJ) 
'Ii = N+1 

• nO 3 IT=M1ON 	• 
I = IT-N 

3 W21(I I I) = 4(II,JJ) 
4 CONTINUE.  

PPINT int 
IF (InnN) 1,17718 

17 PRINT 114 
CO TO 19 

13 CALL WRCMX (411.,N,N1 10)HWI1MDSTD),RTCSI 1) 
`ALL 10,CmX1(141100,1111A1411(UDST9),DRAU,NN) 
CALL W9CmX (H21,N,N,1914w21CLOST9),RTCS,11 
CALL DRCMX1(42100,10HW21(LOST1),IRAW,NN) 

C 	AM IS NEEDED AS AN AUXILIARY MATRIX IN THE INVERSION COMING NEXT, 
C 	THEREFORE, THE CJAVUP OFEP4TIONS N7CESSARY FOR CHECKING THE STEADY STATE 
• n 	P:MCATTI FOUATION (SEE DELON) ARE PERFORMED HERE. 	20.10.70 
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iq CALL CARVUP (AMIAN12,NNON,N,N,10+1) 

CALL CARVUP (AH,Q, 	NN,NN,N,M,N41,1) 
C 
C 	INVERT W11 AND CHECK IF PROOUCT IS I 
C 

CALL Fnipic (W11,W11INV,NIN) 
CALL INCOMA 
IW11 = 10 10,111(UPSTri) 
PRINT 117, NEPR,Ini 
IF (HERR) 14,15,14 

14 IF (IPRW) 27,22,27 
22 CALL NRrs.MX (N11,N1N,1CHN11(UPSTR),RTCS,1) 

CALL WRC4X (W21,N,N,1HT421(LOFTE),RTCS11) 
23 CALL INVOON (N21,W11INV,N,IPANK) 

IW21 = 1V121(LOST9) 
PAINT 102, I4?1,TRANK 
CALL MULCON ( 1421,wi1iNvo,c,N,N,N) 
CALL IROIX1 tPC,N,Hp1CHW21*N21INVIIPAW,NN) 
STOP 

15 PALL milLCOM (W11,Wi1INV,PCIN,NIN) 
CALL O°CMY1 (PC,N,54,104W1141,111INVI0RAW,NN) 

C 
= W21*(W111INV 	 (2) 

C 
C 	CHECK IF P IS REAL ANn SYMMETPIC. 	CONSTPUCT P(REAL) FROM 0C(C040LEX) 
C 

CALL M9LCO1 t121,1411INV,PC,NIN,N) 
IF (IR") 20121,2 1  

20 CALL locmx (Pco,N,i(1pP(RIccATI),RTcso) 
CALL ORC4Y1(PCO,N110HP(PICCATI),ORAHON) 

21 PRINT 103 
7E00 = 1.E-7 
C0 6 I=1,N 
00 6 J=1,N 
IF (R7AL(RD(I,J))) 32,30,32 

2r5 IF Onc(AIMA11(0t";(1.,J))) - 7ERO) 6,5,31 
31 RATIMP = A71StAI4AG(Pr;(I,J))) 

PRINT 115, I,J,P0(I,J),PATIMR 
GO TO 6 

32 RATIMP, = ADS(AIMAG(530.(I,J))1/APS(REAL(°0(I,J))) 
IF (RATIMP 	7E9O) 6,5,5 

5 PRINT 104, I,J,PC(I,J),RATIMR 
IF (RATTHR - 1.E-4) 6,6,13 

13 °PINT 109 
6 0 (I,J) = (0C(I,J) + PC(J,I))/2. 

PRINT 105 
JT = 1 
MAIN = N-1 
no A T=1,NMIN 
JT = jT41. 
DO 8 J=JTIN 
IF (CADS(PC(I,J))) 35,33,35 

13 IF (r.s.A1S(0c!(J,I)) - 7FPC) 1,1,34 
34 ASYMF = OAT1(P0(J,I)) 

PRINT 116, J,I,PC(J,I),I,J,PC(T,J),ASYMF,J,I 
GO TO 8 

35 ASYHF = CAIS(P0 (I,J)-PD(J.I))/nA9S(PC(I,J)) 
IF (ASYMF 	7ER0) 8,7,7 

7 PRINT 106, J,I,Pc(J,T),T,J,nc(I,J),AsypF 
IF (AsY4F - 1.E•4) 80,16 

16 PPINT 110 
8 CONTINUF 

C 
C RECALL :TO CALCULATE EIGENVALUES OF P AFTER CALLING RICCAT, TO CHECK P.0EF. 
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C 	. 
C 
C 

CHECK 

CALL 
CALL 
CALL 
CALL 

STEADY 

CA9VUP 
CARVIIP 
NEGATE 
TRANS' 

STATE RICCATT EqUATION 

(A4,A41204,44,4,4,11 4+1) 	OPERATION 
(AMI O, 	 OPERATION 
(ro,N,N) 
(A,AT,N,N) 

PER':ORMED AROVE 
PERFORMED ADOVE 

C CALL ORRMX (A 	,N,N,IPAN,31H A ) 
C CALL DRPMX (AT 	,N,14,1PA4,3:!H tAlT ) 
C CALL OP0MX (A112,N,N,DRAW,39H AM12 ) 
C CALL ORRMX (0 	,4,4,OPAW,70H O ) 

CALL MULTI (A412,P,AYR1,N094) 
CALL MULTI (P,AXP1,AX02,40,N) 
CALL 
CALL 

MULTI 
AO'! 

(P,A,AXP114,4,N) 
tAX°1,AX72,4XP2,NI N) 

CALL MULTI (AT,P,AXPA,N,9,4) 
CALL A10 (AXR1,AYR2,AXR20,1') 
CALL AID (1,AXP,2,AXP2,N,N) 
IF (IPRS) 24,25,24 

24 CALL wPIMX (4x").2,N,0,3wss7) 
25 CALL ORRMX (AXR2,N,N,DRAW,30H SSO(STEADY STATE RICCATT = 0)) 

C 
C CHECK IF STEADY STATE RIrCATI [OVATION IS 7EPO 
C 

°PINT 107 
10 1; 1=1,4 
10 J=1,4 • 
IF (AT;(AXR.2(I,J)) - 7E0n) 15,,9 

9 PRINT in!l, T,JoY02(T,J) 
Tr (ARS(AXR2(I,J)) - 	10,10,12 

12 PRINT 109 
in CONTINUE 

C 
C 
C CONSTRUCT CONTROL LAW 
C 
C 	K = [RlINV*!DIT." 	 (3) 
C SUCH THAT 
C 	U = - K4X 	(FOR THE UNDISTURPED CASE) 	 (4) 
C 	I.E. 
C 	XOOT = A*Y + Tvfli 
C 	= A*X - P*ER1INV 4J91T*P*X 	 (5) 
C 	HENCE THE OPTIMAL CCNTROL MATRIX 	AOC 	TS 

C 	AOC = A - D*TRII4V*T11IT*P 	 (6) 
C 

CALL TRANSP (P,DT,N,NU) 
CALL MULTI (BT,P,71K,NU,N,N) 
DO 11 I=1,9U 
DO 11 J=1,9 

11 OK(T,J) = OKTI,J)*RDI4V(I) 
C 

CALL MULTI (1,1K,AX 01,N,NU,N) 
CALL NEGATE (AX"-'1,AX91,N,N) 

• C 	CALL WRTMX (AX01,4,4,3H-PK) 
CALL n-Pmx (AXR1,N,N,ORAW,30H 	9*K (AO0E0 CONTROL) 	) 

C 
C 	COMPUTE (IF ASKED TO) 	non = 	+ (K1T*R*K 
C 
C 	(THIS IS FOR CHECKINS THE 1_11 21140V EOUATION WITH AOC AND DOC. 
C 	IT IS NOT NECESSARY FOR SOLVING THE OPTIMAL REGULATOR PROqLEM). 
C 

IF (T'CHD) 28,21,28 
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28 PRINT 114 

CALL MULTI (P,AXP10)02,1,11N) 
CALL NEGATE (AXP2,A)(R2,1,1) 
CALL ABD 	(0,AxP2,AXR2,N,N) 
CALL WRIMX (AX02,1,1,3Ho0C) 
CALL 10.P4X 	(AX22,1,1,oRAW,311u00's (0 f rK)T*R*K) 
PUNCH 112, TOAPF,MCA(',E,,I00C1I TO(r2,NOAsril 
CALL PoM2C17 (AXR2,u,1) 
PRINT 113, ICASEI NCAS7,11001,Io0C2,1CASFR 

C 
20 CALL for) 	(A,AYR1,AY 71000 

Ir (ISMORT.70.1) GO TO 44 
CALL Wr'ImX (AXR1,N)1,3HAOC) 
CALL DRRMX (AXg1,1,1,0RA111304A0C (A OPTIMALLY CONTROLLED)) 

44 IF (TROIA) 28,27,75 
25 PliNrH 112, ICASE,NOAc,IA0C1,IA0C2I NCASP0 

CALL RRm2U17 (AXR1,1,1) 
PRINT 112,  IcASE,NCASr,IA0C1,1TAOCR,NCASFR 

27  .701TITIE 
C 
C RECALL TO CALCULATE PIGENVALUES Or AOr AFTER CALLING RICCAT) 
C 
C 	CONSTUCT 	KO = (R1INV4(R1T4IICW11)INVIT*IC- RICS1INV1*04211T 

no 36 T=1,1 
36 RTPSI1(T) = - 1./PTO(I) 

CALL TRMSP (Y21,Pn,N0) 
C 	PC TS 07STROYFD, Ic  NOW r1211T 

CAU 	tp7:0111 7T/N1 4,2) 
CALL TR/SRC (w11INV,Rr I N I N) 

C 	PC IS MOW rtW111INV1T 
CALL MuLCOM (P0,1411021,N,N,N) 

C 
C 	W21. MOW STORZC THE PRODUCT 	trP111I1V1T*(- RTCS1INV*r6121)T 
C 	II SHOULD BE A REAL MATRIX. CHECK IF IT IS AND CONSTRUCT REAL IN O. 

PINT 118 
DO 37 1=1.0 
00 37 J=1,1 
IF (REAL(W21(T,J))) 41,30,41 

30 IP (ADS(AIMAG(121(I,J)1) - 7EDO) 37,37,40 
4Q RATViR = tVISCAPIAG(W21(I,J)1) 

P91111 115, I,J,W21(I,J),RATIMR 
On —rel 37 

41 RATI9 = 41SCAPW(W21(T,J))),ADS(REALtW21(I,J))) 
IF (RATIMR - ZERO) 37,37,42 

42 PRINT 104, I,J,121(I,J),2ATIMR 
IF (PATTMR - 1.7u4) 37,37,43 

47 PPIMT 109 
37 O(I,J) = W21(I,J) 

C 
C 	FINISH EX0PES'STOI KO 
C 

CALL TILTI (DT,O,KD,NU,N,N) 
DO 31 1=1011 
00 38 J=10 

38 KO(I, )) = ;9(I,J)*ROINV(I) 
P,FT(Ir?N 

101 FOPmAT (1M1/7/,///10X,*THE FOLLOWING TWO MATRICES AR7*/////10X, 
1*W11 :; UPPER HALVES OP THE STABLE EIGENVECTORS OF AM (STATE-COSTAT 
27 MAI—lin-kV/10X, 
34- W21 = LOW::? 	SO 5* 	O. 	OS 	SO tO 	00 	IPS 

4 	*/////) 

102 FORMAT (///////10X, 4RANK Or MATRIX 	*,A101 4. 	IS37I6/1///) 
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103 FORMAT (1H1////10X,*THE MATRIX P (RICCATI) 	SHOULO RE REAL*///10)( 

WELEMENTS WITH RATIO OF INAS OVER REAL PART GT. 1.E-7,IF ANY, FOL 
21.0w*////20X,*REAL RAFT*,9X,*INAS PART*,1X,*RATTO*//) 

104 FORMAT (* P(*,I2 4 *,*,I2,*) = *1 2E13.6, 5Y,E8.1) 
105 FORMAT (1H1/////10Y,*TNE MATRIX p (RIOCATI) SHOULD RE SYMMETRIC* 

ill VX,*TH=  PAIRS Or SYMMETRIC ELEMENTS WHICH SHOW A FPA(TIONAL OI 
2FFEPENr:r  GT. 1.E-7, IF ANY, FOLLOW*//f/11X,*REAL RAPT*17X,*IMAG 

0PART* 1 21X 1*REAL PART*,7Y,*IMAG RART*,7X,*FRACT. ASSYMFTRY*//) 
1U' FORMAT (2(* 	n(*,I2,*,*,I2,*) = *,F1r.,*,*,r15.R),7X,E1n.2) 
11'17 FORMAT (1H1//f/10X,*TPc mATPIX SSO (STFAOY STATE RICOATI EOUATION) 

1 SHONLO RE 7FRO'//11Y 4 *(R REfL HAS 'EFN CONSTRUCTE0 OY AvERASIMG 
2THE 	MmETRIC FLr"ENTS*/10X,*oF THE COmLEX MATRIX AMI NEGLECTING 
714=7  IMASINARY PART)*///1°Y,*ELEMENTS GT. 1.E-7, 	IF ANY, FOLLOW*// 
4/1) 

1q8 FOP PT 	SSO(*,IR,*,*,I2,*) = *,F11.11 
109 FOPmfT (1H+,66X,*ST. 
110 FORmAT (1H+,114X,*GT. 1.E-4*) 
111 FoRmAT (/////if:xl*THry APE NOT PPINTEO TN THIS RUN, EXCEPT IF W11 

1 IS SINGNLAR*///) 
112 FORMAT 	(A5,T3,5X,2410,24X,*(FOR CASE *,I2,* OF F09CK1)*) 
113 FORMAT (1)(05,T3,5Y,25i1,24X,*(rOR CASE *,T2,* OF FTICK1)*) 
114 FOP.m4T (///////16X,*MATRIX OOC FOLLOWS*///10X,13H000 = 0 + (K1T* 

1R*K/16Y,13q 	= rl 	c*r14K 	.////) 
115 FORMAT (* P(*,I2,*,*,I2,*) = *,2E10.8, 5X,E8.1,5X,*RATIO IN THIS 

1LTNE TS REALLY TMAS(r)*) 
116 FORMAT (2(* 	0( 4,I2 4 *,*,i2,*) = *,E15.$11*,*,E1.5.8)17X,E10.215X, 

F.A.* 	IS 0 t*,I2,*1 *,T21*)*) 
117 FORMAT (//////fir:+Y,4170,302 Or INVERSTOm = *,I3,* 	(IF n, 	INVERSI 

ION Or 4.,A11,* TS StP7CESSFULLY COMRLETEO)*///) 
itR FO0s4AT (////'I1:3X 4 rD6WTHF MATRIX PRORUCT (f4111INV1T*(- RTCS1INV*EW 

12117 SHOULD RE REAL 	///10X,*ELEmENTS WITH RATIO OF TMAS OVER PE 
2AL PART GT. 1.E-7, IF ANY, FOLLOW*////20X,*REAL PART*,9X,*IMAG PAR 
3T*,8X 1 *RATT0*//). 
ENO 

C 

SUBROUTINE CIPOBS1 (0,00,NU,NY,W,WINV,OYD,AXCI.,AXC2,RTC,ICTR, 
NCTRIICOLOPAWON) 

C 
C 	9.1.7i 

C 	ROUTINE TO CHECK CONTROLLABILITY AND OBSERVABILITY OF SYSTEM 

xnoT = A*X + 0*U 	 (1) 

C 	/ 
C 	Y = C*X 	 '(2) 

C 
C 	IN COmJNNOTION WITH THE COST MATRIX 0 OF THE COST I,TESRANO 

C 
C 	 [X,T*0*X + fUlT*P*N. 	 (3) 

C 	C'ONTROL'LABILITY THVOLVFS THE PAIR OF MATRICES A. B. 
C 	09SERVABILITY IN THE CASE WE APE INTERESTE1 IN, INVOLVES THE PAIR A, CO 

C 	WHERE' 	tC01T*CO = 0 	 (4) 
C 
C 	IN OUP rase (SSE ROUTINE SCS4X) WE USE A COST MATRIX oY FOR Y RATHER 
C 	THAN 0 FOR X. 	THEREFORF THE FIRST Tr:PI OF (3) IS 
C 
C 

	

	 ty-174.0,0$1 = rx1T*CC1T*OY*C*X . 	 (5) 
HFNrr 

c 	n = tcolT*co = tc11-4,0y4c (6) 
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C 	IF WE SET (Y DIAGONAL (AND WE DO SO IN SCSMX) THEN 

C 
C 	 co = sopT(cy)*c - 	 ( 7) C  

C 	(CLEARLY IF ny HAS ALL OIAGOIAL ELEMENTS NONZERO, IT IS ENOUGH WITH 
C 	CHEC11.TNG 09SERVARILITY OF THE PAID A. C ) 

C 	nIAGONALI7ING THE SYSTEM (i).(2) INTO THE SYSTEM 
C 

700T = 0" + E*U 	 (8) 
C 
C 	I 	ste = r*7 	 (9) 
C WHERE 
C 	WHERE 	7 = tWIINV4X 
C 	 n = 1:w1INV*A 4w 
C 	 E 	(WlIMV*9 	 (in) 
C 	 F = C'W 	 (11) 
C 	 W = ETCENVFPTOR MATRIX 
C 
C 	THE SYSTEM (8),(9) IS COMPLETELY COMTPOLLAOLF IFF 

C 	1. E HAS AT LEAST ONE NON7ERO ELEMENT IN EACH ROW 
C 
C 	ANO COMPLETELY 00SERVARLE IFF 
C 
C 	2. F HAS AT LEAST ONE NON7ERO ELEMENT IN EACH COLUMN 
C 
C 	SINCE WE ARE CHECKING 02,SERVARILITY OF THE PAIR A. CO, THE MATRIX 
C 	F OF CONOITION (2.) SHOULD REALLY 9F 
C 

rn = c(1414 = SORT(CY)*C*W 	 (12) 
C 
C 	THE EIGEMVrCTOR MATRIX W OF A ANO ITS INVERSE (WIIMV MUST 9E CALCULATED 
C, BEFORE CALLING CTRORS 
C 

REAL 0(N.NN),(s.(MY,N)0Y0(NY) 
COMPLEX W(N.M).WINV(N.N),AXC1(N.NU),AXC2(MY.N),RTC(N) 
INTEGER ICTR(NU),ICOL(NCTR).1RAW(NI NN) 
PRINT 1 

C 
C (1) rONTROLLA1ILITY 
C 
C 	E = (WiINV49 

r!AlL M'ILCR (WINV../,AYrs1 1 N,N.N11) 
CALL WPCMX (AXC1,N.MU,10H E =witsoimpTc,o) 
CALL nD.cmxi(Axcl,Nou,loH E =WINV*90RAW.NN) 

C 
KC0L = 
00 8 I=1, N'1 
IF (ICTR(I) - 1) 8.9.8 

9 ICOL(KCOL) = I 
KrnL = KCOL+1 

R CONTINUE 
PRTNT 1030(ICOL(I)),I=1.NCTR) 
KCTP = 1 
00 3 I=1.N 
nr 4 J=1.M0 
IF (ICTD(J) - 1) 4.7.4 

7 IE (ARS(RFAL(AXC1(I,J))) 	1.E-2) 4.3.3 
4 comTplur 

PPINT 101, I 
TxTP = n 

3 CONTINUE 



262 

IF (KOTP) 10,11,11 	 • 

10 PRINT 104 
C 
C (2) ODSERVADILITY 

C 	FO = sORI(DY)*C4g 
C 

it CALL MULRC (C.W.AXC21NYININ) 
00 2 7=1, NY 
no 2 J:=1.N 

2 4V12(T/i) = AxC2tT.J)*SCRT(7Y°(I)) 
CALL W0CMY (AXC2INY,N,104 PQ = oo*11,PTC,0) 
CALL. ORCmX1(AX021W)04,10H FO = ('O*WORAW,M9) 

C 
Kong = 
DO 5 J=1.9 
DO 6 7=1, 11Y 
IF (A°S(REA 1_(AXC2(I.J))) - 1.E-2) 6,5,5 

6 nONTINUF 
- PRINT 102. J 

KO RS = 0 
S CONTINUE 

IF (KODs) 12,13,12 
12 °RINT 105 

C 
13 RETURN 
1 FORMAT (11-11///////31Y,40 0 NTROLLArtILITy 	AND 	0 
11SERVADILIT Y4/////31X,25HSYSTEM 	'DOT = A*Y. 	D*11/31Y, 

219H 	 = IX//71X.*HAS °EEN DIAGONALI7Fr'T"1TO*//40X, 16N 
7700T = 9Z + E*11/47X,7HY = E*Z.2CX,20EtJHEt'E 	E = fW)I11V*Q/7F4X, 7H 
4r = r;*Wf73Y,22HW = ETGENVFOTOR mATRIX/31X,*T14F POST INTEGRANO IS*/ 
5/40X.19HEXIT'D*X + (111148*U/V7•1X,*WHERE n CAN DE EXPRESSED AS*// 
640X,274CCOIT*01 OR AS rr;1 1'40y*r;7n1x ,AcwH7P.E QY IS THE COST MAT 
77,,rx OF THE OUTPUTS Y'//49)(014(Y1T*OY*Yi//31X.*FROM ADOVF*//40X, 
P 15MC'0 = SIRT(1Y)*W/71)(7*AN0 	DEFINE*//41X0HFC = rO*W/f///// 

91r)( 9,TWr: SVSTE1 IS 0Cm^LETELY P.ONTROLLARLF TEE THE MATRIX r 	THA 
AT FOLLOWS HAS AT LEAST CME NONZERO ELEMENT IN EACH ROW*//10X.*,. 

•1 	ODSERVAPLE 	 Fri 	.. 
C 0* 00 0, 	00 	1O 	** 	COLW1N*//) 

in FORMAT (10X,*ROW (*,I2,*) OF F HAS NO ELEMENT WITH ADS VALUE OF 
tREAL PART GE. 1.E-2 IN .THE COLUMNS MENTIONED APOVr*) 

102 FORMAT ilnY,*COLUMN (*1T2,4) OF. FQ HAS MO ELEMENT WITH ADS VALUE 
1 OF REAL PART GE. 1.E-24 ) 

103 FORMAT (///1"Y01SIMNS '7ORREs0ONDING TO THE CONTROLLED INRUTS ARE 
1 *.10(I714..*)///) 

104 FORMAT (1eX,4EAC4 ROW OF E HAS AT LEAST OME ELEMENT WITH ADS VAL 
iU */19X.*Or REAL °ART GE. 1.E-2 IW THE COLUMNS MENTIONED AlOVE*/) 

ins FORMAT (///1rX,*EAOH r'OLUMN OF Fr) HAS AT LEAST ONE ELEMENT WITH 
14°S VALUE OF REAL PART OE. 1.E-2*/) 	• 
END 

C 

C 
SUDPOUTINF EIGVV1 

1 	 X0I,V,VI.W.IPOW,G.H0A,DX.DVIDC,00.A0.X000. 
2 	 G0040) 

C 
C 10.4;70 
r. 
C 	ROUTINE EOR rs,ALCULATING EIGENVALUES AND FIGENVT:CTO°S OF A REAL SOUARE MATRIX 
C 	MnOIFIZ9 vE7STON (TEDnFR L.) OF FIGSYS FROM *ORT4NESTFoN UNIV. (WEINER L.H.) 
C 	USES SUDROUTIAFS 	HESSFNOREIGOPTOSORIEIGVECOE1SR.WRONX,ORCMX 
C 	EIGVEC IS DASED ON wILKINSC1.S INvERSE ITERATION METHOD 
C 
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C 	LIST OF MOST IMPORTANT ARRAYS AND CONTROL POINTS 

• C 
C 	A = INPUT mATIX,REAL 	 (NO) 
C 	9,n -7. WORKING MATRICES, REAL • 	 (NO) 
C 	nA = WORKING MATRIX, nCMPLEX 	 (NO) 
C 	7  = EIGPNVALUTS, REAL RAPT 	 (N) 
C 	Y = 	.. 	Vm.AG .. 	(N) 
C 	°TCX = 	.. 	001PLEX. 	 (N) 
C 	FCX I= CnmDLFY. EIGENVECTOR "MIX 	(NO) 
C 
C 	X = CURRENT R.H. EICENVECTOR, REAL PART 	(N) 
C 	XI E 	.. 	.. 	• • 	IMAG 	.. 	(N) 
C V 7-7 .. 	L.H. 	.. 	REAL .. 	(N) 
C • - VI 7 	.. 	.. 	.. 	IMAG 	.. 	(N) 
C 
C 	IVC = r . NO EIr.v7.7cToR CAL,;, JLATION 
C. 	IVC = 1 r■ CALCNLATE PFc;NLAD (R.H.) EIIENVECTORS 
C 	TVC = 2 4 	.. 	TRANSPOSr-O(L,H0) 	• • 

C 	IVC = 3 rt 	.. 	BOTH 	 •• 
C 
C 	IPR1 = 0 r' VAL'iES OF CURR7NT FII;ENuFCToRS ADE NOT DRTNTEn 
C 	IPR2 = P ra CORRECTTO EIGENVALNES, RESInUAL VECTOPS, ETC., NOT PRINTED 
C 	IPR3 = n 	FIGENVFC702 MATPIx(COMDLEX VERSION) NOT PRINTED 

IPR4 = 9 o INRMT MAT;'IX A NOT PRINTrrL 
C 

REAL A(N,N),D(•l,N),C(N,N) 1 7(N),Y(N),4(N,4),X(N),XI(4),V(N),VI(N), 
I 	G(N),N(N) 
INTEGER IRO'4(N,2) 1 T2 

C 
C T2 TO rIF USED ONLY WHEN SYSTEM ON TAPE 
C 

.COMPLEX nA(NO),DY(N)0V(N),OC(4)111(N).ECX(NO),RTCY(N) 
00UPLT An(NO),Yn(N),VD(N),Gn(N),H0(N) 
COMPLEX OLOUOPORPORL I OLNEW 
DOURLE Lo,s9,99,c,71,?Ln 

TrvALPNc,-,  (DL,LC),( 71U,),(nR,D1),(nD0 ,RP1),(ORL,PLO) 
DATA I1•IRC,I4PCL/11HR.H. EIGVC,10HL.H. EICVC/ 

C 
T2 = 0 

1 M=4 
6 no 12 I=10 
no 12 J=10 

12 OtI,J)=A(I,J) 
IF (IPR4) iL?2,1.323W22 

1n22 PPINT 9n2 
no s I=11+1 

8 PRINT D,I, (A(I,J),J=i,N) 
1023 CA! HTSSEN (A.M,N) 

CAL(. OREIG(A0,70.10) 
no 	I=10 
DO 20 J=10 

21 A(I,J)=n(I,J) 
CALL OT1SR (A,m0E7,IEXP,N) 
NSW = 

80 70ACE = 0.0 
TPICE = 0.13 
PROD = 1.0 
T = 9 

43 I = I + 1 
IF (Y(I)) 41,42,41 

41 PPOO = DRnn 8  (7(I)882 + Y(I)882) 
I = I + 
GO TO 40 

	

42 PROs-= PRO') 	7(I)  

EIGSYS 
EIGSYS 
EIGSYS 
!IGSYS 
EIGSYS 

EIGSYS 
.EIGSYS 
EIGSYS 

EIGSYS 
EIGSYS 
EIGSYS 

EIGSYS 
EIGSYS 
EIGSYS 
TIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
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40 IF(I - '043,45,45 	 EIGSYS 

45 90 48 I = 1,N 	 EIGSYS 
TRACE = TRACE + 1(T,I) 	 EIGSYS 

48 TpInp = TPICF + 7(I) 	 EIGSYS 
PPINT 95C,TRAGE,OFT,IEXP,TRIGE,PROI 	 EIGSYS 
IF (IVC) 101T:1,1000,1110 

1P11 GO TO (85,1100), NSW 
85 

 
no 23 I=10 	 EIGSYS 
10 23 J=1,4 	 EIGSYS 

23 A(I,J) = n(I,J) 	 EIGSYS 
CALL ASOR ( T2,10,H,N,N) 

C 	 EIGSYS 
C 	A IS NOW A-SDUARE 	R IS THE ORIGINAL MATRIX A 	 EIGSYS 
C 	 EIGSYS 

no 21 K=10 	 EIGSYS 
IF (IP'1) 1137,1035,1(1 37 

1037 RPINT 001 	 EIGSYS 
in78 'SW = R 	 rp;sYs 

26 nO 22 I=1.N 	 EIGSYS 
nO 22 J=1,N 	 EIGSYS 

22 C(I,J)=A(I,J) 	 EIGSYS 
CALL EIGVEG 

1 	VI,7(11.),Y(K)00 ,I2,SW1,InOUNT,Eng,2 ) 
IF (ICONNT) 51,11,28 	 EIGSYS 

Al PPimT 015,7(K),Y(K) 	 EIGSYS 
GO In 21 	 EIGSYS 

21 IF(Y(K)) 27,20,27 	 EIGSYS 
29 nO 7C I = 10" 	 EIGSYS 

EIGSYS 
C 	)(1 IS 0.0. R.H. T:-V7CTOP X 	 EIGSYS 
C 	 EIGSYS 

xn(i) = Y(I) 	 EIGSYS 
vn(i) = VII) 	 EIGSYS 

C 	 EIGSYS 
C 	VD IS D.P. L.H. E-VECTOR V 	 EIGSYS 
C 	 EIGSYS 

00 70 J = 1,N 	 EIGSYS 
71 An(I,J) = 0(I,J) 	 EIGSYS 

C 	 EIGSYS 
C 	AD IS 0.0. INPUT MATRIX A 	 EIGSYS 
C 	 EIGSYS 

LD = 7(K) 	 EIGSYS 
C 	 EIGSYS 
C 	in TS D.P. T177,ENT PEAL rIGENVALNE 	 EIGSYS 
C 	 EIGSYS 

nO 71 I = 1,11 	 EIGSYS 
GO(I) = 0.0 	 EIGSYS 
DO 71 J = 104 	 EIGSYS 

71 GO(I) = G'1(I) + A1(I,J) * XD(J) 	 EIGSYS 
C 	 EIGSYS 
C 	Gn IS n.P. 11, 09UCT A*); 	 EIGSYS 
C 	 EIGSYS 

DO 73 I = 	 EIGSYS 
EIGSYS 

C 	GO IS NOW D.P. RESIDUAL A*X 	LAMDDA*X 	 EIGSYS 
C 	 EIGSYS 

73 GMT) = GO(I) - Lo * )(D(T) 	 EIGSYS 
sn = fl. t1 	 EIGSYS 
Ro = 0.0 	 EIGSYS 

"1  = 0Ln = 0.0 	 EIGSYS 
no 74 I = 1,N 	 EIGSYS 

EIGSYS 
• C 	50,15 n.P. Pr,,onuor v-iPANsPosE(A*x - LAMn0A*X) 	 EIGSYS 

EIGSYS 
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SD = SD f \fo(i) * GO(T) 	 EIGSYS 

RRO = RPO f . GD(I)**2 	 EIGSYS 
C 	 EIGSYS 
C 	RRO IS 0041.DPEC. R.N. RESIDUAL VECTOR SONAREI 	 EIGSYS 
C 	 EIGSYS 

74 Rn = RI + VD(I) * XD(II 	 EIGSYS 
C 	 EIGSYS 
C 	RI IS I.D. VFOTOTI PRO9UOT V-TPANSPOSE * X 	 EIGSYS 
C 	 EIGSYS 

RP = RP') 	 EIGSYS 
nn 75 I = i,N 	 EISSYS 
G(I) = GO(T) 	 EIGSYS 
HD(I) = C.3 	 EIGSYS 
00 75 J = i ' M 	 EIGSYS 

75 4D(I) = HMI) + V9(JI * 1(J,I) 	 EIGSYS 
C 	 EIGSYS 
C 	Hn TS THE D.P. PRonucT V-TRANSPISP * A 	 EIGSYS 

EIGSYS 
no 76 I = 1,N 	 EIGSYS 
HO(I) = HIM - V(II * 11:1 	 EIGSYS 

76 H(I) = HO(T) 	 EIGSYS 
C 	 EIGSYS 
C 	H(I) IS NOW THE RESIDUAL (SINGLE DRPC.) OF  (v-TRANS*4 - V-T7ANS*LAM1EIGSYS 
C 	 EIGSYS 

no 75 I = 1,M 	 EIGSYS 
EIGSYS 

C 	Din IS DOUB.DDEC. L.H. PESIDUAL VECTIP SOUAPED 	 EIGSYS 
C 	 EIGSYS 

79 RID = 	+ H1(1) *4  2 	 EIGSYS 

C 	FCX INCOPPORATES CCNDLEX EIGENVEOTORS (FOR REAL EIG7NVALUES) 
C 

IVC = 1,3 r* EOX(COLUNN K) Is R.H. rIGENVPCTOR K 
C 	IVC = 2 	Pcx(RniA K). 	IS L.H. EIGENVECTOR K 
C 

GO TO (1,121,1025,1020), IVO 
1020 10 1024 I=1,4 
1024 rOX(IIK) = X(I) 
• GO TO 1n27 

1025 no 1n26 I=10 
1n26 ECX(K,I) = V(I) 

C 
1027 IF (Ic"R1) 1112,1013,1012 
if:1 12 DP/NT P95, 1<, Z("), (X(I), 	G(I), H(I), I = 1,4) 
1113 7(K) = In + SI / Rn 

C 
C 7 (K) IS NOW THE SINGLE ()REC. IMPROVED EIGENVALUE 
C 	 • 

RL = PLn 
IF (T",2) 1013,1010,1C13 

1013 PRINT 91e, S!,11, TCO'JNT, c.PRORIRL 
PRINT ql6 
PRINT eird 	u, 700 

1n1q ISW = Tcw * 
GO TO (26,21), ISW 

27 DL = C9  
C 
C nt_ Is cormEY cIGFMVALUE 

DO 50 I=i,N 
nr(T) = 0.0 
nom = 0.0 
DX(I) = ONDLX(X(T),Y1(I)) 

C 

EIGSYS 

EIGSYS 
EIGSYS 
EIGSYS. 
EIGSYS 

EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
EIGSYS 
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C 	DX IS COMPLEX 7. H. EIGENVECTOR 	 EIGSYS 

	

C 	 EIGSYS 
OV(I) = CIPLX(V(I),VI(I)) 	 EIGSYS 

EIGSYS 

	

. C 	DV IS COMPLEX L. H. EIGENVECTOR 	 EIGSYS 

	

C 	ECX INCOPPORATES COMPLFX EIGEMVECTORS (FOR COMPLEY EIGEMVALUES) 
C 

= 1,3 4  ECX(COLUMN K) IS R.H. EIGENVECTOR K 

	

C 	pin = 2 	ECX(RON K) 	IS L.H. EIGENVECTOR K 
C 

GO TO (1023,1020,1021), IVC 
1n28 ECX(7,K) = 9X(I) 

GO TO 1031 
1029 ECX(K I I) = nv(i) 

C 
1n31 nO 50 J = 1,N 	 EIGSYS 

EIGSYS 
50 nACI,J, = g(I,J) 	 EIGSYS 

	

C 	 EIGSYS 

	

C 	nA IE COMPLEX VFRSTON OE ORIGINAL INPUT MATRIX 	 .EIGSYS 
EIGSYS 

90 52 I = 	 EIGSYS 
90 F2 J = 1,4 	 EIGSYS 
OC(I) = 0C(?) + nA(T,J) * nx(J) 	 EIGSYS 

52 09(I) = Em(I) + lA(J,I) * nv(J) 	 EIGSYS 
no 60 I = 1,4 	 EIGSYS 

	

C 	 EIGSYS 

	

C 	00(I) IS THE RESIDUAL OF A*X - LA911A*X 	 EIGSYS 

	

C 	 EIGSYS 
INT) = not I) - nL * nX(I) 	 EIGSYS 

61 DO(I) = DD(I) - DV(I) * 01 	 EIGSYS 

	

C 	 EIGSYS 

	

C 	09(I) IS THE RESIDUAL OF V*A - V*LAM°111  EIGSYS 

	

C 	 EIGSYS 
DPR = nRt. = 0,0 	 EIGSYS 
np = 0,g EIGSYS 
nU = 0.0  EIGSYS 
00 54 T = io 	 EIGSYS 
DER = DPP + DC(T) '4' 2 	 EIGSYS 
ORL = n171. + nn(I) ** 2 EIGSYS 

	

C 	 EIGSYS 

	

C 	ORR IS COmPLCX R.H. RESIDUAL VECTOR SQUARED 	 EIGSYS 

	

C 	DEL IS COMPLEX L.4. RESIDUAL VECTOR SOUA°E9 	 EIGSYS 

	

C 	 EIGSYS 
nu = nq 	OV(I) * nC(I) 	 EIGSYS  

EIGSYS 

	

C 	OU IS '%OMPLEX PROnUCT V-TRANS(A*X - I_Am90A*X) 	 EIGSYS 
e C EIGSYS 

54 DP = nn + qv(I) * lx(i)  EIGSYS 
EIGSYS 

	

C 	PP IS COMPLEX VECTOR PEODUCT V-TPANS * X 	 EIGSYS 

	

C 	 EIGSYS 
DLNEW = nt. 	flu , nc, 	 EIGSYS 

	

C 	 EIGSYS 

	

C 	OLNEW IS THE COMPLEX IMPROVE' VALUE FOR THE CURRENT SIGENVALUE EIGSYS 

	

C 	 EIGSYS 
Y(K) = AIMAG(OLNEN)  EIGSYS 
7(K) = REAL(DLNEW)  EIGSYS 

C 
IF (IPP1) 1114,1016,1014 

1014 PRINT 916, K, IL, (9X(I), nVtI), nC(I), DOM, I = 10) 	EIGSYS 
1016 IF (19p2) 35,iC17,35 
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35 PRINT 911,SW1,TCOUNT,FRRI OR17I 0RL 	 EIGSYS 

PRINT 916 	 EIGSYS 
PRINT 160, K, OLNEW 	 EIGSYS 

1017 ISW = IcW + 1 	 EIGSYS 
GO TO (26,21), ISW 	 EIGSYS 

21 CONTINUE 	 EIGSYS 
NSW = 2 	 EIGSYS 
PPINT 155 	 EIGSYS 
SO TO 80 	 EIGSYS 

901 FORMAT (1H1) 
955 FORmAT(///71* MATRIX PROPERTIES REPRINTE0 NERE USING CORRECTED EIEIGSYS 
. 1GENVALUES *) 	 EIGSYS 

P15 FORMAT (/// 	 EIGSYS 
11-30H * * * * * * * * * * 4 * * * * * * * 4 * * * * * * * 4 	* 4 *EIGSYS 
2 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *cmSyS 

f/* St1gn.OUTIN7 T:IGVEC nANNOT FIN E-VECTCRS FOR IAMODA =* EIGSYS 
42E1 7.9,4  FURTHER c,omvuTATIo+IS FOP THIS LOOP ARE OMITTF0*// 	EIGSYS 
513. N * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *.c/Gcys 
6 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *EIGsys 
7 ' 	1 	 EIGSYS 

905 FORMAT(// 	5X, *°. P. E-VFOTOP OF A 	L. N. f_-VECTOR OF 4* 4X 	EIGFYS 
1 1(A*X 	LANiTA*X) 5X 16W(V*A - V 4L1MPOA) 5X 	 EIGSYS 
2 *FOR LAMOIA(*I2,4) =* E17.1,//(2E22.9,2E21.9)) 	 EIGSYS 
FORmAT(*0ROM 	(1°X,10E12.3)) 	 EIGSYS 

919 FORMAT(/// * 	SW1 =4E17.9,4 	COUNT =* I3, 	ERR =*E17.9,/ 	EIGSYS 
1* 	R.N. RESTPUr■L 1P7CTOR S1UARED =*E17.1, 	 EIGSYS 
2* 	L.N. R7SIO1AL vECTOP SOUADED =*E17.9) 	 FISSYS 

911 FORMAT(/// *. SW1 =*E17.1,* 	COUNT =* 13, * 	ER7 =4E17.9,/ 	EIGSYS 
1* 	P.H. RESIDUAL VECTOR, SOMAPro 	E17.9,p1.7.9 	 EIGSYS 
2* 	L.N. RESIDUAL gEcTOR 	wDEn =* E17.9,E17.1 ) 	 EIGSYS 

906 FORMAT(/' 	,* 	FOR COmPLEX EIGENVALUE (*I2,*) =* E17.1,E17.9 //EIGSYS 
1* 	R.N. COMPLEX EIr;PNVECTOP 	L.H. COMPLEX FIGENVECTOR EIGSYS 
2 	*32NCMPLX 	OF (A*X - LAA10A*X) 	 EIGSYS 
1 	:24N CMPLX RESIn. nF (V*A - LAM1DA*V) 	/( 4(E17,9,E17.9))) 	EIGSYS 

116 FORMAT( 5(/)) 	 EIGSYS 
960 FORMAT(/' 4  THE CORRFCTED COMPLEX EIGENVALOE(*I2,*) =* 	EIGSYS 

1. 	Et7.9,E17.9 /) 	 FIGSYS. 
902 FORvAT(5(/),* .4. INPUT MATRIX FOLLOWS ...*/) 	 EIGSYS 
161 FORMAT(/' * 	TNT:. CORRECTED Prat. EIGENVALUF (*I2,*) = *F17.1,1) 	EIGSYS 
950 FORMAT( ///* TRACE OF INRUT MATRIX =*E17.9,10X 	 EIGSYS 

i* DETERMINANT OF INPUT MATRIX =*E17.112H * 	 EIGSYS 

	

SUN OF EIGENVALUES =*E17.9,10X 	 EIGSYS 
1* 	PRODUCT OF EIGENVALUES =4E17.9) 	 EIGSYS 

C 
t 	CONSTRUCT AND WRITE VECTOR CF FINAL EIGENVALUES (COMPLEX VERSION) 

toe 00 1001 I=1,4 
1011 Pl-r;Y(I) = CMPLX(Z(I),Y(T)) 

PRINT 19r2 
1002 COPN'NT(1H11 31X,*FINAL E•ISENVALUES*////23X,*REAL PART*,7X,*FLAG PAR 

iT*//) 
no 1997  I=1,N 

1003 PRINT 1004, i,unx(T) 
1004 FORMAT (11X,*ROOT (*,I2,*)*12E16.9) 

C 
C 	WRITE AND DRAW MATRIX CF COMPLEX FIGENVECTOPS 	**(NO DRAWING NOW)*** 
C 

IF (IVP.) 111.1 1 1115,1911 
1011 IF(I°R3) 10.21,1015,1021 
1021 °PINT 1032 
1072 FO°MAT (1N1//////;'//f//////////) 

GO TO (1033,1G35,1033), IVO 
11 33 PRINT 1074 
1074 	(31X,*PIGHT NANO FnENVECTTIS MATRIX FOLLCWS*/////31X, 



35HA * EIGPNVECTOR = ErGENVECTOR * LAMBDA) 

CALL NR(:MX (ECX,N INI IWRC,RICX,i) 
GO To 1015 

1n3G PRINT 1036 
1036 FORMAT (31X,*LPPT-HAN1 rEINVECTOOS MATRIX FOLLON5*1//f/31Xf • 

544iFTGc•IvEcT0q(TRr1sp) * A = LAM1DA * EIGENVEGTOR(TRANSO)) 
GALL WRCMY (PCX.N,N,IWRCL,OTCY,O) 

C 
C 'RECOVER ORIGINAL INDUT "ATRIX A FOR FURTHER USE AFTER EIGVV1 
C 
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1015 no 10 40 I=1,N 
nO 1040 J=10 

i^40 A(I,J) = n(I.J) 
RETURN 
Emn EIGSYS 

 

C 

C 
SUPPOUTINT HESSF4(A,v,L) 	 HESSEN 

C 	SU0ROUTINF TO OUT MATRIX IN UPPED HEFSENBERG FORM. 	 HESSEN 
DIMENSION A(L,L),1(20n) HESSEN 

 CM - 2) 71,30132 	 7E 
32 00 43 LC = 3,M 	 HESSEN 

N = M - LC + 3 	 HESSEN  
N1 = N - 1 	 HESSEN 
42 = 4 - 2 	 HESSEN 
NI = NS 	 HESSEN 
DIV = ABS(A(NO-1)) 	 HESSEN 

HESSEN 10 2 J = 102 
TF(AnS(A(N,J))- DIV) 2,2,1 	 HESSEN 

1 NT = J 	 HESSEN 
DIV = ABS(A(4,J)) 	 HESSEN 

2 CONTINUE 	 HESSEN 
Ir(nIV) 3,41.3 	 HESSEN 
IF(NI - Mi) 4, 7)4 	 HESSEN 

L. no S J = 1,N 	 HESSEN 
nIV = A(JIMI) 	 HESSEN 
A(J.UT) = A (J,N1) 	 HESSEN 

5 A(J,N1) = OTV 	 HESSEN 
no 6 J = 1,M 	 HESSEN 
DIV = A(NI,J) 	 HESSEN  
A(NI,J) = A(917 ,1) 	 HESSEN 

6 A(N1.J) = ?;IV MESSEN 
7 no 26 K = 1, Mi 	 HESSEN 

26 n(K) = A(N,K)/A(N,4-1.) 	 HESSEN 
no 45 J = 10 	 HESSEN 
SUM = f).0 

HEF_SS 11. IF 	- Ni) 4603'43 
46 IF(1(J)) 	41,43.4i 	 HESSEN 
41 4(4,J) = 0.0 	 HESSEN 

no 42 K = 1/N1 	 HESSEN 
A(K,J) = A(K,J) 	A(K,N1)43(J) 	 HESSEN 

42 Sum = 	+ A(K.J)*"(K) 	 HESSEN 
GO TO 45 	 HESSEN 

43 90 44 K = 1,Ni 	 HESSEN 
44 SUM = SUM + A(K.J)*B(K) 	 HESSEN 
45 A(41,J) = SUM 	 HESSEN 
40 CONTINOF 	 HESSEN 

HESSEN 3f.1  RETURN 
END 	 HESSEN 

SUBROUTINE QRFIG(A,M,ROCTR,ROOTI,IPRNT,l) 
	

riREIG 
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C 	PROGRAM TO CALL np. TRANSFORMATION, MAXIMUM ITER IS 50. 	QREIG 

DIMENSION A( Llt. ),ROOTP(L ),ROOTI( L) 	 OREIG 
N = m 	 ORFIG 
IF(IPRMT) 80,81.80 	 OREIG 

81 PINT 104 	 OREIG 
81 	7_ER0 = 0.0 	 OREIG 

JJ=1 	 OREIG 
177 XNM=0.0 	 QREIG 

xm2=00 	 1RFIG 
AA = 0.0 	 QREIG 

= 0.1 	 OREIG 
C = 0.0 	 ()RUG 
10 = 1.1 	 QREIG 
0=0.0 	 OREIG 
STG=0./ 	 OREIG 
ITFP = 	 OREIG 

17 	IF(m-2) 	175,i4,12 	 QREIG 
1.7 Ir(TRRMT) 3207,12 	 UEIG 

R2 PRINT 13c , 	A(1,1) 	 QREIG 
83 	ROOT°(1) = A(1.1) 	 OREIG 

ROrTI(1) = 0.0 	 QREIG 
1 RrTORN. 	 OREIG 

14 JJ=-1 	 OREIG 
12 X = (A(1-1,4-11 - A(M0))**2 	 QREIG 

S = 4.0*A(N,M-1)*A(M-1,N) 	 QREIG 
ITtR = ITER + i 	 QREIG 
IF(X .E0. 0.n) GO TO 15 	 ORE- 1G 
IF(A1S(S/X) .GT. 1.0E-7) GO TO 15 	 OREIG 

16 IF(A9S(A(N-1,14-1))-AQS(A(N,N))) 	32,32,31 	 OREIG 
31 E = A(N-1 1N-1) 	 OREIG 

G = A(N,N) 	 QREIG 
GO TO 33 	 OREIG 

32 G = A(N-1,9-1) 	 QREIG 
E = A(M,N) 	 QREIG 

33 F = 0. 	 QREIG 
H = C. 	 OREIG 
GO TO 24 	 QREIG 

15 S = X + S 	 QREIG 
X = A(!J-10-1) + A(N,N) 	 OREIG 
IF(S) 	18,19,19 	 OREIG 

19 SQ=SORT(S) 	 1REIG 
F=0.0 	 OREIG 
H=41.0 	 QREIG 
IF (X) 21,21,22 	 OREIG 

21 	E=(Y-S0)/2.0 	 OREIG 
G=(X+SO)/2.0 	 QREIG 
GO TO 24 	 QREIG 

22 G=(X-So)/2.0 	 QREIG 
F.,-(X+51)/2.0 	 QREIG 
GO To 24 	 OREIG 

IR F = snctr(-s)/2.0 	 OREIG 
F=X/2.41 	 oPEIG 
f;r:P 	 OREIG 
4=-r 	 OREIG 

24 TF(JJ) 28,7f1,79 	 QREIG 
70 n = 1.0E-10*(A9S(G) + F) 	 OREIG 

IF(A1S(A(9-10-2)) .GT. 9) GO TO 26 	 OREIG 
28 TF(IorNT) 34,85,84 	 OREIG 

84 DRINT 1115, 	E,F, ITER 	 ()REM 
PRINT 1n5, 	GO 	 OREIG 

85 	ROOT'(9) = E 	 QREIG 
ROOTI (N) = F 	 OREIG 
R0OT4(M-1) = G 	 QREIG 
ROOTI (N-1) = H 	 ()RUG 
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N=N-2 	 OREIG 

IF(JJ) 1,177,177 
26 IF(AIS(A(N,N-1)) .GT. 1.0E-11*A 0S(A(N,N))) GO TO 50 

29 IF(IPRNT) 8507,56 
A6 PRINT 105, 	A(N,N), 7ERO, ITER 

R7 	000TR(N) = A(N,N) 
ROOTI(N) = rt.°, 
N=R!-1 
GO TO 177 

51 IF(AqS(APSfXNN/A(N,N-1))-1.1)-1.0.E-6) 67,61,62 
62 IF(AlS(AV;(X12/'A(N-1,H-2))-1.0)-10E-6) 63,57,700 

61 VQ=A9S(A(N,N-1))-AlS(t(N-1,N-2)) 
IF (ITER-15) 53,1E4,64 

164 TF(Vn) 165,165,155 
155 R.= A('I-10-2)**2 

SIG = 2.0*A(N710-2) 
GO TO 51 

166 P = 1(9,11-1)*42 
= 2.0*A(NO-1) 

GO TO 50 
64 	IF(Vo) 	57,57,55 
66 IF(I00NT) AR,R5,AA 
541 0RINT 107, 	A(N-10-2) 

GO TO A4 
67 IF(I0PNT) 5(107,89 

59 "INT 107, 	A(N,N-1) 
GO TO R5 

700 IF(ITF0  .GT. 50) GO Tn 63 
TF(ITrR .GT. 5 ) GO To 53 

701 c:T = r*F + F4r 
IF(ET)702,631,702 

702 GT = TAG + H*H, 
IF(GT)703,5U1,703 

703 zi = ((F-AL1)**2 + (F-0) 4#2) / ET 
72 = ((G-C)**2 + (N-C^)**2) / GT 
TF(71-T.25) 51,51,52 

51 	TF(72-0.25) 	c1,53,54 
57 R=E*G-F*4 

SIG=F+G 
Co To 60 

54 0=E4F 
SIG=E+E 
Ga TO 60 

5? 	IF(72-0.25) 55,55,601 
55 R=GcG 

SIG=G+G 
GO TO 60 

601 0  = 0.0 
SIG = 0.0 

50 	XNN=A1N,N-1) 
XN2=A(N-1,9-2) 
CALL OpT(A,N,R,SIG,O,L) 
AA=F 
1=F 
f=f, 
00=H 
GO TO 12 

104 FORMAT(////5X, 9HRc'AL PART 5Y 14HDIAGINARY PART, 20X 
13HTAKEN AS 7.E',lo 6x *ITERATION NO.4//) 

115 FOR”AT(iX,c115.A,3X,Ei5.9, 42X 13) 
107 FO0mAT(52X, E17.5) 

Frio 

OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 

OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 

OREIG 
OREIG 
IREIG 
OREIG 

OREIG 
OREIG 
OREIG 
OREIG 
nRcli 
oREIS 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
9REIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG 
OREIG, 
OREIG 
OREIG 
OREIG 
OREIG 
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.SURPOUTINE ORT(A,N,P,SIG,O,M) 	 ORT 
DIMENSION 4( 4,4 ),PSI(2),G(3) 	 OPT 
N1 = N - 1 	 OPT 
TA = N - 2 	 OPT 
IP = IA 	 ORT 
IF(H-3) 101,13,60 	 OPT 

60 	00 12 J = 3,N1 	 ORT 
ji = 	- J 	 OPT 
IF(Als(4(J1+101))-0) 	10,10,11 	 ORT 

11 0E4 = A(Ji+1,J1+1)*(4(J1+1,J1+1)-SIG)+A(J1+1,J1+2)*A(J1+201+1)+R OPT 
IF(("!,7m) 51,1?,51 	 OPT 

61 	IF(40S(A(J1+1,J1)*A(Ji+201.+1)*(tOl(W1+1,J1+1)+A(J1+201+2) 	OPT 
1-SIG)+40S(A(J14-3,J1+2)))/OF.N)-0) 10,10,12 	 OPT 

12 TP=J1 	 OPT 
10 DO 14 J=1,IP 	 OPT 

J1=T0-J+1 	 OPT 
TF(ABS(4(J1+1,J1))-0) 	13,13,14 	 OPT 

14 I0=J1 	 OPT 
13 no 100 I=IP,N1 	 'ORT 

T.r(I-I0 ) 	15,15,15 	 OPT 
15 	G(1)=4(IP,IP)*(A(To,I0)-C1(;)+A(IP,I0+1)*A(Io+1,IP)+R 	ORT 

G(2)=A(pf1,IP) 4(4(ip,Ipl+A(Ip+1,IP+1)-sIG) 	 aRT 
9.;(3)=4(TP+1,11,).- a(rn+2,Ir+1) 	 OPT 
A(IP+2,I2)=t).0 	 OPT 
GO Tn in 	 OPT 

16 	G(1)=4(I,I-1) 	 ORT 
G(2)=A(I+1,I-1) 	 OPT 
IF(I-IA) 	17 ,17,18 	 OPT 

17 	G(3)=4(I+2,I-1) 	 OPT 
GO TO 19 	 OPT 

1R 	G(3)=0,0 	 OPT 
19 XK = SIGm(SOPT(G(1)**2 + G(2)**2 + G(3)**2), G(1)) 	 OPT 

22 	TFi'') 	23,24,23 	 ORT 
23 	AL=G(1)/YK+1.0 	 OPT 

PSI(1)=G(2)/(G(1)+YK) 	 OPT 
PSI(2)=G(3)/(G(1)+XK) 	 OPT 
GO TO 25 	 (PT 

24 AL=2.1 	 ORT 
PSI(1)=0.0 	 OPT 
RSI(2)=1.3 	 OPT 

25 	IF(I-In) 	26,27,26 	 ORT 
26 	15(I-IP) 	2o,28,29 	 ORT 
28 	A(I,I-1)=-4(I,I-1) 	 OPT 

GO TO 27 	 OPT 
29 	A(I,T-i)=-XK 	 ORT 
27 	90 3^ J=I,N 	 OPT 

IF(I-TA) 31,3102 	 OPT 
31 	r=RSI(2)*A(I+2,J) 	 OPT 

GO TO 33 	 OPT 
12 0=0.0 	 OPT 
33 	E=AL*(4(I,J)4PST(1)*A(I+1,J)+C) 	 OPT 

q(I,J)=A(I,J)-F 	 OPT 
A(I+1,J)=A(T+1,J)-0SI(1)*E. 	 OPT 
IF(I-TA) 	34,34,30 	 OPT 

34 . A(I+20)=A(I-20)-PcI(2)*E 	 .OPT 
30 rNmiTqn7 	 OPT 

IF(I-TA) 	35,35,36 	 OPT 
35 L=I+2 	 OPT 

GO TO 37 	 ORT 
35 L=N 	 OPT 
37 00 40' J=IO1L 	 OPT 

IF(T-TA) 71,31,30 	 OPT 
3R 	C=PSI(2)44(J,I+2) 	 OPT 
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GO TO 41 	 'ART 

39 n.0.0 	 ORT 
41 	E=AL*(A(J,I)+PSI(1)*A(J,I+1)+C) 	 IRT 

A(J,I)=A(J,I)-E 	 ORT 
A(J,I+1)=A(J,I+1)-PSI(1)*E 	 IRT 
Ir(I-IA) 42,42,40 	 ORT 

42 	A(J T IF2)=A(J,I+2)-RSI(2) 4.r 	 -IRT 
40 CONTINUE 	 QRT 

IF(I-N+3) 	43,43,101 	 IPT 
41 	7=AL* 0ST(2)*A(I4-1,I+2) 	 OPT 

4(I+3,I)=-E 	 QRT 
A(I+3,T+i)=-RST(1)*E 	 ORT 
4(I+3,I+2)=1(I+11 I+21-nSI(2)"E 	 QRT 

100 ( ONTINUE 	 ()RI 
1111 ogruPti 	 ORT 

ENO 	 ORT 
C 

C 
SUnPOuTINE ASIR(T2, A, (1, NN, NMAX, MMAX) 	 ASQR 

C 	PROGRAM TO SOUAR7  THE A MATRIX. THE MATRIX MUST PF ORIGINALLY 
LAtSS(r))P C  IN A. IF 12 IS NON-7E9n, A SONARED.WILL RE STOREC ON T2, AND 3 

r. 	wnt 07 A RIrTER WHICH ti,JST HAVE AT LEAST 253 WOROS. IF T2 IS 	ASIR 
C 	7rpo, A SQUARED MILL 97  TN R WHICH MUST BE NMAX PY NmaX. 	ASIR 
C 	 ASIR 

DIMENSION A(NIAX, NMAX), 2(MMAX, MmAX) 	 ASOR 
/NTEr,ER T2 	 ASOP 

A = NN 	 SIR  
11 I7(T2) 12, 13, 12 	 ASIR 
i2 REWINI T2 	 ASIR  

A JJ = ASOR  
DO 3 I=1.0 	 ASIR 
DO 7 J=10 	 ASIR. 
JJ = JJ + 1 	 ASIR 
I(JJO.) = 0.0 

IA T; no I. K=1,9 
1 B(JJ,11 = D(JJ1 1) + A(T,K)4A(K,J) 	 ASIR 

IF(JJ-250) 3,2,2 	 ASIR  
2 JJ = 0 	 ASIR 

WRITE (T2) (0(111), L = 1,20) 	
.114Ar0) n 3 ONTTNuE 

IF(JJ .NE. 0) WRITE (T2) ( 11(1,1), L = 1,250) 	 ASQR 
RrWIND T2 	 AS tR 
RETURN 	 ASIR  

13 10 14 I = 1, N 	 ASQR 
oo 14 J = 1,N 	 ASQR 
B(I,J) = 0.0 	

A(r) no 14 	= 	 A  
14 B(T,J) = 3(I,J) + A(I,K)*A(K,J) 	 ASIR 

ASIR RFTNRN 
A ENO. 	 SIR  

C 
C 
C 

SUBROUTINE EIGVFC(IV(', A, B, W, PROW, XP, XI, VP, VI, ROOTRE, 	EIGVEC 
1 	R1OTTF, NF, !lklAX, T2, SNi, nOUNTr, F?P,MMM) 	 EIGVEC 

C 	SUBROUTINE TO FTNC THE _I,!^r„JECIORS OF'A NON-SYMMETRIC MATRIX EIGVEC 
C 	BY A MOOD-717o WILKINSON'S INVERSE ITERATION METHOD. 	 EIGVEC 
C 	rowTRot. TVC CORE TS 	 EIGVEC 

1 FIND ONLY THE REGNLAR EIGENVECTORS 	(A x = LAMOOA X) EIGVEC 
C 	 2 FIND ONLY THE TRANSROSEI EIGENVEr7TORS (AT V = LAMBDA V)EIGVEC 
C 	 3 FINn ROTH TYPES OF ETr,E"IVECTORS. 	 EIGVEC 

DIMENSION A(NmAX,NmAX), B(NMAX, NMAX), W(NMAX,4), XR(NMAX), 	EIGVEC 
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1 	XI(MMAX), 	VR(NmAX), 	VI(44AX), 	IROW(MmAX,2) 

rmrEnFD. Co4NT, COUMTE, T2 

EIGVEC 

EIGVEC 
ROOTR = 	0.00TrIE EIGVEC 
ROOTI = ROOTTE EIGVEC 
N = NE EIGVEC 
MM = MMM EIGVEC 
Ni = N - 1 EIGVEC 
NP1 	= 	r1 	+ 	1 EIGVEC 
IVC1 = Tyr - 1 EIGVEC 
IVC2 = IVCi - 1 EIGVEC 
COUNT = 1 EIGVEC 
CLIM = 1.1E-4 EIGVEC 
IP(ROOTT) 	1, 	60, 	1 EIGVEC 

C EIGVEC 
C POMPLPX EIGENVALUE. .EIGVEC 
C EIGVEC 

1 TEMP = - ROOTR 	ROOTR EIGVEC 
ISW = 2 EIGVEC 
TEMP2 = ROOTR"2 + RCOTI**2 EIGVEC 
JJ = 30n 
no 616 I = 1, 	N 

EIGVEC 
EIGVEC 

IF(T2) 	600, 	60 3, 	6!20 EIGVEC 
6a0 	no 632 J = 1, 	N EIGVEC 

JJ = JJ + 1 EIGVEC 
IF(JJ 	- 251) 	602, 	601, 	601 EIGVEC 

601 JJ = i EIGVEC 
PEAn 	(T2) 	(4(L1..21), 	LL 	= 	1,250) EIGVEC 

602 n(I,J) 	= 	A(1,J)*TE 0 	+ 	W(JJ,t) EIGVEC 
CO TO 605 EIGVEC 

603 no 614 J = i, 	N EIGVEC 
604 B(T,J) 	= 	A(T,J)*TEmP 	+ 	9(1,J) EIGVEC 
6n5 1(I,I) 	= 	q(III) 	+ 	TFMP2 EIGVEC 
606 = 	A(I,I) 	- nOrrR EIGVEC 

IF(T2 	.NE. 	C) 	REWIND 	T2 EIGVEC 
GO TO 700 EIGVEC 

607 IF(ICO) 	622, 	6011 	622 EIGVEC 
EIGVEC 

C MATRIX SINGULAR, EIGVEC 
EIGVEC 

622 IF(TVC2) 	623, 	625, 	623 EIGVEC 
623 OO 624 IL = 1, 	N EIGVEC 
624 XI(LL) 	= 	1-f(LL,21 	= 	0.0 EIGVEC 

IF(IVC1) 	625, 	514, 	625 EIGVEC 
625 '10 	626 	LL 	= 	1, 	N 	• EIGVEC 
626 VI(LL) 	= W(LL, 	4) 	= 	1.0 EIGVEC 

GO TO 511 EIGVEC 
• n EIGVEC 

C MATRIX NOT SINGULAR, EIGVEC 
EIGVcC 

606 00 609 	I = 1, 	4 
no Eon LL = 1, 	N 

EIGVEC 
EIGVEC 

609 W(LL,T) 	= 	i4f7t EIGVEC 
6nq IF(IVC2) 	611, 	612, 	610 EIGVEC 
619 DO 611 I = 1, 	M EIGVEC 

12 = 	IRON (I,2) EIGVEC 
XI(I2) 	= 	4(I,1)*RO0TI 
no fii1 	J 	= 	i, 	4 

EIGVEC 
EIGVEC 

611 XI(I2) 	= 	XI(I2) 	+ 	A(T,J)*W(J,2) EIGVEC 
IP(IVC1) 	512, 	50C, 	612 EIGVEC 

612 no 613 	I = 1, 	4 EIGVEC 
VI(I) 	= 	W(I,7)*ROCTI 
no 613 J = 1,4 

EIGVEC 
EIGVEC 

61,3 VT(T) 	= 	VI(1) 	+ 	A(J,I)*W(J,4) EIGVEC 
GO TO 49q EIGVEC 
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615 CERR = 0.0 	 EIGVEC 

EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 

IF(ivn2) 616, 619, 616 
616 90 618 I = 1, PI 

XR(I) = -W(T,2) 
no 617 J = 1 1  

617 XR(I) = XR(I) + A(I,J)*XI(J) 
613 X 0(I) = XP(I)/POOTI 

TF(TVC11 619, 633, 619 
619 90 621 I = 1, 

VR(I) = -W(I,4) 
nO 620 J = 1, 4 

620 VR(I) = VR(I) + A(J,I)*VI(J) 
621 VP(I) = VR(I)/ROOTI 

C 
C 	SEARCH VECTORS FOP LARGEST ELEMENT ANO NORMALIZE. 

627 AMAX = C.0 
DO 62c1 L = 1, ri 
TEMP = VR(L)**2 + VI(L)**2 
IF(TENP 	AmAX) 629, 629, 621 

628 AMAX = TEMP 
12 = 

629 CONTTNIIr 
Pi = VR(I2)/AMAX 
C2 = -VI(I2)/ANAX 
90 630 L = 1, N 
TEMP = VI(L) 

	

VI(L) = VD(L)*("!? 	T7mo*n1 

	

670 VP(L) = VP(L)*N. 	TEmn*C2 
TF(C004T .E9. iS GO TO 632 
90 C31 IL = 1, 9 

631 PERI' = AMAX1(CERR, A)S(VR(II) - W(LL,3)), ADS(VI(LL) 
632 IF(IVC2) 633, 631, 633 
633 AMAX = 0.8 

no 635 I = 1, N 
TFM0  = XR(L)**2 + YT(t)**2 
IF(TEMP - AMAX) 635, 635, 634 

634 AMAX = TEMP 
12 = I 

635 CONTTNIIr 
CI = XR(I2)/AMAX 
02 = -XI(I2)/AMAX 
no 636 L = 1, 
.TPMP = XI (L) 
XT(L) = XP(L)*C2 + T7mP401 

	

636 XR(L) .= XR(L)*01 	TFMP4C2 
TF(COUNT .E1. 1) GO TO 646 
10 637 LI. = 1•1 N 

TEST Foo, couvP,f7Nrc., 

637 CERP = AmAxitcERR, AnS(XR(LL) 
638 TF(COU4T .E9. 1) GO Tn 646 

IF(CERR .GE. 1.5E-4) GO TO 670 
IF(CERr' .5E. CLI4) GC TC 6'f-8 
num = CERR 
IF(('LIN .LE. 1.P F-1) GO TO 648 

63q /F(COUNT .GE. 15) 50 TO 68 
647 COUNT = COUNT + 

IF(ROOTI) 642, 673, 642 
642 IF(IVC2) 640, 644, 640 
640 00 641 LL = 1, 4 

W(LI,1) = X2(LL) 
641 W(LI,2) = XI(LL) . 	_ 

W(LL1 4))) 

W(IL11)), AIS(XI(LL) 	W(LL,2))) 
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IF(iVC1) 644, 610, 644 	 • EIGVEC 

644 00 645 LL = 1, N 	 EIGVEC 
W(LL,3) = VR(LL) 	 EIGVEC 

645. W(1L,4) = VI(LL) 	 EIGVEC 
(0 TO 699 	 EIGVEC 

646 CERP = 0.0 	 EIGVEC 
IP(ICO) 649, 647, 649 	 EIGVEC 

648 FP? = CFPR 	 EIGVEC 
COUNTS = COUNT 	 EIGVEC 
IF(POOTI) 667, 668, 667 	 EIGVEC 

667 90 649 I = 1, N 	 EIGVEC 
649 A(T,I) = A(I,I) t ROOTR 	 EIGVEC 

RFTN'N 	 EIGVEC 
68 PRINT 101, ROOTR, ROOTI, CFPR 	 EIGVEC 

GO TO 649 	 EIGVEC 
EIGVEC 

REAL EIGENVECTORS, 	 EIGVEC 
EIGVEC 

60 !SW = 	 EIGVEC 
no 651 I = 1, N 	 EIGVEC 
no 65n J = 1, N 	 EIGVEC 

650 9(I,J) = A(I,J) 	 EIGVEC 
651 1(I,I) = 1(I,I) 	ROOT? 	 EIGVEC 

GO TO TOO 	 EIGVEC 
652 IP(ICC) 611, 685, 610 	 EIGVEC 

EIGVEC 
C 	 SINGULAR MATRIX. 	 EIGVEC 
C 	 EIGVEC 
691 IF(IV2) 631, 613, 691 	 EIGVEC 
681 90 692 L = 1, N 	 EIGV7C 
682 XI (L) = 0.0 	 EIGVEC 

IF(IVC1) 633, 914, 613 	 EIGVEC 
693 90 614 L = 1$ N 	 EIGVEC 
684 VI(L) = flo 	 EIGVEC 

GO To 511 	 EIGVEC 
r. 	 EIGVEC 
C 	 MATRIX NOT SING9LA°. 	 EIGVEC 
C 	 EIGVEC 

6A5 INIVC2) 657, 656, 653 	 EIGVEC 
653 90 654 t = 11 ,1 	 EIGVEC 
654 XI(L) = 1.1 	 EIGVEC 

IP(TVC1) 656, 500, 656 	 EIGVEC .  
656 00 657 L = 1, N 	 EIGVEC 
657 VI(L) = 1.1 	 EIGVEC 

GO TO 499 	 EIGVEC 
C 	 EIGVEC 
C 	 NORMALIZE REAL VECTORS. 	 EIGVEC 
C 	 EIGVEC 

655 CEP = 0.1 	 EIGVEC 
IF(IVC2) 651, 662, 659 	 EIGVEC 

651 C1 = C2 = o.r 	 EIGVEC 
O0 660 L = 1, N 	 EIGVEC 
TFmo = A1S(XI(L)) 	 EIGVEC 
IF(TEMP - C1) 660, 661, 659 	 EIGVEC 

"659 C1 = TEMP 	 EIGVEC 
r2 = XT(L) 	 EIGVEC 

66n CONTINUE 	 EIGVEC 
10 661 L = 1, N 	 EIGVEC 
XI(L) = XI(L)/C2 	 EIGVEC 
CE^R = AMAXJACERR, A9s(XI(L) 	XR(L))) 	 EIGVEC 

661 XD(L) = XT(L) 	 EIGVEC 
IF(IVC1) 6G2, 638, 662 	 EIGVEC 

662 Cl = 02 = n.1 	 EIGVEC 
. 10.664 L = 1, N 	 EIGVEC 
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TEMP = AnS(VI(L)) 	 EIGVEG 

EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
ETGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEG 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 
EIGVEC 

TE(TEMP 	Ci) 664, 664, 663 
663 C1 = TEMP 

(12 = Vitt.) 
664 COWTIWIE 

no 665 LL = 1, 4 
VI(LL) = VI(LL)/C2 
CFRP = AMAY1(CER, Aq"c(VT(11.) - W(LLyi))) 

665 W(LL,1) = VR(LL) = VT (LL) 
GO Tn 638 

569 IF(IVC2) 669, 671, 669 
561 90 570 L = 1, N 
670 XT(L) = 041  

Trfl.JC1) 671, 70, 671 
671 00 672 L = 1, 
672 VT(L) = 0.0 
7n RET4P4' 

573 IF(Tvo2) 574, 502, 574 
674 90 675 I = 1, 4 

12 = Ic'ON(I,2) 
675 XI(I2) = XR(I) 

GO TO 500 
C 

RACK SU1STITUTIOM SECTION. 
C 

4115 IF(Tv(.2) snn, 502, 500 
590 90 501 I = 2, 4 

I1 = I -' 
10 501 J = 1, II. 

511 XI(I) = YI(I) - R(I,J)*YI(J) 
511 IF(IVC1) 512, 514, 512 
502 nO 510 I = 11  4 

= I - 1 
IF(T1) 5173, 505, 503 

S03 90 514 J = 1, II. 
504 	= VI(I) - 1(J,T)*VI(J) 

IF(TCC) 505, 51:'5, 505. 
505 TF(P(I,I)) 506, 507, 50.6 
506 VI(I) = VI(I)/1(I,I) 

GO Tn 510 
5177 TP(VI(T)) 50R, 509, 5n8 
509 VII I) = VI(I) *1.0E+15 

GO TO 510 
501 'I(I) = 1.0 
5in CONTIN4r• 

TE(IvC21 514, 525, 514 
514 '10 522 I = 1, 4 

IR = NP1 - I 
IF(T - 1) 515, 517, 515 

515 12 = IP + 1 
no 515 J = 12, 4 

516 )(NIP) = XT(To.) - R(IR,J)4XI(J) 
IF(ToCI 517, 511, 517 

517 IF(1(19,I2)) 513, 519, 518 
518 XI(IR) = YI(19)/3(IR,IR) 

GO TO 522 
511 IF(YI(IP)) 520, 521, 520 
520 YI(IR) = xI(TP)*1.11 E+15 

GO TO 522 
521 XI(T9) = 1.8 
522 C0NTIN4E 

IF(IVC1) 525, 529, 525 
* 529 nO 525 I = 2, 4 

IR = NP1 - I 
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12 = IR + i 	 CIGVEC 

10 526 J = 12, 4 	 EIGVEC 
526 VIM) = VI(I71 - B1J,IP)*VI(J) 	 EIGVEC 

90 527 L = 1, N 	 EIGVEC 
12 = IROW(L,i) • 	 EIGVEC 

527 VR(12) = VI(t) 	 EIGVEC 
no 528 L = 1, 4 	 EIGVEC 

529 VI(L) = VR(L) 	 EIGVEC 
529 IFtROOTT) 615, 655, 615 	 EIGVEC 

C 	 FIGVEC 
C 	FACTOR MATRIX. 	 EIGVEC 
C 	 EIGVEC 

700 ICC = 0 	 EIGVEC 
SW1 = i.0300 	 EIGVEC 
no 701 LL = 1, 4 	 EIGVEC 

7n1 rPow(LL,1) = LL 	 EIGVEC 

no 7r3 K = 1, 91 	 EIGVEC 

AMAX = A1S(1(K,O) 	 EIGVEC 

IMAX = V 	 EISVEC 
KJ = K 4 1 	 EIGVEC 
nO 7C2 I = Ki, 4 	 ETGVEC 
IF(AMAX .GT. AIS(11IIK))) GO TO 702 	 EIGVEC 
AMAX = ABSto(TIK)) 	 EISVEC 
IMAX = I 	 EIGVEC 

7U2 oo,ITINIT 	 EIGVEC 
IF(AMAX .LT. SW1) SW1 = AMAX 	 EIGVEC 
IF(AMAX .G7. 1.17-25) GO TO 723 	 EIGVEC 
B(K,K) = 6.1 	 EIGVEC 
ICC = TCC + 1 	 EIGVEC 
GO TO 798 	 EIGVEC 

723 IF(TMAX .E1. K) GO TO 704 	 EIGVEC 
no 703 J = 1, N 	 EIGVEC 
AMAX = B(K,J) 	 EIGVEC 
n(K,J) = 3(TmAX,J) 	 EISVEC 

703 9(IMAX,J) = AMAX 	 EIGVEC 

12 = ID.nw(K,i) 	 EIGVEC 
rpow(K,t) = rpow(rmtsx,t) 	 EIGVEC 

IPow(imAx ti) = 12 	 EIGVEC 
704 00 707  I = Kl, N 	 EIGVEC 

IF(B(I,K)) 705, 707, 705. 	 FIGVEC 
705 n(I,K) = 9(I,K)n(K,K) 	 EIGVEC 

00 706 J = K1, N 	 EIGVEC 
706 1(I,J) = B(I,J) - B(K,J)4R(I,K) 	 EIGVEC 
707  CWITITIF 	 EIGVEC 
708 CONTINUE 	 ETGVEC 

. AMAX = A9S(9(NtN)) 	 EIGVEC 

IF(AMAX - 1.0E-25) 712, 712, 713 	 EIGVEC 
712 Rtm,4) = S41 = (.0 	 .EIGVEC 

ICC = ICC + 1 	 ETGVEC 

GO TO 709 	 EIGVEC 

713 IF(AMAX .LT. S41) SW1-= AMAX 	 ETGVEC 

709 IFtICC .LE. ISM) GO TO 710 	• 	 EIGVEC 

TP(MM .GT. 0) GO TO 1051 	 EIGVEC 
1051 PRINT 102, ICC 	 EIGVEC 

COUNTS = 0 	 EIGVEC 
RETURN 	 EIGVEC 

4159 P0INT 1152, ICC 	 EIGVEC 
'710 On 711 LL = 1, N 	 ETGVEC 

12 = IROW (LL,1) 	 EIGVEC 

711 I004(I2,2) = LL 	 EIGVEC 
IF(OOTI) 607, 652, 697 	 FIGVEC 

1052 P(Pm4T(///23H ***4" WARNING ***,FAL* 	* 	SUB' OUTINE EIGVEC HAS EIGVEC 
1FOUN1 114 FTVIV\LUE OF AnnAP7mT MULTIPLICITY* 	 EIGVEC 
1 	 I4,/23X * 	COMPUTATION OF EIEIGVEC 



278 

2GENVECTOR(S) COHTTNUES AT USEP S OPTION*//) 	 EIGVEC 

101 FOAT(38HOMOPE THAN 15 (.COPS FOR EIGENVECT1R OF 2E12.4, 	EIGVEC 
2 	14- OIFF7PMIC OF E12.4) 	 EIGVEC 

102 FOP,,MAT(16H6****WA°.'ITtiG,t**4 , 14, 71H ZEROS ON DIAGONAL OF FACTOREDEIGVEC 
1 mATPIY. 1HEOK FC) NIILTTPLE EIGENVALUES./2(1X 	 EIGVEC 
2* SUIPOuTINF EIGVEG NTL.t. NOT FERFORm CO,'0UTATION FOR THIS FI;ENNFCEIGVEC 
3T0R *//) 	 EIGVEC 
ENO 	 EIGVEC 

C 
r. 

SU'ROUTINE 1FiSP (A,N1,OET,IEXP,N2) 	 0E1SP 
DIMENSION A01202) 	 0E1SP 
NO=Ni 	 OEISP 
nET=1.0 
TEXP=1 	 DE/S° 
ASST ;N 41 TO TJK 	 DriSP 

8 90 100 K=1,N"', OEISP 
IF (K-M ) 11, 9111  DE1SP 

9 ASSIGN 98 TO IJK  npicp 
GO TO 78 	 OE1SP 

11 TEMP=0.0 	 Or1SP 
IT=0 	 DE1SP 
no 15 r=le.,40 	 DE1SP 
nO 15 J=KOC 	 DEiSP 
IF (AOS(A(I,J)).LE.TEmP) CO TO 15 	 DEiSP 
TE4P=A9S(A(I.J)) 	 DE1SP 
T1=1 
J 
	 OEISP 

JJ=J  
15 CONTINIIE 	

OE1SP 

IF (IT.En.31 20,21 	 !Oft; 
20 nET=o s 	 IJFISP 

IEYP=0 	 DEiSP 
RET■Im 	 OEISP 

21 IF (II-K) 25,29,25 	 nEisP  
25 00 la J=KI NC 	 0E1SP 

TEMn=A(II,J) 0E1SP 
A(TI,J)=A(K,J)  DE1SP 

30 A(K,J)=TEMP 	 DE/SP  
OET=-OET 	 nE1SP 

29 IF (JJ-K) 35,31,35 	 DE1SP 
35 90 40 I=K,10 	 DE1SP 

TEHP=A(I,JJ) 
f  A(I,JJ)=A(T,,,.) 	 7N.P  P 

40 A(I,K)=TrNIP 	 nrisP 
nEr=-nET DE1SP 

38 SAVE=07T*A(K,w)  DE/SP 
IF (LEOVAP(SAVF)) 72,79  DE1SP 

75 	IF(A9S(SAV7).1.7.1.E-250)77,11 	 OEISP 
77 	1ET=(nET*1.E25I)*A(K,K) 

IFYP=IEXP-250 	
DE1SP 

Go Tn TJK.(41.9R) 	
DE1SP 
OF1SP 

72 OFT=(nET*1.E-2G0)*A(K IK) DE1SP 
IExP=IFYP+250 	 OEISP 
GO TO IJK, (41,'1`1)  

oEisP 

DE1SP 
8i OET=SAVE 

;0 TO IJK,(41,11) 
4i 4=K+ 	

DE1SP 
DE1SP 

00 60 J=MIN,.: 
1. 

A(K,J)=A(K,J)/A(Kt 	

0E1SP 

tO  0E1SP 
no E0 I=MG 

60 A(I,J)=A(I,J)-A(K,J)*A(I,K) 
O 

100 GONTIMuE 	 DE1SP 
98 RETURN 	

toTi; 

OEISP 
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ENO 	 0E1SP 

C 
C 
C 

SUBROUTINE NRCMX (A, M,N,INR,RTC,IRT) 

C iR.3.70 
C 	 - 
C WRITE MATRIY OF MIPLEX VECTORS (OPTION IRT=0) 
C OPTION IRT=1 INCLNOFS THE EIGEMVALUES WPITTEN AS BOTTOM ELEMENTS 
C OP EACH CORRES'PONOING EIGENVFOTOR 
C 

COMPLEX A(M,N),RTC(N) 
INTEGER JJ(4) 
K = 0 
NN = N 
KK = 1' 
Mi = 
IF (Nti - 4) 4,4,5 
K = NM - 4 
NN = 4 

4 WRITE (6,1)0) 
100 FORMAT (1H1) 

IF (IRT) 
i)1 WRITE (5,10?) M 
1.02 FORMAT (31X,*EIGENVECTOPc AND EIr;ENVALUES OF GIVEN MATRIX*,/10X, 

. 1.4 T4E FIRST 4 ,I2,* ELEmEMTS ARE THE CO"ROME.MTS Cc THE EIGENVECTOR 
? AMn THE LACT ELEMENT 1c THE rORRESPONIIMG EIGENVALME*///) 

= M 4- 1 
103 WAIT' (5,12) IMP,M1,NM,K! 
12 FORMAT (71X,*MATRIX *,Alo,* 	IS PARTITIONED INTO DIMENSIONS 
1T2,4  riv *I I2//31X,*THE. ELEMENTS OF THIS MATRIX STARTING AT ROW 
2 ANO nnutol *,I2,* ARr AS EOLLOWS*U7X, -*PEAL RART*15X,*TMAGIMARY 
3 PART*,4X1 4- PEAL PART*,X,4IMAGIMAPY RART4,4X,*REAL RART*I 5X,*IMAr•I 
(NARY RART*,4Y,4REAL RART 4,5X,*IMAGINARY PART*) 

= KK + NN - 1 
KI = 0 
00 2 I=KK,L 
KI = KI + 1 

2 JJ(KI) = I 
WRITE (6,3) ((JJ(I),JJ(I)),I=1,NN) 

3 FORMAT (iHrl,* COL N04,3X,I3,7(13X,I3)) 
WRITE (5,8) 

• 8 EORMAT (2x,*RoN.40*,?x,*.4/2x1*.*//) 
nn i I=3,4 

1 WRITE (6,11) T,(A(I,J),J=KK,L) 
11 FORMAT (1X,I7,iX,R(E1.8 1 1X)) 

IF (IRT) 1,05,1,-)5,104 
104 WRITE; (6,11) mil(RTC(J),J=KK,L) 
1.05 1 (K.LE.2) RETURN 

IF (K •• 4) 6,6,7 
6 NN = K 

KK = KK + 4 
K = 0 
no TO ' 

7 K = K •• 4 
KK = KK + 4 
GO TO 4 
ENO 

C 
C 
C 

SUnROUTIME nRrm (A,40,9R4w,iwP) 
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C 13.5.70 

C DRAWS MATRIX, 	)( FOR NON7 0.0 ELEMENTS 
C 	 • FOR /ERO 	• • 
C 
C ZERO 1FFINE1  AS LE.i.E-1' 
C 

0FAL ACM,N) 
INTEGF.R ORAW (N,N),IWR(3),IFRMT(99),LFRMT(4),I4(99) 
RATA I7 ,N7,1N.,1NY/ 
DATA 1..FRmT/1M(11 4,12,2)(,14,12H ,9HA1,1X,T2)/ 
1ATA IF°MT7 

2H 1,2H 2,2H 7,?.14 4,2H 5,2H 6,2H 7,2H 1,214 9,2H1:) ,2$111,2$412, 
2 	2N13,2"14,21'15,2416,241 7,2H1 A,19,2H2!),2421,2422,2423,2H24, 
7 	2425,?.425,7HP7,? 4421,214?9,2,2431,2H72,2H37 ,2474,2q35,2H76, 
4 	2H77,2H-7?.,2H39,2.1,4(!, 9H41,2H42,2H43,2H44,2H45,2446,2H47,2H41, 
5 	2H49,2Hq?,2 1-4 51,2452,2453,2454 ,2N55,2H56,2H57 ,2"51,2H51,2H60, 
5 	21161,2A57!,2N67,2,7, 145r;,2465,21-1 W,2HP,A,2W5R,2H7',2H71,2H72, 
7 	2H77,2474,2H75,21 476,2H77,2H7P.,2H70.,2Hn,2H81,2H4,?,2HP7,2H04, 

2HA5,2416,7.M17,2H81,2H99,2Hn,2H91,2H92,2H13,2M94,2H95,2H96, 
9 	2H97,2HM2419/ 
PRINT 1, MIN,TWR 
DO 9 I=10 
IN(') = I 

7 IF tIN(T) 	10) q,1,1 
INtI) = INCE) - 10 
Go To 7 

9 CotoI:NIT 
°PINT 2, (IN(I),I=i,N) 
PRINT 
7ERO = i. E-10 
no 4 I=i,M 
00 4 J=1,N 
0PAW(I,J) = 17 
TF (A9S(A(T,J))- ZERC) 4,4,5 

5 1RAW(I,J) = N' 
4 CONTINUE 
LF.RMT(7) = IFP4T(N) 
PRINT LFRHT, 
PRINT 3 
PRINT 2, (IN(I),I=10) 
PRINT 6 
RETURN 
RORmAT (1H1,7iY,5REAL MATRIX ( 4,I2,*,* ,I2,4) 	*,3A1)/ ,/) 

2 FO7mAT (14X,98I1) 
3 FORm AT (1H ) 
6 FoRmAT (//31X,*ELEMENTS OF A1S VALUFGT 1•E-1C DRAWN AS X*/) 

RN1 

C 

SUPOUTINE CMPEI1 (RT4,?TA0C,N,rROAP,IC,NCASE,MCAScB,M0) 
r 	6.$1,71 
C COMPARES rTGENVAL'1ES OF ORIGINAL SYSTEM WITH OPTINALLY CONTROLLEN 
C CO1R ARFS 0ROD17.T OF  CONRUT71 EIGENVALUES WITHSEA`)-IN RRODUCT. 

COMPLEX PTA(N),RTAOC(N) 
GO TO (70,20,20), IC 

20 PRINT if10 
q0 7 1=1,N 
RATR = Q. 
RATI = I. 
IF (PFAL(RTI(T))) 1,2,1 
r'ATP = DFAL(0TAOC(T)),REM(RTACTA) 

2 IF (AINAG(RTA(I))) 3,4,3 
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3 RATI = AIMAG(RTA0C(I))/AImAG(PTA(I)) 

4 PRINT 101, T,RTA(T),°TACC(I),I,KATRIRATI 
IF (RFAIARTA(T))) 5,6,5 

q IF (AIMAG(°TA(I))) 7,6,7 
6 PRINT 182 	. 
7 CONTINME 
30 PROAOC = 1. 

00 R T=1,N 
oRnAnn = PROA0o*RTA0C(I) 
IF (IC - 1) 31,742,31 

31 'POA = 1. 
PO 9 I=1,N 

9 PROA = °R0A410TA(I) 
PAINT 103,°70A0C,PROA 
IF ('ROAM 19,11,1n 

10 PATP = PROADO/RROA 
PRINT 104, °ATP 

11 PPIHT 1"5 
PUNCH 1'8, NOAcF,NCAF1,PROA0C 
WRITE (M0,108) MCASE,NCASFO,°P0A0C 
IF (IC - 3) 75,73,39 

35 .PUNCH 105, °ROA 
33 r)ETMRN 
32 RFLP° = (ROAOC 	RROAR)/Pporkp 

PRINT 107, RoD40'1,DRCAR,REL120 
IF 1A1S(RELRR) - 1.E-10) 33,73,34 

34 STOP 	• 
1PC FORmAT (1H1,10Y1*CONPARIs01 (F EIGEN fAL11FS or ORIGINAL MATRIX A 

1AND OF ORTIIALLY cnTrpou=n Ann* 	//13X,*FIrFNVALU7S OF A*,4)(,* 
2EIGFNVALUES Or AOOAL,RX,'RATIOS OF ROOT(A00)/POOT(A)* /12y,4pEAL  

3PART IMAG 'ART 	PEAL PART IIAG PART*,7)(,*R.ATIO CF REALS 	RATIO 0 
4F !HAGS*? 

101 FORMAT (2X,*ROOT (4,7E2, 49 *16.9,2,4,*,E1,213X,E9,2,*,#,E9,2,3X,*(*, 
1I2,*) 	*,E1.1 1 1X,E8.1) 

102 FORMAT (1H+ 1 11X,*(1. HERE 1EANS INDEF. OP INF. RATIO) 4) 
103 FORmAT (//1Y,*°PORUOT OF FIG=NVALIFS OF AC'. =*,F10.2/1X, 

4RRO3U1;T OF PIr,FMVALUFS OF A 	=*,E19.2) 
inc,'FORMAT 
105 FORMAT 

(iX,*RATIO 	OF 	PRODUCTS 	=4-'1:11.2/1 
(1H0,*(R.EAL PARTS 	ONLY CONSIDEPED)*//) 

106 rOomAr (P26.13) 
107 FORMAT (iffir.,X,*PRODUCT OF COMPUTED EIGFNVALUES OF 	A =*, =20.13/ 

1 10X,4READ-IN PRODUCT OF 	EICENVALUES OF 	A =4.,E20.13/ 
2 i0x,*F7?.AnTinNAL OT7FF_REMCE =*,r2).13) 

108 rORmAT (4CASE*,I6,4' 	(*,T2,* 	OF PTI0K1)*1 14Y,4390A0C = *,F20.13) 
E NO 

C 
C 

SNDRONTINr IW:01A(A I IPI C,IRPIP,N1 4,NP4, NPN,NPNRI,N=9,INDEX,IwR)F3G7CH 
CERN 	F303 	 INOrhA 	 F3;)3 

C 	 . 	 F303 
C4-4r. INVERSION OF A r;OMRLPX IATRIY I AND SET OF SOLUTIONS 	.r303 

C 	A= 	GIVEN r,ONrLFX MRAv 	AND RETURNED 	INV(A) 	NFw 

C 	TR= 	COLUIN SIT!E(I.E. 	ROW oPIENSION 	) 	OF A 	 F303 

C 	C= 	AUXILIARY '"AL 	ARRAY,NE7Or_D 	FOR INVF7SION 	F3)3 

C 	IRPIR=r;DLUMN SI7F OF C,TWICE IR SAY,IN FACT,24-4 	IS SUFFICIENT. 	F313 
C 	P1 = 	orn.,,R Or 	TN 	MATRIX TO °E 	INVERTED 	 F313 

C 	M= 	1IUmr1ER OF SETS Or SOLUTIONS =Nomn-Ea OF SETS OF GIVEN CONSTANTSF393 
r; 	NPM=MfM 	 • 	F303 
C 	NPN=N01 	 • 	 . 	 F393 
C 	NRNPM=N+N+M 	 F303 

C 	NERROR= 	AS 	FOR mATIN1.IF 	NERROR=0 	AT TIE OUTPUT,PRO;ILEN 	IS SOLVED F303 
C 	INDEX 	AS FOR MATINI 	,FOR lOOK-KEEPING 	 F313 
C 	 F303 

3 
2 
4 
5 

6A 
7  
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
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COMPLEX 	A(IRORM) F303 18 

DIMENSION C(IRRIR,NPN01),INDEX(N0N) F303 19 
C COMPLEX MATRIX 	A(1.„N,1...N) TRANSFORMED INTO REAL 	MATRIX F303 20 

r!(j....N+NO....N+N) F303 21 
C H 	SETS Or COMPLEX 	":0NSTANTS 	A(1...N,N+1,..N+4) 	TRANSFORMED .F303 22 

TNT() 	REAL 	MATRIX 	C(1...N4-N,44.N4-1...N+No4 ) F103 23 
C F303 24 

4P1=N+1 F303 25 
00 1 	I=1,N F313 26 
00 2 J=1,N F303 27 
nR=Prat. 	(A(I,J)) F3I3 28 
CT=AINAr“AtT,J)) F303 29 
C(I 	,J 	)=0R F31)3 30 
C(I+N,J+N)=CR F303 31 
((I+M,J 	)= 	CI F303 32 

2 CtI 	0+4)=—CI . F303 33 
C IF 4=0,ONLY THE INVE°SE IS COIRUTF3 r3"3 34 

IF(M.E0.r) 	Sr) 	TO 	i F303 35 
.no 	5 	J=97'1,4114 NEW 36A 
CUE 	,J+N)=PEAL 	(A(I,J)) F303 37 

5 C(I0104-N)=ATMAG(A(I.J)) NEW 38A 
i CONTINUE F333 39 

C F3C:3 40 
C 0411. MATINI 	FOR INVEPSTON AND M SETS OF SOLUTIONS 	IN REAL TERMS 	- .P3a3 41 
C r303 42 

CALL mATImi(c,IP.Dp,NFN,no,IwIEx0EPRoR tnErEpm) F3n3 43 
F3C3 44 

C INv7PT7..9 	MATRIX, 	 ,IN 	REAL TERmS c3;3 45 
H 	SETS 	OF 	LIITIONS 	C(1...N+1,N+N...4+M+M) 	I IA 	REAL TERMS r393 46 

C FOR 	oliTPUT, -ZECOmrlINE 	INTO CCMPLrx 	 OR F33 47 
C INVERTED 	MATRIX 	A(1..."1,1...N) F303 48 
C M 	SETS 	OF 	SOLUTIONS 	A(1....NIN4-1...N444 ) F303 49 

F303 50 
no 3 	I=1,4 F313 51 
10 4 J=10 F7,C3 52 

4 	A(I,J)=C"!0LX(C(I,J 	),C(I+N,J 	)) F303 51 
IF(M,EO.0) 	GO TO 3 F303 54 
no 6 J=NP1,NP4 NEW 55A 

6 	A(I,J)=7MPLXIC(I,J+N),C(I+NO4N)1 NEW 56A 
3 r!ONTTNNE F393 57 

RETURN F303 58 
ENO r303 59 

IOrNT 	MATIN1 F110. 3 
ENTRY 	MATINi F1OC 4 
EXT 	09TPTO t1.6('• 5 

PAPAm 	DSS 	2 F100 6 
VrO 	36/0WMATTN1,24/8 F100 7 

MATINi 	DATA 	r.! F100 8 
SA1 	03 	L0A0 N F11.1C 
SrA7 	1 F106 10 
MX5 	58 F100 11 
S94 	Xi 12 
FiX0 	X5*X1 FltIG i3 
GE 	9704,NEOi 	N.Lr.1 F100 14 
ii7 	 s4(.,N7L91 F100 15 
SA3 	TSW1 F1.10 16 
SA4 	ASN1 Fif30 17 
0X6 	X3 F100 1.8 
LX7 	X4,10 F1.00 19 
SA6 	TSUTC141 F100 20 
JP 	LP? F100 21 
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N7LD1 SA3 

SA4 
TX6 

TSW2 

ASW2 
X3+X0 

,F100 

F100 
Fi00 

22 

23 
24 

BX7 X4+XO F100 25 
SA6 TSI,M1N1 F100 26 

LP2 sA7 ASNII*04 F100 27 
4X0 -X5*Xi  NUM1ER Or LOOPS IN LOO°2 F100 28 
N? X:3,N7LP,  F100 29 
SA3 TS43 F100 30 
SA4 nclwi F100 31 
9X6 X3 F100 32 
LX7 X4191 F100 33 
SA6 TS0TCN2 Fi,!30 34 
JD 1D3 F100 35 

N'LP2 SA3 TS44 F100 36 
SA4 nsN2 F100 37 
TX6 xl+X0 F100 35 
9x7 x4+Xn F130 39 
SA6 TSWTOM2 r1C0 40 

LP3 SA7 9SWITCH F100 41 
S% Xi F100 42 
9X6 Xi FiOfi 43 
SAi 7IGLOOP F100 44 
S11 91-B7 F100 45 
SX7 ni F110 46 
SA6 U FlOC 47 
SA7 PIVTOP  r1P0 43 
SA3 12 GET RON DIMENSION r110 49 
MX0 42 FiOC 50 
9X1 x0 *X1 F10c 51 
SA4 SNAD-1 Filn 52 
nX5 X9*X4 F100 53 
SA2 B5 GET M F100 54 
1)(6 X1+X3 F100 5S 
S92 R7 F100 56 
S13 11 F1G0 57 
BX7 X5+X3 F100 58 
SA5 o0T+1 FiOC 59 
S95 v2+94 N+m F100 60 
RX4 X0*X5 F100 61 
SA6 Ai r100 62 
SA7 A4 F100 63 
LX3 30 F100 64 
SXl 15-17 r10.e 65 
SA2 144P-2 r100 66 
1X5 X04X2 ri00 67 
rx6 X4+Xi F100 68 
9x7 XS+Xl F100 69 
SA6 AS Fi00 70 
NO F100 71 
SA7 A2 F100 72 
SA4 IN1rX1 TO PLUG START OF ARRAY INDEX-1 F100 73 
cAc sqliprLr FirJV 74 
SA2 TLooP+1 FiC0 75 
9v4 X04,x4 F100 76 
SX6 D6-97 F100 77 
9X5 X0*X5 F100 78 
IX7  X4+X6 rioe 79 
IXO 30 F100 80 
9X6 X6+X5 F100 81 
SA7 Att. F109 82 
9x2 x04X2 F100 83 
SA6 Ac F100 14 
'40 F100 85 
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Fla 86 

F100 87 
F100 83 
F100 
riot) 90 
F100 91 
F100 92 
F100 93 
F190 94 
F19C 95 
F100 96 
F100 97  
F100 98 
F100 99 
EiC0 100 
FiCC 101 
F190 102 
F100 1V3 
F100 104 
F100 105 
F100 106 

SA1 	=1.0 

lx7 	Xi 
1X6 	X2-fx3 
547 	Dr:TER 	INITIALIZE DETERMINANT 
SA6 	TL00P+1 

* 9'61000  TO TRANSFOTRu TUE GIVEN SYSTEM 
* 
* 

* GET 'TEXT pTvoTELcmENT AN1  TPANsE0P4 ITS CCLUmN 

* 91 = A(9), 92 = 1, 93 = 4AININOEX I  n4 = OPOER OF MATRIX 
* 

9IGLOoP sA2 PIVT0p 	sTAPJAnoRESs - i OF riRpENT PIVOT OOLUHN 
sx7 0 	LNGG,7 0 Tu pow ITNENSION OF A 
SX1 	n4-R3 	NUM1ED, OF ELE1rNTS TN c.R.PENT PivOTS0900L. 
C95 	X2 	KEEP THE Tr)" AnnaESi - i 
IX? 	X3+X2 	NEXT TOPA107tECI - 1 
MX4 	57 
SX1 	Y1+92 	INC 9Y 1 	• 

89  

RX6 RX6 	-X4*X1 	NNHOER OF LOOKS IN PL00P2 
FF11:C: 60 1V CA7 	42 	 108 

AX1 	3 	 F100 1n4 
SAC 	pswrc41 	 F100 110 
LX1 	2 	NIPPER OF LOOPS + 1 IN PLOOP1 	 F100 111 
IY6 	X6+X5 	 F100 112  
S"6 	yl-i 	 r1OG 113 
SXO 	11 F100 114 
LX5 	3!.7 	 F100 115 

* FFTO 116 
* SEARCH NEXT PIVOT ELEMENT 	117 
* F100 118 

SA6 	RSWITP.H 	STCRE THE LIODIN!'EX FOP PLO1P2 	 F100 119 
SA1 	Y2+93 	FORTE A STORE LOAD CONFLICT. DUMMY LOAD TO F100 120 
S45 	41+92 	SET 41, GOOD LOA'! TN X5 	 F160 121 
S97 	59 	 F100 122 
GE 	8005, 0SWITCH LESS THAN 8 ELEMENTS IN SUICOLUMN 	F/00 123 
9X4 	69 	TO FORCE 90TH TESTS TO FAIL FT7ST TIME 	F100 124 
RX2 	X4 F190 125 

PLOOP1 	AX3 	X5,17 	ExTEN1 SIGN 	 F100 126 
RX6 	X7-X5 	ABSOLUTE VALUE 	 F100 127 
SA1 	41+2 	LOAD NEXT ELEMENT OF COLUMN 	F106 128 
PL 	X4,*+1 	 FiCe 129  
1XO 	X2 	KEEP THE A9COLUTE VALUE 	 FlOC 130 
SAO 	A5-12 	KrEP THE 401PESS 	 F100 131 
FX4 	X0-X6 	 F100 /32 
AX3 	X1,97 	 -F4C0 133 
SAC 	A5+2 	 c1CC 134 

+ °I 	Y4 17+i 	 F1.00 135 
LXC 	X5,9A 	 F100 136 
sAn 	A1-2 	 F100 137 
C96 	n5-12 	pEnuCE LooPrNoEx 	 F100 138 
9X2 	X3-X1 	 F100 139 
FX4 	X0-X2 	 F1C0 140 
NO 

F  N7 	96,PLOOFI 	 F1J17,j' 	12.  
AX3 	X5,97 	HANDLE LAST TWO ELEMENTS 	 F100 143  
RX6 	X3-X5 	 F100 144 

+ PL 	X4 1 *+1. 	 F103-145 
IXO 	X2 	 Flee 146 
SAO 	Al 	 F100 147 
FX4 	1(C-X6 .00 143 
541 	' 45 	TO SET Al FOR NEXT LOOP F100 149 
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PL' 	X4,*+1 	 F100 150 

F110 151 SA0 	, A5 - 
9X0 	X6 	 F100 152 

PSWITCH S16 	86+1 	PLUGGED IN LOOPINDEX 	 F100 153  
ZR 	16,POUT 	 . F10C 154 

PLOOP2 	SA1 	A1+12 	LOA*) ONE ELEMENT AT A TIME 	 FlOIj 155 
AX3 	X1,97 , 	 FlOC 156  
1X5 	X3-X1 	 P110 157  
FX4 	X0-X5 	 F10P 158 

+ 	PL 	X4,4+1 	 FLOG 159  
SAC 	Ai 	 F1C0 160 
9X0 	X5 	 F10C 161 
S16 	31-1-17 	 F100 162  
NO 	 Fiao 163 
N7 	' 16,01_0072 	 F100 164 

POUT 	SX6 	AC-15 	GrT R114 IONTIETER INTO X6 	 F100 165 
SA1 	AO 	R7LOAD TH: PIVOT VALUE 	 F10C 166 
ZR 	XC IP1R07  FTVOT FLRENT IS 7ERO 	 F130 167  
SA5 	ONE 	LOAD (-1.1) 	 F100 168 
SA4 r100 169 
FXO 	?:V/X 91 	 F100 170 
S13 	83+32 	INCREMENT MAIN INDEX 	 E100 171 
FX7 	x1*X4 	 F1jr: 172 

n 	X6 	KEEP ROW I1ENTIFIEP ALSO IN AC 	 .r130 173 
INOEXI 	$A7 	A4 	STO1r DETER 	 Figt 174 

S15 	15+17 	NOW STARTADDRESS OF 1IVOTCOLUMN 	 FlOG 175 
SA6 	n3f0 	PulGr.En ADDRESS-1 OF ARRAY INDEX 	 F1)( 176 

* 	 F10C 177 
* TRANSFORM THE RIVOT7 	 - ;OLUMN 	 r130 178 
* 	 F100 179 
TSWTCH1 SA2 	n5 	FIRST ELEMENT Or PIVOT COLU44 	 Fil o 180 

SA3 	95+92 	ALTrRNATF PLUG SA3 95-92 	 F1OU 131 
S96 	0 	PLUGGrn LooPiNncx 	EC TS!4TCH2 	F130 182 
FX4 	X2*X0 	 FlOG 183 

F100 184 FX5 	X3*X0 
S17 	82+12 	17 = 2 	 5100 115 

l'ANSP1 SA2 A2+17 	LOA1 NEXT PAIR 	 F130 186 
9X6  X4 	 FlOG 187 
SA3 	Alf97 	 Floc 138 
LX7 	x5,10 	 r100 189 
FX4 	x24xn 	 F1'50 190 
SA6 	A2-17 	 F1OU 191 
5116 	96-97 	 F100 192 
rX5 	X3*Y0 	 P100 113 
SA7 	A3-17 	 rig0 194 
NE 	17,86,T1ANSP1 	 F100.195 
9)(6 	X4 	 r100 196 
LX7 	X5,10 	 F100 197 
SA6 	A2 	 r1CC 198 
NO 	 ri00 199 
SA7 	A3 	 FlOC 200 

TSWIC48 s07 	BO 	 F100 201 
NO 	 ALTERNATE 	Jo TOUT 	 PIM 21 2 
S16 	0 	PLUGnc9 LOOPINnEX F01 T2ANSP2 F100 203 

TRANSR2 SA3 	A3+12 	LOAD AND HANOLE ONE ELE1ENT AT ATI4E 	
-  

F100 204 
FX6 	X0*X3 	 F100 205 
S16 	06-92 	 FlOC 206 
NO 	 FlOC 207 
NO 	 F100 208 
SA6 	A3 	 r100 209 
NZ 	06,TRANS02 	 F100 210 

TOUT 	FIX? 	-X0 	 F100 211 
X7,00 LX6 	 F150 212 

S16 	AO 	ROW IDENTIFIER 	 F100 213 
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SB4 	no 	 ,r100 214 

SA7 	Al 	STORE THE PIVOT INTO THE MATRIX 	F100 215 
MXO 	51 	 F100 216 
SA6 	PIVOT 	KEEP THE PIVOT VALUE FOR LATER USE 	F100 217 
SA1 	03+01 	FIRST ELEMENT OF DIVOT ROW 	F100 218 
SAO 	11+92 	STAPT OF MATRIX 	 cin 219 
FO 	96,7,3,TLoon 	 F100 220 
SA2 	D1+13 	PIVOT NOT ON DIAGONAL 	 F100 221 
SA3 	91+96 	 F100 222 
SX4 	0 	NUM1E1 OF OCLUMNS IN SYSTEM 	F13C 223 
9X6 	X3 	 F100 224 
LX7 	X2,00 	 F100 225 
S96 	0 ' 	ROW 9IMENSION 	 F110 226 

SWAP 	SAS 	A2 	 F100 227 
TX4 	yrI4X4 	PF1U0E LOO1IN9EX 	 F110 228 
SA7 	A7 	 Fi10 229 
MO 	 F100 230 
SA2 	A2+06 	 Fin 231 
SA3 	A3+96 	 F100 232 
9x6 	X3 	 F100 233 
LX7 	X2,01 	 F100 234 
N7 	X4,SWAR 	 Floe 235 
SA6 	A? 	 F130 236 
SA7 	43 	 F100 237 
S45 	nr:Trn 	COMPLEMENT OFTERMINAT 	 r100 233 
1X6 	-X5 	 r100 239 
SA6 	AS 	 F100 240 

* 	 ricr 241 
* TRANSFORMATION LOO° FOR REST OF MATRIX 	' 	Fin 242 
4 	 FiOD 243 
nonr, 	SA1 	Al+17 	L049 UFXT ELEMENT Or PIVOT ROW 	r190 244 

594 	04+92 	REOUCF MAIN LOOPTNOEX 	 riOG 245 
ma 	Xi 	 r130 246 
SAO 	41+17 	NEXT TRANS. COLUMN 	 F100 247 
SI7 . 	0 	PLUGGED ROW DImENSION OF A 	F100 248 
En 	34,1-4,OUTfi SKIP THE PIVOT COLUMN 	 F1.00 249 
ZR 	Xi,OUT+1 	PIVOTP04 ELEMENT IS 7E2O 	 r1.30 250 

ASWITCH SA3 	95 	ALTERNATE 	S45 05-12 	 F100 251 
SA5 	15+12 	SA4 40-02 	 r100 252 
S16 	0 	LOOPIND. 	ED 0SWITCH 	 F110 253 
FX6 	X3'X1 	MULTIPLY FIRST PAIR OF PIVOTCOLUMN 	Fljr 254, 
FX7 	X5*Xi 	 F100 255 
SA2 	AO 	 F100 256 
SA4 	A5+12 	FIRST PAIR OF TPANS. COLUMN 	F100 257 
FXO 	X6+X2 	 riOP 258 
nX5 	X7 	 F100 259 
S92 	12+92 	92-.7..? 	 F100 260 

' ALOOP 	NX6 	X1,11 	FAST IN STACK LOOP TO TRANSFORM 	 F100 261 
FX4 	X4fX5 	A COLUmN AS FAR AS POSST9LE 	 FLOG 262 
SA3 	43+12 	LOAD NEXT PAIR OF PIVOTOOLUMN 	 F100 263 
S45 	A5+92 	 F100 264 
MX7 	X4,01 	 F100 265 
SA4 	A4+02 	L949 NEXT PAIR OF TRANS. COLUMN 	 F100 266 
SA2 	42+92 	 F100 267 
S96 	95-92 	REDUCE LOOPINOEX. CANNOT DO ANYTHING ANYHOwE110 268 
FX3 	X3*X1. 	 F100 269 
SA6 	A?-92 	 F100 270 
rX5 	X6 X1 	 F100 271 
FXO 	X3+X2 	 FLOG 272 
SA7 	A4-92 	 F100 - 273 
NE 	n?,(16,ALonP 	 F1110 274 
rX4 	X'44-X5 	I-ANNI THE. LAST PAIR 	 F100 275 
Nx6 	X':,D0 	 r100 276 
MX7 	X4,90 	UNFORTUNATE CODE 	 F100 277 



9SWITCH S12 
S16 

IL OOP 	SA5 
FXP 
SA4 
PX3 
MX6 
SI6 
NO 
SA6 
N7 

OUT 	SAP 
PY-7  
SA3 
S96 
SA7 
GP 
S14 
NE 

SHUFFLF SX2 
MX4 
S96 
S95 
PX0 
S91 

LOOP14 SA1 
SA3 
IY5 
SX2 
TX6 
PX7 
nxt 
PX7 
nx5 
TR 
SA1 
SAP 
IX3 

LOOP13 1X6 
LX7 
SA1 
S42 
IX3 
SA6 
SA7 
PL 

LOC14 	S15 
NO 
NZ 
SA1 
SA2 
SA3 
9X6 
4X7 
SA6 
SA-7  
JP 

At 
9'.3,1LOOP 
PIVOT 	TRANSFORM PIVOT ROW ELEMENT 
X2*X1 

NUNIER OF COLUMNS IN SYSTEM 
Al 
6,94,TLOOP 
X3 
94,97,9IGL00F 
97 	X2=9/M 
59 
0 	STAPT OF ARRAY INOEY-1 
B4-92 	15=N-1 
X2 
91+92 
16+r15 
	

IN1EY(mAIN) N 
X1+X4 	LFIV-1 
B5-12 	MAIN-1 
X5-X2 
X5,90 
X74-X1 
X2,90 
X7*X0 
X6,LOC14 
B1+X1 
111+X5 
X7+X4 
	

GET N - 
Xi 
X2,90 
A1+92 
42+92 
X3+X4 
42-12 
A1-12 
X3,100013 
95-12 

95,1_09131/4 
9ETER 
mATTN1-'7 

	
4990- SS 0C NPRPO0  

MATT N1-2 
	

409RESS OF 1ETEPM 
Xi . 
0 
X3 
X2 
MATIN1 • 

A4 

0 
A5+92 
X54-X1 
A4+12 
X2+X4 
X3110 
9i-92 

ALTEPNATE 502 
.LC0PIN9EX 	JP OUT 
LOODS MAXIMUM 3 TIMES 
HAN1LE5 THE 'CST OF THE ';OLUMN 

mvinu: N=1 

NE91 
• 

GE 
SA/ 

no,n404TIN1 
ni 	N=1 

N,LE,J 
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SA6 	A2 	 ,F100 278 

F100 279 
F103 210 
c1.00 231 
P1012 282 
P100 283 
F100 234 
F108 235 
F100 216 
Fi0C 287 
Ftno 288 
F100 291 
Fi00 290 
F100 291 
F100 212 
F120'213 
F100 294 
F100 295 
F100 216 
F100 297 
F1)0 298 
F100 211 
FlOt 300 
F100 301 
Fi0C 302 
F100 303 
P100 3n4 
F130 305 
cinr 306 
F110 337 
F100. 308 
FitIC 301 
Fior 310 
F130 311 
F1JC 312 
F100 313 
Fie 314 
F1.00 315 
F100 316 
F100 317 
F1CL 318 
FLOC 319 
F130 320 
FiOC 321 
F100 322 

- Finn 323 
F100 324 
F130 325 
F100 326 
Ft00 327 
F100 323 

. F100 329 
Fi0C 730 
F100 331 
F100 332 
P100 333 
F100 334 
F130 335 
F100 336 
F100 337 
F100 338 
FLOG 339 
Floc 340 
F100 341 



JP 	TSWICH2 
.TSN2 	S42 	n5 

SA3 	95+92 

F100 403 
F100 41,4 
F100 405 
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S42 	=1.0 	 F100 342 

ZR 	X1,ERROR 	 Fi00 343 
FXO 	X2/X1 	 rilr 344 
9)(6 	X0 	 F100 345 
SA3 	32 	GET ROW DIMENSION 	 F100 346 
SA4 	nG 	GET NUmnER OF RIGHT SITES 	F10C 347 
sn2 	X3 	 F101,  348 
Sn5 	X4 	 F10C 349 

NEOiL 	S45 	Al 	 F10 C 350 
nE 	10,15,MATIN1 	 Fin 351 
SA1 	Ai+R2 	NEXT ELENENT 	 F10C 352 
FX6 	X0*X1 	 F100 353 
S95 	95-1 	 F100 354 
ED 	1,),11307it 	• 	 FiQI' 355 

' - ERROR 	SA1 	MATIN1 	FET174 NAME OF CALLING ROUTINE 	F100 356 
SA2 	MATIN1-2 	AO1R77 sS OF OFTEP4 	 F10f 357 
SA4 	MATINS.-3 	419°FSS OF NEROR 	 F100 354 
AX1 	30 	GET NA"E OF CALLING ROUTINE 	F1017 359 
SX5 	99 	 r100 360 
4X7 	59 	 F10C 361 
SA5 	X2 	 riOC 362 
S92 	X7 	92=-i 	 F100 363 
947 	X4 	 F100 364 
S45 	X1+12 	 T1011 355 
SX5 	AS 	 F130 366 
SA2 	X5 	 r10C 367 
9X7 	X2 	 r100 358 
SAT 	DETER 	 FlOr 369 
Say 	PIVOT 	 F1CC 37C 
SX7 	93-92 	 FLOC 371 
SI/ 	R9 	 F100 372 
S12 	FILE 	 F100 373 
SA7 	PTVTOn 	 F100 374 
S92 	01-12 	 Fier 375 
S93 	FORMAT 	 F100 376 

+ RJ 	O1IT0 TO 	 FLOC 377 
- 	LT 	80 1 93,44TIN1-1 	 F100 378 

S91 	DETER 	 F100 379 
S92 	4 	 FLOC 310 

+ oj 	01 /157C 	 F100 381 
LT 	93,12,44TIN1-1 	 F100 382 
SR1 	-1 	 F100 383 

+ RJ 	OtITPTC 	 F160 384 
LT. 	9:,71,44 TIN1-1 	 FLOC 315 

. 	JP 	MATINi 	 FLOG 386 
FILE 	VF1 	3^/1314T4nr2,30/0 	 F100.387 
FORMAT 	nATA 	343337q1/003010310309 	 FIN,  388 

nATA 	I-1*(7 4/0141 	 . CALLE1 nY ROUTINE E/ 47,E AT LOCATI4F100 389 
DATA 	H*ON -7 1 06,z FOUND THE MATRIX 4 OF °PIER EII3,,14X=SI*r100 390 
OATA 	H*USULAR, ON DIVOT SFAROH THE =; I3,-. Ti1COLUMN CONT4r1110 391 
DATA 	H*AINS ONLY 7cE21ES.E)* 	 F100 392 

* F100 393 
* "LUG LO-f!ATIOMS 	 FIN' 394 
* -F100 395 
AS41 	SA5 	15-12 	 F100 .",,Z 

SA4 	40-12 	 Firj0 
JP 	RSNITCH 	 FiOD 398 

ASW2 	SA3 	95 	 F100 399 
SA5 	15+02 	 F100 430 
S16 	0 	 F100 401 

TS641 	SA3 	B5-12 	 F100.-402 



9Z+7 OOTJ 
52+7 °CITA 
+724 00IJ 
£247BUT: 
ZZ+7 30TJ 
TZ+7 JOIJ 
02+7 jaTJ 
bT+7 OOT.i 

Ti+ OGTi 
aOTJ 

9Th 00T3 
5Th gOTJ 
+7T+7 30Tj 
2T+7 0 GTJ 

Ti 2+ 00T., 
TT+7 OJT.i 
0Th OUTJ 
60+7 OCIJ 

017 OOTJ 
L0+7 OOTJ 

90+7 00Tzi 

UN'a 
VIA( 	dUlAIct 

	

0 	tt1VU 

	

0 	VIGG 

	

0 	tla.Vu 	a310 

	

0•-1 - 	VIVU 	3NO 

3S11 117N.631NI scOJ SNOI11301 

	

0+9u 	9LS 

	

IriOdg9U 	64. 	TH31MSd 

	

0 	%LS 

	

2LS 	214Sti 

	

1110 	df 

	

T 	ZuS 	ThSb 

	

0 	9LS 
ON 

	

Od 	LbS 	+/MSI 

	

INCA 	dr 

	

ud 	LbS 	DIS1 

0 	9tis 

6g3 
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APPENDIX D. 

Listing of the more important routines in SIMULA 

(Routines listed in APPENDIX C are not repeated). 

SIMULA 

DCCOMP 

FILTER 

EXCITED 

EXTRA3 

CONSTR1 

PLOTS 

GPH 

SCALPL1 

STORE 

LISTVS 

COMPCR 

WRRMX 

INVCOM 
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PROGRAM SIAMLA (INRUT,OUTRUT,PEP4DIA,TARE5=IMIRMT, 
TAP':r:=OUTRUT,TAREZ=RERMOTA) 

C 
C 	ORDER OF DATA IS I01,1-DurcKor,TKno00,KPEn,Tortscr) 
C 	 NCI(I) (SET IF IoC=i) 
C 	 KR,KOR (REGNLA),XAX1R(MY7V2X1,XAX.11)),SSXTR,SSXU 
C 	 (MX0/1,N7mX11), 9,A (MXEV?X1).PROLIOO,OSTS (REG.) 
C 	 KRFILT(SET IF REOUIPP^),KOlt(SET IP R=0.). 

KR,KOP,PROA0^,r.nqTS, READ FROM TAR MT IF REOUIREO 
C 	 XAX1R,SSXTR,SSXU,B,A READ FROM TAPE MP IF REOUIREO 
C 
C 	24.5.72 	(L. TEPPFRI CONT2CL SYSTEMS SECTION, DEPARTNFNT OF 
C 	 COMPUTING AND CONTROL, IMPERIAL COLLEGE) .0  

C 
C 	SIMULATION (COHRNTATTIN AND PLD7Tirls) OF TRANSIENTS PROM THE EXCITATION OF 
C 	STATE VARTAPLEs OR 3ISTURRANCE INPUTS 
C 
C 	PART (I) 
C 
C 	1, COMPUTE EIGENVALuES eNn EIGENvFCTOPS OF 	OR AOC 
C 	2. CHECK (USING COMPOR RoUTINE) THAT 
C 
C 	 A = W*RTO*V 	WHERE RTC 7 COMPLEX EIGENVALUES (DIAGONAL) 
C 	 w 	74 COMPLEX EIGENVECTOR MATRIX 

V 	7  TNVERSF OF W 
C PART(II) 	CALCULATE T 0 4NSIENTS 
C 
C IN RFGUL4 NP 
C 
C 	XOOT = A+X f n*U9 	U = [U(1),..0(i0)/T 	 (1) 
C 	Y = C*X 	 (2) 
C 
C 	9UT ONLY 2 TNPUTS APE USED FOR CONTROL, THE REMAINDER DEING 'OSSISLE 
C 	DISTURRANCFS. HENCE THE C0'RECT  REPR:SENTATION IS 
C 
C 	XDOT = 1114 ( f BC*11C 4 9124U9, 	 (3) 
C 	 OC = EU(5).0(5)1T 
C 	 UD = CU(1),..,U(4)0(9),U(te),U(7),U(6)1T 
C 
C 	AFTER SOLVING THE RICCATI EQUATION FOR THE OPTIMAL LINEAR REGULATOR 
C 
C 	XOOTIT) = Aar:2FX(?) t RCG*UO 	 (4) 
C 

****************************** 

C 	* liC(T) = - K"Y(T) 	grT,*(10 * 	 (5) 
C 	******* 44.44*******4 ***MA*** 
C 
C WHERE. 

C 	- KR(NC,N) E OPTIMAL FEErOACK GAIN MATRIX (PRODUCF0 RY REGULA) 
C 	AOC(N,N) 7 oPT?mAL STATE mATPIX 
C 	 = A - 1^, 42K? 	 (6) 
C 	POG(N,NR) 7  OPTIMAL RRIVING MATRIX 
C 	 = ET - RC*KOP1 4 t10 	PC*KC01 	 .(7) 
C 	Knr,oln,Nro = 91- TuRPANCE F7A.I1 MATRIX (OVERALL) 

= Kr1R411 ► rK1,747c - Tl*KOD 	 (R) 
.0 	VOR(NCIN) = OISTURRAW7E GAIN MATRIX (FROM )) (PROON^E0 RN' REGULA) 
C 	Kcnalrom = GAIN MATRIX FROM tin TO UOPAR (TO 9E SET FOR TYPES OF 

FYCTTATTON. MAKING TT GENE?AL IS TEDIOUS AND USELESS) 
C 	 UCRAR = STEADY STATE DEVIATION (DUE TO Ui) F ,20M STEADY STATE. 

= KCO*UO 
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Al 

C 	FURTHER ON DELON, WE SHALL USE FOR SIMPLICITY THE TERM 

Knu E 	K1G*U1 	 (84) 
C 
• THE SOLUTION OF (3) FOR STVP INPUTS NC, un IS 

C 	Y(T) = (7Yo (A*T))*Xtr1) + (TNT(J-T1!EX0(4*T1))*IT11*(DC*UC + 19*U0) 
(9) 

C 	THt SOLUTION Or (4) FO? STEP INPUT U') (AND HENCE UCDA?) IS 
C 	X(T) = (EXcl(40C*T))*X(1) + iTNT(O-T)tEXP(A0C4T1)14DT11*ROG*90 	(11) 
C 
C 	USING EIGENVALUES/EIGENVECTORS 	RIC(A), 	W(4), 	V(4), 	AND 

RTC(401"!), W(AOC), V(A0C) 
C 	THE SOLUTION (9) IS (OMITTING THE DRACKETEO A) 
C 
C  *******************************************x**************4  
C  * X(T) = W*(rXP(0Tp*T)1*V*X(1) + W*S(T)*V*CRC*UO + PD*1191 * 
• ************************4********************x************4 

C 
C 	WHERE 	I(T) = IRTC1INV*IEXP(RTC*T) - 
C 
C 	Tt4F. SOLUTION (111) IS (OMITTING THE 9PACKETEO .ADC) 

▪ ************************************************** 
C * X(T) = W*rr)(PT*T)1*VALYVn + W*S(T)*V*1,:)G*UO * 	(12) 
C  *******************************************4****** 

• NOTE... 	.E0.(5) FOR UC(T) IS USED ONLY IN CONJUNCTION WITH Er). (12) 
C

C 	ADDITIONAL PARAmPTRS XTR (SEE EXTRA) ARE COMPUTED AS FUNCTIONS OF X 
C 
C 	STEPS FOR IMPLEMENTATICN 
C 
C 	READ IN 
C 	1. Ion (SET TO 0 FOR NO PRINTOUT or SOME INPUT DATA (SEE RELOW)) 
C 	IDUICK (SET TO 1 TO FIT f;AT:Gipy jc,(0Dc), EXC(E) NOT PLOTTEr) 
C 	MI (SET TO 5 FOR READING KP,..,COSTS rP011 CAPOS. TO 3 FROM TARE). 
C 	Poo (SET To 1 IF A VALUE Or )(90 DIFFERENT FROM THE COMPUTED ONE 
C 	IS TO 1=: SET, TO TEST ITs INFLUENt7r) 
C 	M0 (SET TO 5 FOR REA9ING X4X1R,....A FROM CARDS, TO 2 FROM TAPE) 
C 	KRED (SET TO 1 IF NOT ALL THE STATE IS FED RACK) 
C 	Tor (SET TO 1 IF D.C. cOmr'ENsATrON IS TO DE USED) 
C 	1A.NCI(I) 	(STATE VARIA2LFS TO PE FORCED TO SETTLE AT 0.) 
C 	 (SET IF 	= i) 
C 	2. VR(NC,N) AND KDR(NC I N), PRODUCED DY PEGULA. XAX1R(NAROL), BY 

mYEV2X1. SALL EXTRA2 (1,...) FOR THIS PURPOSE. 
C 	3. LISTS OF STEADY STATE VALVES, NAMES AND UNITS (IN THAT ORDER), OF 
C 	XTP(NXT0), X(N), U(NU) ITN THAT OROE), RY MXEV2Xi. 
C 	4. R(N,NU), A(N,N), PPcnucFD DV mxEvvi. 
C 	5. PRnAon (PR.olucT OF E/VALUPS OF AOC(REAL FARTS)), COSTS, BY REGULA 
C 	6. KPFILT 	 FILTER PATTERN 	/ SET IF 
C 	VDU 	 FORCED FIXE9 CONTROLf-REOUIRED 
C 
C cnmouTE 
C 	1. BREAK UP R(N,NU) INTO ?CtN,NC) AN1 9O(N,NO), CALLING RORDRM 

AND CAPV00 
C 	2. PE(rnT7.0  THE ST7ADY STATE vALw,..s, NAMES AND UNITS OF U(NU) ANO 
C 	rFNFRATE THE oORRESPONDING ITEMS OF UC(NC), CALLING POROUS. 
C 	2A.RUILO 	AOn = A - 9C*KR 
C 	3. PTC(N), W(N,N), V(N,N) 
C 	4. w*DTn*V. r:om2Ar7: wTTH ORIGINAL MATRIX, CALLING. COMPCP 
C 	5. RTCIN(N), THE INVERSE OF RTC. 
C 	6. SET TYPE OF F.Y.':ITATION GIVING A TYPE NUMDFR AND CALLING EXCITE. 
C 	IN THIS ROUTINE X(0) AND/OP U (STEP INPUT) ARE SET. 
 v 	- 
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KCn IS SET FOR SPECIAL TYPES OF EXCITATION AND UCDAP COMPUTED.. 

C 	(UCRAR = KCD*01). ALSC COMPUTE IN THIS ROUTINE... 
C 	64, VX E V*X(0) FOR ALL CASES 
C 	6R. VDU = V4.°*q FOD OPEN LOO'' CASE (En. (11)) 

KOC, Knu F-K0G4U0, VDU E V*99G4.00 FOR ORT, CON. CASE(E0.(12)1 
C 	60. READ KOU IF Tv.DU = 

6E. RECOMPUTE KDU IF-IDC = 1 WITH NEW FORMULA IN ROUTINE CCcomp 
C 	tr(0), xTaQ) CALLING EXTRA2 (2,...) 
C 	R. PRINT X(I), M(1), XTR(0), UCDAR AND KOU. 
C 	R. SET-  TMAY(M4X. TIME), NLIY(MAX. NUInER CF TI9E INTERVALS) AND INITIAL TIME 
C 	SET ALL ARRAYS OF STO°E TO D AND INITIALIZE, CALLING STORE (1,...). 
C 	10. SET X(RESPONSE,TO UD) AND X1 (RESPONSE TO X0) TO 0. PRINT TINE. 
C 	ii. EXP(RTC*T) 
C 	12. S = RTCI1*(EXP(PTC4T)-I) 
C 	13. IF U EXC., COMP. 2ND TERM OF EO(11) OR (12).CHECK REAL, °RINT IF 
C 	RE1UTPEO (IPR.NE.0) 
C 	14. IF X EXC., cOMR. 1ST TERN OF F0(11) OR (121.CHFCK REAL, PRINT IF 

RE'luTPED (IPp.N7.C) 
C 	15. ADO 90T4 TERMS OF (11) OR (12). PRINT IF REOUIPED (I0R.NE.0) 
C 	16. UC AND XTR. RRINT IF IPR.N7.0, CALLING EXTRA2 (S,...) 
C 	17. STORE TUE RESPONSE FOR I 	CALLING STORE (3,...) 
C 	iR. sr.)" NEW TImE T AND GO TO (10). 
C 	19. PRINT FINAL VALUES OF X, U, XTR, UCPAR, KPU. 
C 	20. PRINT ALL VALUES IN MATRIX FORM (EACH COLUMN HEADED PY TIt4E T), 
C 	IF KURSI.NE.0 
C 	21. PLOT SELECTED PAO4147TRS X, MC ANn XTR. PRINT TAILE OF CONSTRAINTS 
C 	AND PEAK VALLIES. PINT "MATRIX (KR(I,J)4 X(J)PEAKI, TO OBTAIN 
C 	DOMINANT vALUES FOR FEFO1ACK. 
C 	22. SET NEW TYRE OF EXCTTATTION AND GO TO (6). 
C 
C 	Y = C*X TS NOT USED NOW (THE DEFINITIONS AND STATEMENTS ARE COMMENTED) 
C 
C 	LIST OF SUBROUTINES 
C 
C 	CHDPIA 	CHECKS INPUT DATA MIST DE CHANGED FOR DIFFERENT 
C 	CASES OF FD9C1(1 OR STEADY STATE IN MXEV2XI. 
C 	KlUCHG 	CHANGES cOmPUTED KIM (FIXED CONTROL ADDED FOR 
C 	EXTERNAL DISTUR1ANCES). CALLED FROM EXCITE1 
C 	EXCITE1 	SETS INITIAL EXCITATION X(P) AND/OR STE° INPUT U. 
C 	COMPUIES VARIOUS VALUES (INVARIANT DURING SIMULATION) 
C 	EXTRA2 	COHRUTFs, PRINTS PARA1. OTHER THAN X. READS NEC. DATA 
C 	Roonus 	REORDERS STEADY STATE VALUES, NAMES AND UNITS OF U 
C 	CONSTR 	SETS CONSTRAINTS AND TESTS VIOLATIONS, PRINTS TARLE 
C 	PLOTS 	PLOTS SELECTED PARR M. FIZOM X, XTR, UC. CALLS CONSTR, 

ScALPL 
C 	GPM 	CALLED FROM PLOT FOR EACH LINE OF PRINTING (I.E. EACH TIME 1) 
C 	SCALRL 	COmnUTEs THE SCALE OF EACH PARAMETER AND TESTS CONSTR. VIOL. 
C 	STORE 	STORES X, UC, Y.TP AND T FOP ALL T 
C 	LTSTVS 	PRINTS INITIAL, FINAL SS VALUES OF X0,XTR. 
C 	PRINTS NC1AP, K3U, AND CCNSInAINTS OF INC 
C 	TREVC0 	CHANGES ClmnlX VECTOR INTO PEAL IF THAI PART IS NEGLIGIBLE 

roN4PCR 	Co'1°ARFs comoL. AND REAL mATPTX (TO TEST IF A = W*RTC4 V) 
C 	WnnMX 	tflITES HEAL MATRIX COIWINW7SE MO LIMIT ON CIMr1W;IO"S) 
C 	WPCMX 	WRITES COMPLEX MX COLUMNt4ISE (NO LIMIT ON DIMENSIONS) 
C 	NRRMXT 	EXTENSION OF NRRmX, T HEADING EACH COLUMN, NAMES OF 
• C 	ALL PARAMETERS ON EACH SUIMATRIX 

C 	P142013 	READS COmPLEX MATRIX (4E2c.i3) 
C 	REM2013 	READS REAL 	HATRIX (AF2n.13) 
C 	QCV2013 	READS COMPLEX VECTOR (4E20.13) 
C 	PRV2013 	READS DEAL 	VECTOR (4E23.13) 
C 	RIV8A10 	HEADS INTEGER VECTOR (8A1P) 
C 	CARVMP 	TRANSFERS SUIMAIPIX FROM PARTITIONED MATRIX 

MULMXV 	MULTIPLIES PEAL MATRIX AND REAL VECTOP 
C 	NULL 	SETS THE NULL MATRIX 
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C 	RORDRM 	 'SWITCHES ROWS OR COLUMNS IN REAL MATRIX 

C 	NrGVR 	 NEGATIVE OF REAL VECTOR 
C 	ArlOV 	 ADOS TWC REAL VECTORS 
C 	NULLRV 	 SETS REAL .VECTOR TO ZERO 
C 	MULCOM 	 PRODUCT Or TWO COMPLEX MATRICES 
C 	INVcOM 	 THVRTS Pnoi"DLEX MATRIX 
C 	MLMXOC 	PP0O„ OF A(SD.) AND O(nIAG.) COMP. MATR. (A 4-1 OR D*A) 
C 	MULCMCV 	 PROD. OF COMPL. MATRIX AND COMPL. CCL. VECTOR 
C 	MIILCMPV 	 PROD, OF COM°L. mATRIX AN9 REAL 	CCL. VECTOR, RESULT COMPLEX 
C 	witnvc 	ono.", Oc COMPL. DIAGONAL MATRIX AH1 001°LEX VECTOP. 
C 	EIGVVI 	 COMPUTES , BRINTS 7IGPNVAEUES, EIGENVECTORS OF A REAL SQUARE 
C 	 MATRIX, USING FRANCIS. DR ALGORITHM FOR E-VALUES, WILKIMSON.S 
C 	 INVERSE ITERATION METHOD FOR E-VECTORS AND THE RAYLEIGH QUOT. 
C 	 SCHEME FOR F-VALUES CORPECTION. 

THIS IS A MOOIFIEr) VERSION OF EIGSYS IVAN NESS/WEINER, NORTH 
C 	 WESTERN UmIV I , EVANSTON, ILL.) AND CALLS THE FOLLOWING 
C 	HFSSEI$, J1REIG, OPT, ASCP, EIGVEC, nEisP, WPCHX 
C 	SLOPEi 	 4 NUMERICAL T4"LE 
C 	INTPOL 	 STRAIGHT INTERPOLATION 
C 
C 	LIST Or DIMENSIONS AND ARRAYS 
C 
C 	N 	E NUMBER OF STATE VARIA"LES 
C NU 7 	 INPUTS 
C 	NC 	7 	• • 	CoNTrici. INPUTS 
C 	NO 	7 	• 	 BISTUPrIANCE INPUTS 
C MY 7 	 OUTRNTS 
C 	NXTP. 7 	• . 	A)QtTIOP!AL VARIABLES XTR 
C 
C 	A(M,N) 	 STATE MATRIX 
C 	P(N,NU) 	 DRIVING MATRIX 
C 	RTC(M) 	 COMPLEX EIGENVALUES Or A 
C 	W(N,N) 	 COMPLEX EIGENVECTORS MATRIX 
C 	V(N IN) 	INVERSE OF  W 
C 	AC(N,N) 	 COMPLEX MATRIX FOR PRODUCTS 
C 	P7R(N) 	 PEAL PART CF E-VALUES OF A 
C 	PTI(N) 	 IMAG PART OF E-VALUES OP A 
C 	A1(N,M),A2(N,N),RW(N,4) 	AUXILIARY REAL MATRICES FOR EIGVVI 
r 	R1(M),..,P6(N) AuXILIAPY'REAL VECTORS FOR EIGVVI 
C 	DA(M,M) 	AuXILIAPY COYRLEX MATRIX PCP EI1VV1 
C 	C1(N),..,C4(4) AUXILIARY COmPLEx VECTORS FOR EIGVVI 
C 	An(N,N) 	Aux. DOUBLE PIETSION MATRIX FOR EIGVVI 
C 	gitN), ,04(N) AUX. OOUBLE 'PRECISION VECTPS FOR EIGVVI 
C 	IROW(M,2) 	AUX. INTEGER MATRIX FOR EIc.VV1 
C OTf'IN(N) 	 COMPLEX, tITC1IMV 
C 	PxPPTC(N) 	COMPLEX, rX0 (RTC*T) 
C 	S(N) 	COMPLEX, ERTCIIMV*IEXP(RTC*T) - 13 
C 	RU(H) 	REAL, P41, 
C 	vou(N) 	C040Lrx, v*n*u 
C 	VX0(N) 	CO.PLEX I  V*X(1) 
C 	CM1(N,4) 	 COMPLEX AUX. MATRIX 
C 	PC(N,NC)189(N IND),UC(NC),U0(NDI 	SEE EQUATION tl) 
C 	Xn(N) 	 ImITIAL VALUES OF 

X1(N) 	nHP-tENT VALUES Or X, FOR X EXCITATION ONLY 
C 	X(N) 	 CURRENT VALUES OF X, POR U DISTURBANCE ONLY 
C 	 ALSO CURRENT VALUES OF X, F00  SIMULTANEOUS X EXC. AND U OIST. 
C 	X-TR(NXTR) 	CURRENT VALUES OF XTR, TWP ADDITIONAL "ARIARLES 
C 	XS(M),OS(NN),ucs(u^.),xTPS(mXTR) • 	STEADY STATE VALUES OF X,U,NCI XTR 
C 	NAMEX(N),NAMPU(NU),NAMPUC(NC),NAMXTR(NXTR) 	NAMES OF 	XIO,UC,XTR 
C 	UNITY(H),UNITU(HU),UNITUr;(NC),UNTXTR(NXTR) 	UNITS OF 	X,U,UC,XTR 
C 	NAMXTRV(MXTR) VARIABLE TY"F AND NUMBER AS DEFINED IN PROGRAM MXEV2XI 
C 	ICASE (NW) 	NUMBER OF CASE BEING SIMULATED 
C 	XAR(NAR) 	XTR VAPIABLES 17FIM:0 AS XA IN PROGRAM MXEV2X1 
C 	XAX1R(NAROL) MATRIX IN E0. XAR=XAX1R*X1 1  WHERE X1(NL) IS THE VECTOR OF THE 



NAMOOST(55) 

UCDAR(NC) 

'<T (HC) 
KFUOR(9C) 

K0PILT(N0,P!) 
KOR(NO,N) 
K'IGCNC,NO) 
ArO(NC,NO) 

C 
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C 	 1ST NL romowurs OF X 

KR(NC,N) 	MATRIX TN FO. H':=KR*X 
XP(N,NLIM),UCP(N0,NLIM),XTPP(NXTR,NLIM),TP(NLIM) 

ARRAYS FOP STOWING X, US, XTR, T FOR ALL T 
NAMES OF PENnLIPFD VARIABLES ANn THEIR COSTS WRITTEN 
ON 13 CARPP IN FORMAT(5A10) 
SETTLI4G-OCWN VALUrS OF USCOEVTATIONS FROM STEA')Y ST) 
DUE TO PFR'1A1^NT OISTURRANCE un 
FIXED Ar:nt7o CONTrOL, RUE TO PERMAI. EXT. nISTURD. U0 
FIXEI APPEO CONTROL, NCrD IN CONJUNCTION WITH IOU, 
Tl TE3T ITS INFLUENCE 
FILTER FOR sASE(YRE9=1), I.E. NOT ALL ST.V. EEO BACK 
MATRIX ORTAINED FROM REGULA TO CO14FUTE Knu 
SEE El. (a) 
AUXILIARY t.'ATRIX F00. ADOVE 

RrAI A(31,31) 
COmPLEX RTC(31)0(71,32)0(31,31),AC(31,31) 
INTEGER INAMr(R) 
DEAL A1(31,71),A2(31,71),RTR(31),RTI(31),RW(?1,4),R1(31),R2(31), 

P.1(n),P4(31)05(31),RC(.71) 
INTEGE', IROW(31,2) 
CW1PLFX nA(31,31),ni(71),nm3t),c3(3i),n4(li) 
nount_c. 	A0(11,31),n1(31)02(31)03(71),04(11) 
EQUIVALENCE tAc0A,an),(c..i,)i),(c?,(12),(c303),(c4,n4) 

C 
C 	nqriuiTrous AN1 ^ATA FOP. PAPT(IT) 

COurLrY PTCIN(71),EXFRTR(31),F(71),V90(31),W(31),C41(31,31) 
REAL 1(71,1::),X3( -q),Or(°),U)(9),PC(711 2),DD(21,P)OU(71),X(31), 

xi(31),us(i:1),yc(s1),,,c(2)0,:n4p(2),Klu(2),Krvmp(2) 
C 	PEAL C(10,311,Y(10),Y1(11) 	***FOR THE TIME PETNG Y IS NOT USED*** 

INTEGER ICASE(71,NAmrX(31),NAMEU(11),UNITY.(31),UNITUUB),NA9EUC(2) 
INTEGE? 1NITUC(2),1AmCOST(55),PATCASr(2),KPFILT(2,31) 
EQUIVALENCE (),91),(PII,R1),(X,72),(Xi,R3),(X0,R4) 
EOUIVALFNC7 (VO1,C1),(VX0,02) 
PEAL UPUC(2),LRIUC(?). 

C 	OFFINITIONS cOR cXTPA7 AtIO EXCITE1 
REAL XTrI(14),XTR(1 4),K°(2,7;1),XAR(7),YAYAR(7,27),;(10,(2,31), 

2.0(2,2),Kc0(2,8),Koc,(2,3),Acn(20),2r1(2,2),AKnu(2) 
C 	KCI,KOS,ACI,RC,PC1,AKoU ARF AUXILIARY FOP ROUTINE EXCITED 

EnUTVALENCE (41,KO9),(A1(1,2),KoG),(A1(1,3),ACO) 
INTEGER NAMXTP(141,NAMXTRVC14),UNTXTP(14) 
INTEGER NCT(2) 

C DrFTNITIONS FOR STDRE 
REAL YP(3100),NCP(200),XTR0(14,50),T0(B0) 
EQUIVALENCE (XR,A1),(Xn(1,72),A2),(XP(1,63),A),(At1,1o),XTRP) 

C 
RATA TCASE/31H 	OF 07GULA POP PAsE 3/ 

C 	DATA ICASE/3BHCAS7 7 OF FDDCK1 (MXFv2x1) 
C IA = 1 0 OPEN 	LOCP CAsE (EO.(11)) 
C IA = 2 0 CLOSER LOOP CASE (E1.(12)) 

IA = 

C 
C 
C 
C 
C 

C 
C 

C 

C 

C 
C 	= 0 0 INOTVInUAL VECTORS FOR EACH TIME 	14 0 T 	PRINTED 
C 700 = 0 o XXJ.R.1 11,A,A0C,RD,PC 	N 0 T 	PRINTED 
C InuIrK = 1 	EX^.() NOT PLOTTED, KR,KnR NOT PR.INTED(TO FIT J5 ON C0C) 
C MI = 5 a KR,Kno,PPoA0C,COsTS, REAR FROM CAPOS. 
C MI = 3 	K°,KORIRROMC,COSTS, READ FROM TAPE 3 
C IKOU= 1 	Knu TO rIE READ IN, TO TEST INFLUENCES Or A01E1 CONTROL. 
C 	 THIS TEST mAY PE DONE ONLY AFTER HAVING CORRECT SIMULATION. 
C MP = 5 r YAX1P,SSXTR,SS)010,A, REAP FROM CARDS  

MR = 2 4  XAX17,c.i)(TP,X1i,C1,4, c7n,f) PPOM TAPE 2  

C KREn= 1 0 NOT ALL STATE VARIADLES FED BACK, READ IN FILTER KRFILT 
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C 

PEAR 120, IPn,I0Ort<OIIIKOU,Mo,KRTO,IDC 
IF (ID1IICK.E0.1) Is") = 0 
'Pp = 
N = 3n 

10 
NC = 2 
ND = 
NW = 
NYTR = 1/ 
WAR = 7 
Pd L 	= 27 
NRYNI = 8 
IF (ID.NE.1) CO TO 46 
REAR i25, (NCI(I),I=1,NC) 

C 
C IF '° = cf A OAP's '(UST 3T INSERTED (AFTEP THE ..KEYS.. CARD), 
C 	 IN FOTIAT 122, WITH THE CASE () OF FOOCK1(NXEV2Y1) AND 
C 	 THE P.C. LEVEL OF powFp 
C 

45 0TAMM0 ,122) DATCASE 
.PRINT 127, nATCASE 
PRINT 124, IMInUICKOI,IKTJ,M0,KrZEI,I9C 
IF (tnn.mz.t) CO TO 45 

126, ((I,NCI(I)),I=1,NC) 
45 PRTINT 127 

C 
C 	READ IN 1<r!(1C,N), KnR(NC,N), YAYIR("IAR,NL), xTin(r4x-rp), 

NAlx -NvcixT,A, NAmx'R(Nx -m), uNTxTp(NxT0).. 
CALL EXT°43 (1,p1 ,1970,1ou,y,x1,11s,Nc,Nn,!;c,un,NxT,,,xTR,xTPs, 

NAmXTRI NANXTRV,UNTYTR,NAIEN,KR,IA,IPRINAROL,XAR0AX1R,ICASE,Nw, 
2 IR),KIR,K19,NT,No.,IONIci() 

C 
C 	READ IN XS(W), NANrX(N), UNITX(N), US(NU), NA3F.U(NU), UNITU(NU) 
C 

REAR (413,101) INANE 
CALL IPV21213 (XS,N,9P) 
CALL IIV8A1R (NAMs7X,N,4p)" 
CALL IIV8A10 (NNITy,N,40) 
PRINT 102, INANE 
RrAn (4°,1n1) INAN 
CALL 10V2P17 (US,N9,Hr) 
CALL III/BAJO (NA17.0,NUIMP) 
CALL IIVFiA10 (H01ITTJOUI M°) 
PRINT 102, INANE 

C 
C 	READ IN l(N,:01), A(N,M). 
C 

REAR (4P,101) TNA4r 
CALL IPM2f.13 (n,NINN,HTI) 
PRINT 102, INANE 
IF (I°D) 29,7n,?.9 

29 CALL WPPMX (7,N,NU,70HICIEFoRF RFORIERINC1 
3q rFAn 	INAME 

CALL I17m2C13 (A,N01,mP) 
PRINT in2, INANE 
IF (TPn) 31,32,31 

31 CALL WRPNY (A IN,N,31HSTAIr (INPNT) 
C 
C 	PEAn IN PROAOC (1 CARD), COSTS (13 CARDS). 
C 

3? IF (IA — 1) 35,36,35 
35 RFAn 	nRnAnn 

= 5 * (3 + NC f NOYD) . 	_ 

) 
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RFAO.(4f,114) (NANCOST(I),I=1,NNAMOST) 

36 IF (E0F,MI) 1,2 
1 PPINT 193 . 
STOP 

2 PPINT 194 
C 
C 	CHECK IF A REONCED SET CF FEEDIACK VARIARLFS IS REOUIREO INSTEA1 
C 	OF THE FULL SET. IF SO', CHANGE MATRIX KR 
C 

TF (KREO - 1) 42,41,42 
41 CALL FILTER (NC,N,KR,KRFILT,N1:MEX,1) 

C 
4' IS = 19HAOCC70,39) 

C 	IS = 10HA (30,39) 
'C 
C 	RP-ORDER MATRIX R (CHANGE CCLIPINS 5,6 FOP 9,1n). 10EAK UP n INTO 00 
C 	AND OC.'PFORDER 'IS 	(CHANGE 5,6 FOR (71,10) 

C 
CALL POR001 (1,1,N,NU,5,9) 
CALL PORDR4 (1,1,N,NU,6,11) 
CALL cAovun (r10100,1,N,N1,1,i) 
CALL CARVUR (P,OC,N,NUI NI NC,1 1 9) 
IF (IRO) 33,34,33 

33 CALL WRPMX (R1,N,N0,70HPR (OTSTNR1ANCE INPUT MATRIX) 
CALL WR0NX (1^,IN,Nc,3OHcc. (CONTROL INPUTS MATrqX) 

34 CALL POROUS (NN,US,NAMTL,UNITUI NAMEUC INCI NO,UCS,UNITUC) 
C 	 CHECK UC 
C 	THE FOLLOWING STATEMENT CPF;NS DATA ELEMENTS. 
C 	 THE SN1ROUTINE CH1ATA IS PARTICULAR TO THIS SYSTEM AT 
C 	THE PRESENT STEAOY STATE, IT 'HST RE CHANGED FOR ANY CH GE: Il INPUT. 
C 	THE PURPOSE TS TO FLAG A MISTAKE IN DATA RATHER THAN HAVING LONG 
C 	PRINTOUTS, FOR PRINTOUT ECONOMY S SAKE. 
C 

FOR A 

IF (TA - 1) 37,35,37 
37 CALL CHDATA (OC,N,NC,NAM^.0ST,NNAMCST) 

C 
C 	Bunn MATRIX 	AOC = A - PC*KR 
C 

CALL MULTI (`10,KR I A1,N,NC,!1) 
CALL SURTR (A,A1,A,N,N) 
IF (IRO.E0.11) GO TO 38 
CALL WRRMX (A,10,30H 	AOC = A - IC*KP. 

38 CALL EIGVV1 (31 9,01 0,00001,42,RTP,PTI,PTC,W,R1,R2,R3,R4,PW, 
1 	 IDON,R5,P6,D4,C1,C2,0 1 o4,A0,01,02,D3,14) 

1 	com0APE PRAOC (PROTICT OF COWNITrD EIGENVALUES OR Anc) WITH , 
C 	 PROW (READ-IN PROIUCT OF EIGENVALUES OF AOC) .ANn PRINT, 
C 

IF (IA - 1) 39,40,39 
39 PRAOC = i. 

00 27 T=1,4 
27.PPAOC = PRAOC*RTC(I) 

RFLP0 = (P' fl( - n7nAnc)/DnoAoc 
PRINT 119, PRAOC I PROADC,PFLPR.  
IF (KREO.E1.1) GO TO 40 
IF (ADS(RELRP) - 1.E-5 ) 23,28,25 

25 PRINT 118 
STOP 

28 PRINT 104 
49 CALL INV001 (NO,N,IPANK) 

PRINT 105, IS, IRANK 
C 

. CALL MLMXOC (V,C41,RTC0,2) 
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CALL MULCOM (W I CM1,AC,N,N,N) 

CALL WRCMX (AC,N0.10HA(CALCUL.),RTC,O) 
CALL COMRCR (AC,A,N,N,11HA(CALCUL.),10HA(ORIG.1 ) 

C 
00 3 T=1,N 

3 RTDIN(I) = 1./RTC(I) 
C 
C 	SET TYPE Or EXCITATION' MO TEST IF KOU IS REOUIREn TO nr CMANr,rn 
C 	 FOR TESTING RUSROSES (IF SO, READ IN KOU 3. 
C 

ITYPC = 5 
IF (IOU.E1.1) ITYPE = 6 

4 nALL IMLLRV (X,N) 
CALL EXCITEO(Y),UC,U1,M,NC,NO,IXO,IUC,TUn,IS,ICASE,N4,RC,39,nt1,R2, 

1 	 V,V1U,VX0,TrXC,XSOIS,NU,ITYPr,KOR,UCRAR,TA,y1U,KCI, 
2 	KIG,Ann,nC,KPUOR,IK99,A,A1,A2,1C1,NCI,AK7I1I I1O) 

C 
CALL r--YTDA -3(2,TNAME,I,N,NU,X1,XS,US,NC,NO,UC,U9,NXTR,XTR,XTRS, 

NAMXT0,NAmxTRV,UNTXTP,N1IPJ,KR I TA I IPR INAR INL,XAR,XAX1R,ICASr,NW, 
2 TPO,KOR,KnUOI,Mn,IOUICK) 
CALL .  PLOTS (N,NCOXTR,2 1 	XP,UOR,XTFP,TR,TLAST,NO INU,XS,UCS, 

XT0S INAMEx,NAmEtIC,NAHYTQ,NANxTRv,uNITX,UNITOC,UNTXTR,IEXC,IS, 
2 	I0ASEINA,It;,ITYP,IOUICi‹,KP,UnW3,LnUCI 1) 
PRINT 111, IFXC,TS,ICASE,ITYLIE 
PRINT 112 
IF (IUO.E1.0) GO TO 76 
RDINT 121 

26 CALL LISTVS (N,MU,Nn,N9,X1,UC,UD,XSOS,NAMEX,NAYEU,9NITX,UNITU, 
1 	 2HXC,NXTR,XTR,XTRS,NAMXTR,NAMXTRV,,UNTXTROC14R IKTI, 
2 	 11nUC,LIWOCS,NA4rUC,UNIT(JC) 

C 
SET TIME INTERVALS (LONGEST TIME CONSTANT OF A IS Oc ORDER 2000 SEOotins) 

C 
I = 
TmAX = 10000. 
MLIM = 
CALL STOVE (1,NI NC,NXTR,NLIM,X,UC,XTP,XR,UCP,XTR 0,T,TP,TLAST,NT, 

NTLAST) 
C 
C 	PDOCEEO COMPUTING FOR EACH T (STEPS 5 TO 10) 
C 

6 CALL NtJLLRV (X,N) 
CALL NNLLRV (Xi,N) 
TF (IPR) 16,12,16 

12 IF (T) 	/5,173115 
13 PRINT 116, T 
• GO To 17 

15 IF (IOUTOK.E0.1) GO TO 17 
PRINT 117, T 
GO TO 17 

16 PRINT 1n6, I 
i7 DO 7 T=1,N 

FXRRTC(T) = CcYn(RTO(T)*T) 
7 S(T) = RTCIN(I)4(EXPRTC(I) — 1.) 

C 	CHECK IF U, X OR '1 0TH ARE EXCITED 
C 

IF (IUC.71.0.AN1.INO.En.n) (r)  TO 8 
CALL MULOVC (SI v 1i1,C3,N) 
CALL MULOMOV (N,O3,C4,N,M) 

C C. 
C 	C4 IS NOW X(T) AND SHOULD BE REAL. CHECK IF IT IS AND CONSTRUCT REAL. 

Ic(InR) 19,23,19 
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19 POINT 107 

20 CALL TRPVCR (114,Y14,10HX(T) 	,NAMEY,IPR) 
C 

8 TF (ixn) 9, 10,E 
9 CALL muLnvc (P.x0mTn,vmo,c30) 

CALL MULC"CV (qiC,7,P,4,N,1 
C 
C C"4, IS NOW xitT) ANO SHOULD? qr. REAL. CHECK IF IT IS ANO CONSTRUCT REAL 
C 

IF (IPP) 21,22,21 
21 PRINT in8 
22 CALL TRrVCR (C4,Xi,N,1CHX1(T) 	,NAMEY,IPP) 
1C CALL ATIV 	(Y,Y1,Y,N) 

IF (IYO.E0.0.0R.IUO.E0.0.ANO.IUO.EO.0) GO TO 11 
IF (Ir4R) 13,11,18 

18 PPINT 149, T 
°PINT 110, (tI,Y(T),rAMEYtI)),I=1,N) 

ii CALL EXTRA3 (7,INA I N,N",X,YS,W;)NO,Nn,UCO19,NXT,YTROTPS, 
NAMXTD,NUIXTPN,C117XT°,NA1F0,10,IA,IPP,N4,P,NLOAR,XAXJ2fICASE,NW, 

2 IPD,K9R,KrM,II,1.'P,InUICY) 
CALL STORE (2,N,NC,NYTR,NLIM,X,UC,XTROP,NCP,XTRP,T,TP,TLAST,NT, 

NTLAST) 
IF (NTLAST.GF.NLIM) GO TO 14 . 
TF = T + 1.E-1q 
IF(TE.GE.TMAY) GO TO 14 
IF(TE.Gr:. 	0.) 	9T = 	.01 
IF(TE.CF. 	.3) 	= 	.05 
IF(TF.GE. 	1.) 	oT = 	1. 
IF(TE.SE. 	10.) 	9T = 	10. 
IF(TE.GE. 1nr:.) 	= /0f7. 
IF(TE.GE.1.031.) 	OT = 1000. 
I = T 	DT 
GO TO 6 

f: 
C 	PRINT FINAL VALUES Or X(T) 

14 °PINT 111, IEXr',IS,IC4SE,ITYnE 
PRINT 113, T 
CALL LISTVS (NINU,NC,N^,X, NCOI,XSOS,NANcY,W1MEN,9NITX,UNITU, 

2H XI NXTP,XTROTRS,NAMXTR,NAMXTRV,UNTXTRIUC9AP,K0U, 
2 	 UlUCI L9UC,U0S,NAMFMC,UNITUC) 

C 
C 	POINT ALL VALUES IN NATPIX FORM 
C KWPSIM = C r RESULTS Or SIMULATION NOT PRINTED (PLOTTED ONLY) 
C 

KWRST.M = 1 
IF (KWRST9.E0.1) GO TO 24 
CALL WPPMrT (XR, 4, 	NTLAST,30HX(T) 	FROM T = 0. TO I = 

TLASTI TP,19H .S. 110NIV3 ,NAMEX,)) 
CALL WRRMXT (UCR, NC, NTLAST,30HUC(T).  FROM T = 0. TO T = 

1 	TLAST,Tn,1r1H SrrON1S ,NAMr0C,n) 
CALL WPRmYT (XTRP,NXI'),NTLASTO(1MXTR(T) FROM T = 0. TO I = 

1 	TLAST,TP,1?u SrCONnr ,NAmxTR,n) 
24 CALL PLOTS (N,MC,NXTP,NTLAST,XP,Ur:P,XTOP,TP,TLAS.T INO,NU,XS,UCS, 

1 	 IS, * WITH 
2 	ICASt,,NY,IA,TT"7,TOUICK,KRIN9NCILBUCIO) 
PAINT 114,(NAMCOST(I),I=1,NNAMCST) 
IF (KPFn •• 1) 44 / 43,44 

43 CALL FILTER (Nrs,N 1 KP,KFILTINAMEX12) 
44 IF (ITYPF - 6) 23,10 1'0,23 
23 ITYPE = 6' 

GO TO 4 
ietrIn cinP 
10(1  FORMAT (1H1) 



300 

101 FORMAT 	()A10) 

102 FORMAT (1CX,8A1l) 
103 FORMAT (10(,-*END OF FILE CARD READ AS DATA*//1CX,*ONE OR MORE DATA 

1. CARDS '4IS':INS*) 
104 FORMAT (//1 11X,*1A1A C.v..*,////) 
105 FORMAT (///10X,*RA4K OF EI(;FNvECTOR MATRIX Oc *1A/01* IS*,I6///) 
106 FORMAT (1 1 41, 	9X,*T = *,F11.7,* SECONDS*) 
107 FORMAT  t/1`1 1:, `THE FOLLOWING VE(TOR Y(T) IS THE RESRONSE TO THE E 

ixrITATION OF THE rvIUTS U ONLY.*//nx,*IF THE INITIAL STATE EXCIT 
2ATION IS NIL, THEN X(T) IS ALL THE RESPTASE TAERr IS*) 

108 FORMAT (///10X 1 *THE FOLLOWING VECTOR X1 (T) IS THE RESPONSE TO T 
THE INITIAL STATE EXCITATION oNLY.*/1GX,*IF THE INPUTS EXCITATION I 
25 NIL, THEN XltT) 	IS ALL THE RESPONSE THERE IS*/) 

109 FOR"AT (/f/lax,sFnLLONINI; IS THE RESPONSE Y(T) 	FOR T =4,F1143, 
is ECON'!S.s/1OX,sRoTH THE INITIAL STATE AND THE INPUTS HAVE SEEN E 
2YCITE1*///) 

110 FORMAT (15X,*X(T) (*,I2,*) = *11_11.415X,A10) 
111 cORMAT 	9Y,A10,*FERONSE OF SYSTEM *,A10,*, *,3A10,*, EXC T 

1YPE (*,I21*)*///) 
112 FORMAT (10X,*FILLNINO IS THE LIST OF VALUES OF THE INITIAL STATE 

1FXCTTATION (Xi) ANO THE DISTNRRANCE INPUTS (01)*///1f'Yl*THE VALU 
PPS OF THE CONTROL INRUTS (UC) ANI.AROITIONAL PARAMETERS ARE THE 
3RESULTS OF THE r:oNTROL LAN FOE: THIq4/1!,XOTASP ANn OF THE ALGERRAI 
4C RELATIONS TN THE RASIC MODEL, PES°rCTIVFLY. THEY 91 	U 0 1. 	RE 
c0p7s7NT EXCITATION*/1OX,*0c THE SYSTEM (UNLESS IT TS SPECIFICALLY 
6STATED TO OF S1)*///10X,*Tqc STEADY STATE VALUES ARE ALSO PRINTED, 
7 AS ARE IICIA7 7 STEADY STATE REVIATION OF NC FROM S.S. VALUE1*/ 
8 	 61X,43HIN THE 0RPSENCF OF NO (HCRAR = KCO*U0)/ 

61X,*K1U = FIXER AMOUNT OF CONTROL TO OE AIDED TO THE FEEDOAC 
Av.*/ 	69X,VIA(JC(T) = - KR*X(T) + KAU = - KR*X(T) 	K9G*UO)// 
961X 1 *CONSTRAINTS ON 9C*//) 

113 FORMAT (10X,*FINAL 	VALUES 	=*,F11.3,* SECONOS)*//) 
114 FORMAT (5A11) 
115 FORmAT (51)(1E23.13) 
116 FORMAT ( iHilDX,*IIMULATION COMPUTING STARTS. TIMES T ARE PRINTED 

ELEAcNTS SHOULD OF PEAL*/10x,*THOSE ELEmENTS (IF ANY) 
2 WHICH HAVE IMAG PART GT.1.E-7 AND (IMAS/REAL RATIO ST.1.E-4 OR Pc.  
3AL REPO) ARE PRINTE0*/10X,*X(T) ARE ELEMENTS RESULTING FROM THE EX 
47:TTATION Or U ONLY*.firX,*X1(T) ARE ELEMENTS RESULTING FROM THE E 
5XCITATION OF X 04LY*///29X,*REAL PART*,32 X,*ImAG PART* /1//1QX: 
6*T = *,c11.3,* SEC*) 

117 FORMAT (10X,*T = *,F11.3,* SEC*) 
118 FORMAT (///10X,* DATA WRONG. RUN AGAIN WITH 	IPA = 1*) 
119 FORMAT (///lnX,*RFOPU'T OF ClmPUTED EI(t:NVALUES CF AOC =*,E2n.13/ 

leX,*READ-IN PRODUCT OF EIGENVALUES OF AOC =*,E22.13/ 
10X,*FRACTIONAL DIFFERENCE 	 =*,E20.13/) 

120 FORMAT (7Ti) 
121 FORMAT (10X,*WARNING . 	THE CONTROL INPUTS (NC) HAVE SEEN E 

1XCIT'79*///) 
122 FORmAT (A2,A7) 
123 FORMAT (1H1///10X,*DATA INPUT TO SITILI 	OUTPUT FnOM 4XEV2X14/ 

1/10X0-CAE ( 402,4) CF 	 , POWER LEVEL = *,A3,* 
124 FORmAT (/,//ff/1/1Y2 sTRI 	= s,T1,4  4 (C IMPLIES XAX1R,R,A,ACCO0, 

iRC N 0 T PRINT.)*/1PX,*IQUICK = 	r' (1 IMPLIES EXC(5) N 0 
2T PLOTTED)*/i0X1*AT 	= *lily* 	(5 IMPLPT.S. KPIKDR,RROIOC,COSTS 
3, REV) TN r7tOm CARRS,'7 FROM TAPE 3)*/10X,*IK9U 	= *,I1,* o (1 TM 
40LIFS KM, TO RE READ TN, TO TEST T1FLUcNCE OF FIXED ADDED CONTROL) 
54 /10X,*mP 	= * I li,* o (5 IMPLIES XAX1P,SSXTR,SSX'P,R,A, t?tin IN 
6FROM CARDS, 2 FROM TAPE 2)*/1rX,*KRED -= *Ili,* . (1 IMPLIES N 0 
7 T ALL STATE VARIADLES FED RACK, HENCE FILTER PATTERN TO RE READ 
8IN1 4 /1(;X,*InC 	= 	' (1 IMRLIES DC COMPENSATION USED, RPCOM 
9PUTING KOU, SUCH THAT X(NCI(I)) = n) *////) 

125 FORMAT (8(3X,I2)) 
126 FORMAT (1n,*NCI(*,I1,*) = 	* ,I2,*  (SEE EXPLANATION FOR IOC = 
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127 FO0mAT (I//f///) 
ENO 

C 
C 
C 

surmurrIE ncco40 tNon1,NI,A,Ai,A2,RT::,Pr1,NmIlK0uogomuoc;ono0, 
1 	 ACD,A<DU) 

C 	24.5.72 	CDTIITE n.c. GAIN. KDU SUCH THAT X(NCI(I)) = 0. 
C 	 THIS COIPENSATION 	NECESSARY WHEN THE FrrilAcic GAIN 
C 	 MATRIX KR (E0.(6) IN MAIN PROGRAM) IS FILTERED AND HENCE 

NOT ALL THE STATES ARE FED RACK. 	THE KOU COMPUTED IN 
C 	 ROUTINE EXCITE MIST 	RrCOIPUTED AS FOLLOWS., 
C 	 Folm.FDS.(4,6,7,1) IN HAIN PROGRAM 
C 	XOOT = tA - IC*KR1 4‘x 	r1C*KDN * or m9 = 0 

X = - tA 	DC4 v,R1 TNv*EPO*KrIN 	9141101 
C 	Y = C4X = IX(T:I(1)) 	X(NCI(NC)))T 

= - C*(4 - 1C*KRITNV4RCsKD11 - C4JA - 1C4KR1INV4904U9 = 0 
K9U = - (04EA 	304KRIINV*RCITmV 4C*(A - RC*KR1INV 491.4U9 

C 
C 	THE EXPRESSION 94(.1INV IS EQUIVALENT TO A SUTIATRIX OF 1.1INV 
C 	WHERE THE ROWS(I) AqF THE RCWS(NCI(I)) Or (.1INV 

.0 
REAL A(4,N),A1(tf,N),A9(NC,N),FC(NC,NC),°C1(NC,NC1,n(N,NC), 

1 	)3O(N,ND),ID(ND),K1U(NC),KOUOR(NC),ACD(IC,19),AKIU(NC) 
INTEGER NCI (NC) 

C 
90 1 I=1,NC 

1 1/.0UOR(I) = '<DU(T) 
CALL INVERT (A,A1,N,IRANK) 
POINT 100, IRANK 
no 2 I=1,NC 
NI = NCI(I) 
10 2 J=10 

2 A2(I,J) = Ai(NI,J) 
CALL MULTI (A2,PC,PCINC,NINC) 
CALL INVERT (PcIPC1,NCI IRANK) 
PPINT 101, IRANK 
CALL MuLTI (A?,1D,ACI,NC.4041) 
CALL MULTI (RC1,AC9 ,42,NCINC,NO) 
CALL WRRIX (A2INC0),3CHKDC (UC(T) = -KR4X(T) -KOC*U0)) 

. CALL IULMXV (A200,KOU,NCIND) 
CALL IrGVR (K-10, NC) 
PRINT 102, INCI(I),I=1,NC) 

. 0PINT 103, ((I,K9UOR(I),K0O(I)1,I=1,NC) 
PFTURN 

Inn FORMAT (141,9X,37HRANK OF )4AT0IX AOC = A - 4C4KR IS ,I2) 
101 FORMAT (10X,35HRANI: CF MATRIX C4EAOC1INV*1IC IS ,I2///) 
102 Frtt'!AT (10x,ALwARNING...THIS RUN INcLUOES D.C. COMPENSATION 

1SUC)a THAT*/(10X,4Y( 4,I2,4) = C.4)) 
101 FORMAT (1.0X,4HE/rE Ti-" VALUE FIRST COMPUTED FOR KIN (CONSTANT CON 

1TP91. ADDED rcIR FYTERNAL DISIIPPANCF) 1-4 A 07EN PFCOMPITFD AS4// 
21PX,43HKOU = 	tC 4(Ao7INV4DCIINV*0*(A0C1INV*904U0/// 
716X,4 FIRST COMPUTED VALUE4 ,9Y1*RECOmPUTE9 VALUE4// 
4(1nx,4Kno(*,i1,*) = 4,E13.6,16X,E13.6)) 
END 

C - 
C 
C 

SUIPOOTINE FILTER (NC,N,KR,KRFILT,NAMEXIIF) 
C 
C 31.1.72 
C 
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C 	REOUCES THE NNMREP OF VARIABLES FED DACK, SELECTING THOSE THAT YIELD 

C 	..10mINANT VALUES.. (I.E. THOSE ELEMENTS OF THE ..WEIGHTEO-GAIN.. 
C 	mATPIX IKP(I,J)*X(J)PEAlq WHICH ARE WITHIN THE UPPER DECADE. SEE 
C SURPOUTINE PLOT) 
C 

INTEGER KRFILT(Nr!,N),NAMEX(N) 
REAL 	KR 	(NCO) 
GO Tr,  (10,?0), IF 

in nO ii Tztion 
DEAn 'On, (t<qritT(T,J),J=1,14) 

it n2INT 121, I,('!?rILT(I,J),J=i0) 

12 

13 

IF 	(cor,5) 	12,13 
noINT 112 
STOP 
PRINT in7 
10 15 	I=1. 
90 15 J=10 
IF 	(KRFILT(I,J) 	1) 	14,15.14 

14 KR(I,J) 	= 	0. 
15 CONTINUE 

CALL WRRMX 	(KR I NC0,30HKR FILTERED 	(REn. 	SET FB VAR.)) 
20 PRINT in4 

no 25 J=1,4 
Tr 	(KRFILT(1,J).N7.1.A9O.KREILT(2,J).NE.1) GO TO 21 
IF 	(KRFILT(1,J).EO.1.ANO.KR,EILT(2,J).NE.1) GO TO 22 
Ir 	(KRFILT(1,J).NE.1.A"Ir'.KRFILTt2,J).E^..1) GO TO 23 
IF 	(KRFILT(1,J).EC.1.AND.KRFILT(2,J).E0.1) GO TO 24 

21 PRINT 	ir, 	J,T;.117x(j) 	£ GO TO 25 
22 oRIrT 	1 1'6, 	JOA'4,EX(J) 	 g GO TO 25 
23 nRINT 	117, 	J,NAmEX(J) GO TO 25 
24 PRINT 118, 	J,NAMEX(J) 
25 CONTINUE 

2,FTURN 
100 FORMAT (30I1) 
101 FORMAT (10X,*FILTER FOR UC(*,T1,4 ).. ONES REPRESENT VARIABLES rED 

PACK.. *,31I1) 
102 FORMAT (/19X,4FNO OF. FILE cARn READ AS DATA*//11X,*ONE OR MORE OAT 

1A CARDS MISSING*/,/flnX,*THIS RUN MUST READ FILTER KRFILT*) 
103 FORMAT (///t1c"‹,'1ATA O.K.. FILTER REAP IN*//) 
104 FORMAT (///10X,*THIS SIMULATION WAS RUN ON A FILTER. ONLY THE .01C 

iTIVE.. VAPIAILES WERE EEO 1ACK*///33X,*FOR NC(1)4 ,5X,*FOR UC(2)*// 
2/) 

105 FORmAT (10X,*X(*,I2,4) E *010) 
105 FOnMAT (1CY, 4- X(*,I2, 4) = *,A1C, 5X, *FD ACTIVE*) 
107 rORMAT (1CX,*X(*,I2,4) E *01.7- 1 19X,*ER ACTIvE*) 

ACTIVE*) 108 FORMAT (10Y,4- X(*02,*) = 	5Xy*Fri ACTIVE*,5Y,Apret  
. END 

C 
C 
C 

StP 

	

	EYCITEDCYI.UC.UD,N,41101,TXLI,TUr:,IUO,TS.T1ASE,NNOCOD, 
1U,R2,V,V1U,VY0,1-EXC,XSOSOU,ITY:5=,K0'?.0100AR, 

2 	IA,KON,KCI,K1G,ACD,Rr,K1NOR,IKN,A,A102,RC1, . 
3 	NCI,AK0U,T0f” 

C 
C- 24.5.72 
C 
C 	RFT INITIAL EXCITATION YO FOR STATE VARIABLES 
C 	SET STEP INPUTS 'IC (CONTROL) AND UD (DISTURBANCE) 
C 	SET KCO (GOOD FOR CERTAIN TYRES Or EXCITATION ONLY. TO MAKE IT 
C 	 GENERAL WOULD RE TEDIOUS AND USELESS). 
C 	COMP. UAR = SETTLING-OowN VALUE Or UC 

C 	 vxo - ‘i*X(0) FOR ANY CASE (EDS. (11,12) IN MAIN PROGRAM). 



C 	 V9U = V*941- U FOR OPEN-LC(1P CASE (E0.(11)) 

C 	 KOG E OISITOANCE GAT1 MATRIX (OVERALL) FCR O.C. CASE (12) 
C 	 = Kr.* ,1n + (KPR*T: - I)*KCO.  
C 	 V9U = V*ROGsUg . FOP 0.C. CASE (EO. 12) 
C 	 KOU = - KOG*00 	FOR O.C. CASE (EO. 12) 
C 	FOR TK10 = 1 r■ PrAO 14 EOPCrO KOU TO TEST ITS INELUENCE 
C 	FOR 	= 1 4 f ri'PqTr 	KPO ACCORDING TO THE EQUATIONS IN 
C 	 POUTIN7 onom'll  FOR DC COMPENSATION WHEN FILTER USED 
C 

TNTECE0 ICAsE(IN),NCT(4C) . 
COMPLEX V(4,N),V90(4)0X0(N) 
REAL X0(1).NC(4C),U0(NO),Ir;(0,NC),90(/ / NO).R0(4),R2(N), 

1 	XS(N),US(N0),!-!.10 (NC,N),0C9A0 (4C),KOU(NC),KCO(NC.N0), 
2 	KPG(4000),ACO(NC,NP),9C(Nr:,NC),K900R(NC) 
REAL A(N/N),11(4,N).A2(NC /N),PC1(NC,Nr.),AKOU(NC) 

IXO = 1 	-2 	IUC = 	 IUD = 0 
C 

CALL NULLPV (XP.N) 
CALL NIILLPV (0-.,NC) 
CALL MOLL RV (unon) 
CALL WILLRV (Ur',349,N') 
CALL NULLRV 	MC) 
CALL NULL 	(vC10( I Nn) 

C 	 (RECALL TO RESET InvETC TO 1 WHERE NECESSARY) 
C 	EXCITATION TYPE (1) 	X(0) = un = UO = e, 
C 	rXrITATION rfor (2) 	X0(i3) = 20. °STA, UOM = ./*US(3) 

Ex",ITATIO4 TYPE (3) 	09(1) = 10 MILINILES = 1eE-5 
C 	EXCITATION TYPE (4) 	0)(6) = .1*US(1) 
C 	EXCITAT 1:04 TYPE (5) 	XC(10) = 20. PIA 
C 	EXCITATION TYRE (6) 	MO(8) =...1*US(A) 
C 
C 	Fonti THE STEA)V STATE SET OF EOUATIONS 087,175,177 OF WIMFRITH 
C 	SIMULATOR) A11 107 TO THE FACT THAT STEP INPUTS ARE us=n, THr.  
C 	FOLLOWING STATEMENT IS INTROlUCED FOR EXC. TY°ES (1) TO (5).(CHCK 3) 
C 

KC9(20) = 8.1195/XS(10) 

GO TO (9,2,1,4,5,6), ITYRE 

2 IXO = IUO = 
X0(10) = 23. 	 UD(8) = 01*US(8) 
GO TO 9 

3 Din = 
UD(1) = 10.E-5 	 (MAL 
GO TO 9 

4 iun = i 
Uo(8) = .14fuS(ct) 	 PEttN) 
GO TO 9 

5 IXO = 
X0(V) = 21. 	 PO(PSIA) 

- GO TO 9 
6 IU1 = 1 

UD(B) = - .14 .1S(R) 	 PE(H'4) 

9 CALL MOLMXV (KCO.U9.UC3AR,NO,M0) 
C 

IF (IUO.E.O.O.ANO.T.H0.E0.0) GO TO 11 
IF (IA - 1) 14,13,14 

C 
C 	CO4lF1JTE VRU FOR OPEN LOOP CASE 
C 

13 CALL MULMXV (90,09,10,N00, 
. IF (itic.E1.0) GO TO 10 
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CALL MULMXV ("ClUCIR2INI NC) 

CALL WV 	(PN,R2OU,N) 
GO TO 10. 

C 	OPTIMALLY CONTROLLED CASE 

C 	KM) = - Kon*NO 
= KORAIRo + (KoR*1(T - I1 KCn 

14 rALL INLTI (107,9C,0C,NC /NI NC) 
00"15 T=1 1 mC 	• 

15 RC(IyI) = c‘C(I,I) - 1. 
"ALL MULTT (nr,xCTI,ArR,NC,NcyNO) 
CALL MNLTI (KnP0o,KT;,NC,N,N0) 
CALL Arm 	(,<IG,ACo t le.OG,Nc,Nn) 
CALL WRoMx COG,NC,No,314KOG (MC(T) = -KP*X(T) -KOG*U0)) 
CALL muLmxv(KOr.,U?,KOU,NC INI) 
CALL NEW? (ION,NC) 

C 
C 	TEST IF KOU IS REONIPFO TC RE CHANGEO TC EVALUATE ITS INFLUENCE 

IF (TKOU.E1.1) CALL KONPNG tNC,KOU,KQUOD) 

C 	TrIr IF Kmj HAS TO RE PFCOmPUTrn, FO? O.C. COMPENSATION 
IF (I0C.FO.1) .CALL OCCOV0  (4,NC,NOIA,A1142,RO IRC1 INCI,KOU04,KOU, 

1CO3,U0,AC0,AleDU) 
C 
C 	VeU = V*PnG*In 
C 	'1111 = (I 	1r3*K92.1*- (0I3 + r!C4KCO) = II - 1r*KOG 
C 
C 	 HENCE VOU = V*(90*U0 + Bc*Knui 

CALL MULMxV (7,11,UnI OU,N011 
CALL mMLmXV (r-1C,t<ON.02,NI NC) 
TALL Arniv 	(oN,P2,RNIN) 

10 CALL MUU1M7tV (VOU,Vn.N.4) 
11 IF (IX.E0.n) GO TO 12 

CALL MuLcM1V (V,X31VX0014) 
12 IEXC = 1,:;HSTEP 

RETURN 
Fnlo 

C 
C 
C 

SUPPOUTIW: ExT7.A7 (IEX,INAMFONAm,N,NU,YOS IUSI NC,ND,UC,U1,NXTR, 
XTR,xTRs,NnmxTR,NAMXTRVONTxTrZ,NAt.!N,KR,IA.IPR,NARI NL I XAR, 

2 	X4X1R,ICASEINWIIPOIKOR,KONIMIOP,IlmIrK) 
C 	. 
C 7.4.72 
C. 
C comDNTES AND PRINTS cXT1 A wANTEo PA7AMETERS wHIC'H APE NOT STATE VARIAILES 
r THIS RCPITINE N! "S Arl_WST:4EqT FOP 1IFFE0F4T C'‘SES OF 9X7V2X1. 
C N')4 IT IS SFT FOP CAFES (1) To (7) OF PnrIcKi (4X7.V7x1). 

REAL x(N),YS(N),MS(mU),UC(NC),U1(NO),xTP(NXTR),XTPS(NxTR), 
1 	KR(Nc,4),X4x1R(,NAR,NL),xAR(NAR),KoP(N(1 1 4),KrU(NC) 
INTEGER NA4XTR(NXTR)INAmXTRV(NxTR),UNTXTR(NXTR),INAME(NNAM), 

NAMM(NU),ICASE(N4) 
C 
C FOR ANY CASE, THE FOLLOWING PARAMETERS FPO>,  +1XFV2x1 A7E oFRIVFO 
C 
C 	XA(2) = FOAP 	 0 XTR(1) 	E XAR(i) 
C 	XA(3) = TcooLsTri 	(DEC) 	 0 XTR(2) E X4R(2) 
C 	XE(2) = TFAVSTAR 	(0EGF) 	 . XTR(3) 
V 	xF(7) = 4SOPmm 	(LPfSr:C) 	0 XTR(4) 
C 	XE(1.2) = 44 	(L90SEC) 	0.XTR(5) 



C Y(3)-N2(10)= 

C Y(3)-U0(6) = OL 	(INCHES) 	0 XTR(F) 
C 	XE(1) = 1K4 	 . YTR(5) 
C 	XA(5) = 09ASH 	' (NOPMALI7E0) 	0 XTR(I) 	E XAR(3) 
C 	YA(6) = OHSC 	(9T11/L0) 	0 XTR(111 E XAR(4) 
C 	XA(11 =O41 	(OTU/L1) 	0 XIR(11) E XAR(5) 
C 	XA(12)= KXCONT 	 0 XTR(12) E XAR(6) , C 	XA(14)= KXRIAR 	 0 XTR(13) E XAR(7) 
C FOR CACF1 (1) TO (7) OF TOPCKi IN 4XEV2X1 
C 	U2(4) = YRIFM 	(NnPmAL.) 	0 XTR(7) 
C 	 NOT TO 1E CONTUSED WITH U9(4) = YROEM(REE) 
C 

GO TO (10,2;620), IEX 
C 
C DATA TAKEN FROM MXEV2X1 (UmAQ06X, 16.1.70) 
C 
C COWROTT XA(2,3151 6,8,12,14) WHICH CORIESPOND TO XT1 (1,2,91 10,11,12,13) 

21 00 27 T=1,4AR 
XAR(T) = 0. 
00 ?7 J=1,NL 

27-YAR(I) = XAR(I) + XAY1R(I,J)*X(J) 
no 3i I=1,4A° 
IF (T - 2) 28,28,29 

28 XTR(I) = X41(I) 
GO TO 30.  

29 XT1(I+6) = XAR(/) 
30 CONTINUE 

C 
C DATA TAKEN F104 SSNLPT (CALFUN, 18.11.69) (EASIER THAN PUNCHING OUT) 
C 	

XTR(3) = .5*X(1) 	.5*X(9) 
XTP(4) = .3362*XS(231*X(10) + .3862*XS(10)*X(23) 	• 
XTR(51 = - .3999F-1*XS(14)*X(13) + (- .3999E-1*XS(13) +51.8)4X(14) 
XTR(I) = SLOPE1(XS(2?) 	.4)*X(22) 

C 
C DATA TAKEN FROM FDOCKI. (CASES 3 TO 7) 
C 

XTP(6) = .1268E-2 4X(12) -'10(6) 
TK13 = 5. 	2 	TK14 = 025 	£ 	TKi5 = 1. 
XTR(7) = TK13*X(29) - TK13*TK14*X(28) - TK134TK14*XTR(6) + .0029* 
TK13*TK15*XTR(4) 	.9029*TK134X(16) . 

C 
C 	IA = 1 	4 
C 	IA = 2 4  AOC 
C 
C 	UC(T) = - KR*X(T) 	KOG*U9 = - KR4X(T) + Knu 
C 	 (KDU GOT NEGATIVE SIGN IN ROUTINE EXCITE) 
C 

Ir (IA - 1) 11,22,21 
21 CALL 4NLMXV (KR,Y,NC,NCI N) 

CALL NEGVR (UO,NC) 
GALL 4mw 	(00,Kr!ooc,Nr'1 

22 IF (IFX.EO.2) RETURN 
C 
C 	PRINT RESULTS IF REQUIRE') (InR.ME.0) 
C.  

IF (IP1.E0.0) RETURN 
PPINT 190, NXTR 
00 23 I=1,NXTR 

23 PPINT 10/, NAMXTRV(I),XTR(I),NAMXTR(I) 
IF (IA - 1) ?4,26,24 

24 PPINT 102, NC 

305 
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nO 25 I=1,Nn 

IS = I+NO 
25 0PINT 103, I,OC(I),NAMU(TS) 
26 RETuRN 
/93 FORMAT 010Y,*FOLLOWINC; APr-• THE VALUES OF41 I3,* PARAMETERS WHICH .4 

1RE NOT STATr VARIAILES*/) 
101 FORMAT 	= *,E11.4,5X,419) 
102 FORMAT (/11Y,*FOLLOWING APE THE VALUES Or*,I3,* CONTROL IN'UTS*/) 
103 FORmAT (18X,41JC(5 ,I2,4) = 4. ,E11.4,5X,A10) 

C 
C 	REAn TN MATRIX KR (I.E... 	K(REDMCF1)) ANO KV 	(K3(REDUCrO)), 
C 	W7,(T) = 	KR*Y(T) - Kl"^(T*Un 4.,  IT - KIR*PC)4U3P4R 

= 	KR*X(T) - 	 1JO = - KR4Y(T) 	KDU 
C 	 (SEE DEFINITIONS IN MAIN PRO6PAM) C  

10 IF (TA - 1) 11,12,11 
11 RE4n 01,23(J) 144‘.17 

nALL TR42017 (KR, NC,N,MI) 
PRINT 2P1, INAIE 
InAEE(1) = INAME(1) 
REAn (MI,211) INANE 
CALL IRM2013 (KDR,Nn,N,MI) 
PRIMT 201, INANE 
IF (IlflinK - 1) 14,12,14 

14 nALL WRRMX (KR,NnIN,7PHKR Nr(T) = - Ko*x(r) -Kne,*01» 
CALL WRRMX (K9R,N;0,3CHKOR(KOG=KIR*104-fKOR*90-I)*KnO)) 

C 
C REAn IN MATRIX X1X1R 	XAY1 REOMIEn) FROM PUNnHEI OUTPUT IN 4)(EV2X1, 
C 	xAr! = x4X1R4X1 

gE VEnTOR OF TmF C WHERE Xi IS T FIRST ML(27) ELEMENTS OF X 
C THE ORIGINAL ETIATION IN MXEV2X1 WAS 
C 	XA = XAX1*X1 + X41140 
C rANT FOR THE YIP VALUES NEE0E1 HERE, THE CORPESPONIING ELEMENTS IN XAU ARE NIL 
C AND ALSO THE MATRIX XAX1(17,27) IS REOUCEn TO X4X1R(7,27) FOR THE SAME REASON 
C 

12 RFAn (MP,21") INAMr 
PPIUT 201, INAmr 
CALL IRm2!:!13 (X4X1RINAR,NLOP) 
READ (!'1P,  210) MAME 
PRINT 2n1, INAmE 
IF (I00.E0.C) GO TO 13 
CALL WRPMX (XAX1R,NAFOL,10HXAX1R (XAR(T) = XAX1F*X1(I)) ) 

C 
C PFAI IN STFAIY CTATF VAIMr, NAMES AN'l }.)NTT OF PXT9A °PARAMETERS 
C DATA TAKEN FROM MXEV2X1 (NEWXN) 
C 

13 RFAn (4P,203) INAME 
cALL TPV201.3 (XTRS, 	NyTR,m0) 
CALL IIVgA1P (NAMXTRVOYMIP) 
ALL IIVgA13 (MAIXTR, NXT90°) 

CALL ITV8A10 (04TxTR,-MXT2OP) 
- PRINT 201, 'NAME 

RETURN 
210 FORMAT ( 	8A10) 
201 FORmAT (1)X,8A11) 

END 
C 

SUIROUTTNE nONSTR1(In,IP,m,UPPNOILORT),UPDERILOIER,PPK,NRK,Rp0rR, 
iNPIER,LUPI,LLOI,LURD,LLOOIVIOLO,VIOLnISSINAMVOAM,UNT,PROWO,LPPO) 

C 
C 31.1.72 
C . • 
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C IC = 	SETS CONSTRAINTS CN PARAMETER VALUES AND/OR DERIVATIVES 

C IC = 2 	PRINTS CONSTRAINTS, PEAK VALUES AND VIOLATIONS 
C IP = 1 0 HANDLES HO PARAMETERS 
C IP = 2 4 NANOLES X 	PARAMETERS 
C IP = 3 	HANDLES XTR PARAMETERS 
C 

REAL UPR91(M),LO9N9(m),UR9ER(m),L09cR(M),PIK(M)s9RK(M),PPIER(M), 
1 	9P9FR(M),SS("1,'PonN9(m) 
INTEGT7A, 94mv(m),NA1(0),UNT(4),FM(12),F9(12)1FP(13) 
LOGICAL LlInl(M),LLOR(M) I LU09(t'),LLO0(4),VIOL1(4),VIOLD(M),LPP9 (m) 

• DATA FO/ 
1 6IP(1X s *OFRIVATTVE OF 4 1 4X, 	-*OCUs- sI2s *) E 4 s4V1 ,2X,4101 	s In TO FM 
2 6PHAL/SEO4s1xs2X1 	1Prjn.3, 10E12.71 5X 1 E5.11 	2X,E1.1) 	/ ID TO FM 
DATA FP/ 	56 1-4(19X, 	(15XS 	 0110, 	X(* / T2y*, REPLACE 

1 401-1* E *1110,10Y, 	17X, . 	1PE12.3s 	 REPLArF 
2 40N1PE10.3 1* °Elf< TO PK*OXIE3.1s2X,E5.1) / 	 REPLACE 

GO TO (1,57), IC 
1 DO 2 I=1,9 

LUP9(T) = LL01(I) = LUPD(I) = LUNT) = LP09(I) = .FALSE. 
2 rOINITIN7Ic 

GO TO (501,15) 1  IP 
C 
C SET CONSTRAINTS FOP CO4T0OLS Ur,  

5 LUPP(1) = 1.1.:10(1) = 
LUPr'-(2) = LLn,!(2) = LUDD(2) = LL00(2) = .TRUE. 
UFRNO(1) = 1. 	e 	lonN9(1) = 	1. 
NPr,1J1(2) = 3.2 	L0R9n(2) = Is 
UP9FP(2) = .0073 r 	LenEm?) = —.0033 
PETtIR!4 

C 
C SET rONSTR4INTS Fno, STATE-VARIABLES X 

10 LFDP(1) = 
LU"(10) = LL09(10) = LLOO(11) = *TRUE. 
LLOn(11) = unn(12) = LL01(15) = LL01(16) = .TRUE. 
LUP9(19) = LL91(1R) = LUF-9(19) = LLOn(10) = .TRUE. 
LuPn(21) = LL09(21) 	LUP0(21) = LLOD(21) = *TRUE. 
LUP0(22) = *TRUE. 
LISPP(23) = LL09(23) = .TRUE. 
LURB(28) = LNP9(29,) = 'TRUE. 
LUP(1 (30) = LLOP(33) = *TRUE. 
PPRN9(1) = .2 
UP199(10) = SS(1°) + 40. 	LODND(10) = SS(10) — 40. 
LOnER(il) = — 1. 
LO9Nn(11) = L0999(12) = LC9,19(15) = L0999(16) = C. 
UP8m1(io) = 1. 	E 	L0199(19) = 0. 
0 )119FR(19) = .033 	£ 	LO9ER(19) = —.033 
UP999(21) = 1. 	2 	10099(21) = — 1. 
Ur9FR(21) = .2 	E 	Lon:(21) = —.2 
LJP999(22) = .97 
11PRNO(27) = 1. 	F. 	L0990(23) = 0. 
NP999(25) = UP199(29) = 1. 
upqN9(3I) = 1. 	£ 	10991(70) = — 1. 
RETURN 

C SET rONSTRAINTS FOR 499ITICNAL RARAMETERS XTR 
15 LUP9( 6) = LLO9( 	= .TRUE. 

tUP9( 7) = unRt 7) = .TRNE. 
LUPO( 8) = LL01( 8) = .TRYE. 
LR°9(9) = 'TRUE. 
LL09(19) = LL01(11) = LL01(12) = uon(1:5) = * TRUE. 
UPIND( 6) = 8. 	£ 	LC ID( 6) = — 8. 
OPQN9( 7) = 1. 	LOn99( 7) = 0. 
UDDER( 5) = 3.E-5 	LODE'.( 8) = — 3.E-5 
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ponN1(1)= .24 

LOIMo(10)• = LO1110(11) = LON0(12) = L09N1(13) = P. 
RETUn4 

• C 
C PRINT CONSTRAINTS,_P7AK VALUES A111 VIOLATIONS 
C PRINT TITLES AN1 SrT FO0MAT DATA 
C 

!0 no 81 1=1 )12 
81 Fm(I) = FO(I) 

GO Tr) (514,57), I0  
53 00INT 101 

101 FORmAT (15X,*C1NTROL INPUTS (M)*/) 
GO TO 54 

52 PRINT 102 
102 FoRmAT (/15Y,*STATE VARIAnLES*/) 

F*4(4) = FP(P) 
GO TO 54 

53 nPINT 1n3 
103 FORMAT (/15)(1*A01ITIONAL nARAFETEnS*/) 

Fm(7) = FR(4) 	£ 	FM(4) = FP(3) 	E 	FM(5) = FR(51 

C SCAN PARAlcTFRS 
54 no Ro I=1,M 

Tr (.NOT.CLUPn(I).0P.LLen(I).OR.LUPD(I).OR.LLOO(I).0n,L0P1(I))) 
1 	Go TO  89 
IF (.NOT.(LUDn(I).ORALOI(I).0R.LPPI(I))) GO TO 69 

C 
C PARAMETER POUNOS. S7T FOrMATS ANO PRINT 

FM(7) = FR(5) 
Go To (55,55,56), In 

55 FM(1) = FR(1) 	£ 	FM(2) = FM(3) = FR(3) 
co To 57 

56 FM(1) = FR(2) 	£ 	FM(2) = F°(3) 
57 IF(.NoT,((LU01(I).ANn.LLOP(I)).0R.LPPn(I))) GO TO 60 

IF (,,NOT.LPn1(I)) GO TO 40 
F”(9) = F0(1r ) 	£ 	F4(13) = FP(11) 	F, 	FM(11) = FR(12) 
FM(12)= F'(13) 
GO TO (31,31,32), IP 

31 0RINT FM, 	I INAm(I),UNT(I),SS(I),rnRNI(I),rFK(I),NRK(I) 
GO TO 66 

31 PoINT FM, NAMV(I) INAM(I),UUT(I),SS(I),0PONI(I),PPK(I),NPK(I) 
GO TO 66 

40 GO TO (58,58,59), IP 
51 0PINT F4, 	I INAl(I),UNT(I),SS(I),101N9(I),L0141(I),PPK(I), 

1PK(I) 
GO Tf11 66 

59 PRINT FM, NAMV(I),NA14.(I),UNT(I),SS(I),UPBNO(I),LOPNO(I),PPK(I), 

1 

	

	'N011.(I) 
GO TO 66 

60 IF (LUPR(I)) GO TO 67 
FM(0) = FR(7) 
GO TO (61,61,61), IP 

6i POINT 	OrM(T),UNT(T),SS(I),LCPN)(I),KPK(I),MPKiI) 
GO TO 66 

62 PRINT Fm, NANv(I),NA'!(I),UNT(I),SS(I),LCoNO(I),PPK(I),NPK(I) 
GO TO 66 

63 FM(10) = crI,C11 
GO TO (64,541 55), T° 

64 PINT FM, 	I ,NAI(T),UNT(I),SS(I),UorNO(T),PPK(I)INPK(T) 
GO TO 66 	• 

65 °RINI PMiNAMV(I),NAM(I),UNT(T),S$WINP9ND(T),0PK(1),NPK(I) 

C 
C CHrCV VIOLATT1N 

66 IF (.NOT.VIOLI(I)) GO TO 67 
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PRINT 104 

104 FORMAT (1114.1111Y, 4CONSTRAINT VIOLATE14) 
C 
C RESTO°F FORMAT AS CHANGED.FRCM STATT.MENT 55 ONWAPOS 

67 FM(1)=F1(1) SF1(2)=cC(21 PF4(7)=F0(7) EFm(9)=F0(9) EPM(10)=P0(10) 
Fm(11) = F0(11) 	£ 	FM(12) = P0(12) 
Gn Tn (641,53,69), IP. 

63 F'4(3) = F0(3) 
C 
C PARAMETER DERIVATIVS DCUNDS 

69 IF (.Noi.fLur,n(T).nR oAc0(T)), GO TO Al 
IF (.NOT.(LUP9(I).ANI.LLOO(I))) GO TO 72 
GO TO (70,71,71), IP 

7P PPINT PM, 	I ,NAM(I),UNT(I),NPDER(I),L07ER(I),PPOER(I) 1 4POER(I) 
GO TO 73 

71 PRINT.FM,WIlI(I),NAM(I),UNT(I),UPOE:R(I),LODER(I),PPOER(I),NPOER(I) 
CO TO 71 

72 IF (timn(i)) GO Tn 7q 
Fm(9) = F°(7) 
GO TO (73173)74), IP 

73 PRINT FM, 	I ,NAM(I),UNT(I), 	LODER(I),PPOER(T),PMEP(I) 
GO TO 78 

C 

74 PRINT FM, lAMV(I),NA9(I),U1T(I), 
TO 7g 

75 FM(10) = FR(1) 
GO TO (76,76,77), IP 

76 PRINT FM, 	I ,NAM(I),'J9T(I), 
no TO 7 0, 

77 PRINT FM, NAMV(I),NAM(I),UNT(I), 

('HECK VIOLATION 
73 IF (.NOT.VIOLD(I)) GO TO 79 

PPINT 104 • 

LODER(I) I PPOER(I),NPOPR(I) 

UMIER(I),PFDER(I),NRDER(I) 

UFDER(I), 6POER(I),NPOER(I) 

C RESTORE FORMAT AS CHANGED FPCM STATEMENT 72 ONWAROS, 
71 FM(0) = FO(9) 	E 	PA(1C)) = FO(10) 
81 r.ONTINUE 

RETURN 
EN' 

C 
C 

SUBROUTINE PLOTS ( N,NC I NXTR,NL,XP,UCP,XTRPI TP,TL,NO,NU,XS,UCS, 
1 	XTRS,NAIX,MAMC,M1mXTn,NA4AT?V,UNTX,UNTUC,UNTXT°,,IEXn.,ISY,ICASE 
2 	,NW,IA I ITYPE,IQUIXI KP IN1OC,LIUC,KUC) 

C 
C 
C 
C 	PLOTS SELECT7O PARAW:TEPS FROM X, XTR, ANn CC ON A SCALE SUCH AS TO FIT 
C 	INTO THE RAGE -.2 Tn 	io 

TPP SELECTING OF PARAm7:TrPs IS POMP MANUALLY 
C 	THE SCALING 	OF PARAMETERS IS PONE AUTOMATICALLY 
C 
C 	PRINTS THE PEAK VALUES OF PARANITERS nomn nv CONSTRAINTS (ANC)/OR ITS 
C 	DERIVATIVES) AND FLAGS A WARNI1G WHEN A CCNSTRAINT IS VIOLATED. 
C 
C 

REAL XP(N,NL),NCP(Nn,NL). ,XTR°(NXTR,NL),TP(NL),XS(N),UCS(NC), 
XT'ZS(NXTR),KR(NC,N) 

INTEGER. MK(S),ILANK(6),ICASE(NN),NAMX(4),NAMUC(NO) INAMYTR(NXTR), 
I 	MAMXTRV(NXT7),NNTY(N),UNTUC(NC),UNTXTP(NYT°) 

• REAL SCALX(:31)15CALUC(2),SCALXTP(14) 

5.3.72 

°PINTS ALL r?Al< VALUES Y(J), COMPUTES AND PRINTS ..WEIGHTED GAIN.. 
C 	MATRIY (KP(I,J1*X(J)PFAK) IN 0°,0ER TO DETERMINE ..;EOUCED SET.. 



310 

INTEGER WAr),NY (31) 04 A PNlir (2) ,t4APkIXTP, (14) 

C DT.FINTTIONS FOR TUE CON7TR4INT PART 
PEAL WIX(71),LrlY(71),11CX(31),LDX(31),PFX(31)00Y(3i),DPIX(31)) 

1 	NT3DX(:31) ) 1FsUC(21,C)NC(2)09UC(2),LOUC(2))0PUC(2),N9UC(2) )  
2 	PPCUC(?),WIDUC(2))fl9X/(1.4),LBX1(14),NCX7 (14))tIXR(14),DPXR(14) 

INPX0 (14),"DXR(14)0PrIXR(14) ) ?)priX(31WPDXR(14) 1 PD9NC(2) )  
4 	PM)X(31) 
LoryiriAt_ LU1X (31))LU/Y (31))LUOX (31),LL9X (31)019X (31),VOX (31) )  

1 	LU-1 1 /C( 2),1_LPUC( 2) )LWIUC( 2),LLnUC( 2).0,"UC( 2),VIUC( 2) )  
2 	. 	LU1XP,(14),LL'X7),(14) 1 L"^X°(14),LL9XR(14),VXR(14)09XP(14) 
LOGICAL LP2QX(71) )1.'"rlYP(14)1LPPIUC(2) 
DATA MKOLAMII./ 1111 ) 1H2)1H3 ) 144)1H5 ) 60H 

GMAX = i. 
GMIN = 	.2  
GPEF = O. 

C 
C 	SFT CONCTQATNTS 

CALL CONSTR1 (1)11NC )UlUC)L9UCODUCILDOC)PPUO)NCIPPOUCOPOUC )  
LUMJC)LLrIUCI LUDUC,LLDUCODUCODUC)UCS ) WARNIX. 04A4UC )(AV)C) 

2 Pr'BUC ) LPPlUC) 
IF (KIP.EQ.i) 
CALL CDmST71 (1)20 	,URX ,IPX 00X ,LCX ,PPX ,NPX ) PPDX NPDX ) 

1 LUrIX 	)LUDX )1.1.0X 01X 03X ,XS 'WARM( )NAMX 'ONTX ) 
2 or'BY ) 1PP1X ) 
CALL CONCT:',/ (1 )3 )NYMUrl.X2 )LIX2OW1 )LnXPinPXR)!'0XR)P°9X7OPDX0.1  

i INPXR )UnX0.)LUDXr-',LLCXq)VIX1IVIY7) XTRS)NAMXTRV ) VA"XTRIITXT°)  
2 PPDXP ) Lpn3XR) 

C 
C 	COMPUTE SCALES)  PEAK VALUES )  ETC., 	ESEPVE MAX. 400 FOR X ONLY 
C .  

CALL SCALPL1(M)  Ni.))  SCALY) WAPNX )  GMAX ) GMIN) T009X ILRX , 
1 	UDX ) 1_ 11X 1PPX ,N'Y )2')9X OPDX )LUDX )LLDX )1.U1X ,LLIX ) 
2 	V1X 1 V1X ,XS )PP-X1LP°-!,P"X,i) 
CAL). SCALPLI(NC) NLOC? )  SCALI1 C )  WArINI1C )  GmAX )G4INI TP )UBUC ) LPUC )  

1 	MMIC ) LIU':)PDUCOPUC)°PDUC )0°DUC )LUlUn)LLRUC )LUDUC )LOUCI  
2 	VIOC,WIUC,IPS 
TALL srALDLA (NXT° ) NL ) XTRP )SCALXTRINARNXTR IGMAX)GMIN)T009XRIOXP )  

UDX° )L9YR )PPXPOPXP)PP9XR)NPIXR)LUIX0ILLRXR ) LIFIXR ILLDX4 )  
2 	VIXRI VDX° ) XTD,S) PPrIXR )L0DIXPOM9X10) 

C 	CHECK WHETHER IDUICK = 1, IF SO JUMP PLOTS FOR EXC(5) 
IF (TOUTP.1) SP Tn 11 
IF (ITYPE - 5) 110111 

C 	. 
C 	SCA1T 4NO PLOT X(1), Y(4), X(1), x(n), )(cm 

11 PRINT 10C) TEXr.t Ic'Y,I17nSE,ITYPE 
PRINT 101, MK(i),NAmXt i),SOPLX( i),WITX( 1),YS( 1),NA7NY( 

NK('),NAlY( 41,7CtLY( 4),UNTX( 4)•,XS( 4)0411,NX( 4)) 
2 	MK(7) )NAMX( 1),T7PLX( S),UNTX( 1))XS( 8),WARNY( 8)1 

4K(4),NAMY( q) ) SCALX( 9),119 X( 9),X( 9)0ARt1 X( 9), 
4 	 MK(5)01A 4Y(1"),SCALXt11 ),UNTX(1r,),XS(10),wAP,NX(ill) 

10P FORMAT (1)11 )9X01.0)*PESPONSE OF SYSTEM 4 010,4, *,3A10,4., EXC TY 
( 4. ,T2,11*//134X1'c:CAL:*11)X,*UMIT 	S. STATE VALUT*/) 

101 FOPPANT( 
1* (*) At )*) X( 	1) E *) A10)* i. = *,1P7:7.0,2X,A10,E13.4,A10 / 
2* (*,A1,4) X( 	L.) E *)A1C)* 1. = *,1PE7.0,2X,A1C,E13.4,410 / 
3* (*OW- ) X( 	11 S *) Attl*. 1. = *,1PE7.1,2X,A10,E13.4,410 / 
4* (4,01,4) 4  Xt.(?) E *) A1C )* 1. = *71Pc:740,2X,A10,E13.4,A10 / 
5* 0'01,49 4 X(11) E *)A1C1*. 1. = *y1PE7.f?„,2X,A10,13.4,4/0 ) 
NLIN = 	1 
no i r=i0L 
A = XP(1) I)/SCALX(1) 
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XP ( 	I) /5(14LX (4) 

• = XP(3,I)/CALX(8) 

• = YP(9,7) /q0ALX(9) 

= X P(10,I)/CALX(10) 

TIMF = TP(I) 

1 CALL GPH CILANKINLINITIME,GMAXIGPrF,GMIN,A,R,C,1,E,MK) 

C 
C 	SALE AN!) PLOT X(11),.X(12), X(13), X(15), x(17) 

PRINT 110, Ir--.X,ISY,ICA:,ITYPE 

PRINT in2, mK(1),M9"X(11),S4LX(11),WITX(11),M;(11),WA 0,Nx(11), 

MK(2),NA 'A X(1?),SCALX(12),W4TY(12),XS(12),WAPNX(12), 

2 	 41:(3),N4mX(17),CALY(13),UNTX(ii),XS(17),4ARNX(13), 

3 	 IM4)04mX(15),Sr.74LX(16),V9TX(1 r1),X5(1G),HANX(16), 

4 	 MK(5),NAMX(1 7),SC4LX(17),UNTX(17),XS(17),NAPNX(17) 

112 	FOP.MAT 	( 

14  ( 401,4 ) 4  X(111 E 4,41rip 4  1. = 4,1°77,2X,910,E13.4,411 / 

24.  ( 401,*) X(12) 7 4,4ifi,*  1, = 4,1P.77,1,2X,410,E11.4,411 / 

7*  (01 11 * ) 4  X(1) *,AVI*  10 = *tin'77 0 ,74,2X,A171704,A10 

44  ( *,41,4) 4 X(16  = *7 4ift *  1. = 4,1PE7,T,,2X,411,C17.4,411 / 

54  ( *011,*) X(17) 7 4,41C,*  1, = *,1P77,0,2X,410,E1304,410 ) 

NLIN = 	1 

no 2 I=10L 
= XP(11,T)/3CALX(11) 

• = Xp(12,T)/4LX(12) 

C = XP(13,I)/SLY(13) 
• = xn(16,I)rznALx(1e) 

E = XP(17,I)/S29LX(17) 

TIM = TP(I) .  

2 CALL GPH  (7LANK,NLI4IT I;4E,GMAY,GPER,GMTNIA,1,C,IJE,MK) 

C 	SCALF. AM) PLOT X(1n, X(1P), X(21), X(21), X(22) 

C 
PRINT ioe, TEXC,ISY,TCASE,ITYPE 
°PINT 1!3, 	(("K(T),KAMx (I+17),SCALX(I+17),ONTX(I+17),XS(I+17), 

1 	 W4IJ.NX(I1-17)),T=1,5) 

143 FORMAT 	( 

• 

14 ( 4,41,41 4  X(14) *,410,4  4,1°E7.0,2X,A10,E13,4,410 / 

2*  (4,41,4) X(1.9) 7 4,41C,4  1. = 4,1'4:70,2X,410,E13.41413 / 

3*  ( 4,41,4) 4 X(20)  7 4,410,4  1. = 4,1Pc:7.c,,2X,A10,E13.4,411 

4*  ( 4,41,*) X(21)  7 *Olt,*  1. = 4,12E7.3,2X,410,E13.4,410 / 

5*  ( 4,41,4) 4  X(22)  E 4,410,4  1. = 4,12E7,012X,41P,E13.4,410 ) 

NUN = 

nO 3 I=1,14. 

A = X 2(18,I)/SCALX(18) 

R = XP(11,I)/'GC1LX(19) 

C = XP(20,I)/Sr!ALX(20) 
• = X r)(21,I)/4CALX(21) 

E = XR(22,I)P1CALX(22) 

TIME = TP(I) 

3 CALL GPH (PLANK,NLIN,T IME,G!i4X,GPrr ,GMIN,4,1,C,O,E,HK) 

C 
C 	SrALE AN') PLOT Y (23), X(31), X4(2), XA(3), Xq(2) 

PRINT in, T7V.,IcY,ICACE,ITYPF_ 

()PINT 104, TC(1),N4mX(2),CALX(23) ,T INT y(23),Xi(23),14A4 x(23), 

1 	 HK(2),NAMX(3a),SCALX(30),UNTX(30),XS(30),WAPNY(30), 

2 	(M(I42),NAMXTPV(I),NAMXTR(I),SALXTR(I),UNTXTR(I),XTRS(I), 

3 	WATIXTR(I)),I=10) 

1n4 F07N4T ( 

1*  ( 4,41,4) 0 X(27) 7 4,91C,4  1, = 4,1PE7.,2X,410,E17.4,411 / 

2*  ( 4,41,4 ) X(30) 7 *,410,4  1. = 4,1°7.7.12X,410,E13.4,A10 / 

3*  ( 4,41,4) 04,410 V *  7 *,41C,4  1. = 4,1RE7.5,2X,410,E1344,A10 / 

4*  (4,41,4) F44,l14 ,4  7 AL,Ai(,,* 1. = 4,12E7.0,2X1410,F13,4,410 / 
5*  ( *OW') . 	,* 7 4,41C,4  1, = 4,1PE7.0,2X,110,E13.4,410 ) 

NLTN = - 1 

no 4 I=1,NL 
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A = X P(23,I)/SCALX(23) 

= XP(39,I)/SCALY(30) 

C = XTP°(1,I)/S?AtXTF(1) 

D = X TR°(2,I)/CALY TP(2) 

E = XTRP(3,I)/SCAUTP(3) 

TIME = Tam 
4 CALL G01-1 (ILAIV,OLIN)TImE,GMAX,r;DEF,r;MIN,A.9.00,E,MK) 

C 
C 	SCALE AND PLOT )(C(?), X6.(12), Y(1)*N0(6.), 02(4) 

PPINT 10P, IF7X,IciY,ICASF,TTYFF 

PRINT 135, ((N<CI1 ,NAmXTRV(IL7),NAHXTR(If7),SCALXTR(I+3), 

UNTXTR(I+7),XTRS(I+3),WARNXTR(I43)),I=1,4) 

iD5 FORMAT ( 	 4(/ 
1* ( JA,A1, ) 	 ,4  7 4,A1C,* 1. = *f1PE7.1,2X,A10,E13.4010)) 

NLTN = 	1 

00 5 I=1,NL.  

A = XTRP(4,I)/GDALXTP(4) 

= XT"( r,,I)/ALXTP(5) 

C = XTRP(6,I)/SCALXTP(6) 

0 = XT7P(7,I)/SCALXT2(7) 
E = 2. 
	

NONEXIST 

'TIME = TP(I) 

5 CALL GPH (1LAW.,NLIN,TIfrE,GIAXIGPEFIGMIN,A,74,0,0,F,10 

C 
C 	STALE AND PLIT XF(1),X 1 (5) (X' ((8,))), 	X(2),X(3) 

"INT 13C, IEX's, ,ISY,ICASE,I"DE 

PRINT 107, ((m'<(I), fi/P4 XT°q(I4- 7),NANXTR(I4- 7),SCALXTP,(I4-7), 

UNTXTR(I+7),XTRS(I+7),NAPIXTR(I+7)),I=1,2), 

2 	 ((°1K(I4-1),NA!IY(I),SCALx(I),UNTX(I),XS(I),WARNX(I)), 
:3 	 1=2,3) 

in7 FO MAT ( 	 2(/ 
(*, 111, 4`) 1+4 ,415 	,* 7  *01C,* 1. = *,10E7.0,2Y,A10,E13.4010)/ 

2* (;`,1)1,4 ) r+ 	X( 2) = Agoie,* 1. = 40.PE7.C,2X,A1C,E13.4010. / 

7* ( 4 ,41' 4) 4 	X( 7) F *01C.* 1. = *0.0E7.3.2X,A10.E13.4010 ) 
NLTN = 

no 7 I=101. 
A = XTPP(3,T)/cCALXT9(1) 
4 = XT40(11I)/SCALXT 0 (9) 
n = XP(2,I)/SCALX(2) 
0 = XP(?II)/SCALX(3) 
E = 2. 
TIME = TP(I) 

7 CALL GPH (DLANK,NLIN,TP4E,GMAX,GREF,GMINIA,R,C,O,E,MK) 

C 
C 	SCALE'  AND- PLOT CONTRDL INPUTS M(1), UC(2) 

IF (TA.E0.i) GO TO 5 

PRINT 10C, IEXntISY,ICASF I ITYPE 
PINT 106, ((tiv( 17)0Aml17,'(I), SCALIIC(I),UNTIIC(I), UCS(I), 

1 	 1(A7 VVJC(I)),I=10'7.) 	. 
105 FtrmAT ( 

1* (*01,41 a 	Ur(11 7 *,110,*  1. = 4,27.0,2X010.E13.4010 / 
.2* (*,41)*1 A 	UC(2) = *,A101 * 1. = *,1PE7.0,2X010,E13.4,A10 ) 
MLIK! = - 
no 6 I=1, ML 
A = IlOP(1,I)/SCALUC(1) 
3 = UOP(2,I)/SCALUC(2) 
C = n = E = 2. 	 NONEXIST 

TIME = TP(I) 

6 CALL GPH (1LANKOLINJIME,GMAXOREFIGMIN,A,Q,C,0,E,MK) 
corINT 139 

109 FORMAT (IMP) 
C 
C 	0,INT r,1‹ VALVES AND PCNSTRATNTS OF PAR9I%4FTI:P.S AND/00, DERIVATIVES 
C 
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9 PRINT 108 )  TEXC)ISY)ICASEFITYPE 

105 FORMAT (1H10X010)*RESPONSE OF SYSTEM *010 )4 )  *)3A10 1 4-1  EXC TY 
1PE (* ) I2 ) *)*///10X)*LIST OF 1(INSTRAINE1 PAPAHETEPS ANWOR OERIVATI 
2VES (A VIOLATE') CONSTRAINT YIELDS A WARNINS)*/// 
3 	25Y ) *NANE4) 8Y ) *UNIT* )10X ) *S.STATP*1 10X ) *CONSTRAINTS4 ,12Xl*PE 
4AK VALNESN/PIIX ) *(LINEAR OEVIATIONS)*/67X)*NPPER* ) 7X ) *LOWERIL )7X)*P0 
5SITIVE NEE,ATT1P74/) 
P.ALI CONSTRA (2 )i)NC 00UC,LPUC ) UOUC )LOUC ) PPNCOPUC ) PPOUCOPOUCI  

1 LURUC )LL9UCAUIUCO-L00C)VBUC)V7UCOJCS ) WARNX ) NAMUC ) UNTUC) 
2 PP')UPILPR'OC) 
CALL COWSTR1 (2)2 )N 	)NPX 71.9)( 01X ,LOX 1 "X OM )PPIX ) NPDX 

1 LUX )110X ) LUOX 0.10X ) V1X ) VOX ) XS ) WARNX ) NAMX ) NNTX , 
2 PP9X ILPPqX ) 
CALL CONSTRi (2 ) 3 )NXTP ) 119XR )LIXR )NIXRILIXP)PRXR)NPXP)PPDXROPDXR, 
1 LURX7,LLOXR ) LUDX1I LLOXR ) VIXR ) VIXR)XTPS )NANXTPV)NAMXTRONTXTP1 
2 PR7IXR,LPRIX°) 

C 
• COHP1TE ..WETGHTE1 	(KR(I)J)*X(J)PEAK) 
C 	PRINT PEAK VALUES ANO ..WETf;HTEn GAIN.. HITPIX 
C 	OFIX,IRX ADA,  NOT NEE079 ANY HIRE)  HENCE THEY WILL BE USED FOR THE 
• TWO VFOTOrIS OF THE W o G o  NATRIX) 

no 21 J=1)1 4 
URY(J) = KR(1 ) ))4PHOX(J) 

21 LOX(J) = KR(21.1)4PPIX(J) 
C 
C 	FIN() THE MAXPANM VALUE OF EACH VP-0TV IN THE N. C. H4T7IX 

MAXI = l 	F 	NAX2 = 3 	£ 	WTIMAX = G o 	2 	WM2MAX = 0. 
''O 25 J=1,9 
IF (AIStUDY(J)) - WHivAX) 23,23,22 

22 wmimAx = AOS(U1X(J)) 
HAYi = 

23 IF (Ans(Lnx(J)) - W'I2MAX) 25,25,24 
24 WH2mAX = AgS(LgX(J)) 

M4X2 = J 

25 CONTINUE 
wminom = AN1NAX/10. . 
wm200m = wA2mAx/i0. 

C 
( PRINT TITLES 

PRINT 11ri, IEXCIISY,ICASE,ITYPE 

C 	PAINT VALUES AND POINT AT THE DOMINANT ONES, I.E. WHEN THEY ARE 
C 	of;r-7 .(MAXIMUH VALUE/10) 
C 

no 31 J=10 
"PINT 111, (JINAi1XW),PPX(3),NPX(J),U1X(J),LBX(J)) 
IF 	- MAXI) 27,25,27 

25 PAINT 112 
CO TO 25 

27 IF (AOS(IlgX(J)1.CE.4M1001) PPINT 114 
2' IF IJ 	MAX?) 30)29)37 
2g °PINT 113 

GO TO 31 
10 IF (A"3S(L'1X(J)).GE.,4M2!Y) 02INT 115 
31 CONTINUE 

PAINT 116 
RETURN 

lin FORI1AT t1fii,9x0i0,*2EsooNsE OF SYSTEM *oi0,*, *,3Ai3,4, EXC TY 
V'E (4. ,T2,*)*!/i1 X,44H..WEIGHTF1 GAIN.. HAT7IX EKR(I,J)*X(J)PEAK1T 
2 //10X,*(9Y X(i)PEAK WE MEAN THE 00SITIVE 0? NFCATIVE PEAK WITH TH 
7E LARGEST AOSOLNTE V/tLN17) 4///28X,4NANE*015K,*PEAK VALUES4 ,14X,16HK 
40(T,J)*Y(J)PEAL<,1?X,"ATEGoov*//45x o4POSo*,7X,*NEC.*113X1*I=/*,RX, 
5*I=2*,6X,*FOR UO(1)*,4X1*FOR UO(2)*//) 
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111 r70RMAT(20 X,'X(*,I2, 41 = 4011,10E17.11E11.1,E16.11E11.1) 

112 FORMAT (1H+, criX,*HAY. VALUE*) 
113 FORMAT (14+,105Y,4MAX. VALUE*) 
1/4 FORmAT (14+, 93X,4(0". VALUE*/ 
115 FORMAT (144-)1C, 6Y,*1109. VALU!*) 
116 POPmAT (fVfiPX,*(TH7 OCMINANT VALUES APE DEPINEO AS THOSE WITHIN 

ZONE DECADE OF THE MAXI4U4 VALUE)*) 
ENO 

SUIPOUTINE GP4 (ALE,NLIN,TIME,GMAX,GREFIGMIN,A0,C.O.E.IST) 
PEAL V(5) 
INTEGER ALF(6),IST(5),LA(121),KSTA(7) 
IF(NLTN.GE.3) GO TO 1 
nn 4C0 I=1,5 
OATA(KCTAR(I),I=1,7), 1.14 .,1P7,14*,1H0,114-11.44-$14X/ 
OATA TOLANK /124 	/,IRE=/14 4./ 

400 KSTAR(I)= 1ST (I) 
NLIt!=- C 

i IF(NLIN.EQ.0) WRITE (6,3) ALc' 
3 .FORMAT( 	/ 	6A10 	/4 4.4,4.44,4444,11.4444.44ei414.4.44-4.44.4,14M4+44.4.i4, 

24-4********* TImE (S,)*/* -.2 	-.1 - 	O. 	.1 
7.2 	.3 	.4 	.5 	.6 	.7 	.8 
4 	.9 	1. 	4***/ 	* 
5 	i 	4  
6 	i 	441 
NLIN=NLIN+1 
T=TImE 
GALL=GMAX-1MIN 

C OuANTISF VALUES 
QuANT=r,ALL/1.21. 
'Lou =GmIN -OuAuT/2.0 
OGAP =GALL +0UANT 
no 4 J=1,121 

4 LA(J)=IOLANK 
V(1)=A 
V(2)=R 
V(3)=O 
V(4)=n 
V(5)=E 
V(6) = (PEE 
nn 5 M=1,6 
L= IrIX(1.21.*(V(9)-0L01-0,0A0) +i 
IF(L.LT.1.0R.L.GT.121) GO TO 5 
IF(LA(L).NE.IPLANK) GO TO 6 
LA(1) = KSTAR(M) 
GO TO 5 

6 LA(t1=KSTAR(7) 
5 CONTINUE 

C LINE COUNT TO REPEAT PEPPRER(:E POINTS 
IPFM= MOO(HLIN,21) 
IF(MLI`I.PO.1) GO TO 110 
IF (IREM.NE.1) GO TO 110 
90 P I=1,121 7 10 

C. 	IF (I.P0.21) GO TO 3 
IF ((A(I).NE.TOLAUK1 GO TO 8 
LA(I) = IREE 

R CONTINUE 
100 WRITP(6,101) LAO' 
1.01 FORMAT(iHO,121r1,F/2.2) 

RETURN 
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110 4RITE(6,1ii) LA 

lit FORNATC1X,121A1,12H 	ZERO 
RETURN . 
ENO 

C 
C 
C 

SUOROUTINE cr:ALPLi 144,N,A,SCAL,WAPN,GRON,T0,UPPNO,LOONO,NROER, 
LODEP,P,K,NpK,rnorp,NnorR,L4PO,LL03,14PI,LL09,VIOLI,VIOLoISS, 

2 	PPriNo,LP01,0M9X,TX) 

C . 3i. i.72 

C 	DETERMINES THE SCALE OF THE PARAMETER CONTAI47O IN EACH ROW OF MATRIX A (M,N) 
.0 	SUCH THAT IT FITS INTO A PLOT 4HERE THE MAXIMUM 1I"E9STONS APE G0=4-1.,GN=-.2 
C 	THE VALUES GR, G4 ARE CHOEN HFRE FOR CONVENIENCE. lUT APS(SN) MUST 14 NO 
C 	CIRCUMSTANCES IE SMALLER THAN GP/10. 
C 
C TESTS ARE MAITi• TO SEE IF CERTAIN PARAMETERS ANC) OR THEIR OERIVATIVES VIOLATE 
C CONSTRAINTS. 

REAL A(M,N),SCAL(M),TP(4),SS(M),UP0N9(4),L01NO(M),OP0ER(M), 
1 	LOOER(fr.),P'3K(1),40‘((M),PFOER(4),4POER(M),PRPNO(M),PMDX(M) 
• LOGIAL LURP('4),LL09(MI,LUP9(M),LLOO(1),VIOLlt4),VIOLP(m),LPPg(4) 

INTEGE0  WAPN(M) 
OATA IOLAW.,INEGL/1qH 	1104 	NO PLOT/ 
7 = 1.E-1C 
IF (ARS(GN).LT.A1S(.1*GP)) GI TO 21 
GPM = o r.) 
GPc: = .2*Go 
GP2 = 2.4GP 
10 1 I=1,M 

1 WAPN(I)=I9LANK 

C 	START SCANNING PARAMETEPS 
C 

00 60 I=1,1 
C 
C 	COMPUTE MAX POS VALUE, CALL VMAX.P.  
C 	COMPUTE MAX NEr, VALUE, CALL VMAXN 
C 

VMAXP = O. 
VMAYN = 0. 
nO 4 J=i0 
IP (A(I,J)) 2,3,3 

2 IF (A(I,J).GF.VMAXN) GO TO 4 
VMAXN = A(I,J) 
GO TO 4 

3 IF (A(I,J).LE,V1AXP) r,0 TO 4 
VMAXP = A(I,J) 

4 CONTIH'IE 
C• • 
C 	OETF0MTNP WHICH OP ARSCVMAXP), APS(VMAXN) IS LARGER, CALL VMAXPN 
C 	CALL THE SMALLER ONE VMAXOP 
C 

IF (AOS(VMAXP) - AqS(VMAXN)) 5,6,6 
5 V"AXPN = VMAXN 

VMAXOP = VMAXP 
GO TO 7 

6 VmAX0N = VMAXP 
VMAXOP = VIAXM 

C 
C 	CHEN< IP VNAXR4 IS NOT "EGLIGIlLE. IF IT TS, 10 NOT PLOT THIS PARAMETER, I.E 
C 	. 	1. MAKE ALL VALUES OF THIS PARAMETER LARGER THAN GP, SAY 24GP 
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C 	2. MAKE THE SCALE OF THIS PARAMETER 1. 

C 	3. GIVE WARNING THAT THE PAPAMETEP IS NOT PLOTTED 
4. GO TO ncmsTP,ArmTs PART OF ROUTINE IF DERIVATIVES ARE COMPUTED, THEY 

C 	 WILL DE FALSELY 7EPO. THTS-IS NO ESSENTIAL MISTAKE, THE AOSOLHTE 
C 	 VALUES PEI% NEGLIGInLE ANYWAY) 

7 IF tARStVMAXPN) 	n,a,a,to 
8.09 9 J=10 
9 A(I1J) = Go2 

SCAL(T) = 1. 
WADN(I) = INFGL 
GO TO 29 

C 
C 	OETERMINr  0P1PR 07 VmAYPN, CALL IT IOROE° 
C 	OFTEPMINE PROVISIONAL 11ALU7 0 crAL ACCOROING TO IOR'OrR, CALL IT. SCALD 
C 	(0PCALLTuAT LOG Or A NUNREq SMALLER THAN 1  IS NEGATIVE, TPEREFO°.E THE 
C 	INTEGER OF THE LOG IS 1 NP THE SCALE, I.E. J'!ST THE lonrID WE ARE LOOKING FOR 
C 	ON THE OTHER HAN0)  POR NNM"ERS LARGER THAN 1, INCREASE THE INTEG'-R BY 1) 
C 

10 IORDPR = IFIX(ALOG11(AIS(VMAXPN))) 
Tr (A9S(VHAYD9).GT,10'IOROER = IORDER + 1 
SCALD = 1C.**IOROER 
SCALP = SIGN(3r:ALOI VfrAXPN) 

C 
C 	nETER4INE RPOVISTONAL SCALED VALUE or VMAY "', CALL IT VmAXSC 
C 	OFTERMINF. PROVISIONAL "ALEC VALUE OF VMAXOP, CALL IT VMOPSC 
C 	TEST IF VMOPS'. FITS INTO GN 
C 

VMOPSC = vlAxonis::ALP 
IF (Ans(v-rmsn) 	GN) 12,12.11 

11 SCALP = /0.4-SCALP 
12 VMAXSC = VMAV-'N/SCALII 

SCALtI) = SCALP 
C 
C 	TEST IF VmAXSC IS SMALLER THAN GPM OP GPs., CHANGE SCALtI) ACCORDINGLY 
C 	TEST AT EACH STEP IF V4ORSC FITS INTO GN 

IF (AIS(VMAXSC) -GPM) 13,13,20 
13 SC4ItI) = SCALDA,c,p4 

IF tAiS(VmAXOP/SCAL(I)) 	GN) 14114117 
14 IF (AnS(VMAXCO) - GPS) 15.15.2G 
15- snAL(I) = snALP*nPs 

IF (A9S(VMAXOP/SCAL(I)) + GN) 20,20,16 
ie qCAL(I) = SCALD*Go4 

CO TO 21 
17 SCALtI) = SCALP 

C 	CONSTPAINT PART OP ROUTINE 
C 

21 PPKtI) = V'1AX2  
NFK(I) = VMAXN 

C 
C 	Ir THE SCALING IS OCHE FOR VECTOR X ) PorFERVE VMAXPN 

IF (IX.HF.1) GO TO 11 
PMDX(I) = VNAXPN 

C 
C 	IF NECESSARY, COMPUTE PEAK POSITIVE ANO NEGATIVE DERIVATIVES 
C 

in IF (.NOTetLURn(I).0R.LLCO(I))) GO TO 54 
IEPMP = 0. 
nERMN = P. 
no 53 J=20 
DER = tA(I.J) - A(I,J-1))/(T°(J) 	TP(J-1)) 
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IF 	(OFR) 	51,52,52 

51 IF 	(nER.GE.OERmN) 	GO TO 53 
OERMN = DER 
GO TO 53 

52 	IF 	(DEP.LE.DE_RMR) 	GO TO 53 
OFRMP = nER 

• 53 CONTINUE 

	

op1FR(I) 	= 	nEqmP 

	

mPnER(T) 	= or_RmN 

C DETFRMINE IF nrAK VALUc:S Or RAltmETEIS AN/OR DERIVATIVES VIOLATE 
C CONSTRAINTS. 
C RECALL THAT. T'-4 	VALUES HERE APE DEVIATIONS FROM THE STEADY STATE, 	HENCE TEST 
C 
C (10RE7 0OUND 	. 	GE 	(PEAK + STEADY STATE) 
C ANO. 	LONER 909U1 	LE 	(PEAK + STEAnY STATE) 
C 

54 	VIOLO(I) 	= 	.FALSE. 
VIOLO(I) 	= 	.FALSE. 
IF 	(.NOT.LuR1(I)) 	GO TO 	55 
IF 	((oRK(I) 	+ 	SS(1)1.GT.1101M1(I)) 	VIOL1(I) 	= 	'TRUE. 

55 	IF 	(.NnT.LL0q(I)) 	GO 	TO 	56 
IF 	((NPK(I) 	+ 	SS(1)).LT.LOINO(•Il) 	VIOL1(I) 	= 	.TRUE. 

56 Tr 	f.NOT.LORI(I)) 	GO TO c7 
IF 	(PRIER(I).GT.NPOrP(I)) 	VIOLO(I) 	= 	.TRUE. 

57 	IF 	(.NOT.L1 On(T)) 	GO 	TO 	59 
IF 	(NPnER(I).tT.LODER(I)) 	VIOLO(T1 	= 	.TRUE. 

53 	IP 	(.9OT.LRP1(T)) 	GO 	TO 	60 
IF 	((RPK(I) 	NPK(I)).GT.0R1N7(I)) 	VIOLR(I) 	= 	.TPUE. 

fin CnNTINUF 
RETURN 

21 PRINT 190 
STOP 

1111 	FORMAT 	(1Hi///* 	A1S(GMIN).LT.A4S(GMAX/iV)*//* REARRANGE 
tES*) 

THESE VALU 

END 

C 
C 

SU1ROUTINE STORE (1S,NINC,NXTR,NLI9,X,UC,XTRI XP I UCPI XTRP,T,TP, 
1 	TLAST,NT,NTLAST) 

C 
C . 22.1.7P 
C 
C STORES THE VALUPS nr.  X, UC, XTR AND T TN ORDER TO PLOT.THEM AFTER HAVING 
C COMPUTED THE SIMULATION. 
C 

REAL X(N) , NC(NC),XTR(NXTR),XP(NINLIM),UrT(NCOLIM), 
1 	YTRP(NXTROLIM),TP(NLIM) 
GO TO (15,21), TS 	• 

C CLEAR ALL MATRICES viEFI2E 1FGINNING SIMULATION AND SET INITIAL VALUES 

	

10 CALL NULL 	(XP,N,NLIm) 

	

CALL NULL 	(UCP,NC,Nlim) 

	

CALL NULL 	(XTRR,NxTRI NLIM) 
CALL NULL 2V (TP,NLIN) 
T = TLAST = O. 
RETURN 

C 
C STORE VALUES 
C 

21 NT = f' 	i 

NTLAST = NT 

NT .= NTLAST = 0 
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TLAST = T 

TP(NT) = T 
no 2i T=1,N 

21 XP(I,NT) = X(I) 
no 22 I=1,NO 

22 UCP(I,NT) = '1C(I) 
no 23 I=1,NYTR 

23 YTR0(I) NT) = xTR(I) 
RETURN 
ENn 

C 
C 

SUEIROUTINE LISTVS (N,NU,NC,,NP, X, UC,Un, XS,US, NAMX ,NAIU, UNIX ,UNTU, 
1 	IY,,NXT", XTR, XTRSINAMXTR,NAMXTRV,UNTXTRIUCIAR,KOU,W1UC,LPUC, 
2 	tIA'lliClUITIMI) 

C 5.7,72 
C 
C 	PRINTS VALUES OF X, U, YTR, AS WELL AS NAMES, UNITS, S.S. VALUES. 
C 	'RUNTS UC PAR, 	IOU (SEE EXPLANATION IN MAIN PROGRAM) 
n 	POINTS CONSTRAINTS ON UC 
C 

REAL X ( 	Or:( NC) , UD (NO) , X.S( N) ,US (N11) XTP(NXTP,) XTPS('IXTR) 
1 	UCPAR( 	), v,r1U( Nr) 	( NI) ,N5UC (NC) ,LONC ( NC) 

INTEGER NAMX(N) ,NIAMI(TJ) 	(M) ,UNTH(N11) ,NAMUr: (NC) ,.01711C (NO) 
INTEGER, NAMXTR (NX TR) ,NAM XTRV( NXTR) I UNTXTR(NXTR) 

C 
aPprr ico 
PRINT ipi 
DO 1 7.:=1.01 
PPINT 102, I,Ufl(I),MAM11(I),IPITU(I),US(I) 
PPINT 103 
10 2 I=1, MC 
CONP = TIM.; (I) - U^S (I) 
COMN = LRIJC(i) - UPS ( T) 

2 PRINT 104., I,UC(I),NAmU7,*(I),UNTUC(I),UCS(I) 'MAP (I) , KOU(I) ,CONP, 
CO N9 

PRINT 105 
no 3 I=1,N 

3 nRINT 106, IX ,I, X (I) ,NAMX (I) 'UNIX (I) , XS (I) 
C /7 •P .70 

PRINT 1117 
DO 4 T=1, NX TR 

4 PRINT 1041  NAmXTRV( I) ,XTR (I) , NAMXTR (I) UNTXTR (I) ,XTRS (I) 
C 

RETURN 
100 FORMAT (10X ,*OISTURIANCE INPUTS (U1)*) 
101 FORMAT (35X ,*NAME*1 9X,-*UNIT*, 3X ,*STEADY STATE VALUE'S/) 
102 FORMAT 	 =-; *,711.4,2(3x,11:),3X,E11.4) 
103 FORMAT (/10 X ,*CONTR OL INPUTS' (H1)*, 44X,*Un.1R 4̀ , 11X, *KOU*, 13X, 

'1 	*CONSTRAINTS oPi U0*/117X,*01SITIVE*1 6X ,4-N7(7,1 TIVE*t) 
104 rORMAT (10X,*Ur,(`,I1,*) = 41 ,E11.4,2(3Y,VIC),3x,711.412(5x,E11.4, 

3x,r_i1.4)) 
ins FORMAT ( /1GX,*STATE VARIADLFS*/) 
106 FORMAT (OX, A2,*(*,T2,*) = *,E11 4,2 (3X, Ai0) 13X,E11, 
107 FORMAT ( /18 X1 4,5, OITTIONAL PARAMETFRS*/) 
108 FORMAT (5X, A10,* = *1E11.4, 2(:3X,A1.0),N3X,E1/44) 

g•Nn 

C 

SUrAPOUTINE COMP.' tc,c;!,m,N,n4c,i1493 
C • 
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C 	13.7.70 

C 
C 	COMPARES COMPLEX MATRIX C WITH PEAL. 
C 

REAL R(40) 
COMPLEX C(1,1 1) 
INTEGER FPIT115),PT1CM,RT10Fr t0J201,PT2OFF,m1OFF,W19LCO,WiLRGE, 
47OFF,W2RLC6,49L9G42PO,RFONAIRFON9,RFONO I RFOFFA,RFOFF9,RFOFFC 

LOGICAL PRT1,RPT2,PRT7,2RT4,0RT5. 
nATA FRMT / 	1CH(* C(*,I2,1 1CH*,*,I2,*) 	in4= 4,E15.8,1 

I 1C0-4*,*1 E15.,, 10H 	11144X, 	*, 10H 	" 
2 11'1.1*,X, 	1CH 	10H 	104 
3 1CH 	1CH,4Y, 	*, 10H 	104*) 
OATA 	RTI0`) ,R1 1oFF,?T2ON ,RT2OFF,W1OFF ,41RLICO,W1LPGE,42OFF t  
W2RIC009LRGr,42RO ,RFONA ,PrOW1 ,RFCMC, PFOFFA,Rr0PFB,RF0FFC/ 

2, iC45X,1P76.0,1  13"11X, 	10H 5X11°E6.0, 	10H11X 
1 1114 	, 11,1-1PFAL(C)=C., 111HGT. 1.E-4 , 104 
4 101-1 0.rAL(C)=., 11HT: 1.E-4 , 10HP  = O. 	t 114*R(*,I2,*t, 
5 SOH*,T2,*) =*, 1CH,E16.3, 	, 10H26X, 	, 10H 
6 1CH 

C 
C THE FORMAT FOR A TYPICAL OUTPUT WITH HIGH PATIO OF /MAG(C)/REAL(C) 
C 	Aul HIGH FRACTIOMAL DIFFERENCE OF PEALS WCULO 9E AS FOLLOWS 
C 
C 	(* 	= *,E15.R,4,*,E15.13,5X,1PE6.0,4X,*GT. 1.E-4 *, 

6X,*P(4,172,*,*,I2,*) = *,E15.5,10X11PE6.014X,*GT. 1.E-4 *1 
C 
C 	THE COMPS TAOLE ELrm7MTS OF THS VARIARLE FORMAT CORPESPONO AS FOLLOWS 
C 
C 	r?Ario i 	7 FRMT(5) 	= 7T1CN OP RT10Fr 
C 	PATIO 2 	= FRmT(12) = RT20M OP 1T2OFF 
C 	wAaml- Nc 1 E roHT(7) 	= WitWr OR W1RLCO OR WIARGr 
C 	WARNING 2 = FRMT(14) = 42OFF OP W2RLCO OR 42LRGE OR W2P0 
C 	REAL FLT) = FRMT(0,10,11) = (RFONAI RFONP,RFOMC) OR (RFoPPA,RroFFB,RFocvc) 
C 

rr IOC, I4/4IWq 
PRINT 101 
Z7 = 1.E-1 
7 

RZ = 1.F-4 
nO 1 1=1,4 
On 1 J=1,N 
Ki = K2 = K3 = K4 = 0 
FP4T(5) = ?TingF 
FRMT(12) = R.T2nFr .  
PPNT(7) = Wi0Fr 
FPMT(14) = W2OFF 
FP4T(91 = RrOFFA 
FRMT(10) = RFOrr1 
FFMT(11) = RFOFFC 
CPA = At1S(REAL(C(I,J))) 
CIA = ARS(AIIM;(C(ItJ))) 
PA = A3S(7(I,J)) 
IF (CPA) 12,11,12 

11 IF (RA - ZZ) 25, 25,13 
13 K1 = K3 = 1 

FRMT( 11) = RFONA £ FRMT(10) = PFON9 £ FRMT(11) = RFONC 
FP4T(14) = M2PLC0 
GO TO 200 

.12 IF (nRA - Z7) 14,14116 
C 14 IF ('A - 77) 2o1,210,15 

14 IF (RA - Z7) 25, 25,15 
?5 IF (CIA - 7) 2N12r0,76 
26 K1 = K3 = 
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FRMT (q) = RFONA £ FRWT(10) = RFON1 	FRMT (111 = RFONC 

**NEW*** IF (RA.E0.5.) FRMT(14) = W2RO 
GO TO 1.1 

15 K1 = K3 = 
FRMT (91 = RFONA C FRmT(10) = PFM £ FRMT (11) = PFINC 
SO TO 200 

16 IF (PA) 20,17,20 
17 PPMT(14) = w2R0 

K1 = K7 = 1 
FRMT (1) = RFONA 	r0mT(11) = RFON1 	FRMT (i1) = PFONC 

23 IF 	- 1") 11,11,19 
15 IF (CIA - 3Z) 200,201,19 
14 FPNT(7) = W1LRGr 

GO TO 200 
20 RTDS = APS(PEAL(C(T,J)) - P(I,J))/REAL(C(I,J))) 

IF (RIPS - 7) 21f?,n0,21 
21 Ki = K3 = K4 = 

FRmr(q) 	, sr:0114 	FPNIT(10 ) = PrON1 
FPMT(11) = PrONC 
FRMT(12) = RT204 
IF (RTPS - 117.) 200,2rt4 ,22 

22 IF ("4 - 7Z) 27,27,24 
'24 FP"T(14) = N2LRG7 
201 PDTI = K1.E0.1.AN1.K2.EC.3.ANO.K3.E0.0.AN4.K4.E0.0 

PPT2 = K1.F0.1.ANO.K2.EC.1.41P.K3.r0.0.APP.K4.71.0 
opi? = K1.F1.1.A4P.K?..E0.1.A91.K3.EC.1.ANP.K4.E0.0 
PPT4 = Kl.P.1,1."10.K,.F1 .1.AN1.K7.71.1.ANO.K4.70.1 
RRTrz = Kl.E1.1 .AN1.K?.E .̂.(t.1NO.K7.E0.1.ANP.K4 ,EQ.1 

'PRT6 = K1.r1.1.4NO.K2.EC.1.4NP.K7.E1.1.A1P.K4.E1.1 
IF (PRT1) GO TO 201 
IF (PPT?) CO TO 202 
IF (RPT3) GO TO 203 
IF (RPT4) GO TO 204 
IF (PDT) GO Tn 265 
IF (RPT6) 50 TO 206 
50 TO i 

201 PRTNT rDMT, IIJIO(T,J) 
GO TO 

202 PRINT FRMT, 
GO TO 1 

203 PRTNT FRMT, 
GO TO 

• 204 PRINT rRMT, 
50 To 

205 PPTNT FRMT, 
GO TO 1 

206 PRINT rRITI 
1 CONTINUE • 

RFTUP4 
100 FoRmAT (1H1, 0X,*HATRICF 	*,A10,* (COmPLEX) 	4M0 *,4111,* (REAL 

1) SHONLr1 IP FONAL*///f1nX1*FOLLOWING Ic A LIST CF NOTABLE INCONGR 
2UENPIES (LET C 4N1 R OENOTF THE COMPLEX AND PrAL MATRICES PESP 

.7ECTIVFLY)*///10X, *ELEMENTS OF C ANr! R WILL 1E PRINTED IF ONE 0 
4R MORE OF THE FOLLOWING CONDITIONS HOLo*// 
510X,*1. PEAL(C) GT. 1.E-7 ANC ((PEAL(cl-R)/PEAL(0)) GT. 1.E-7*/ 
610X,*2. (PEAL(C) CR IMAG(C) GT.1.E-7 ) AND (R = C. OP LT.1.E-7 )*/ 
71CX,*7. R  GT. 1. E-7 ANTI (REAL (C) = C. OP LT. 1.E-7 )*// 
810X,*NOTES*115x,4. COMPARIONS ARE MADE  PETWEEN A?SOLUTE VALUES*/ 
915x,4". FOR cniniTioN (1) THE RATIO IS PRINTED IN THE COLUMN UNDER 
A THE TITLE ..FPACT.IIFF(REALc)..*/ 
118X,*A WARNIV; IS PRINTED NEXT TO THE RATIO IF IT IS GT. 1.E-4#/ 
C15X,*C. FOR .CON1ITION(2), IF PEAL(C) OR IMAG(C) IS GT. 1.E-4 4 WAR 
nmTNr. IS PPINTE1 NEXT TO THE nnmPtEX ar.VENT*///1//) 

101 FORmAT (15X,*REAt PART*,7X,*ImAG PART*,E5Xl*FRAGT.IIFF(REALS)*///) 
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C 

C 
SUnROUTINE WRPt1x tA00,Iwo.) 

C 
C 	31.7,70 
C 
C 	WPITES MATRIX OF REAL VECTORS 
C 

REAL A(10) 
INTEGER JJ(8),IWR(3) 
K = 
MN = N 
KK = 1 
IF (N4 - I) 2,2,1 
K = NN - 
NN = 

2 PINT Jr! 
PPIMT 1.01, INRI M,N4,KK 
L = KK + N9 - 1 
KI = 0 
On 7 I=KK IL 

• KT = KT + 
3 JJ(KI) = I 

Pc'ImT 1j'2, (JJ(I),I=1,NN) 
PPINIT in; 
IO 4 1=1,1 

4 DPTNT 114, Il(A(IO),J=RK,L) 
Ir (K.L"-.7.3) RETURN 
IF (K 	8) 5,5,6 

5 4N = K 
KK = KK + 8 
K = 0 
GO To 2 

6 K = K - 8 
KK = KK +_8 
GO TO 2 

101 rOPMAT 
i0i FORMAT (31X,4MATRIX *17411,* IS PARTITIONEI INTO OIMENSIONS *, 

1 17,* RY *,I2//71X,*THE ELEMENTS Or THIS MATRIX STARTING AT ROW 
2 1 AN') COLUMN *,I2,* ARE  AS FOLLOWS*///) 

202 FORmAT (* COL 40 	*J3,7(13X,I3)) 
103 rIRMAT (tFO,* ROW U0*/* 	.*/* ..*//) 
104 rORMAT (1X,I3,1X,I(E15.8,1X)) 

EMI 
C 
C 
C 

sunRnuTNE iNvoo4 (nolm,IANK) 
nomPtEx A('10),1(40),  
coticu:x AnTvoT,T.7.-mp 
or4rNsiom TSWC4(1."Mil IJSWCH(110) 
IRANK = M 
no to I1=10 
no 10 I2=1,M 

in A(T1,I2)=3(I1,I2) 
C 
.0 INITIALISE PIVOT SWITCmES 
C 

10 1 T=1,M 
ISWCH(I)=0 
JSuf:M(I)=1 

4 CONTINUE 



322 

C MAIN L009  IS EXECUTE1 M TIMES, EDP) PIVOT AND INTERCHANGE CORRESPONOING X AND 
C Y1  IF NO PIVOT MATRIX IS SINGULAR 

C 
	10 2 i=i1 M 

C SEARCH FOR PIVOT 
C 

• 

AMAX=0.0 
00 3 Ii=10 
00 4 T.2=1,1 
IFITSW!:HtIll.N:.2.01,JSWCH(I2).N7.0) GO TO 4 

C 	IF (A1S(A(IllI?)).LE.AMAX) SO TO 4 
TF(CAIC(A(IiI I2)).LE.AMAX) GO TO 4 
IPIVOT=Il 
JPIVOT=I2 

C 	AMAX=Alc(A(Ii,I2)) 
AMAX It rAIS(A(Iit i?)) 

4 CONTINUE 
7 CONTINUE 

IF(AMAX.LE.n.C1n0i) GO TO 999 
APIVOT=1. 1 ,1(19 IVOT I JPIVOT) 
A(Ti:IVOTI J"TV0T)=ARIVOT 
ISWCHtIPIVOTI=J0IVOT 
JTAC9(JPIVOT)=1.0IVOT 

C 
DIVOT FOUN1 REOUcv ELEMENTS 

C 
C REDUCE ELEMENTS OFF PIVOT ROW 441 PIVOT CoLUM4 
C 

10 5 Ii=1,4 
no 6 I2=11 4 
IF(I1.E0.I9 IVOT.OR.I2.E0.JRIVOT) GO TO 6 
00 6 I2=1. 1 4 
A(T1lT2)=A(Ii,I2)-A(IPIVOT,I?)*A(I1 1 JPIVOT)*APIVOT 

6 CONTINUE 
5 CONTINUE 

C 	REITICE ELEMENTS ON PIVOT ROW AN') COLUMN 
C 

DO 99 Ii=1,M 
IF(Ii.Eo.I9IVOT) GO TO 66 
A(Ii,...PIvnTI=A(Ii,J9 IVOT)*APIVOT 

66 IF(Ii.E0.J9 IVOT) GO TO 99 
A(IFIVOT,I1)=-A(IPIVOT I Ii)*A9 IVOT 

99 IONTINUE 
2 CONTINUE 

C 	INTERCHANGE ROWS AN1 COLUMNS IF NFCFSSARY 
C 

00 77 Ii=1,M 
11 TF(ISWCH(I1).E9.11) GO TO 77 

K=ISMCH(Ii) 
no 88 J=1,4 
TEMP=A(Ii,J) 
A(Ii,J)=A(K,J) 
4(K,J)=TEM0  

88 CONTINUE 
ITEm0=TswCH(I1) 
ISWOH(Ii)=IsUCH(K) 
ISMCM(K)=ITENP 
GO TO ii 

77 CONTINUE 

NEW CARO 

NEW CARO 
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.no 55 i=1/M 

12 IF (JSWOH(I).E0.I) co TO 55 
Kr.jq4P.H(I) 
no 44 J=1,4 
TrMP=A(..),I) 
A(J,I)=ACJIK) 
A(it ql,)=TEMR 

.44 CONTINUE 
ITF.Mr)=)SN'71-(T) 
JSWrM(I)=JGwO(K) 
JSUCH(K)=ITFIP 
no TO 12 

55 ,..09TTME 

RETURN 
C 
C MATRIX SINGULAR 
C 

qqg CALL CI.TTF(1) 
WPITF(6 1 23?) 

200 FORMATtiH ,15141ATRIX SINGULAR) 
IRANv=T..1 

RETURN 
ENO 

C 
C 
C 



324 

APPENDIX E. 

Listing of the more important routines in SIMSAT 

(Only routines not common with SIMULA are listed). 

SIMSAT 

EIGSAT 

SATCOD 

UPDEIG 

UPDVBUl 

EXCITSD 



325 

PROGRAM SI'ISAT (INDUT,ONT0NT IFERMOTA,TAPE5=INPUT,TAPE6=OUTPUT, 
. TAFE2=R:RMDTA) 

C 

	

C 	cinFR OF DATA IS TP9,ICUIDK,9I,IKDU,MP,KRED,ISKP5,IDC (SET) 

	

C 	 TMAX,RTmLIMOT13,0T100,DT1000,0T10000 (SET) 

	

C 	 N"I(I) (SET IF PEOUIRED) 

	

C 	 KRIKIR (DcflULA),XAX12("YEV?X1,XAX1'.1),SSXTR'SSXU 

	

C 	 (mXEV2X1,NEWXU)', D,A (MYEV2X1),PROADD,COSTS (REG.) 

	

C 	 KPFIIT(SET IF REINIPED),KON(SET IF 

	

C 	 KR,KDR,RR.CAOC,COSTS, READ FROM TAPE MI IF REDUIPEO 

	

C 	 XAX10,SSXTR I SSXU,13,A READ FROM TAPE MP IF REDUIRED 
C 

	

C 	12.6.72 (L. TEPRrR, CONTROL SYSTEMS SECTION, DEPARTMENT OF 
rIOMPOTING AND CCNTROL, IMPERIAL COLLEGE) 

C 
C 

	

C 	SIMULATTnN (flOmPUTATIDN AND RLITTING) OE TRANSIENTS FRI9 THE EXCITATION OF 

	

C 	STATE VARIAILFS DP MSTURnANDr INPUTS. 

	

C 	THE CONTROL INPUTS NC ARE NOT ALLOWED TO VIOLATE CONSTRAINTS. 
C 

	

C 	PART (II 	FREE SIMULATION, I.E. NO SATURATION 

	

C 	 (IMRLE;IENTED IN PROGRAM SIMNLA) 
C 

	

.0 	IN RFGULA WE HAD 

	

C 	XDOT = A*X + D*U, 	 U = tU(1),...,U(10),T 	(1) 
C 

Y = C*X 	 (2) 

	

C 	PUT ONLY 2 INPUTS WERE USED FOR CONTROL, HENCE CORRECT REPRESENT. IS 
C 

	

C 	mum' = A*X + DC*UC + F1D*UO, 	UC = IU(5),N(61)T 	 (3) 

	

C 	 12") = CU(1),..,U(410(9),U(101,U(7),U(8)1T 
C 

	

C 	AFTER SOLVING THE RICCATI EQUATION FOR THE OPTIMAL REGULATOR.. 
C 

	

C 	ROOT = ADI*X + IDG*UO 	 (4) 
C 
C 4***************************** 

	

C 	* UC(T) = - KR*X(T) 	KDG*NO * 	 (5) 
C *****************************4 

C 
C WHEPF 
C 

	

C 	KP(NCIN) = OPTIMAL EEDRACK GAIN MATRIX (PRODUCED RY REGULA) 

	

C 	AOD(NIN) E OPTIMAL STATE MATRIX 

	

C 	 = A - IC*vR 	 (6) 

	

C 	BrG(N,NO) 7 OPTIMAL !)RIVING MATRIX 

	

C 	 = [T - 9r*KOP3*(11 + nr*Ktol 	 (7) 

	

C 	KPG(NC,N9) = DISTIP,DANCF GAIN MATRIX (OVERALL) 
= KOR*DI + TV9R4 '7r: 	Il*KCO 	 (8) 

	

C 	—KOR(NC,N) = DISTNR9ANCE GAIN MATRIX (FRT.' I) (Psanr.mEn ny RFGULA) 

	

C 	KCD(NC,N0) = GAIN MATRIX EDON Url TO UCRAP (TO IE SET FOR TYPES OF 

	

C 	 EXCITATION. MAKI"V IT GENEPAL IS TEDIOUS AND USELESS) 

	

C 	 ur.,11AR = STEAlY STATE DEVIATION (DUE TO U1) FROM STEADY STATE. 

	

C 	 = KCO*UD 
C 

	

C 	FURTHER ON PELDw, 4F SHALL USE FOR SIMPLICITY THE TERM 

	

C 	KDU = - K1G*U1 	 (3A) 
C 

	

C 	THE SOLU3ION OF (3) FOR ST5P INPUTS UC, ND 95 
C 

	

C 	X(T) = tEXP(A*T)1*X(D) + (INT(0-T)TEXP(A*Ti))*OTillfrnr,sUC + f19*UO) 

	

C 	 (9) 
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C 	THE SOLUTION OF (4) EC? STEP INPUT un (AND HENCE UCRAR) IS 

• C 	X(T) = (EXP(A0C*T)14X(0) + (INT(0-T)tEXP(ADC*Ti)140T11*ROG*UO 	(10) 

C 	USING EIGENVALUES/EIGENVECTORS 	PTC(A), 	W(A), 	V(A), 	AND 
RTC(AOC), W(A0C), V(AOC) 

C 	THE SOLUTION (P) IS (OMITTING THE PRACKFTEI A) 
C 
C  ***************4*******************************444********* 
C - X(T) = tOCEXP(R,TC.*7)14V4X(0) + I44-SIT)4T4U:PC4AC + ID*Ull * 	(IA) 
C  4.44F4-**************20.4*******4******************************* 
C 
C 	WHFPF 	 S(T) = IRTC,INV*IEXP(RTC*T) - I) 

C 	THE SOLUTION (10) IS (OMITTING THE PRAOXETE1 AOC) 

* X(T) = W*(EXP(RTC*T)1*V/X(0) + W*S(T1*V4ROG*UO 	 (12) 
1,1  *********.L4************************44444.1.********4 
C 
C 	NOTE... 	E0.(5) FOR UC(T) IS USE0 ONLY TN CONJUNCTION WITH El. (12) 
C 
C 
C 	ADDITIONAL PAPAMETRS XTR (SEE EXTRA) APE COMPUTE') AS FUNCTIONS OF X 
C 
C 	PAqT(II) 	SATURATED SIMULATION. THE CONTPOL INPUTS APE NOT 

ALLOwEC TO VIOLATE PHYSICAL CONSTRAINTS. 
C 	 (IMPLEVFNTE1 IN THIS PROGRAM, SIMSAT2 ) 

C 	THE OPTIMALLY CO1TROLLE0 SYSTEM AOC OF 70S. (4, IC) IS 
C 
C 	40C = A - RC*KR 	 (6) 
C 	= A - RC(i) 4(K9(1)1T - PC(2)*(KP(2))T 	 (13) 
C 	Fonm EIS.(4,50,3A) 
C 	XOOT =fA 	PC(1)*CK?(1)1T - SC(2)*t1(P(2)IT.IcX + SO*00 + 

RC(1)*KOU(i) 	PC(2)*KoU(2) 	 (13A) 

C 	IF UC(2) SATUPATES, CALL IT USAT(2), THEN 
C 

)(DOT = LA - 9C(1)4EKR(1)ITT*X + Bc(1).1enu(1) + RC(2)*USAT(2) + 
+ nO U0 	(14) 

C IF UC(i) SATURATES 
C 	XDOT = (A - 30(2)*IK°(2)1T14-X + riC(2)*KOU(2) + PC(i)*USAT(1) + 

+ PO 
C TE 110(1) AND 9C(2) SATURATE 	

1!'1 (15) 

C 	xnnT = A*X + BC(1)4USAT(11 + RC(2)*USAT(2) + 710*(19 	 (16) 
C 
C 	THUS THERE ARE 4 POSSIDLE AOC(L) AND SUMMIRO(I)4KOO(I)1, 
C 	 AS WELL AS 9 POSSFILE SUM(0)(oC(J)*USAT(J)1 
C 	THE GEN:-"RAL EXPPESSIONS FCR EOS. (13A,..,i6) ARE 
-n 

C 	Aor(L) . A - SUI(L)LIC(I)*NR(I)1T1 	L = 1,.•,4 (17) 
C 	 n = 1,4•19 
C 	 J.NE.I 
C 	XIOT = AOC(L)4( + SUM(0)(1C(J)*USAT(J)) 	 ;It(j1.6)(1C(I)*K1U(I)) + 

(18) 
C 
C 	A SATURATION CODE TABLE FOP AOC(L) Amn sum(n) IS FOUND FURTHER BELOW. 
C 	SU9(L)tOn.(I)*K1U(I)) HAS THE SAME CODE NUMBER AS AOC(L). 
C 	AS THE  RIOITAL SI'IULATION TS nIsc Eio., IT IS NECESSARY TO APPLY USAT 
C 	n(oImr, A COMPLETE INTERVAL, RESAPOLESS OF THE PRECTSE CPOSSING POINT 
C 	OF 0 Avir) THE SATURATION LINE. AMONG SEVERAL POSSIoLE APPROACHES, 
C 	THE CHOTCF Hr.D1' IS TO CHECK THE SATURATION STATUS AT THE RESIMNING 
C 	OF EACH TIME INTERVAL. ACCORDINGLY, FO. (1A) IS INTEGRATED OVER AN 
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C 	INTERVAL DT = nToo APPLYING THE APPROPIATE AOC(L) AND SUM(0).. 

C 
C 	x(K+i) = tEXR(A1C(L)*11))*X(K) + tINT(P-OT)tEXP(A0C(L)*T1)1*OT11* 
C 	 *ESUH(1)t9C(J)*USAT(J)1 + SUM(L)I9C(I)*KPU(I)1 + 3I*U01 

(19) 
C 	USINS FIGENV4IUES!VF 17,TORS RTC, W AND INVERSES RTCIN, V 
C 
C * **********************5V********************************* 
C * X(K41) = W(4....) *NY:7 0r"(1.)*17)1*V(L)* X(K) 
C * 	 W(1) *91- CIN(i) *(7X Q ( 9.(1..) *DT) 	Il*V1U(0) 

	
(20) 

C ********************************************************** 
C 
• WHFPF 
• ***********4********************************************************4 

C * VRU (0) = 	*I ST4( 13 t ID( J)*NSAT (J) 14-SUM(1.)t 	( I) *KON (T)1+9 0*Ur'l 	* 

C 	 (21) 
C 
C 	NOTE... 	IF SOME RTC; (I) = 1, THE FACTOR 
C 	 RTCIN(I)*(..EXP(RTC(I)*OT) - 11 	IECOMES 

C 	SATURATION CODE TABLE 	UBOC(1) = UPPER ROUND O UC(1) 
1r5U0(1) = LOWE,/ 'MONO OF U0(1) 

= UPPER 901 1149 Oc.  U'; (2) 
C 	 LT,c(2) = LOWER ROUND OF U0(2) 
C 	 KASAT.KSUM9 = 1,0 Or EDS. (20,21) 
C 
C UBUC(1) L1'iC(i) 	UDUC(2) LnuC(2) 	KASAT Ksumn 
C 

C 	--- 	--- 	VIOL. 	--- 	2 	2 
C 	...... 	....... 	 ......... 	VIOL. 	2 	3 
C 	VIOL. 	--- 	 --- 	....... 	 3 	4 
C 	........ 	VTOL. 	--- 	--.. 	3 	5 
C 	VIOL. 	--- 	VIOL. 	--- 	4 	• 6 
C 	VIOL. 	--- 	--- 	VIOL. 	4 	7 
C 	.......... 	VIOL.' 	VIOL. 	 4 	a 
C 	--.. 	VIOL. 	--- 	VIOL. 	4 	9 
C 
C 	STEPS FOR IMPLEMENTATION OF SIHSAT 
C 
C 	PEAR IN 

C 	1.. IPO.ToUICK,MT.IKIN.'49 ,KREO,ISI<P5,I0C 
C 	TMAX,RTMLIM.OTiO.OT/OGOT10000T19000 
C 	 SET, SEE EXPLANATIONS BELOW 
C 	• NCI(I) 	 SET IF REQUIRE') 
C 	2. KR(NC,N)00R(lc,t4) 	 9ROD0r,:r0 9Y PROGRAM REGULA.. 
• 1. XAX1R(NAR.NL) 	 PRODUCED 9Y PROGRAu MXEV2X1 
C 	4. STEADY STATE VALUES, NAMS, UNITS, (IN THAT ORPER), OF XTR(NXTR) 
C 	X(N). O(NU) 	(IN-THAT ORDER) 	PRODUCEn RY PROGRAM MXEV2X1 
C 	5. R(N,NU), A(N,N) IN THAT ORDER) 	PROOIIOED 9Y PROGRAM MXEV2X1 
• 6. PPOAOC (9R00. OF F-VALUES iREAL PARTS) Or AOC), COSTS 

. C 	 PPOTME9 gY PROGRAM REGULA 
▪ 7. KRFILT 	 FILTER PATTERN 	/ SET IF 

. C 	KOU 	 FORCED FIXED CONTROL/ REQUIRED 
C 
C` COMPUTE 
C 

qnEAK UP ri(NOU) INTO 937(N,NC) AN 	99(NI N7), CALLING 
C 	ROPORM AND CARVUP. 
C . 2. REORDER THE STEADY STATE VALUES, NAMES AN) UNITS Or U(NU) AND 
C 	OENEPATE T"E OOR0rc9ON9ING ITEMS OF UC(NC) , OALLTNG ROR0U1. 

SET 000E NU1!0FR i TO KASAI AND KSUMR. 
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C 	COMPUTE RTC1(N),W1(N0),..IRTC4(N),W6(N,N) FOR 4(10(L), E0.(211 

	

C 	COMPUTE- INV(RTC1),INV(W1), STORE RTC11WitINV(RTC1),INV(W1) IN 

	

C 	RTC,W,RTCIN,q, PESDECTIVrLY. CALL EInSAT FOR THIS STEP. 

	

r 	4. SET TYPE OF =V;ITATIQN GIVIVS A TYPE' NUMDER AND CALLING EXCITE. 

	

C 	IN THIS ROUTINE X(0) ANO N(sTEP INFuT) 	ARE SET. 	ALSO... 

	

C 	SET 	KPO 	FOR ANY PARTICULAR KIND OF EXCITATION 

	

C 	COMPUTE KOG 	SEE.E.O.(1) 

	

C 	 NCIAR = I<CD4U1 (SEE EXPLANATIONS FOLLOWING ED.(5)) 

	

C 	 KlU 	= 	K7G4-Un (SEE En. (5) 

	

C 	 !m(1) = 9Dr.,4oD (EE FO.(12)) 
nc(1)..Kou(1)4-nc(2)*te.ou(2)+1o*uo 	(SEE E9.(21)) 

	

C 	 VOU(1)= V(1)*ROG4UD (SEE E'1. (21)) 

	

C 	 39(1),V1U(1) 'APE FOR THE NON-SAT. CASE, I.E. SUM()) = 0, 

	

C 	 SUM(L) = BC*.KT1U, KASAT = KSNmD = 

	

C 	READ 	KlU Tr IKDL = 1, I.E. TEST INFLUENCE OF ;emu 

	

C 	roNPuTE K1U IF ID" = 1, WITH NEW FORMULA IN ROUTINE OCCOMP, 

	

C 	 FOR D.C. COMPENSATION 
C 

	

C 	5. tictro. A'19 XTR(2) CALLING EXTRA7(2,...). 

	

C 	6. CHECK IF UG(!)) VIOLATES CONSTRAINTS. IF SO, SET NEW CODE NUMDERS 

	

C 	AND CHANGE NC TO USAT. CALL IATCO1 FOR THIS STEP. 

	

C 	7. PDINT X(0)0(0),XTR(0),NCIAR,KDN,CONSTRAINTS, CALLING LISTVS 

	

C 	R. SET TMAX('IAX. 	NLTI(IAX. NO. OF 	INTERVALS), T(INITIAL 

	

C 	TIME', DT(INITIAL TIME INTED,YAL), SET ALL ARRAYS IN STORE TO 0 

	

C 	AND INITIALIZE, CALLING STORE (1,...)•. PRINT TIME. 
C 

	

C 	FOR EACH I 
C 

	

C 	9. CHECK IF NEW CODE MUMPED(KASNEW) IS ECUAL TO PPEVIDUS(KASAT). IF 
JOT, OPnATF EIGENVAINc.S/VECT07!S AND INVERSES CALLING UPIEIG. 

	

C 	10. CHECK IF NEW CODE NUM7ER(KSPNEW) IS EQUAL TO PREVIDUS(KSUM1). IF 
NOT, UDIIATF V TIU CALLING UROVBN. 

	

C 	1i. PYP(PTC*97) 

	

C 	12. S = INV(PTC)tEX°( 3TC4PT) - I1*V1U 

	

C 	12A IF RTC(I1 = I 0 S(I) = 9T*V9UtIl • 

	

C 	13. X2 = 2ND TERM nF El. (M. CHECK PEAL. T'''INT IF IPP.NE0 

	

C 	14. Xi = 1ST TERM OF EC. (21). CHECK REAL. PRINT IF IPR.NE.O 

	

C 	15. X = X1 + X2. PRINT IF IPR.NE.0 

	

C 	(JO, XTR, CALLING EXTRA (3,...). 

	

C 	17. CHECK IF NC VIOLATES CONSTRAINTS. IF SO, PROCEED AS IN STEP 6. 

	

C 	18. PPINT UC, XTR IF IPR.NE.3 

	

C 	19. STORE THE RESPONSE FOR TIME T, 

	

C 	20. SET NEW TIRE INTERVAL OT AND GO TO 9. 

	

C 	21. °PINT FriaL VALUES Or X, 'I, XTR, CALLINS LIST'JAL. 

	

C 	22. PRINT THE VALUES OF X,N,XTR FOR ALL I 	TRIXWISE, IF KWRIIM.NE.0 

	

C 	23. PLOT SELECTED PARAMETERS OF X,UC,XTR. PRINT TABLE OF CONSTRAINTS 

	

C 	AND PEAK VALUES. 

	

C 	24. SET NEW TYPE OF EXCITATION AND GO TO 4. 

	

C 	LIST Or SUDRIOTINES 

	

C 	FIGSAT 	COq°UTES E-VALUES/VECTORS OF AOC FOR VARIOUS 

	

.0 	 HODES OF SATURATION 

	

C 	sATroo 	SETS COCE NUMBER' OF SATURATION MODE AND MAKES UC=USAT 

	

C 	U9nEIG 	UPDATES E-VALNES/VECTORS AND INVERSES WITH CHANGE OF 

	

C 	 CODE NUMREP 

	

C 	UDDVDU 	UPDATES VPU (El. 21) WITH CHANGE OE CODE NUMBER 

	

C 	EXCITS 	SETS INITIAL EXCITATTION x(P) AND/OP STEP INPUT U 

	

C 	 CONDUTEs VARIOUS VALUES INVARIANT DURING SIMNLAT/ON 

	

C 	EXTR43 	coAD.,pRINTS PARAMETERS OTHER THAN X, READS NEC. DATA 

	

C 	RORO'JS 	REORDERS STEADY STATE VALUES, NAMES AND UNITS OP U 

	

C 	CONSTR 	SETS CONSTRAINTS AND TESTS VIOLATIONS, PRINTS TABLE 
PLOTS SELECTED PARAMETERS FROM X, XT? AND NC C =Tc 
CALLED FROM PLOT FOR EACH LINE OF PRINTING (I.E. EACH TIME T) 
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C 
C 
C 
C 
C 

C 
C 
C 

. 	C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

SrALPLi 
	

COMRUTES SCALE OF'EACH PARAMETER, TESTS CONSTR. VIOL. 

STORE 
	

STORES X, NC, XTR AND T FOR ALL T 
LISTVS 
	

PRINTS INITIAL, FINAL, SS VALUES OF X, U, XTR. ALSO 
NCPAP,K1N,CONSTRAINTS 

TVrVCR 
	

CHANGESC0frELEX VECTOR INTO PEAL IF IMAG PART IS NEGLIGIBLE 
WQP,MY 
	

WRITES PEAL ‘IATRIX COLUNNWISE ('JO LIMIT ON DIMENSIONS) 
WOC/iX 
	

WRITES COMPLEX MX COLNINWTSE (NO LIMIT ON nIMENSIOMS) 
WROMXT 
	

EXTrNSLON CF WRpmX, T HEADING EACH COLUMN, NAME OF 
ALL RARAT'ETERS OM 7ACH SUPMATRIX 

RPM2013 
	

PEAS COMPLEX MATRIX (4E20.13) 
RR42r.).13 
	

READS PEAL 	MATPIX (4E20.131 
?CV 21;13 
	

READS COMPLEX VECTOR (4E20.13) 
RPV2113 
	

READS PEAL 	VECTOR (4E21.13) 
PIV841U 
	

READS INTEGER VECTOR (10) 
CARVNP 	 TRANSErRS SORMATPIX ERCM 0ARTTTIONEn MATRIX 
MULmXv 	'1uL.TIRLIES REAL MATRIX ANn REAL VECTOR 
mHIA,mULTI,SWITP 	NULL MATIX, PRODUCT, SUBTRACTION OF  MATRICES 
PDPDPm 	SWITCHES ROWS OR POLUMNS IN PEAL MATRIX 
MULLRV I NEGVR,AInV NULL VECTOR, NEGATIVE VR., AnOITIIN OF  VECTORS 
EONmc,ErvIvc 	EONIVALENCE OF COMPLEX MATRICES, VECTORS 
MNLCOM 	PRODUCT OF TWO COMPLEX MATRICES 
TNVCOM 	IMVF-2TS COMPLEX MATRIX 
mLmXOC 	PRO:). OE A(SOUARE), 3(3IAG.) COMPL. MXS. (441 OR 04A) 
MuLCMPV 	PROD. OF COMPL. MATRIX AND COMPL. COL. VECTOR 
MULC4PV 	 PRDD. Dr COMPL. MATRIX VII REAL 	COL. VECTOR, RESULT COMPLEX 
MULOVC 	 PROD. 0= COMPL. DIA(7,0NAt MATRIX AND COMPLEX VECTOR 
EIGVV1 	 COM°UTES , PRINTS EIGENVALUES, EIGEMVEOTORS OE A REAL SOUARE 

MATRIX, USING FRANCIS. OP ALGORITHM EOR F-VALNES, WILKINSON. S 
INVERSE ITER ATION mETHOI FOR E-VECTORS AND THE RAYLEIGH OUOT. 
SCHEME *OR E-VALUES CI°REGTION. 

IS 4 MODIFIED VERSION Or EIGIYS (VAN NESS/NEINER, NORTH 
WESTERN NNIv„ EVANSTON, ILL.) AND CALLS THE FOLLOHING 

HESSEN, nREIG, OPT, AS11, EIGVEC, DEiSP, URCMX 
SLOPEI 	A NUMERICAL TABLE 
INTPOL 	STRAIGHT INTERPOLATION 

LIST OF DIMENSIONS AND. ARRAYS 

N 	= NUMBER Or STATE VARIABLES 
NU = 	INPUTS 
NC 	CONTRCL INPUTS 
MD 	DISTURPANCE INPUTS 
NXTP = 	.. ADDITIONAL VARIABLES XTR 

A(NIN) 	 STATE MATRIX (BEFORE APPLYING OPTIMAL CONTROL) 
P(NON) 	DRIVING MATRIX 
R7C1(M),..,RTC4(M) COMPLEX E-VALiJES OF AOC, IN 4 SATURATION MODES 

COMPLEX E-VECTOR MATRICES CORRESP. TO RTC1,..RTC4 
Ril(N),RTOIN(N)CURRENT PTC(1,..,4) AND ITS INVERSE, COMPLEX 
WI4,4),V(N,N) 	CURPENT W 	(1,..,4) 4140 ITS INVERSE, COMPLEX 
RTP(N), RTI(N) 	ANXILIAPY REAL VECTORS cOR EIGSAT 
A1(NIN),A2(N,N),RN(N,4) 	AUXILIARY PEAL MATRICES FOR EIGVVI 
rq(N),..,P5(N) AUXILIARY REAL VECTORS Fr,. FIGVV1 
DA(N,N) 	AUXILIARY COMPLEX MATRIX FOR EIGVV1. 
C1(m),..,C4(N) AUXILIARY Csm0LEY VECTORS FOR EIGVVI 
AO(N,N) 	AUX. DOUBLE PRECISION MATRIX FOR EIGVVI 

,n4(9) AUX. DOUILE PRECISION VECTPS FOR EIGVVI 
IROW(t42) 	ANY. INTEGER tIATRIX FOR FTGVVI 
A3(N,N) 	 ANX. REAL MATRIX FOR EIGSAT 
Sn(M) 
	

AUX. REAL VECTOR FOR NROVBN 
BU(N) 
	

REAL,' B4U 
EXPRTC(N) 
	

COMPLEX, ExP(PTC*DT) 
S (N) 
	

(PTr;)Tmot[rxn(pTC40T)- 
VB9(N) 
	

CO'I2LEX, EO. (25) 
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C 	oC(N,NO),911(N,NO),UC(NF),U0(ND) 	SEE EQUATION (3) 

C 	X(N) 	INITIAL AND CURRENT VALUES OF X (KEPT FROM ONE STEP 
C 	 TO TH7 NEXT) 
C 	X1(N) 	CURRENT VALUES Or 1ST TERM OF E0.(20) FOR X 
C 	X2(M) 	CURRENT VALUES OF 2ND TERM OE EQ.(2n) FOR X 
C 	XTR(mXTR) 	CURRENT VALUES OF XTR, TPF ADDITIONAL VARIABLES 
C. 	XS(m),US(MH),UCS(NO),XTFS(NXTR) 	STEAOY STATE VALUES OF X,U,UC,XTR 
C 	NAMEX(N),NAMEO(NU),NAM*AC(NC),NAmXTR(NXTP) 	NAMES OF 	Xg UINCOTR 
C UNITX(N),NMITU(NM),UNTTNCW),UNIXTR(MXTP) X,,OC,XTR UNITS Or 	U  
C 	NAMXTPV(NXT2) 	VARTADLE TYRE AND NUMBER AS DEFINED TN 0ROGRAM mXEV2)(1. 
C 	IC'SE (NW) 	NUMBER OP CASE DrImG SIMULATED 
C 	DATCASr .(2) 	CASE NiPi3r0  All POWER LEVEL PEA' IN OW rORMAT (A203) 
17, 	INAmr(8) 	NAME OF VECTOR OP MATRIX REA() IN ON FORMAT (IA10) 
C 	XAR(NAR) 	XTR VARIABLES DEFINED AS XA IN PROGRAM MXEV2X1 
C 	XAX1R(NAR,ML) MATRIX IN FO. XAP=XAX1R*X1, WHERE X1(NL) IS THE VECTOR OF THE 

- 1ST NL rC"PONPNTS OF X 
C 	KR(NC,N) 	MATPIX IN En. NO=KR*X 

XP(N,MLINI),UQR(Nn1 m1I"),XT3E(NXT3,NLTM),TF(NLIM). 
C 	 ARRAYS FOR STORING X, UC, XTR, T FOR ALL T 
C 	u7huc(mc),Lnly7.(No) 	Up, LOW. BOUNDS OF UC ,REAL 
C 	UVOC(NC),LVIII(NO) VIOLATION OF USUC/LBUC ,LOGICAL 

C 	NAMCOST(6r;) 	NAM7S,COSTS CP PENAL. VAR. ON 13 CAPDS,IFORMAT(5A10) 
C 	UCBAR(NO) 	SETTLING-DOWN VALUE OP LIC (oUE TO PERMANENT DIST. Up) 
C 	KoU(NC) 	FIXE"(CCM'.) AllEn OONTRDL(nUE TO PERMANENT DIST. un) 
C 	KlUOR(NC) 	FIXED(FORC.) Al9F0 CONTROL(oUr TO PERMANENT DIST. UP) 
C 	KRFILT(NC,N) 	El:LTV" PATTERN FOR REDUCED SET OF P.R. VAR. (KRED=1) 
C 	KOR(MC,"0 	MATRIX ClIAINcl FDOM RECNtA TO COmPMTE KOU 
C 	Krtr■coron) 	MATRIX SET ''OR AM EXC. TY°E 	TO COMPUTF KOU 

KOG(mc,NO) 	SEE En. (A) 
C 	RC(NC,NC),ACD(NC,ND) 	AUXILIARY MATRICES FOR ABOVE 

REAL I(30 732) 
COMPLEX RTC(3r1),W(30,1O),V(30,7n),41(30,30)02(1S,30),W3(3000), 

W4(3r) 1 7CO I RT^1(70),RTC2(7(!),RTC3(7.50),RTC4(3(1) 
REAL 41(30 ,3C) ,A2(7n,39) ,RTR(30) twri o(t) ,r-Nun fto,Ri (30) pR2(31)), 

1 	R3(3'0,34(3D,Rr(70),R5(30) 
INTEGER IRON(70,2),INAME(1) 
COMPLEX DA(7C,33),1(3)),C2(30),C3(3Q),C4(30) 
DOUBLE 	AD(30,30101(30),12(30),13(30)04(30) 
rOUIVALENCI (N ,nA,In),(C101),(C2,12),(C3 1 13),(C4,14) 
COMPLEX PTCIN(10),F.XcRTC(30),S(3(1)00U(30) 
REAL 9(301131,X2(30) f lY.!(2),U0(3),IC(30,2),31(31,8),OU(30)1X(30), 

X1(7.n),MS(10 ),XS(7),UOS(2),A3(31,30),S1(31) 
REAL UCDAR(7),KDI(2),K11JOR(7) 

C 	PEAL C(10,39),Y(111)01(11) 	***POR THE TIME BEING. Y TS NOT USED*" 
INTEGER ICASE(3),NAMEX(3G),NAmFU(1:),UNITX(30),UNITU(10),NAMEUC(2) 
INTEGER UNITUC(2),NAPCOST(65),BATCASE(2),KRPILT(2,30) 

C DEFINITIONS FOR PXTRA3 	Fx.CITS 
REAL XTR(17),XTRS(17),KR(2,31),XA7(7),XAXJR(7,27) 
REAL KOR(2,3),KC9(201,KOG(218),RC(2,2),ACI(2,3) 
REAL 201(2,2),AK9U(2) 

C 	KCI,KOG,ACo,R..C,RC1,AKoU, ARE AUXILIARY POR ROUTINE PXCITSD 
EQUIVALENCE (A1,KCD),(A1(1,2),K1G),(A1(1,3),AO0) 
INTEGER NANYTR(14),MAMxTRV(14),UMTXTR(14),NCI(2) 

C DEFINITIONS FOR STORE 
REAL XP(3C:02),UOP(2,92),XTRIR (13712),TP(92) 
REAL UDUC(2),LIIIC(2) 
LOGICAL UVUO(2),LIMO(2) 

nATA ICA(1E/3f7H 	OF REGULATOR CASE 3/ 
C 	OATA ICASF17;OHCASr.  7 OP FOOCKi (NXEV2X1) 

	
FOR 

C 	IA = 1 A OR7M L000  C'SE, En.(11) / THIS CASE WILL MOT RE RUN ON 
C 	IA = 2 A CLOS LOOP CASE, En. (12) / SIMSAT. IT DOES NOT MAKE SENSE 
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C 

C 

C 

SINCE:FOR OC INACTIVE THERE IS NO POINT IN CONSTRAINING 

IT. IT IS  LEFT IN HERE FOR THE CONVENIENCE OF ROUTINES 

COMPATI0ILITY WITH SIMULA 

IA = 2 

C IRR = 0 r picivionAL V r7 TORS Fort EACH TIME 	N 0 T 	PRINTER 

C IP0A= 0 0 mATP.I."FS 	A00(1),..,A0r(4) 	NOT 	PRINTED. 

 

C Ino = 1 s XAX1R,R,A,'"1,PC 	NOT 	PPIOTED 

C MICK = 1 0  EX r'(5) 	NOT'PLOTTEO, 	KP,KOR NOT PPINTEO(TO FIT 	J6 ON CDC) 

n MI = 5 . KR,K1R,FROA0C,CCSTS, 	READ 	FROM CARDS 
mr = 7 s KP,K1R,FROA0C,COSTS, 	READ FPO "'  TAPE 	3 

C TKO!, -= .1 s Knu TO 	97 	0.7ria IN, 	TO 	TEST 	INFLur-- NOE OF ADDED CONTROL 

C HP  = 5 s XAX/R,SSYT ;7,SSXU,1,A, 	REAR FROM CARTS 

C mP = 2 s XAY1".,SSXTq;SSXU,I,A, 	READ 	FRO"' TAPE 2 

C KRED = 1 c REOUrEO SET OF F.1, 	VAP., 	HENCE READ FILTEP  PATTN KRFILT 

ISK05 = 1  4  EXCC51 	NOT °UN AT ALL 

C DT mLIM = REAL TIME 	LIMIT 

C T'1'X 7 SIMULATION TIME LIMIT 

C 0710 = INT ,-GRATTON INTERVAL 	AFTER Lc 	SEC. SIMULATION 

C RT100 7 If•7IEt,0.ATION 	INTERVAL 	AFTER 	ine 	SEC. SIMULATION 

C DT1000 = INTFGRATION INTERVAL AFTER 10120 	SEC. SIMULATION 

C DT1n 010=  INTFr,RATION 	INTERVAL 	AFTFP 103C4' 	SEC. SIMULATION 

C ISAT= 0 FREE SIMULATICN, 	I.E. 	MO SATURATION 

ISAT= 

READ 121, IDI,IoNICK,"I,IKOU,MP,KRED,ISK°5,IOC 

RFAO 12F, TMAX,PTVLP+! 

READ 12c,, IT10,OT100,RT1011,DT10000 

IF  (I0OICK.E0.1) , IPO = 0 

Tpti= C 

IFR = C 

N = 3Q 

MO = 11 

MC = 2 
ND = 8 

Nw = 3 

NyT0 = 13 

MAR = 7 

ML 	= 27 

NOV() = 8 

NNAMCST = 5 * (3+NC+NOYI) 

IF (Trin.NE.i) GO TO 48 

RPAO 127, (NSI(I) ,I=1,MC) 

C 
C IF MP = 5 A CARD MUST PE INSERTEo  AFTER THE .KEYS. CA?c, IN FORMAT 

C 122, INCLUDINr,  CASE MIHREP (FoICK1,MXFV2X1) AND P. LEVEL OF POWER 

C 
48 RFAn tm2, 122) DATCASF 

PPINT 123, OATCASE 

PRINT 124, PRO,IOUICK,9I,IKOU,HP,KRED,ISKP5,THAX,RTMLIN, 

1 

	

	 9T1t:,07131,1T1011,0T13010,IDC 

IF (I1C.NE.1) Go TO 49 

Pp/MT 128,.CCI,NCI(I)I,I=1,Nr) 

49. PRINT 129 

C 
C REAR IN KRC4C,N),KOR(OC,N),XAY1R(NAROL),YTRSCNXTR),N4MXTRV(NXTR), 

C 	 NA4XTR.(OXTR),UOTXTP(NXTR) 

C 
CALL FYTRA3 (1,INAI4r,8,N,wl,x,xS,Os,NC,Nlync,u1oxTR,xTR,xTRS, 

NAHXTRIOAMYTPV,UNTYTP,NAMEO,KRIIA,IPRINAR,NL,XAR,XAX1R,ICASE, 

2 	.Nw,IPoomo.,K0uoi,vn,IlUICK) 

C 
C 	READ IN XSCN), NA4EX(N), UNITx(N), US(NO), NAIEIJ(NU), ONITO(NO) 

C 
READ j9,1(11) 'NAME 

. CALL IRV2013 (XS, N, HP) 
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C 
C 
C 

C 
C 
C 

C 

CALL IIV1A10 (NAMEX,N,NR) 

CALL IIV1A10 (HNITX,N,MR) 
PRINT 1n2, INANE 
REM) (9P,101) INAME 
CALL I0V2013 (mS,N9,mP) 
CALL TIV1All (NAMEN,NU,M19) 
CALL ITV1A10 (NNITN,NU,MF) 
PRINT 102, INANE 	- 

C 
C 	REAR IN n(NINU), 4(9,9). 

REAn ( 90,191) THAW?. 
CALL 1092017 (9 ,N,NO,MP) 
PPINT 102, !_NAME 
IF (IPr)) 3,50 
CALL WP°MX (9,N,9N,70HOCIFF1)Pr RE0pDrc!/NG) 

AD (mown TtJAME 
CALL 1092017 (A,M,9,4P) 
PRINT 192, INA9E 
IF (IRO) 13,26,10 

10 CALL wPrimx (A IN,N,39HSTATE (INPUT) 
C 

RFAn IN PROA01 (1 CA9.1), COSTS (13 CARcsi, 

26 IF (TA - 1) 27,21,27 
27 REAM (MT,11) 09060C 

0EAO (II,114) (NA9COT(I),I=1,NNAMCST) 
28 Ir (EDF4mI) 1,2 
1 PRINT 103 

STOP 
2 PRINT 114 

C 
C 	CHECK IF A RED9CrO SET OF FEEDIACK VARIA9LES IS REDNIRED INSTEAD 
C 	nE THE FULL SET. IF co, CHANGE MATRIX KP READING FILTER PATTN KRFILT 
C 

IF (KPED - 11 45,20,45 
29  CALL FILTER (1dC,4 1 K9,KRFILT INAMEX,1) 
45 TS = 10HADC(30,30) 

C 	IS = IOHA (70,39) 
C 
C 	REORDER MATRIX r (CHANGE COLUMNS 5,5 FOR '1,11). 10EAK UP 9 INTO 99 AND RC 
C 	REORDER US (CHANGE 5,6. FOP 4,10) 
C 

CALL POR004 (1,1,N,NU,5,0) 
CALL ROPC71 (1,n,N,NU,6,10) 
CALL CARVUP (90R,N,N1J,N,N1,1,1) 
CALL crovuo (n,lc,N,Nu,N,NC,i3 O) 
IF (IPD) 46,47,46 

46 CALL W" MX 	(31,N,N1,714911 (ITSTII09ANICE INPUT MATRIX) 
CALL WRPMY (nr!,N,W:,7?HrIC (r;ONTDOL IN19TS MATRIX) 

47 CALL RoPous (NHIUS,NAMFU,UNITUI 9A9EUC,NC,NI,UCSIUNITNC) 
• CHECK UC 

THE FOLLOWING STATEMENT CPECKS RATA ELEMENTS. 
SU9ROUTINE CHDATA TS PARTICULAR TO THIS SYSTEM FOR CASE (3) OF 
FC9PK1(MXFV2X1) ANO 139 C. DOWEP LEVEL. IT 'JUST 97 CHANGE!) FOR ANY 
CHANGE IN INRUT. THE 09JECT IS TO FLAG A MISTAKE IN DATA RATHER THAN 
HAVING LONG PRINTOUTS, FOR PRINTO1T ECONOMY S SAKE. 

CALLCHTIATA (930,NC,NAMCOSTI NNAMCST) 

KASAT = KASNEW = 
KSUHP = Ks1,17w = 

COMPUTE EIGEAVALUES/VECTORS FOR AOC (OPTIMALLY CONTROLLED) FOR THE 
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C 	4 FOLLOWING POSSIRILITIES; IN 3 OF WHICH ONE OR ROTH CONTROL INPUTS 

C 

C 
C 
C 
C 

APE SATUDATER. 

NO SATUPITTON, 	AOC(1) = A 
UC(2) SATURATED, AOr(2) = A 
Ur(1) SATURATED, AOC(3) = A 
UC 	SATURATE', AOC(4) = A 

- 1C4KR 	COMPUTE Wi,RTC1,V.PTCIN 
- 10(1)*(KR(1))T COMPUTE W21RTC2 
- 9C(2) 4(KR(2))T COMPUTE 43,RTC3 

COMPUTE W4,RTC4 

CALL 	ciGSAT Plooto2,t3 IRTn,pTI,PTc,pTc1,RTr;2,RTc3,RTc4, 
1.1011,w20304,v,DTrlim,PAIP2,q7,P4,n,R6,0,w, 4,TRow, 2,DA.C1, 

2 	.C24C3,04,AD,D1,02,(134 04.1C,KROCiIPRA) 
C 
C - A3 TS NOW AOC(1) = A - nC*KR 
C 	W,V,RTC,RICIN APE NOW Wl'INV(W2),RTC1,INV(RTC1). RESPECTIVELY. 
C 
C 	COMPAPE PRAIC PRODUCT Or COMPUTE') E-VALUES OE ACC) WITH 
C 	 PROAOC (^EAD-IN PRODUCT OF E-VALUES OF Anc) AND POINT 
C 

ppaoc = 1. 
no 51 T=10 

51 opAOr = PRAOC*R7C1(I) 
RELPP = (PRAOC 	PROAOC)/PROAOC 
POINT 119, PPADC,PROAOC,PELRP 
IF (KPED.F9.1) GO TO 38 
IF (ATIS(RELDP) - 1.E-5) 53,53,52 

52 POINT 105 
STOP 

53 PRINT 104 
C 
C 	SET TYPE OF EXCITATION ANn TEST IF KDU IS REQUIRED TO RE CHANGED 
C 	FOR TESTING PURPOSES. IF SO, READ IN IOU. 
C 

38 ITYPE = 5 
4 CALL ExrdTcm (y,tploo,N,Ncoo,Ixo,Tuc,iunli=1,TcA7E0wocon,nu,R2, 

V, V1U, 	IEY0,XS,US.N1  .ITYPE.,KOR,UCOAR.KOU,KCO.K0G, 
2 	 ACO,PC,KOUOP,IKOU,A3,A1,42,PC1I NCI T AKOU.IDC) 

C 
C 	VDU IS NON mtwivfnnG4un, 	SEE EQ.(12, 
C 

0U = 11G*U0 = 110*LP + 1C*.KOUI / VALID ONLY FOR L = KASAT = 
C 	= V*T1 	 0 = KSUMR = 1 
C 
C 	I.E. WHEN THE CONTROL VECTOR IS WITHIN THE CONSTRAINTS 

POINT 111, IPXC,IS,ICASPIITYPE 
PRINT 112 
IF (TUC.ED.1) GO TO 25 
POINT 118 • 

25 CALL EXTRA7(2,I4AMEO,N,NU,X, YS,111,NC,NO,UCI UDI NXTR,XTR,XTRS, 
1 	44NYTP,MAMXTPV,UNTXTROAmFOIKR,IAI IPROARINL“ARIXAX1R,ICASE, 
2 	NW,IPI,K1P,K9(i.1°I,MR,IQUICK) 

C 
C 
C 

C 
C 
C 
C 

SET CONSTPAIUTS 04 CONTROL INPUTS VC 

CALL PLOTS (N,tJG,tJXTR,2, 	XPOCP.XTRP,TPITLASTINDINU,XSOCS, 
1 XTRS,NAMEX.NAIEUC,NAmXTROAMXTRVIUNITXONITUCONTXTRyIEXC,IS, 
2 	ICASEI NN,IA,ITYPE,IQUICK,KR,UPUC,LDUC,1) 

CHECK IF NC VIOLATES CONSTRAINTS AND IF SO, CHANGE UC TO THE 
CONSTPAIN79(SATURATED) VALUE. SET CORRESPONDING CODE NUMRERS 
KASNEW AND KSDNEN. 

IF (TS1kT) 41,10,41 
41 CALL 	SATCOD(MCIOCOMIC,LIOCOCSOVUC,LVUC,KASNEW,KSTIEW) 

*A9JUST* 
* WITH * 
* EXTRA* 

• 
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no TO 42 

40 KASAT = KASNEW = KSUm9 = KSRNFw = 
42 CALL LISTVS (NOU,NC01,X,UC,UD,XS,USINAMEX,NAMEU,N4ITXONITU, 

1 	 24Y0 I NXTRo XTROCTRS,NAMXTR,NAMXTRV,UNTXTR,UC9AR,KOU, 
2 	UlUO,LRUCI UCS,NAMEUC,UNITUC) 

C 
C 	SET TIME INTERVALS (LONGEST TIME CONSTANT OF A IS OF ORDER 2000 SECONDS) 

T = Q. 
DT = 0. 
IF (ITYPE.E1.5) TmAY = 
NLIM = 92 
CALL STORE (1,H,NC,NYTR,NLII,X,UCIXTR,XP,UCP,XTRP,T,TP,TLAST,NT, 

1 	 MTLAST) 
C 
C 
	

PROCEED COMRUTING FOR EACH T (STEPS 9 TO 2r) 
r. 

6 cALL. SECOND (RTTmF) 
IF (RTImE 	RTMLIm) 17,14,14 

C 
	

COC 6630 
37 IF (IR".) 16,12,16 
12 IF (T) 	17,17,17 
17 PRINT 116, TI RTIMEIKASNEW,KSONEW 

co TO 11 
16 00INT 106, T 
17 IF (ISAT) 79,33,19 
79 IF (KASAT 	KASNEW) 30,31,30 
3r KASAT = KACMEN 

C 	uonATE 	 AND INVERSES, I.E. 
C 	REPLACE W,RIC 	FROM W1,..,W41RTC1,..,RTC4, ACCOROINC TO KASAT 
C 	COMPUTE V,RTCIN FROM W,°TC 
C 

CALL 	URDEIG (N,V,RTII)°,W1042,W3,W4,RTO1,RTC2,RIC3,RTC4, 
W,RTC,KASAT) 

C 
31 IF (KSNMR - KSONEW) 12,33,32 
32 KSUMB = KSONEW 

°PINT 117, TI RTIME,KASATIKSUMR 
C 	PRINT 120, 	((I,RTC(I)),I=1,4) • 
C 
C 	UPDATE, T.E. COMRNTE 	VDU= V*(SO + 9U) 
C 	FOR ONE OF T4E 9 DOSSI1LE VALUEs OF SI, ACCORDING TO KSUM1 

CALL unovpul (90r,volu,vD11,KAsAT,ucor:,sD,A102,Nnoo,up,Kou,R2) 

C 
33 00 7 I=1,N 
.PXPRTO(T) = CcX0(9Tc(I) 4DT) 

IF (CARS (RTC(I))- 1.E-10) 8,9,9 
5 S(I) = OT*V1U(I) 

CO TO 7 
9 S(I) = RITIN(I)*(ExPRTC(T) 	1.)*V1U(I) 
7. CONTINUE 

CALL MULCMCV (H,S, C4,N,M) 
C 
C 	C4 IS NOW X2(T), 2ND TERM OF CO. (24), AND SHOULD DE REAL. CHECK 
C 	IF IT IS AND CONSTRUCT REAL. 
C 

IF (IRK) 19,20,19 
19 PRINT 107 
23 CALL TRFVCR (C4,X20,10HY2(T) 	,NAMEX,IPF) 

SALL WILOMRV (V,X,C4,N,N) 
CALL M'JLDVC (EXPRIO,C4,C20) 
CALL MULOMCV (0,C2,04,N,N) 

C 
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*C4 IS NOW Xi(T) , 1ST TERN OF E 	(241, AND SHOULD nE REAL. CHECK IF 

	

C 	IT IS AND CONSTRUCT REAL. 
C 

IF (IP11) 21,22,21 
21 PRINT A08 
22 CALL TRPVCR (C4,X1,N,10HX1(T) 	,NAMFX,I0R) 

CALL AOQV 	(X2,X1,X,N) 
IF (IPR) 11,11,18 

14 'PINT 109, T 
PRINT 110, HI,X(I),NAlrY(I1),I=1,N) 

ii CALL EXTRA3 (3,INAME,I,N,NN,X,XS,US,NC,NO,UC I U9,NXTR,XTR,XTRS, 
1 	NAMXTROAMXTRV,UNTXTR,NAMPU,KR,IA,IPPOAR,NL,XAR,XAX1R,ICASE, 
2 	NW,IP7,KnR,K1U,NT,VP,InUICK/ 

C 

	

'C 	CHFCK IF UC VIDLATPS CONSTRAINTS AND IF SO, CHANGE. UC TO THE 
CONSTRAINE9(SATURATED) VALUE. SET CORPESPONDING CODE NUMRrRs 

	

C 	KASNEW AND KSDNEW. 
C 

IF (ISAT) 43,44,43 
43 CALL 	SATCODOC,UCI O1UCILDUCOCSOVNCILVUC,KASNEWI KSINEW) 
44 TE = T + 1.E-4 

	

C 	IF 	- 10./35,35,34 
IF (T - 1. ).7.15,15,4 

34 TLASTE = TLAST + i.E-4 
IT = TE 
ITL = TLASTE  
IF (IT - ITL - IDS) 76,35,36 

35 CALL sTnRR (2,11 NC,NxTR,NLII,X,UC,XTR,XPOCP,XTPP,T,TalTLAST INT, 
NTLAST) 

76 IF (MTLAST.CF.NLIM) CO TO 14 
IF(TF.CE.TMAX) CO TO 14 
IF(TE.GE. 	0.) 	OT = 	.01 
IF(TE.GE. 	.3) 	OT = 	.05 
IF(TE.GE. 	1.) 	OT = 
IF(TE.GE. 	1.) 	P'S = 
IF(TE.GE. 	11.) 	nT = TITin 
IF(TE.GF. 10.) InS.= 11 
IF(TE.G7. 101.1 	DT = OT100 
IF(TE.GE. icoo Tns = 100 
IF(TE.GE.toro.) 	nT = nulon 
IF(TE.CE.2101.) 	InS = 1000 
IF(TE.C7.10000.) DT = OT10000 
IF(TE.GE.10000.) IDS =10000 
I = T + PT 
GO TO 6 

C 

	

C 	PRINT FINAL VALUES OF X(T) 
C 

14 PRINT 117, T,RTINE,KASNEW,KSDNEW 
PPINT 111, IEXC I ISI ICASE,ITYPE 
PRINT 113, T 
CALL LISTVS (NINU,NC,ND,X,UC,M1,XSEUS,NAMEX,NAMEUONITX,NNITU, 

1- 	 PH X,NYTR,XTR,XTRS,NANYTR INAMXTRV,UNTXTR I UCDAR IKOU, 
2 	UlUC,L9UCI UCS,NAMEUCIUNITUC) 

C 

	

C 	PRINT ALL VALUES IN MATRIX FORM 

	

C 	KWRSIM = R o RESULTS OF SIMULATION NOT PRINTE1 (PLOTTED ONLY) 
C 

KWRSIM = 0 
IF (KWRSIN.E0.01 GO TO 24 
CALL WRRNXT (X0, N, 	NTLAST,30HX(T) 	FROM T = 0. TO T = 

1 	TLAST,TR,10H SECONDS ,'!AMEX,?) 
CALL WR0.4XT NOR, NC, NTLAST,70HUC(T) FROM I = O. TO I = 

1 	TLAST,TP,10H SECONnS ,NANEHC1 0/ 
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CALL WRRMXT (XTRROXT0INTLAST,30HXTR(T) FROM T = 0. TO T = 

TLASTITP,10H sEnoNns ,NAMXTRIO) 
24 CALL PLOTS (N,'IC,'IXTP,NTLAST,XP,UCP,XTRP,TP,TL1ST,NO,NU,XS,UCS, * ADJUST* 

XTRS,NAMEX,NAIFNC,NAMXTR,NANXTRVINNITX,UNITUC,UNTXTR,IEXC,IS, * WITH * 
2 	ICASEINA,IAIITYPE,IOUICK,KP,UIUCILRUC10) 	 •* EXTRA* 
RRINT 114, (NAMCOST(I), T=1,NNAMOST) 
IF (ISKP5.EI.1) CO TO 1000 
IF (ITYRE - 5) 23,1100,23 

23 ITYPE = 5 
C 
C 	TEST IF THIS IS A RUN WITH _IMPOSED KOU. IF SO, MISS EXC(5) 
C 

IF (IK1U - 1) 4,1000,4 
1.000 STOP 

101 FORMAT (/////1CX,*REAL TIME IS*,F11.3,*SEC*) 
in FORMAT 	(8111f) 
102 rOPmAT (1 17A,RA1.1 ) 
in7 FORMAT (1('X,' '1 OF FILE caRn READ AS DATA*//10X,*ONE OR MORE DATA 

1. (APDS MISSING*) 
104 FORMAT (i0X1*IATA n.K.*1/1/fr/) 

. 1.1:5 FORMAT (///10X1 *IAT4 WPCNG. RUN AGAIN WITH IP') = 1*) 
106 FOPIAT (1H1, 	OX,'T = *Ir11.7,*  SECOTIS*) 
107 FORMAT (/10X,*TAE FOLLOWING VECTOR X2(T) 	IS THE 2'4 TERM OF EO. 

1 (74) IN MAIN PROGPAM, I.E. THE RESPONSE*/1n(,*(OVER THE LAST INTE 
2RVAL ONLY) TO THE FYCITATION oF THE OISTUPIANCF INPUTS ANI THE SAT 
3uP"‘Tr0 oomirmi INPUTs (Tr  ANY)*) 

101 FORMAT (///11X, *THE FOLLOWING VFCTIR MT) IS THE 1ST TERM OF E0 
1. (24) IN MAIN PRCGRAM, I.E. THE RESPONsE*/1CX,*70 THE STATE EXCIT 
2ATION, TAKEN AS IT WAS IN THE LAST CALCULATED INSTANT*) 

inq FORMAT (///10X1*FOLLOWING IS THE RESPONSE x(T) ror T =*,F11.3, 
1* SECONOS.*///) 

111 FORMAT (15X 1 *X(T) (*II2,*) = *tEi1.4,5X,A101 
ill FORMAT (1H1, 9X1410,*FESPONSr Or SYSTEM *,1111,*, *,3A11,4, EXC T 

1YPr (*,T2,*)*///) 
112 FORMAT (10X,*FOLLCwING IS THE LIST OF. VAi_UES OF THE INITIAL STATE 

iFXCITATION (X') AN THE DIST'JR')ANCE INPUTS (UO)*f/110X,*THE YALU 
2ES OF THE CONTROL IrRuTs (ur) ANI AQOITIONAL PARAMETERS ARE THE 
?RESULTS OF TH= coNTDOL LAW FOP THIS*/1CX,*CASE AND OF THE ALGERRAI 
4C RELATTOMS IN THE RASP"! MODEL, RESPECTIVELY. THEY nO 	N 0 T 	RE 
5PRESFNT EXCITA-ION*71(:)(,*Or THE SYSTEM (UNLESS IT IS SPECIFICALLY 
6STATFO TO IE SO)*///1,*THE VALUES OF Ur ARE LIMITED OY CONSTRA 
7INTS (PRINTED HERE) IN THIS INITIAL LIST AND ALL ALONG THE SIMULAT 
1ION*f// 

	

	irx,*THc STEAnY STATE VALUES ARF ALSO nRyNTEnt  

Q AS ARE UCRAR E  STEADY STATE DEVIATION OF UC FPOI S.S. VALUrl*/ 
6qX,40HIN THE PRESENCE OF UD (U014R = KC0*O9)/ 

9 	63X1*KOU 7 FIXED AMOUNT Or CONTROL TO PE ARCED TO THE  FEEI9AC 
CK*/ 	61X,4(UC(T) = - KR*X(T) + KIU = - KR*X(T) - KOG*U0)// 
061X1*CONSTRAINTS ON H.C*//) 

113 FORMAT (1CX,*FINAL 	VALUES (T = *,F1.1.31* SECONIS)*//) 
114 FORMAT (51110) 
115 FORMAT (50X,720.13) 
116 FORMAT ( iHil9X,*SIHNLATION COMPUTING STARTS. TIMES T ARE PRINTED 

1.*//10X,* ALL ELEMENTS SHOULD RE REAL*F10X,*THOSE ELEMENTS (IF ANY) 
2 WHICH HAT7  IMAG PPT GT.1.7-7 ATI (TMVWEAL PATIO GT.1.E-4 OR RE 
341 7ERO) ARE PRINTE0*/11X,*X?(T) ARE ELEMENTS REPRESENTING THE 2ND 
4 TrPM Or Fl. (24) IN MAIN PROGPAM*f10X,*X1(T) ARE ELEMENTS REPRESE 
SNTTMG THE 1ST T7?%1 OF EQ. (24) IN MAIN FROGRAm*//10Xl*WHER7*//11X, 
6121HX(K+1) = W(L)*(EXP(RTC(L)*OT(K))1 *V(L)*X(K) + W(L)*RTCIN(L)*IE 
7XP(RTC(L)*IT(K)) - Il*V(L)*  ('SUM(0)CRC(J)*TISAT(J), + 114091 f/10X, 
8*WHEPF*/15X,*11SAT(J) = VALUE OF U%(J) CCRIDESPONDING TO UPPER OR LO 
9WER CONSTR4INT*/15X,* 	Ul = VECTOR OF DISTURIANCE INPUTS*///29X 

At *REAL PART*,32X,*IMAG PART*////10X,*T = *,F11.3,*  CEC4t 
9 	 20X,*REAL TIME IS*,r11.3,*  SEC*, 
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C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
c 
C 
C 
C 

C 15X,*KASAT = *,I1,5X,*kSUMB = *I  I1) 

117 FORMAT (10X,*T = *,F11.3,* SEC*1 21X,*REAL TIME IS*,F11.3,* SEC*, 
1 1.5X,*KASAT = *,I1,5X,*KSUM9 = *In).  

/11 FOR"AT (10X,*WARNING 	THE CONTROL INPUTS (UC) HAVE DEEM E 
1XCITE0*///) 

119 FORMAT (///10Xl*P2Ory:CT OF COmPUTE1 FICENVALUES OF Ann =*,E20.13/ 
1.?X f *READ-IN PRODUCT Or ETGENVALUES OF AOC =*,E20.13/ 

2 	 1C,X,*FRACTIONAL DIFFEPENCE 	 =*,E20.13/) 
120 FORMAT (///7qY,*NEW If-oENVALUFS*///23X,*REAL PART*,7X,*IMAG PART* 

1 //(11X,*POOT (*,I2, 4 ) 4 ,2E16.9)) 
121 FOPmAT (8I1) 
122 FORMAT (A2,41) 
123 FOPmAT (1H1///10X,*DliA INPUT TO SIMSAT , OUTPUT FROM MXEV2X1*/ 

1/1^X, *CASE ( 4,A?, #) CF ECOCK1 , POWER LEVEL = *,A3,* PC.*) 
/24 FOPMAT (//////filx,*Tro 	= *,T1,* o (0 I"LIES XAx1R,I,A,A0C00, 

1(3C N 0 T 0P.INT.)*/111 X 1 *IOUICK = *,I1,* r' (1 IMPLIES EXC(5) 	N 0 
2T PLOTTE1)*/11X,*IT 	= *,I1,* 4  (F.  PPLTF C KR,KOR,PROAOC,COSTS 
3, READ IN ;:nom CAE:1S, 3 FROM TAPE 5)*/ 1 X,*Iv.DU 	= *,I1,* ' (1 
4PLIFS KM) TO BE REA',  T4, TO TEST INFLUENCE Or  FIXED AnnEn CONTROL) 
5*/10X,*MP 	= *fn.,* . (5 IMPLIES YAX1RISSXTR,SSXU,DIA, READ IN 
6rP0M CARDS, 2 EROm TA0P 2)*/1CX,*KRED 	= *,I1,* .. (1 IMPLIES N 0 
7 T ALL STATE VARIABLES FED BACK, HENCE FILTER PATTERN TO RE RPM) 
8IN)*/10X1 *IT.:P5 = *I II,* o (1 IMPLIES EXC(5) NOT RUM AT ALL)*/10X 
c),*TmAY 	=*,c7.0,* (STmULATION TIME LIMIT, SECONDS)*/1CX,*RTMLIM = 
A *,F6.0,* (PEAL TIME LIMIT, SECOMIS)*/ 
liCX,*()TiC 	=*,F8.1,*(INTE(;R. INTERVAL AFTER ie 	SEC. SIMUL.)*/ 
C10x,*nTiV,  =*,r3.1,*(INTEGR, INTERVAL AFTER 100 	SEC. SImUL.)*/ 
010X,*7T101I =*,F1.1,*(IN'EE,R. INTERVAL AFTER 15,10 SEC. SIMUL.)*/ 
E10X,*DT100O1=*,ER.1,*(INTEGR. INTE7VAL AFTER 101('0 SEC. SIMUL.)*// 
riCX,*I1C 	= *,I1,* . (1 IMPLIES 9C COMPENSATION USED, PECOMPUTIN 
(;C IOU, SUCH THAT X(NCI(T)) = 0)*////) 

125 FORMAT (5X,E7.1,23X,FA.0) 
126 FORMAT (4(if)X,P10.1)) 
127 FOPmAT (S(PX,T2)) 
12S FOPMAT (10X,*NII(*,I1,*) = 	*1121* (SEE EXPLANATION FOR IOC = 

1)9 
129 FORMAT (///////) 

ENO 

SUBROUTINE FIGSAT (N,A,A1,A2,A0C,RTR,PTI,PTC,RTC1,RTC2,RTC3,PTC4, 
1 	W01,W203,W40,RTCIN,R1,P2 I('3,R4,R5,R5,RWI N4,IROW,N2,0A,C1, 
2 	C2,05,C4,AD,D1,92,13,D4,1C,KROCIK) 

21.1.71 

COmPHTE FIGENVALUESIVECTORS FOR AOC (OPTImALLY CONTROLLED) FOR THE 
4 rntAnNING POSSIBILITIES, IN 3 OF WHICH, ONE OR BOTH CONTROL INPUTS 
ARE SATURATED. 

N') SATURATION, 	ADC(1) = A - 1C*KR 	COMPUTE W1,RTC1,V,RTCIN 
U'(2) CATMIRATED, Anr(?) = 	- IC(1)*(KR(1))T CDmPUTE W2,RTC2 
(Mil) SATURATED, AOC(3) = A 

• 

9C(2)*(KR(2)1T COMPUTE W3,RTC3 
UC 	SATURATED, AOC(4) = A 

	
COMPUTE W4,RIC4 

REAL A(N,N),11(N,N),A2(N,N1,40C(N,N),RTR(N),RTI(N),R1(N),R2(N), 
1 	03(N),P4(!1),P5(6(q),01.1(m,m4);947(N,NC),(Nc,N) 
COMPLEX Ri-c(N), ,?1- ci(N),R7c2(N),RTc3(N),QTc4(N),w(No),wi(No), 
i 	42(N,N),W5(110),W4(M,M),V(N,N),RT7IN(N),9A(N,N),C1(N),C2(N), 
2 	C3(N),C4(N) 
COUPLE AD(N,N),01(N) 1 02(N)103(N),D4(N) 
INTU.ER IROW(MI N2) 

C 
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C 	Ann {4) 

C 
PAINT 104 
CALL FIGVV1 (3,0,0,0,K,N,A, A1,A2,RTP,RTIIRTC4 1144,R1,P203,R4OWF  

IROW,P,51 Pr),OA,O1,C2,C71C4,AD IO1,92,03,14) 
CALL INvro,i (W4,V,W I TqANK) 
IWA = 10HAOC4(SA)=A 
°RINI 11P, TWA I W,N,TPANK 
IF (IRANK.WrEoN) STOP 

C 
C 	AOCt3) 

"INT 1n3 
CALL CAPVUP 
CALL C'ARVUr' (K?,A2INC,1411,"-,9 ,1) 
CALL MULTI (A1029 A0C,N 1 10) 
CALL SWITP, (A,A0C,AOCI N,M) 
CALL rTGVVi (31!1,001,1C,A1,112,t'TP,CTI,PTC31 W3,1"1 1 P.2,3,R4 1 RW, 

1 	IPOW IP5,P5,DA,C1,C2,13,C4I AD,11,12,13304) 
CALL INVCOM (143 11/0,P-)ANK) 
TWA = 10HAOC3(SAT) 

.PRINT 10(2, IWA,N,N,IPAWK 
IF (IRANK0W70W) STOP . 

C 
C AnC(2) 
C 

nPINT 102 
CALL CA 0V110  t!b,A1,HINC,1,1,111) 
CALL CARVU? (K1,A2,NC01 1,M,1,1) 

.CALL 4MLTI (41,t.2,A0!":0,17N) 
CALL SM1T7 (A,A0n.,A0P.,N,N) 
CALL EIGVV1 (31 6 1 0,11,K,N,a0C,A1,42,PTROTI,RTC2,W27R1,R2,P3,R4,RW, 

1 	IROW,P.5,P6,DA,C1,C2,C3,C4,A0,01,02,0304) 
CALL TNVMO'I (q2,V,M,IPANK) 
TWA = 10HAOC2(SAT) 
°PINT 100, TWA,N,NI IRAMK 
IF (IRAWK.NE.N) STOP. 

C 
C AcC(i) 
C 

PRINT int 
CALL MULTI (9C,KP,A0C,NOC,M) 
CALL SUMTP (A,A01,A0C,N,W) 
CALL EIGVV1 (7,0,C,7.,K,N,AOCIA1,A2,RTP,PTI,RTCi01,P1,R2,93,P4,PW, 

1 	IROW,R5,P5 1 0A,C1,C2,C3,541 A0,31,02,0304) 
CALL IMVCOI (W1,V,N,IPANK) 
TWA = 1G4AC -4 = AOC 
PAINT 100, INA,41 11,IPAMK 
IF (TRAMK.Nc:,N) STOP 

t 
In 1 T=1.0 
RTIN(T) = 1./RTC1(i) 
mALL FOMVC (RTri,PTC,M) 
CALL EOUMC (W10,N,N) 
PETIRM 

100 FORMAT (///10X,*2ANK OF EIGEMVECTOP MATRIX OF *,Ai0,4(*,i2,41*, 
T2,*) IS*II6///) 

101 FOPMAT (1141,9Y,*EIGFNvALUES OF AOC(1), 7 AOC*/////) 

102 FORMAT UM1,9X,*EIGENVALW:S OF AOC(2) 7 AOC (0C(2) SATU.)*/////) 
FOPMAT (1H1,9`c,*EIGP.NVLI)-S OF AOC(3) 7 AOC (11O(1) SATqR.)4///f/) 

104 FORMAT (1H1,9Y,4-EI(ENVALUES OF AOC(4) 7 A (UC(1,2) SAT1JR.)*/////) 
ENO 

C 
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C 

SUBROUTINE SATCOO(NC IUC,USUC,LBOCOCSOVUCILVUC I KASNEWI KSBNEH) 
C 
C 	21.1.71 
C 

C 	CONSTRAINE9(SATURATEB) VALUE. SET CORRFSROW)ING CODE NUMBERS 
CH7OK IF ur VIOLATES CONSTRAINTS 440 IF SO, CHANGE UC TO THE 

C 	K4SNEW 'tun KsquEu. 
C 
C 	SATURATION COOF TABLE 
C 
C UBUC(i) L1UC(1) 	UBUC(2) L1UC(2) KASAI KSUMB 
C 

'C 	--- 
	 ■■•• ••• 	 VIOL. 

C 	■•■ MO 	 40 ••■ 	 VIOL. 
C 
	

VIOL. 
C 	 VIOL. 
C 
	

VIOL. 
C 
	

VIOL. 
C 

C 
REAL UO(MC),U1UC(Nr),11UC(Nr1,UCS(NC) • 
LOGICAL UV00(N) I LWic(NC) 
10 10 I=1,N0 
UVOC(I) = WOW + 0175.(I)).GE.U1UC(I) 

10 LVUC(I) = (UCiI) +0CS(1)).LE.L1UC(I) 

Tr (.110T.CMC(1).Or'..LVU7(i).00..UPJC(2).0R.LVOC(2))) CO TO 1 
IF (.0T.PIVOC(1).0P.LVUC(1)).AUO.UVIJC(2)) 	 GO TO 2 
IF (.NOT.tUVUC(1).0'1.1VUO(1)).AND.LVOC(2)) 	. 	GO TO 3 
TF (.41T.(UVUr.(2).01.LVUC(2)1,AN1.9VUC(1)) 	 GO TO 4 
IF C.N1T.CIVUP.(2).O7'.LVU0(2)).AN1.LVOCC1)) 	GO TO 5 
IF OVNC(1).AN1.UVUC(2)) 	 GO T0,5 
IF (UVUCt1).1N1.LVOr:(2)) 	 GO TO 7 
IF (LVUC(11,AN1,U(2)) 	 GO TO 8 
IF (LVUC(1).AN9.LVIirt2)) 	 GO TO 9 

C 

C 

i KASNEW=i 
2 KASNEW=2 
3 KA$Nrw=? 
4 KASNEW=7 
S KASNEW=3 
6 KASNEW=4 

7 KACNEW=4 

4 KASNEW=4 

9 KASNEW=4 

Eun 

£ KSONEW=1 2. 	 RETURN 
E KSPNEW=2 	TiC(2)=U111r(2)-UCS(2) F RETURN 
S KSINEW=7! 2  UC(2)=LBUC(2)-UCS(2) £ RETURN 
£ KSBNEW=4 2  ,JC(1)='JO'IC(1)-UCS(1) £ RETURN 
S  KSINEW=5 	Ur;(1)=LB1Ctil-U0S(1) f RETURN 
5 KSINEW=6  2  U^.(1)=UBUC(1)-UCS(1) 

UC(2)=UBOC(2)-UCS(2) £ RETURN 
e KSB1EH=7 2 UC(1)=UBUCt1)-UCS(1) 

UC(2)=LBUC(2)-UCS(2) £ RETURN 
£ K9BNEW=3 E UC(1)=LINC(1)-UCS(1) 

UC(2)=U9NC(2)-UCS(2) £ RETURN 
£ KTI9EW=9 -  f ,W(1)=L1UC(1)-110c(1) 

UC(2)=190C(2)-UCS(2) £ RETURN 

SURROUTINE UP1FIr; (N,V I RTCIN,W1,142,W3,144,RTCi,RTC2,RTC3 IRTC4, 
W,RTC,KASAT) 

C 21.1.71, 
C — • 
C 	UROATE EIr;ENVALUES/VECTORS AND INVERSES, I.E. 
C 	REPLACE W IRT!: 	F194 	 ACCORBING TO KASAT 
C 	COMPUTE V,"TCIPI FROM W,RTC 

VIOL. 
VIOL. 

wl• 

VIOL. 

VIOL. 

■■■ 

■■■ 

■ 404110 

VIOL. 

VIOL. 

2 	2 
2 	3 
3 	4 
.3 	5 
4 	6 
4 	7 
4 	8 
4 . 	9 
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• 

COMPLEX W(N,N),RTC(N),V(N,N),.RTCIN(N),W1(N,N),42(N,N),413(NIN), 
1' 	W4(11,9),R•r1(N),RTC2(N),RTC3(N),RTC4(N) 
GO TO (1,2,3,4), KASAI. 

1 CALL E04VC (RTC1,RTC,N) 
CALL EOUNC (W10,40) 
CO TO 

2 CALL =mow: (RTC2,RT‘:,N) 
CALL EOIJMC 	(42,4,N, N) 
no Tn ti 

7 CALL rnuvc (RT03,0Telm. 
Int =11ffmn (143000) 
GO To 5 

4 CALL FOUVC (RTC4,PTC,N) 
CALL. FOUMO (W4,W,N,N) 

5 CALL INVCOA (W,V,N,IPANK) 
Orl 6 I=1,9 

6 RTCP1(I) = 14/RTC(I) 
RETURN 
rNO 

C 

S(JIROUTINE UPOVRU1 (N,NC0,10,VRU,KASATOCOC,S1,4102,N9,90,111), 
Kon,su 

C 
C 1.5.72 

C 	U°1ATE VR11, Tog:. COmRUTE 
C 	VRU(0) = V(L)*IS1 11(r))[°C(J)4USAT(J)1 + S1JM(L)(RC(T)4K14(T)1 + PO*Nnl 
C 	 J.NE.I, SEE E0.(21) IN MAIN PROGRAM 
C 	FOR ONE O THE 9 POSSIqLE VALUES OF SUM(n), ACCOROING TO KSON9 
C 	FOR ONE OF THE 4 POSSIBLE VALUES OF 	V(L), ACCO9!)TNG TO KASAT 
C 	FOR ONE Or THE 4 ROSSInE VALUES OF SUM(L), ACCOROING TO KASAT 
C 
C 	nr.(i) 	= COL. VECTOR Or aC CODRESR• TO NON-SAT. CONTROL INPUTS 
C 	BC(J) 	7 COL. VECTOR OP 3C CO2PESP.  TO SATURAT. CONTROL ',POTS 
C 	KOU(I) E VALUE OF FIXEO Aq9r0 CONTROL TO EACH ACTIVE INPUT 
C 	USAT(J) = VALUE OP UC(J) CORRESP. TO UPPER OR LONPP CONSTRAINT, 

THIS RoUTINE IS CALLED 'AFTER SATCon, WHEPE UC(J) TAKES 
C 	 THE SATURATED VALUE WHEN A CONSTRAINT VIOLATION OCCURS 
C 

REAL 0U(N),1C(N,NC),UC(NC),S1(N),A1(NINC),A2(NOC)190(N,N1), 
UltN1),KON(NC)trL(N) 

CO4PLEX V(N,N),v1U(N) 	 ti 

CALL NIULNXV (n1,U0,9U,N,NO) 
. CALL CA ''V'V'. (9C,A10,KC,NOC,1,1) 
CALL CAPVUR (1CI A20,NC,N,NC,1,1) 

C 	Al A90 A' ARE NO4 BOTH 70)UAL TO MATRIX 9C 
Gn TO (1,2,3,4), KASAT 

1 CALL WILLRV (SO,N) 	• 
GO TO 7 

2 nn 12 T=1,4 
A1(I7 1) = 

12 A2(I12) = 0. 
GO TO 4 

3 no 13 I=1,N 
Ai(I,2) = 

13 A2(I11) = 0. 
4 CALL H9LNXV (A1211C,SO,NI9C) 

IF (KASAT 	4) 7,6,7 
6 CALL NULLRV (SL,N) 

CO TO 5 
.7 CALL NIILMXV (A2,KOO,s1,N,NC) 



341 

5 CALL AOOV 
	

(SO,RUISO IN) 
• 

CALL ADM/ 	(SO,SL,S1,N) 
CALL Mt LCHP.V(V,SQ,V9U,N IN) 
RETI1914 
FWr) 
StrwouTImr. ExTTS0(xt:,00,0,41uton,ixf,,IM,I0,1,IS,TASE0NIFIC00, 

qU,R2,V,M, 	IEXCOS,US,NU,ITYPE,KO,UCIAR, 
2 	 Kno,m],K1G,ACr),POIKnuoR,IKlu,Aot,Ai,A?,PCi, 
3 	 Htit AKOU,Iot) 

C 12.60 72 
C 
C 	SET INITIAL 7xrITATIoN xn FO''. STATE VAPIAPLrS 
C 	SET STEP INPUTS NC (CONTROL) ANO U0 (OISTURGANCE) 
C 
C 	comp. UcintP 7 SETTLING-DCWN VALUE Or UC 
C 	 = KPO*UI 

KnG = 92CTNRnANCr GAIN HATRTX (OVERALL), EA.( 5) MAIN FROG. 
C 	 = KIR*01 4- (KIR*PC - Il*KC9 
C 	 VON(i) = V(1).4"111G-*UO 	 EO. (21) MAIN PROD. 

- KIG4u0 	 fo.( 8) Haim PR0G. 
C 	FOR IKOU = 1, REM) IN rORCED KIN TO TEST ITS INFLUENCE 
C . FOR IOC = 1, CITIPNTE AGAIN KOU ACCORDING TO ElUATIONS IN ROUTINE 
C 	 nrCOMP, FOR nC CIHRIENSATION IN THE CASE OF FILTER oSEo 
C 

INTEGER ICAE(N4),NCI(NC) 
CONPLEX V(N,N),V1U(N) 
REAL X0- (N),NC(NC),N1(N1),9C(NOC),30(N01),1U(9),R2(M), 

1 	XS(9),NS(HN),K1R(NC,N),NCRAP(If),KnN(NC1,KCD(NCI NP), 
KOG(Nc,10),A09(Nc01),RC(NCI NC),v1U00(NC) 

RrAL AOC(N,N1,41(N,N),A2(N0,4)Ini(NC,40),AKOU(NC) 

TXO = 0 	TUC = 0 	IU1 = 0 
C 	 =0 

CALL IVILLOV (X)0) 
"ALL NULLRV (J 9() 
CALL NULLPV (01,N1) . 
CALL NOLLPV (P1 10) 
CALL HuuRif (W:RAPONC) 
CALL NULL9V (K1U, NC) 
CALL NULL 	(KCO,NC,Nn) 

C 
C 
	

(RECALL TO PEST IXO,ETC TO I. WHERE NECESSARY) 
C 	EXCITATION TYPE (I) 

	
X(1) = UC = Ul = C. 

C 
	

EXCITATION TY9E - M 
	

X9(11) = 21. PSIA, U/(5) = .1*NS(8) 
C 
	

EXCITATION TYPE (3) 
	

NI(i) = 10 MILINILES = 10E-5 
C 
	

EXCITATION TYPE (4) 
	

UO(5) = .14 13(51 
C 
	

EXCITATION TYRE (c) 
	

X0(10) = 20. PSIA 
C 	EXCITATION TYPE (6) 

	
'JD(8) =-.1*NS(8) 

C 
C 
	

Foom THE STEAIY STATE SET OF EINATIOHS (83,175,177 OF.WINFRITH 
C 
	

STMNLATOR) AND ONE TO THE FACT THAT STEP INPUTS ARE USED, THE 
C 
	

FOLLnwING STATFVENT jS INTRclUcEI FOR EXC. TYPES (1) TO (G).(CHCK 3) 
C 

KCO(2,1) = 8.1195/YS(1C) 
C 

GO TO (9,2/ 31 4,5,6), 'TYPE 

2 Iv! = /HD = 
xr(10) = 20. 

	£ 	U0(0) = •i*US(A) 
GO TO 9 

3 IUY = 
Un(1) = IC•E-5 
	

OK9AL 
GO TO 9 
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4 IU0 = 1 

un(g) = 014US(9) 	 PE(MW) 
GO TO 9 

5 1)(9 = 1 
X0(10) = 29. 	 PO(PSIA) 
GO TO 9 

6 '01 = 1 
U0(1) = - e1*US(3) . 	 PE(MW) 

C 
9 CALL MULMXV (KO1,0,UCIAR,NC,H0) 

Ir (TUC.E0,R.AN141In1.EQ.0) GO TO 19 
C 
C 	= - KOG#U0 
C 	KOG = KOR490 	(KOR41C - I1*K.00 

r*,ALL 11ILTI (KIROCI RCINI,NIWC) 
10 15 J=1INC 

15 RO(I,I) = RC(I,I) - 1. 
PALL MULTI (7r;I K^.0,Arn,NC,W,I nn) 
CALL WILT' (KIR 1 911 K7r;INC,Non) 
CALL Ann 	(KOr-,,ACI,KrIC,NC,NO) 
CALL WRRMX (KOG,NC,N0,30HOG (IJC(T) = -KR-cX(T) -K0G4 10)) 
CALL muLmxv(K01,(J0,K9U,NP040) 
CALL DlEliYR (Knu,NM 

C 
C 
	

TEST IF !MN IS REOUIRE1 TO RE CHANGED TO EVALUATE ITS INFLUENCE 

IF (IKOU.EO.1)CALL KIUCHG (NC,KOU,K1UOR) .  
C 
C 
	

TEST IF Knu HAS TO RE RPCOP4OUTE1 FOR OC CCMPENSATfON 
C 

IF (I0C.E0,1) CALL nPCOMP (N,MC,N0,A0C,A1,A2 I RC,RC1,NCI,K1UOR IK1U, 
1 	 OC IT11091 ACI,AKOU) 

C 
C 	VOL' = \i*OlG*UO 	 FOR NON-SATURATING CASE 
C 	BOG = ti - 9c*KnR14.tnn 4  nc4Kcol = nn - 1C*K9G 

C 	 HEN1E IOU = v*(an*up 	nc*Knui 
C 

CALL 4ULmYV 01101,4U,N00) 
CALL MuLMXV (BC,K00,12 1 N,NC) 
CALL Annv 

C 
11 CALL MULCMPV (VOUI VRU,N,N) 

C 
C 	V1U IS NOW INV(Wi)4.11G4UP, 	 £0.(21) MAIN PROG. 

C 	9U F: 10G*U1 = (R0*U0 + 1C-41KOUI 	/ VALID ONLY FOR L = KASAT = 1 
C 	U10 = 1149U 	 0 = KSUM, = 
C 
C 	 I.E. WHEN THE CONTROL VECTOR IS WITHIN THE CONSTRAINTS 
C 

rrxe= 10HSTER 
RFTURN 
ENO • 
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Appendix F  

List of results of SIMULA for cases of REGULA 

Below tables F.l (a) to F.l (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.1 (a). 

All results are for excitation type (6), i.e. a change of -1CZ 

in demand of electric power. 



.' 

• 

Costs Results 
,. 

Peak deviations from Case (s~c) ~o' x30 U u 
c1 C2 

X 18 u U X;o , 
Pd 

of y. y. ' ,PMEC c1 ~ 'M TCV 

316 .1 1 I' :1 6. +.73 +1.1' 
2.4 

-.2..:.2 ' -.15 

317 .3 1 r ' ' 

1 6·5 ' +.79 +1.2 ' 2.6 -M -.16 

300 1 1 1 1 6.5 +.81 +1.3 2.8 -1.:.2 -.16 

306' 1 1 1 10 . 5·5 
+1.1 ' +1. 

2.2 , -~1. -.14 

308 1 1 i E2 '3·5 
+2. +·51 1.2 ' ' -18., ' .. ~.13 

;309 1 1 1 E3 ·5, 
+2.=.., +~04 , ~29 -.22.:. -'.15 

310 1 1 1 E4 ·5 . +.2d o. .22 -25· -.11 

302 1 1 10 1 10. " +.41 +1..:.2, 
1h. -4.1 -.2 

327 1 1 10 E3 .6 ,+b.2. +.1 .4, '-12. -.13 

325 1 I, 10 E4 ·5 
+1'.3 o. 

.22 -12. -.1 

303 1 1 E2 ' 10 13. +.27 +2.6 
~' -2.8 -.23 ' 

328 1 1 E2 E3 .6 +.68 +.2 .62 -b.. -.11' 

326 1 1 E2, E4' ·5 
+.72 o. 

.23 -.9.:.2 ' '-.11 

305 1 1 E3 1 25· 
+.09 +.2:..5. II'. 
-1.2 -·3 

Table' F.1 (a). Results of SIMULA (free ,'simulation) for 

cases of RIDULA 

Case (3) in FDBCKl at 1oa%,of full power 

" 

s.s. 

x 10 

3:9 

" 1·5 

.46 ' 

1.1 

4.8 

9.4 

,II. 

'.64 

13. 

',15· 

2,.3 

19. 

22. 

1.6 

(uds = PE ,~tep disturbance, 

u = PE ' steady state): 
S8 ' 

Constraints on deviations: 
-40. ~ ~o <+ 40. psia 

-1. < X3 0 <+ 1. cis 
-1. < u <+ ,I. 

- c1 
-1.45 < u 

- c2 
<+ 1.8 

Notes: (i) Values underlines violate constraints. 
3 

I 
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Case 

Costs Results 

x10  x30  

of 

u ci  

YA pd 
 

u 
C2  

YT CV TCV 

T 

(sec) 
x
1  NEC 

Peak deviations from s.s. 

UC i 
U
c2 Y30 X10 	• 

329 

330 

304 

307 

318 

319 

324 

321 

322 

344 

0080 

331 

336 

0084 

0081 

334 

335 

333 

332 

340 

341 

1 

1 

1 

1 

1 

1 

1 

1 

.1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

E3 

E3, 

E3 

E4 

E4 

E4 

E4 

E4 

E4 

E4 

E5 

E5 

E5 

E5 

E6 

E6 

E6 

E6 

E7 

E7 

E7 

E3 

E4 

E5 

1 

10 

E2 

E3 

E4 

E4 

E5 

E3 

E4 

E5 

E6 

E3 

E4 

E5 

E6 

E5 

E6 

E7 

.8 

.5 

.5 

45. 

35. 

20. 

.9 

.5 

.5 

.5 

.6 

.5 

.5 

.5 

.4 

.5 

.6 

.6 

.5 

.5 

.5 

+.3
2  
4 

-11  
+.36 
-ILL 
+.36 

.41 
- 
+
.12  

-
o. 
-0 9 

-
o. 

0 9  
+9.3 

• 1 1 31. 

36.  

37.  

2.8  

6.1 

23. 

52, 

61. 

.23 

-.79 
,,, 
1-2.1 

15. 

+.06 
-.63 
+.08 
-.8 
+.12 
-ill 
+.18 

-.55 
+7.2 
-.4 
12 
--3 
+.8 
_.1  

+xi 
-.1 

- 0. 
.), 

o 
-.1 

+1.4 
-1.6 

LI 

1 . 8 

-33 

.25 

.23 

-1  -2  

+.19 
-2.8 

110. +.106 
-. 
+.19 
-1.8 
+.07 
-.93 
+.06 
-.99 
+.06 
1.  

62. 

9°' 

-57 

.25 

.23 

5.4.4. 

It  

'45  

.39 

.77 

.68 

.67 

330.  

110. +.09 
-.1 

0. 
_.1  

0. 
-.1 

+2.5 

110. 

110. 

160. 

+.06 
...1. 

+.05 
-.5 
+.05 
...53  
+.05 
--53 

- 
+.53 

+.03 
-.27 
+.03 
-.27 

-.27  

-.56 
+.21 -.15  
+.21 
-.15 
o. 

- .1 
o. 

-.12 
- O. 
.1 

_.1  

190. 

III. 

190. 

330. 

330. 

Table F.1 (b). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 
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Case 

Costs Results 

x10  

Pd 

x30  

Of 

u 
cl 

YM  

u 
c2 

YT CV TCV 

T 

(sec) 
X1 8 

MEC 

Peak deviations from s.s. 

u
Ci 

u
C2  

Y30 xio 

311 

0001 

352 

312 

0002 

351 

314 

313 

0003 

315 

323 

0090 

0091 

0092 

0093 93 

0086 

0088 

0087 

0089 

350 

353 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2.1 

2.1 

2.1 

2.1 

3.1 

3.1 

3.1 

3.1 

5 

5 

10 

lo 

lo 

E2 

E2 

5E2 

E3 

E3 

E3 

E4 

E5 

1 

1 

1. 

1 

1 

1 

1 

1 

1 

10 

1 

E4 

E4 

1 

E4 

E4 

1 

1 

ELI. 

1 

E4 

E5 

E5 

E6 

E6 

E5 

E5 

E6 

E6 

E4 

E4 

1 

1 

E3 

1 

1 

1 

1 

E3 

1 

1 

1 

E5 

E6 

E5 

E6 

E5 

E6 

E5 

E6 

E4 

E3 

4.5 

25. 

.9 

.6 

2. 

.4 

.09 

.3 

1.7 

.06 

.05 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.6 

.8 

+.99 
-14. 

+.76 
-.5 
-1-.2t,/ 

+.75 
-.11 
+. 31 
-2.9 
+1.6 
-.17 
+.34 
-2. 

.2 5.7 

13. 

52,_ 

7.9 

42. 

11. +.62 

1.8 +.18 
-1.7 

.55 

1.16.  

.97 

.07 

.14 

.51 

.05 

.02 

.25 

.23 

.43 

.33 

.25 

.23 

.44 

.3 

.72 

It  z 23.  

+2. 8 
-22. 
+.16 
-1.6 

22. 

11. 

11. 

6o. 

+.18 
-1.8 
+.1.1 
-2.1.. 
+. : 

+.65 
-5-7 

- 
- .
0
3 2 

+.93 
- .22 

-3  +0.9  

-2.2z. 
+. 31 
-3 . 

+I-2 -25. 11. 

..6.1:.  

90. 

1 .9 
+1 - -9 

+ .1.  
7.121. 

- . 9 
. 

-0.09 
0. 

-.1 

- 	
. 
. 0o 9 
- 

- .00 9  
. 

- o.09 

-
o. 

.
o
1  

- . o0 9 
+.23 
-.11 
+1.7 
-.12 

-1 ..
0

C 

o. 

+.12 1 

21. . .1 
+112 -. 

160. +.07 
-.65 
+07 
-..65 
+ .14 
- 

160. 

82. 

82. + .14 
-..12. 

140. +. 	8 
-.7 
+.8 
.7 

+.28 
7212 
+.23 
-2.3 

140. 

39. 

Table F.1 (c). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 
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Case 

Costs Results 

x10  

Pd 

x30 

6f 

uci 

YM 

u0-2 

YT CV TCV 

T 

(sec) 
xi8 

MEG 

Peak deviations from s.s. 

ucl u C2  x30  x 10 

301 

343 

345 

346 

348 

0085 

339 

338 

337 

342 

0006 

0007 

0008 

0118 

0119 

0120 

0134 

0135 

0136 

0137 

0004 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E3 

1 

E4 

Elf 

E5 

E5 

E5 

E6 

E6 

E7 

E7 

E4 

E4 

E4 

E4 

E4 

E4 

E5 

E6 

E7 

E8 

E4 

1 

E4 

E5 

E4 

E5 

E6 

E5 

E6 

E5 

E7 

1 

10 

E2 

E3 

E4 

E5 

E5 

E5 

E5 

E5 

1 

6'5 

.8 

.5 

.9 

.5 

'5  

-5 

.5 

.5 

.5 

16. 

15. 

25. 

8. 

.7 

.5 

.5 

.5 

.4 

Imprecise 

1.7 

.82 + 
-8. 

+.54  -112 
.6 +3 

-34 

. 
-. +116 

3  

4-'41-.12  
. 

-0.95 
+.78 
-.11 
+.01
-1.1 

0. 
-.1 

+.1 
-.1 

-.1 
.21 
- +.15 
0. 

-.1 
+.1 11 
-.3 
+la 
-.11 

-'11 

1.1 

.05 

31. 

52. 

61.  

62.  

110. 

36.  .23 

1.8 + 1 
-. 1.7 

8 

.33 

.23 

.57 

.25 

.99 

.39 

.615 

+.19 
-1.8 
+.19 
-1.8 

0.  

.06 
- 
+
.99 

+.06 
-1.  
.C5 
- 
+
.53 

+ 05.- 
-.53 
+.19 
-2.  

110. 

190. 

190. 

7.7 

7.8 

9. 

16. 

31. 

36. 

110. 

6.4 +.19 
-2. 
+ 
-

2.
121 6. 

3.9 

+
2
. 	9  

-  

+1.8 +.26 
-2.6 -.19 

+. 4 
-.12 
0. 

--1  

-.09 
+.09 
-.1 
+.21 
-.15 

REGULA 

+. 9 
.2 

1, 

.23 

'33 

.57 

.98 

2.1 

+.01 
 

+. 34 
-1.12 
+. 36 
-1-11 
+.19 
-1.8 

110. +.06 
-.99 

+.05 
-.53 

in 

+.31 
-12. 

190. 

25. 

Table F.1 (d). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 
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Costs Results 

Case y xio  

pd  

x30 

Of 

ucl 
Y' 
M 

u 
C2 

Y' TCV 

T 

(sec) 
„, .A 18 

Peak deviations from s.s. 

P MEC 
U 
C2 

X30 Xio 

0005 

320 

0009 

0012 

0015 

0010 

0013 

0016 

0011 

0014 

0017 

0029 

0030 

0098 

0100 

0099 

0101 

0094 

0096 

0095 

0097 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

20 

20 

20 

20 

30 

30 

30 

30 

E3 

E4 

E4 

E4 

E4 

E4 

E4 

E4 

E4 

E4 

E4 

E5 

E5 

1 

1 

1 

1 

1 

1 

1 

1 

E4 

1 

E4 

E4 

E4 

E5 

E5 

E5 

E6 

E6 

E6 

E4 

E5 

E5 

E5 

E6 

E6 

E5 

E5 

E6 

E6 

10 

1 

10 

., 
E2 

E3 

10 

E2 

E3 

10 

E2 

E3 

E2 

E2 

E5 

E6 

E5  

E6 

E5 

E6 

E5 

E6 

1.8 

.05 

.11 

.16 

.2 

.13 

.2 

.2 

.1 

.15 

.2 

.1 

.1 

.5 

.5 

'5  

.5 

.6 

.5 

.6 

.5 

.31 

-1-.21 
- .11.  

9 
- 
+.
.15 
.6 

2.1 25. 

8.1 

36. 

36. 

36. 

60. 

60. 

60. 

.06 

.29 

.29 

-.29 

.51 

.51 

.5 

.89 

.89 

.87 

.04 

.05 

.44 

.23 

'77 

.25 

.54 

.23 

.95 

.25 

48.  

.36 
- 

+. 
-4
4 

 1 
+.06 
711.2  
+.02 
-- 6  
+. 
-33 5 

.36 
-.3..L 
.36 
-ILL 
1 +.9 

-1 8 
+.19 
-1.8 

+.1 
-1.3 
+.1 
-.6 

+.45 
-4.4 

100.  

+.19 
-1.8 
+.06 
-.99 
+.06 
-.99 

+.06 
-.99 
+.36 

-ILL 
+.19 
-1.9  
+. +.23 
-2.2 

100.  +.25- 
-1.6 

100. +.24 
-.65 
+.39 
722..L 
+.38 +. 
-3.3 

37. 

6.1. 

.511. 

11. 

18 

+.08 + . 
-.09 
-0.
.09 

-.11 

209  

+.1 
-. 1 
. 

-O.09 

::11  

. 
-0C9 

+.23 

-1.2 

61. 

E. 

-1-1i-  

+.5 2 
-2 4 
+.6 
-2
2
.5 

21. 

82. 

+111 

+ .14 
*ILI 

Table F.1 (e). Results of SIMULA for cases of REGULA.  

Continuation of Table F.1 (a) where the comments are written. 



Case 

Costs Results 

x10  

pd  

x30  

6f 

u 
C1 

Y' M 

u 
C2 

Y' TCV 

T 

(sec) 
Xie 
P MEC 

Peak deviations from s.s. 

uci u 
C2  X30 Xi 0 

0103 

347 

349 

0142 

0104 

0105 

0122 

0121 

0123 

0138 

0139 

0140 

0141 

0037 

0023 

0019 

0018 

0020 

0031 

0038 

0021 

30 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

1 

1 

1 

1 

1 

1 

E2 

E2 

E2 

E2 

E2 

E2 

E2 

E4 

E4 

E4 

E4 

E4 

E5 

E5 

E5 

5E6 

E5 

E5 

E5 

5E6 

E7 

E4 

E4 

E4 

E5 

E6 

E7 

E8 

E5 

E6 

E6 

E6 

E7 

E5 

E5 

E6 

E6 

E4 

E5 

E6 

E6 

E6 

E4 

E5 

E6 

E5 

E5 

E5 

E5 

E3 

10 

E2 

E3 

E2 

E2 

E3 

E2 

.5 

13. 

.8 

.5 

.5 

.5 

6. 

.6 

.5 

.7 

.9  

.6 

.4 

1.8 

2.2 

2.2 

1.9 

1.5 

.11 

.15 

.13 

4-..8 

++.23 . 
-2.4 

_0;1, 

+2 .1 

.37 

4.5 

120. 

14. 

31. 

36. 

22- 

110. 

-.17 
+ .41 
-.12 
. 

- .
0
C9  

+.06 + . 

+.09 
-.1 
+1. 2
-.17 
+.2 
-.11 
. 

- 	. 

+ 
-..12

41 

-.18
-.11 
+1. 4 
-.16 
+2.5 

2 

1.1 +.34 
-112 
+.36 
-111t 

1 .1 
+1 

.23 

.49 

.57 

2.6 

06 
+.9 -.9 

+. 46 
-4.6 8.5 

19. 

22. 

31. 

52. 

E?. 

160. 

.62 

.23 

1.1 

. +668 	
-. . 
.2

3  
+6 7 
-..

0
1 

+ .34 
-112 

+-118 7  1.8 

._4.2 

5.,/1  

2.1 

+.07 07 
-.93 
+.05 
-.5 

+3:1  

+.1 ILL 
-1.66 

-.56 

4-..7_ 

+ 
-.61 
+1.6 
-.17 
+1.6 

+2.9 

26. 

42. 316 

3-:--6  Lill' 

42. 

Z. 

36. 

36.  

60. 

+.16 
-1.6 
+.16 
-1.6 -.15  

, c. +.07 
-.87 
+.36 
71,11 
+. 36 

-1.8 

.29 

.29 

.51 

+. 
-44 1 
+. 06 
-1.5 

1 .9 
+1 8 

+.3 

Table F.1 (f . Results of SIMULA for cases of REGULA 

Continuation of Table E.1 (a) where the comments are written. 
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350 

Costs 
. 

Results 

Case x10  

Pd 

x30  

Of 

u Cl  

Y' M 

u 
c2  

Y' TCV 

T 
(sec) 
x18 
P MEC 

Peak deviations from s.s. 

ucl u 
C2 

x30  x10  

0022 

0106 

0107 

0111 

0113 

0114 

0041 

0042 

0046 

0143 

0112 

0108 

0109 

0115 

0124 

0125 

0024 

0025 

0026 

0060 

0062 

E2 

3E2 

3E2 

5E2 

5E2 

5E2 

5E2 

5E2 

5E2 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E3 

E5 

1 

1 

1 

1 

1 

E5 

E5 

E6 

1 

1 

1 

1 

1 

E2 

E2 

E4 

E5 

E5 

E5 

E5 

5E6 

E6 

5E6 

E7 

5E6 

E7 

E7 

E6 

E7 

E6 

E5 

E7 

E7 

E8 

E4 

E4 

E6 

E6 

E7 

E7 

E7 

1 

E3 

. E6 

E6 

E6 

E6 

E7 

E3 

E3 

E3 

E6 

 E6 

E6 

E7 

E7 

E5 

E6 

E3 

E3 

E3 

E4 

E5 

.2 

.6 

.6 

.6 

.6 

.5 

.8 

.9 

.1 

.6 

.8 

.9 

.5 

.5 

4. 

.5 

16. 

1.8 

2.2 

1.9 

1.7 

+.19 
-1.8 

+ .1 
-1.3 
+.24 
-.1 

31 +. 
-.11 

39 
-.
.
1  

+ 

+ 
-.12 

0C - . 9 

+.59 
-.54 

.1 +1
18 -. 

+ .36 
"121. 

2+
1  -1 

+.65 
-.1 
+.78 
-.11 
+.01 
-.1 
+09 
-..1 
+.8 
-.14 

1 +.
3  -.1 

61.  

..47 

+ LI 

.51  

.81 

.95 

1.1 

1'2' 

IL . 

21- 

56 . 

Ei . 

34. 

52. 

42. 

19. 

Af4. 

52. 

110. 

1 +.
6  
6 

-1 . 
+ .13 
71„1 

1 +.8 
-1 8 
+115 
-.5 .6.2  - t 

.27 

1.4 

1 .6 
+1 5 
+.27 
-2.6 

22  

.18 

.63 

1.6 

+.5 
-1
1

4 . 
+.9 
-228  

... 
68 

+6 -. 
+.21 
-2.1 

1.8 +.18 
-1.7 

.33 

.57 

1.8 

+.19 
-1.7 
+.6 
-.99 
+.99 
-8.8 6.1 

13. 

7.8 

25. 

AZ" 

42. 

1..L.- 

.4 

6.4 

-12. 
+.3.1 .19 
-2 

+
.15 -  

+.93 +
-
.
.
9
15  

+116 
7 -. 

+1.6 
-.15 

-.13 

2.1 +1. 
-1. 

31  

+.16 
-1.6 

- 

-3-4-6  

..2 

it 

+.16 
-1.6 

+1.4  +.17 
-1.6 

Table F.1 (g). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 
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Case 

Costs Results 

x10 

P
d 

x30 

8f 

u 
Cl 

Y' 
M 

u 
C2 

TCV 

T 

(sec) 

xle 
P 
MEC 

Peak deviations from s.s. 

u 	u 
C 1 	C2 

X30 Xi 0 

0061 E3 E5 E8 E4 1.2 
+.07 	t2t2 

87 	-.64 -6'2' 211.  

0063 E3 E5 E8 E5 .7 
+.07 	+2.5 m 7 

2-Z'  -.9 	-.24 J'i  

E6 
+.35 	+.23 0051 E3 5E5 E3 .2 

 -2.8 
.56 

34' 

0050 E3 5E5 E7 E3 .3 
+.18 	+.34 

 .97 IL- -1.8 	-2.  

0°27 E3 E6 E6 E3 .12 
+.36 	+.4 

.29 36. 
- A 	-4.1 

+ 	+ .36 	.06 0032 E3 E6 E6 E4 .16 36.  
.
29 

7/4A 	7.1,t2 

0033 E3 E6 E6 E5 .2 
+.36 	+.02 

 .29 36. 
-3.4 	-.62 

0028 E3 E6 E7 E3 .14 
+.1? 	+.3 

.51 60. 
-1.0 	-3.5 

0034 E3 E6 E7 E4 .13 
+.19 	+.1 

-1.8 	-1.3 '51  1'2'  

0044 E3 E6 E7 E5 .3 
+.27 	+.58 

 
-2.6 	-.26 

1.4 34. 

0110 3E3 1 E7 E7 .6 .54 46. 
+.5

4 	

+.13 2 

-2 	-.1 

0116 3E3 1 E8 E7 .6 
+.13 	+.31 

 
-1.3 	-.11 .95 21- 

0052 3E3 E6 5E6 E4 .4 +.29 	+.32

-2.8 	-1.1 .9 36. 

0053 3E3 E6 E7 E4 h  

*- 
+.24 	+.39 

-2.4 	-.91 2.:.1 142.- 
+.24 	+.38 1  

0057 3E3 E6 E7 E5 .4 
-2.4 	-.39 44-  --1'  

0065 3E3 2E6 E7 E4 Imprecise in REGULA 

0075 3E3 2E6 E8 E5 pt 	It 	vt 

0054 3E3 3E6 E7 E4 It 	 It 	Vt 

0055 3E3 3E6 5E7 E4 It 	 tt 	It 

0056 3E3 3E6 5E7 E5 .2 
+.16 	' +.13 

-1.6 	-.84 '57 
68. 

0068 3E3 3E6 E8 E5 .16 .68 22. 4-'134-'17  -1.3 	-.85 .  

Table F.1 (h). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 
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Case 

Costs Results 

x10  x30 

Of 

uci 

YM  ° 

uc2 

YT CV 

T 

(sec) 
xi g 

PMEC 

Peak deviations from s.s. 

u 
cl 

u 
C2 

X 30 i 0 
 

X 

0117 

0126 

0127 

0064 

0049 

0043 

0045 

0058 

0066 

0067 

0070 

0071 

0059 

0048 

0144 

0145 

0128- 

0129 

0130 

0131 

0132 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

5E3 

ELI- 

E4 

E4 

E4 

E4 

E4 

ELF 

1 

1 

1 

E5 

E6 

E6 

E6 

E6 

2E6 

2E6 

3E6 

3E6 

5E6 

E7 

1 

1 

1 

1 

1 

1 

1 

E8 

E8 

E9 

E8 

E6 

E7 

E7 

E8 

E7 

E8 

5E? 

E8 	, 

E8 

E7 

E7 

E8 

E9 

E9 

El0 

El0 

El0 

E7 

E8 

E9 

E5 

E3 

E4 

E5 

E5 

E4 

-E4 

E5 

E5 

E5 

E4 

E8 

E8 

E8 

E9 

E8 

E9 

El0 

.6 

.5 

.5 

Imprecise 

.5 

.8 

.8 

Imprecise 

If 

It 

Imprecise 

It 

• 

+.15 
-1.5 

+.47 
-.12 

-
0
.09 
+.02 
-.1 

REGULA 

+.47 
7.3.2 
+.59 
-.51 

+.58 
-.26 

REGULA 

" 

II 

1-.'72 

+.32 
-.72 

REGULA 

rt 

. 
-0.09 

+.01 
-.09 
+.09 
-.1 

-
0
.09 

+.21 
-.15 
0. 
-.1 
0. 
-.1 

1.3 12z. 
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Table F.1 (i). Results of SIMULA for cases of REGULA  

Continuation of Table F.1 (a) where the comments are written. 
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Table F.1 (j). Results of SIMULA for cases of REGULA 

Continuation of Table F.1 (a) where the comments are written. 



APPENDIX G. 

SIMULATION PLOTS AS PRODUCED BY SIMULA AND SIMSAT 

Following are the simulation plots produced for case 0126 of 

REGUIA, 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 FDBCK1 of MXEV2X1 (see 

section 6.4). 

Specifically: 

Section (G.1) contains plots of case 0126 from SIMULA (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 0126 from SIMSAT with a reduced 

set of feedback variables arid D.C. compensation. 

Section (G.4) contains plots of the uncontrolled plant, corresponding 

to case (7) in FDBCK1 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: 

(i) The time scale is piece-wise 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. 

(ii) 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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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. 

(iii) 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. 

(iv) The steady state values are written at the top of each 

plot. 

(v) Not all the variables are plotted. 

(vi) 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.1. 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. : 

U
d8 

= -0.1 u 
S8 

where ud = Electrical power disturbance, step input. 
8 

 

u = Electrical power, steady state value. 
68 

• 

See comments in introduction to appendix (G). 
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400.00 

- 500.00 
A00.00 
700.00 
000.00 
900.00 

1040.00 
2000.0U 
3040.00 
4000.00 
5000.00 
6000.00 
7000.00 
8000.00 
9000.00 
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STFP 
	PFSPn iSr OF sysTEfr lOIC130.311. CASE 126 CF WEGULA FON' C4iF J. CAC TOW I Al 

SCALE 	 4411 	5. 5/ATE .ALUE 

ill 4 	)Er 	11 0 90017,1m  1. • .10.02 LM/SEC 3.4493E.02 
(21 ♦ 7Et171 = 	wt. 1. • 5'01 LM/SEC 4.1067E.03 
t3) 41131-L0(41 0 OL 1. • •2F.10 INCHES 0.E.00 
(4) 4) 2 TR0E6 1. • .2E.01 NORMALIZED 4.6410E-01 

	

44444444+44444  4444444 i4+44414+144.41*44.4. 	 
•.1 	O. 	- 	.1 	.2 

4 

     

TIME (SECT 
1. .3 .4 •b 

• 
.7 .4 

• 

3  . 	 - 2  * 

- 

ZERO 
.01 
.02 
.03 
.04 
.05 

4 	 .06 
4 	 .07 

• .08 
.0• 

♦ .10 
4- 	 .11 

4 - 	 .12 __...  

4.00 
6.00 . 	_ 
6.00 
7.00 

4 
4 

.00 

.85 

.90 

.95 
1.00 
2.00 

a. - 	- 	4 X2 	 3.00 
-3- 2 	1 

-- 	- * 	- • 

4 

. 	. 	_ 	.. 

1 	 - 	4 	- 

1 	4 	_ _ 
/ 	' 	 4 	...,, 

	

. 	_ -- 	 -4, 	_ _ 
1 	 4 	. 

	

-1 	 . 	. 	_ 	.. 	• 	4- 

	

1 	 4 	- 
7-7 	 .55 

X 	I 

 	4 

X- 	- 
4 	/-- 

4 • .- 

4 	4 	 1 	 A 	 9.00 
--- 10.00 

U.00 

4 	3 
. 

,- 	. 

,:, 	, 	,• 

_ . 

4 
4 

 . 	4 
4 

1 

-1- 
1 

* 	1 
1 

1 - 
1 
1 

1 

1 
1 
1 

' 	- 	1 
1 

1 

1 
- 

1 

3 
- 
• 

• 

3 
3 

-_ 	- 	. 	_ 

+ 

. 	• 

2 	- 

• - 2 
2 

- 2 _ 	2  
2 
P 

P 
2 
2 
2 
2 
2 
2 

-a - 

_ 

- 

a- 

. 	• 	- 

-_,-_, 

4, - 

_ 	- 

..- 

4 
4 
4 
4 	-- 
4 

4 
4 
4 
4 
4 

_ X 

... 
3 

3 	 • 
a ' 

---- - - 	3a- 
- *3 

• 3 
.3 

' +3 
X 
X - - 

- 
x- 

• 

. 30.00 
40.00 
50.00 



• 
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STFA 0t:50c45F OF 4Y6TF. 	nOC(30.34t. 	CASE 	126 	OF wt.GOLA FOw C..t. 3. 	tAC 	1YPF 

SC01.0 	0017 	S. STATE vALUE 

bI 

11)  X0( 11 5 OAM 	• 1. • -20.43 2.37750..02 
12)  KA( 51 2 U)ASw 1. • .20.01 NORUAL1200 1.01360.00 
(31 X( 21 5 	0154Am04SH 1. • -10.31 WORwALI20G 1.05760.00 
141 • XI 1) 5 x7Rxwo))5* 1. • .50.01 NOR00L1/00 1.05760.00 - 

-.7  .1 .2 .• .5 .6 .6 .4 1. 
4 4 • • 

TIME (sod) 
e•• 

ZERO 

. 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.06 

.09 

.10 

.11 

.12 

.13 

.14 

.15 

.16 

.17 

.16 

.1% 

.20 

.21 

.22 

.23 

.24 

.25 

.26 

.27 

.26 

.29 

.30 

.35 

.40 

.45 

.50 

.55 

.6U 

.65 

.70 

.75 

.85 

.90 

.95 
1.00 
2.00 
3.00 
4.00 
5.00 
6.06 
7.110 
8.00.  
9.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
40.00 
90.00 
100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
750.00 
800.00 
400.00 
1000.00 
2000.00 
3000.00 

xl - - 	 • 	- 	• 
xl 

21t 4 I 
? A • 

3 

_ 

: ? X 
25 
22 

4 
3 

- 

• 

3,1, 
' 	4 

- 	I 

-♦ 3" 
. 2 

13 
•_ .•  

• __ -4 3 - 	I 
- 3 

• • 4 + 4 4 • I 	. • - 	2 3 - 4. • .. . • I 2 3 
. . 	4 I - 	3 

I 2 3 
a 4 1 2 . . - 3 

3 
4 r i _ 
4 -  ' 4 -- I 2 .._ 

• • . I . 2 3 
• 0 . I 2 . ..• 3 
• 4 . 1 2 3 

1 2 
• 

4 
4 

3 
3 1 2 

4 
• I 2 - 3 • 

1 2 
• 4 . 1 . 2 - _ 	..._ . 3 ._- _ 	_ . 	. 	. 

2 3 ' 
• 4 • . 1 2 3 

• 4 1 ' 2 3 

4000.00 
5000.00 
6000.00 

. 7600.00 
8600.0U 

- 9000.00 



-4  
21 

_ 1 -a 	 
2 

- 	 2 

- 	

• 	

- 

2 
X 

- 	 21. 
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STFO 	- 4-rsPnsosF OF systEw 4cctlao01. CASE 126 CF PEGULA FOP CMSE 3. EAc TYPE 1 61 

SCALE 	Orr/ 	S. STATE VALUE 

11/ 	UC(1/ 0 V•OEM 	1. • -28.110 hCP4AL12E0 	A.E400 
121 • 	UC(2.1 3 VTCVnEll 	1. • .18.01 NCH•AL1ZEC 	1.4401E000 

	 TIME 1SEC) 
.6 	.8 	.9 

	
1. 	4.1.* 

• - 

	

i 
	

ZAP() 

	

1 	 .01 

	

1 	2 	.02 
• : 	 .03 

• - 	 I 	 .05 
1 

_ . 
	2 	.04 

	

1 	2 	.06 
4 - 	 - 	2 	.07 

	

2 	.06 
.09 

	

1 	2 	.16 
.11 

	

1 	2 	- 	 .12 

	

2 	.13 

	

2 	 .14 

	

2 	.14 

.1/ r 	.10 

.19 
ir 	 .20 

.21 
--r 	 .22 

2 	 .23 
.24 
.24 
.26 
.27 
.20 
.24 
.30 
.34 
.40 
.44 

I 	2 .54.4 
• - _ 	- -  - 	 - - - - 	• 	• 	- _ 	 _ 	- 	_ 	 - 	 _  	

.60 

.54 

	

-=•z:r " 	 _  	 - 	 22:77 	 .65 
.70 

	

4 	 ii 	 .75 
.80 
ebb' 
.90 
.96 
1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
7.00 
2.00 
9.00 
10.00 
20.00 
30.00 
40.00 
40.00 
60.00 

	

2 	 70.00 
1 	 '4 	2 • 	4 	

• 	

00.00 
1 	 90.00 
1 	 2 	 100.00 

200.00 
2" 	300.00 

400.00 
2 	740.00 

- a - 	880.08 

	

X 	 2 	 700.00 
600.00 

2 	900.00 

	

A 	 1000.00 

X 

	

X 	 . 
• • 	 • 

7- 	2000.00 
2 	3000.00 

4000.00 
4000.00 

2 	6000.00 
2 	7000.00 

8000.00 
9000.00 

•.? 	4.1 	0. 

	

- 	4 	4 
4 
• 

.2 	.3 	. 	.4 	.5 

• 

2 
22  

I I 	?a  2  



-NAME - 	UNIT ' 
	

S.STATE 
	

CONSTRAINTS 

`UPPER LOWER - 

CONTROL "INPUT (UC) - - 

UC( -11 E' vmDEm 	-'--NORMALIZED --  0.E+00 	-- 
777_ 7,7, UC( 2) a vTCvfEM i=7NORMALIZED 	1.450E+00 

'nE9TvAT/vE-0-  - UC (-2) E- ,eTCVOEM ----  NORMALIZED/SEC 

=-7_--' 
-"STATE-VAR/AHLES; 	

. _ 

1.000E4)n 
3.250E+00 
3.300E-03 

-.1.000E+10 - 
0.E+00 	-- 

-3.300E-13 

'X( 	1) 	E EHTOASH---- NORMALIZED-. 1,058E+00 
x(10) 	E 	op 	PSIA 	. 	. 	4.400E+02 
'x(I0) 	E-vo 	---- 	PSIA 	' 	/SEC 
X(11) 	E 	H 	Ld - 	- 	. 	8.452E+04 

-4(12) 	E 	'1.4 	- 	0 	- 	3.470E+04 
--X(I5).-ii 	rmEGA 040/SEC 	-- 	1.516.E+02 
_-k (16) 	i 	,E,.4 0/SEC 	-. 3.449E+02 
;4(19) 	E 	1,14 NORMALIZED 	4.641E-01 
-X (14) 	a.  vP 	,- NORMALIZED/SEC 

(21 ) 	E 	'em NORMAL-11E0 	0.E+00 
(21) 	vt" NORMALIZED/SEC 

X(22) ---NORmALIZED 	9.200E+.01 
-x(23) xTCV - 	NORMALIZED 	9.501E-01 

-77 

 

74(28) rFl INCHES 	. 	0.E.00 
-X(29)  TF2 0.E+00 
-X(30)  C/S 	0.E+00 

2.000e.01 
9.800E+n2 

1.000E+m1 
3.300E-02 
1.000E4..14 
2.000E-11 
9.700E-n1 
1.000E+00 
1.000E+nn 
1.000E+nq 
1.000E+14 

PEAK TO PK 
9.000E+02 
-1.000E•00 
0.E+oU 	• 
0.E+00 - 
0.t+00 	. 

- 0.t+00 
0.L+00 - 

-3.300E-12 -  

-711 :=4   

u.E+0O 

-1.000E.OU - 

- 

H
I 

-7--ADDITI0NAL P44AmFTEPS 
. 	_ 

up( -
4) 

 

-7-DER IVAT I vEr7oF-,-- 	( -1) 
XA ( 5) 
Xh( 6) 
X4( 8) 
XA(12) 
XA(14) 

-• 	.• 

• PL 

= PKM 
f049)-1 

E oHSC 
E '7HP 
• KXCOUT 
• KX0PAR 

INCHES - 	0.E+00 	8.000E+010 
NORMALIZED--  4.641E-01' - 1.000E+on 

/SEC 	3.000E-05 
-kORmALIZED -  1.014E+00 2.400E•n1 

1.857E+01 
pTu/L8 	4.945E+01 - 

1.402E+00 
9.535E-01 

..8.000E+00 ..  
0.E+00 	- 

-3.000E-15 -
PEAK TO PK -  
0.E+00 
0.E+00 
0.E+00 
0.E+00 

7-F-  'T._ - 

-nERTvATIvE-0E--  
-- 	' -72' 

_ _. 

_• .• 	, 

-pER/VAT -- IVEOF"-----  _ .1 

-‘(')ERIVAT/VE-OP‘ 

27:2 	--r1 

r'7  

STEP - 
	

RESPONSE OF SYSTEM AOC(30.30) 	CASE 126 OF REGULA FOR CASE 3+ EXC POT 	6) 

LIST-OF- CONSTRAINE 0ARAMETERS AND/OR DERIVATIVES (A VIOLATED CONSTRAINT YIELDS A- wARNIN) 

PEAK VALUES 	' 
(LINEAR DEVIATIONS) 

	

- POSITIVE 	NEGATIVE 

;.0.E+01 
--- 2.2E-A2 

6.6E-12 
• 7.3E•11 
- 1.1E+01 
--9.0t:.12 
-2.8E+12 

+.1.5E+00 
+,9.3E-0Z 

-3.3E+00 
-1.1E+0,) 
V.E.U0 

-8. )E+02 
U.F.+00 

'CONSTRAINT-  VIOLATED 

CONSTRAINT- VIOLATED --  

CONSTRAINT VIOLATED 
CONSTRAINT VIOLATED 

0.E+tin 
9.3E-n3 -7.4E-02 
5.1E-12 -1.4E-01 CONSTRAINT VIOLATED - 

..1.4E+00 CONSTRAINT VIOLATED 
CONSTRAINT VIOLATED 

=2 
6.6t.-15 9.4L-03 

+.3.,ct-02 

-3.5E-11 	1.0E+Ou 

CONSTKAINT- VIOLATED 
-' 2.0E-12 	- ...1.3E-01 

4.4r:+nt.) 	-4.01E+00 
0.E+un 

_^. 

0.E+00 
0.E+0n 	-1.3E-01 
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G.2. Case 0126 asylotted 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 (01261 of REGUIA. All the state variables are fed 

back. 

The excitation is type (6), i.e. : 

u —0.1 u 
d8 	s8  

where ud8 .7=  Electrical power disturbance, step input. 

u 	Electrical power, steady state value. 
Se, 

See comments in introduction to appendix (G). 



SCALE 
	

UNIT 	S. STATE VALUE 

eHroxspi 
TPAV 
IFISTAR 
TF7STAR 
PO 

020.02 
10.02 

NORmALIZED 
DEG C 
DEG F 
DEG F 
fs1x 

1.05760.00 
4.9950E001 
1.17030..03 
S.7345E+02 
9.40000.02 
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STEP 	kESPONbE OF SYSTEM ACCI30.301. CASE 126 OF 9E.GOLA F08 CASE 3. EXC TYPE 1 6) 

:--71::-- L- --=-X-  ::--------.1 	---It7----=t------"-- --74-7-----7=-7 ---7-7--7- ------------------==:- =- ---- -------------:- --------- - - 

	

+_ •.- - 	4 1 	X 	1 1, 	... 	, 	,.._.,:..._ 	
•

__ 	 4 ._ 
-- 

1 	4X 	. 5 --. 

	

- 	1 	' 40 	- ' S - 

-=--:--'1 - 1--  ... 	 =- 431k - - "-. 1--- 5---  - 	 - :-.::-:1:1;'-::-7---_-.7.,-7.;.------= ----- :----7-7-:=7 .77----   -7  --7:77.77-:-.7- 	-- - ---   - . 	1.00 
2.00 

--:=2.----1. 0  • 	:-44-332: 	r  - ' ---'-:.:-'5.  - 5 - 	. ..- - - ' 	 - -- --'-'='--- -: -1'1=1-, - - - 	:::: 

	

1 	4 3 2-• 	5. 	 5.00 
-- I - 	4 3 - 24 	- - 	- 5 ' - 	 6.00 

	

-„-- .1 	4 	3 	24 	- 	. . ,.., 	..... . .. S 

.01 

.02 

.03 
.04 
.US 
.06 
.07 
.08 
.09 
.10 
.11 
.12 
.13 
.14 
.15 
.16 
.17 
.16 
.19 
.20 
.21 
.22 
.23 
.24 
.25 
.26 
.27 
.24 
.29 
.30 
.35 
.40 
.45 
.50 
.55 
.60 
.65 
.70 
.75 
.44 
.85 
.90 
.95 

(I/ • xi 1) 	0 
.21 4 111 41 	0 
t3I • XI 9) 	F 
14) Al 91 ; 
151 • Xt101 	2 

••2 
4 

41 .2 
- 

•3 
+ 

.4 
• 

.5 • 
.6 •7 •8 •9 

• 
1• 
• 

TIME (SEC) 

ZERO 

• 	 • 
1X5 
lAS . 

1X5 
lx5 
Ix5 	 

IX 5 
1 X 5 
1 X  

1-  X 5 
x 

	

2 _ 0  s 	 _ 

7.00 

	

-' 1 	i 3 	24 	
, .. . 	. 

- 	 8.00 

	

1 	4 	3 	2 4 	 _ 	._ 	5 	_ 	 - 	_ 	 9.00 

	

1 	4 3 	2 a 	 - 	5 	
. 	  

10.00 
20.00 -,......, 	4 3-2  a 	, :-.... . 	.- 	_- -._ - - ..._-_--:-_-i-__. 

- 	- 	- 	-. - -------- 	.. 	 40.00 + 2 • 3 	 50.00 
2 43 60.00 	 - --- ---- ...-. ' 	'-70.00 

* - 	• 	• 	- .-- *- 	243 	1 	* - 	4, - - - 	- 5 	 05.00 -, ___ 	- 	 a 	-- - - - - - 	43 21 	- - 	- 5 	"---"' 	 90.00 
• 43 1 	x 	 _ . . . 	 100.00 

- S - + - 	- -- - =-- 	3x 	 '- 2 	 200.00 

	

- _-X 	3% 	 - 2 340.00 

	

X 	3% 	 2 	 400.00 . 

	

X 	3% 	 . 	
500.04 

2 	
600.00 

	

- X 	 3X 	 700.00 

	

-3X 	
_ 	. , 	2  

800.00 

	

- 	X 	3X 	 2 ' ' 	900.00 

	

- X 	3x 	 2 	1000.0u 

	

X 	3X - 	 1100.00 :LL:... 	X 	- 	3X 	
_-.1" 7„....-_-:.3-__.' '. 1:1,  r---1,7-2-a7L-'::::: ': i 	- 	 --....-7 :1 	- ' 	i2' 	1200.00 

1300.00 
1400.00 

• - 3% 	- 	. 	 2 	1500.00 
2 	1600.00 

	

- , X 	- 3% 	 a 	13uo.00 -_--,-,_4,,, 

	

3x 	 2 	11400.0u 
4 	 4 	 It 	 + 3e + 	+ 	* 	• 	• 	• 	 a 1VU0.0u 

	

X 	- - 3X 	 2 	2000.00 

	

X 	3% 	 2 	3000.00 

	

X 	- 3% 	 2 	4000.00 
• - X 	3X 	 2 	5000.00 

	

- x 	 3X 	 2 	6000.01) .  

	

3% 	 a 	7000.04 

	

-ft 	3X 	 2 	6000.00 

	

A 	3a 	 2 	9000.00 

	

A 	3. 	 2 	40000.00 



• •- 

-- • 

TIME (SEC) 
.7 	.6 	.9 	1. . 	S.. ' 
4 
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51.0 	YESOnNsx Ox X7s1EA AGC130.301. Case 126 0x meGULa FOm CASE 3. EAC TYPE t 01 

SCALE 	UNIT 	5. STATE AALUt 

1. A 	11.03 LB 	4.4521E.04 
1. • -2E.03 LB 	3.4700E+04 
1. • 	2E.01 170/1.0 	1.1420E.02 
1. • *10.02 LH/SEC 	3.4493E+02 
2. a •SE•02 PSIA 	2.3753E.02 

.2 	.3 	.4 	.5 • 	• 	: 6  
ZERO 

X 
X4 
X4 

sx 4 
5X 4 

- SX 4 
5% 4 

sx - - 	- 4 4 • • • 
S X 	4 

5 X 
g X 	4 • 
S 

9 X1 	4 
- SAl 

- xt 
• - xt 	- 4 

xx 
5 - x2t 
S 	X21 
5 	X 21 	 • 4 
5 	X 2 I 

S 	-- X 2 1 

5 	.3 2 1* 	4 	- 	4 4 - -4 	4 - 	- • 	• 
5 	.3 2 1 	 4-  	_ 
5 	. 	.3 	2--l-------- _ 

.3 -7 i 	 = 	4 	 .95 

111 • XIII/ S m 
12) • X1121 = My 
131 x1131 S 1115T40 
141 • X118/ 5 WFW 
01 • 4117/ E D00E0 

-.2 O. 

X 

X 
X 

	

5 % 	4 
'4 X 

	

5 X 	- 	4 - 
5 X 

	

5 X 	• 

.1 
4 

.01 

.02 

.03 
. 04 
.05 
.0e 
.07 
.00 
.09 
.10 
.11 
.12 
.13 
.1. 
.15 
.16 
.17 
.16 
.19 
.20 
.21 
.22 
.23 
.24 
.25 
.26 
.27 

.29 

.30 

.35 

.40 

.45 

.50 

.55 

.60 

.65 

.70 

.75 

.60 

.65 

.90 

2::: 
. _ 

:1-;---7.:-Z.-, _LT - 	- --- 54:- 3_:- 7: -- 7,. 7_7 7._ - _. 4 	2  - - :---iL -: -i :::. - 	I.. ,_:: 777.=;.;.-  71.:7---;::-I---::,-----,-,,,,--  L -:::,:.::=7-• -:.- --.-L.---.. .,.:-. 	..,_, , , ‘ __ ____.... __,.._._-_. • - - - 	__..,- 	:::(0/  

.:._...,..., - -- 5._.. 3  ..„..:....._  ___,. 	- 	- 	_ 	- 	,.-  --. 	.. 

5 - 	4- 	 3 	 I  .... __.: 
-----+ _ 	S 	. 	4 	-2

2 
- 	- 

30.00 

5. 	3 	. 	4 2 	1 

X . . 	- 3 	. 	4 -2 	. 	4- ---. 	

5.00 
A 	- 3 ' 	• 	' 2' 	' 	- 	- -- t - 6.00 

..5 	3 	4 	2 	

.,  

• 1 

_ . 	

' :::(0)  . 

- 214).% - - 	4 	3 2 	. - 	- . 	 . 

, 	 - 	3--  - .0.00  ____...,,- .-_. . 	1'7 - _ 3  
r '-' - 50.00 

- i:::: * _ . 	* 

2 

. 

s 

_ ._ 	-4 
• 

.3 

---5  
s 

2 

2 5 • 3 3 a • 3 
3 	-- 24 3 
5. .2 3 
5 - 	.2 3 
5 42 3 
5 	- +2 3 
3.  - 	X - 	3 
5 X 3 .  
9 ' 	r 3 
5 X 3 

S X 3 
3 	- x -  - 3 
5 X 3 

+ 4, 4 X 3 
3 X 3 
9,  X 3 
S x 3 
5. X i 
5 X 3 
S X 3 
9  X 3 

X 3 
9 X 3 

-4 - 	- 	2 4- 	. .---,- 4-  

	

2 - 	4 	3 	. 	- 
4 3 	 1 	100.00 

4 	 1 - 	200.00 

* . 3 * 	..- 	-a-- -- * 	-,-,--1------ - 4,  ---- - 60.00 _ 	- ._...,_ 	
--Z 	-' 	- 90.00 

4 	 -1 	300.0, 
4 	 1 	 400.00 
4 	 1 	500.00 
4 	 ' 1 	 600.00 
4 - 	 _ 	.- 1- 	700.00 
4 	 1 	600.00 
4 	 900.00 _ _„ _ - 	• 	 - 1 	1000.00 
4 

- 4 - 	1400.00 
4 	 1 	1300.00 

4 	 . _ 	 1 

4 	 1 	1700.00 

_ 	 .. 	15oo.ou 

.,..,, 
	'1 	1400.00 

+ 	• 	• 4 	4. 	+ 	• 	4 	. 1 	• 	1900.00 
1000.00 

	

4 	 1 	2000.00 
- 1 	3000.00 

	

4 	 1 	4000.00 
• 1 	 5000.00 

	

4 	 1 	6000.00 

	

4 	 1 	7000.00 

	

4 
	9000.0t) 

• ,.. .1.0'y .. 	 1 	9000.0 

	

4 	 1 	10000.0., 1 

_ 	1 	1100.00 
1200.00 



' X12 4 - 
X1 2 4 
X1 2 4 
X1 2 4 	• 
X 1 	2 4 
X I 	2 4 	- 
X I 	2 4 

- X 	- 	2 4 - 

X 1 	24 
X 1 - 	24 

X 
• 1 	42 
X 1 	- 42 
X - 	1 - 	.4 2 	- 
X3 	1 	4.2 

1 
'X3 - 	1 --- 	4 2 	- 
x3 	 - 4 2 
x3 	T 	4 2 

368 

4 

3 • 

STFP 	wFSPokmF OF SWF', 	LASE 126 OF #11.6ULA FOR LANE 3. EuC IYPF 1 01 

SCALE UPIT S. STATE VALUE 

4 X11A1 	S PoECH I. • .20.01 Mw(E) 1.10000.02 
• x(191 	S YR 1. • -1F.01 NORmALI2E0 4.4410E401 
4 X(701 tiFssrAR 1. • .10.01 8IO/1.0 43.3557E401 
• 0121) YM 1. • .10.00 •10RmALI2E0 0.0.00 
• A122) 	0 MOASM I. • .50.02 NCMMALIZ0O 4420000.01 

• 

4 	3 	2 3 	 1 
4. - 	. 5  . . -2.. 	.3. 	_ 	_ 	1.... 
+ _. 	5 	2 	3 

---  - -, • --- 	---- 	5 -2--- -- 	- --- - 	3 	• -•-• - 
• - - 	-- X 	 -3 	-- 	1 

-- 2  +- 	-_ _ 	-5- 	1 	3 
2 	 S 	I 	. 

	

- 4 - 	1 	: 	- - 	3 
- • 	_ 	 - 

	

S .  • 2 	- 3 	- 
5 	. 2 	3 ,-- 

3-  - 
2. 	 3 

" S 	' 2 	 - 
• - 2 	 3 

X „ 	 3' 
X 	 5 	2 	3 

2 	3 
X 	 . - 5 	2 

x  
X   

 .. ... 	-_........: .... 	. ;12 	 3 

X 	 - • 	S 	 2 	3 -- x  ___. - 	 S 	2 	3 
X   	5 	2 	 3  

2--  

411 
f2) 
131 
-141 
(5/ 

- • 

• a 	a 	r i 	-+ S _ ......._-_....-. -. - 	- 	.. 
1 

4- 	 2 	- 	 1 	S 	- 	3 	. 	-: 44 	
. 	_ 	 .. -  

a - 

ZERO 
.01 
.00 
.03 
.004 
.05 

.07 

.08 

.09 

.10 

.11 
." 	.12 

.13 

.14 

.15 

.16 

.17 

.16 

.19 

.20 

.21 

.22 

.23 

.24 

.25 

.20 

.27 

.26 

.29 

.30 

.35 
.40 
.45 
.54 
.55 
.60 
.65 
.70 
.75 

. .80 
.85 
.90 
.95 
1.00 
2.00 
3.00 
4.00 

4 	5.00 - . --4 	6.00 
4  ... 	1.00 
4 - R.00 
4 - 	9.00 
4 	10.00 
♦ 20.00 

30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 
200.00 
300.00 
400.00 
500.00 

__. 
• 

4444 4.44,1144444•44,4444444,4,t444 444444444444444444 i 444444444444444444444444444444444 4,44, 	  TIME ISEC) ..2 	-.1 	O. 	.1 	.2 	.3 	.4 	.5 	.6 	.7 	.8 	.9 	I. 	44* 4 	4 	 ... 4 	- 	* 	y 	y 	y 	4 	4 
X 
X4 

. X 4 
12 4 

x3 	4 2 -- -- 
- x3 -- -- 	1 	' 	' 	4 	2 
X3 

13 - 	1 	. • 	2 ' 	- 4 	2 
- 	x 3 - - 	 1 	 4 

X 3 	 1 	 4 	 2  

X 3 	-- 	 1 	• 	4 	 2 
X 3 	 1 	4 - 
X 3 	, - 	, 	- ,• - 	1 	• 	2 
X '3. ' 	 •-'-----1 • 	2 

.: . 	33, 	- --.-,_--,.... 	_ - - 	--,_-- 	 .. - 	..-. ..,... 	..1 • 11..i.  ,. 	 . 2 __ __  	,_ ..,..:._ :.___; ____--, 	_ 

.. x - . 	3 	4 	• . . 	•-: 	a. 	 4. 	41 • 	 4 2 	•- - 
X • 	• 3 - 	• 	- ' 	- 	 4 	1 	2 -. - ,-•5 	3 	_ 	. .. 	 -4 	1 	2 	. 

• . 

*5 -  4 • 	 - 4 l• 2 
*8 	4 	 . . 	- - 	-• 	1 2 	 - 	- 

	

" 	- 	--- •,-  • 	.   / 	 4 

	

-"-- ....."" 4 __-5 
 --- -- 	3 	2 	- - 	-• • . 2 	- _ 	:-_- -- 	- 	- 	- 	-  --z-7--,-_„------= - ' --- 7:-.  ----7.-_ -- 	- 

---_- 600.00 
100.00 
800.00 
900.00 
1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 

X 	• 	* 	• 5 	• 	2 • 	3. 	
1800.00 

9 	.. 	1900.00 
X. 	, 	 S 	 2 	 3 	 2000.00 

	

-- 5 	2 	3 	 3000.00 
X 	 _ 2 	

3 	 4000.00 
X 	 5 	2 	3 	 5000.00 
X 	 5 	2 	3 	 6000.00 
X 	 3 	2 	3 - 	 7000.00 
X 	 5 	2 	3 	 8000.00 
1 	 5 	2 	4 	 9000.00 
X 	 5 	2 	3 	 10000.00 



X 	2 	1 
X 	2 	1 
X 	 2 

1 - 
X3 	 2 	I 
X3 	 2 - 1 
x3 	 2 	- 	1 
X3 	 2 	1 
X3 	 2 	1 
X3 - 	 2 	_ - 1 
x3 	• 	*2 . - 	• 1 

X43 - 	• 	 2 	- 	1 
043 . 	_ 

I - 
x4 3 	._ , 	_ _ 	 1 
X4 3' 	• 	

.. '2 
x4 3 	 ._ . _., 	- 2 - 	 1 X 4 3 

• ■ 	• 

_. 	2 	 - I-  - 
X 4 	3 	. 	- 	 2 	 1 	-- 
X 	3' 	 2 
X 4 - 3 

- 	4 	3 

	

--- X 4 	 - 	. 2 _ 	=_ 	_ 	_ 	_ 

1 

2 
42-   

-t 

YTCV 
OF 
FPAR 
/COOLSTR 
TFAVSTAH 

011 • 
(2) • 
(3) • 
(4) • 
(5) • 

X123) 
X(331 

XAI 2) 
041 3) 
XEI 2) #1

1
11

.1  
Il
l  
li

t  
0

.  

X 
x 
X 
X - 
X 
X 
x 	' 
X 

. - X -------- 
X ____-=-__ 
A _. 	.. 

. 	X 

 • 	• 	• : 

X 
X 
X 
X 
X 
X 
X 
X 

369 

OF SYSTEM 	A14130.30), 	CASE 126 	Of 	NEGOLA 

SCALE 	1441T 	S. STATE VALUE 

I. • 	2F.01 	NORMALIZED 	9.50140■01 
1. 	• 	50.01 	C/S 	 4.0400 
l• • 	.11.01 	 2.8452E.01 
1. 	• 	20.31 	DEG F 	1.35240.02 
I. • 	.20.02 	0E8 F 	6.72090.02 

.1 	.2 	.3 	.4 	.5 4 	
4 

FOR CASE 3. LAC TYPE 	1 	b) 

• 

TIME 	(SEC) 
.9 	1. 	*** 

4 
ZERO 

.6 	 .8 4 	
- 

STEP 	RESPONSF 

•-- 

X 4 	.3 	 2 * 	 • 	1 • 	• 
X 4 

-- 5* 4 
-- 5* 4 

	

se 	,4 

	

2 - 	* 	4 	- 

	

s 	4 

	

- 5 - 	+ 
5 - 	- -- - +----- 

5 	- - - * 	- 
5 	 * _ 

5 	 • 	,---=:----,--=- 
_. 5 	 • 

• - 
-4 S 

_ 	_, „ _. __ . 
1 	 - -- 70.44 

i . 	41 	 i - - 80.00 
90.00 

I 	- 	 100.00 

2.  
X 
X2I 
X 2 1 
X 2 I 
X 2 I 
X 2 1 
X 	2 	.1 
X 	2 1 

2 	1 

3 
3 

- 	3 
3 

--- 
_ 	. 

2 

2 

3 - 

42 3 1 
4 2 - 	3 - 	- - 1 	- 

---- - 4  _ 
4 

--2-
2 

3  
- 	- 3 - 	- -- 

-3 
- 	- -- ' 2 

23 
3 4 

3 

2 4-  
4 

- 
- 4 -3 5 2 6 

- 	- 3 2 4 +5 • 
__ 

2 43 5 	. 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.09 

.09 

.10 

.11 

.12 

.13 

.14 

.15 

.16 

.17 

.18 

.19 

.20 

.21 

.22 

.23 

.24 

.25 

.26 

.27 

.20 

.29 

.30 

.35 
• 40 
.45 
.50 
.55 
.60 
.65 
.70 
.75 
.80 
.85 
.90 
.99 

1.00 
2.00 

- 3.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 .  

10.00 
20.00 
30.00 
40.00 
90.00 

..2 	••1 • 4 	4 

3 	5 
3 	5 
3 	5 
3 	5 
3 	5 
3 	5 
3 	5 

- 3 	3 
3 	5 

3 	5 

3 	5 
3 	-- 5 
3 	5 
3 	3 

.3 	5 
3 	5 

3 	5 
3 	5 
3 	5 
3 - 	3 
3 	S 
3 	3 

4 

- 

- 

. 
• 

1 
1 
1 
I 
1 
I 
1 
1 

1 

I 
1 
1 
I 
1 
I 
1 
1 
1 
I 
I 
I 	' 
1 

1 

- 	- 

- 	
' 

, 	_ 

--, 	. - 	- w. .-. 

4 

•... 

. 	• 

- 	_. 
4 4 

. 

200.00 
_ 2u0.vu 
- 400.00 

500.00 
609.00 
700.00 
800.00 
900.00 

1000.00 
1100.0U 
1200.00 
1360.00 
1400.00 
1500.00 
1600.00 
1700.00 _ 1800.00 

• 1900.0U 
2000.00 
3000.00 
4000.00 
5000.09 
6000.00 
7000.00 
861.0.00 
9000.04 

100110.48 



370  

STEP 	RESPONSE OF SYSTEM 4CC130.30). CASE 146 OF RE6ULA F00  CASE 3. EAC TYPE 1 61 

SCALE 	 U617 	S. 5747E VALUE 

ft) 	4 	%El 	7) 	5 VISDRUM 1. • 	-1r.02 	L8/SEC 	3.4493E.o2 
(21 	• 	XE(121 	S 	vim 1. = 	5E.01 	LA/SEC 	4.1847E+03 
13) -.7(3)•1:0161 	5 01 1-. • 	-20.00 	1nc+4E5 	0.E.00 
(41 	• 	U2( 	41 	1 YRDEM 1. 4 	+2E-01 	NORMALIZED 	4.6410E.01 

44+444444444 444444 40444444,4444444444444444444444* 444444444 44 44444444444 +4444444444 444444444 44444+4444 44444444444444 	TIME (SEC) 
•.1 	0. 	.1 	.2 	.3 	.4 	.5 	 .6 	 .7 	 .8 	 .9 	1 • 

4 
X 	 ZERO 
xf 	4 	 .01 
X 1 	 11 	 .02 
X 	1 	 4 - 	 .03 
X 	1 	 .04 
X 	- 1 	 .05 
X 1 - 	 4 	 .06 
X 	1 
	 4 	 .07 

X 	 1 	 4 - 	 .08 
X 	 1 	 .0.4 
X 	 t= 	 .10 
X 	 . 2 	

.11 

.12 
X 	 1 	 .13 
X 	 1 	 4 	 4014 

X2 	 1 • . 	 . .16 
X2 - - 	 1 - 	 .17 
X2 -  - - - 	 I 	 it 	 .18 
X2 ' 	 olY 

	

:x2 - 	 ..,:,-:_ 	 .20 
X2 - 	 -1 	

' 	 .21 
- - x2 .22 :. . 	. 

x2 	 - 4 	 .23 
X 2 	• - • .26 

	

1--' 	
r • 	- 	• • . 	• - - - _ 	_ _  

.25 
 

-x 2 .......• •.• 	 •_._.....L.....:-.__. 	........ _. 	. 	- 4 	 .20 
.27 
.20 

4 

3 	2 	 4-  
2 • . 	 . 

• 4 	2 	 • 	 1 
4 	 3 

2 • 
• ..., 3 	2 	4  

• . - _2  - 	- - 	- 

* • 1 	3 2 
- 4 - 	- 	 23'  

-.   	... 1 	 2 

4 - • - 	• 	3 	-4 	1- 	4- 	;--4 	2 4 	- 	3 	' 	- 
• 4 	1 	• 	.  3 	4 	 1. . 	. 	. 	2 	• 	. __ 

2 1 	. 	. 	 a -  i 4 	1 	- 4 	1 4 • 	1 	. 	 2 - 	4 	1 , 4 	1 	. 2 _ 	4 	1 	._ 	. 	. 	. 2 4- 	• 	1 	_._. 	._ • 	_ 	_ 
1 

4 	1 	 • 	a . 	. 
• • 	• 	• 4, 	1 	 2 • . •• 	- 	. 4 	1 	 - 	2 

4 	1 	 4 
4 	4 	4 	4 	1 	• - 	4 	4 	2 	4 

4 	 1 	 2 
4 	 1 	 a 

2 
4 	1 4 	1 	 2 
4 	1 2 
• 1 	 2 
4 	1 	 2 

.24 

.30 

.35 

.40 

.45 

.5U 

.55 

.60 

.65 

.70 

.75 

.80 

.85 

.90 

.95 
1.00 
2.00 

_ 3.00 
• 4.00 

5.00 
6.00 

	 7.00 
8.00 
9.00 

10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 

100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 
900.00 

1000.00 
1100.00 
1200.00 
1300.00 

• 1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1000•00 
2000.00 
3000.00 
4000.00 
5000.00 
6000.00 
7000.00 

• 8000.00 
*000.00 

10000.04 

-- - 1 
•3 2 	- 
*3 2 	

. . 	
1 	 4 .__ 

43 	2 	 _ . 	., 	- 	- 	. 1 	 4 	.-- 
4 3 2 	 I 
• 3 	7 	- 	.. 	. 	- 	. 	 1 	 4  

. 	. 3 	2 	 , 	 • 
_ . 	 . 	 , 

-- - 4.  

	

. 	. -,-- 	- 	 1 ---- 
• 3 	2 	 _ 	 ___ _ 2 - 4 

, *- 

" 	'. 	 ' - 

	

- • 	- 4 • 1 	23 

	

.1, 	- 4 	- ,---_ 	_ 	- _ _ 	 1 	23 	-     ._. 	_ 

4 - - + -- 	
I

t 	
-2 3 4 -+ 

. 	 32 
4 	4 

4-. 	.  . 	- 	1 X  

-4- 	4 	* • 
- 4 - 	- 
4 

3 	 - - 4 

4 3 

3+ 
43 

- 4 3 
*3 
43 
X 

• 

X 
X . . 

4 
X 
X 
X 
X 
X 



■•- 

.01 

.02 

.03 

.04 

- 	• 	• 7 .77 ' '7 

.27 

.26 

.29 

.10 

.35 

.40 

.45 

.50 

.55 
_ 	 .60 

.65 

.05 

.06 

.07 
..08 
.09 
.10 
.10 
.12 
.13 
.14 
.15 
•1b 
.17 
olb 
.19 
.20 
.21 
.22 
.23 
.24 
.25 
.26 _______ 	_ 

.2 .3 	.4 	.5 	.6 
• • • 

X 
• • • 

4,144,*4. 44444444 4 44444 4•4•••••••••0444.,444.., 
• O. 	.1 _ 

	  TIME !SEC/ 
.7 	 .0 	 .9 	 1. 	+44 
+ • 	• 	• 

2680 

_ . _ 

.80 
•85 
•9; 
•95 
1.00 
2.00 
3.00 

• 

4.00 
5.00 
6.00 
7.00 

• 4.06 

_ 
10.00 

1 • 20.00 
1 30.00 

. 2- 40.00 
50.00 

- 	60.00 
70.00 

• -• - 3 • -•-• 
3 1 

• .• _ 	_ • 80.00 
90.00 

• 31 2 100.00 
- 	1 	3 - 2 	- 200.00 
1 	3 2 300.00 

1 	3 - 	2 460.00 
3 - 2 500.00 

1 - 	3 2 600.0) 
1 - 	3 2 700.00 

1 3 2 800.00 
1 3 2 900.00 
1 3 2 1000.00 
1 3 2 11.0.00 

1 3 2 
1200.00 
1306.00 
1400.00 

1 3 2 . _ 1500.00 
- 3 1600.00 

1 3 2 1780.00 
' • 1800.00 

1 a 3 + 2 • • • • • • 1000.00 
1 3 2 2000.00 
1 3 a 3000.00 
1 3 2 - - 	4000.00 
1 3 2 5000.00 
1 3 2 6000.00 
1 3" 2 7000.00.  

3 2 0000.00 
1 3 2 9400.00 
1 3 2 10000.00 

+ . 4 
'4 	- 

• 4 

- • • • 4 • 4 4 
• 4 
4.  4 
4 4 
• 4 
• 4 
0 4 

4 
• 4 
4 4 

• 
• 1 
• - 

1 

• 
4+ 	2 • - 

  . 	-• 	_ 	- • • 
• . . 

_ 	4 :  '. - 	4 
• 4 • 

• 4 
4 	 • 

X 
•Xl 

2 43. 1 
- -- 2 43 a 1- 
• 2 a"--  3 
2 • 3 

2 4 3 
.2 4 1 

342 
3 
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51F0 	urSPn45i OF sysTrr,  eccoo.3o). Gas'. lie OF wiGULA FOR C.6). 3. LAC IYPF 1 ol 

SCALE 	 Uh17 	S. STATE .ALUE 

11/ • 0E( 11 	.1 NM 1. • -2F.03 2.37753.02 
t2) • X0i1 5) 	E 40ASH I. • .2.401 NeRmALIzEo 1.01363.00 
43) • Xt 2) 0 xigannAsk 1. • .20.,:1 NOmAILI/E0 1.05763.00 
141 • XI 3) E XPI-040A*4 1. • .53.01 NoRmALIzEo 1.057.63.00 



TIME 15E0 
1. 	*a* 

- 	-4 
1 ZERO 

" 	1 	.01 
1 	.02 
1 	.0.1 
1 	.0. 1 	.05 
1 	.06 
1 	.07 
1 	.0m 
0 	.09 
a 	.1* 
1 	.11 
1 	.12 
1 	.13 

372 

sTF0 PrsPoNsr OF SYSTEM 	A0CC34.30). 	CASE 126 	OF REGULA FOR CASE 

SCALE 	WIT 	S. STATE VALUE 

3. EAC TYPF 	1 6) 

Ili UC11/ 	B YOOEW 1. • ■1E.00 NCRyAL12E0 0.E.00 
(21 4 UC121 	F YTCVOEM 1. • -10.01 NORMALIZED 1.4501E*00 

-.2 :.1 O. '  .1 
• 

.2 
• 

.3 - 	44 
- 

.6 .7 
• 

.8 
• 

.9 
a 

a • 2 
2 
2 
2 

4 2 
- • 
• a 
4 2 • 

2 
2 

4 
- 

. . _ 

2 
2 
2 • 

_ _ 2 

4 

• 2 	• 
2 	- 

• 2 - - - . 2  * 	. 

- 

• 
• 

a 	 2 	 1 	.45 4 	 - ' 2 	.. 	1 50 

	

2 1 	.24 
.25 

2 	 1 	.26 
.27 

2 -- 	1 -- 	.26 
2 	- 1 	.29 

2 	, 	- 	.30 
' 2  ' . 	--:--." 	1 
2 - 	. 	1  . 	.40 

.14 
1 	.15 

-- 	1 	.16 
1 	.1, 

•1a 
1 	.19 
1 	.20 

	

2 	- 	1 	.21 

	

- 2 	- 	' 1 -- 	.22 

... a- ... . . , . 	1 	.55 4 

la 
la 
li 

X 
X 

. -  _ 
X 

x 
x 
X 

x 
x 
X 

a 	a 	X 
x 

• X 
X 

2 

' • ""'- 2 -'---4  '  . " - - 	• 	-.' -  . • 	""---' a '  -- 	. 	' 	a --- ' - 	+ 	- 	- 	- - 4, 	""'--- 

-. 

_ 	_ 	._ 	. . 	- 	- 	-, 	- 
-- 	- 	-- 	__.,__ 

-2 2 . 
- 	_ 

-r ' 	' - 	 ' ""- 

-. - . . 
2 

2 _ 
2 

2 1 

-.1.1 	-_:4_7  -: 2- 	. ' --:- - 'Tr-  T. . - 7 -77:::'2-:-_-'. ---•:.-----. -'-- -i---.--:-.J.'7:-_.-  
-2 . . . 

--.._. ..._ 	..-: 

- _ 	- 

' 

_ 
_ _ ,. . 	_ 

. 	_ 

.----_, 	_ 

• • 4 4 	4 a a 

1 	.6u 
1_ 	.65 
1 	.70 

-'-- '-----'"' '" * =- '---- - ' 1  
--,-- 	- __ 4 _ _ _ 	.75 

 1- 	9.00 
1 	10.00 
1 	20.00 

30.00 
- 40.00 

60.00 
50.00 

70.00 
40.00 
90.00 

100.00 
2 	200.00 

2 	 300.00 
- 400.00 

2 	 500.00 
600.00 

2 	 700.00 
000.00 

- 2 	 900.00 
1000.00 

2 -- 	 1100.00 
2 	 1200.00 
2 	 1300.00 

1400.00 
2 	 1600.00 

1600.00 
2 	 1700.00 
2 	 1000.00 

• 2 	a 	1900.00 
2000.00 

2 	 3000.00 
2 	 '- 4000.00 

- 5000.00 
2 	 6000.00 
2 	 7000.00 2 	0000.00 
2 - 	9000.00: 
2 	 10000.00 

4 
a 

• 
• 

---77.7  ,.--- : 
1 	0 

1 . 

- . - 

2 

.90 
1 	.95 - _ 	- 	'1 ' - 	1.00 

2- ---  	." :" 1 	.00  ------------ 	 --   	 3.00 
1 	- 	4.00 

1 	6.00 



-STEP-- 	--PESPONSE OF SYSTEM.  '40C(30,30), CASE 126 OF-REGULA FOR CASE 3 EXC TYPE ( 6) 

- • 

LIST-OA CONSTRAINED pARApETEA$ AND/OR DERIVATIVES (A VIOLATED CONSTRAINT YIELDS A WARNING)-  

--- NAME uNI1-  S.STATE 

-- CONTROL- INPUTS (UC) - 
UC( - 11 E YMDEN 	---'-NORMALIZED.--  0(1E+00 
UC( 2) i YTCVDEM 	NORMALIZED 	1.450E+00 

- -DERIVATIVE 0E -  UC( 2) E YTCVDEM -' NORMALIZED/SEC -- 

"'"--=-STATE VAR/A8L!,S 

. 	- 	• X(10) 
--DEA/VATIVE-OP'-- - x(10) 

X(I1) 
-- -X(12) 

(15) 
- 	-x(16) 

x(1g) 
'nERIVAT/Vt''Or` ----  'x(19) 

. 	- 	- );(21) 
DERIVATIVE-OF-  =- 	'x(21) 

(i  2 23  ) 2)  

7 II':  '-xX= 

- s(c 1) ARTOASH---'..N.ORMALIZEO 	1.056E+00 
PO - 	PSIA 	9*.400E*02 
PU 	

7  
-- PSIA 	/SEC 

-----: L.8 	8.452E+04 

(,MEOA- 	pAD/SEC 	- 1.516E+02 
3.470E+04 vw 	-- --'- --I8  

,,Fw. - 	--- LB/SEC 	- 3.449E+02 
yR 	a NORMALIZED .  4.641E-01 
yR 	NORMALIZED/SEC 
YR 	NORMALIZED 	0.E+00 
ym 	NORMALIZED/SEC 	

. 

POASH 	kORmALIZED -.9.200E-01 
YTCV 	- 

rgignIZEO 9.5°1E-01 
rFi 	 0.E+00 
IF2 	----- 	0.E+00 

x(30) 	CF 	C/S 	0.E+00 

m
 

- ADDITIONAL PAtiAmETERS 
• - • 

-77.YI3)•U0(6) E CL 
U2( 4) E YPDEm 
XE( 1) E rIcv 

E nOASH 
- 	- 	X A ( 6) E r 11 5C ,= 	 r-aiL 	x4( 8) = Ompl. 

XA(12) E KXcoUT 
XA(44) E.RxRpAR 

	

77TNCRES 	0.E+00 
-NORMALIZED -  4.641E-01-  

/SEC 
= ==-NORMALIZED - 1.014E+00 

	

p1U/L8 	1.857E+01 

	

AN/L8 	4.945E+01 
1.402E+00 
9.535E-01 

CONSTRAINTS 
- 

UPPER 	LOWER 

1.000E+n0 	-1.000E+00 

PEAK VALUES 
(LINEAR DEVIATIONS) 
POSITIVE 	NEGATIVE 

----  
3.250E+10 - - 	0•E+00 -9.4E-02 
3.300E..13 -...2.3L+03 --CONSTRAINT VIOLATED 

2.000E-11 PEAK -TO PK 7.5E-02 --1.3E-01 
9.800E+12 9.000E+02 R.5E+01 ..3.9E+00 CONSTRAINT VIOLATED 

-1.000E+00 1.1E*nl .1.2E+00 CONSTRAINT VIOLATED 
Q.E+00 9.1E+n2 0.E+00 
0.E*00 2.9E+n2 .6.2E+02 
0.E+00 7.5E-.02 0.E+00 
o.E.00 0.E+00 «5.6E+01 

1.000E+no 0.E*00 1.6E-n2 -7.4E-02 
3.300E-12 -3..300E-02 5.1E-n2 .1.4E-01 CONSTRAINT VIOLATED 
1.000E+ro .1.000E+00 1.8E-01 1.0E+00 
2.000E-11 ■2.000E•01 2.9E-0 CONSTRAINT VIOLATED 
9.700E•nl 0.E+00 -3.2E-02 
1.000E+no o.E4.00 0.E+On -1.6E-01 
1.000E+10 5.0E-n2 .3.6E-01 
1.000E+no 5.4E-04 -9.4E-03 
1.000E+no ..1.000E+00 3.1E-01 

8.000E+n0 .44.000E+00- 3.7E-n1 .-1.0E*00 
- 1.000E+n0 0.E+00 +.1.6E-01 
3.000E.,05 -3.000E-05 --  4.9E-n6 
2.400E-n1 PEAK TO PK - 	2.8E-n2 -1.4E-01 
- --- 0.E*00 	- 	- 5.1E+n0 -2.9E+00 

0.E+00 0.E+10 .4.4E+00 
0.E+00 	- 0.E+01 
0.E+00 0.E+00 +1.4E-01 
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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 (0I26) of REGUIA. Only the "dominant" 

variables are fed back (see section 6.3.4). D.C. compensation was 

used to force xio(pd) and x30(6f) to settle at value 0 for step 

input. 

The excitation is type (6), i.e. : 

ud8 = -0.1 u 88 

where ud a  Electrical power disturbance, step input. 
8 

 

u = Electrical power, steady state value. 

See comments in introduction to appendix (G). 
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STFP 	PESPANSF 0F qY5TiO ACC(30.301. CASE 146 CF HEOULA FON CASt 3. 44C IYAF 1 6/ 

SCALE' 	UAIT 	S. STATE VALUE 

Xr 	E PHIOASM 
It 4) 0 TP47 
At A) i TF1STAH 
It 01 0 TFRSTAP 
A(111 E PO 

I. • *51*01 NORMALIZED 	1.95741.00 
1. • .2E.G) OEG C 	4.99501.01 
I. • *51.92 01G F 	1.17031.0J 
I. • *21.92 0E0 F 	5.7385E602 

11.92 PSIA 	9.40001.02 

444,444.444444444.444444.44.44,4434444.44.444444444. 
.4.2 	-.1 	O. 	.1 	.2 
4 	4 	4 -' 	4 

   

TIME (SEC) 
.4 	.5 	.7 .3 
	4 	

4
+ 	4 

  

.8 
4 

.9 	I. 	*4* 
• • 

ZERO 
.01 
.02 
.03 
.04 
.05 
.06 
.07 
.00 
.09 
.10 
.11 
.12 
.13 

X 	 .14 

	

X5 	 olb 
X5 - 	 •1b • 75 	 .17 

	

X5 	 .16 . - 

	

X5 	 .19 

	

175 	 .20 

	

1X5 	 .21 
125 

	

1X5 	
_ 	

.23 
_ 	. • 	.22 

• IX5 	 .24 
-7- 1%5 - 	 .25 

	

'155 	 .26 

	

- 175 	 .27 
.20 

IX 5 	 .29 
IX 5 	 .39 

1 X 5 	 .35 
1 X 5 .44 
1 X 5 	 .45 
I g 	5 - 	 .56 

- 1 - X. 	5• - • 	 .55 

5 	y 	% 	- 
45 	3X 

4 	X 	12 
5 432 	1 

.5 	30 
- 	X 	30 	. 

X. 	3X 2 
9X 2 

x 	3% 
2 • 
2 
2 

3X 2 
2 

-X3% 2 
30 2 

X3X 	, _ 2 
3X 2 

4 X 	4 	31 • 
X 	3X 2 
X 	3X 2 
X 	30 • 2 
X 	30 2 
X 	3X 2 

X 	3X 
3X _ _ - _.... . 2 

2 
X 	30 2 
X 	3% 2 



0. 
+ 
X 

.1 
4 

.2 
4 

.3 .5 
• 

.6 . •8  .9 
TIME 	ISEC) 

1. 	4184 

• 
ZERO 

X .0/ 
X .02 

.03 
X .04 
X .05 
04 .06 
34 .07 

40 4 .04 
SX 4 .09 
SX 	- .10 
SX 	4 .11 
SX 4 -77.-  .12 
X .13 

S X .14 
.15 

5 X 4 •lb 
.17 
.16 
.19 

X -  -- 	4 4 -=4,  • • - • • - _ • .20 
.21 

X .22 4  .23 
.24 
.25 

xi . .26 
X1 - .27 

.26 

.29 
4 .30 

XX - .3S 
X21 . .40 
x21 .45 
X 21 - _ • - .50 
X 2 1 4 .55 

.60 
X 	2 1 4 .65 

2 	1 4 
.70 
.75 

*3 
- 
2 	14 

1 
. 	is. • - 	- • 4 

4 
a 	----- -s a-. • .80 

43 - 	7 	1 • .90 
.3 2 - 4 .95 

1.00 
5 	3 2 	4 2.00 

5:- 3  3 - 4 I  2 -1 4  1 4.00 
5, 7 4 2 1 5.00 
X 3 4 2 1 6.00 
X 1 

2 1 8.00 
9.00 

-3-   2 20.00 
- 4 2 30.00 

5 2 40.00 
5 -- 4 a 3 • 1 50.00 

_ 60.00 _ 
5 42 70.00 

-5 	4 . - 2 - 4 • 4 
____ .. 

- 	60.00 
4 3 1 90.00 

+ 5 ._ _- 	2 4 3 100.00 
34 200.09 
• .. 3 - 4 300.00 
4 3 	- 	- 400.00 
24 3 	- 4 500.00 
.2 3 600.00 

4 700.00 
42 3 	- 1 800.00 
42 
X 

3 
3 

4 
4 

_ _ _.:-_ 1_ 900.00 
1000.00 

X 3 . 
4 

........ ..... 
1 

. ..._..,.  1100.00 
1200.00 . 

X 
X 

3 4 
4 

. 	.......... 1 .. 1300.00 
1400.00 3 . 1 

X 3` 	- 4 . . 1500.00 

X 3 

♦_ 

4 
1-  1690.00 

1790.00 
1100.00 

X 3 	+ a + 	4 4 a 4 4 1 + .1 1000.00 
X. 3 4 1 . _ 	. zocio.ou 
x 3000.00 
X 3-  4 

.....-______ 1 _ 
4000.00 

X 3 4 1 5000.90 
x 3 4 / 6060.00 
X 3 4 . 7000.00 
X 3 1 8000.00 
X j 4 1 9000.00 
x 3 4 1 10940.00 

•:.2 	-.1 
4 

- 

5 
- 5 

5 

5 

5 - 
S 
S - 

5 

S 

- 5 
5 

- - 5 

'4 

5 - ' 
5 
5 
5 

5 
S 

5 

5 

+ 5 
S 
5 
5 - 
5 
S 
5 
1 . ' 
5 
5 
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• 
51.- P 	1,ESPONSF OF SYSTEM AL.C130,303. CASE 126 CF REGULA FOR CASE 3, PAC TYPF I 61 

111 • 	X(11) 
(21 • 	Xf17I 
131 4 	x(131 
141 • 	X(14) 
151 • 	$1(17) 

SCALE UNIT S. STATE VALUE 

F M 1. • 1E003 LB 8.45210.04 
F M. 1. • .21.,)3 LB 3.4700E404 
F mOSTAR I. • 2E.01 BTU/LB 1.1920E.02 
5 .r. I. • .IE.02 LB/SEC 3.4493E.02 
0 OPPEO I. a .5E.02 PSIA 2.37531.02 
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ST*P 	4c$PO4(F 1W SYSTEM Acc(34.30). CASE 126 CF NE.60LA F00 CASE 3. rOC 'TYPE ( 6) 

SCALE 	BAIT 	S. STATE VALUE 

111 4 
(21 • 
t31 • 
(41 4 
(5) • 

X(191  S 00704 
X(101 F 7P 
X121) 8 dF1457411 
xI211 11  YM 
X1221 5 11045d 

1. • 
1. • 
I. • 
1. • 
1. • 

42E.01 
-1E+11 
-1E40) 
-1E.00 
+1E402 

0.(F) 
NC9mAL7/EC 
070./Ld 
60111ALIZED 
NORmALIZED 

1.1000E4:02 
•.6410E-01 

-3.35570.01 
0.E•00 
9.2000E+01 

	

4444444 44444444441 44444 444444444444444444 44444 	4444444444 4.4.444.44+1 44 • 44 +++ 	  TIME 15EC/ 
0. 	- 	.1 	• .2 	 .4 	.5 	.6 	.7 	.8 	.9 	1. 	4.. 

4 	• 	a 	4 	 - 
X 
	

ZERO 
X4 	 .01 
X 4 	 .0! 
X2 4 	 .03 
)(2 • 	 .04 
X12 • ' 	 .05 
XI 2 	 .06 
x1 2 4 	 .07 
xl 2 4 	 .0d 

	

1 2 4 	 .09 
X 1 - 	2 4- 	• 	 .10 
x 1 	2 4 	 .11 

X 1 -  - 24 	 .13 

	

. 	.12 

24 	 • . 	 .14 
.15 

- .16 
X 	1 	42 	 .17 
X 	1 	4 2 .10-- -  - 
X 	 4 2 	 .19 
X3 	1 	' 4.2 ' 	

• 	

.20 
X3. 	- 1 	4 2 	 .21 

• 2 	 " 	 _ 	. 	 .22 
- 	x3 	' - 1 ' 	-4 - 2 	

_ 	 , 	
.23 

 
k3' 	1 	4 	2 	 .25 

.24 

X3 	1 	"4 	2 	 .26 
x3 	1 	4 	 .27 
X3 - 	1 	 2 	 .28 
x3 	1 -  - 4 	2 	 .24 
X3 	 1 	. 	4 	' 2 	 .30 Y3_ __.... . 	

1 	 4 	- 2 .35 . _ 

X 3 .4u 
%3 	 1 - 	4 	 2 	 .48 
X 3 	 1 - - 4 	 .50 
X 3 - 	 1. 	4 	 2 	 .55 

.60 

.65 

.70 
X 	3 	 X 	 2 	 .75 

• _ 	4-,-- 	4-.----4 1a.  _ _ - 	- - 4 -2 	• 	. *. . 	450 
.615 

45 	3 	 - 	- . 	- - - 	-- 	-- 	4 	1 	2 	: 	
__ . _ 	- 	.90 

.5 	4 	' 	 • 	- -- - 	4 . 	1 	2 	.. 	 .95 
1.00 4 1 2 

3 	2- 	 1 	 4 	 2.00 

            

 

4 5 	 I 	 2 	 1 
4 	5 	 2 3 	 - 	1 
• 5 2 	3 ' 	' 	1 
+ 5 	. a 	3 	. 	1 

      

      

4 	4.00 
• - 	5.00 
• 6.00 
4 - 	7.00 

      

	

3 	 i4 	8.00-  

	

. + 	 X 1 	 . 	4 	9.0u . . 	. . _ 

	

---3 	 i 	 4 	10.00 

	

2 + 5 	1 3 	 20.00 . 	. 	. 	_ 	. 

.40.00 . 
,- 

4 	 50.0u ,  
- 	2 	-'' 	• 	__ 4 .. 	 - 	1 	" 5 	- 3 	 - 	60.00 ....... . 	. 	. . .. 	 __ 	- 	- 	___ 

	

1 	5 	 70.00 

	

. 	• f 	- 5 	3 - 	. 4---:-.7.'-7.-4  -- 	80.00 . 	. 	. . 

	

1 	5 	- 3 	 90.00 

	

4 	 1 	5 	3 	 100.00 
5 	2 	3 	 200.00 

	

X 	 • 5 	2 	3 	 300.00 

	

4+ 	 5 	" 2 	3 . 	 400.00 

	

44 	 5 	2 	3 	 500.00 

	

X 	 5 	2. 	. 3 	 600.00 

	

X. 	 5 	2 	3 	 700.00 

	

A 	 5 	2 	3000.00 

	

X 	 2 	3 	 - 900.00 

	

5 	2 	3 	 1000.00 

	

5 2 	3 	 1100.00 . _ 

	

5 	2 	3 	 1200.00 

	

X 	 5 	2 .  . 3 	 1300.04 

	

X 	 5 	2 . 	3 	 1400.00 

	

X 5 	2 	3 	 1500.00 

	

- X 	 5 	2 	3 	 1600.00 

	

X 5 	2 	3 	 1700.00 

	

X 	 5 	2 	3 	 1000.00 
'4, 	X 	4 	4 	5 4 	.2 4 	34 	 1900.00 

	

X 	 5 	2 	3 	 2000.00 

	

2 	 3000.00 

.5 

3 	 4000.00 
3 	 5000.00 

6000.00 
7000.00 

x 	 5 	.2 
X 	 5 	2 
x 	 5 	2 
X5 	2 
x 	 5 	2 
r 	 S 	 2 
x 	 5 	2 

3 

3 	 15000.6, 
3 	 9000.94 
3 	 10,00•00 



(1)  • .111) 	0 Y1610 1. 	• 
(2)  • X(31) 	.5 OF 1. 	. 
(31 4 X4( 	2) 	5 FP.Ft 1. 	• 
(4) • XAl 	1) 	."F TCOOLSTR 1. 	• 
45) 4 XE( 	2) 	5 TFAVSTAP 1. 	• 

NOPPALIZEO 9450140..01 
CIS 

2.6662E401 
0E6 F 1.35241-.02 
0E6 F 6.72096.02 

.2E401 
5E471 

.1E401 
2E4.01 

42E4.02 

- 54 • 4 
• 

5 	• 
5 	+ 

S 	• 	i 
-- 	4 

5 
5 

S A 
5 	 * 

ZERO 
.01 
.02 
.03 
.04 
.0$ 
406 
407 
40d 
.09 
.10 
.11 
.12 
.13 
.14 
.15 
016 
.17 
.10 
.19 
.20 
.21 
.22 
.23 
.24 
.26 
.26 
.27 
.26 
.29 
.30 
.35 
.40 
.45 
.51) 
.55 

- .60 
.65 
.70 

.80 

.05 
- .90 
.96 

1.00 
2.00 

5.00 
6.00 
7.00 
8.00 
9.00 

10.00 
20.00 
30.00 

50.00 
60.00 
70.00 
60.00 
90.00 

100.00 
200.03 
300.06 
400.00 
500.00 
600.00 
700.00 
600.00 
900.00 

1000.00 
1100.00 
1200.00 
1300400 
1400.00 
1500.00 
1600.00 
1700.00 
1400400 
1900.00 
2000.00 
3000.00 
4000.09 
5000.00 
6000.00 
7000.00 
6009.00 
9000.00 

10000.00 

ST.F 	FT.SPONSF OF c *STFP 46C(30.30). CASE 1E6 CF 9E61(.4 FOP CASE 3. rAC TYPE 1 6) 

SCALE 	LATT 	S. STATE .AGUE 
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_ 

0 
X 
X 
x 
X 
A 

i 	X 
4 
X. 
4 
X 
X 
X 
x 
X 
4 

-•- • • ■• • 

.1 - 42 .3 .4 .5 .6 .7  ,B .9 1. 
4 4 ' + . i a 4 • • * 

_ 

1 
1 

f 
7 1 .,.. _ ___ _ - ' 	- 

_ f - __ . - _ -. 	• ...- 	.' --- . 	. -_, 
2 - 

2 1 
- _ 	_ . 	.' 

2 1 
2 	- 1 
2 1 
2 . 1 
2' - 1 

4 - 	4 	- ' • --- 

- 
- 2 ---,..-------..., -.___ ,. ___..__ _ -== =-• ,..-.•"__- _ 

2 1 
, 2 

2 I 
- 2 1 - 	- . 

2 ' 1 

- - 2 
2 

1 
2 

* 3 
- 	- 3 

- -4--  4,-  . . • 2' 
2 

-* . 4 . . 	4 1 + 
1 

a 

3 2 -0 	• .• 
- 	2 

X 3 1 
4 2 3 

4 2 3 - 
1 4- 	2 3 

4 -  2 3 
2 3 

2 3 . 
3 • 2.  1 

5 

	

. 	3 
3 

	

3- 	* 	2 

	

5 	2 	4 
4 	5 

2 
4 	. 	. 

. 

24 
2 4 

4 

1 

1 

. 

'3 	' 	S 

iS 
3 

3 2 

.. 
1 	. 

I 	' 

. 	3 	5 1 
- 	3 	5 1 

3 -5 
3 	5 

3 	5 
- 3 	5 
3 	5 
3 	5 
3 - 	5 _ 

3 	5 
---'°-.__ 

3 	5 
• • 	- 

3 	5 
3 	S 

5 * 4, "i -4 .6 - 	- 4 
3 	5 
3 	5 _  , ...,..-_._,.-.! 

- 3 	5 
3 	5 
3 	5 
3 	5 
3 	5 
3 	5 
3 	5 

x43 - - 
x43 
X43 
X43 - 
043 - ' 

x4 3 --- - 

04 3 
X 4 3 
X 4 2 
X 4 	1 

X 4 
X 4 
X - 4 ' 

Si ' "4" ---  

1 
1 

1 
2 
2 

2 
2 

X 
O21 
X 2 1 
X 2 1 
X 2 1 
X 	2 
X 	2 
X 	2 
X 
X.  
X 
X 
X3 2 
X3 -  
X3 
X3 
X3 
X3 
X3 
X3 

	

X 	.., 
* ' 
• . 	.. 
a 

4-  7 - " -f-  77:-  --+ 7-  _- - - " - 4  : 
4 

0 	4 
X2 
X .. 
X 
X 

	

X 	_ 	 
X 
x 
X 
X 
X 

(o..* 
4444444  4iiiiiiiiiiiiiii•44y4iiiy* 44444444444444444 4. ********** iiiiiii ******** iiiiyi ***** * ******************** * ************ TIME (SEC) 
-.2 	441 	0. • 

a 	a 



1 

4 3 	2 
+ 3 - 	 2 • . 
• 3 	2 - 
• 3 	2 
• 3'- 
4- 	3 	2 -- 	- 4. 

"4 	• 	 1- 	2 

.___ . . . 
• 4 - -3 - 	1 

3 4 
3 	4 	 4 	I 

3 	• 	- 4 	1' 
3 * 	 4 	1 

- ' X 
43 	4 I 
43 
*3 	4 	1 
X 	4 	I 

.X - 	• 	I 
X• 	1 
X 	4 	1 

4  jX 
	

• 
4 1 

I 
X 	 4I 

- X 	4 	1 
X4 	1 
X 	 4 	I 

4 	• 	0 	4 	4' 4 	4 1 
X 	 4 	1 
4 
X 	4 	1 
x 	 4 	1 
x 	4 	1 

4 	1 
I; 4 	1 
.4 	 4 	1 
• 4 	1 

1 
X2 
X2 	-- 1 
X2 	I 
X2 
X2 

X2 
- 	X 2 

X 2 -- 
	

1 
X 2  
X 2 	 1 

X 2' 
X 2 
X 2 
*3 2 - 
+3 	2 
*3 	2 
*3 • 2 

• 3 	4 	. 	- 2 
• • • 	3 	I 
• • 3 	1 

- • 4-  3 - 	I 

	

.10 	• 	3 	I 

	

.• 	4 	_3 	- 1 

	

4 	4 	3 
	

1 

   

3 	I 
3 	I- 4 	

• 	

• 	• 
♦ • 	 3 	 1 

3 	-1 
• • - 1 
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Sft0 	6ESPO1)4F 0i SysTEN ACC(3)4301. CASE lib GF ULOULA root (;A SA 31 RA. 1YPF ( 61 

SCALE 	4.411 	S. STATE 4ALUE 

III 	• 	XE( 	7) 	0 	•Silkum 	I. 	• 	.00.02 
121 	• 	403121 	1. 	* 	56001 
(3) 	.T11)-Em(4) 	0 	01_ 	I. 	• 	-51.00 
it*/ 	• 	1121 	4) 	0 	YADEA 	I. 	• 	.2E4.01 

444,4444441444.4144,14444444444444144,44444444 

EP/SEC 
LH/SEC 
I(NCHES 
.NC(WALI2E0 

44444 444+4 

3.4493E4,02 
4.1667E.03 
0.0.00 
4.4410E•01 

444444444444444444444 44,44444444 4444444 4 ***** 44444444,4444,44444,4*444.4,  TIME 	(SEC) 
...2 •.I 	- 0. - .1 .2 .3 .4 .5 •6 .7 .8 .9 I. *** 
• 4 	- 4 

x 
4 * 4 4 4 - 	4 

. • * 
ZERO 

xi 4 .01 
X 1 4 .02 
x 1 4 .03 
x 1 .04 
X 1 .05 
X 1 .06 
X 1 .Or 

.00 
1 4 .0v 

4 
4 
• 

_ _ 

.10 
el/ 
.12 
.13 
.14 
.15 
.16 
.17 
.16 
.19 
.20 

4 .21 
622 
.23 
.24 
.25 
.26 
.27 
.24 
.29 
.30 

4 .35 
.40 
.45 

_ _ .50 
.55 
.60 
.65 
?70  

-4 
4 1 

1 
.75 
.80 
.85 

• .90 

_ _ _ I .95 
1.00 
2.00 

- 	3.00 
4.00 

2 5.00 
2 6.00 

2 7.00 
2 8.00 
2 9.04 

10.00 2 
2 20.00 

2 30.00 
40.00 • 

- • •• ■ 
50.00 
60.00 

. 	_. 
2 

*-= - 
70.00 
80.00 

2 90.00 
100.00 

_ 2 
2 200.00 

300.00 
2 400.00 
2 ;00.00 

• 600000 
700.00 

2 000.00 
2 900.00 
2 1000.00 
2 1100.00 
2 1200.00 

. 
2 
2 - 1300.00 

1400.00 
1500.00 

2 1600.00 
. 2 1700.0. 

1000.00 
a 	- 2 • • 1000.02 

2 2000.00 
3000.00 

2 4000.00 
2 5000.00 
2 6000.00 
2 7000.02 

 2 - 8000.00 
t 9000.00 
2 10000.00 



(11 • XE( 1) 	5 
121 • AA( 5) 	5.  
(3) • X1 21 	3 
14) • X( 3) 	5 

SCALE 	 CA17 	S o 'STATE VALUE 

011o, 
OOASH 
XIHAMnASN 
ARPAROASP 

I. 
1. 
1. 
1. 

• 
x 
X 
• 

.20.03 

.20.01 
■20.01 
.50.01 

NORmAL1200 
hCRMAL1200 
NCHPAL1200 

2.37750.02 
1.01360.00 
1.05760.00 
1.0b760.00 

X
X 
X 

C 

X 

X 

- 	X 
o 

X
X 

• • 	• 

- 

---2 

X 

X 

43. 

- 	2 • 3• 
2 	4 3 • 

2' 4 3 • 

2 4 3 4 

4 3 

* 

* 
• 

• 

• 
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4,44+44•444444 444444444 y4444444444. 444444444444444444444444444444 	  TIME (SEC) 
..? 	-.1 	0. 

X 
X 
X 

- X 

4 
• 
* 
4 
i 

4 	4 
+ 
• 
* 
* 
•
6  
a 
. 
4 

- 

- 

•1 
4 

.2 .3 
4 

.4 
• 

- 

, 
_ 	• 

1 

1 

1 
1 
1 

1 
. 

_ 

_ 

r 
3 

•••••••■• 	• •••••• 

2 

a 

4 2 

4 
4 -  

3 
4 

4 3 

.5 	 .7 	 .5 	.9 	1. 	*** 
• 4 

ZERO 
.01 
.02 
.03 
.04 
.05 
.06 
.07 

 .08 
.09 
.10 
.11 
.12 
.13 
.14  
.15 
.16 
.17 
.14 
.19 
.20 
.21 

 
oR3 
.24 
.25 

' .26 
.27 
.28 
.29 
.30 
.35 
.40 . 
.45 
.50 
.55 

.65 
.70 
.75 

- .80 
.85 
.90 
.9h 

1.00 
2.00 
3.00 ,• . 	. 
4.00 
5.00 
6.00 
7.00 

'8.00 . 9.00  
10.00 
20.00 

1 
	

60.00 
-'--2- ------"----7-7---'----7  

- + : 2e 	 -. 4 	
60.00 

- 2 	 70.00 
-- 	,_ -TT 4  ••■ -7-2: 

	
60.00 

2 	 90.00 
1 	 100.00 

200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.03 
900.00 

1000.00 
1100.00 
1200.00 
1300.00 

1500.00 
1h00.00 
1700.00 
1000.0d 
1900.00 
2000.00 
3000.03 
4000.00 
5000.00 
6000.00 
7000.0)) 
8000e03 
9300.00 

10000.00 

30.00 
40.00 

4 

4 

* 	1 

1 
1 3 

1 	3 

3 

3 	2 
2 
2 
2 
2 
2 

_ 	• 	_ 	• - - 

1 -3 2 
4 	 1 3 2 

4 3 ' 2 
--,--:_ 	- 	1.Z.  4 .--;-1-, - .-..-"::-.-:-7-L,1---,L- -'1,: L--.=-- --i,t3 ,:::- 

4 2 
• 3 2 - 	_ 	. . 
4 3 2 

'1 2 
4 3 2 

• 4 	* * 3 • 2 • • 
4 3 2 
4 3 2. 
4 3 2 
4 3 2 
4 3 2 
4 - 	3 ' 2 
4 3 .  2 
4 3 2 
4 3 2 



♦ 

4  

* 

- 

- I  

4 

 

  

- - A 
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SIFF 	OFSPFIN5F OF SYSTEM ACC(37,30), CASE 126 CF PEGULA FOP CASE 3. .AC TYPE t 61 

0) 4 
"(2) 4 

UCt11 E YOPEO 
UC(2/ S YTCYCEM 

SCALE 	 UNIT S. STATE VALUE 

1. • -16.00 6c664LIZED 	9.f400 
1. • A1E•01 NCH0ALI2E0 	1.4501E*00 

	  TIME IbEC1 
.4 	 .5 	 .6 	 .7 	 .5 	 .9 	I. 	*** 
* --- 	* 	- * 	* 	* - 	* 

2 I ZERO 

	

2 	1 	 .01 

	

2 	1 	 .02 
4 	 2 	1 	 .03 

	

2 	1 	 .04 
.05 

	

2 	1 	 .06 
- 

	

2 	1 	 .07 

	

2 	1 	 .06 

	

2 	1 	 .09 

	

2 	1 	 .10 

	

2 	1 	 .11 

	

2 	1 	 .12 
I -- 	- .13 

	

2 	-' 	1 	 .14 

	

2 	1 	 .15 

	

. 2 - 	I 	 .16 
.17 
.1.. 
.19 
.20 
.21 

	

1 	 .22 

	

1 	 .23 

	

1 	.24 

	

1 	 .26 

	

1 	 .26 
.2 	 a 	.27 : 

	

2 	 1 	 .20 
.--- _ - 2  _ - .L___ __ 	1 	 .29 ... 

	

2 	1 	 .30 
4 ' 	 ' 2 	1 	 .35 

2 	1 	•411 

	

. 	. 

	

1 	 .45 

	

1 	.60 
2 	 1 	.5$ 

.60 
	 - 1  - 	.65 • . 

-77 	: 	 ----'  	.f:--- - 	4  _ _ 	4  

•- - 	. _ 	 .85 
._. _ 	 . 	2 	 1 	 .90 

-,-. , 	. 	• . - 	... 	_ _ 	. _ 	___ 	 . 	2 	. 	 I 	 .95
1 	• 1.00 

_. 	 I -----   2.00 
2 	 ' 1 	3.00 

. . 	 .. 	_ 1 	- ' 4.00 

	

. 	. 	 .  
- -----: 	 2 	 1 	5.00 

-. 2 	 -- 1 	6.00 

	

-2 	 1 	7.00 

	

2 	 1 	8.00 • 	
2 	 1 	9.00 4 	 1 	10.00 4+  _ 	 20.00 

	

. 	---1 ---- -- 	 30.00  ' 

	

. 	. 	. 	. 	. 	 
1 	 40.00 2 	 ' 50.00 2 	 60.00 ..... 

S 

2 

70.00 
60.00 
90.00 

100.00 
200.00 
300.00 
400.00 

	

2 	 500.00 

X 	 2 	 700.00 
X - 	 2 	 1.00.00 
X 	 2 	 900.00 

	

a 	louo.00 

	

2 	 1100.0u 

2 
2 

4 	: * 

• . 

x 

+++++++++ yoy.44.44.4.4444.4.4.444.44.4444.4.14.44 ********* 
-.2 	-.1 	0. 	.1 	 .2 	 .3 
i ' 	 4 - 	A 

4 

i 

2 	1 
2 	1 

2 	1 
2 
-2 

- a 
2 

• 

• 

0 

1200.00 

	

2 	 1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1600.00 

• 42 	- 	1900.00 

	

2 	 2000.00 
23000.00 

	

2 	 4004.00 

	

2 	 5000.00 

	

2 	 6000.00 

	

2 	 7000.00 

	

2 	 8000.00 

	

2 	 90)0404 

	

2 	 10000.00 



.1.0E+00 

.1.7E-01 
..2.AE-0S 
.1.4E-01 
.2.8E+00 
.7.3E+00 
.3.2E-01 
.1.4E-01 

STEP -- 	RESPONSE OF SYSTEM ADC(30.30).-  CASE 126 OF REGULA FOR CASE * FXC TYPE-  ( '6) 

  

     

     

LIST-CF-tONSTRAINEn-PARAHETERS AND/OR DERIVATIVES (A VIOLATED CONSTRAINT Y/FLUS-A WARNING) 

   

   

      

-NAME 	-UNIT 

= 

-1enNTROL INPUTS 16c; - 

- 	S.STATE CONSTRAINTS' --------- PEAK VALUES 
 --(LINEAR UEVTAT1ONS) 

'UPPER 	LOWER 	- -- POSITIVE  NEGATIVE -- --- 
• 

1.4E-01 .1.0E+00 
::....0.E•0n 	-9.8E-02 

- UC( 1) E vMDEN- 	NORMALIZED -  0.E400' 
	

1.000E+00 -1.000E+04 

UC( -2) 	YTCV0Em - 	NORMALIZED 	1.450E+00 
	

3.250E+nn 
	0.E.00 

DER/VAT/v5 OF 	UC( 2) E YTCVDEm 	- NORMALIZED/ sec 
	

3.300E■n3 

DERIVATIVE" -0E- 
• -- 	- 

vARIABLFS 	- 

X( 	1) 	PH/DASH 
x(10) 	E 	PO 
X(1n) 	E 	Po 	' 
x(11)- 	E 
X(12) 	NW 

• 

NORMALIZED - 	"1.058E+00 
*' 	9.400E+02 

PSIA 	/SEC 
L8 	. 	"6.452E+04 
LN 	- 	3.470E+04 

*- 	'- 

2.000E-01 
9.800E+112 

PEAK TO PK 
9.000E+Op 
■10000E+0; 
0.L.1.00 
OoE.00 

7.5E-r12 
8.9E+01 
1.1E+01 

""9.0E+na 
-3.2E+n2 

X(15)-E CmEGA- RAD/SEC - 	'- 	1.516E+02 09E+00 

X(16)-  ‘,Fw LB/SEC 	3.449E+02 0.L.0.00 0•E+to 
x(19) 4( NORMALIZED 	4.641E•01 1.000E+nn 0.E.00 1.8E-02 

CIERIVATIVE x(19) yR* NORMALIZED/SEC *3.300p...fig 5.2E-n2 
x(211 vm NORMALIZED 	0.E+00 1.000E+00 -1.1l0oE.Pon . 	1.36.-01 

nEPIVA'fIVE'AF:-=  X(21)  vm NORMALIZED/SEC 2.000E-n1 -2.000E-OT 2.5E-n2 
X(22) E NORMALIZED 	9.200E-01 g.700E■11 0.E+00 

-X (231- E YTCV NORMALIZED -9.501E-01 1.000E+rn 0.E.000 - 0.E+un 
X(28) - E 
x(29) 	E 

IF1 -  
1F2 

INCHES 	0.E400 
- 0.E+00 

- 1.000E+00 
1.000E+no 

5.4E-n2 
--A.1E-04 

X(3o)s  rF c/S 	- 	0.E+00 1.000E 4.0n -1.000E+00 " 7"-. 	3.2E.-01 

TADDITIoNAL PAEAmETEPS:: 

7.f - 	77-  7T(3)-up(6) - i'llt. 
08( 	4)YRDEm - 

--.INCHES 	- 	0.E+00 .„. 
NORMALIZED 	4.641E-01 

8.000E+on 
1.000E+00 

-43.000E+06 
0.1E+00 

- 	:--- 4.1E-K1 
2.8E-n2 

inERIvATIVE-OFT-L5_ XE( 	1)- E rio4 /SEC 3.000E-n5 .3.000E-Oi ' 	3.3E-,16 
- XA( 	5)".-1cOASH NORMALIZED 	1.014E+00 2.400E..n1 PEAK TO PK 

77-77 AA( 	6) 	E.-.r:MSC --T:FITU/L8 	1.857E+01 0.E+00 S.1E+00 
XA( 	6)E cHR -- RTO/L8 	4.945E+01 0.E+00 • 0.E+00 
XA(12) 	= KxCCUT 1.402E+00 0.E+00 0.E+00 
XA(141 XXRAAR 9.535E1.01 0,6E+00 0.E*00 

.1.2E-01 

.8.0E+00 

.1.a.+00 
0.E+00 

.8.1E+02 
0.E+00 

.5.6E+01 

.7.5E-0a 

.1.4E-01 

.1.nE•oo 

.1.0E+00 

.3.1E-02 

.1.AE-01 

.3.7E-01 

.9.4E-03 

.4.5E-02 

CONSTRAINT VIOLATED 
CONSTRAINT VIOLATED 

CONSTRAINT VIOLATED 

CONSTRAINT VIOLATED 

2.3E-02 .2.6E-03 - CONSTRAINT VIOLATED ---  
_ 	r 	_ 
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G.4. 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 routine FDBCK1 of MXEV2X1 (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 FDBCK1 was constructed with the sole 

purpose of comparing the responses of the linear model on the 

digital 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.: 

-5 
1.1
d 

= 10 miliniles = 10 
i 

 

where udi = 8kbal 

See general comments in introduction to section (G). 

Special comments: 

(i) The parameters ticked (.() at 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 number. 

(iii) In the final table for constraints there are some 

differences with the tables for the other plots seen before: 
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the values of constraints for u 	 a') and x
A;
(W)  c (Y* ), xi  a2 	TCV 

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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571.i• 	or CYST,. 	f? ,•'1). c4S: 7 	2:1,C.11 („C'"1) 	• r • 	7Y,r: l 7 1 

Sf"Lr txt/i s. :TA% V4LtIr 

1,41) x( 1) 	3 Poimsq I04441-izEir. i.057•,F.00 
el?) 	• X ( 4) 	2 T988 1• • or:0; 	0 4.0151E•01 

43) 	• X( 9) 	2 TF131.49 1. • 2r.01 •)09 	F 	- 1.17p3F.03 	• 
A4) • 

bf (5/ 	• 
X( 	9) 	3 
x130) 	3 

Tri3T19  
PD 

1. 1. ° • 
1E4 11 
20'401 

DE.) 	F 	_. 
PS14 

5.7335[.02._ 
.9.4000E402. 	-. 

4,44.4.+.4444444ii444+4.144+4.4.44* 44444444 .4441.4144,..441***4.-44 ************ 44.+44.4+44,1.* 44,41.4.44.44,4,414.4...44-.4.4‘.4.4 71.r (SEC) 
.2 	..1 	0. 	.1 	.2 	. .3 	.4 	.4 	 .f, 	.7 	.11 	.4 

4 	a 	 4 	4 4, 	
I. 	iii 

. 2  
X 	1 	. 
X 
X 

X 	 I 
X 

X 

X 

X • 
X 

)(4. 
4 ,8 
84 
X4 
XX 
/(4 
XX 
XX 
XX 

• 434 
4 	434 	4. 

X.J4 
)(3. 
X34 
X34 
4.14 
)04 
.3 4 
X 3  4 
.3 • 
X 34 .  
X 3 .:. 	 _ 
X 3 s. 
x 3 4 
x 3 4 - 
x 3 i 

• • 	4 

_ _ a 	_ . _ 	. 
 5. 

__. x 	.3 	4 

_ 425 
ri 

X 3 4 
X 1 4 
x i 4 
A 1  4 
X 	3 4 a 

ad e. 

ad 	

g _ -• 	.a 
' 	1 	4 

i i 

-'..__ 

7 4 

6 

_ 

__.  

3 4 
34  . . 	

a 

4  . 3 ; ....... 

. 	_ 	. 

. 0 _ . i . 

-. 	_ I 

T i  

1...  
I . 

	I 

1 - 

4 1 
I 3 

4 

. . _ 

_ ._ 421:531000  ......:::::. :6:6 4:0049:0004  559:400991:000  - 

1 0 . 0 0 

6.44 
7.09- 
4.00 
9.9* 

.50 .no 
a -3

, 	 _i_ 4 3 
60.00 

4 	4 	

4 
a 
4 
a 

4 
a 
a 
a 
* 
i 	

() fr 

.6 2 
i 

2 

	_ 

4 

2 

_ 	

. 

2 
2 

7 S 

a A 

' 1 41 • 

	

4 1 	41 . 

5 1 14 

0 

	

' 	T 	x 

i 

s 1 	_ x 
E i 

3 1 _ X. 
c i_ 	34 

41 

1 	

.11, 

4 	. 

	

9 :1.'0'1x 	

41 000;4  1 410909:  

Voe,g191 

2 
7 	

ito . 

	

4 	 X 
2000.00 

: 
* 

2 

	

2 2 

	St 
.1 
51 	X 

34 
X 

41 lin  :10') 0:: 1:0;0::0  

	

2 	_..., 5 1 . 	34 
100000 w 21 	34 

	

4 	 2 	X 	X 
•-■000.00 
.000.110 , 2 . 

• • 
78.00 

.02 

.43 

.95 
• ws 
.07 
.40 
.09 
.19 
•11 
.12 
• 1 3 
.14 
.15 
.19  

1 	 .17 
1 	.14 

.19 

	

a 1 	a 	•?* 

	

1 	 .21 
1 	 .22 

1 	 .23 
.24 

1 	 .25 
1 	 .24 
1 	 .27 
1 	 .28 

1 	 .2.4 
1 
1 	 .35 
1 	 .49 

.45 
- 1 	 '.5(1 

. 	1 	 .55 

0 

• - 

- 	3 

1 

▪ 2 
* 2 
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CONTROL INPUTS (UC) 
. _ 

UCI 1) J YMIEm 

DERIVATIVE OF 
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Wo( 2) j YTcvnEm 
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DERIVATIVE OF 
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PARAMETERS 
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STEP 	RESPONSE OF SYSTEM A :(29.9)• .CASE 'T OF.FDBCKi (MXEV2X1) . • EXC TYPE t 

LIST OF CONSTRAiNED PARAMETERS AND/OR DERIVATIVES (A VIOLATED CONSTRAINT YIELDS A WARKIIN6i 

• 

_UNIT 	S.STATE CONSTRAINTS 

UPPER 	LOWER 

PEAK VALUES 
CLTNEAR DEVIATIoNS) 
POSITIVE. 	NEDATIVE- 

NORMALIZED 	O. I.006E+00 .1,600E+06 6. 0. 
NORMALIZED 	1,450E+00 
NoRmAL/ZEn/SEC 

1 9500E4,60  
.3.300E-03 -5°600E-01  

-3.300E-03 
3. 
0. 0. 

NORMALIZED 	1.058E+00 I.1g;8E+60 R.c76E-61 T.RE-02 R. 
PSIA 	9.400E+02 9.800E+02 9.6 0 0E+152 T.Pr+iq 6. 
PSIA 	/SEC .*1 .000E4 0 0 z.sE-01 -10E-05  
La 	8.492E+04 0. 0. ..1.pE+,12 
LP 	3.476E+04 0. 3.6E+01 
RAD/SE6 	1'516E+02 0. O• 
LO/SEC.. .440E+0? G.4F+06 -9.5F-n2 
NORmALIZEn 	i.641E-01 1.060E+60 0. 1.3F-n2 -?.1F-11 
NORMALIZED/SEC 1,300E+02 -3.io0E-6? !?.5r..f14 -?.0E-n8 
NORMALIZED 	0. 1'000E+00 -1.000E.00 ;4,  -1.5E.•26 
NORMALIZED/SEC 	_ 2•000E-01 -2.80oE-01 6. 0.. 
NORMALIZED 	9.200E-01 
NORMALIZED 	9,501E-01 

9.700E-01 
1,000E+00 0. 

7.4E-j8 
6.  . 

INCHES 	O• 1.000E+0 1.6c-n2 
4) 9  10000E+00 2.6F-•63 -4.5E^14- 

INCHES 	O. 8.060E+00 ..80i00E4,06 4.Sr-n2 -2.4E-n2 
NORMALIZED 	4.641E,"01 1•000E+00 0. 1.3F-62 

/SEC _ 	3•000E-05 -3.000E-QS 0' 
NORMALIZED 	1.014E+00 - 	1.144E+00 8,A36E+,01 1•3F-0? O. 
RTU/LH. 	1,857E+01 o•  5,0E-01 9. 
BTU/LB 	4.945E+01 0. (2.1F-01 0. 

1.402E4'00 0. 7.9F-713 o. 
9.535E..01 0. 9.8F-03 0. 

_ . 


