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ABSTRACT

The effectiveness of a non-linear multiplicative con-
trol algorithm was evaluated by controlling a laboratory
double pipe heat exchanger. & DEC PDP-8 mini computer
was used to effect direct digital control (DDC) using
the multiplicative and proportional-integral algerithms
in both servo and regulatory modes. Compariscn of perfor-
mance was made by.having the computer tune éach algorithm
to minimize the integral of the sguared error (ISE) pe-
nalty functicn.

An algerithm was developed to tune the parameters of
the control algorithms on-line, without the aid of a mo-
del. The aleorithm converged the controller parameters
to their optirmum settings smoothly in spite of noise,
but convergence was fairly slow. A programming technigue
tc save some core memory space was intrcduced and is ap-
plicable whenever programs are written in machine languase

It was found that the multiplicative control zlgorithm
out-perforited the propertional-integral algorithm under
all test conditions. The practicability of this a2lgorithm

is assessed in detzil,



ACKN(WLEDGENERT

The author wishes to thank Dr. F.D.F. Talbot, the di-
rector of this work, for his guidance and practical ad-
vice throughout the course of this work. The various con-
tributions of Dr. J. Kruus and Messrs. G. Gasperetti, B,
Carraro and‘R. Le Henaff are hereby acknowledged.

Financial assistance from the National Resezrch Coun-
cil and the Depariment of University Affairé (Ontario
Craduate ellcwship Frocram) is gratefully acknowledzed,

the author woulc also like to thank his parents, wnose

enthusiastic support made the task much easier.



- iii -

TABLE OF CONTENTS

NOmMenClature suveeevsrrrrssoneosronsosonnsvanes 1
Introduction Seteesererri st sestsetras et 0nnnsee 3
Theory R N Y I S -
Preliminary EXPErimentsS suveeesesececorsoscess 24
HardWare. ssueeseeonesrnsosseresseocosoccnnsaes 36
SOLEWALE tevverrtrosseersesserossoresncenennss 41
Subroutines ............................;..... 44
Hain PrOgramsS vueeseeseossosessnsnssssonsanssss 59

Results l..l."’.ll.l‘l.l.....‘.ll......."ll. 7'L

DiscuSsSion sueeeeeeorreesoccrecscsrcosncsnsees 82
ConcCluSionS sevsvessesossosnssenevncocososcens 96
RefEreNnCes sieisevessvescarooceocoeocersanseas 97
BDDENGIX 1 tevveesesnnnnnnnnnnnnsenesessssss 100

zxppendix II S Q00000 ROLRBTIIPCEEORPCOEOIEORILEOGOEEODYS 106



- iV -

LIST OF FIGURES

Figure 1, Multiplicative Control System seeeeees 12
Figure 2, Simplified Multiplicative Control

SYSLEM 4uuevesnrrnssneorencasancerenes L€
Figure 3. Gain of Heat Exchanger at Various Flow-

Rates and Temperatures tecessssseseves 25
Figure 4. Open Loop Response of Temperature to

an Increase in Flow Rate veseveoeessoes. 26
Figure 5. Cpen Loop Response of Temperature to

@ Decrease in ¥low R2te seeevsvooees.s 27
Figure 6, Feedforward Open Loop Response of

Temperature to a Change in the Temper-

ature Sel POINE suvesvvcecnrrsreoesoee 28
Figure 7. Typical Convergence Pattern Using

5 - Point AlGOrithM seveveeesovsveesss 32
Figure 8. Schematic Diagram of the Heat Exchan-

G€L csovsvveesvecosoarcreeacsasnsncnees 37
Figure 9. Circuit to Convert Current to Voltage 3¢
Figure 10. Flow Diagram of Subroutine S-1 ....,.., 45
Figure 11, A/D Interface with "Unity Sense Gain" 46
Figure 12, Flow Diagram of Subroutine S-2 ....... 47
Figure 13, D/A Interface with "Unity Sense Gain" 49
Figure 14, Flow Diagram of Subroutine S-=3 ,...... 50

Figure 15, Flow Diagram of Subroutine S-4 ;...... 53




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

le,

17,

18,

19,

20,

21,

22,

23,

24,

25,

26,

27,

28,

29,

Flow Diagram of Subroutine S-5 veeoes D57
Flow Diagram of Subroutines $5-6 & S-7 58
Steady State Detection Scheme .v.e... 61
Error as a Function of K ,,,ss0e060es 63
Flow Diagram of Main Program M-1 ,,., 66
Response of Temperature to an Increase
in the Water Flow Rate .eeeeecccossss 72
Response of Temperature to a Decrease

in the Water Flow Rate suesssseserese 73
Response of Temperature to a Change

in the Temperature Set POint .eeeee.. 74
Comparison of P-I and Multiplicative
Control in a Regulatory &pplication . 75
Comparison of P-I and Multiplicative
Control in a Servo Application .eeee. 77
Comparison of Optimal K Settings for
Regulatory COntrol .esesvecaceseseoss 78
Comparison of Optimal T and TI Set-
tinés for Regulatory Control seveeess 79
Comparison of Optimal K Settings for
Servo Control seeesveessesrecesonrees 80
Comparison of Optimal T and TI Set-

tings for Servo Control seeeeevesseee 81



Figure

Figure

Figure

Figure

Figure

33.

34.

- vi -

P-1 Rewlatory contrOl Cevesecovrrrcns

Multiplicative Servo CONtrol seeeecess.
Flow Diagram of Switch from the P-I

Algorithm for Regulatory Control to

the Multiplicative Algorithm for Servo
Control and Vice VErSa vueeeecosesoses
Convergence Pattern for Proportional-
Integral Control Settings ...... .ﬂ soee
Sensitivity of Steady State Offset to

Errors in Gain ;.3 6000000000000t

85

85

88

ol

w0
KaN



NOMENCLATURE
A -+. multiplicative gain
b ... feedback value
c ... Output
c : -+. capacitor
D ... disturbance vector
e ... instantanecus erfor
F . . soﬁe non-linear function
G «+. System gain
G1 - Gn : ... system functions
H ... sanpling interval
i ... current
K «+» Proportional gain
L (software) ... load
M ... dependent variable
n ... Subscript
N ... independent variable
P ... COnstant
PIN (software) ... €error signal
POUT (software) ... output from controller
Q ... constant

r ... set point




SG (software)

SP (software)

Tow (software)
u
U
v

VIN (software)

VOUT (soiiware)

X
X
Y. T ¥
21 T %

2 -

constant

high precision resistor

trim resistor

Laplace operator

constant

system gain

set point

time

multiplicative time constant
integral time constant
multiplicative time constant
load

control vector

voltage

input to multiplicative
controller

output from multiplicative

controller

proportional controller output

state vector
output of system functions

variables of integration
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INTRODUCT ION

The intuitive concepts of control were very slow to
be formalized into a science. It was not until the late
1930's and during World War II that military necessity
Precipitated the development of feedback control theory,
Though the mathematical basis for control theory had been
well established for centuries, no one until then had had
the insight to put differential equations into a context - -
suitable for control,

In about 1948, the first serious attempts were made
to apply feedback control theory to control chemical and
refining processes. Engineers quickly realized that few
theoretical or empirical models existed to describe the
dynamic behaviour 6f these processes and that very little
suitable hardware existed to implement process control.
‘However, these early experiments caught the imagination
of many engineers and a period of intensive research fol-
lowed,

The philosophy that linear network theory was appli-
cable to process control led to the widespread use of
mathematical techniques such as Iaplace Transformation,
frequency response methods, signal flow diagrams and root
locus plots. The mathematical modelling of process dyna-

.mics was vigorously pursued with great emphasis on making
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all models linear. Meanwhile, the instrument industry
spent large resources to develop faster and more relia-
ble hardware to measure process variables and effect con-
trol. The introduction of analog computers for both pro-
cess modelling and control purposes permitted the ulti-~
mate refinement of linear techniques and made feasible
exploration into the area of non-linear control.

Meanwhile great theoretical strides had been taken
in the areas of non-linear and optimal control. The re-
quiremenis of the Aero-Space industry, the electrical
and nuclear industry, and the military had led to a new
body of knowledge generally referred to as Modern Control
Theory. Unfortunately, application of Kodern Control The-
ory was not possible with conventional analog control
hardware. The possibility of using an electronic digital
computer directly on-line to control chemical and refining
processes was the harware breakthrough that has permitted
the great advances in process control since 19635,

Process control by digital computers.is frequently
implemented at two levels. Supervisory control involves
steady-ctate optimization (usually by linear cr dynamic
programning techniques) and/or interacting {multivaria-
ble) control calculations and is usually implemented by

adjusting the set points of controllers. Another popular
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supervisory control strategy is conmstraint control, where
processing units are operated at maximum possible through-
put consistent with safety and product quality require-
ments. Direct Digital Control (DDC) replaces the conven-
tional analog controllers. Though most DDC loops used in
indusiry are of the Proportional-Integral-Derivative

(PID) type, that is, digital models.of standard analog
contrellers, there is considerable interest- in developing
better algorithms. The present work develops 2 multipli-
cative control alszcrithi and aésesses its potenticl fer

industrial process ccntrol,




THECRY

The major objectives of process control are safety,
economic utilization of processing equipment and the pro-
duction of on-specification products. In a modern, com-
puter controlled operation, supervisory programs calculate
the best strategy by which to meet the above objectives,
Direct Digital Control (DDC) effects these strategies
by controlling the actual rrocess variables., The control
exercized by DDC is of two types; servo control, where
The objective is to adjust the process variables to the
latest set points calculated by the supervisory prograns,
and regulatory control, which attempts to hold vrocess
variables to their current set point values in spite of
upsevs. This sophisticated control scheme is based upon
a very considerable technclogy,

Classical control theory depends upon a number of math-
ematical techniques, some of ﬁhich are not commonly used
in other branches of chemical engineering. Control sys-
tems are classified by the itype of differential equations
that describve their dynamics, Thus linear systems, non-
linear systems and distributed parameter systems have
dynamics best describable by linear, non-linear and par-

tial differential equations respectively. The best under-
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stood of all systems are-the linear ones; unfortunately
most real processes display dynamics best describable
by non-linear and/or partial differential equations.

It is clear that there is a great incentive to des-
cribe process dynamics, wherever possible, with linear
equations. To this end the concept of perturbation tech-
niques has been developed. The concept requires that a
steady state or average condition of the process varia-
bles be defined. Then small deviations in the input variab-
les can be related to the resulting deviations in the
output variables by linear equations even though the pro-
cess itself is non-linear. This procedure often works
reasonably well for regulatory control, but is not appli-
cable for servo control.

If the dynamics of the control system can be descri-
bed by linear differential equations, then many well known
mathematical techniques can be applied. The most useful
and widely applied mathematicai technique in control the-
ory is Laplace Transformation (1). This fransformation,

>
defined by JLf (t) =~{e_5t.f(t) dt , permits the represen-
tation of linear di;ferential equations with constant
coefficients by algebraic equations and is the source
of the "transfer functions" in the control engineer-

ing vocabulary. This technique, automatically incor-
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porating initial conditions, permits the rapid calcula-

tion of linear system responses to arbitrary forcing func-

tions and is particularly well suited for analog simula-
tion work.,

Frequency response (2) is another technique that has
wide application in process control. Here, the open loop
system is excited by sine wave signals of various frequen-
cies; the output sine wave is compared to the input sine
wave in terms of amplitude ratio and vhase. The most com-
mon method of plotting the results is called the 3ode
plot, which plots magnitude ratio vs. frequency on a log-
log scale and phase angle vs. frequency on a semi-log
scale. The dynamics and relative stability of a linear
system can be established from this plot. Since the fre-
guency response experiment is difficult to perform, the
Bode plot is commonly used in reverse, that is, given
the system transfer function, what frequency response
can be expected of the system? Rules permit the drawing
of straight line asymtotes to the actual frequency res-
ponse, which often provide sufficient information for
control system design work.

Block diagrams can fairly be called the language of
the control engineer. This concept of representing math-

ematical operations can also be conveniently carried into



the field of analog computation and on into the program-
ming of digital computers. It is probable that the repre-
sentation of control problems in block diagram form ex=-
plains the ability of control engineers to grasp and use
the advancements in computing technology.
The recent introduction of digital computers to pro-

cess control transforms these systems into what are cal-
led sampled data control systems (3,4), In'these systems,

the Z~transform, defined by 2 = oIS

where H is the sam-
plire pericd, is analorous to the laplace Tranzform.
Z-transformation is applicable to systems whose dynamics
can be described by linear difference equations. Of course,
the whole bodyv of mathematical Knowledge, called Numeri-
cal Analysis, is applicable to these provlems.
The best understood control systems are those whose
dynanics can be represented by the equation:
X = F(X,U,D0t) veveeneenes (1)
where: X is an n-dimensional vector representing the state
of the plant
X is the first time derivative of X
U is the r-dimensional vector representing the
controllable inputs to the plant
D is a s-dimensional vector representing the un-
controllable or disturbance inputs to the plant,

in general, having both measurable and unmezsurable
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components
t is time
X, U and D are functions of time
F is some non-linear function
In the linear, stationary case, equation (1) becomes;
X(t) = QuX(£) + RAU(E) + SuD(t) vuneves (2)
where Q, R and S are constants.

Though equatiog (1) describes a very large number of
real systems and the equations representing the dynamics
of thece systems can often be linearized about an oper-
ating point to take the form of equation (2), it unfor-
tunately does not describe the dynamics of plants typi-
cal of the process industries. These plants are charac-
terized by iransportation lass and freguently are distri-
huted parameter systems. These systems cannot easily be
described by state space rerresentation, but require dead
time terms and partial differential equations,

The potential of the deliberate introduction of non-
linearities to improve the transient response of process
control systems was recognized quite early. In 1952,
J.B. Lewis (5) proposed the introduction of non-linear-
ities into the feedback path. Y.H. Ku (6,7) studied the

feedback control of linear systems with the introducticn

of non-linearities into the forward path, the feedback
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path and in both paths. Ku and Chen (8), Salyanarayana et
al. (9,10), Pincura (11) and Kerr (12) have studied the
stability of various multiplicative control systems. In
1967, Jafri (13) studied the servo multiplicative control
of some very simple linear and non-linear systems on an
analog computer. He found that considerable improvement in
performance could be achieved by multiplicative control over
P-I control for these systems. No work has been done on mult-
iplicative regulatory systems. Though the work referred to in
this paragraph was inconclusive as to the possibility of suc-
cessfully applying multiplicatiye control to chemical engi-
neering processes, this research was deemed sufficiently
promising to justify detailed investigation.

The class of multiplicative control systems to be ccn-
sidered in this work is illustrated in Figure 1. Mathema-

tically the system can be represented by the equation:

b =jT...J;’f(c;l(zl)+u).c;2(z2) ces G(2).6 (3 0).
X(E-2,) % (E-2y) oo x(t=5,) x(t-2 ) 42,07, ...
dz daz

n I'H'l
or _ -
b_ =f ...f(cl(zl).cz(zz) Gn-(zn)'Gn+l(Zn+l)'
2L 4
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where: x

1
H
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o
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Expression (3) is known as a regular homogeneous function- 31

al of the (n+l) degree. It shows that the performance of i

-
ava—

any multipiicative control system is described by a (n+l)

tuple convolution of the control x(t) and the (n+l) dimen-
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sional kernel Gl(Zl).G (2)) ... Gn(zn).Gn+ (Z_ .). This

22 1 n+l
type of functional has been extensively studied by Voltera

NCesxreas .y

(14), In terms of process control, Gl is referred to as
the "plant" whose natural or Open.loop dynamic character-
istics are to be modified for some economic or engineering
reason by the addition of the remaining structure shown in
Figure 1. This portion of the control system is usually
termed the control algorithm when actual control is ef-
fected by a digital computer.

The proposal of any new control algorithm must take into
account the environment in which the algorithm will be used.

In the process industries, the dynamics of most of the

A -
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equipment is usually unavailable and test runs to establish
dynamics are usually very difficult to arrange, so the pro-
posed algorithm must not depend heavily on a detailed know-
ledge of the dynamics. Process control computers are small
when compared to data Processing computers, and often run
under heavy computing loads, so any new algorithm should
not impose a notably heavier computing load:than the algo-
rithm that it is replacing. It is difficult to identify fi-
nancial returns for better control of the dynamics of units
that ideally should operate at steady state, so any new
algorithm should not require adéitional capital investment
in new instrumentation. The use of complicated Supervisory
Control programs, which recalculate optimal steady state
operating conditions every few minutes make two demands on
the control algorithm - response should be quick to the
newly calculated setpoints so that the supervisory strategy
is quickly implemented and overshoot should be minimal, as
units are often operated close to constraints and over-
shoot will result in needless alarms in the control room
and possibly damage to process equipment.

In view of the above requirements, the control strategy
illustrated in Figure 1 has to be greatly simplified in or-
der for it té be a possible candidate for industrial process

control. The simplest version of this strategy which still re-
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tains the multiplicative feature is shown in Figure 2. The
choice of a first order digital filter in the multiplica-
tive path is arbitrary, influenced largely by the need for
computational simpiicity. The need for some filtering in
that path can be seen intuitively, as the plant iéself can

be thought of as acting as a filter to the control signal

x(t) and the multiplicative path is in para%lel to the piant.

It is perfectly feasible to operate the control scheme with
no filter in the multiplicative path, but preliminary ex-
periments showed that the filter improved performance sub-
stantially and so the filterless version of the control
scheme was dropped from further consideration.

For process control it is necessary that at steady state
the oﬁtput c be qual to the setpoint r. Clearly, a judi-
cious choice for the value A is required.

Analyzing Figqure 2, at steady state we have:

e=r-b ,..c..... ee. (1)

X =K@ tiiiuiininnnnn (ii)
yl = GeX ereveenrecans (iii)
c = yl + u ceseone .. (1iv)
b = c..y2 ............. (v)
Yoy = AX cetiiiiiannn. (vi)
C =L teerecnnnannnnes (vii)

To solve this set of equations for A, let us start with

equation (iv)

\C A s

. teary
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‘Figure 2. Simplified Multiplicative Control System
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c = yl +u
Substituting (iii) for yl

c=G.x +u
Substituting (ii) for x

¢ = G.K.e +u
Substituting (i) for e

¢ = G.K.r + u - G.K.b
Substituting (v) for b

c = G.K.r +u - G.K.c.y2
Substituting (vi) for Yy

c = G.K.r + u - G.K.c.A.x
Substituting (iii) for x

c = G.K.r + u - K.c.A.yl
Substituting (iv) for Yq

2

¢ = G.K.r + u - K.c”.A + K.c.A.u

A(K.c2 - K.c.u) = G.K.r + u - c¢
2

A= (K.r.G - ¢ + u)/(K.c© - K.c.u)
Substituting (vii) for c
A= (K.r.G - r + u)/(r?.K - u.r.X) ..... (4)

For servo control, u = 0, hence

A= (K.r.G - r)/(rz.K) ................. (5)

The difference équations required to implement multi--

plicativé control on a digital computer can be readily

derived from Figure 2 :

r~ersey
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A(n) = (K.x(n).S - r(n) + u(n))/(r?(n).K - u(n).r(n).x)

&ssuming H/T<<1 cees (6)
yz('n) = A(n). (H/T) .x(n-1) + (1 - (8/T7)).y,(n=1) .. (7)

e(n) r(n) - yz(n).c(n) cecessssstscccsssnscsccss (8)

K.(e(n) = e(n=1)) + X(N=1) teveeevenonnnnnn (9)

x(n)

In crder to evaluate the performance of the multiplica-
tive control algorithm, it was decided to compare iis per-
formance with that of the proportional-integral algorithm.
In order to make the comparison, a measure of performance
was necessary. Three different performance criterea (15)
were considered - integral of the squared error (ISE),
Integral of the absolute error (IAE) and integral if time

multiplied by the absolute error (ITAE).

¢ .
ISE = [ e®(t) dt ..... (10)
°¢
IAE =_fe(t) gt unn.. (11)

t
ITAE =ft|e(t)|dt ceee (12)
where e(t) is the inst;ntaneous error (r(t) - b(t))
IAE is more sensitive than ISE to small errors, but
is less sensitive to large errors. ITAE is relatively in-
sensitive to initial errors, but will weight heavily er-
rors that occur later. Optimum responses defined by ITAE

will show short total response times, but larger overshoots
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than either ISE or IAE. It was felt, on balance, that the
ISE error criterion would give the most valid measure of
performance in the context of process contral, especially
for the servo control case. Its characteristic of penali-
zing large errors much more severely than small errors,
no matter when they occur, is most consistent with normal
process control objectives.

In order to compare the relative performance of the P-I
and Multiplicative algorithms on an equitable basis, it
was necessary to find a practical way to tune the algor-

ithms with respect to the selected performance criteria,
¢

E = ez(t) dt, so that thi; measure of instantaneous er-
ror ;;s minimized. blearly, to minimize the functions

E1 = fl(K.TI) for P-I control and Ez = fz(K,T) for multi-
plicative control, where the functions fl and f2 are un-
known, requires a multidimensional optimization technique
suitable for a problem with two degrees of freedom. E;
and E2 are generally referred to as "response surfaces"
and the region 6ver which this surface is defined for a
particular problem is referred to as the "experimental
vregion“ (16). In our case the response surface is a two

dimensional object imbedded in a three dimensional space.

Before deciding on any particular systematic procedure
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.

to find the particular set of parameters that minimize E

1

and E_, it is worthwhile to speculate about the expected

2

nature of the response surfaces. First, it is clear that

only positive values of the independent variables need to

be considered, as negative values will result in an

un-

stable response which will drive the response surface va-

lues to plus infinity. Second, the optimum settings
the independent variables are generally expéﬁted to
numerically close to the border of instability when
the integral of the squared error criterion, so the
mum setting has to be approached with care in oider
drive the system into instability. ‘This observation

fairly stringent limit on the step size that any of

for
lie
using
opti-
not to
sets a

the in-

dependent variables may move in any one iteration. The sta-

bility consideration defines the experimental region of

interest to us. Third, it is expected that over certain

ranges, including the area near the optimum, the change

in the response surface value will be small for percen-

tally small changes in the independent variables, for it

is known that commercial two and three mode controllers

usually use logarithmic scales on their tuning dials. Fourth,

the measuring technique used to get the values of the res-

ponse surface is quite precise, but the reproducibility of

any particular experiment is low with respect to the pre-
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cision of the measuring technique. This lack of reprodu-
cibility can be accounted for by random noise on the sig-
nal lines and by the inherent difficulties in getting ex-
tremely reproducible resuits in a heat exchange experi-
ment that involves a phase change in one of the streams.
This fact, combined with the expectation that the response
surface values will not be a very strong function of the
independent variables in the area of interest, means that

a fairly sophisticated filtering of the experimental- data
is required in order to accurately identify the topology

of the response surface and not be mislead by the random
fluctuations in the raw data caused by experimental error.
Finally, there is the question of unimodality. One would
intuitively expect that a real problem, as different from
one which occurs only as a mathematical entity, would have
a unique optimum. This hypothesis was tested experimentally,
so that there is at least empirical evidence to justify the
search procedure actually employed to find the optimum set-
tings for the control algorithms.

The method actually used to find the optimum parameters
for the control algorithms was a linear exploration stra-
tegy (17) with the help of a second-order least-squares poly-
nomial filter. This choice seemed well suited to search a

surface whose expected characteristics were defined in the

e s eqrre
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previous paragraph. It was immediately recognized that this
strategy presupposes that the response surface is unimodal
and does not have a ridge structure. This hypothesis was
tested empirically by selecting initial points spread widely
over the experimental region and then letting the conver-
gence algorithm search for the optimum settings. Since in
every case, both for the P-I and Multiplicative algorithms,
the search converged to the same optimum points independent

of which initial point was selected, it is felt that the

R R VT VIE
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assumption of unimodality and ridgelessness is justified.
The linear exploration was carried out in the following

manner. A starting point was chosen arbitrarily; the only

e e e

restriction was that this point had to lie within the ex-
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perimental region. Five experimental points were then loca-
ted on the response surface; the starting point, two points
if ~ with one of the independent variables set at values nume-
rically larger than the starting point and two points with
the same independent variable set numerically smaller than
the starting point. To these experimental points a second

;ﬁ § order polynomial was fitted by the technique of least squa-~
“ -res, and the first derivative of the response surface in

the direction of the varying independent variable was deter-

mined analytically. It was felt that the set of five experimental
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points was the minimum required to get effective filtering

by a second order polynomial, The derivative was multiplied
by a step-size constant and this product was added to the
previous setting to determine the next potential optimum
setting, subject to maximum and minimum size constraints
that the product could assume. If the product lay outside
the constraint range, the appropriate constraint value was
used instead of the product. This procedure Qas repeated

until no further reduction in the value of the response

surface could be achieved by varying the first independent

~e 2.~ ppaey

variable, as indicated by a change in the sign of the deri-

.
"~ s

vative. The first variable was then fixed to its just pre-
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vious experimental value and the other variable was varied

- e et &

in a similar manner. This procedure, with switching to the

.
3.
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3
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other independent variable whenever the derivative with re-
spect to the current independent variable changed signs was
followed until the optimum parémeters for tne control alge-
rithm under study were found,

The performance of the Multiplicative and Proportional-
Integral control algorithms, in both servo and regulatory
mode, was conpared by controlling the temperature of a

double pipe heat exchanger.
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PRELIMINARY EXPERINENTS

A double pipe heat exchanger is a simple device, yet
the mathematical description of its dynamics has the com-
plications typical of most chemical engineering proces-
ses, Heat exchangers are non-linear, distributed .parameter
devices. In order to determine the best way in which to
compare the performance of the P-I and Multiplicative
control algorithms as controllers for the Héat exchanger,

it was decided to carry out some preliminary experiments.

i i)

R

The heat exchancer was assembled as shown in Fipure §,

«-se

but without the computer interface. The system gain, de-

fined as the temperature signal in volts received at the

LIRS 1. BICY TS AANS L LY
- e

computer termiral divided by the signal in volts sent to

LA ravsmaeas &

the steam control valve, was determined as a function

NV R WY N RN

of the cold water flow rate and temperature. Since the'
system gain depended on the operating temperature when
the cold water flow rate was constant, see Figure 3, it
is clear that the heat exchanger characteristics are math-
ematically non-linear.
Experiments were also carried out to gain insight .
into the dynamics of the heat exchanger. Figure 4 and
Figure 5 show the open loop response of the water temp=~
erature to an increase and decrease respectively of cold

water flow rate Trom its steady state value. Figure 6
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Figure 4. Open Loop Response of Temperature to

an Increase in Water Flow Rate
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shows the dynamics of the heat exchanger when the steam
valve is set by feedforward control to drive the temper-
ature of the water from one predetermined temperature to
another, This experiment was carried out for three different
water flow rates,

The simplest interpretation of the dynamic data would
be to try to fit the observed reééonse with a first order
transfer function and a transportation lag térm. This
analysis would@ show that the transportation lag varied
between 5 and 10 seconds and that the first order time
constant is in the 5 to 15 second range, This interpre-
tation would fit the time domain response well for small
deviations about some steady state operating point, but
would be of limited value for larger deviations because
this model does not reflect the two fundemental character-
istics of a double pipe heat exchanger - the process is non-
linear and of the distribﬁted pérameter type.

The dynamics of double pipe and more complicated multi-
pass heat exchangers has drawn considerable research interest
and as a result a number of models of varying degrees of
sophistication and entailing various assumptions have been
proposed. J.M. Mozley (1€), H, Thal-Larsen (19), A, Hempel
(20), L.B. Koppel (21), W.C. Cohen and E.F. Johnson (22) and

F.J. Stermole and M.A. Larsen (23,24) have done extensive
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eéxperimental work, emphasizing the frequency response of the
exchangers, to evaluate models entailing various assumptions
for mathematical simplicity, J.P. Hsu and N. Gilbert (25)
present a summary of the various models available to describe
the dynamics of a number of different hot stream / cold stream
configurations, The overall conclusions from this work is
that a distributed parameter model, which accounts for the
non-linear nature of the heat transfer coefficient with res-
pect to flow rate, fits the experimental data well, An im-
portant question was whether the performance of the Multipli-
cative control algorithm could best be assessed by using a
model or whether it was necessary to control the heat ex-
changer directly.

Engineering studies generally go through three distinct
phases before a new technique is accepted as standard prac-
tice. The first stage usually involves a mathematical ana-
lysis of the proposal., This moaelling stage establishes the
potential of any proposal, indicating the‘maximum possible
gain a new proposal might yield over existing practice. The
second stage is the prototype or pilot plant stage, Experi-
mental work at this stage usually determines the engineering
feasibility of the new proposal and it is often possible to
assess the likely actual gains that can be realized by the
new proposal, rather than the theoretical gains determined

at the model stage. The last stage of development is to field
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test the new proposal in an industrial environment in an
application where success appears most likel&.

Previous work had already established that the Multipli-
cative control algorithm, based on mathematical analysis and
simple analog modelling, has potential application in the
process control field as a replacement for standard control
algorithms, The Multiplicative algorithm's engineering fea-
sibility and practicability had not been established, so the
current work fell into the second category mentioned above.
Thus the most suitable approach‘to perform this evaluation
was deemed to be the gathering of direct experimental evi-~
dence of the algorithm's performance on a live control loop.

Conseguently, an experimental procedure, based on the Gir-
ect digital control of the heat exchanger, was developed.
Suitable software was written to implement both P-I and Mul-
tiplicative control, The final preliminary experiment, before
routine experimental work could proceed, was to test the pro-
posed convergence algorithm, Figure 7 shows a typical conver-
gence pattern for P-I control, where initially the error is
approximately 14 units and finally lines out to about 9 units.
After point 160, no further progress in convergence is being
made; the convergence algorithm is merely "ﬁunting" back and
forth about the optimum, Note that each of the plotted points
recuires five experiments, so Fig., 7 is the result of twelve

hundred individual experiments. &t this time the response sur-
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face was also tested for unimodality and ridgelessness. The
proposed convergence algorithm works well in a very noisy
environment but, not unexpectedly, the penalty is fairly
slow convergence, Details of the program that carried out

this convergence strategy are in .the Software Section,
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THE HARDWARE

The hardware for this experiment consists of two parts -
a suitgbly instrumented double pipe heat exchanger and
a mini computer with suitable peripheral equipment.

Thé double pipe heat exchanger (see Figure 8) consisted
of a schedule 40 1 in. brass inner pipe and a schedule 40
2 in. steel outer pipe. The entire 10 ft. length of the heat
exchanger was insulated with asbestos. Cold water flowing in
the brass pipe was heated by condensing steam in the annulus.

The flows of both steam and water were reguiated by automa-

SN IITRETI ANEPILY
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tic air-to-open 1/2 in. Fisher Governor Co. No. 667A control

res

valves with 1/2 in. stainless steel micro fluted trim.

The control valves were operated by Foxboro Model 69TA-1

R Y

Current-to Air Transducers. These in turn were driven
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by Nexus amplifiers excited by the D/A converters. The
flow rate of water was measured by a Brooks Instrument
Co. Model 5523B Full View Rotameter with an indicating
electrical transmitter. The range of the flowmeter was
from 0.7 to 7.4 U.S. gallons of water per minute and

the transmitted signal ranged from 10 to 50 milliamps.
The temperature of the water was sensed by a bare wire
'copper - constantin thermocouple. This signal was passed
'through an ACROMAG 325 zero degree centigrade electro-

nic temperature reference and then was amplified by a
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Burr - Brown 3164/25 chopper stabilized operational am-
plifier. This signal was then transmitted aé al -20
milliamp signal to the computer.

A Digital Equipment Corporation PDP~8 digital mini
computer with 4096 words of 12 bit core memory was used
as the central processing unit. As peripherals the com-
puter had an ASR-33 Teletype, a Digitronics 300 charac-
ter per second high speed paper tape reader, a real time
clock adjusted to give 10 pulses per seccnd and capable
of causing a pregram interrupt, an elight channel multi-
plexer connected to an Analog to Digital converter and
two Digital to Analog converters with output signals
in the rance ¥10 volis and capable cf a current output of
up to 20 milliamps.

The he:ct exchanger was located on the second flcor
of the Chemical Engineering Buildirg while the computer
was in the Electrical Engineering Building abopt 500
feet away. DC current signals in the range 0 to 50 milli~
amps were transmitied over telephone type lines to ef-
fect communication between the computer and the heat ex-
changer. Suitable circuitry (see Figure 9) was designed
to convert currents into voltages and to filter the com-

puter input signals.

The DEC PDP-8 digital computer was also interfaced
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Figure 9., Circuit to convert Current to Voltage
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with an EAI TR-48 analog éomputer, so that by changing
four bottle plugs the digital computer could readily be
switched from control of the actual process to a very
simple model of the process on the analog computer., This
arrangement proved invaluable during the debugging stage

of the various Main Programs,

Crbed v/ A PO WAL L)

.
3y
hd
b4
.
V.
s

170 AP ISIAITI ALY

]

Wiwaivit o HMZIIOIWA




- 4] -

THE SOFTWARE

The software was divided into two types of programs;
main programs which were different for the various ex-
periments and subroutines which were common to all the
experiments, The control algorithms themselves were also
written as subroutines so they could be more easily de-
bugged and tested.

All software underwent extensive testiné before it
was accepted fof cen-line use.-All the subroutines were
tested by writing special small main programs which in=-
troduced selected test data into the subroutine and pri-
nted all the outputs. Care was taken to exercise all the
logic loops in each subroutine. Once all the subroutines
worked satisfactorily, the main programs were written.
These main programs were combined with the appropriate
subroutines and tested by operating a simple simulation
of the heat exchanger on an EAI TR-48 analog computer.
This method of debugging was so successful that all the

programs, when they had passed this test, performed with-

out any further difficulty when operating the heat ex-

changer.

In designing the software, two hard constraints had -

to be satisfied; the data processing had to be fast e-

nough to permit sufficiently frequent sampling of the
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input signals and the programs had to fit the 4096 word
core memory of the computer. Analysis showed that the
core size constraint would be the more difficult one to
satisfy. This fact had a great bearing on the programming
language that was chosen.

There were three choices of lénguages in which the
programs could be written: FORTRAN II, PAL III (DEC As-
sembler Language) and machine language. FORTRAN II was

desirable because the ccding would be very easy. However

p]
. . e 15
FCRTRAN II for 2 12 bit machine is very irefficient, so 3%;
2 <A
. '>f:(
that there was no chance that the required programs would )ﬁi
. 2:;5
fit into the computer. Since it was doubtful that FORT- J
a e
RAN II could meet the timing requirements, no thought was 33
3.
12
N

given to expanding the core memory. The FAL III langu-

TN v oL
RV

age could easily meet the timing requirements but it was
clear that fitting all the programs into the small core
memory would be a problem., At this time a scheme that
would reduce core memory requirements substantially was
developed, but unfortunately, could be employed only if
direct machine language was used. .
The core memory space saving scheme resulted from the
observation that often two sections of a program were
very much alike, differing only in some branching logic.
or subroutine calls. If the log;c could be adjusted ac-
cording to the needs of the processor on that particular

pass, then almost 100% of core memory space could be
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saved by having the program loop over the modified ori-
ginal instructions. Simply stated, the concept was to
identify what program was needed next, automatically set
up this program and then execute it. This concept proved
most successful and permitted all the originally plan-
ned programs to fit easily into the 4096 words of core
memory. The clearest example of this technigue can be
seen in the Loop 1 - Loop 2 calculations inlall the main

programs.
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THE SUBROUT INES

SUBROUTINE S-1 :

Input: at multiplexer channel terminals 0 and 2

Output: in locations 31578and 31608respectively

This subroutine samples the multiplexer channels 0
and 2, After switching channels, the program waits 2.3
milliseconds for the amplifier to settle an@ then oper-
ates the 10 bit Aﬁalog-to-Digital converter, The codes
returned by the A/D converter are OOOO8 for -10.24 volts,
40008 for 0,0 volts and 777?8 for +10.22 volts. Resolu-
tion of the A/D converter is 0,02 volts/bit. The flow

diagram of this subroutine is shown in Figure 10,

SUBROGUTINE S-2 :

Input: at location 01008

Output: at locations 01018, 01028 and 01038

This subroutine interprets the A/D generated code and
converts it into a three word floating point number equal
to the voltage that excited the &4/D converter. This "u-
nity sense gain" concept across the A/D interface great-
ly simplifies the calibration of the converter and is
very convenient for data processing. This concept is il-

lustrated in Figure 11, The flow diagram of this subrou-

tine is shown in Figure 12,
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Figure 10. Flow diagram of Subroutine S-1
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Figure 12, Flow diagram of Subroutine S-2
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SUBROUTINE S-3
Input: at locations 01048, 01058 and 01068

Output: at location 01074
This subroutine converts a floating point number into
a code so that the 10 bit Digital-to-Analog converter
will output a voltage equal to the original floating po-
int number. The codes returned by-thig sub;outine are
0000_ for (0004, 5341, 2172)8 yielding -10.24 volts on

8

the output of the D/A, 4000_ for (0000, 0000, 0000)8

8
vielding 0.0 volts on the output of the D/A and 77778
for (0004, 2431, 1217)8 yielding +10.22 volts on the out-
put of the D/A. This subroutine also incorporates the

"unity sense gain" concept, as shown in Figure 13, The

flow diagram of this subroutine is shown in Figure 14,

SUBROUTINE S-4
Input: Floating point n's in locations 36008 to 36168
Floating peoint m's in locations 36178 to 36358
Output: Floating point P(0) in locations 37358, 37368

and 37378

Floating point P(1l) in locations 37408, 37418

and 37428
Floating point P(2) in locations 37438, 37448

45
and 37 8

This subroutine fits a second order polynomial of the
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form M = P(Z).N2 + P(1).N + P(0) to five data (n,m) pa-

irs by the method of least squares. This subroutine takes
approximately 1 second to execute, caused largely by the
extensive use of the very slow DEC Floating Point Pack- |
age. This program was also coded in FORTRAN II. Compa- ;
rison experiments showed that the program coded in FOR-
TRAN II was executed approximately 5 times slower and

occupied almost the entire 4K memory, because the FOR-

PRAN II Operating Program, occupying 2K of core memory,

has to be in core at the same time. This comparison was i

2
RHVAHEIT HIAINYA T .

the basis for rejecting FGRTRAN Il as a feasible lan-

MININEY

sq

[ 'S
SR Br)

fuage for this project. The flow diagram for this sub=-

(]

routine is shown in Figure 15,

I

SUBROUTINE S-5

e w

Input; at locations 16&48, 16458 and 16468
Qutput: at locations 010&8, 01058 and 0106
This subroutine is the Proportional~Integral algori-
thm that was used as a standard against which the per-
formance of the Multiplicative algorithm was compared.
Many digital versions of the standard P-I-D controller
are possible as hardware convenience and economy no lon-
ger limit the design. The chosen DDC version of this al- |

gorithm is the one proposed by DeBolt and Powell (26)
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Enter

Zero all A's and B's
except A(1)

Form A
1 X(1) x(I)2 Y(I)A(i)
(D) X1 x1? wDaEe)

1) xn?  xm¥  woas) '

l 'S
: Ly
Form B ‘ﬁ;
3(new) = B(old) + A ;gfg
6~:|1}
-
. Y More g
I=1I4+1 Data ? g,;
| "
v Is :
Stop 3(1) = 0%
N
B(10) = B(10)/8(1)
B(7) = B(7)/B(1) , O
B(4) = B(4)/B(1)
B(1) = B(1)/B(1) .

Figure 15, Flow diagram of Subroutine S-4
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Y

1]

B(11) - B(2) * B(10)
B(8) - B(2). * B(7)
B(5) - B(2) * B(4)
B(2) - B(2) * B(1)
B(12) - B(3) * B(10)
B(9) - B(3) * 5(7)
3(6) = 3(3) * ={4)
B(3) - B(3) * B(1)

Stor

A‘

(11) = 5(11 )/3(5)
3(8) = B(8)/3(5)
B(5) = B(5)/8(5)

B(9)
B(6)

B(10) - B(4) * B(11)
B(7) - B(4) * B(8)
B(4) - B(4) * B(5)
B(12) - B(6) * B(11)
B(9) - B(6) * B(8)
B(6) - B(6) * B(5)

__@

Figure 15a,

Flow diagram of Subroutine S-4
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B(12) = B8(12)/3(9)

B(9) = B(9)/8(9)
I

B(10) = B(10) - B(7) * B(12)
B(7) = B(7) - B(7) * B(9)

B(11) = B(11) - B(8) * B(12)
B(8) = B(8) - 3(8) * B(9) |
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Figure 15b. Flow diarcram of Subroutine S-4
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largely because it seems easy to tune and has been suce-
cessfully used in industrial applications. Algorithm wind-
up was prevented by placing absolute maximum and mini-
mum limits on the output. The flow diagram for this sub-

routine is shown in Figure 1ls6,

SUBROUTINE S=6

Input: at locations 010lg, 01028 and 01038

Qutput: at locations 01048,.01058 and 01068 :

148 S

This subroutine is the Nultiplicative algorithm for

&34

AHVAEEIT HIANVYA -

-

servo control. Algorithm windup is prevented by placing

‘e
)

absolute maximum and minimum limits on the output. The

Y 4 ¥
LA

flow diagram for this subroutine is shown in Figure 17,

SUBROUTINE S~7

Input: at locations 01018, 01028 and 01038

Output: at locations 01048, 01058 and 01068

This subroutine is the Wultiplicative algorithm for
regulatory control. Algorithm windup is prevented by plac-
ing absolute maximum and minimum limits on the output. i

The flow diagram for this subroutine is shown in Figu-

re 17,
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Enter

1

= output(n-1) +
((H/TI)-1).input(n-1)

Qutput(n)
Keinput(n) + K.

Qutput = min, !
value :
rReset .
‘IE ,‘-,
™
- €
P
Wiz
<im
..-‘: A
Return oo
.
JREY O
LD
iz
.
,
Output = max. value :

Figure 16. Flow diagram of Subroutine S-5
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Enter

|
Calculate A |
| |
VOUT(n) = A.(H/Tow).VIN(n-1) + f
(1=(E/Tow)).VOUT (n=1)
]

PIN(n) = SP = (VOUT(n).input)

I

POUT(n) = K.(PIN(n)\- PIN(n-1)) +
/

POUT (n-
2.‘
; f‘s.
Is N ;1 5
POUT(n) Output = vz
min. value o3
e
™
. y.
o
PR
.
Reset '
Return

Qutput = max. value

Figure 17, Flow diagram of Subroutines S-6 and S-7
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THE MAIN PROGRAMS

MAIN PROGRAM M-l

This program optimizes the P-I controller settings
for the temperature control loop under regulatory con-
trol,

The following data is read into the computer:
K-T - the initial proportional gain setting for the temp-

erature loop.

PI-T - the initial intesral time constant in seconds for
the temperature loop.

SP-F-1 and SP-F-2 - the flow loop set points

SP-T - the temperature loop set point

SS LIN*#2-T - the temperature loop steady state tolerance
EPS-K - the step size in the K convergence algorithm
EPS-TI - the step size in the TI convergence algorithm
K-1, K-2, K-3, K-4, K-5, TI-1, 71-2, TI-3, TI-4 and

TI-5 - are the multipliers used to vary K and TI
EPS*DER-U-K and EPS¥DER-L-K are the maximum and minimum
absolute values that EPS-K¥DER may take in the K conver-
gence algorithm.

EPS*DER-U-TI and EPS*DER-L-TI are the maximum and minimum

absolute values that EPS-TI¥DER may take in the TI con~-

vergence algorithm.

H - the sampling interval in seconds

|
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»
z
m
!
C
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OUL-T and OLL-T - the upper and lower output limits (both

positive) for the temperature loop.

The following is a brief description of how the pro-
gram works:

1. Read in the data.,

2. Start the real time clock. The flow of cold water is
set in accordance with SP-F-1, This flow is monitored
but net controlled (no feedback control).by the com=-
puter. The steam flow is adjusted by the P-I control- e
ler to match the temperature set point SE-T, NE

3. The program loops until it identifies that the temper- ]
ature of the water has reached the desired steady state .

value. The program assumes that steady state has been

AMVMEIT HNIINVYA #7

reached if the water temperature stays within the limit ﬂ
defined by SS LIN#**2-T for one minute - see Figure 18.
Whenever the program detects a temperature outside

the steady state range, the one minute clock is auto-
matically reset and the program waiis at least one
more minute.

L, Once steady state has been achieved, the real time
clock is stopped and the output of the error detect-
ing program is zeroed. The Integral of the Squared ‘ é
Error critereon, E =bf;2 dt , where e is the instan- |

taneous error, is used as the critereon for the P-I
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Firure 18, Steady State detvection scheme
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parameter tuning and for compariscn between P-I and
Multiplicative control.

5« The next step is part of the convergence algorithm.
The problem of how to search for the optimum parame-
ters reduces to finding a scheme that will conﬁerge
in spite of the fact that the error signal is fairly {
noisy. A five point scheme was adopted as follows:

a) Find the value of the error function for five va=-

lues of K - two numerically smaller than the cur-

I

228
S

AR

L A&
TR

P

rent ¥, the current X and two nurerically larzer

RHVHET HIIMYA -

-

than the current K - see Figure 19, The spread of
K's is controlled by the read in values of X-i, :
K=2, K=3, =4 znd K-5, with K-3 = 1.0C.
b) Curve fit the data with a second crder polynomial
by the method of least squares.
c) Take the analytical derivative of the error with
respect to K at K-3.
d) Find EPS*DER and check to see if it is within the
limit defined by EPS*DER-U-K and EPS¥DER-L-X
e) K(NEW) = K(0OLD) - EPS*DER .
f) Continue searching over the K's until the slope
changes sign..
g) Search over the TI's in the same manner
h) Continue searching until the absolute minimum of

the error function is reached and K(Optimum) and
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TI(Optimum) have beén found.
The program monitors whether five points have been
assembled. If not, the current value is calculated
and inserted into the control algorithm.

6. The next step is to drive the system to the new ste-
ady state. This loop is similar to the one that drove
the systém to the original steady state, but there 1
is an extra instruction that calls the subroutine to

calculate the Error and the branching logic is dif-

s o8
i

1Ty

-

ferent., The required changes are autcmatically made

Ly ey

L ot 7. Y
7

_' 2 DSOS

-

and the program then is executed in the same core

YEERT:

locations as before.

7. When the new stezdy state is reached, the computer

ANVHEHT HIIMYA -

stores the value of the Error Function at the cur-
rent control parameter setting and resets the syvstem b
to the original steady state. The next value of the

search parameter is then calculated and the cycle is

repeated.

8. After five cycles the Error vs. K data is fitted with

a second order polynomial by the method of least squ-
ares and the analytical derivative is calculated at

the current value of the search parameter. The compu-
ter then prints out the values of the control parame-

ters along with the value of the Error Function and
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the derivative. The new value of the search parameter
is then calculated and the whole cycle starts again.

The flow diagram of this program is shown in Figure

20,

MAIN PROGRAM M=-2

This program optimizes the lNultiplicative control set-
tings for the temperature control loop under regulatory

control.

MAIN PROGRAM DM=3

This program optimizes the P-I controller settings

for the temperature control loop under servo control,

WMAIN PROGRAM M-4

This program optimizes the Multiplicative control set-

tings for the temperature conirol loop under servo con-

trol.

Programs -2, M-3 and M-4 operate similarly to Pro-

gram N-1, so their flow diagrams are not shown.

et
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Start

Read in data

|
Stop

Start clock

Loop 1

Reset
counter

D/A channels 0 & 2

Get flow SP Tnerement cointer b
J <

-:"i

Interpret Wait for siegnal )
T from clock

et
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OQutput to channel 5

|

Get channel 2

] -

Interpret

1

Get Temp. SP

I

Add to above

Call P=-I subroutine

l

Intervret

|
Output to channel 6 (:E{)

Figure 20, Flow diagram of Program -1




Stop clock

Get current gain
factor, multiply

by K, store in P-I

Set new current
rain factor

|

Get ready for
loop 2

Loop 2
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Reset
counter
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Get flow set point
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Get temp. SP,
add to above

Call P-I subroutine

Interpret

Calculate error

Cutput to channel 6

Steadyv
\State?

| Stop clock,

Load error

& K for curve-
fit & update
addresses

Get ready
for loop-l

Increment counter

|

Interpret

OQutput to channel 5

l

Get channel 2

l

Interpret ———<::>

Wait for signal
from clock

®

)

Figure 20a, Flow diagram of Program M-1
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Stop clock,

Call curve fit
subroutine

Print
"K-Temperature &
TI-Temperature"

Find derivative
wrt K-Temperature

Frev.

der.

Get prev. der.

Get previous
derivative

Eps ¥ Der

|

Print "Der. wrt K
& "error”

Figure 20p, Flow diagram of Program li-1
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Is
Eps#*Der\N D = Eps*Der-U-K Eps#*Der =
-Eps#*Der ~Eps#*Der=U=-K[ |
: L
Eps*Der = ~EPS*Der Is !
D = Eps*Der-U-K - Eps*Der-L-XN\\N Eps¥Der = | | |
Eps#*Der ~Eps#Der ~Eps¥*Der=L-K
l?
Is Y Eps*Der =
D negz,? -Eps#*Der-U-K
: [ TN M
B,
5 Epc¥#Der = P
£ps¥Der-L-K =\_K{ -Eps*Der=-L=K ;ﬁ <
Eps*Der neg.? . o Z
. e
~, m
v Lo
Eps*Der = -Ens*Der ,Q~§?
} o1
2

K(new) = X(old) - Eps¥Der : g

L @

I
Cet ready 1
for Loop 1

l

Reset
teletype flag

Figure 20c. Flow diagram of Program M-1
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Get feady Get ready
for TI run for K run

I I
Print "Derivative Print "Derivative
wrt K" & "Error" wrt TI" & "Error"

Figure 20d. Flow diagram of Program M-l
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RESULTS
The time response of temperature to various step loads
of water flow rate when the temperature is controlled by
Multiplicative control is shown in Figures 21 and 22, These
figures show that for large loads, in the range of 12,5% to

37.5% of the steady state flow rate, very good control for

a feedback only scheme was maintained., Figure 23 shows the

time response of temperature to a set point change in the

temperature loop from 62°F to 78°F when the heat exchanger
was controlled by Multiplicative control. These responses p
are characterized by a small overshoot followed by rapid !
settling to the new temperatufe. Part (c) of Figure 23 does

not follow this pattern because the steam valve was driven

WHVHEHT HIINWA 7T

to the fully open position during the experiment.
Figure 24 shows the comparative performance of P-I vS. T

Multiplicative control in regulatory service when both al-

gorithms have been tuned for optimum performance with res-

pect to the Integral of the Squared Error critereon., It is'

evident tﬁat Multiplicative control outperforms P-I control

under all test conditions. There is an indication that the .

relative performance of Multiplicative control over P-I con-

trol increases as the magnitude of the upset increases, This

aspect is of particular interest in industrial process con-

trol as large upsets in inputs do occur. Good control in
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these circumstances avoids the prépagation of transients
throughout subsequent processes and so minimizes the effect
of the upset on product qualities,

Figure 25 shows the comparative performance of P-I vs,
Multiplicative control in the servo mode., Over thg entire
operating range of flows, except at very high flows where
steam valve movement was limited by the fully open constraint,
the Multiplicative control algorithm outperformed the P-I
algorithm. The percertage improvement in performance real-
ized was in the range of 15% to 25% and is generally in
agreement with the results of Jafri (13),

Figures 26,27, 28 énd 29 show the actual optimum values
of the P-I and Multiplicative control parameters. The con-
sistently higher proportional gain setting that the Multi-
plicative algorithm permits is the key to explaining its

better performance.
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DISCUSSION

This work illustrates the usefulness of computer control
of experimental work. It would have been a formidable
task to perform the more than fifteen thousand individual
experiments that were required to get the results present-
ed in this work manually. The computerized experimental
technique appears to be most useful where the experimental
work is repetitive and fairly simple in oéeration, and a
large number cf experiments have to be performed, If in-
termediate calculations are needed between experiments,
this technique becomes invaluable. The main drawbacks to
this approach are that instrumentation problems are often
difficult to resolve and.that rather sophisticated soft-
ware has to be written, using a very low level language,
The reason for the superior performance of the Multipli-
cative control algorithm over the P-I algorithm is rea-
dily seen in Figures 26 and 28. The optimal proportional
gain in the Multiplicative case is 200% to 300% higher
than in the P-I case. This higher proportional gain re-
sults in a quicker response to errors and combined with
the non-linearity's characteristic of reducing overshoot,
accounts for the superior performance of the Multiplica-

tive control algorithm,

Enaes 1 S TRTRY

3\
RN
<
!:
<
=
P
o
>
2

o<




- 83 -

3. Though‘this study has indicated a performance advan-
tage for Multiplicative control over P-I céﬁtrol, the
practicability of Multiplicative control rests on whe-
ther the‘improved performance justifies aﬁy ipcreased
costs.

If the duty is essentially reghlatory, Multiplica-

tive control requires that ali the disturbances af-

fecting the controlled variable be known. It is un-

[Pag
et

T RHVESHT - UIINYA

likely that the improved performance of the Multipli- e

cative algorithm can justify the extra instrumentation dﬂ
and experimental work required for its successful im- E
plementation.

In essentially servo service, Multiplicative con-
trol requires no additional instrumentation and only
requires knowledge of the easily measurable process
gain to operate successfully. The importance of servo
duty has increased greatly with the implementation
of Supervisory - DDC computer control systems, where
Supervisory Programs adjust process set points fair- o
ly often to maintain optimal economic performance of
the unit. Industrial (P-I) process loops are usually
tuned to give good regulatory control, though it is

known that these settings are non-optimal for servo
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service (27), giving a rather large overshoot of the
new set point. With servo control becoming more iﬁ- | 1
portant, these loops have been detuned to improve their
servo pérformance at the expense of regqulatory per-
formance. A better solution to maintain the best dy-
namic performance of a loop would be tq tune the P-I
(DDC) controller for good reéulatory sérvice, but
switch to the Multiplicative algorithm tuned for servo
duty whenever a set point change is implemented. Con- o

trol yould be returned to the P-I algorithm after the o

process variable has stabilized at the new set point 5

value or after a predetermined time interval. A DDC e

WvAFT HIINYA 7

level program to operate both algorithms and to do iﬂ
the switching between the algorithms can be readily :
programmed on any process control computer.

Referring to Figures 30 and 31, let us compare the

two control schemes.

The calculation cycle for the P-I controller in reg-

ulatory service is: .
e(n) = r{n) - c(n)
x(n) = x(n-1) + K.e(n) + K. ((H/TI) - 1).e(n-1)

The calculation cycle for the Multiplicative con-

troller tuned for servo service is:
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Figure 31. Multiplicative Servo Control
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A(n) = (K.r(n).6(n) - r(n))/(r>(n).K)

yz(n) = (A(n).(H/T).x(n-1)) - (1 - (H/T))-Yz(n-l)

e(n) r(n) - yz(n).c(n)

x(n) = K.(e(n) - e(n-1)) + x(n-1)
The relationship between r and G must be established
experimentally for non-linear systems, but this is

simply a matter of taking readings at various steady

state conditions. The above calculations depend on

-~
e "

WIVEAIT HINYA ¢

the following data base: &

r(n), c(n), e(n), e(n-1), x(n), x(n-1), K(p-I), TI, 2

H, Akn), G(n), yz(n), yz(ﬁ-l), K(Mult.) and T. iy
CASE 1 - switching from Multiplicative to P-I control: I

It is clear from the calculation cycle that this 3;
switch presents no difficulties, as the P-I algorithm
requires only r(n), c(n), x(n-1), e(n) and e(n-1), all
of which have been maintainéd up to date by the Multi-
plicative control algorithm.

CASE 2 - switching from P-I to Multiplicative control:
An examination of the calculation cycle reveals
that the P-I algorithm has kept all the variables re-
quired by the Multiplicative algorithm up to date ex-

cept for the value of yz(n—l).
It is easy to estimate yhat yz(n-l) should be. If

the system had been at steady state and the Multipli-~
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cative algorithm had been used, the value of yz(n-l)
would have been yz(n-l) = A(n).x(n-1). x(n-1) is main-
tained Py the P-I algorithm, so yz(n-l) can be calcu-
lated. This value for yz(nfl) will be exactly correct
only if the process is at steady state, but it should
be a good estimate always, as we know by definition
that the loop is well tuned (rot cycling) and that the

set point changes by the supervisory program are suf-
ficiently infrequent so that the process can line it-

self out. Figure 32 presents a flow diagram for the

algorithm switching program.

Examination of Figures 26,27,28 and 29 yields a good
rule of thumb for tuning the Multiplicative algorithm.
An excellent starting point is to use the P-I control
settings and then subsequently adjust the control para-
meters to more severe settings. This approach is par-

ticularly useful if the Multiplicative algorithm is

replacing an existing p-I algorithm, for which prac-

tical settings are already known. Even these far from

the optimum settings will immediately give better

performance than the existing P-I algorithm.

This study considered only step disturbances to the

control system. This is a reasonable approach for the

servo case because changes in set point values, as im-

:aaz@zzzn HINYA ¢
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Enter

Use P=I algorithm

A = (K.SP(0ld).S3(0ld) Return : I
~-SF(0ld))/(SF(old). FR
SP(0ld).K) iy

‘ A

VOUT (n-1) = A.POUT(n-1) NE

RO
l ) T
o
SP = SP(new) Use Multiplicative .
S¢ = F(SP) algorithm wlo =

Figure 32. Flow diagram to switch from the P-I
algoritnm for Regulatory Control to
the Multiplicative algorithm for Ser-
vo Control and vice versa




plémented by supervisory programs, do come as distinct-
ly separated step inputs. For thé reqgulatory case,
evaluation of perforﬁance only with respect to step
disturbances could be considered inadequate, as real
process disturbances generally do not take this math-
ematical form. The performance of the Multiplicative
algorithm was not investigated for other types of dis-
turbances simply because after the step-wise distur-
bance tests had been completed; it was realized that
the Multiplicative algorithm wéuid not be suitable
for industrial process control for the reasons dis-
cussed previously.

Deﬁeloping an algorithm to find the optimum control
parameters with respect to the ISE critereon presen-
ted a challenge. The "five point" convergence tech-
nique, which is a modification of the simple linear
e#ploration method, worked reasonably well. Conver-
gence generally was quite smooth, but slow. The choice
of the multipliers was critical to success. If the
multipliers were too close together numerically, the
whole concept was essentially thwarted. If the mult-
ipliers were chosen too far apart, there was: danger of
severe oscillations or instability, with the result

that the system never reached steady state and thus
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the program was hung up. The fact that the optimal
settings were numerically fairly close to the settings
for severe oscillations complicated the problem. Fre-
quently an initial pass was made with the multipliers
set fairly far apart to get an estimate as to where the
optimum might lie, and then this neighbourhood was
searched using multipliers that were numerically clo-
ser togetﬁer. The most frequently useful settings for
the five points were 120%,110%,90% and 80% of the base
value and the base value itself. Figure 33 shows a par-
ticular convergence pattern for a Multiplicative ex-
periment. This experiment required 110 iterations or
550 individual experiments over 36 hours to find the
optimal settings for the algorithﬁ. Clearly DDC is the
only reasonable approach to perform such experiments.
The machine language programming may look forbidding
at first.sight, but one develops a considerable dex-
terity after a while. The technique to minimize the
use of core memory space by modification of programs,
if necessary, before their execution,was successful.
Programmers for other control studies should look for
opportunities to implement this programming technique.
The debugging of control programs written in machine

language ié very difficult because all programs will
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always "compile" correctly, so all errors have to be

detected at run time. The best way to develop bug-

free programs is to take a modular approach to the

problen and test each piece separately. The system
programs should then be tested by operating a simple
simulation of the process on an analog computer.

9. As originally planned the cold water flow rate was

to be controlled by P-I feedback control. Unfortu-

nately, the rotameter type of sensing element did not ! ,7

prove to be satisfactory in this service because the ;g %
indiﬁating bob tended to stick and then jump to a new Ei E
position rather than responding smoothly to small cha- :ff %
nges in flow rate. A turbine meter is likely to give fl EE

better service in this application. The probiem was

solved by using only feedforward control to set the

flow rate. This flow rate wés monitored by the compu-

ter because it was needed in the load calculation for

the Multiplicative control algorithm in regulatory

service. .
10. A further core memory space and execution time saving

could be realized by doing all the caléulations in

fixed rather than floating point arithmatic. Such an

approach might be worthwhile if a large number of

loops were operated by the computer.
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11, A gquestion of practical importance is the sensitivity
of the offset éo errors in the multiplicative gain &,
Figure 34 shows the sensitivity at the highest and
lowest operating temperatures used in this experiment.

"A" has to be known within 5% of the true value to

keep the offset less than 2°F; therefore the measu-
red values that affect A, the system gain and the
load, have to be known fairly accurately.

12, The problem of stability must remain unresolved for

this system, as a mathematical model is necessary to

e

‘ B

apply the various techniques for determining stabi- Ef g
-+

lity. It can only be observed that the tendency to- e
B

wards instability seemed qualitatively no greater 5[”%‘
)

for the Multiplicative control algorithm than that
for the P-I control algorithm, There was no evidence
of any special stability problems with the non-linear
control algorithm,

13, It Qould be of interest to compare the performance
of P-I-D control with that of Multiplicative control.
This was not done because tuning a three parameter
control algorithm by computer would have required a
new optimum seeking program and the convergence prob-
lem would have been seriously compounded. Another”

consideration is that derivative control would not
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normally be applied to a system with such a short
time constant as this heat exchanger. Besidés it ap-
pears that derivative mode could be added to the
Multiplicative algorithm, but that is a whole new
problem

The next series of tests fo} the deve1opment of the.
Multiplicative algorithm should be field tests on
actual industrial control loops in a service similar

to that described in paragraph 3.

£
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CONCLUS IONS

This work has shown that in all the eXperimental cases
the Multiplicative control algorithm outperformed the Pro-
portional - Integral control algorithm, when both were tuned
optimally with respect to the Integral of the Squared Error
critereon, in both servo and regulatory application, It is
recommended that the Multiplicative control algorithm be
field tested in a servo application in an iﬂdustrial en-

vironment as described in Discussion point 3.
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Flow'Rate Temperature Gain
USG/min. °F

3.00 78 .885
69 .775,

62 . 685

4.25 78 .800
69 * .705

62 .635

5.25 78 .725
69 .655

62 .590

6.00 78 675
69 .615

62 .570

6.50 78 - 640
69 .590

62 .550

Table 1. Gain of Heat Exchanger at Various Flow

Rates and Temperatures (see Fig. 3)
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Change in Error for P-I Error for Multi-
Flow Rate Control plicative Control
USG/min. Voltsz/sec. Voltsz/sec.
0.5 0.40 : 0.35
1.0 0.80 0.42
1.5 1.20 0.50
-0.5 0.80 0.65
-1.0 ' 1.80 1.60
-1.5 2.80 2.30

Table 2. Comparison of P-I and Multiplicative
Control in a Regulatory Application

(see Fig. 24}

)
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Flow Rate Error for P-I Error for Multi-
antrol plicative Control
USG/min. Vbltsz/sec. Vbltsz/sec.
3.0 . 8.30 ' 6.50
4.1 5.88 5.13
5.1 . -- 4.23
5.2 4.88 --
6.1 - 4.00
6.2 4.25 ==
6.6 - 4,23
6.8 4.20 4.75
7.0 5.40 -

Table 3. Comparison of P-I and Multiplicative
Control in a Servo Application (see

Fig. 25)
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Flow Rate K(P-I) K(Mult.) TI T

USG/min. - - secs. secs.
3.0 0.9 2.0 26.0 21.0
4.1 1.1 2.1 21.5  18.1 ,
5.1 - 2.9 -—-  18.0 j
5.2 1.7 Se—— 20.3  ---- i
6.1 - 3.1 - 145 |
6.2 1.93 -—- 17.3  ---- |
6.6 -—- 3.9 -—-  13.5 ¥
6.8 1.94 4.0 17.2 14.0 g
7.0 1.93 -—- 18.2  ----

Table 4. Comparison of Optimal Control Settings
For P-I and Multiplicative Control Algorithms in

Servo Application (see Figures 28 and 29)
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Flow Rate K(P-I) K(Mult.) TI T
USG/min. - -- secs.  secs. i
0.5 1.6 3.7 20.5 19.0 |
1.0 1.7 3.8 16.5 15.5 ;
1.5 1.9 4.2 14.0 12.5 I
-0.5 1.0 2.7 15.8  13.8 |

-1.0 S1.2 3.0 17.6  15.7

-1.5 1.3 3.2 19.5 18.3

Table 5. Comparison of Optimal Control Settings
For P-I and Multiplicative Control Algorithms in

Regulatory Application (see Figures 26 and 27)
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/ PAGE 1 JF PrJi32aM M-

/A TN R GRae M-

/P0)GRAM T QR TIMTZE P=T CINTRILLER SETTINGS

ZFOR THE TEMPESATURE LJJ° WHEN FLI= CHANGES

ZARE TNTRID oD

IREAD TN £=T1,11-T,5P=F=1,37=F-2,32~T,35 LIM*=2-T,
IEPS =K, R8T 41 ,K=2,4=35=4,%=5,T1=1,T1=-2,T1~3,
ZT1=a,TI=9,eP8=xew-U-KHEP3*DEI-L-%> !
ZEPSSNER-U-TI,ERS4NER=L-TI»H,UJT-T50LL-T

ZUHERE T K=T 13 THb 22 )P0RTLIINAL GATN SETTING-FJR
TRE TeMPLATUXE LJJ?

TI-T 15 THE ITNTEGRAL TIH4E SONSTANT #0?

THE TriRPE2a7URE LJ)2

SR efF =] ,32=F-2 A2 jHE FLIY LJgP. SEI P dINTS
SP-1 IS IHE IEMRR<YTUE L2 SET POINT

SS LIt=w2=7 I3 THE TEMRZ3aTuld L)@ STRavY
STATE TOLEGANGE

ERSed 1n Tree sTEe S1Zi 1Y IHE < ) hye-nENCe

b b e :

T L T O S R XL R I AT IO I PR BV IN I S S L

ALG I T

K-l,K—3;H-3:%-A:K-b:f1-l,TI-E:TI-B,TI-a,QHU

T1=9 Aaxr vk SJLTIPLTERS USED 1 VARY < 4Ny 'l
EDSxibs=ii=d 440 EPs¥DFz-L-X A28 THe
ST oy AT As LT wALURS
S P N PP LI N O GV RS RSt
ALGAT EH

EpSEhEa-u-T1 A4 EPS*IER-L-11 AxE THE
Wy [ i S GDVE BT ARSILUTE vALUES
EPS-T1 el 4aY laxi [V Tnk 11 CONVRRGENCE
ALGIZ TR
HOIS iHE SRR lG TaTnavib
I=T =i JLL-1 Asi jHE U2 E2 AND L)k
OUIPUT LIMITs (30 IH wOsTilved T Tdk
TEYPezaTdn Lod?

NN N N N N N N N N N N N N N N Y N NN

PR 5159 5150

TAYS T4V T4 7 BOINTE= Tu FLOATING POlNT INPUT %JU?EJ
Sae 7239 1200 2 POJNlER TJ FLUATING PuINT QuT2UT <0UTINe
THIT 9631 5405/ POTNIEZ 1D FLOATING PIINT INTERP<EIeS

P53 6331 At /7 TuzN O INTERRUPT
TIS1 6552 6852
3152 5553 5553
153 1129] BRI




pesa
1231
p2a2
7233
B234
2205
A246
32817
219
3211
212
2213
A2 4
3215
A214
3217
A225
3221
222
9223
9224
3225
2226
9227
4233
9231
2232
2233
3234
9235
1236
32317
3243
324]
3242
3243
A244
5245
B245
1247
3252
3251
8252
2253
3254
9255
1256
4257
1263
4241
A242

6046
6132
2351

5205
5222
4435
7322
1263
765%
5235
4437
6741

332
7349
1341

1342
3341

5242
7339
1343
3341

1353
3351

4457
5743
6743

ST44.

6745
57456
6747
3399
5647
2733
BIORY,
B k]
1432
63N
AS52
6551
6552
5246
4752
4437
5753
6174
3333
4754
7333
1147
6353
5273
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/ PAGE 2 OF PROGRAM M=)

x279
6746
6232
2351
5205
5222
4495
7323
1263
7659
5295
4427
6741
23939
7373
1341
13472
3341
5232
7322
1349
3341
1353
3351
4447
5743
6743
5744
6745
5746
67417
323
5649
3739
6]

9
7422
6391
6552
6551
6552
5246
4752
4497
5753
6194
2029
4754
1329
1147
A%53
5279

/

~

READ IN DATA

SToP
TURN ON INTERRUPT

START LOOP; OPERATE A/D
GET FLOW SET POINT

INTERPRET FOR OUTPUT _ |
QUTPUT TO CHANNEL 5 OF Dsa (TQ FLO¥)




2263
264
9265
1266
12617
2272
2271
7272
9273
02174
0275
3276
211
3333
J3)1
3302
3333
3314
2395
3336
3337
3310
A311
A312
3313
5314
2315
A316
A3117
1329
21321
2322
2323
2324
1325
1326
2321
4339
3331
4332
3333
9334
2335
2336
2337
4347
3341
5342
3342

2324
3293
34979
3932
AN
7339
1755
3102
4756
4427
5757
11721
6763
37122
47461
4754
T+
1333
1197
6343
2364
5312
5731
4497
5762
3762
2763
35392
7343
1345
7543
5324
5327
1332
1365
3354
7303
5327
A4739
2393
3392
%23
1993
1723
1739
3659
2639
A%33
174%
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/ PAGE 3 OF PROGRAM M-}

*263
]

II,

3

2

A

7372
1755
3123
4756
4427
5757
1131
6764
32
4741
4754
T
7393
1137
67163
2364
S3i2
5731
4437
5742
3752
2763
AN3A
7323
1445
7543
5324
5327
7333
1365
3364
79392
5327
3429
3

2

o]

1299
1723
1193
16733
D623
39293
17%43

~

GET CHANNEL 2

CALL INPUT INTERPRETER
CALCULATE: (SET POINT - OBSERVED VALUE)

CaLL P-1 SUBROUTINE
CaLL QUTPUT INTERPRETER

OUTPUT TO CHANNEL 6 (TEMPERATURE)D

BRANCH IF SS NOT YET ACHIEVED
BRANCH IF S5 ACHIEVED

3R4NCH IF READING NJT WITHIN SS TOLERANCE
BRANCH IF READING IS @ITHIN SS TOLERANCE
WAIT FOR SIGVAL FROM CLOCK

A
.t
N
d




2344
0345
9346
341
3353
351
9352
3353
2354
8355
3356
357
9369
2361
2362
3363
1344
3365

A 470
Jam
a4%2
1493
J40 4
34435
0406
2437
2419
241
A412
4413
2414
3415
9416
2417
429
2421
9422
N423
8424
2425
942¢
%427
3439
2431
2432
2433

2633
1793
2732
1675
7759
7759
3122
0626
4490
316%
4239
A614
1664
1603
1667
A617
6651
665.)

6392
44737
5777
67176
6775
2232
2374
5211
5273
4437
57713
3772
6771
929
1343
1373
1373
3373
1367
3766
1365
3764
1363
3762
1361
3768
5757
9223
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/ PAGE 4 OF PROGRAM M-1

*344
A623
1793
N192
1675
7753
7753
3122
2696
4430
3169
4299
2614
1664
1639
1667
9617
665
665

*473
6792
4497
5777
6776
6775
2929
2374
5211
5273
4437
5773
3772
6771
KEEY)
7393
1373
1373
3373
1367
3766
1365
3764
1363
3762
1361
3769
5757

NN NN

STOP CLOCK
SET ERROR = 2.3

FIFTH TIME THROUGH?

NO

YES

SET UP CURRENT VALUE FOR K

GET READY FOR LOOP 2




3434
7435
436
3437
0443
2441
442
9443
2444
3445
8446
3447
3453
3451
452
2453
J454
9455
3456
2457
469
%461
3442
3463
3464
3465
D466
2467
2473
3471
3472
0473
d474
3475
D476
D477
2594
23571
0592
9533
2594
%535
2596
3537
D510
2511
2512
3513
251 4
3515

oXs]olo)
2303
6302
44217
5776
6756
ST71
6755
5772
6771
39239
7323
1354
3764
1353
3762
1351
3763
1355
137)
3355
1356
1373
3356
1352
3766
S757
0337
ANAR
3320
2339
67202
1329
1351
3374
4759
4747
4437
5746
3745
3772
1744
6743
1999
2342
3313
5749
1339
1 741
7549
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/ PAGE S OF PROGRAM M-1

*434
?

9
69222
4427
5776
6756
5771
6755
5772
6771
2900
7339
1354
3764
1353
3742
1361
3769
1355
1372
3355
1356
1373
3356
1352
3766
5757
2

~

STOP CLOCK
LOAD ERROR & K FOR CURVE FIT PROGRAM

GET READY FOR LOOP 1

UPDATE STORAGE LOCATIONS

STOP CLOCK
RESET COUNTER

CALL CURVE FIT SUBROUTINE

PRINT MESSAGE
FIND DERIVATIVE WeR.T. K-TEMPERATURE

FIRST TIME THROUGH?
NO

YES
1S DERIVATIVE NEGATIVE?
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/ PAGE 6 OF PROGRAM M-1|

x516
a516 5320 5328 7/ YES
3517 5325 5325 7/ NO
9522 7333 1338 s GET PREVIOUS DERIVATIVE
9521 1737 1737
9522 7543 7549 / WAS IT NEGATIVE?
@523 5736 5736 / YES
psea 5735 5735 7/ NO
#0525 17339 7393 s/ GET PREVIOUS DERIVATIVE
8526 1737 1737
8527 7549 71540 / WAS IT NEGATIVE?
9533 5735 5S735 / YES

3531 5736 5736 / NO .
8532 9209 0 -
9533 3299 9
3534 9223 9
7535 1227 1227
3536 1326 1926
4537 4717 WM 7T
0543 1322 1922
A541 3714 9714
0542 17717 711717
8543 9713 A713
0544 3743 3749
8545 3743 3743
0546 72713 A719
8547 1439 1493
2553 4349 4999
8551 717172 1772
0552 9636 9676
8553 0493 2409
8554 1933 71392
8555 3639 3673
4556 3617 3617
9557 9244 9244
8563 2364 0364
0561 6653 6659
0562 9331 93331 .
9563 0436 2436
3564 9333 2393
8565 5735 5735
3566 9353 0353
3567 9611 2611
9573 9993 0203
9571 1790 1799
0572 9633 3600
8573 7633 4639
8574 1772 71772
3575 1171 1171
2576 8135 9725
8517 6724 9724

;
4
|
f
A




0692
0631
0602
2693
634
3685
2696
26017
2610
2611
2612
2613
614
9615
616
617
3621
2621
2622
2623
2624
3625
3626
3627
2639
3631
2632
2633
9634
2635
636
h637
D643
D641
2642
8643
2644
2645
D646
2647
72653
2651
2652
0653
3654
2655
2655
3657
2467

0999
09923
AB092
2009
209504
39938
7000
D929
%9209
4309
2029
8230
329
2039
A3
BREN]
139
1333
%920
2939
0930
3999
3335
23739
0333
932
2290
0379
BEIY]
2399
2329
2229
A279
2930
A049
2979
29729
2209
N7
3290
2029
3393
93929
933
A339
0022
A0%0
2339
3723
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*600
2002 / DATA STORAGE

SOOIV e

- e &

DO ow

NSRS

=
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*661
2661 0993
fs62 0320
0663 7210
p664 D299
2665 09200
§666 3999
P667 ANAD
0672 0029
2671 3332
N672 33939
2673 9039
3674 39993
A675S 92000
0676 0339
J677 IAaa
37130 4343 D
ENAD| R IR I
J742 0 8489
3123 2339
B71%4 0239 3
8735 0239 2
3736 3333 9
2737 32990 A
8713 3332 A292
3711 2393 2337
2712 3329 D
3713 333y
INM4 2239
3715 2332
2716 B339
AT 2922
3723 3939
B121 99909
5722 2399
2723 2279
2724 3229
2725 9393
2726 33039
A727 3229
2732 2365 2367 /7 READ IN DATA
9731 5333 5333
4732 5359 5357
3733 4435 4485
8734 13233 1399
2735 1262 1060
2735 7653 7653
2737 5333 5333
A743 4497 4477
3741 6761 6761
1742 9993 9092

D DAL HIID

NS IINS RN

S IS




743
2744
3745
N746
p747
3759
8751
8752
3753
754
8755
2756
2757
83763
3761
1762
763
ATH4

0765

1333
14
1302
1493
1834
1925
19:36
1897
1619
1211
1212
17213
1914
1315
1916
1517
1%23
1921
1522
1923
1524
1325
1526
1927
1239
1231
1932
1933

7329
1341
7991
3341
5332
7399
1363
3369
1364
3341
5765
3399
BB
1775
1714
1717
7775
H7A1
3243

4497
5777
3777
6374
5371
1374
4772
3767
1766
6766
5374
6371
7999
5616
939 4
2589
#3939
2390
4437
5765
6764
2299
4407
5765
3763
6762
3990
476)
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*743
7333
1341
7391
3341
5339
7390
1363
3369
1364
3341
5765
5]

a

7775
1714
1717
7775
ATAT

243

*1299

4437 / ERROR CALCULATING ROUTINE
5717

3717

6374

5371

1374

4779

3767

1766

6766

5374

6371

ANA3

5616

2304

A

2

2

4437 / PREVIOUS DERIVATIVE = DERIVATIVE
5765

6764

2990

4407 / CALCULATE EPS*DER
5765

3763

6762

3580

4761 / PRINT MESSAGE
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*1034
1234 1312 1300
1935 1763 17608
1436 7542 7542
1937 5264 5264
1240 4437 4407
1341 5757 5757
1042 2762 2762
1443 6354 6354 .
1944 5750 5753 / DELTA = EPS*DER-U-K - EPSxDER
1345 2354 2354
1846 6351 6351
1847 0923 0eN0
1359 7338 7302
1951 1352 1352

IS EPS*DER NEGATIVE
NO

YES :
EPS*DER = -EPS%DER

NN NN

1852 7549 7540 / 1S DELTA NEGATIVE?

1853 5323 5323 / NO , A P
1954 4437 4487 7 YES Py,
1955 5757 5757 / EPS*DER = -EPS*DER-U-K ? e
1956 2758 2750 . 2
1057 6762 6762 : o

1268 30973 23000
1261 5747 5747
1262 3895 2099
1863 92339 a%09
1964 4427 4437 / DELTA = EPS*DER-U-K - EPS*DER
1365 5762 5762
1266 6354 6354
1867 5753 5759
1373 2354 2354
1971 6351 6351
1972 3998 8499
1973 7383 7320
1974 1352 1352

Tanoimes

- AxavGt £

1875 7453 7459 /s 1S DELTA NEGATIVE?

1876 5324 53094 / NO

1277 4437 4497 /7 YES

1199 5759 575 </ EPS*DER = EPS*DER-U-K .

1131 6762 6762

1182 2020 0090

1183 5747 5747

1184 4407 4497

1195 5746 5746

1196 2354 2354

1187 6351 6351

1112 9062 2030

::11 7339 1380

12 1352 5

1113 7543 ;342 / 1S EPS*DER-L-K - EPS*DER NEGATIVE?
1114 5316 5316 7 NO
1115 S747 5747 7 YES
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*1116

1116 44)T 4437 7/ EPS*DER = FPS*DER-L-X
1117 5746 5746

1122 6762 6762

1121 9032 009

1122 5747 S747

1123 4437 4431

1124 S746 5746

1125 2354 2354

1125 6351 6351

1127 93 2250

1132 7303 7339

1131 1352 1352 4

1132 7543 7543 7/ 15 EPS*DER-L-X - EPS*DER NEGATIVE
1133 5335 5335 7/ N9

1134 5747 5747 7 YES

1135 4437 4437 7/ EPS*DER = -EPS*DER-L-K
1136 5757 5757

1137 2746 2746

114Y 6762 4762

tlart 2933 3330

1142 5747 5747

1143 2235 )

1144 3337 3

114y 9394 9

1144 3671 4671

1147 1225 1293

LiS: 14566 J66é

1151 a3 3

1152 @439 2

1153 231337 0o

1154 3339 2
1155 azsn 9

Itss a9 9
CHIST G724 9724

Hés 3722 2722

1181 1532 19532

1162 3721 3721 ' .
1162 7422 o2

Hés 9716 3716

1145 3713 9713

1166 097135 a5

1167 1675 1675

N7y 9713 9719

171 2290 9

1172 2399 9

1173 92099 9

1174 23200 45

1175 2az33 9

1174 g232 2

Y177 1664 1444
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*x1299
1293 4407 4437 7/ K(NEW) = K(OLD) - EPS*DER
1231 5777 S777
1232 2776 2776
1203 6777 6777
1234 4333 4099
1235 7399 1333 s GET READY FOR LOOP 1}
1206 1375 1375
1237 3774 3774
1219 1373 1373
1211 3772 3712
1212 1371 137}
1213 3773 3779
1214 1367 1367
1215 3746 3766
1216 1365 1365
1217 3764 3764
1229 1363 1363

i

1221 3762 3762 3
1222 6242 6942 / RESET TELETYPE FLAG :
1223 5761 5761 {
1224 9239 9 r
1225 3298 3 . 25
1226 333 2 :
1227 7233 17307 :

1232 1363 1362

1231 1357 1357

1232 7443 7443 7 uaS THIS A K RUN?
1233 5271 5271 / NO

1234 7383 73909 / YES; GET READY FOR A TI RUN
1235 1356 1354 '
1236 3357 3357

1237 1355 1355

1245 3736 3736

1241 1354 1354

1242 3753 3753

1243 1352 1352

244 3751 3753

1245 13680 1369

1246 3753 3759

1247 1347 1347

1254 3746 3746

1251 1345 1345

1252 3744 3744

1253 1343 1343

1254 3742 3742

1255 1341 134

1256 3743 3743

1257 1354 1354

1267 3377 3377
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*1261

1261 1355 1355

1262 3363 3363

1263 4737 4737 7 PRINT MESSAGE

1264 5295 5295

1265 4933 2

1266 2390 0O

1267 3399

1270 2333

1271 7330 7399 ¢ GET READY FOR K RUN

1272 1335 1335

1273 3357 3357 |
1274 1334 1334 : |
1275 3363 3363 )

1276 1334 1334
1277 3762 3762 |
1332 1333 1333 : E
1331 3377 3377 o
1332 1333 1333 |
1333 3753 3753 %
1334 1332 1332 S ‘ 4
1395 3751 3751 : ' '
1336 13867 1363 ' N
1337 3753 3759 S
1313 1321 1331 | :
1311 3743 3749

1312 1333 1339

1313 3742 3742

1314 1327 1327

1315 3744 3744

1316 1326 1326

1317 3746 3746

1323 4745 4745 / PRINT MESSAGE

12321 529% 5295

1322 2933 g

1323 2399 3

1324 2533 5

1325 2939 9 .
1326 3622 @622 -

1327 1532 15932

1330 7666 2646

1331 3671 9871

1332 1782 1799

1333 J8%G 9699

1334 3632 5639

133% A3 5331

1336 3573 0573

1337 1532 1830 -

1347 1144 1146

1341 D6TT 0677

1342 1157 1159
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*1343
1343 2674 3674
1344 1161 1161
1345 2243 2243
1346 1163 1163
1347 0625 9625
1357 7542 0542
1351 8571 95T
1352 1733 1793
1353 3572 4572
1354 7613 7673
1355 1647 3647
1356 2042 2392
1357 9391 2991
1369 7777 17171
1361 A244 0244
1362 3573 2573 _ o
1363 23639 9639 o

1364 4556 9556 e
1365 3617 3617 S
1366 2555 9555 - S
1367 3632 3640 -
1374 3412 9412 | g
1371 5773 S7T73 ' S
1372 3331 a331 3

1373 3437 %5439
1374 3364 G364
1375 6652 4559
1376 3721 0721
13717 ne32 3629

: x1 433
L4927 3353 3933 7 PRINT MESSAGE
14721 4341 4361
1432 4341 4361
1433 2343 2263
1434 5206 5226 .
1435 S229 5223 |
1436 7332 7323
b437 1757 1757
1419 6146 6246
1411 6241 6241
1412 5211 5211
1413 7335 73934
1414 1357 1357
15 7931 7391
1416 3357 3357
1417 35033 5203
1425 7313 7339
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x] 421
1421 1356 1356
1422 3357 33537
1423 1355 1355
1424 3367 3369
1425 1354 1354
1425 3362 3362
1427 1353 1353
143) 4427 4407
1431 5752 5752
1432 2314 3414
1433 3359 2939
1434 5241 5241
1435 2293 2220
1436 3713 3713
1437 3239 23
1442 3300 2
1441 4361 4361 / PRINT MESSAGE

1442 4361 4361 i
1443 2351 2351 '
1444 5246 5246 2
1445 5262 5263 , r
1445 7339 7332 ‘ 4
1447 1753 1759 : Ea
1450 6046 6046 | =4

" 1451 6741 741

T 1452 5251 5295)
1452 7330 71390
1454 1353 13%)
1455 7771 Ta
1436 3351 3353
1437 5243 59242
1463 7333 1339
V461 1347 1347
V462 33545 339%
1463 1346 13464
l464 3351 335]
1465 1354 1354 .
14§§ 3962 3362
1467 1353 1353
VE13 4437 4437
V471 5745 5745
1472 9914 9914
1473 3399 2340
1474 5691 5649
1475 5399 g
1476 gags 9
1477 3935 0
1553 nasn g

I3 ga35 9
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x1532
10533 39329/ PRINT MESSAGE
4361 4361

4361 436!
2343 2343
5313 5310
5322 5322
7338 7373
1742 1742
6146 646
5341 6741
5313 5313
73%) 7393
1342 1342
7331 1731
3342 3342
5345 5345

7337 713730 \
1341 1341 iﬁ
3343 3343 » 2
1343 1341 ;5
3342 3342

1354 1354 : ) %g
3742 3742 ' o R
1353 1353 55

44837 44457
5536 5634
RN ‘Jla
A1) RDR
4635 4635
5732 5772
23146 2726
T155 7752
22246 27126
175% 71759

SEEKI
4633 3633
7770 7771 . .

232% 2729

2520 27249

TN 7771

AR5 60

3311 3911

3513 3913

7772 7772

2313 2313

2313 2913

1772 772 P
ﬁaﬂé ;é;5 / PRINT LINE FEED & CARRIAGE RETURN
37T 7305 : :

1376 1376
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x1564
1554 4371 4371
1555 7330 7392
1556 1377 1377
1557 4371 4371
1573 5761 576l
1571 1393 9339
1572 67146 63456
1573 6341 6341
1574 5373 5373
1575 5771 S771
1576 3215 1215
1577 9212 3212

x2313

2013 9313 2313 / MESSAGE

2314 13255 9255 .

2015 0324 1324 . g

2316 1275 3275 . 3

2317 3243 3249 r

212 1324 9324 o

2321 92311 3311 -

2322 3255 9255 5.

2123 1324 0324 -
2324 9275 4275 3
2325 2243 9240 :

2326 1334 2374

227 3295 9335

2131 3322 3322

2431 5311 311

2332 3326 9326

2333 2391 23N

2334 3324 3324

2335 4311 3311

2335 4326 4326

2337 3335 1315

2347 3243 9243 .
2341 5327 @327
2042 2256 0256
2743 9322 #3022
244 2256 125%
2045 3324 3324
2346 1256 9256
2347 3247 924D
235% 5313 9313
2951 9255 9255
2952 G324 9324
253 2275 4275
2054 9245 G249
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x2055
2755 )34 3354
2356 #3315 9325
23157 3322 &322
2953 A311 2311
2161 1326 3326
2162 3331 4391
27163 3324 3324
2364 9311 2311
2365 1326 1326
2266 335 3335
2¥57 D247 2247
2773 2327 3327
2371 1256 2256
2172 3322 0322
2373 32546 11256
2374 1324 3324
2375 3256 3256

2176 024) 2243 ’ 3
2177 4324 1324 : i
2190 4311 0311 o
2131 9255 4255 -
2132 9324 3324 &
2193 2275 4275 Svh
2134 9243 3249 22

C 2135 2335 4395
C 2136 0322 0322
2157 2322 1322
2113 8317 23317
2111 3322 9322
2112 3275 932175
2113 9242 5242

*22731
22493 9499 20A39 /7 PRINT MESSAGE
2221 4714 4714
2232 4714 4714 ]
2233 2315 2315
2234 5236 5246
2235 5223 5224
22%6 73372 7399

2267 1716 1716
2219 6246 6346
2211 6%41 604l
2212 5211 5211
2213 13329 1309
e214 1316 1316
2215 7431  79%1
2216 3316 3316
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*2217

2217 5203 5203
2223 1329 7303
2221 1317 1317
2222 3316 3316
2223 1322 1329
2224 3315 3315
2225 1321 1321
2226 3962 3962
2227 1322 1322
L2237 4437 4437
2231 5723 5723
2232 I314 2714
2233 3399 3292
2234 4714 4714
2235 4714 4714 ) . o
2236 5630 5689 N

2237 9932 9 e
2243 3392 3 E
2241 5399 O £R
2242 9993 9 -
2243 9739 0AGA 7/ PRINT MESSAGE . =
2244 4114 4714 M
2245 4714 4714 ;é

2246 2324 2324
2247 5251 5251
2253 5263 5263
2251 1337 7332
2252 1725 1725
2253 6%46 6746
2254 6441 6341
2255 5254 5254
2256 7339 7373
2257 1325 1325
2263 7321 7991
22561 3325 3325
2262 5246 5246 .
2263 7393 7329
2264 1326 1326
2265 3325 3325
2266 1327 1327
2267 3324 3324
2279 1321 1321
2271 3062 3962
2272 1322 1322
2273 4427 4497
2274 5733 5733
2275 2914 2914
2276 9933 2393
2277 4225 420%

2383 5643 5643




2331
23012
2333
2334
2335
2346
23317
2317
2311
2312
2313
2314
2315
2316
2317
2323
2321
2322
2323
2324
2325
2326
2327
2339

0999
3233
727290
2339
2903
9293
2329
anna
5333
2232
3938
1561
7775
2135
2135
7773
9313
3911
3625
7747
2355
2355
1747
A713
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¥
n
[}
&

LT LSO W

1561
1779
2105
2195
7779
2013
2911
3625
7747
2955
2355
7747
2713

A L
=
L]

"nsa
5N P
iwas

AL}
% -
[ &P

XX

f
¢

ERERIVE-TIN S
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3153
a1
3152
3153

V]
RS B R AL Rt €
HW Y —

A A SR AN S I A B3 I )
- e I U 41

Ll UL LS e s ) L

ORI U BN N BNE & B I TN

[AVENALBNAC TN AVIN LG BRG]

G LN OO
-~} Oy W oW

<
(AV]
(9]

A

—_ &

3233
1234
3235
9236
2237
7243
9241
2242
3243
9244
5245
82464
7247
9253
2251

6321
6552
5553
1251

6346
6332
2351
5235
5222
4435
73932
1767
7657
5215

4437

6741

3933
7330
1341

1342
3341

5232
7357
1343
3341

1359
3351

4407
5741
6743
S744
6745
5744
AT47
937
564%
5735
3353
2637
7452
6301

6552
6551

6552
5246
4752
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%159
6991 7/ TURN ON INTERRUPT
6552
5553
251

*247
646 7/ READ IN DATA
6332
2351
5235
5222
4435
7330
1964
7659
5235
4437
6741

I A

73249

1341

1342

3341

5232

7333

1349

3341

1359

3351

4457

S743

5743

5744

6745

5746

6747

2233

564%

A73%

g

2637

7492 STOP :
63731 / TURN ON INTERRUP
6552

6551

6552

5246

4752 s START LOOP; OPERATE A/D

~




3252
3253
3254
3255
J256
3257
3269
3261
J262
263
3264
3265
J266
2267
7273
J271
272
5273
9274
3275
0276
2271
13233
- 8331
3332

2333
2374
3335
1336
33317
3312
3311
2312
2313
3314
3315
316
3317
9329
2321
8322
3323
3324
B325
9326
72327
3334
3331
3332
9333

4497
5753
6104
N233
4754
7309
1187
6353
5642
2399
2080
2333
0399
32349
7309
1755
3130
4756
5331
9999
2209
27333
37560
4761
4754
7399
7398
1157
6363
2364
5312
5734
44937
5757
1191
6264
3264
2763
2990
7323
1345
7549
5326
5331
7309
1365
3364
7303
5331
0233

/ PAGE

*252
4407
5753
6124
2009
4754
7300
1197
6253
5642
)

]

7339
1755
3139
4756
5321

9

4761
4754
70089
7339
1137
6363
2364
5312
5734
4497
5757
1181
6264
3264
2763
3930
1332
1245
7549
5326
533t
1329
1365
3364
1009
5331

~

~
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3 OF PROGRAM M-2

GET FLOW SET POINT

INTERPRET FOR OUTPUT
QUTPUT TO CHANNEL 5 OF DsA (TO FLOW)

GET CHANNEL 2

CALL INPUT INTERPRETER

CALL MULTIPLICATIVE SUBROUTINE
CALL OUTPUT INTERPRETER

QUTPUT TO CHANNEL 6 (TO TEMPERATURE)

BRANCH IF STEADY STATE NOT YET ACHIEVED
BRANCH IF STEADY STATE ACHIEVED

SRANCH IF READING IS NOT WITHIN $§S TOLERANCE
BRANCH IF READING IS WITHIN SS TOLERANCE

RESET COUNTER :

WAIT FOR SIGNAL FROM CLOCK




2334
2335
9336
337
3343
3341
3342
1343
1344
3345
31346
31347
9357
A351
92352
9353
3354
3355
335%
3357
1367
9361
5362
2363
2364
3365

2439
3431
3472
3423
3434
1435
434
3497
3419
3411
2412
3413
2414
3415
J416
1417
2427
342),
f422
3423
3424

J43D
2439
1733
1733
0647
2654
3253
1730
7673
1733
4TI 2
15675
7759
7753
3122
2624
4437
3143
4294
9614
1664
1673
1667
617
6650
6653

6932
4491
5777
6776
6775
799
2374
5211
5273
4437
5773
3772
6771
9299
7393
1373
1372
3373
1367
3766
1365
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*334
2439
241)
1773
1730
16373
Aén3
0533
1733
3633
1783
0732
1675
7752
7753
3122
9636
4439
3163
4233

7614 °

1664
1639
1667
9617
6659
6659

*439
6332
4437
57717
6776
6775
3999
2374
5211
52173
4437
5773
3772
6771
3992
7392
1373
1379
3373
1367
3766
1365

NN NN

STOP CLOCK
SET ERROR = 2.9

FIFTH TIME THROUGH?
NO

YES
SET UP CURRENT VALUE FOR K

GET READY FOR LOOP 2




0425
D426
3427
0433
3431
3432
3433
3434
3435
0426
0437
1443
9441
3442
443
3444
3445
2446
447
24503
2451
7452
2453
0454
2455
2456
2457
3467
461
2462
2463
3464
0465
0466
3467
3479
8471
2472
3473
9474
3475
B476
2477
2599
8521
2532
2593
259 4
3535
3506

3764
1363
3762
1361

3763
5757
71939
2932
0289
69272
4497
5776
6756
ST71

6755
57172
6771

12920
7329
1354
3764
1353
3762
1361

3769
1355
137%
3355
1356
1372
3356
1352
3766
5757
2399
1329
2393
29032
69032
7396
1351
3374
4752
4747
4437
5746
3745
3772
1744
6743
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*425
3764
1363
3762
1361
3769
5757
?

2

]
6802
44317
51776
6756
5771
6755
5772
6771
20663
7382
1354
3764
1353
3762
1361
3769
1355
1379
3355
1356
1378
3356
1352
3766
5757

2

2
69952
1333
1351
3374
4750
4747
4491
5746
3745
3772
1744
6743

~

~

~

STOP CLOCK
LOAD ERROR &K FOR CURVE FIT PROGRAM

GET READY FOR LOOP 1

UPDATE STORAGE LOCATIONS

STOP CLOCK
RESET COUNTER

CALL CURVE FIT SUBROUTINE

PRINT MESSAGE '
FIND DERIVATIVE WeReTe K-TEMPERATURE




2537
4519
3511
3512
2513
8514
as15s
3516
517
1529
2521
9522
3523
0524
7525
1526
9527
9539
3531
2532
7533
9534
3535
3536
2537
1549
2541
2542
1543
8544
9545
2546
2547
3553
551
3552
53553
3554
3555
3556
2557
2563
9561
3562
3563
3564
2565
8566
1567
2573

2229
2342
5313
5749
7339
1741
7549
5329
5325
7389
1737
7549
5736
5735
7338
1737
7543
5735
5736
2903
2009
3039
1227
1226
2717
1222
3714
1777
2713
3749
3743
2719
1476
4399
7772
7676
24233
7939
3609
3617
9244
3364
6659
9334
3436
#3933
5735
@353
B611
2303

/ PAGE

*50 7
0039
2342
5313
5749
7309
1741
7542
5329
5325
7399
1737
7543
5736
5735
7329
1737
7549
5735
3736

1227
1326
9717
1322
3714
771717
N713
3749
3743
2719
1429
4909
7772
1606
34329
1990
3629
3617
2244
2364
6559
N334
3436
2393
5735
@353
7611
2333

NN NN

NN

N NNN

NN
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FIRST TIME THROUGH?

NO
YES

IS DERIVATIVE NEGATIVE?

YES
NO
GET

WAS
YES
NO

GET

HAS
YES
NO

PREVIOUS DERIVATIVE

IT NEGATIVE?

PREVIOUS DERIVATIVE

IT NEGATIVE?




3571
3572
9573
9574
3575
1576
9577

2633
3631
1632
J633
3604
2695
2636
7637
3613
J611
2612
3613
261 4
3615
3516
3617
3622
3621
1622
1623
1424
71825
3626
3627
26375
2631
3632
3833
1634
36335
1634
3637
1643
3541
1642
3643
844
1645
1544
1647

1739
7607
7639
7772
2424
2795
2724

3393
9913
7333
3939
9929
3239
3973
3330
0437
A943)3
DA3D
39373
3032
3139
a3
733
2339
3033
3939
14393
1373
1359
3359
39379
1339
3439
3399
3097
3399
ERYT)
EREE!
3359
3539
27329

23979

PERK]
4359
2359
SRED)

PR K]
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*571
1790
9609
7639
7772
2424
2795
2724

*6717
2399 / DATA STORAGE

&

OV E DO EN NS

[ RS




2659
3651
3652
7653
2654
9635
1656
1657
7660
2661
1662
3663
3664
1665
3666
3667
3679
3671
3672
3673
A674
3675
0676
1677
3739
27
1792
2733
1734
3735
3196
3717
N5
711
3712
93
371 4
I715
2716
1117
2723
3721
3722
3723
2724
5725
2724
3727
3733
3731

2399
9999
2293
97299
9939
2333
9299
72973
1133
3333
3339
2939
A%93
3322
10923
3930
3339
2993
2929
2339
2999
#2373
093
23073
33729
3399
3333
4339
2332
2399
953
3072
2239
3329
2339
2393
3333
2303
2203
3393
2332
2999
3533

3429

33039
3353
2339
2356
5333
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O
wn
QD

GO OOV N

VDI BD

PGS BN IO I B SS |

L.

Iy

2932
2299

2356 ¢ READ IN DATA
5333




2732
7733
3734
3735
3736
1137
3749
3741
1742
1743
1744
1745
1746

3147

© 3153
2751
3752
3753
3754
9755
d756
3757
5769
1761
3762
3763
2764
J765
3765
3767
1173
2771
3772
3773
2174
4775
1776
07177

1922

323
1524
1925

1526 -

1927
1933
153
1932

5353
44935
7333
1065
7659
5333
44317
6761
WEED)
7377
1341
7191
3341
5333
7339
1366
3356
1360
3341
5757
7772
3243
6761
1714
1717
3757
3772
3775
7772
339
0333
133
3330
33737
39302
9393
3339
2989

4497
5765
6764
3933
4437
5765
3763
6762
3733
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*732
5359
4495
7333
1963
7659
$333
4437
6761
943
73371
1341
7331
3341
5333
7399
1366
3356
1363
334l
5757
7772
D243
6761
1714
1717
D767
3772
2775
1772
90723 / DATA STORAGE
o]

2D

#1022 .
4457 / PREVIOUS DERIVATIVE = DERIVATIVE
5765

6764

3339

4437 / CALCULATE EPS*DER

5765

3763

6762

2239
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*1333
1933 4761 4761 / PRINT MESSAGE
1334 7332 17330
1335 1763 1769
1736 17542 17542 / 1S EPS*DER NEGATIVE?
1937 5264 5264 / NO
1348 4437 4437 7/ YES
1341 5757 5757 / EPS*DER = =-EPS*DER
1942 2762 2762 ‘
1543 6354 6354
1344 95753 S75) / DELTA = EPS*DER-U-K - EPS*DER
1045 2354 2354
1546 6351 6351
1947 Q999 9333
1359 7338 7309
1951 1352 1352

1352 7543 7542 / 1S DELTA NEGATIVE? .
1353 5323 5323 / WO ' N
1954 4437 4437 / YES i
1355 5757 S757 / EPS*DER = -EPS*DER-U-K : 2
1356 2753 2753 gﬁ
1357 6762 6762 5
1963 2933 9933 £
1961 5747 5747 2.
1962 0439 2920 P

1263 9273 9399
1964 4427 4437 / DELTA = EPS#*DER-U-K - EPS*DER
1765 5762 5762
1966 6354 6354
1967 5753 S759%
1379 2354 2354
1371 6351 6351
1972 2099 9999
1373 7320 7323
1374 1352 1352
1875 7459 7459
1376 5334 5334
1977 4437 4437
1199 5753 5753
1131 6762 6762
1192 2338 9993
1183 5747 5747
1194 4437 4497
1195 5746 5746
1196 2354 2354
1187 6351 6351
1113 9228 02900
1l 7330 7392
1112 1352 1352
1113 7543 7549 , 1S EPS*DER-L-K - EPS*¥DER NEGATIVE?

1114 5316 5316 7 NO

IS DELTA NEGATIVE?
NO

YES .
EPS*DER = EPS*DER-U-K

NN NN
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1115
1115 5747 5747 / YES
1116 4437 4427 7 EPS*DER = EPS*DER-L-K
1117 5746 5746
1123 6762 6762
1121 7999 09290
1122 5747 5747
1123 4437 4497
1124 5746 5746
1125 2354 2354
1126 6351 6351
1127 2238 9900
1139 7390 17300
1131 1352 1352 . .
1132 7543 7549 7/ 1S EPS*DER-L-K - EPS*DER NEGATIVE?
1133 5335 5335 7 NO
1134 5747 5747 7/ YES
1135 4407 4407 / EPS*DER = -EPS*DER-L-K . : \
1136 5757 5757 "

1137 2746 2746 . 2
1149 6762 6762 S
1141 2999 9999 =
1142 5747 5747 ' C e
1143 3099 @ S
1144 3733 9 5

1145 3399 49

1146 0671 9671
1147 1208 1299
1159 0666 0666
1151 9993 9
1152 9339 @
1153 2099 2
1154 9933 9
1155 2999 9
1156 9298 9
1157 3724 9724
1163 9722 9722
1161 1592 1532 .
1162 9721 9721
1163 7622 7622
1164 9716 3716
1165 3713 9713
166 5735 2795
1167 1675 1675
1170 ¢7T13 a7
1171 9909 ¢
1172 9999 o
1173 9900 o
1174 0999 g
1175 2989 9
1176 99393 9

1177 1664 1664




1299
1271
1222
1283
1204
1205
1236
1237
1219
1211
1212
1213
1214
1215
1216
1217
1223
1221
1222
1223
1224
1225
1226
1227
1232
1231
1232
1233
1234
1235
1236
1237
1243
1241
1242
1243
1244
1245
1248
1247
1259
1251
1252
1253
1254
1255
1256
1257
1263
1261
1262

44917
57717
21776
6777
3329
7339
1375
3774
1373
37172
1371
3779
1367
3766
1365
3764
1363
3762
63 42
5761
92320
3399
3327
739
1369
1357
1449
5271
7399
1356
3357
1355
3736
1354
3753
1352
3751
1367
3759
1347
3746
1345
3744
1343
3742
1341
37409
1354
3377
1355
3363
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*]1209 :
4437 / K(NEW) = K(OLD) = EPS*DER
57717

2776

67717

2299 _
7330 / GET READY FOR LOOP 1
1375

3774

1373

37172

1371

3773

1367

3766

1365

3764

1363

3762

6242 ¢ RESET TELETYPE FLAG
5761

7447 / WAS THIS A K RUN?
5271 7/ NO
7339 / YES; GET READY FOR A TI RUN

e
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*1263
1263 4737 4737 /7 PRINT MESSAGE
1264 5235 5285
1265 9990 0O
1266 2303 @
1267 0302 O
1272 2929 9
1271 7330 7399 / GET READY FOR K RUN
1272 1335 1335 '
1273° 3357 3357
1274 1334 1334
1275 3363 3363
1276 1334 1334
1277 3762 3762
1333 1333 1333
1331 3377 3377
1332 1333 1333
1333 3753 3753

1394 1332 1332 5
1335 3751 3751 ' gg
1396 1369 1369 =t
1327 3759 3759 e
1319 1331 1331 ﬁiu.
1311 3743 3749 : : g;v
1312 1333 1339 g

1313 3742 3742
1314 1327 1327
1315 3744 3744
1316 1326 1326
1317 3746 3746
1329 4745 4745 7/ PRINT MESSAGE
1321 5295 5235
1322 092298 9
1323 3039 @
1324 2232 9
1325 2782 @
1326 3e22 ge22
1327 1532 1502
1330 3666 @666
1331 9671 09671
1332 1799 17092
1333 9630 3600
1334 2630 9632
1335 9901 0301
1336 9573 9573
1337 1592 1592
1348 1146 1146
1341 9677 9677
132 1153 1159
1343 3674 pe74
1344 1161 1161




1345
1346
1347
1353
1351
1352
1353
1354
1355
1356
1357
1363
1361
1362
13563
1364
1365
1366
1367
1379
1371
1372
1373
1374
1375
1376
1377

1439
1431
1432
1433
1434
1435
1426
1437
1413
1411
1412
1413
1414
1415
1416
1417
1427
1421

2243
1163
9625
3542
2571
1733
9572
7633
2647
3392
3331
7777
9244
9573
0639
9556
3617
7555
3633
D412
5773
1331
24329
5364
6653
2721
2629

2399
4361
4361
2363
52934
5223
1330
1757
6246
6941
5211
73323
1357
7931
3357
3293
7329
1356
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*1345
2243
1163
7625
9542
asTN
1793
572
3633
36417
2992
99231
7777
J244
9573
2633
2556
3617
2555
3639
2412
5773
2331
3439
3364
6650
0721
3639

%1499
7399 / PRINT MESSAGE
4361
4361
2363
5236
5229
7300
1757
67346
60 41
5211
7339
1357
1991
3357
5233
1329
1356

.t
t

*
.
u
T

35

i

"

1
¥
14
1
.‘;
)




1422
1423
1424
1425
1425
1427
1433
1431
1432
1433
1434
C 1435
1436
1437
1447
144]
1442
1443
1444
1445
1446
1447
1455
1451
1452
1453
1454
1455
14554
1457
1469
1461
1462
1463
1464
1465
1466
1467
1474
1471
1472
1473
1474
1475
1476
1477
1539
1521
1532
1533

3357
1355
3367
1354
3062
1353
4437
5752
3314
3939
5241
22734
a713
4337
3733
4361
4361
2351
5246
5263
7333
1753
6146
624
5251
7331
1353
7791
3359
5243
7333
1347
3359
1346
3351
1354
3062
1353
4437
5745
2914
2333
5633
0032
3330
1333
2922
333G
D353
4361
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x] 422
3357
1355
3369
1354
3362
1353
44317
5752
2114
29323
5241
2239
2713
3933 / PRINT MESSAGE
4361

4361

2351

5246

5263

7339

1753

6346

6341

5251

7333

1353

73491

3359

5243

7309

1347

3350

1346

3351

1354

3762

1353

4407

5745

n314

2329

5653

239 / PRINT MESSAGE

3
3
J
0
g/
3
4361




1504
1535
1596
1537
1519
1511
1512
1513
1514
1515
1516
1517
1523
1521
1522
1523
1524
1525
1526
1527
1532
1531
1532
1533
1534
. 1535
1536
1537
1549
1541
1542
1543
1544
1545
1546
1547
1552
1551
1552
1553
1554
1555
1556
1557
1563
1561
1562
1563
1564

4361

2343
5313
5322
7320
1742
6246
6241

5313
7329
1342
72921

3342
5325
7339
1341

3343
1340
3342
1354
3762
1353
4437
5636
2314
2390
4635
5732
2926
1759
2326
7759
93069
76323
7771

2329
2329
1771

3639
2311

3013
1772
2913
2913
7772
6022
7399
1376
4371
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*]1504
4361
2343
5310
5322
7399
1742
6046
6341
5313
7323
1342
7991
3342
5395
7399

1341

3343
1343
3342
1354
3362
1353
44317
3636
A4
303939
4635
5792
2026
7759
2026
7759
]

3633
7771
2520
2920
7771
2602
2911
9213
7772
2213
2313
7772
2320
7329
1376
4371

/ PRINT LINE FEED AND CARRIAGE RETURN




1565
1566
1567
1579
1571
1572
1573
1574
1575
1576
1577

- 2013
2014
2315
2016
2917
2329
2021
2022
2023
2024
2925
2026
2027
2039
2931
2932
2332
2034
2035
2036
2137
2949
2041
2342
2943
244
2945
2046
2947
2350
2951
2352

2353 .

2254

7333
1377
4371
5761
2049
63946
694l
5373
5771
2215
g212

9313
0255
2324
3275
7249
78324
3317
0327
ne1s
22439
2249
7394
2335
3322
2311
2326
3301
1324
311
7326
2395
fe49
3327
n2seé
2322
2256
2324
7256

9249

2313
72595

0324

3275
8249
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x1565
7339
1377
4371
5761
2999
6346
63 41
5373
5771
2215
212

*2013
2313 / MESSAGE
9255
2324
2175
0249
N324
A317
0327
2275
2249
N249
2334
2325
3322
0311
2326
2391
2324
2311
7326
2335
240
8327
0256
7322
@256
3324
3256
f249
2313
8255
9324
22175
82473




2355
2156
2957
2769
2261
2962
2363
2964
2365
2066
2367
2374
2371

2372
2373
2374
23175
2076
22717
2193
2131

2132
2193
2194
2135
2126
21817
2119
2111

2112
2113

2299
2231
2232
2233
22934
22925
2206
2227
2219
2211
2212
2213
2214
2215

N334
9395
3322
311
3326
3331
2324
9311
1326
3395
247
0327
3256
1322
1256
3324
2256
3240
2324
3317
2327
2275
1243
2243
2395
2322
3322
9317
7322
275
3240

2239
4714
4714
2315
5236
5229
7399
1716
6346
6941
5211t
7329
1316
7221
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*2055
3324
2325
p322
2311
7326
3331
9324
4311
3326
3335
0249
J327
J256
1322
2256
9324
2256
n249
9324
33117
3327
32175
3249
n243
2335
7322
7322
0317
9322
3275
249

*2204
0939 /s PRINT MESSAGE
471 4
4714
2315
52926
5220
7390
1716
6746
6941
5211
7399
1316
1221

¥
4]

3 R LA RN by A
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*2216
2216 3316 3316
2217 5233 5203
2220 17390 7309
2221 1317 1317
2022 3316 3316
2003 1320 1329
2224 3315 3315
2225 1321 1321
9006 3962 3762
2227 1322 1322
2033 4437 4437
2231 5723 5723 -
2232 9214 9314 .
2233 2322 2939
2234 4714 4714
2235 4714 4714
2236 5630 5630 s
2237 3939 0 «
2243 9339 2
2241 Q303 9 :
2242 9333 0
2243 9939 9992 / PRINT MESSAGE
2244 4714 4714
2245 4714 4TI 4 -
2246 2324 2324
2247 5251 5251
2253 5263 5263
2251 7239 7399
2252 1725 1725
2253 6746 6046
2254 6741 6941
2255 5254 5254
2256 73%9 7330
2257 1325 1325
2263 7231 7991
2261 3325 3325
2262 5246 5246 "
2263 7339 7300
2264 1326 1326
2265 3325 3325
2266 1327 1327
2267 3324 3324
2272 1321 1321
2271 3762 3962
2272 1322 1322
2273 . 4437 4497
2274 5739 5730
2275 9314 9914
2276 3298 7300

st3




2271
2329
2321
2392
2393
2324
2395
2306
2337
2312
2311
2312
2313
2314
© 2315
2316
23117
2329
2321
2322
2323
2324
2325
2326
2327
2339

2433
2491
2432
2493
2474
2435
2476
24317
2419
2411
2412
2413
2414
2415
2416
2417

2427

2421
2422
2423

4279
5643
3999
2033
2799
3209
2099
1330
3939
29229
3397
2309
3539
1561
1179
2195
21385
1770
9913
3311
3625
1747
2455
2355
1747
2713

4437
5420
1131

6227
3227
6227
5227
1224
4621

3622
1623
6623
5227
6224
2999
5632
3614
2719
1675
2795

- 146 -

/ PAGE 20 OF PROGRAM M-2

*¥2277
4209
5643

BRSO EPRECRC RS RS RS S e

1561
7773
2195
2185
7772
0313
2911
3625
1747
2055
2955
7747
9713

*2499
4497 / ERROR ROUTINE
56273
1131
62217
3227
6227
52217
1224
4621
3622
1623
6623
5227
6224
2829
5632
72614
p710
1675
2795

i} -
e
i
.

s

e e T A S e




2424
2425
2426
2427
2439
2431
2432

2790
7939
3929
9939
0390
3999
9394
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/PAGE 1 OF PROGRAM M=3

/MAIN PROGRAM M-3 :

/PROGRAM TO OPTIMIZE P-1 CONTROLLER SETTINGS
/FOR THE TEMPERATURE LOOP WHEN A TEMPERATURE
/SET POINT CHANGE 1S INTRODUCED

/READ IN K-TsTI-TsSP-F,SP=T=15,5P-T-2,SS LIM*%2-T
/EPS=KsEPS-TIsK=1sK-2sK=3,K=-45K=5,TI-1,TI=-2,TI-3,
/T1-45TI-5,EPS*DER~-U-K,EPS*DER-L~-K>»
/EPS*DER-U-TI,EPS*DER-L-TI»H,OUT-T,0LL-T

/WHERES: K-T IS THE PROPORTIONAL GAIN SETTING FOR

/

N T S S T T S S T N O T N

2391

28035
2326
8337

5159

7433
7239
5638

THE TEMPERATURE LOOP

TI-T IS THE INTEGRAL TIME CONSTANT FOR

THE TEMPERATURE LOQP

SP-F IS THE FLOW LOOP SET POINT

SP-T-155P-T-2 ARE THE TEMPERATURE LOOP SET POINTS
SS LIM**2-T IS THE TEMPERATURE LOOP STEADY

STATE TOLERANCE

EPS-K IS THE STEP SIZE IN THE K CONVERGENCE

ALGORITHM ,
EPS-TI IS THE STEP SIZE IN THZ TI CONVERGENCE ;ﬁ
ALGORITHM . o
K'l:K‘2:K'3:K’4JK‘S:TI‘1:TI‘21T1‘3:TI'4:AND ;H
TI-S ARE THE MULTIPLIERS USED TO VARY X AND TI 2
EPS*DER-U-K AND EPS*DER-L-X ARE THE ' B
MAXTMUM AND MINIMUM ABSOLUTE VALUES ;§~-
EPS-K*DER MAY TAKE IN THE X CONVERGENCE zE
ALGORITH# .

EPS*DER-U-TI 4ND EPS*DZR-L-TI ARE THE
MAXIMUM AND MINIMUM ABSOLUTE VALUES
EPS-TI*DER MAY TAKE IN THE TI CONVERGENCE
ALGORITHHM

H IS THE SAMPLING INTERVAL _
OUL-T AND OLL-T ARE THE UPPER AND LOUER
QUTPUT LIMITS(BOTH POSITIVE)TO THE
TEMPERATURE LOOP

*1
5159

*5 _ _
7439 / POINTER TO FLOATING POINT IN?UT—ROULENiE
7209 / POINTER T0 FLOATING POINT OULPUI §0U;L
5630 / POINTER TO FLOATING POINT INTERPRETES




7159
3151
2152
J153

3239
3231
1232
3233
3234
3235
3206
3237
3217
211
9212
3213
2214
3215
3216
9217
4223
9221
7222
J223
3224
9225
3226
9227
5237
7231
9232
2233
2234
2235
3236
9237
8249
5241
D242
9243
J244
3245
A2464

6271
6552

15553

Jesi

6746
6332
2351

5235
5222
4435
7337
1163
7653
5295
4437
6741

3303
7333
1341

1342
3341

5292
7393
1342
3341

1352
3351

44317
57473
6743
5744
6745
5746
6747
2993
5649
2732
37299
3959
1432
6791
6552
6551
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x150
6331
6552
5553
2251

*203
8946
6932
2351
5235
g222
4435
7333
1365
7659
5235
4477
6741
39722
7323
1341
1342
3341
5292
7339
13453
3341
1353
3351
4437

‘5749

6743
5744
6745
5746
6747
3099
5649
2739
2

2

74322
6291
6552
6551

/ TURN ON INTERRUPT

/ READ IN DATA

/ STOP
/ TURN ON INTERRUPT

3
2iav a

2
2
(e
W

20 wm‘ o ~ ] 3 ;:h“ 1
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*0247

0247 6552 6552

9259 5246 5246

9251 4752 4752 / START LOOP; OPERATE A/D

9252 4437 4497 / GET FLOW SET POINT

0253 S753 5753

0254 6194 6104

9255 0332 0900

0256 4754 4754 / INTERPRET FOR OUTPUT

9257 7330 7300 / OUTPUT TO CHANNEL 5 OF D/A (FLOW)

9263 1197 1137

9261 6353 6353

9262 5273 5279

3263 0339 0

9264 2999 9
- 0265 03933 0

9266 9333 0

3267 2200 9

9273 7393 7390 / GET CHANNEL 2 B
9271 1755 1755 i
9272 3192 3103 . i
9273 4756 4756 / CALL INPUT INTERPRETER u
0274 4437 4437 / CALCULATE (SET POINT - OBSERVED VALUE) -
5275 5757 S757 ki
5276 1121 1191 A
9277 6763 6763

9300 2593 90939

2391 4761 4761 / CALL P-1 SUBROUTIRE

9392 4754 4754 / CALL OUTPUT INTERPRETER

3393 7333 7299

8304 7333 7332 ¢ OUTPUT TO CHANNEL 6 (TEMPERATURE)

3395 1137 1137 .

3326 6963 6063

9397 2364 2364 ,
2313 5312 5312 , BRANCH IF STEADY STATE NOT YET ACHIEVED

2311 5731 S731 7/ BRANCH IF STEADY STATE ACHIEVED

2312 4437 4407

2313 5762 5762 ]
8314 3762 3762

3315 2763 2763

9316 9200 99929

8317 733 7399

ggg@ 1945 1945

8321 7549

J322 5323 ;ggz BRANCH IF READING IS NOT WITHIN SS TOLEEANCE
2323 5327 5327 BRANCH IF READING IS WITHIN SS TOLERANCE
8324 7329 7330 ¢ RESET COUNTER

7325 1365 1365

~

~

~

~

NN




9326
9327
0339
9331
8332
9333
9334
3335
2336
3337
9343
2341
3342
2343
3344
3345
3346
0347
3359
93351
3352
3333
2354
3355
2356
. 8357
0369
2361
3362
9363
3364
f365

9429
0431
0402
3433
2434
0495
2426
0437
9419
8411
9412
3413

3364
7099
5327
2470
75098
2309
3309
10093
1793
1709
D633
2699
2993
1790
2623

1793

8792
1675
7759
7759
3122
3636
4499
3169
4239
2611
1664
1633
1667
3617
6659
6650

6992
4437
5777
6776
6775
0390
2374
5211
5273
4497
5773
3772
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*3326
3364

7093 / WAIT FOR SIGNAL FROM CLOC

5327
9400
2

2

2

1029
1783
17992
2629
36900
2993
1700
9633
1783
31732
1675
77593
7758
3t22
2636
4400
3160
4233
2611
1664
1603
1667
6617
6659
6659

*409
62082
44317
5777
6776
6775
29299
2374
5211
5273
44917
5773
3772

NN NN

TURN OFF INTERRUPT
SET ERROR = D9

FIFTH TIME THROUGH?
NO

YES
SET UP CURRENT VALUE FOR K




3414
9415
9416
9417
9429
9421
9422
8423
424
0425
0426
04217
9439
9431
0432
433
2434
2435
0436
0437
0449
9441
9442
0443
D444
. 0445
D446
0447
8459
9451
9452
9453
3454
455
8456
9457
3460
8461
8462
0463
8464
0465
0466
9467
8473
8471
8472

6771

@930
7329
1373
1373
3373
1367
3766
1365
3764
1363
3762
1361

37632
5757
2000
7280
99993
6332
4437
3776
6756
5771

6755
5772
6771

3332
7359
1354
3764
1353
3762
1361

3760
1355
1379
3355
1356
1379
3356
1352
3766
5757
2329
2009
2939
P003

/PAGE

*0414
6771
2399
7309
1373
1370
3373
1367
3766
1365
3764
1363
3762
1361
3769
5757
0

)

0]

6902
4497
5776
6756
5771
6755
5772
6771
3099
1320
1354
3764
1353
3762
1361
3769
1355
1379
3355
1356
1372
3356
1352
3766
5757

[SVRGS I RN
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/ GET READY FOR LOOP 2

7/ TURN OFF INTERRUPT
/ LOAD ERROR & K FOR CURVE FIT SUBROUT

/ GET READY FOR LOOP 1

/ UPDATE STORAGE LOCATIONS

INE

itzae
LT R]

-
"
7
54
-
n
i




2473
9474
0475
1476
3471
9599
3591
2592
1583
9504
3535
1536
35317
2513
3511
9512
9513
3514
3515
3516
95117
3520
9521
9502
9523
9524
3525
0526
9527
9539
9531
9532
9533
9534
3535
9536
8537
7549
3541
3542
9543
8544
3545
8546
0547
7559
3551

6302
7300
1351
3374
4753
4747
4437
5746
3745
3772
1744
6743
2299
2342
5313
5743
7333
1741
7543
3323
5325
7339
1737
7549
5736
5735
71332
1737
7549
5735
3736
2339
2939
2339
1227
1926
3717
1922
3714
7777
2713
3749
3743
9719
1433
4359
1772
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*0473
6032
7309
1351
3374
4759
4747
4497
5746
3745
3772
1744
6743
3299
2342
5313
5749
7399
1741
7549
5329
5325
7300
1737
7543
5736
5735
7399
1737
7547
5735
5736
2

9]

)
1227
1926
87117
1922
9714
1777
6713
3749
3743
8719
1429
4099
1772

/
/

~

NN NN NN NN ~N

NN

TURN OFF INTERRUPT
RESET COUNTER

CALL CURVE FIT SUBROUTINE
PRINT MESSAGE
FIND DERIVATIVE WeReTe K-TEMPERATURE

FIRST TIME THROUGH?
NO
YES

IS DERIVATIVE NEGATINE?
YES

NO

GET PREVIOUS DERIVATIVE

WAS IT NEGATIVE?

YES

NO

GET PREVIOUS DERIVATIVE

wAS IT NEGATIVE?
YES
NO

Nl
B
s
t
!
"
i




1552
3553
9554
7555
3556
3557
3563
3551
3562
1563
3564
3565
1566
1567
3573
3571
1572
3573
2574
3575
3576
3577

0657
0691
2632
2633
5634
3635
3636
2627
3619
3611
2612
2613
2614
2615
0616
2617
2623
2621
9622
7623
2624

3611
0473
7390
36449
3617
244
1364
6653
3331
7436
3333
5735
3357
3614
9333

1793

7633
76373
7712
1171
3735
3724

ik
3329
23299
1339
3353
3359
2349
0929
3259
9939
5709
2209
2793
32390
2939
2329
2039
0032
2990
1223
23329
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*3552
2611
3472
1923
3639
3617
0244
1364
6653
3331
N436
3333
5735
2357
5614
59933
1714
7639
0633
17172
1171
9795
3724

*691)
99323 / DATA STORAGE

QOO LT T QOI®




3625
J626
3627
- 3633
2631
3632
3633
1634
1635
3636
3637
3643
3641
1642
3643
1644
2645
9646
3641
1659
2651
2652
9653
3654
5655
7656
3657
9662
9661
3662
9663
5664
9665
1666
1667
3679
2671
9672
9673
3674
2675
2676
9677
2733
8791
8732
3793

3299
9333
J5733
2939
3235
3389
3393
33338
3903
3090
33349
3390
67339
0239
2325
317193
1333
3339
5399
2333
9933
8939
Y733
3333
0339
3339
0223
29929
3333
2339
2399
3339
A351
S B1oY]
2293
9939
2399
9339
2339
0293
25929
33739
3933
2098
3099
9939
22309
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2
O
N
w

©
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o
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i

3
b4
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1724
2735
37196
2737
Ine
3711
Ine
3713
3714
NS
36
317
3729
3721
3722
3723
3724
2725
126
37217
3739
3731
3732
. 3733
. 8734
3735
3736
2737
3749
0741
3742
0743
3744
3745
A746
3747
8753
2751
2752
2753
3754
2755
3756
2757
8763
3761
8762
2763
3764
2765

2249
4799
3500
2709
1932
2833
2930
N129
3099
33G3
an92
2399
lsls o]
N393
209329

3990

3209
9939
2973
3953
2360
5333
5357
4435
7339
1767
7659
5333
4437
6761
9999
7333
1341
7901
3341
5335
7399
1363
3362
1364
3341
5765
3933
2999
7775
1714
1717
7775
6761
2243
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*A704
2
3
0
2
3032
2039

2369 / READ IN DATA
5333

5353

4435

7393

1063

7659

5333

4437

6761

30839

7339

1341

7991

3341

5338

7339

1363

3369

1364

3341

5765

3
9
7775
1714
1717
77175
6761
3243

(S e

]

-
..
b4
3
ar
"
-E

'l
\
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*1009
193¢ 4437 4497 / ERROR CALCULATING ROUTINE
19731 5777 5777
1992 3777 3777
1993 6374 6374
1994 5371 S371
1235 1374 1374
1996 4772 4779
1837 3767 3767
1010 1766 1766
1011 6766 6766
1912 5374 5374
1913 6371 6371
1314 2933 9990
1915 5616 5616
1916 0334 0304
1317 9799 0
1923 3293 9
1921 9709 0 |
1922 4497 4437 / PREVIOUS DERIVATIVE = DERIVATIVE
1023 5765 5765
1024 6764 6764
1925 9398 92090
1026 4437 4437 / CALCULATE EPS*DER
1927 5765 5765
1333 3763 3763

1931 6762 6762
1932 3999 0092 .
1333 4761 4761 / PRINT MESSAGE
1934 7399 7393
1335 1763 1763

LR R RN S Iy ]

1936 7549 7543 s 1S EPS*DER NEGATIVE?
1337 5264 S264 7 NO
1243 4437 4487 7 YES

/

1841 S757 5757 s EPS*DER = -EPS*DER
1042 2762 2762

1243 6354 6354

1844 5753 5759 s DELTA = EPS*DER-U-K - EPS*DER
1945 2354 2354 '
1046 6351 6351
1847 9390 2009
1358 7399 7309
1851 1352 1352
1952 7549 7542
1853 5323 5323
1054 4497 4487
1855 5757 5757
1856 2750 2750

IS DELTA NEGATIVE?
NO

YES
EPS*DER = -EPS*DER-U-K

NN NN




1957
1769
1061
1362
1063
1064
1965
1266
1967
1379
1971
1372
13273
1074
1975
1976
1077
1190
1101
1192
1123
1134
1125
1136
1197
1119
1111
112
1113
1114
1115
116
1117
tion
112]
1122
1123
1124
1125
1126
1127
1130
1131
1132
1133
1134
1135

6762
9993
5747
75393
3933
4437
S762
6354
5753
2354
6351
3020
7333
1352
7459
53924
4437
5750
6762
2393
S747
4437
5746
2354
6351
2393
7323
1352
7543
5316
5747
4437
5746
6762
2209
5747
4437
5746
2354
6351
2999
1339
1352
1540
5335
S747
4437

- 158 -

/PAGE 11 OF PROGRAM M-3

*1057
6762
3333
5747
20292
8933
44917
5762
6354
5750
2354
6351
7022
1329
1352
7453
5374
4457
5753
6762
7993
5747
4497
5746
2354
6351
2339
7353
1352
7543
5316
5747
4497
5746
6762
0339
5747
4497
5746
2354
6351
2090
7306
1352
7540
5335
5747
4407

NN NN

N NN N

DELTA = EPS*DER-U-K - EPS#*DER

IS DELTA NEGATIVE?

NO

YES

EPS*DER = EPS#*DER-U-K

IS EPS*DER-L-K - EPS*DER NEGATIVE?
NO '

YES
EPS*DER = EPS*DER-L-K

IS EPS*DER-L-K - EPS*DER NEGATIVE?

NO

YES
EPS*DER = -EPS#DER-L-K

evss ey A [SPrRTE Y
’

SO P AR 3

it d o it )

SR b B ot LAtA]




1136
1137
1149
1141
1142
1143
1144
1145
1146
1147
1153
1151
1152
1153
1154
1155
1156
1157
1160
1161
1162
1163
1164
1165
1166
1167
1179
1171
1172
1173
1174
1175
1176
1177

1239
1291
1232
1223
1294
1235
1296
1237
1219

5757
2746
6762
99239
5747
2099
23292
29299
2671
1209
N666
2099
1393
2230
9389
3239
3993
0724
122
1502
1721
B622
8716
3713
3735
1675
9719
2239
2839
2992
3099
2339
2999
1664

4497
5777
2776
6777
20992
7399
1375
3774
1373

/PAGE

*¥1136
53757
2746
6762
2909
5747
9

2

2
2671
1290
D666

oA

2724
D122
1592
3721
D622
Q716
2713
9795
1675
37193
5]

)
0]
9
2

9]

1664

*1207
4437
5777
2716
6777
3900
7399
1375
3774
1373
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/ K(NEH) = K(OLD) - EPS*DER

/ GET READY FOR LOOP 1

ks
K

H
.
G
a
-
5
;. -,
El
3
3




121t
1212
1213
1214
1215
1216
1217
1229
1221
1222
1223
1224
1225
1226
1227
1233
1231
1232
1233
1234
1235
1236
1237
1249
1241
1242
1243
1244
1245
1246
1247
1253
1251
1252
1253
1254
1255
1256
1257
1269
1261
1262
1263
1264
1265
1266
1267

3772
1371
3772
1367
3766
1365
3764
1363
3762
6342
5761
3909
9339
3332
7392
13632
1357
744
5271
7339
1356
3357
1355
3736
1354
3753
1352
3751
1367
3753
1347
3746
1345
3744
1343
3742
1341
3749
1354
3377
1355
3363
4737
5235
0390
9339
2999
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*1211
3772

1371

3779

1367

3766

1365

3764

1363

3762

6042 / RESET TELETYPE FLAG
5761

0

3

)

7393

1363

1357

7449 / WAS IT A K RUN?
5271 / NO

7393 / YES; GET READY FOR A TI RUN
1356

3357

1355

3736

1354

3753

1352

3751

1363

3750

1347

3746

1345

3744

1343

3742

1341

3740

1354

3377

1355

3363

4737 7/ PRINT MESSAGE
5295

9

)

)

¥
3
i
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R Ry X e

*1279
1273 3929 @
1271 7339 7398 / GET READY FOR A K RUN
1272 1335 1335
1273 3357 3357
1274 1334 1334
1275 3363 3363
1276 1334 1334
1277 3762 3762
1339 1333 1333
1331 3377 3377
1332 1333 1333
1333 3753 3753
1394 1332 1332
1395 3751 3751
1336 1369 1362
1337 3753 3758
1318 1331 1331
1311 3749 3743 :
1312 1330 1333
1313 3742 3742
1314 1327 1327
1315 3744 3744
1316 1326 1326
1317 3746 3746
1329 4745 4745 / PRINT MESSAGE
1321 5235 5235
1322 985993 9
1323 9992 9
1324 3299 9
1325 3393 2
1326 3622 3622
1327 1532 1592
1339 3666 9666
1331 3671 2671
1332 1799 1793
1333 3633 9629
1334 23630 2639 .
1335 2321 9991
1336 3573 9573
1337 1532 1502
1343 1146 1146
1341 2477 93677
1342 1159 1159
1343 5674 3674
1344 1161 1161
1345 2043 2243
1346 1163 1163

LR L BT BURTR Y
.




1347
133
1351
1352
1353
1354
1355
1355
1357
136
1351
1362
1353
1364
1365
1355
1357
1373
1371
1372
1373
1374
1375
1376
1377

1433
1431
1432
1433
1434
" 1435
1475
1437
1417
1411
1412
1413
141 4
1415
1416
1417
1425
1421

3825
3542
3571
1733
2572
7633
3647
3352
JIN
1777
j244
31573
763)
J556
3617
71555
3613
412
5773
2331
7433
1354
6657
3721
7639

3390
4361
4361
2369
5236
5223
7333
1757
6346
6941
5211
7339
1357
1331
3357
5293
1339
1356
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%1347
55625
1542
3571
1723
3572
3623
1647
3332
3531
1777
J244
3573
16372
1556
3617
555
36353
3412
5773
3331 -
3438
1364
6659
0721
3639

%1499
9939 / PRINT MESSAGE
4361
4361
2363
5236
5227
7399
1757
6346
6341
5211
7399
1357
7391
3357
5223
7393
1356

arnim T

AMetd Gota -t L O

a2
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x1 422
1422 3357 3357
1423 1355 1355
1424 3367 3369
1425 1354 1354
1426 3762 3362
1427 1353 1353
1433 4437 4407
1431 5752 5752
1432 9314 3314
1433 2323 9999
1434 5241 5241
1435 2293 2299
1436 2713 0713
1437 9339 9
1443 22929 9
1441 4361 4361 / PRINT MESSAGE
1442 4361 4361
1443 2351 2351
1444 5246 5246 :
1445 5269 5263 .
1446 17333 7399
1447 1759 1759
1457 6346 6246
1451 6941 6241
1452 5251 525]
1453 7330 17339
1454 1353 1359
1455 7391 71391
1456 3353 3359
1457 5243 5243
1463 17333 7393
1461 1347 1347
1462 3353 3352
1463 1346 1346
1464 3351 3351
1465 1354 1354
1466 3362 3762 .
1467 1353 1353
1473 4487 4407
1471 5745 5745
1472 9914 9014
1473 2296 9903
1474 5693 5692

s

¢

vess mmit gt N Wr.d

1475 3002 ¢
1476 aggg g
1477 9380 ¢
1593 9920 g
1531 08929 o




1502
1593
1594
1595
1506
1537
1513
1511
1512
1513
1514
1515
1516
1517
1523
1521
1522
1523
1524
1525
1526
1527
1533
1531
1532
1533
1534
1535
1536
1537
1543
154]
1542
1543
1544
1545
1546
1547
1553
1551
1552
1553
1554
1555
1554
1557
1569
1361
1562
1563

2392
4361
4361
2343
5319
5322
7329
1742
6746
6941
5313
7329
1342
7391
3342
5335
1399
134]
3343
1343
3342
1354
3362
1353
4437
3636
9314
2993
4635
3732
2926
7759
2026
7759
7392
2633
7771
2329
2929
7771
2620
2911
9313
17172
2313
2913
1772
2209
7329
1376

/PAGE

*1502
2029
4361
4361
2343
5319
5322
7339
1742
6746
6341
3313
73329
1342
7331
3342
5305
7332
1341
3343
1343
3342
1354
3962
1353
4407
5636
¥014
09932
4635
5732
2926
77593
2926
7759
i
#6933
7771
2329
2023
7771
2699
2311
2313
7772
2013
2013
1772
2909
73020
1376
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/ PRINT MESSAGE

/ PRINT CARRIAGE RETURN & LINE FEED




1564
1565
1566
1567
1573
157t
1572
1573
1574
1575
1576
1577

2313
2914
2915
2016
29117
2329
2321
2322
2923
2324
2325
2226
22217
2333
2831
2932
2333
2934
2335
2936
2037
2343
2241
2042
2943
2744
2345
2046
2947
2953
2351
2052
2953
2954

4371
7338
1377
4371
5761
1339
6346
6341
5373
5771
3215
g212

9313
3255
2324
3275
3249

2324
a3t1

3255
3324
3275
32432
9394
3385
1322
a311

7326
9331

2324
3311

2326
9355
3243
9327
3256
2322
3256
2324
2256
2249
2313
3255
5324
2275
2249
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*1564
4371
7333
1377
4371
5761
2329
6346
6341
5373
5771
2215
212

*2013 :
313 7/ MESSAGE
9255
9324
3275
9243
3324
2311
2255
3324
3275
3249
3324
3395
3322
2311 .
3326
3391
2324
3311
7326
3335
3249
0327
7256
2322
9256
3324
3256
8240
2313
3255
2324
3275
2249

il |

e fuvu;!\a‘ls&‘-\'\%-}um; .




2055
2056
2057
2263
2061
2962
2063
2264
2065
2966
2367
2973
20T
2972
2973
2974
2075
2976
2077
2199
2131
21932
2133
2124
2135
2196
2137
2119
2111
2112
2113

2239
2231
2292
2233
2274
2235
2236
22317
2219
2211
2212
2213
221 4
2215
2216

0304
2335
p322
9311
8326
72391
0324
2311
7326
9395
2249
9327
3256
9322
2256
3324
0256
9240
3324
2311
@255
3324
22175
3243
3345
3322
5322
2317
2322
5275
0249

2933
471 4
471 4
2315
52136
5223
7332
1716
6346
6941
5211

1302

1316
1331

3316
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*2055
0334
2335
8322
2311
3326
9331
3324
2311
2326
2395
9249
0327
3256
7322
9256
72324
7256
n2479
3324
1311
0255
1324
9275
9247
9395
1322
1322
2317
2322
9275
7240

%2209
%992 / PRINT MESSAGE
4714
4714
2315
5266
5229
7330
1716
6346
6041
5211
7329
1316
7281
3316
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*2217
2217 5293 5283
2220 7302 7309
2221 1317 1317
2222 3316 3316
2223 1328 1323
2224 3315 3315
2225 1321 1321
2226 3062 3062
2227 1322 1322
2231 4437 4407
2231 5723 5723
2232 7314 98314
2233 083299 0009
2234 4714 4714
2235 4Ti4 4T14
2236 5690 5633
2237 0388 9
2243 9093 3
2241 2929 9
2242 9359 0
2243 09003 @999 / PRINT MESSAGE
2244 4714 4714
2245 4714 4714
2246 2324 2324
2247 5251 5251
2253 5263 5263
2251 7308 7399
2252 1725 1725
2253 6746 6946
2254 6341 604l
2255 5254 5254
2256 7399 7329
2257 1325 1325
2263 7991 7931
2261 3325 3325
2262 5246 5246
2263 73¢9 7399
2264 1326 1326
2265 3325 3325
2266 1327 1327
2267 3324 3324
2273 1321 1321
2271 3062 3962
2272 1322 1322
2273 4497 4487
2274 5733 5730
2275 3314 0214
2276 28092 0399
2277 4239 4233
€339 5643 5643




2331
2332
2333
2394
2335
2336
2397
23190
2311
2312
2313
2314
2315
2316
2317
2323
2321
2322
2323
2324
2325
2326
2327
2339

93939
0339
3393
0039
3592
2933
2339
3939
2339
3393
3390
1561
7775
2135
2135
7773
5313
9311
3625
7747
2358
2355
7747
9713
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*2371

—
w
O
—

7773
2125
2195
77713
A313
311
3625
7747
2955
2355
7747
3713
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/PAGE 1 OF PROGRAM M“4'

/MAIN PROGRAM M-4
/PROGRAM TO OPTIMIZE MULTIPLICATIVE CONTR
/FOR THE TEMPERATURE LOOP WHEN A TEMPERATS:EER SETTINGS
/SET POINT CHANGE IS INTRODUCED
/READ IN K=-T>TOYsSP-F»SP-T-1,SP~T-2,5§ LIM**2-T
/EPS‘K:EPS‘TOW:K‘IJK'2JK‘3:K‘4;K'5)TOH‘I:TOW‘Q:TOH'3:
/TOU=4,TOM=-5,EPS*DER-U-KsEPS*DER-L~X
/EPS*DER-U-TO4, EPS*DER-L-TOU,4,0UL-T>0LL~-T»SG
/YHERE: K-T IS THE PROPORTIONAL GAIN SETTING FOR
THE TEMPERATURE LOOP .
TOW IS THE MULTIPLICATIVE TIME CONSTANT FOR
THE TEMPERATURE LOOP
SP-F IS THE FLOW LOOP SET POINT .
SP-T-1sSP-T-2 ARE THE TEMPERATURE LOOP SET POINTS
SS LIM%%2-T IS THE TEMPERATURE LOOP STEADY
STATE TOLERANCE
EPS-K IS THE STEP SIZE IN THE K CONVERGENCE
ALGORITHM - . .
EPS-TOW IS THE STEP SIZE IN THE TOW CONVERGENCE
ALGORITHM
K=lsK=25,K=3,K-45K=-55T0OW-1,TOH-2,TO4=3,TOW=4,AND
TOW-5 ARE THE MULTIPLIERS USED TQ VARY K AND TOU
EPS*DER-U-K AND EPS*DER-L-K ARE THE
MAXIMUM AND MINIMUM ABSOLUTE VALUES
EPS*DER-K MAY TAKE IN THE X CONVERGENCE
ALGORITHM
EPS*DER-U-TOW AND EPS*DER-L-TOW ARE THE
MAXIMUM AND MINIMUM 4aBSOLUTE VALUES 0L
EPS*DER-TO¥ MAY TAKE IN THE TO¥ CONVERGENCE ’
ALGORITHM
H IS THE SAMPLING INTERVAL
QUL-T AND OLL-T ARE THE UPPER AND LOVER
QUTPUT LIMITS(BOTH POSITIVEDTO THE
TEMPERATURE LOOP
SG IS THE SYSTEM GAIN

NN NN NN NN NSNS SN NSNS NSNSNSNSNNSNSNNSNSNSNSSNNSNNSN

*1
2291 5154 5159

*5
0995 7436 7428 / POINTER TO THE !
7896 7237 7209 ¢ POINTER TO THE FLOATING POINT
3397 5603 S639 / POINTER TO THE FLOATING POINT

FLOATING POINT INPUT ROUTINE
QUTPUT ROUTINE
INTERPRETER




31593
9151
9152
3153

3239
3231
3252
1233
3204
3235
7236
3237
3213
8211
3212
3213
f214
3215
216
3217
3223
3221
3222
3223
3224
3225
3226
2227
9232
9231
3232
9233

- 3234

3235
3236
2237
2249
9241
242
0243
3244
3245
8246

6931
6552
5553
3251

6346
6732
2351
5235
52292

Lo

4435
7339
1367
7659
5235
4437
6741

9929
7353
1341

1342
3341

5292
73233
1343
3341

1359
3351

4437
5749
6743
5744
6745
5746
6747
2929
5640
37332
09292
1300
7432
5891
6552
6551
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*159
6391
6552
5553
0251

*229
6346
6032
2351
52935
5222
4425
7309
1960
7657
52325
4407
6741
2329
7393
1341
1342
3341
5292
7339
134%
3341
1352
3351
4497
5749
6743
5744
6745
5746
6747
20393
5649
8733
9

9
1432
6081
6552
6551

/ TURN ON INTERRUPT

/ READ IN DATA

/ STOP
/ TURN ON INTERRUPT

ey

i
o
.(
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*9247
3247 6552 6552
9259 5246 5246
9251 4752 4752 / START LOOP; OPERATE A/D
3252 4407 4407 / GET FLOW SET POINT
9253 5753 5753
9254 6134 6134
9255 23733 2909
9256 4754 4754 / INTERPRET FOR OUTPUT
9257 7333 7308 / QUTPUT TO CHANNEL 5 OF D/A (FLOW)
0263 1137 1197 .
3261 6353 6753
5262 5273 5273
9263 9739 0
7264 3233 0
0265 9396 2
9266 93399 @
9267 37929 9
8279 7333 7323
8271 1755 1755 /_ GET CHANNEL 2
3272 3163 3139 -
9273 4756 4756 / CALL INPUT INTERPRETER
9274 5331 5301
2275 99293 2 -
9276 3293 9
8277 3932 9
3333 3933 2
3331 4761 4761
1332 4754 4754
9333 7325 7299
9304 7327 7300 ¢/ OUTPUT TO CHANNEL 6 (TEMPERATURE)
9335 1127 1107
2336 6263 67263
3337 2364 2364
9312 5312 5312
9311 5734 5734
8312 4437 4497
3313 5757 5757
2314 1191 1181
8315 6264 6264
8316 3264 3264
8317 2763 2763
3322 3943 0000
1321 7323 7329
3322 1245 1945

323 7548 7549 : -

3324 5322 5326 / BRANCH IF READING IS NOT WITHIN ss_;ghggANCE
8325 5331 5331 7/ BRANCH IF READING 1S WITHIN SS TOLERA!

CALL MULTIPLICATIVE SUBROUTINE
CALL OUTPUT INTERPRETER

NN

BRANCH IF STEDY STATE IS NOT YET ACHIEVED
BRANCH IF STEADY STATE IS ACHIEVED

NN




9326
3321
7333
3331
2332
3333
9334
@335
3336
3337
2347
0341
3342
9343
3344
3345
7345
2347
2353
0351
8352
2353
8354
3355
2356
357
3369
8361
2362
0363
3364
9365

9437
2471
2402
9493
9434
3435
9426
2437
9417
9411
3412

73373
1365
3364
7099
5331
2929
04393
2470
1703
17308
2639
7629
2993
1790
2603
1733
07192
1675
7759
7759
3122
3636
4437
3163
4230
611
16564
16343
1667
3617
6659
6659

6992
4497
5777
6776
6775
2997
2374
5211
5273
4407
5773
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*9326
7309 / RESET COUNTER
1365
3364
7098 / WAIT FOR SIGNAL FROM CLOCK
5331
2
0409
2499
1793
1729
2639
04639
2933
1739
9693
1733
23732
1675
7759
7759
3122
7636
4459
3163
4239
3611
1664
1699
1667
2617
6659
6659

*¥400

6332 / TURN OFF INTERRUPT
4427 / SET ERROR = 3.9
5777
6776
67175
2093
2374
5211
5273
4497
5773

FIFTH TIME THROUGH?

NO

YES .

SET UP CURRENT VALUE FOR K

NN NN



9413
a4
3415
9416
3417
9429
9421
3422
1423
0424
1425
3426
3427
2432
9431
6432
9433
9434
9435
3436
3437
1449
3441
3442
2443
444
3445
D446
3447
3457
345]
5452
5453
3454
1455
3456
3457
0469
1461
3462
3463
1464
3465
1466
3467
9475
8471

3772
6771

2990
7339
1373
1370
3373
1367
3766
1365
3764
1363
3762
1361

3767
1367
3635
5757
2357
6392
4427
5776
6756
ST71

6755
5772
6771

2599
7344
1354
3764
1353
3762
1361

37673
1355
1379
3355
1356
1373
3356
1352
3766
1352
3671
5672
1357

- 173 -

/PAGE 5 OF PROGRAM M-4

*7413
3772
671
03223
7399
1373
1379
3373
1367
3766
1365
3764
1363
3762
1361
3763
1367
3635
5757
8357
69202
4497
S776
6756
5771
6755
5772
6771
2949
7353
1354
3764
1353
3762
1361
3765
1355
1372
3355
1356
1373
3356
1352
3766
1352
3671
5672
3357

/ GET READY FOR LOOP 2

/ TURN OFF INTERRUPT
/ LOAD ERROR & K FOR CURVE FIT SUBROUTINE

/ GET READY FOR LOOP 1

/ UPDATE STORAGE LOCATIONS



2472
3473
3474
7475
3476
2477
2594
4531
3532
9533
2534
9535
25354
3537
3513
3511
2512
3513
2514
2515
3516
3517
3523
9521
9522
3523
9524
1525
2526
9527
9533
3531
3532
1533
2534
3535
5536
3537
2549
2541
2542
9543
2544
1545
2544
2547
9559

1335
6392
7333
1351
3374
4759
4747
4437
5746
3745
3772
1744
6743
3339
2342
5313
5747
7330
1741
75473
5323
5325
73939
1737
7549
5736
5735
7339
1737
7545
5735
5736
33973
39379
IGIe ]
1227
1626
3717
1322
D714
1777
2713
374
3743
3710
1493
49383

/ PAGE

%3472
1935
6392
7333 /
1351
3374
4753
4747
4437 7/
5746
3745
3772
1744
6743
33373
2342 /
5313
5747
7333
1741
7547
5329
5325
7333
1737
7543
5736
5735
7379
1737
1543
5735
5736 7/
o}

o)

)

1227
1926
9717
1922
3714
7777
2713
3743
3743
3719
14329
4929

~

NN

NN NN NN NN NN

NN
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6 OF PROGRAH M=4

TURN OFF INTERRUPT
RESET COUNTER

CALL CURVE FIT SUBROUTINE
PRINT MESSAGE

FIND DERIVATIVE WeReTe K-TENPERATURE °

FIRST TIME THROUGH?
NQ
YES

IS DERIVATIVE NEGATIVE?
YES
NO
GET PREVIOUS DERIVATIVE

HAS IT NEGATIVE?
YES

NO
GET PREVIOUS DERIVATIVE

wAS IT NEGATIVE?
YES
NO

O ik Lo oo ach 4 i 4mdid o b

TR By SO R N Al S i it MANT GRS Bedd LR e

?




3551
3552
3553
3554
3555
3556
3557
3563
3561
2562
9563
7564
1565
1566
2567
34573
257
B5172
3573
3574
23575
3576
3577

9699
0631
9632
2623
3694
2635
2636
2637
3613
7611
9612
0613
3614
2615
0616
0617
2629
0621
P622
7623

7772
2611
34373
7339
3690
3617
1293
3364
6659
2334
7436
2333
5735
1735
3614
3983
1730
3670
2639
7772
2424
3735
N724

2829
2799
3099
4339
2993
2393
2293
3929
8293
2329
2093
2003
2799
9939
93923
2909
0032
72999
909
20923
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*¥3551
7772
2611
34332
7999
3600
3617
1299
3364
6659
9334
0436
3303
5735
17309
J6l4
J993
1732
2603
3637
77172
2424
2735
2724

*699

3399 / DATA STORAGE
9

2

SRSWS

QLA LRIIIOC
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[S]
o
n
D

0624 9599
0625 0003
3626 99333
3627 3392
3630 8239
8631 0209
3632 3936
2633 30922
3634 3939
3635 8923
3636 9303
5637 2299
5647 03230
2641 39292
3642 3393
0643 3790
9644 9993
3645 9392
2646 9920
3647 0339
2657 3302
3651 3929
3652 9399
3653 9093
0654 95937
7655 97292
2656 9039
3657 28993
9663 9992
3661 9339
0662 3330
8663 3959
7664 3333
3665 3209
3666 9399
2667 5329
3673 0993
3671 9090
2672, 23399
3673 09003
8674 9939
0675 993g
0676 2993
8677 2933
8799 0303
3731 gogg
3792 9003

SE}&@&Q?&&@&@Q&@&&&)&&&@G&&QQ}GG}G&)&)&&QE&O&QQQ'_‘)@C\)GQQ*




9733
8724
2735
3796
37197
2710
a711
9712
A713
3714
9715
0716
3717
3722
0721
3722
3123
3724
3725
9126
9727
9739
3731
0732
9733
0734
‘9735
8736
2737
2740
8741
3742
9743
0744
9745
9746
3747
3759
8751
9752
2753
2754
3755
9756
8757
3763
8781

9020
3282
2089
29209
5092
0832
2339
2390
2009
2399
2300
2993
2093
29939
93909
2993
3333
29929
2900
29929
9793
2363
5333
5359
4435
7330
1363
7655
5333
4437
6761
339
7393
1341
7391
3341
5332
7300
1366
3363
1367
341
5765
2629
2929
7773
1714
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*@ 723

QO

[
(O]
[
N

2000

236@ / READ IN DATA
5333
5359
4425
7329
1869
7653
5333
4437
67561
2900
7390
1341
7331
3341
5339
7320
1366
3360
1367
3341
5765
2

|
7773
1714




3762
3763
J764
7765
37166
8767

1399
1331
1232
1833
1324
1335
1296
1937
1919
1311
1312
1913
1914
1315
1316
1917
1329
1221
1322
1823
1324
1325
1926
1327
1333
1231
1332
1933
1934
1935
1336
12337
1243
1241
1942
1943
1244

1717
0779
3713
3243
7773
6761

7329
1221
3623
5617
3233
7333
1216
3623
5617
3333
232329
3593
1223
2037
3773
1244
1731
3773
4437
5765
67564
8223
4437
5765
3763
6762
32923
4761
73332
1763
7549
5264
4437
5757
2762
6354
5753
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*3762
1717
3779
3773
2243
7773
6761

*10909
73732
1221
34623
5617
2
7333
1216
3622
5617
3

2

3

)

3
3773
244
1731
2773
4437
5785
6764
33%3
4427
5765
3763
5762
75922
4761
7333
1763
1547
5264
4437
5757
2762
6354
5752

NN NN

PREVIOUS DERIVATIVE=DEZRIVATIVE

CALCULATE EPS*DER-K

PRINT MESSAGE

IS EPS*DER NEGATIVE?
NO

YES

EPS*DER = -EPS*DER

DELTA = EPS*DER-U-K - EPS*DER




1245
1046
1947
1953
1951
1352
1353
1254
1955
1356
1957
1363
1361
1862
1063
1364
1965
1266
1367
1370
1971
1272
1373
1374
L1875
19276
1077
1133
1181
1192
1133
1134
1135
1126
1137
1112
1111
1112
1113
1114
1115
1116
1117
1123
1121
1122

2354
6351
0909
7329
1352
7543
5323
4497
5757
2759
6762
9999
5747
3200
3999
4437
5762
6354
5753
2354
6351
6999
7339
1352
7459
5304
4437
5759
6762
3999
5747
4497
5746
2354
6351
3399
7339
1352
7549
5316
5747
4497
5746
6762
2200
5747
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*1045
2354
6351
2009
7309
1352
7542
5323
4497
5757
2759
6762
2000
5747
2969
2950

14437

5762
6354
5759
2354
6351
22390
7323
1352
7459
5304
4407
5753
6762
3520
5747
4437
5746
2354
6351
2900
7329
1352
7543
5316
5747
4497
5746
6762
8239
5747

/

NN N

NN NN

IS DELTA NEGATIVE

NO

YES

EPS*DER = -EPS*DER-U-K

DELTA = EPS*DER-U-K - EPS#*DER

IS DELTA NEGATIVE

NO

YES

EPS*DER = EPS*DER-U-K

IS EPS*DER-L-K - EPS*DER NEGATIVE
NO

YES
EPS*DER = EPS*DER-L-K




e
»
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*1123
1123 4437 4497
1124 5746 5746
1125 2354 2354
1126 6351 6351
1127 2933 7069
1130 7333 7360
1131 1352 1352 :
1132 7543 7549 / 1S EPS*DER-L-K - EPS*DER NEGATIVE
1133 5335 5335 /7 NO
1134 5747 5747 / YES
1135 4437 4437 / EPS*DER = - EPS*DER-L-K
1136 5757 5757
1137 2746 2746
1143 6762 6762
1141 3835 99399
1142 5747 5747
1143 3292 3
1144 3333 9
1145 93833 9
1146 3671 0671
1147 1232 1233
1153 2666 13666
1151 2329 0

AEnd i

bk oW bays 58 3103 SRR b A b Al
34
2 ’ e St

i

%
i
1
!
.
]
3
%
|

1152 3209 3
‘1153 2333 3
1154 2336 3
1155 4438 @
1156 3239 3

1157 23724 5724
1163 @722 2722
1161 1592 1532
1162 23721 3721
1163 2622 35622
1164 3716 3716
1165 3713 373
1166 37135 ©735
1167 1675 1675
1179 3713 9719
171 9339
1172 3332
1173 2833
1174 3339
1175 2239
1176 3239
1177 1664

[l < IS IO BRSO

664




1222
1231
1232
127
1254
1235
1226
1237
1213
1211
1212
1213
1214
1215
1216
1217
1225
1221
1222
1223
1284
1225
1226
1227
1233
1231
1232
1233
1234
1235
1235
1237
1249
1241
1242
1243
1244
1245,
1246
1247
1259
1251
1252
1253
1254
1255

4437
5717
27176
6777
5333
7335
1375
3774
1373
3772
1371
3773
1367
3766
1365
3764
1363
3762
6342
5761
3353
N335
1036 930/
7353
1363
1357
1447
5271
7333
1356
3357
1355
3736
1354
3753
1352
3751
136%
3753
1347
374¢
1345
3744
1343
3742
1341
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*1230 ,
4437 / K(NEW) = K(OLD) - EPSDER
5777

2776

67177

3333 :
7392 / GET READY FOR LOOP 1
1375

3774

1373

3772

1371

3779

1367

3766

1365

3764

1363

3762

6342 ¢ RESET TELETYPE FLAG
5761

©#aS THIS A K RUN?

$3; GET READY FOR A TI RUN




1256
1257
1269
1261
1262
1263
1264
1265
1266
1267
1279
1271
1272
1273
1274
1273
1276
1277
13%3
1391
1332
1333
1304
1335
1336
1337
1213
1311
1312
1213
1314
1315
1314
1317
1322
1321
1322
1323
1324
1325
1324
1327
1333
1331

1332
1333
1334

3747

1354
3377
1355
3363
4737
5235
3337
9333
3233
3233
7333
1335
3357
1334
3363
1334
3762
1333
3377
1333
3733
1332
3751
1363
3753
1331
3743
1339
3742
1327
3744
13286
37446
4745
5225
3933
3539
2972
7923
2622
1562
2666
3671

1793
26273
3633
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/PAGE 14 OF PROGRAM M=-4

*1256

3745

1354

3377

1355

3363

4737 /7 PRINT MESSAGE
52095

7339 7 GET READY FOR A K RUN

4745 / PRINT MESSAGE

]

n622
1542
3666
n6T1
1709
D6LG
6 €39



1335
1336
1337
1348
1341

1342
1343
1344
1345
1346
1347
1353
1351

1352
1353
1354
1355
1356
1357
1369
1361

1362
1363
1364
1365
1386
1367
1373
137

1372
1373
1374
1375
1376
1377

1429
149
1492
1423
1494
1435
1496
1437

2991
8573
1592
1146
2677
1153
3674
1161
2243
1163
3625
1542
571
1733
9572
7633
2647
932
3931
1777
9244
2573
2639
3556
3617
355
3673
3412
5773
2331
3433
3364
6653
3721
2633

2290
4361
4361
2369
5296
5223
7320
1757

gﬂ;J
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/PAGE 15 OF PROGRAM M-4

*1335
2301
AS73
1592
1146
g6717
1159
D674
1161
2243
1163
J625
9542 .
3571 .
1723
2572
26733
0647
7092
a3a1
7777
B244
2573
5630
3556
3617
7555
3609
J412
5773
7331
7430
2364
6650
A721
2639

>
v
:
1

*1409

2379 7 PRINT MESSAGE
4361

4361

2363

5236

5228

7399

1757




1410
1411
1412
1413
1414
1415
1416
1417
1429
1421
1422
1423
1424
1425
1426
1427
1433
1431
1432
1433
1434
1435
1436
1437
1443
1441
1442
1443
1444
1445
1446
1447
1453
1451
1452
1453
1454
1455
1456
1457
1462
1461
1462
1463
1464
1465
1466

6346
6341
5211
7329
1357
7391
3357
52923
7330
1356
3337
1355
3363
1354
3962
1353
4497
5752
0214
2900
5241
2229
B713
3389
2993
4361
4361
2351
5246
5269
73729
1752
6346
6741
5251
7332
1359
7201
3359
5243
7382

1347

3359
1346

. 3351

1354
3662
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x]1410
6946
6041
5211
7392
1357
7991
3357
5223
7393
1356
3357
1355
3360
1354
3362
1353
4497
5752
No14
0989
5241
2229
N713
|

d
4361
4361
2351
5246
526%
1395
1759
6346
6341
5251
7398
1350
7901
3359
5243
7399
1347
33593
1346
3351
1354
3362

l
E
]
'I
i
4
;
]
]
?
{
1
1
i
i
!
i
g
i
4
H
i
b
)
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/PAGE 17 OF PROGRAM M-4

*x] 467
1467 1353 1353
1473 4497 4437
1471 5745 5745
1472 09914 9914
1473 9930 9200
1474 5639 5600
1475 099 2
1476 2900 9
1477 2908 0O
1529 9933 3
1591 2022 9
1592 3993 9233 7/ PRINT MESSAGE
1593 4361 4361
. 1534 4361 4361
1535 2343 2343
1526 5312 5319
1587 5322 5322
1512 7333 7399
1511 1742 1742
1512 6746 6046
1513 6341 6041
1514 S313 5313
1515 7320 7300
1516 1342 1342
1517 7331 7991
1523 3342 3342
1521 5335 5335
1522 7393 7399
1523 1341 1341
1524 3343 3343
1525 1349 1349
1526 3342 3342
1527 1354 1354
1530 3262 3362
1531 1353 1353
1532 4497 44927 .
1533 5636 5636
1534 3314 0914
1535 9330 92009
1536 4635 4635
1537 5732 5732
1543 2926 2026
1541 7759 7759
1542 2926 2026
1543 7753 7759
1544 3339 9
1545 3693 0603




1546
1547
1553
1551
1552
1553
1554
1555
1554
1557
1562
1561
1562
1563
1564
1565
1566
1567
1573
1571
1572
1573
1574
1575
1575
1577

2 &
A%
\V]

VNIV
{

DV O DN MDD
[ S R O RN N S I S I R

G W W W O VO

WM = Oyt NW

[CA NGRS B P B I OB

7771
2329
2323
7771
3633
3911
2213
7772
2713
2213
7772
2323
7333
1376
4371
7313
1377
4371
5761
2232
6346
53541
5373
5771
3215

3212

(O W W W WwWw
[SAREAVEC BN A IR B SN N
Ll o \SNC BN AN I I S
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*1546
7771
2323
27329
7771
2623
2311
3213
7772
2313
2313
7772
3232 7/ PRINT LINE FZED AND CARRIAGE RETURN
7333
1376
4371
7333
1377
4371
5751
3333
6345
§341
5373
5771

2215
3212

»*
\D
(O]
—
w

2313 7/ MESSAGE

oG Q
N G v
~) N\ W

S

oni* Aol VIR VA TN RIS IR B W, R U R N R TI

W W W W MWW MMV LW W D
[CN A BT b BENS B B N MR 1% SRy 1

[SD IS I B IS BRGNS IV B S IR NS N I




2334
2335
2336
2337
2343
2541
2342
2343
2344
2345
2246
2347
2353
2351
2352
2353
2354
2355
2956
2357
20163
2361
2362
12363
2354
2765
2366
2357
2372
2371
2372
2373
2372
2375
2375
2377
2132
2101
2132
2153
2134
2135
2136
2127
2113
2111
2112
2113

1256

2

ISP I B BN e
W NN W)W
R VI TV
H DD O

132

5317
23217
2275
3243
2247
3325
2322
2322
2317
3322
9275

3245
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*2334
2324
3311
2326
2395
2242
3327
5256
3322
3256
2324
3256
3243
9313
3255
3324
3275
3249
3334
3335
3322
3311
3326
azn
3324
2311
A326

32322

CAIRES IS IS IS I &)
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/PAGE 29 OF PROGRAM -4

*2201)
2239 3293 99329 / PRINT MESSAGE
2291 4714 4714
2292 4714 4714
2203 2315 2315
2214 5236 5236
2235 52235 5224
22%6 7335 1339
2297 1716 1716
2213 6746 6046
2211 8741 634l
2212 5211 5211
2213 7393 7339
2214 1316 1316
2215 71331 7Tl
2216 331¢ 3316
2217 5233 5233
2225 1333 7333
2221 1317 1317
2222 3316 33156

2223 13231 1329 : -
2224 3315 3315
2225 1321 1321
2226 3352 3362
2227 1322 1322
2237 4437 4437
2231 5723 5723
2232 3314 @514
2233 #933 9399
2234 4714 4714
2235 4714 4714
2235 5433 5699
2237 3333 3

2243 3385 8
2241 1793 9
2242 7333 9
2243 322335 9983 ¢ PRINT MESSAGE
2244 4714 4714
2245 4714 4714
2246 2324 2324
2247 5251 5251
2253 5263 5263
2251 73953 7359
2252 1725 1725
2253 6346 6u46
2254 6341 6541
2255 5254 5254
2256 7333 7393




2257
2269
2261
2262
2263
2264
2265
2266
2267
2274
2271
2272
2273
2274
2275
2276
2277
2335
23351
2322
2333
2334
2315
2336
2337
2313
2311
2312
2313
2314
2315
2316
2317
2329
2321
2322
2323
2324
2325
2326
2327
2337

1325
7331

3325
5246
7332
1326
3325
1327
3324
1321

3162
1322
4437
5733
214
9033
4233
5643
733739
3325
3333
pPERE:
39333
23409
5933
31322
7933
2233
2223
1551

17775
2195
2155
1772
3313
0911

3625
7747
2955
2955
1747
3713
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*¥2257
1325
7381
3325
5246
7333
1326
3325
1327
3324
1321
3562
1322
4437
5733
3314
2339
42719
5643
0 -
5]

0]

a

1361
1773
2195
2135
7772
3313
2211
3625
1747
2955
2355
7747
8713




R AR ARG e Ay e

2499
2491
2472
2433
2434
24725
2426
2437
2419
2411
2412
2413
2414

- 2415

2415
24117
2423
2421
2422
2423
2424
2425
2426
2427
2439

2431
2432

4497
5620
1191
6227
3227
6227
5227
1224
4621
3622
1623
6623
5227
6224
2993
5632
2614
N9
1675
3725
93739
2333
2339
5999
2399
39534

3304
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*2430

4437 / ERROR ROUTINE
5629

1191

62217

3227

6227

5227
1224
4621
3622
1623
6623
52217
6224
3599
5632
09614
9710
1675
2795
2

3
9
3
9
3
]

304
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/SUSROUTINE S-1

/A/D CONVERTER USING CHANNELS 2 AND 2
/INPUTS ARE STOREZD AT 3157 AND 3163 RESP.

*3122
3122 9329 2343
3123 7323 7333
3124 6543 6543 7 SET MULTIPLEXER TO CHANNEL @
3125 7039 7532
3126 2376 2376 7 WAIT FOR AMPLIFIER TO SETTLE
3127 5325 5325
3133 7335 7239
3131 6532 6532 / CONVERT -
3132 6531 6531
3133 5332 5332
3134 6534 6534
3135 3357 3357 / STORE
3136 1375 1375
3137 3376 3376
3142 7333 7333 .
3141 1377 1377 7/ SET MULTIPLEXER TO CHANNEL 2
3142 6542 6542
3143 7332 79929
3144 2375 2376 7 WAIT FOR AMPLIFIER TO SETTLE
3145 5S343 5343 :
3146 7332 7323
3147 §532 5532 / CONVERT
3153 €531 6531
3151 S35 5357
3152 6334 6534
3153 3387 3362 / STORE
3154 1375 12375
3158 3374 3376
3156 5722 5722 / RETURN
3157 azss 4
3187 2333
3181 32937
3162 3393
3163 33573
3164 97243
3165 3393
3166 3333
3167 23583
3173 23233
3171 3933
3172 3532
3173
3174
3175
3175
3177

&

)
]

Ca 5
[A RV IRCY I B

RS IO BN
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R R ST
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SIS B

v &S QA

G
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W

[»))
NS
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/ PAGE 1| OF SUBROUTINE S-2

/SUBROUTINE S-2

/INTERPRETER TO CONVERT A/D GENERATED CODE

/TO GIVE A FLOATING POINT NUMBER EQUAL TO ?

/THE VOLTAGE THAT EXCITED THE A/D CONVERTER. _ 1

*4209 , i
4223 09092 92099 .
4231 73%Q 7382 / CLEAR OUTPUT E
4282 3191 3191 :
4233 3192 3102 .
4294 3103 3133 ;

4235 11990 1199 / GET INPUT :
4236 7519 7519 7/ 1S INPUT NEGATIVE? :
4237 5214 5S214 7 NO

4219 4497 4437 / YES3 OUTPUT = -18.24

4211 35256 5256

212 6131 6121 - :
4213 0299 2099 ?
4214 7329 173592 !
4215 11398 1199

@216 112 712 / ROTATE INPUT 2 BITS TO RIGHT
4217 3198 3192 ’

4222 2251 2251 / WAS THIS THE LAST BIT?

4221 5223 5223 / NO

4222 5243 5243 / YES

4223 7333 7390

4224 1199 1199

4225 7312 7918 / ROTATE INPUT 1 BIT TO RIGHT
4226 3197 3199

4227 7422 7429 7/ IS LINK = @2

4233 5236 5236 YES .

4231 4497 4437 s/ NO; OUTPUT = OQUTPUT + X

4232 51081 5101

4233 1253 1253

4234 6131 6191

4235 2929 G993

4236 7333 7398 / X = 2%X

4237 1253 1253

4243 71371 7991

4241 3253 3253

4242 5229 5222

4243 7399 7339 / REINITIALIZE ROUTINE

4244 1252 1252

4245 3251 3251

4246 1261 1261

4247 3253 3253

4253 S633 5609 / RETURN

4251 17766 71766

~




4252
4253
4254
4255
4256
4257
4263
4261

1766
7113
2436
5636
33z
5341
2172
7773
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/ PAGE 2 QF SUBROUTINE s-2
*4252

77466

7773

2436

5636

3334

5341

2172

7773

i N T N |

S et s
weirem i

B Y R ISR T T WP e

3
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/7 PAGE 1 JF SUSRIJTINE $5-3
/303204TINE S-3

R A Iyt bt - - |

ZINTERP=EIF= TJ wodvveErRT & FLIATING PoINl vUM3ER }
ZINTD & FIlxED POIND CJud TRAT SILL CALL THE ,}L_.
ZEYITYALENT vILiase THROUGH THE D/4. i

=xLaM
243 Y)Y 21313
A4M1 TIVY T30y / QUTRUT = )
agr2 34T 31
4413 119 110
Aeva CTRTY O FSY /2 0% [NedT PUSTTIVE?
SAYS 527 92317 / ¥ES
4et4 3723 5222 / i
L4507 13V T3 .
it 11y 11tS

et asalat SRk BN wPur Rebd | Siihadak

2411 Tawt 7451 /1S 08T SICGYIFIOANT .ReGISTER = 172 :
G412 B2A3T 92K 7w F
4413 731 7310y 7/ YES :
«4lg 11 YA 116 !
2415 74£%  Tas1 7 1S LEAST SIGNIFICANT REGISTER = 972 :
4416 5253 5242 /) ;
4417 73vy 732 7 YES :

442 135A 1355
a427 31T 3187
4422 512y 4320
4423 734 7334
4424 3745 23AS /7 -4S THIS THe LAST 81T?
4425 5227 5227
4424 932 Y 8321 /7 YFES

427 1355 135¢ ]

443; 34?1 ;t?? / »)TATE CONFROL REGISTER 1 31T 19
4431 3354 3356

4422 4437 447 /Y = DWedl o+ X

4437 3134 %114

4434 1341 1351

4435 /34 56347

4836 %340 A :
4437 73y 7390 )
441 1341 134)

~
<
C.
—
v
"
h

~
P
&

RIGHT

444y 7537 754 7 1S Y NEGATIVE?
4442 5255 9235 /N3
4443 7331 733 / YES

/

d4ss sasT 4437 TwWuT = Y
4445 53471 5340

4444 K134 65174

4447 1 A9

4453 7333 73

4451 1341 1361 /7 X = ®/2




4452
4453
4454
4455
4456
4457
4463
4461
4462
4483
4464
4465
4466
4467
4472
4471
4472
4473
4474
4475
4475
4477
4537
4531
4532
4513
4534
4575
4575
4527
4513
4511
4512
4513
4514
4515
4516
4517
4523
4521
4522
4523
4524
4525
4524
4527
453

e

(s 18
.

- DWW
DLW WL

E eI B i X RV SN
P e T R N R N
(RIS B S T
Lo TIW D LN NN LD

T ON U

-~ Ut W v =
3 WV W W W W
Ut S8 D oy v
QW —

—
G

3241
1352
3234
1357
3356
1364
3361
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/ P&GE 2 OF SUBROUTINE S-3
*x4452
1363
3361
5223
7333
1137
1356
31927
5257
7399
1356 7 QUTPUT = 4339
3137 )
1351 7/ GET READY FOR POSITIVE CASE
3234
1347
3241
1345
3242
1343
3243
4477
5154
1353
517«
3377
5223
7332
1127
256
3i37
£437
35242
6174

Y
EAPEY Y]

315
1361
1367
3361
5223
7332 s/ REINITIALIZEZ SUSRCUTINZ
354
3241
1352
3234
1357
3256
1364
3361

SR RATA L e A 4T Sercay - aal L wa i sl PN

. M AR




4531 1325 1366
4532 3365 335%

4533 1344 1344

4534 3243 3243

4535 1345 1345

4535 3242 3242

4537 5803 5627 / RETURN

4543 2333 3333

4541 1333 3337

4332 T1: 0 1233 :

45£3 5313 5332

4544 73T 133

4343 53313 3313 i
4348 3255 5255

4347 7312 751%

433 7371 7SI

4351 2351 2361

4552 1331 1331

4553 7173 71773

4554 2435 2435 -

4555 3876 3615

43552 4173 4173 /7 CONTROL IEGISTER
4337 2731 4733

4557 1177 1177

4381 1730 1333

438> 24356 2435

4553 5536 5636

4364 1332 77332

4585 7725 1736

4565 7744 7756




49992
4331
4332
43983
4394
43935
4396
&7
4317
4311
4312
4313
4314
4315
4716
43217
42293
4321
4322
4923
4924
4925
4326
43217
4333
4931
4332
4333
. 4334
4335
4536
4337
4349
4941
4042
4943
4344
4345
4346
4347
4855

2239
2214
5204
5216
7392
3612
1212
7871
3212
5231
3641
3641
7672
7672
1333
1213
3212
215
3214
2346
5226
5734
44737
5745
6751
3745
3745
6752
5745
6753
5745
3745
6754
5745
3745
3745
6755
5745
3745
6756
5745
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/PAGE 1 OF SUBROUTINE S-4

/SUBRQUTINE S-4
/SUBROUTINE TO FIT A SECOND ORDER POLYNOMIAL TO
/FIVE DATA POINT BY THE METHOD OF LEAST SQUARES

*4999
7037 |
2214 / ZERO ALL A'S AND B'S EXCEPT A(I)
5204 ' -
5216

7393

3612

1212

7991

3212

5271

3641

3641

7672

7672

7309

1213

3212

1215

3214

2346 / FORM MATRIX A
5226

5734

4497

5745

6751

5745

3745

6752

5745

6753

5745

3745

6754

5745

3745

3745

6755

5745

3745

6756

5745
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/PAGE 2 OF SUBROUTINE S-4

*405]
4351 3745 3745
4952 3745 3745
4253 6757 6757
4254 5745 5745
4355 3745 3745
4356 3745 3745
4357 3745 3745
4263 6763 6763
4261 5744 S744
4762 3755 3752
4263 6761 6751
4364 S744 5744
4)65 3751 3751
4366 6762 5762
4367 STa4 35744
4072 3752 3752
4971 6763 6753
4272 9295 0032
4373 2342 2342 / FORM MATRIX B
4974 5276 521754
4775 5316 5316
4376 4437 4427
4277 5764 5764
4163 1752 1753
4121 6764 6764
4192 8739 7390
4133 7339 7399
4154 1277 1277
4135 7231 7331
4136 3277 3277
4137 1399 13499
4113 7931 71991
4111 3392 3399
4112 1391 1391
4113 7331 7301
4114 3391 3331 *
4115 5273 5273
4116 72330 7393
4117 1343 1343
4123 3342 3342
4121 1341 1341
4122 3277 3277
4123 1349 1343
4124 3322 3337
4125 1337 1337
41267 3391 3301
4127 1345 1345
4135 1336 1336
4131 3345 2345
4132 5733 5733

R AR LR AR SAR S22l LE TR NPT TS N T MR e ) [P S ST TR CITLy B Wy O S CE S W V7 § TV S LI QU




4133
4134
4135
4136
41317
4149
4141
4142
4143
4] 44
4145
41 46
4147
- 4153
4151
4152
4153
4154
4155
4156
4157
4162
4161
4162
4143
4164
4165
4166
4167
4173
4171
4172
4173
4174
4175
4176
4177

3673
3631
3632
3633
3634
3635
3636
3637
36193
3511

3746
3752
9239
3333
5764
1759
5764
7763
7763
3617
3639
7772
7772
35836
3641

3644
3647
3652
3655
3663
3663
3666
3571

3674
3577
3792
3795
3713
3713
3716
3721

3724
3727
3732
3735
3743
3743

3239
2229
23332
33322
3933
59239
2223
9393
3532

23359
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/PAGE 3 OF SUBROUTINE S-4

*4]133
3746
3752
0300
20083
6764
1759
5764
7763
7763
3617
36232
1772
7772
3636
3641
3644
36417
3652
3655
3669
3663
3666
3671
3674
3677
37132
3735
3710
3713
3716
3721
3724
3727
3732
3735
3747
3743

*363%2
2899 7/ X(1)
72930
9292
3399 7 X(2)
282060
29229
3329 /7 X(3)
2229
2292
2929 / X(4)
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/PAGE 4 OF SUBROUTINE S-4

*3612
3612 2000 0900
3613 0393 0909
3614 2908 06009 / X()
3615 0920 09209
3616 000Q 2000
3617 9220 09298 / Y(1)
3620 2932 9909
3621 00929 09390
3622 0933 0339 7/ Y(2)
3623 09230 09299
3624 3402 0223
3625 9029 9236 /7 Y(3I)
3626 Q209 92240
3627 2093 0390
3633 2328 93333 /7 Y(4)
3631 9239 0939
3632 0792 0999
3633 9930 08093 / Y(S)
3634 2923 32093
3635 90639 0739
3636 9931 3231 /7 Al)
3637 2202 22933
3640 9902 7099
3641 99729 9830 /7 A(2)
3642 75333 0089
3643 0903 0093
3644 0333 92298 / A(3I)
3645 20929 0299
3646 3993 0339
3647 9970 9333 / AC4)
3659 2339 9020
3651 @333 9599
3652 7339 3999 / A(S)
3633 9393 00GY
3654 3230 0099
3655 Q@323 03993 / A(6)
3656 2897 a009 .
3637 9223 2999
3660 9002 2033 / ACT)
3661 3939 0999
3662 32993 0392
3663 0329 92982 / A(8)
3664 0022 2999
3665 @299 0090
3666 2333 2099 / A(9)
3667 9938 0953
3679 0629 9063
3671 9993 9099 / A(18)
3672 - 9930 2323
3673 09290 0039
3674 2397 59208 / AC1l)
3675 3909 0370
3676 0398 29929




3677
3799
3791

3782
3793
3794
3735
3736
3737
3710
3711

3712
3713
3714
3715
3716
3717
3729
3721

3722
3723
3724
3725
3726
3727
3739
3731

3732
3733
3734
3735
3736
3737
3748
3741

3742
3743
3744
3745
3746
3747
3753
3751

3752
3753
3754
3755
3756
3757
3769

2000
0939
0300
20033
9399
2393
39229
2039
2200
2799
2229
3389
0029
0200
bleks!
3309
0939
0209
2289
23900
00099
2999
2397
5399
2039
anegs
2209
372929
3029
3390
2395
IA39
3099
29733
2239
2903
3500
3939
2939
17717
1376
37717
5775
7309
1774
3773
1372
3771
1379
3767
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*3677

2992 /7 A(12)

70909
2990
8920
2999
3037
2900
09038
20930
2999
0890
2339
9933
2300
2900
7009
2999
0333
092060
2983
2909
3332
slololo]
2309
0839
2999
3239
2999
2929
39079
39909
3599
2699
@839
3099
7339
2039
09931
2039
1777
1376
37717
5775
7399
1774
3773
1372
3771
1370
3767

B(1)

B(2)

3(3)

3(4)

B(5)

B(6)

B(T

B(8)

B(9)

3¢12)

B(11)

B(12)

ANSUYER A(D)

ANSHER A(1)

ANSUER A(2)
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*3761
3761 5762 5762
3762 3423 3439
3763 92283 95920
3764 99220 9330
3765 33229 2239
3766 3492 3439
3767 4144 4144
3770 3617 3617
3771 4145 4145
3772 3633 36939
3773 4146 4l46
3774 4147 4147
3775 4323 4323
3776 3233 1993
3777 4144 4144

*3490
3433 7339 7333 / SOLVE MATRIX B
3421 7933 7229
3482 1203 7395
3423 7333 71939
3434 1763 1763

3435 7643 7647 / IS B(1) = 8?2

3496 5212 5212 / NO

3437 1762 1762 / YES; IS B(1) = 3?
3413 5212 5212 / NO

3411 5753 5753 / YESs STOP

3412 4487 4437 / B(13) = B(13) / 3(1)

3413 S775 S775
3414 4764 4764

3415 6775 6775

3416 5772 5772 7/ 8(7) = B(7) / B(1)
3417 4764 4764

3427 6772 6772

3421 5767 5767 / 3(€4) = B(4) / B(1)
3422 4764 4764

3423 6767 6767 -

3424 5764 5764 / 3(1) = 3B(1) / B(1)

3425 4764 4764

3426 6764 6764

3427 5765 5765 / B(11) = B(11) =~ B(2)*B(19)
3433 3775 3775

3431 6357 6337

3432 5776 57175

3433 2357 2357

3434 6776 67756

3435 5765 5765 / B(8) = B(8) - 8(2)*3(7)
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*3436

3436 3772 3772

3437 6357 6357

3447 5773 5773

3441 2357 2357

3442 6773 6773

3443 5765 5765 / B(S)
3444 3767 3767

3445 6357 6357

3446 5777 5779

3447 2357 2357

3457 6773 6773

3451 5765 5765 / 8(2)
3452 3764 3764

3453 6357 6357

3454 5765 5765

3455 2357 2357

3456 6765 6755

3457 5766 5766 / B(12)
3463 3775 3775

3461 6357 6357

3462 5777 5777

3463 2357 2357

3464 6777 6777

13465 5766 5766 / B(9)
(3466 3772 3772

3467 6357 6357

3473 5774 5774

3471 2357 2357

3472 6774 6774

3473 5766 5756 / B(6)
3474 3767 3767

3475 6357 6357

3476 5771 5771

3477 2357 2357

3503 6771 6771

3501 5766 5766 / B(I)
3552 3764 3764

3503 6357 6357

3504 5766 5766

3505 2357 2357

3506 6766 6766

3537 9999 9599

3510 7339 7329

3511 7822 1999

3512 7099 7330

3513 1756 1756

3514 7648 7543 / IS B(5) =82

8(5) - B(2)%*B(4)

B(2) =~ B(2)xB(1)

B(12) - B(3)%3(13)

B(9) - B(3)*B(7)

B(6) - B(3)*B(4)

B(3) - B(3)*B(1)

n
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*3515

3515 5322 5322 / N)

3516 1755 1755 7/ YES; IS B(5) = @?

3517 7643 7649

3523 5322 5322 NO

352t 5753 5753 YES; STOP

3522 4437 4437 / BC11) = B(11) / B(S)

3523 5776 5776

3524 4779 4773

3525 6776 6776

3526 5773 . 5773 7/ B(8) - B(B) / B(S)

3527 4779 4772

3533 6773 6773

3531 5773 5773 / B(S) = B(5) / B(S)
- 3532 4773 4773

3533 6772 6779

3534 5767 5767 / BC19) = B(19) = B(AH*BA1D)

3535 3776 3776

3536 6357 6357

3537 5775 5775

3543 2357 2357

3541 6775 6775

3542 5767 5767 / 3(7) = B(T) - B(4)*3(8)

3543 3773 3773

3544 6357 6357

3545 5772 5772

3546 2357 2337

3547 6772 67172

3553 3333 9439

3551 5752 5752

3552 3237 3230

3583 3331 3331

3554 29229 352329

3555 3723 37248

3556 3717 3717

3557 73599 2393

3563 a989 3929 .

3561 3323 0929

3562 3734 3734

3563 3753 3723

3564 3732 3732

3565 3735 3735

3565 3718 3712

3567 3713 3713

3573 3716 3716

3571 . 3721 3721

3572 3724 3724

3573 3727 3727

NN
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*3574
3574 3732 3732
3575 3735 3735
3576 3743 3749
3577 3743 3743

*3200

3233 4437 4497 / B(4) = B(4) - B(4)*B(5)

3231 5712 ST12

3292 3713 3713

3233 6325 6325

3234 5712 S712

3235 2325 2325

3236 6712 6712 : :

3297 S714 5714 /7 B(12) = B(12) - B(&I*B(11)

3219 3723 3723

3211 6325 6325

3212 5724 5724

3213 2325 2325

3214 6724 6724

3215 S714 S714 7 B(9) = B(9) - B(6I*3(8)

3216 3716 3716

3217 6325 6325

3223 S717 ST17

3221 2325 2325

3222 6717 6717
13223 5714 5714 / B(6)

3224 3713 3713

3225 6325 6325

3226 S714 5714

3227 2325 2325

3233 6714 6714

3231 92022 6399

3232 7397 7333

3233 72323 719929

3234 71929 1399

3235 7929 7320

3236 1729 1729

3237 7643 164% IS B(9) = 32

3249 5245 5245 / NO

3241 1721 1721 s YES; IS B(9) = 8?2

3242 7649 7643

3243 5245 5245 / NO

3244 5331 533t YES; STOP

3245 4497 4427 / B(12) = B(12) / B(9)

3246 5724 5724

3247 4717 4N 7

3259 6724 6724

B(6) = B(6I*B(3)

NN

NN




3251
3252
3253
3254
3255
3256
3257
3269
3261
3262
3263
3264
3265
3266
3267
3279
3271
3272
3273
3274
3275
3276
2277
3339
3301
3332
3393
3324
3335
3326
3337
3319
3311
3312
3313
3314
3315
3316
3317
3329
3321
3322
3323
3324
3325
3326
3327
3333
3331

5717
47117
6717
5715
3724
6325
5722
2325
6722
5715
3N7
6325
5715
2325
8715
5716
3724
6325
5723
2325
6723
5716
37111
6325
5716
2325
6716
3899
1239
1733
3311
5711
23999
3713
3716
3721
3724
3727
3732
3733
3734
3735
3749
3743
2200
7299
2330
43299
7492
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*3251

5717 /7 B(9) = B(9) /7 B(9)
4T

6717

S7T1S 7/ B¢19) = B(18) = B(7)*B(12)
3724

6325

5722

2325

6722 .

S71S 7/ B(T) = B(7) - B(7)*B(9)
3717

6325

5715

2325

6715 '

5716 ¢ B(11) = B(11) - B(BI*B(12)
3724

6325

5723 .

2325

6723

5716 / B(8) = B(8) - B(BI*B(9)
3717

6325

5716

2325

6716

7390

1357

1739

3311

5711

0393

3713

3716

3721

3724

3727

3732

3733

3734

3735

3740

3743

0399

0229

P39

4039

74392 7/ STOP



1608
1601
1692
16323
1634
1635
1696
1637
1619
1611
1612
1613
1614
1615
1616
1617
1623
1621
1622
1623
1624
1625
1626
1627
1633
1631
1632
1633
1634
1635
1636
1637
1643
1641
1642
1643
1644
1645
1646
1647
1659
1651
1652

2032
4497
52175
4333
2336
3329
3267
6311
5264
3303
1272
1311
6194
2069
71303
1135
7550
5251
4497
5317
2134
6311
3992
1353
1312
7543
5251
44317
5314
2104
6311
3069
7329
1312
7540
5255
4437
5314
6134
2029
5255
4437
5317
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/SUBROUTINE S-5
/P-1 CONTROLLER FOR TEMPERATURE LOOP
/(HARD POSITIVE LIMITS)

*] 699

2229

4437 / OUTPUT(N)Y = OQUTPUT(N-1) + K*INPUT(N) +
5275 7/ K*(T/TI - 1)*INPUT(N-1)

4323 .

2326

3393

3267

6311

5264

3339

1272

1311

6194

3939

7328 °

1195

7553 IS OUTPUT < 37?

5251 / YES

4437 7/ NO

5317

2104

6311

3383

7369

1312 . ,
7543 s 1S (MINIMUM VALUE - QUTPUT) < 27
5251 / YES

44237 / NO

5314

2104

6311

9992 .
7339

;gzg / IS (MAXIMUM VALUE - QUTPUT) < 9?

55 / NO
22@7 / YESs OUTPUT = MAXIMUM VALUE
5314
6134
3939 .
5255
4437 s/ OUTPUT = MINIMUM VALUE

5317

~N
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*1653
1653 6134 6104
1654 0930 9200
1655 4437 4437
1656 5264 5264
1657 6267 6267
1663 5134 S134
1661 6272 6272
1662 0030 0929
1663 5690 5687 / RETURN
1664 92723 92993 -
1665 5370 3030
1666 23331 9299
1667 2393 93393
1679 @239 9339
1671 23233 8399
1672 3333 02993
1673 32093 2709
1674 0293 2239
1675 3995 9238 ,
1676 @233 3999 : :
1677 3328 2433 ‘
1733 2223 9303
1791 9395 8929
1742 34499 3939
1733 93599 06333
1734 3533 9370
1795 3223 9039
1736 3391 9991
1737 2393 2099
1713 8935 3923
1711 3223 9229
1712 3233 9239
1713 3223 9229
1714 9399 $339
1715 2937 3239
1716 2238 3399
1717 3222 3549 >
1720 32235 2909
1721 2223 2293

S S A RA SO @ ces 2N o MDA skl A

R LU Y S S I Rt

SRl KT ESE PN RN




1639
1631
1632
1633
1634
1675
1636
1637
1613
1611
1612
1613
1614
1615
1616
1617
1623
1621
1622
1523
1624
1625
162¢
1627
1633
1631
1532
1632
1634
1635
15836
1637
1643
1641
1642
1643
1644
1645

1646 .

1647

3523
4437
ST77
1776
3775
6372
5739
3333
3372
6311
S73%
3739
3333
2311
6311
5339
3733
3731
2733
1372
4311
63136
52175
4333
3264
3334
6311
5275
43733
6325
5322
2325
3272
1311
5267
2233
5332
2229
3399

3239
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/SUBROUTINE S-6 : v

/ZMULTIPLICATIVE CONTROLLER FOR THE TEMPERATURE LOQP
/WHEN FLOW CHANGES ARE INTRODUGED

/INPUT IS AT REGISTERS 161,192 AND 183

/QUTPUT IS AT REGISTERS 194,135 AND 136

*1693
2900

4437 / CALCULATE LOAD=(S5S-L0OAD - LOAD)*LOAD
5777 ¢/ SENSITIVITY FACTOR

1776

3775

6372

5737 / CALCULATE A=(K*SP*SG-SP+L)/
3330 / (SP#3P*K-L#SP*K)

3372

6311

5733

3733

3399

2311

6311

5337

3737

3731

2733

1372

4311

6336 '
S275 / VOUT(N)=(A*(H/TOMI*VINCN-1))+
4393 / (1=CH/TOM) I*VOUT(N-1)

3264

3376

5311

5275

4393

6325

5322

2325

3272

1311

6267

3599

5332

2998 7/ PINGND

9

4}




1637
1651
1652
1653
1654
1655
1656
1657
1669
1661
1662
1663
1664
1665
" 1666
1667
1677
1671
1672
1673
1674
1675
1676
1677
1793
1731
1732
1723
1754
1735
1736
1737
1719
1711
1712
1713
1714
1715
1716
1717
1729
1721
1722
1723
1724
1725
1726
1727

8323
8393
93230
0300
5370
91339
3000
2099
20939
2339
29900
83893
20989
33239
9329
20989
piskb!
0323
D57
23323
0523
2993
kbl
2200
2R99
3399
9353
3039
27399
2939
Q359
2529
2333
2390
2362
2220
agi3a
2333
Q349
5930
2929

2030
3291

2399
2039

2899

8909
9099
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*165Q

@809 / PINCIN=-1)

@
a
2000
2
]
2030
6}
)
3639
3
o}
0203
a
o]
09239
0]
0]
24399
)
0]
2939
2
9]
2020
3
]
10303530]
9
7
2909
2
0]
2399
2
3
1309
7
9
2399
3
2
3291
2099
0}
2299
U]
]

~N

POUT(N)
POUT(N-1)
VINCN)
VIN(N=1)
VOUT (ND

VOUT(N-1)

TOU

TEMPORARY

OUTPUT UPPER LIMIT

OUTPUT LOWER LIMIT

TEMPORARY
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*1739
1739 9614 9614 / SET POINT
1731 9767 @767 / SYSTEM GAIN
1732 4407 4437 / PINCN)=SP-(VOUT(N)*INPUT)
1733 5191 5191
1734 3267 3267
1735 6311 6311
1736 5739 5738
1737 1311 1311
1747 6245 6245
1741 9339 3093
1742 5743 5743
1743 2799 2723
1744 3392 0229
1745 3333 3080
1746 7370 73309
1747 1185 1135
1759 7553 7553 7/ IS OUTPUT NEGATIVE?
1751 5771 5771 / YES
1752 4497 4437 / NO
1753 5317 5317
1754 2134 2104
1755 6311 6311
1756 3903 3393
1757 7393 7329
1769 1312 1312
1761 7543 17549 / IS MIN OUTPUT - POUT <3?
1762 5771 5771 / NO :
1763 5773 5773 / YES
1764 3203 9
1765 5333 9
1766 3939 9
1767 2203 9
1779 2635 2635
1771 2697 2639
1772 9339 3995 / CALCULATED LOAD
1773 3509 2
1774 9999 9
1775 @735 3775 / LOAD SENSITIVITY FACTOR

1776 2679 2673
1777 9772 2772 / STEADY STATE LOAD

NN

NN

2608 4497 4437 ¢ OUTPUT=MINIMUM OUTPUT
2631 5653 56586
2692 6154 6104
2633 9992 9993
2634 5222 5222




2695

2606
2637
2610
2611
2612
2613
2614
2615
2616
2617
2620
2621
2622
2623
2624
2625
2626
2627
2639
2631
2632
2633
2634
2635
2636
2637
2649
2641
2642
2643
2644
2645
2646
2647
2659
2651
2652
2653
2654
2655
2656
2657
2663
2661
2662
2663

4497
5651

2194
6652
3909
7323
1653
7549
5222
4407
5651

6104
0922
4431
5654
6655
5656
6657
5725
6726
5727
6730
22933
5328
29929
2229
7399
1661

3139
4662
4497
5101

6277
9900
5663
1717
1714
1711
1712
1661
1664
1667
1672
1629
3157
4290
3279
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*2695

4497

5651

2104

6652

8099

7339

1653

7540 / IS MAX OUTPUT - POUT <@2?
5222 / NO

4407 s YES; OUTPUT = MAX OUTPUT
5631

6134

0000

4497 / RESET

5654

6655

5656

6657

5725

6726

5727

6738

8090

5320

g

2

7308 / GET FLOW A/D READING
1661

31389
4662 / CALL INPUT INTERPRETER

4487 7 STORE IN LOCATION 26793

5161
62177
2099
56463
17
1714
1711
1712
1661
1664
1667
1672
1633
3157
4239
32179




2664
2665
2666
2661
2679
2671
2672
2673
2674
26175
2676
2677

2792
2791
2732
2733
2794
2795
27926
2197
2719
2711
2712
2713
2714
2715
2716
2717
2723
2721
2722
2723
2724
2725
2726
2727

1772
29293
2009
9699
2899
9099
2090
2009
9009
2090
2009
0203

4487
2712
3Nna3
1714
6194
6715
6716
2000
5717
1659
1703

s

1656
1653
1661
1746
73339
1669
3324
5724
2029
1645
1659
1653
1656
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*2664

1772

9

2

7309 s/ ACTUAL LOAD

QIO

*2790
4437 /7 POUTCN)=K*(PINCN) -PIN(N=1))+POUT(N=1)
2712
3713
1714
6134
6715
6716
3293
ST17
1659
1720
1656
1653
1661
1746
7339
1660
3324
5724
0997
1645
1659
1653
1656




1699
1621
1692
1633
1604
1635
1636
1637
1610
1611
1612
1613
1614
1615
1616
1617
1623
1621
1622
1623
1624
1625
1626
1627
1633
1631
1632
1633
1634
1635
1636
1637
1649
1641
1642
1643
1644

1645

1646
1647
1653

2039
4437
5739
37392
3339
6311
5330
3739
3731
2739
4311
6336
5275
4323
3264
3336
6311
5275
4333
6325
5322
2325
3272
1311
6267
5191
3267
6311
5730
1311
6245
2259
3323
1256
2620
5332
8799
8999
50932
3299
3999

/PAGE 1 OF SUBROUTINE S-7

/SUBROUTINE S-7

/ MULTIPLICATIVE CONTROLLER FOR THE TEMPERATURE LooP
/ WUHEN THE SET POINT OF THE TEMPERATURE LOOP IS

/ CHANGED.

ZINPUT IS IN REGISTERS 101,182 AND 193

/0UTPUT IS TO REGISTERS 124,185 aND 136

*1600
@999

4437 / CALCULATE A=(K*SP*SG-SP)/SP*SP*K
5730

3739

3333

6311

5399

3739

3731

2730

4311

6306 :

5275 / VOUT(N)=CA*(H/TOW)*VIN(N-1))+
4333 / (1=-CH/TOY))*VOUT(N-1)
3264

3326

6311

5275

4333

6325

5322

2325

3272

1311

6267

5131 7/ PINCNI=SP-CVOUT(N)*INPUT)
3267

6311

5739

1311

ggg; / POUT(N)=K*(PINC(N)-PIN(N=1))+POUT(N-1)
3399

1256

3099

5332

a

3993 / PINCND

a

o

3099 / PINCN-1)
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*1651
1651 9929 3
1652 92333 9 4
1653 2323 9248 7 POUT(\)
1654 Q029 @
1655 2293 8
1656 2999 00323 / POUT(N-1)
1657 0323 4
1663 93233 2
1561 9933 023238 7 VININ)
1662 2339 9
1663 2233 3
1664 0333 2302 / VIN(N=1)
1665 2393 3
1666 39233 B
1667 3131332 $303 /7 VOUTND
1673 33393 3
1671 3333 0
1672 3333 2333 /7 VOUT(IN-1)
1673 3335 9
1674 3337 3
1675 3333 @
1676 3333 8
1677 3333 8
1733 2333 3
1731 9439 9
1732 3333 43
1733 3333 3333 /7 TOU
1774 3733 2
1795 2323 3
1736 3337 333 7 A
1737 3233 9
1713 3343 3

1711 3339 3333 / TEMPORARY
1712 23333 5
1713 2333 3 ~
1714 353337 9999 ¢ OUTPUT UPPER LIWII ’
1715 2339 3
1716 2739 3 ~
1717 9333 9263 / OUTPUT LOWER LI#IT
1729 49333 3
1721 3335 0
1722 3531 2991
1723 23355 2339
1724 3333 33%%
1725 4930 93339 / TEHPORARY
1726 0333 3




1727
1733
1731
1732
1733
1734
1735
1736
1737
17473

1741

1742
1743
1744
1745
1745
1747
1753
1751
1752
1753
1754
1755
1756
1757
1763
1761
1762
17€3
1764
1765
1766
1767
1773
1771
1772
1773
1774
1775
1776
1777

2639
2691
2632
2693

3903
n611
779
4437
6253
6134
6261
7323
7332
1135
7559
53656
4437
5317
2134
6311
2929
7333
1312
7543
5366
4437
5314
2134
6311
G339
7339
1312
75475
5776
5777
4437
5317
6174
33393
5776
27233
9932
3333
2634
2639

4437
5623
5194
3999
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*1727

1)

3611

0779

4417

6253

6104

6261

38393

7333

1135

7553 1S QUTPUT NEGATIVE?
5366 / YES

44057 /7 NO

5317
2104
6311
37992
7333
1312 .
7543 IS ¢HMIN OQUTPUT=-0UTPUT) <9?
5366 NO

4477 /7 YES

5314
2174
6311
3333
7333
1312
7543
5776
S777
4457
5317
6104
2323
57746
3633
]

0]
2604
2639

~

NN

IS (MAX OUTPUT-0UTPUT) < 92
NO

YES
QUTPUT=MIN OQUTPUT

NN NN

*2697%
4497 ¢/ OUTPUT= MAX OUTPUT
5623
6194
2009




26924
2695
2686
2697
2619
2611
2612
2613
2614
2615
2616
2617
2629
2621
2622
2623
2624
2625
2626
2627
2639
2631
2632
2633
2634

4437
5624
6625
5626
66217
5632
6631
5632
6633
93953
7333
1634
3222
5622
3393
1714
1661
1664
1667
1672
1 645
1653
1653
1656
1673
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*2604
4437 / RESET
5624
6625
5626
6627
56337
6631
5632
6633
2939
7399
1634
3222
5622
9
1714
1661
1664
1667
1672
1645
1659
1653
1656
16329






