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ABSTRACT

A shell and tube heat exchanger was interfaced with a
NOVA digital computer to allow automatic data logging and
direct digital computer control. A real time computer operating
system was developed for this special application. The Characteristics

of a non-linear Multiplicative control algorithm were studied

using this system.

As a result of the study, a feed back loop was added to
the Multiplicative control algorithm to compensate the offset
caused by the non-linear characteristics of the heat exchanger.
The stability region of the Multiplicative control algorithm was

mapped and showed high and tow stability Timits for Multiplicative

gain settings.
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LIST OF SYMBOLS

The following symbols appear in the software program

logic flow charts.

@ Start or End of a logic path

A function performed by the computer

A message printed on the teletype writer

\/

An operator's entry through the teletype writer

<::::::::::::> A decision made by the computer

A computer output through the paper tape punch

A logic path connection
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The Following symbols appear in the figures

Steam trap

Pneumatic control valve

-—{>~<]—- Hand valve

S— [ Critical flow orifice

—{ Signal amplifier

._____(:;>————- Operational amplifier

VV V'V Resistor

Summation of two input signals

Multiplication of two input signals
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Water flow rate indicator
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‘Functional Block

— Digital switch
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PTR
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The simplified heat exchanger model

Current to pressure converter

Current output (mA)

Input-output (of the digital computer)
Proportional gain (PSI/°F)
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Load

Intermediate variable (PSI)

Pressure indicator, or

‘Proportional-Integral controller

Paper tape punch

Paper tape reader

Set point of a controller (°F)
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Real time clock

Laplace transform operator

Time, function of
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Thermocouple
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GLOSSARY

This is a collection of some computer terms used in the thesis.

Most of the definitions given were extracted from COMPUTER DICTIONARY

AND HANDBOOK, compiled by Charles J. Sippl and Charles P. Sippl and

pubTlished by Howard W. Sams & Co. Inc. 1972.

ACCUMULATOR:

ADDRESS:

ADDRESS, RELOCATABLE:

ADDRESS, RETURN:

BRANCH:

FLAG:

HARDWARE :

INTERRUPT:

A part of the logic-arithmetic unit of a
computer. It may be used for immediate
storage, to form algebraic sums, or for
other intermediate operations.

A Tabel, name or number identifying a

memory location where information is
stored.

Address coded in a special routine or

program whose instructions are written in
a special manner so that it can be loaded
and executed in many areas of the memory.
Relocatable programs allow for the highly
flexible real time use of the main memory.

The address provided for a return to a
previous point in the usual sense. In
particular, the address provided by a main
Program to a subroutine so that at the end
of the subroutine execution, system control

can be returned to the proper point in the
main program.

To depart from the normal sequence of

executing of instructions in a computer
program.

An indicator used to tell some later part

of a program that some condition occurred
earlier.

The mechanical, magnetic, electrical and
electronic device of a computer system.

A break in the normal flow of a system or
a routine such that the flow can be resumed
from that point at a later time. An interrupt

is usually caused by a signal from an
external source.
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JUSTIFY:

MEMORY:

NOISE:

OCTAL NOTATION:

PARITY:

PRIORITY:

PROGRAM COUNTER:

REAL TIME:

To move a data item so that a particular
part of the item assumes a particular
position relative to some reference point
in a storage medium; for instance, to
adjust the print on a printed page so that
the Teft, right or both margins are aligned;
also to shift the item in a register to
position specifically the most or Teast
significant digit.

Any device into which a unit of information
can be copied, which will hold this infor-
mation, and from which the information can
be obtained at a later time. (The terms
Memory and Storage are interchangeable).

Random variations of one or more charac-

teristics of any entity such as voltage,
current and data. :

A number of one or more figures, representing
a sum in which the quantity represented by
each figure is based on a radix of eight.

The figures used are 0,1,2,3,4,5,6 and 7.

As regards to computer operations, parity
relates to the maintenance of a sameness
of level or count. i.e. keeping the same
number of binary one in a computer word to
thus be able to perform a check based on

an even or odd number for all words under
examination.

The sequence in which various entries and
tasks will be processed.

A register in which the address of the
current instruction is recorded. (synony-
mous with instruction counter).

Relating to the performance of computing
during the specific time in which the
related process, event, problem or com-
munication is taking place, i.e. the
computer must be fast enough, during the
process of the happening of the event for
the related process or result.
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REAL TIME CLOCK: The clock that develops readable digits or
periodic signals for the computer to allow
computation of elapsed time between events,
and to initiate the performance of time
initiated processing.

REAL TIME OPERATING SYSTEM: A computer operating system which allows
concurrent operations for data processing
(computing) and physical processing in
such a way that the result of the computing -
operations are available whenever needed
by the physical processing operations, and
visa versa.

ROUTINE: A set of coded instructions arranged in
proper sequence to direct the computer to

perform a desired operation or series of
operations.

SCAN: To examine the analog input and update the
computer data table periodically.

SCHEDULER: ' A special system of the executive software.
The scheduler controls the time that a
program is to be executed.

SOFTWARE: The internal programs or routines profession-

ally prepared for a specific operation.

SYMBOLIC DEBUGGER: A program allows to utilize symbolic

commands to assist in the procedure of
debugging.

SYSTEM INITIALIZATION: To originate or establish the basic
conditions or start up state. Such
procedures might be used to set an initial
value for the address of an operand,
establish the initial control value for a

loop, set all registers to a preset value
prior to running etc.

WAITING MODE: Tasks in "waiting mode" are voluntarily
suspended until some operation is completed.
Upon completion of the awaited operation,
the waiting task is resumed. .

-= XIV --
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INTRODUCTION

The early development of process control emphasized the dynamics
and stability of individual control loops. However, today with more
complex industrial processes, emphasis has shifted to the whole control
system and its optihum operating condition. The control system of a
modern process plant consists of a large number of individual control
Toops which must be manipulated in a consistent manner. according to
some overall control or optimization strategy. This can only be

accomplished efficiently by using a computer (1).

After the commercialization of digital computers in the 1950's,
the potential for digital computer applications in process control was
quickly recognized. The development of the integrated circuit and the
mini-computer in the 1960's has made the digital computer competitive
with the conventional analog controller. More recently, the micro-
processor and verious new digital interfaces have provided the user

with more flexibility at considerably lower cost and will undoubtedly

result in still more applications.

Process computer control systems are usually implemented in one

of the following three levels (2):

R



1. Off-line Off-line computer systems are mainly used for data
Togging and estimating optimum conditions. Most of the time, a set
of good data and analysis is not sufficient to Jjustify a process

computer. However data logging is essential for every control

computer system.

2. On-line : On-Tine computer control or so called direct digital
control (DDC) uses the computer in the place of the conventional
analog controller. The output of the computer connects directly
to the final control element. In the event of computer failure

a backup system is required for critical control Toops.

3. Supervisory control Supervisory control is also known as set-

point control. The computer manipulates the set-point of the
conventional analog control Toop. The set-point value may be
calculated according to process constraints, a desired optimization

strategy or a special control algorithm.

Any digital computer process control system may consist of one or all
of the above features. The present work was the developement of an on-
Tine direct digital computer control system for a NOVA digital computer

and the study of a non-linear Multiplicative servo control algorithm.

—2 --



THE DIRECT DIGITAL CONTROL SYSTEM

The development of the direct'digital computer control system
included the hardware configuration as well as the software function

development. The following sections will discuss these topics

individually.

The Hardware :

The hardware configuration may be divided into two different
groups; a shell and tube heat exchanger and a mini-computer with

suitable peripheral equipment.

The heat exchanger, as shown in figure (1) was an American
Standard Products Ltd. model BCF-302 one-pass shell and tube heat
exchanger which consists of 52-0.25 inch 0.D. tubes in a 3 1/8 inch
I.D. shell that provided 7.34 square feet of heat transfer area. The
entire 27 inch long heat exchanger and associated steam piping were
insulated with asbestos. Cold water flowed into the shell side of

the heat exchanger and was heated by steam in the tube side. The

— 3 -
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Figure 1 The Heat Exchanger Mechanical Configuration
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flow rate of water was regulated at 2 U.S. gallons per minute

using a Dole Valve Company critical flow orifice. The steam flow
rate was controlled using a Minneapolis-Honeywell Company model

1403 control valve with 1/2 inch plug and a model MP953 air-to-

open valve operator. The pneumatic motor valve was operated by a
Foxoboro model 69TA-1 current-to-air-pressure transducer. The
temperatures of the inlet and outlet water were sensed by copper-
constantin thermocouples. The thermocouples signals were compensated
with an ACROMAG 325 zero degree centigrade electronic reference

and then transmitted to the NOVA digital computer.

The digital computer and the peripheral configuration are
shown in figure (2). A Data General Corporation (DGC) NOVA computer
central processor unit (CPU) with 8192 (8K) 16 bit word core
memory was the basic equipment. An ASR-33 teletype writer served
as an operator's console and low speed data logging device. A DGC
power failure monitor and auto-restart provided protection against
AC Tine power failure. A DGC high speed paper tape reader and
punch served the need for software development and high speed data
output. A DGC programmable real time clock (RTC) was used as the
system timer. A DGC 4033D eight channel analog-to-digital converter
(ADCV) and a DGC 40378 two channel digital-to-analog converter

(DACV) handled the interface between the analog (the process

— 5 -



/ Te1etype
To Voltage Digital NOVA e Writer
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Figure 2 The Digital Computer Configuration
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veriable sensor and driver) and the digital devices (the NOVA
digital computer). The output of the digital-to-analog converter,
which was +10 VDC was converted to 4-20 mA current signal to drive
the currnet-to-air-pressure converter. The voltage-to-current

converter circuit is shown in figure (3).

During the debugging stage of the software development, the
digital computer system was interfaced to a comdyna GP-6 analog

computer by means of which the operation of the heat exchanger was

simulated.

-7 -
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V. amp L ;
-y lo !
i + 's
R3 ;
R] 510K ohm resistor
R2 220K ohm resistor
R3 220K ohm resistor
amp  Burr Brown 3164/25 operational amplifier
L Load (The current-to-air-pressure transducer. The
input coil with 187 ohm DC resistance)
Vi Input voltage (0 - 10 VDC)
Io Output current (0 - 20 ma DC with the above load)
Figure 3 circuit of the voltage to current converter
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Software :

Software is defined as all the programs used in the computer

to achieve a common goal. The software developed for this study

is described as fo]]pws :

1) Program scheduling :. A program was needed to schedule

the execution of the programs according to their priority, timing
or special request. In the present work, program schedU]ing was
accomplished by using a hardware interrupt program (INTRP). This
program also contained a special power failure interrupt routine

(PWFSV) to protect the system from temporary line power failure.

2) Input-Output device handler : This was a group of subroutines

that directly interfaced with the I/0 devices in the system.
Different I/0 devices needed different handlers. Subroutines

PTPO, OPT and I0X0S were written for this purpose.

3) Analog signal input scan and processing : This program
was required to scan the process input periodically (according to

the sampling time) and to convert the input signal (usually mv or ma )

-9 —-
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into engineering units (°F etc.). The converted data was used for

data Togging and control calculation. Program READR was written

for this purpose.

4) Control module : This was the control calculation for

direct digital control. Subroutines PICNTL and MULPLTV were
written for Proportional-Integral control and Multiplicative

control algorithms respectively.

5) Analog output : A program was required to output the

result from the computer to the process via the digital-to-analog

converter. In the present work, this was built into the control

module subroutines.

6) Data logging and operator communication : This group of

programs permitted off-1ine data gathering and allowed the operator
to communicate with the computer. Programs PTPSV, TTOSV and TTISV

were written to provide these services.

7) System initialization : When the computer was first started

up, all the data tables needed to be initialized and many system

or control variables needed to be set up. Program HEEXEC provided

these services.

- 10 --



The above seven functions were essential for the process
control computer software system. The individual programs 1in
the software system is discussed in detail in the following
sections. Logic flow charts follow each program description

and complete program listings are provided in appendix III.

A1l programs were written and tested individually under
simulated operating conditions. Once all programs were
working satisfactorily, they were Tinked together and the
digital computer wa§ interfaced with a Comdyna GP-6 analog
computer on which a simple model of the heat exchanger was
simulated. A common Proportional-Integral (PI) control
algorithm (2,11) was used to test the software system. Once
the system was operating satisfactorily, the Multiplicative
control algorithm was tested. After all programs were proved,
the system was interfaced with the shell and tube heat exchanger

to study the stability of the Multiplicative servo control

algorithm.

When the digital computer was first interfaced with the
heat exchanger, a serious noise problem in the input signal

was encountered which made the control action almost impossible.

— 11 --



The noise problem was solved by adding an analog filtering
device and a digital filtering feature in the analog input
scan program READR. The analog filtering device was simply a
filtering capacitor. The digital filter was a first order

filter which is discussed in detail in Appendix III.

The following sections will discuss each individual

programs in detail.

— 12 --
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1)

a)

Program scheduling and power failure protection programs :

Program INTRP

Program INTRP was the system interrupt handling program.
It was turned on Whenever there was a system hardware interrupt.
There were four different types of system interrupts in this
particular system, they are :

1. Power failure and auto-restart

2. Real time clock

w

Paper tape punch

=

Teletype writer input (operator's interrupt)

Program INTRP acknowledged the interrupt source and branched
to service the highest priority interrupt. A higher priority
device can interrupt the execution of a Jower priority device
service program but a Tower priority device cannot interrupt

a higher priority device service program.

A real time clock servicing routine was built into the

interrupt handler. When the real time clock interrupted the

-— 13 --



system, the sampling time counter (set up during system
initialization) was counted down by one. If the counter
was not zero, the sampling program would not be turned on
and the Tower priority program would be served. If the
sampling counter was counted to zero, the analog scan and

data conversion program READR was turned on and executed at

priority 2.

The address of this program (INTRP) was stored in memory
Tocation 1. When a system interrupt occurred, the CPU generated
instructions to interrupt the program being executed, store the
interrupted program counter in memory location zero and then

branch to program (INTRP).

A logic flow chart of this program is shown in figure

(4).

-— 14 --



Power Turn on
Failure

PWFSV

Reset
Real time
Clock
Acknowledge . Decrement
Interrupt sampling
Source time counter
Turn on
appropriate .
handling
program
Dismiss Turn on
the system Program
interrupt READR
> <

Figure 4 Program INTRP Logic Flow Chart
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b)

Program PWFSV :

This was the program used to protect the control system during
short periods of power failure. The program was turned on

whenever a power failure occurred which caused the hardware

Power Failure and Auto-Restart to interrupt the system.

Program PWFSV consists of two parts, the power failure
service and the power recover system restore service..
There are only few milli-seconds to save the system if power
should fail, thus this program was given priority one which

had a response time of approximately 10 micro-seconds.

The power failure service part of this program saved all
four accumulators, carry bit and the return address. The
address of the automatic restart routine was set up in memory
Tocation zero. When the power resumed, the automatic restart
hardware generated an instruction to branch through location
zero to the automatic restart routine of this program. The

routine then restored all four accumulators and the carry

-~ 16 --



bit. Normal operation was resumed after the system interrupt

and the real time clock was turned on by the restart routine.

A short period power failure did not affect the process.
If power loss was longer than the response time of the control
valve, a process stet would occurr. For this reason, if
the power failure period was Tong enough for the operator to
notice, the control system was restarted using the initialization

program.

A logic flow chart of this program is shown in figure
(5).

—17 --
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Input-output device handlers :

Subroutine PTPQ

Calling sequence .:
(output data in ACO, right justified)
JSR @42

(return)

This subroutine outputed one character through accumulator
zero (ACO) to the paper tape punch. The right most eight
bits were punched. No parity was generated or checked. If
parity was required, the calling program was responsible for

it. The output was made in the waiting mode of the paper

tape punch.

For the convenience of the calling program, the address
of this subroutine was stored in memory locatijon 428 (octal

notation). A logic flow chart of this subroutine is shown

in figure (6).

-—- 19 --

e ISR



Figure 6

OQutput to
PTP

RETURN

Subroutine PTPO Logic Flow Chart
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b) Subroutine OPT

Calling sequence :
(output data in ACO, right justified)
JSR 041

(return)

This subroutine outputed one character through accumulator
zero (ACO) to the teletype writer. The right most efght
bits were printed. No parity was generated or checked. 1If
parity was required, the calling program was responsible for

it. The output was made in the waiting mode of the teletype

writer.

For the convenience of the calling program, the address
of this subroutine was stored in memory Tlocation 418 (octal

notation). A Tlogic flow chart of this subroutine is shown

in figure (7).

-— 2] --
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is zero
?

Output to
Teletype

RETURN

Figure 7 Subroutine OPT Logic Flow Chart
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Subroutine IPT

Calling sequence :
JSR @40

(return with -input character in ACO, right justified)

This subroutine inputed one ASCII character from the
teletype writer. The parity bit was masked out before return

to the calling program. The input was made in the waiting

mode of the teletype writer.

For the convenience of the calling program, the address
of this subroutine was stored in memory location 408(octa1

notation). A Togic flow chart of this subroutine is shown

in figure (8).
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Figure 8 Subroutine IPT Logic Flow Chart
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Subroutine I0X0S

Calling sequence :

(store address of the message in AC2)

JSR @4

(return)

This subroutine outputed a string of ASCII charactér whose
starting address was stored in accumulator two (AC2). The
ending character of the ASCII string must be the same as
specified in DGC SOURCE-EDITOR program (an ASCII nultl).
This subroutine called subroutine OPT to output the ASCII

characters to the teletype writer.

For the convenience of the calling program, the address
of this subroutine was stored in memory location 4. A

logic flow chart of this subroutine is shown in figure (9).
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Analog signal input scan and processing :

Program READR

Program READR was the analog input program. The program

was executed whenever the sampling timer was due.

This program read the input form both channels of
the analog-to-digital converter, applied a digital fi]ter
to the input signals, converted the signals into engineering
unit (°F) and étored them in the data table. If the
control switch was on, the proper control algorithm subroutine
would be turned on. If the control switch was off, the

control subroutine would not be turned on and program READR

would exit.

There were two control algorithm subroutines
written for this system, the Multiplicative control and the
PI control algorithms. Only one of the two subroutines were
executed at one time. The choice of control algorithm was
determined during system loading. The address of the

control subroutine is stored at relocatable address CNALM.

A Togic flow chart of this program is shown in figure (10).
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Figure 10 Program READR Logic Flow Chart
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Control programs :

Subroutine ALPAR

This subroutine was called by programs HEEXEC and TTISV
to request the operator to enter the parameters for the
Multiplicative control algorithm. The parameters for the
Multiplicative control algorithm are controller time constant
(TC), controller gain (K), and process gain (G). A logic

flow chart of this subroutine is shown in figure (11).

Subroutine MULPLTV

This subroutine was the Multiplicative control algorithm
for servo control. The functions of this subroutine might
be summarized as follows :

1. Based on the input from the process and the set-

point, calculates the theoretical output signal in

PSI for the control valve using the Multiplicative

control algorithm.

-—- 29 --
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2. The above calculated value is limited by a maximum
and mininum value to prevent control system
wind up.

3. The value is converted to an integer value for
the digital-to-analog converter to give an
appropriate air pressure at the control valve.

4. Output the integer value to the'digita1-to-analog
converter.

5. Return to the calling program.

A logic flow chart of the Multiplicative control algorithm

is shown in figure (12).
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Figure 12 Program MULPLTV Logic Flow Chart
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d)

Subroutine ALPAR

This was a different version of subroutine ALPAR for the
PI control algorithm. This subroutine is called by programs
HEEXEC and TTISV if the PI control algorithm is being used
in the system. This subroutine requests the operator to
enter the parameters for the PI control é]gorithm. The
parameters for the PI control algorithm are proportional
gain (K ) and integral time constant (TI). |

P

A logic flow chart of this subroutine is shown in

figure (13).

Subroutine PICNTL

This was the proportional-integral control algorithm
in velocity form. The logic of this subroutine was basically
the same as that of the Multiplicative control algorithm

subroutine except that the PI control algorithm was used.

A Togic flow chart of this subroutine is shown in

figure (14).
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The name of the parameter-requesting subroutine of
the Multiplicative and Proportional-Integral control
algorithms was the same. Actually, there were many common
variables defined in the two control algorithm subroutines.
This is the reason why only one of these two control
subroutines could be in the system at any one time. Otherwise,
a multiple definition error will be generated by the DGC

STAND ALONG RELOCATABLE LOADER during system ]oading time.
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Figure 14 Subroutine PICNTL Logic Flow Chart
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Data logging and operator communication programs :

Data logging in this system simply means the display
or storage of the heat exchanger inlet and outlet tempe-
rature for process response tracing or for future study.
Since a Tow speed teletype writer (10 characters per
second) was the only hard copy device in fhe system, data
logging speed was very much Timited and valuable data
could be Tost due to the low speed of the output device.
The problem was' solved by storing the data on paper tape
for future study. The teletype was only used as an

instantaneous process response tracing.

Computer-operator communication was provided through
the teletype writer. A set of commands allows the operator
to make a step change in the set point of the controller to
initialize the control system and to change the control
settings. Details of all the commands are discussed in the

write up for program TTISV.

- 37 --
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a) Program PTPSV

Program PTPSV was executed whenever the paper tape
punch interrupted the system and there was no higher priority
program waiting to be executed. The program outputed
the heat exchanger inlet and outlet temperature to the
paper tape punch in DGC floating point férmat; two floating
point numbers (total eight bytes) with one blank frame
following. Priority of this program was just higher ‘than
the teletype output handler, which was the Towest priority

program in the system. A logic flow chart of this program

is shown in figure (15).

Program TTOSV

TTOSV was the lowest priority program in the system.
When no other program was being executed, the system would
branch to this program. If there were new data to be outputed
to the teletype writer, this program would print the current
heat exchanger inlet and outlet temperature on the tele-
type writer. If no data were to be outputed, the program
would branch to an idle loop and do nothing. A logic

flow chart of this subroutine is shown in figure (16).
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Figure 15 Program PTPSV Logic Flow chart

-~ 39 --

End

-



R AT

START

Print data

logging
heading

Set up
data
pointer

Output
data to
teletype

Reset
data-ready
flag

Figure 16 Program TTOSV Logic Flow Chart
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c) Program TTISV

This program was executed whenever there was an operator
input through the teletype writer. The hardware interrupt
of the teletype activated this program. This program
was an off-Tine program to permit the operator to communicate
with the control system. When this program was being executed,
all the control and data logging activities were terminated

and the system was waited for the operator's command.

The operator commands allowed in this program are :

1. S A single S command caused a step change in the controller
set point. The value of the step change was stored
in relocatable address STEPC. After the set point change,
normal control was resumed.

2. R A single R command caused the system to be reinitialized.

Control of the system was transfered to the initialization

program HEEXEC.
3. RD The RD command caused the DGC symbolic debug processor

to be turned on and control was transfered to the debug

processor. This command was specially designed for
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early stage debugging and used later, as a means of
changing the system variable.

4. RA XXXXX The RA command following a five digit octal
number caused the system control to be transfered
to the address specified by the five digit number

XXXXX. This pommand was designed to test the indi-

vidual programs.

5. RL The RL command caused subroutine LISTﬁ to be
executed to 1ist all the control parameters on the
teletype writer. After the listing, the system
would wait: for the operator for another command through
the teletype writer.

6. RSC This command provided the operator with a means of ;
resetting all the control parameters. Subroutine %
ALPAR of the appropriate control algorithm was turned |
on and the operator was led through a question and |
answer type conversation for the required control
parameters. After all the parameters were entered,

the system would resume control using the new parameters.

A logic flow chart of the operator communication program TTISV

is shown in figure (17).
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Figure 17 Program TTISV Logic Flow Chart
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6)

a)

IR

The system initialization program

Program HEEXEC

This program was executed when the computer control
system underwent a system start up or whep the operator
reinitialized the control system. The program initialized

the system in the following manner :

1. Set up the DGC floating point number handling package.
The floating point number error checking subroutine
ERROR,was also set up to provide a floating point
checking service to the other system programs.

2. Lead the operator by question and answer to enter
system parameters and variables through the
teletype writer.

3. Set up a control or no control mode.

4. Initialize the system data tables and reset all pointers
and flags.

5. Set up the system interrupt and turn on the real time

clock.

6. Wait for a system interrupt to occur.

A logic flow chart of this program is shown in figure (18).
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Figure 18 Program HEEXEC Logic Flow Chart
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b) Subroutine ERROR

Calling sequence :
JSR @6
§ (error return)

(normal return)

é This subroutine checked the data of the DGC f]dating point
number handler. If overflow, underflow or any other floating
point ca]cu]afion error was detected, the subroutine made an
error return (branch to the calling address plus one).

If no error was found, a normal return would be assumed

(branch to the calling address plus two).

Al1 programs doing floating point number calculations
used this subroutine to ensure the calculated result was

correct. If an error return was made, the calculated result

was not used and the computer halted.

For the convenience of the calling program, the address
of this subroutine was stored in memory location 6. A

logic flow chart of this subroutine is shown in figure (19).
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THE MULTIPLICATIVE CONTROL SYSTEM

Introduction

The theory and application of the linear feedback control are
quite well developed and have been used in the chemical and petroleum
industries for years. The application of linear network theory to
process control has led to the use of mathematical techniques such
as the Laplace transformation, frequency response methods, signal
flow diagrams and root locus plots. This has resulted in a great
emphasis on the use of a linear model when studying process dynamics
(3). In practice, almost every process is nonlinear. Linearity
can only be applied to a small range around the operating point
and this range depends very much upon the non-linearity of the
process and control instruments. Engineers quickly realized that
few models existed that accurately described dynamic behavior and

that very Tittle hardware existed to implement process control.
Meanwhile, great theoretically strides had been taken in the

areas of non-Tinear and optimum control. The requirements of the

Aerospace, electrical and nuclear industries, and the military
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have Ted to a new body of knowledge generally referred to as
modern control theory. The recent introduction of digital computers
to process control was the hardware breakthrough that has permitted

the use of non-linear and modern control theories on the actual

chemical processes.

The concept of introducing non-linearities into the feedback i
path was proposed by J. B. Lewis (4) in 1953. Y. H. Ku (5,6)
studied the introduction of a non-linear element to the forward
and feedback path of a linear control system. Jafri (7) studied .
the Multiplicative servo control of some simple systems on an |
analog computer. J. Auns (3) compared the transient response of
proportional-integral control and first order Multiplicative |
control of a concentric tube heat exchanger and suggested that
Multiplicative control algorithm is more suitable for servo control
purpose. The present work is a study of the stability region and
various response characteristics of the simple Multiplicative

system suggested by Jafri (7).
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The Multiplicative Control Algorithm

The class of multiplicative control system to be studied is shown in

figure (20). It can be represented mathematically by the equation :

tob taD O

bn(t) = J:I...j'[G](Z]).x(t-ZI)+u].G2(22).X(t-ZZ).G3(Z3).X(t-Z )

-0~ oo 3

G (z ) X(t-2 ).Gn+].X(t-Zn+]).dZ .dz ...dZn.dZn

or equation ( 1 ) can be rearranged to become :

oo'xa o0

jj ][G (Z)).X(t-2)+ul .6, (2)) .6,(25) ... .. G (z).6

n n+l(Z

X(t-Zz).X(t—Z3)....X(t-Zn).X(t-Zn+]).dZ].de.

or equation ( 2 ) be further arranged to become :

=00t

b_(t) .J'j JFG (z,) Gz(zz).c3(z3) ....... G (z).6 ,(Z )
e X(t-Z]).X(t-ZZ).X(t-Z3)....X(t-Zn).X(t-Zn+]).
dz,.dZ,.dZ,...... dz_.dz_ . +
(z.) G3(Z3) Gy (Z4y) X(t-ZZ).X(t—Z3) .....
X(t-z . .).dzZ, dz,.dZ,..... dz_.dz .,  ===mmmme-eo- (3)

-—- 50 --



[ REINECTRS TRISRECE 0

A A I

r(t) (t) X(t)
Y

GZ

R ‘,

| Gn+l

Figure 20 The Multiplicative Control

System
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The above equation shows that the performance of the Multi-
plicative control systems can be expressed by (n+1) dimension

kernel G](Z])....G (Zn+1) and the expression is known as a

n+1
"regular homogeneous functional" (3). This kind of functional was

introduced by Volterra (8) and applied to non-linear system representation

and analysis by Wiener (9) and Barret (10).

G1 in figure (20) represents the actual process whose natural
dynamic performance is to be modified by the controller. r(t) is
the set point of the controller. The rest of figure (20) is
referred to as the Multiplicative control algorithm. Since most
of the process control computer are mini-computers, it is economical
to simplify the complex system of (n+1)th integration shown in
equation (3) to reduce the loading of the process computer.
According to Jafri (7), the system was reduced to the form of a
first order Multiplicative control system shown in figure (21).
G2 represents the Multiplicative control functional. K is the
Multiplicative gain. r(t) is the set point of the controller.

c(t) represents the temperature of the outlet water from the heat

exchanger.

It is clearly shown in figure (21) that GZ’ a non-linear

multiplication, is introduced into the feedback path of a proportional
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control system. For r(t) to be equal to c(t) at steady state, a
judicious choice of the value "A" in G2 would be required. The
basis for the calculation of "A" for this condition is shown in

figure (22).

In figure (22), Uy is the load function and Up is a constant
added to the thermocouple reading during the conversion of the
analog signal to engineering unit (°F). Both Uy and ué are constants.

The derivation of the "A" value is shown in the following section.
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Simplified Multiplicative Control System
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Figure 22 The Multiplicative Control System At Steady State
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According to figure (22), the steady state configuration,

we have the following set of relationship :

e=r->b  eeeemmmaaa- (4)
X=Ke  emeeeaeaa. (5)
y=XA s (6)
M=X+u — mmeemeeeee (7)
C=M.G+u2‘ ___________ (8)
b=cy mmmeeeeeee (9)

The present work concerned about the Multiplicative servo control.
U, thus became a constant. The derivation of the "A" value starts

with equation (8):

M.G + u

(@]
i]

2

= (X + u1).G + u,

= 6.X + G.u] + U,

= G.K.e + G.u1 + u,

= G.K.(Y‘ - b) + G.U-I + U2

= G.K.r - G.K.b + G.u] + u,

= G.K.r - G.K.c.y + G.u] + U,

= G.K.r - G.K.c.X.A + G.u] + U,

= G.K.r - G.K.c.A.(M - u1) + G.u1 + Uy

= @.K.r - G.K.c.A.M + G.K.c.A.u1 + G.u] + u,

= G.K.r - K.c.A.(c - u2) + G.K.c.A.u] + G.u] *+ U,

= G.K.r - K.c2.A + K.C.AUy + G.K.C.A Uy + GBoup + U
C = G.K.r - K.c2.A + KoCoAty + G.K.C.A Uy + Goup + Uy —-om- (10 )
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The aim of the control action is to make the control variable
(c) equal to the control set point (r). To satify this condition,

c in equation (10) was replaced by r.

ro=G.K.r - K.r2.A + oAty + GKor Ay + Gty + Uy
or
r = G.K.r - G.u1 +ou, + A.(K.r‘.u2 + K.G.r.u] - K.r2)
or
A r - G.K.r - G.u] - Uy
2
K.r.u2 + K.r.G.u] - K.r
or

K.G.r + G.u] + Uy = r

A = e (11)
K.r= - G.K.r.u1 - K.uz.r

Equation (11) is the steady state value of the Multiplicative
constant "A". Equation (11) was derived under the assumption that
all variables in the right hand side of the equation are constant.
This is discussed in more detail in the section concerning the

modified Multiplicative control algorithm.
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Figure (23) shows the Multiplicative control system in discrete
time format. The derivation from continuous time (Laplace trans-
formation) to discrete time (Z-transformation) is shown in Appendix I.

The following is the derivation of the digital Multiplicative control

algorithm.

Directly from figure (23), the following relationships can be

obtained.

v(z) . A.(1—exp(-Ts/Tc)).Z‘1 (12)
X(2) 1 - exp(-T/T,).27!
e(n) = r(n) - c(n).y(n)  —emmmmmmmm L (13)

—
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Substitute equation (15) into equation (12)

v . aQez' (16)
X(Z) 1-8.7]

Take the inverse Z-transformation of equation (16) :
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Figure 23 The Multiplicative Control Algorithm in Discrete Time Format
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y(n) - B.y(n-1) = A.(1-B).X(n-1)

or
y(n) = A.(1-B).X(n-1) + B.y(n-1) = —comemommmmomemee o (17)

The basic Multiplicative control algorithm used in this project
consisted of equations (11), (13), (14), (15) and (17). In the control

program, the calculation sequence may be summarized as follows :

1. The "A" value was calculated using equation (11) with the assumption
that the process gain was constant.
2. A sample of c(n) was taken from the analog-to-digital converter
and converted into engineering unit (°F).
3. The intermediate variable y(n) was calculated using equation (17).
4. The instantaneous error e(n) was calculated using equation (13)
and the intermediate variable y(n).
5. Controller output X(n) was calculated using equation (14).
6. X(n) was Timited between maximum and minimum values and converted

into the output format.

7. The final value of X(n) was then outputed to the digital-to-analog

converter to control the process.
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8. This sequence was repeated form step 2 for each sampling period.

The above procedure was programmed in the Multiplicative control

subroutine MULPLTV. %
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The Modified Multiplicative Control Algorithm

The derivation of the Multiplicative control constant "A" was

"discussed in the previous section. However, equation (11) is based on

the assumption that all variables in the right hand side of the equation

are constant.

_ K.G.r + G.u] + u2 -r

A —————— e (11)
K.r® - G.K.\r‘.u.I - K.uz.r

It is obvious that if any of the variables in the right hand side
is not constant, error would be introduced through "A" which would

appear as an offset at steady state. The phenomenon was also noticed by
Auns (3).

As we Took closely at equation (11), K and Uy undoubtedly are
constants. u; can be considered as a constant for servo control because
the actual experiment water flow rate was held constant. r, the
controller set point is changed during servo control, but the exact
value of the set point is known and the respective "A" value can be
calculated. The process gain G is the only possible error introduced to

equation (11). As a matter of fact, the shell and tube heat exchanger
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is a non-linear distributed parameter system. It was very difficult to
determine the exact gain and incorrect value of the process gain would
cause an offset at steady state. This kind of error is very common 1in
feed-forward control (2,11). A technique used in feed-forward contro]
to eliminate offset is to introduce a feedback loop. A similar scheme
was developed for the Multiplicative control algorithm. As shown in
figure (24), the control variable c(Z) is combared with the set point

r(Z) to generate an error EA(Z) which is fed into an integrator to

provide a modified "A" value. The rest of figure (24) is the Multiplicative

control algorithm. The equation for the manipulation of the "A" value

is shown below :

A(n) = A(n-1) + KI'Ts'EA(n)/TI ------------------ (18)
The modified Multiplicative control algorithm consisted of six

equations, namely equation (11), (13), (14), (15), (17) and equation
(14).

Equation (11) was used to calculate an initial estimated "A" value
for the controller. The other five equations were programmed in the
modified version of the Multiplicative control program MULPLTV to

perform on-line direct digital control.
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The experiment

The experiments of this project can be divided into three parts :

1. Determination of a simplified model of the -heat exchanger

system.
2. On-line Multiplicative control of the analog simu]ation of
the heat exchanger system.

3. On-line Mu]tip]icative control of the heat exchanger system.

The details of each part of the experiment is discussed in the

following sections.

1. Heat exchanger system modeling :

A simple second order model of the heat exchanger system which
consisted of the shell and tube heat exchanger, the pneumatic control
valve, the valve positioner and the thermocouple was developed using
frequency response and step tests. The Bode diagram from the frequency

response tests is shown in figure (25) and the step change response is

shown in figure (26).
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As shown in figure (25), the slope of the asymptote of the amplitude
ratio vs frequency plot is -2 which indicated that the system can be
represented as a second order system. It was found that two first order

systems with the same time constant closely represented the data. The

time constant Tp was determinated at 1/wC, the reciprocal of the corner
frequency wc. The corner frequency in figure (25) is 0.1885 rad/sec.

The basic form for the heat exchanger system as shown in equation (19).

_ G
G, = 5
P (5.3055 + 1)

From the phase angle vs frequency plot, it can be recognized that

the system contained dead time. The dead time was evaluated using a

step response test. As shown in figure (26), approximately one second

dead time was encounted. Equation (20) is the simple model obtained and

used through out the analog computer simulation. |

Q= G.exp(-S)
= 2
P (5.3085 + 1)
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The term G is the process gain which is a function of control

temperature but was kept constant during the analog simulation experiments.

2) On-line Multiplicative control on analog computer :

Equation (20) was programmed on a Comdyna GP-6 analog computer.
The analog computer was interfaced with the NOVA digital computer. The
digital computer was programmed with the software described in the
software section using the unmodified Multiplicative control algorithm.
The reason for using the unmodified Mulplicative control algorithm is

that the simulated model was a Tinear model and the process gain was

known.

The experimental procedure to study the unstable region of the
Multiplicative control algorithm with the simulated heat exchanger

system is as follows :

1. Turn on the digital computer and the analog computer.

Make sure the input and output signals are properly

connected.
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Set the controller set point to 140 °F. The selection of
140 °F placed the control valve at the middle position

which was the most linear portion.

Wait until the system reaches steady state.

Introduce a 5 °F step change in the set point and observe
the system response.

If another steady state were reached, reset the controller

set point to 140 °F and tune the controller settings K

and Tc manually to wards the unstable region of the controller.

Repeat the proéedure from step 3.

The above procedure was followed to tune the Multiplicative
controller towards the unstable region until the system
started to oscillate. The first setting that made the
system started to oscillate was recorded. Different
combinations of the control settings K and TC were recorded
by repeating the above procedure. The values of the critical
settings are plotted in figure (27) showing the
unstable region of the Multiplicative controller for

the simulated heat exchanger.
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3) On-Tine Multiplicative control of the heat exchanger system :

After the experiments using the analog computer, the NOVA digital
computer was interfaced with the real process, the shell and tube
heat exchanger. Thermocouple readings were scanned

and a voltage was generated by the computer to drive the steam

flow rate control valve.

The same six step procedure used in the analog simulation
study was used to determine the stability limits. The stability
region of the modified Multiplicative control algorithm controlling
the real heat exchanger is plotted in figure (28). Figure (29)

compares the analog computer simulation with the real heat exchanger.

Another set of experiments to study transient response of the
Multiplicative control algorithm was also conducted. This set of
experiments studied the effect of individual tuning parameters on
transient response. There were four basic tuning variables, the proportional
gain (K), the Multiplicative time constant (TC), the sampling time (Ts)
and the integral time constant (TI)‘ Three of the four tuning constants
were fixed while the fourth was tuned and the results were recorded.

Four sets of representative results are shown in figures (30) - (33).

The time scale for the figures is three seconds per division.
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RESULTS AND DISCUSSIONS

The stability region for the analog computer simulation and

the actual process are very close as shown {n figure (29). Figures
(27) - (29) also show that the smaller the proportional gain (K)
and the Targer the Multiplicative time constant (Tc)’ the more
stable the system. This is true only if the value of the pro-

portional gain (K) is greater than a lower 1imit (K If the

L)‘
value of K goes below the lower limit KL’ the system would suddeniy
become unstable. This behavior is caused by a negative Multi-

plicative gain (A) and can be explained as follows :

K.G.r + G.u] + u2 -r

2
K.r= - K.G.r.u] - K.u2.r

G.u1 + U, - r

»
I

( G.r +

) 2
K r- - G.r.u] Uy.r
= A].Az
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Where

2
r- - G.r.u] - Uy.r

The ranges for each individual variables for this particular system

are listed below.

r = 120 - 160 °F
G = 20 - 45 °F/psi
uy = 0.05 - 0.07 psi
u, = 30 - 36 °F

It is obvious that A2 is always a positive number within the
variable range. Then, A] is the only source causing the Multi-
plicative gain (A) to become negative. The value of KL,»the Tower limit
of stability, can be calculated by letting A]=0.

G.u] + U, - r

A] = G.r + = (
K

r - G.u1 - U

G.r
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2)

3)

4)

For different operating conditions kL may vary, but the value

can always be calculated from equation (22).

It is clearly shown in figure (29) that the .longer the Multi-

plicative time constant, the more stable the system. This was

rather expected.

Figures (31) - (34), the modified Multiplicative control tran-
sient responses show a very interesting result. It shows that
when the controller is tuned towards the unstable region,

the overshoot value decreases.

The software system includes all the elements of a basic

digital computer control system - real time operating, operator
communication, analog scan, data logging, control and input-
output conversion. The analog alarm scan feature was not included
because the system was designed for experimental purpose. The
software system can be easily expanded to provide service

to other experiments provided there are no hardware limitations.
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CONCLUSIONS

1) This work has shown that the first order Multiplicative control
algorithm does control the process properly provided that the
integral feedback loop is added to compensate for the inaccuracy
of the model. It is also recommended that for any model which can
not accurately describe the process gain, the feedback loop is

required for the Multiplicative control algorithm.

2) The Mu]tip]icat%ve control algorithm has both high and Tow stability

Timits for the controller gain constant K.

3) The stability region of the second order mode] compared with that
of the real heat exchanger shows that even though the heat exchanger
is a distributed parameter system, it was adequately represented

by a simple second order system plus dead time.
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APPENDIX I

DERIVATION OF THE DISCRETE
MULTIPLICATIVE FUNCTION
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This section covers the derivation of the difference equation from

the transfer functions shown in figure (21).

Figure (21) show; the Multiplicative controf system expressed in
Laplace transform. The output of the controller X(s) outputs directly
and continuously to the process. For a computer controlled process, the
controller does not continuously output to the process. Instead, the
output is a sequence of impulses. A hold device is always required in
a computer control system to convert the sequence of impulses into a
continuous staircase function. There are several types of mathematical
hold functions. The one that is used in practically all real systems is
called zero-order hold. The function of a zero-order hold is illustrated

in figure (A1-1) and mathematically expressed as equation A1-1 (13).

The zero-order hold device actually existed as part of the digital-
to-analog converter. The same zero order hold function was added to the
Multiplicative path to compensate for the digital-to-analog converter

(see figure A1-3).
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The Multiplicative function G2 is now redefined as a combination

with the zero-order hold function. The discrete time format is derived

as follows:
1 - exp(—sTs) A
Gz(s) = .

S Tcs + 1

i 1 - exp(-sTs) A/T,

S s + 1/Tc

A/TC A/Tc.exp(—sTS)

= s(s + /T~ s(s + 1/T)

AT, A/T.exp(-sT,)

G,(Z) = — -
2( : 2/( s(s + 1/TC)) }/( s(s + 1/TC)

Where j} is the Z-transformation of the function. Since the expression
exp(-sTs) in the second term is a unit delay, it can be replaced with a

unit delay expressed in the Z-transformation form Z'] as follows :

A/T A/T

6,(2) = c -7, c
2( : }( s(s + 1/TC) ) z( s(s + 1/Tc) :

A/T
S -z'k}( c )
s(s + 1/TC)
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or 62 can be expressed as :

G~(Z) = (1 - 27 1), B T T —_t
2( )= L ?a ( s ) :; ( s+ /T, .

To convert the Lép]ace transfer function into the Z-transformation,
the conversion table compiled by C. Smith (2) was used. The following

Z-transfer function was obtained as a result of the conversion.

N
~—
1
—
o
{
~
]
—
~—
—
x>
]
>
~—

il
>
t

A - A.exp(-T/TC).Z_] A+ A7

1 - exp(—T/TC).Z']

1

A7 - A.exp(-T/TC).Z']

1 - exp(-T/TC).Z'1

The variable T used in this derivation is the time interval for

the discrete time system. Since the Multiplicative control algorithm
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was calculated every time the sampling timer was due, the discrete time

interval T can be replaced by the sampling time Ts which will give the

following equation.

A.(1 -.exp(~Ts/TC)).Z']

-1
1 - exp(—Ts/TC).Z

Equation (A2-1) is the transfer function in figure {23) for the

Multiplicative control algorithm.

-— 92 --



B P e

[T ——

APPENDIX II. DERIVATION OF THE FIRST ORDER
DIGITAL FILTER
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The digital filter used in the analog input program READR is a
first order filter. The filter can be represented as a first order lag

in Laplace transformation as shown in figure (A2-1) and mathematically

as the following equation,

where y(s) and x(s) are the Laplace transforms of the system input
and output functions respectively. The first difference method (12) was
used to convert equation (A2-1) into digital format. The differential
equation governing this system is found by first multipling both sides

of equation (A2-1) by (Ts+1).x(s), which gives
y(s).(Ts + 1) = x(s)

and by noting that the inverse transform of s.y(s) is dy(t)/dt (with the

initial condition to be zero). This results in

It is desired to simulate the dynamic characteristics of this

- 94 --



TN T e e e

differential equation, which in turn, necessitates the determination of
the first derivative of the function y(t). Since the simulation is to
be carried by means of a digital computer, it is natural to solve

equation (A2-2) at computation time that is taken to be spaced at TS

second intervals, that is

T. —‘MQ{ U705 R TL —— (A2-3)
dt |t=N t=N t=N :
In order to determine dy(t » we shall employ the following
dt [t=N

differential approximation.

—

)"(N) = —-d%t(;—t———lt:N 2 y(N) - y(N-1)

Ts

Where N is the number of intervals (starting at time equal to zero) in

discrete time. TS is the sampling time (the length of the discrete

time interval). Substitute the above approximation into equation (A2-3),

the following expression can be gbtained.

T_J(N) % y(N-1) + y(N)

S

1t

x(N)

_‘l_,
<
—
=
~—

§
<
=
t
—_
~—
+
<
=
]
x

—
=
~—
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(== + D.y(h) = ——.y(N-1) + x(N)
S

(T/TS).y(N—l) + x(N)

y(N) =
(T/T() + 1
. (T/T)y(N-1) + (T /T ). x(N)
(T + Ts)/TS
T.y(N-1) + T_.x(N)
y(N) = —pe—2
)
, T TS
y(N) = ﬁf“'—-Y(N-]) L e X(N)  mmmmmmmeee e (A2-4)
S S

Equation (A2-4) is the first order filter used in program READR
to eliminate noise in the input signal. It is a first order lag with
a time constant T, or in other words, with a corner frequency of 1/T.

Any noise with a frequency higher than 1/T will be filtered.

In practice, the filter can be viewed as a kind of rolling
average type of filter. The weighting factor between the last filtered
value y(N-1) and the current reading x{N) depends on the time constant
T and the sampling time Ts respectively. Time constant T is a value
entered by operator. The larger the time constant T, the more weight
will be added to the last filtered value y(N-1). The longer the
sampling time Ts’ the more weight will be added to the current value

x(N).
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10.
11.
12.
13.
14.

SOFTWARE PROGRAM LISTINGS

. Interrupt handler.

. Power failure handler

. Paper tape data output program

. Operator communication program

. Set point change subroutine

. Control variable listing program

. Low speed data logging program

. Character string output subroutine
. Device handlers

Analog input program
Multiplicative control subroutine
Proportional-Integral control sub.
System initialization program

Floating point error detector
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INTRP  —-=mmmmmmmmmm oo 100
N 102
PTPSV  =-mmmmmmmmmomeee 103
TTISV  mmmmmmmmmmm o e 105
STPTC  =mmmmmmmmmmmmmme 109
LISTR =mmmmmmmmmmmmeee 110
TTOSV  —mmmmmmmmmmmmee 11
(0 13
IPT,0PT,PTPO  ~-------- 13
READR  =-=-----n-mmmommn 15
MULPLTV,ALPAR -==----- 120
PICNTL,ALPAR -=---=~-- 126
HEEXEC =--=---=mmmmnos 130
ERROR  ===-mmmmmmmmmmm 135



:THE INTERRUPT SERVICE PFOGRAM

.TITL INTRP

SENT TABLE, INTRP, ACYH, CARRY, SATAW
<ENT PCRCK, TTOCHN, OUTPT, CONOM, TTOSV
EYTN READ1, FEMT, H20THM, RESTR, CNTLS
LEXTN ALPAR, SAMAIT, CRFRQ

CIREL
TASLE:  PUFSVY s 0
NODVC ;01
NODVC ;P
NODVC T 3
NODVE ;4
MDYV C ;5
NODYC ;5
NODVC ;7
TTISV ;17 TTI SERVICE ROUTINF :
NODYC ;11 TTO SHOULD MOGT INTERRYUPT
ER DR ;12 : '
FIPSV ;15 pPIP

CRVICE RAUTINE
£

S
RTCSY ;14 RTC SERVICE ROUTINE

SNREL
INTE BKER7 CPU ;IS POMED FRILURF INTERKNRT?
JYMP W TAYLE ;O0TO SERVE PWF
STA 3sAC3 SSTORE ACS
MOVL 3.5 ;SAVE CARRY

ST A 5,CARRY

SKEDN RIC

JVP O NOTHI
RTCS5Y:  NLIJS RTC

: RTC IMTERRUPT?
N5Z SATIAM ;
,

S

NO, GOTO LOMW PRIQNMITY SERVICE
REINITIALIZE RFAL TIME CLOCEK
ECREASE TIME COUNTER

QUNTFR NOT ZFRO, WAIT

OUNTER 21FRQ, RESFT LT

J
~

JAP AL TA
LDA 3, GATAR
STA  5,SATIM

oMo

JMP  A.READ :GNTO DATA RF&DINE ROUTINE
WAITA: LDA  3,CARRY ;RESTORE CARRY

MOVK 3.3

LDA  3,AC3 ;RESTORE AC)

NIOS CPU sIURN ON INTFHRUPT AGAIN

Juk m SRETHRN T "AIN DPROGPAM
NOTHI: [MTA 4 : SINTFRRUPT ACKUNULTNGE

Jm ATARBLE,3 ;G070 PROPEL SFRVICE ROUTINFE
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ACZ: g
SATI®: 10
SATA™: 19

. READ: READ1
CARRY : 0

;INTFRRUPT DEVICE ERROR DETECTING ROUTINT

NODVC: oV 3.1 ;SAVE ERROR DEVICE CODE TM ACY
LDa  2,.14ESRH ;SEND DEVICF ERRQCR MESSARE
Jsp  afk sH0T0 QUTPUT ROUTINF
iHeLT ;STOR THF SYSTREM
NELE ;DON'T CONTIMUE

«MES 2 MESSH
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RSO

FHFGY 2

PFCRY:
PraCil:
OCEACT:
PFAC?:
PFACY:
PFan:
LFRST:

PFR5T:

JPOYER FAILURE SERVICE ROUTINF

INTDS
STA
oTA
STA
5TA
WovL
GTA
LDA
STA
LDA

STA

HALT
Jmp

’-’ .
9
P

'

A
B
J
PFRST

LDA
STA
LDA
CYR
LDA
LDA
LDA
LDA
INTERN
Jue

FLPEACH
1,PFACH
2,PFAC?
3,PFACTY
.3

Z,PFCRY
0.0

O,PFADD
1, .PRST
U'{l

A0

.

J,PFADU
e

M,PECRY
de0

T,PFACH
1,PFACH
2,PFACZ
3,°FACY

a0

;DISMISS

;SAVE ACH
;SAVE AC1
;SAVE AC?
sSAVE ACT

IMTERKURFT

;SAVE CARRY

;SAVE ADDRESS O

sSET RESTART ADDRESS

;STOP THE

SRESTORE

JRESTORE

STURN 0N

SRETURN TO MORYMAL OPFRATION
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SYSTEM

SRESTART

ApDRESSD

CALRY

INTrwru=T1




PCyCe:

P=PCRCK

sPTP INTERRUPT SERVICE RNAUTINE

SPUNCHES 4 DATA FRAMES AT A TIMF

;THE PUNCH CONTRIL RLOCK

a ; D NOTHI
3 ;01 FPCRY
1 : 2  PPADN
J ; 3 PPACO
R ; 4 PPACT
U . 5 PPAC2
4 : 6 PPAC3
n " 7 FIRTM
4 ;10 PHCHT
g ;11 PDATA
{0 ;12 BYTEP
a0 ;13 PADDR
4 14 PHCST
CARRY ;15 JCARY
ACT ;16 JAC3
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MO USE

SAVE CARRY

SAVE RETURN ADDRESS

SAVE ACD

SAVE ACH

SAVE AC?

SAVE ACZ

CYCLE START INDICATOR

DATA COUNTER

OINCH DATA BUFFER

3YTE PAINTER

PUNCH DATA ADDRF3S POINTFFP
SYUNCH DATA COUITER CONSTANT
INTFPRUPT CARRY SAVE aDD
INTERRUPT AC® SAUF ADD




SO R

PTP3V:

FRET!

RCYCL:

; THEF

LDA  J,0P+15
STA Z.P41
LDA S5,80476
>TA I,P44
STA. O.P+5
STA 1 ,P+4
STh 2rP45
LdA 0,0

STA SRLE
NINDC PTP
INTTN

LDA 0,P+7
REtAY :.-II?ISNFS
JSk BCYCL
LDA 9.,P+11
Y D,1,8NR
J AP PRETHN
LOA 1,12
9IOAS NLPTIP
OV 1,1,SIR
JHR -0
VS 1)

STA  D.P+11
SUBLL 1.1
5Ta 1.P+12
NI L

JSP HeY QL
DS P+1"
JAP . PRETIN
LDA 1,P+14
STh 1.P+10
Tyn 1,0

LTA J,P+11
LDA DeP+1
SOVR 4.3

LoA D043
LDA 1.,P+4
1LDA 2,P+5
LDA 3.,P44
Jne anr+?
Lhr  2,P+13
Loa D,0,2
INC 2,2

“TA 2,P+13
“TA N,P+11
SR 2r?

5TA 2,P+17
NG 2,2

STA  P2.P+7
Jwr 0,3

SERVICF RAOUTTNE

; SAVE CAPRY

;RAVE AC

K4
2

;SAVE ACH
;SAVE ACT

ZSAVE AC

?

S SAVE RETURM ADD

;IDLE PTP

STURN DN

INTFRRUPT AGAIN

sCHECK FOR THE PEGINMING OF
; PUNCHING CYCLE
;YES, GOTO RESTAPT TWE CVYCLE

SGET TYF

PUNCH DATA

sCHECX IF DATH TS ZFON

;DISMISS

sGFT THE

;OUTPUT

THE TSTFRRUPT
BYTr POIMTER
THE DATA

;CHECK THE 2YTE FPOTNTER

;POINTER

ZFRN

SSHIFT THE DATA

sCESTORF

THE DATA

;CLEAR 3YTE POIMTER

sRYTE POINICE 18 ZFR0O

SDECREAS

SCOUNTER
;COUNTER

;CLEAR D

sRESTORE

r DATA PPOTIHNTER
NOT ZERN, RETURY
ZFR0, HESET IT!

ATA RUFEFR
CARRY

5O

AL

AC
ACTE

;GET DATA PRINTFR

SGET THE

;INCREAS

SRESTOPF
SSET Up

DATA
FOTHE POINTIER
THE POINTER
DATSL RUFFER

;CLEAR AYTF FOTNTER

sRETURY
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TT1LY:

VT THTERRUPT SFOVICE

A X

hX)

e % N vy N

INTDS

LoA
Js5
Jse
LDA
suny
J WP

LDA
3URY
Jwp
30
LDA
SUN Y
Jne
Lba
VR
g
LDA
SUH
JVP
ISR
LDA
SURH
g
LA
FIEE:
Jup

sCOMMANDS =

J,CRLF
»5

aﬂh
1,5

Ur1,9NR

STPTC

1,R
Nr1,52ZR
ERORT
G0
1,CR
Or1,SMEK
2

1rL
i),1,5NK
LISTR
1,5
re1,52IR
<+11

4D

1,A

Jr,T,SNP

rd

1,¢
#1,5NR

CONRS

J1P ERORT

LD
SHRH
JMp
[
LR
Jnp
Jsu
3TA
LDA
Sdsa
J4p
J e

1,0
dr1s,SNR
2

1,4
0,1,51R
ERORT
Me aRIMN
1,ADDRS
1,CF
Ns,1,S2¥
EROR1
VADDRS

3 SET POINT STEP CHANGE

R CRESZTART AT EXEC

RD RESTART AT DERUG
RACADD)RESTART AT &DDRFSS

RI I.LIST ALL PARAMETERS

RSA RESET aLL PARAMETERS

RSC RESET ALL CONTROL PARAMETERS

;OTSMISS TMTERRUPT
SSEND CRLF

;INPUT ONE CHARACTER

;TO CHECK FOR SFT PAINT INTERKRUPT
;FIRST

;GOT0 SET POINT UNIT STEP CHAMGE
;INTERRUFT ROUTINE

;MO, CHECK FOR CHMAR R

;IS 1T "R™ 9

;ND, GOTA FRROR ROUTINE

YES, TNMPUT ANOTHER CHARACTER

15 IT "CR"™ 2
;YFS, RESTART AT EXEC
;CHECK FNR CHAR L

;YES, GOTO LIST ROUTINE
:NO, IS IT 57

;NO, G0TO TO TEST OTHERS
;YES, INPUT ANATHER CHARACTER
;IF TT 15 A2

sALL PARAMETERS RESFT,
;IS 17T €2

RESTART!

JOMLY MODIFY CONTROL PARAMETERS
;INPUT ERROR!

JH0, IS TT o' o2
JYES, RESTARET AT DERUS

MO, IS 1T "AY o2
”Qr GATO EEKORN EDUTINE
YE EMTER STARTING ADDRFSS
STORF THE ADDRESS

GET CR

S BREAK CHARACTER CR?

D, SNTO ERROR ROUTINF

O0TN THF STARTING ADDRESRE

-
’
.
r
-
r
-
’
-
»
.
-
’
-
r

I
N
G
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FRORT:

CONRS:

<ALFA:

LDA
JSR
LDA
JSP

JMP

LD A
40V
Jup
IS
Jup

ALPAR

27 .MEST ;SEND ERROR MESSKAGE

o h

NsCRLF ;SEND CRLF

35

Trisy : sUAIT FOR COMMAND AGATIM

1,CONON ;TEST 1F CONTROL IS ACTIVE .

1,1+5NR ;15 INDICATOR SET?

HOCTL ;NO, DO NOT MODIFY

RLALRPA G070 CONTRNAL PARAMFTER #WODIFICATION
NOCTL-2 ;HALT FOR COMMAND
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AND

; CONVERT AN ASCII OCTAL CHARACTER STRTNG TN A DINARY
; NUM3ER '

; INPUT: CALLS A GET CHARACTER ROUTINE WHOSE
; - ADDRESS %WUST RE STORFD

; IN LNCATION 47 0OF PAGE 7.

; CHARACTERS MUST BE RETHRNED,

: RIGHT ADJUSTED IN ACN WITH BIT #=0
; INPUT OF FORM: ,

; 00...0(RREAK)

f WHERE 0" REPRESNETS AN OCTAL DIGIT
; YREAK IS ANY OTHER CHARACTER

; OUTPUT: ACI CONTAINS THE ARFAK CHARACTER

; _ACT1 CONTAINS THE RINARY MUMRER (0D
: 200000 0CTAL)

; CELLING SEOQUENCE:

; 1SR LOBIN

; RETURN

; IF AY TNDICATION IS DESIRED TO SIGMAL CHARACTERS ARF
; REQUESTED, CALLING SEQUENCE:

; Js» LOBNT

; RETURN

; AN ASCII "0" FOLLOWED 3Y A NULL CHARACTER

; 4TIL ZE TRANMSMITTED VIA ACH

; TH USEx 2UT CHARACTER ROUTINE WHOSF

; ADDRESS "UST BE STARED IV LOCATICW 41 OF PAGE 01

; CAUTTON: RESULT IS M #M0D 200000 (~CTAL)
: E.G. 576452% CONVERTS TO 176452
: DESTPOYED: ACD, ACT1» AC%, CARRY
; INCHANGED : AC?
L0841 oTA 3,.EE0% ; SAVE RETURH

STA ?2,.5602 : GAVE AC2

LDA N, . EER?

J57% PLEE4T ; SENMD "o

13 0,0

JSR @, EE4T : SEND NULL

SR o+
LORfIe 5TA %, EED? ; SAVE RETURN
STA 2, €02 M SAVE ACZ
GUT 1.1 ; CLTAR RFSULT WORD
STA 1, TE1D
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SEERN:

LEEJ?Y:
EEN3:

<EET1i):

.Ee2Ns

FEZ21:
EE7Z:

LEE4N=4D

LEE4T=41

JSR G.EE4LD
LDA 2,.EE2D
LOA %,.FEZ21
ADCZH# 3,0,5%C
ADCZY ,2,S2C
JMP .EE9?

sU2 2.0

LDa 1,.EE1D)
MOVIL 1.1
ARV W I |
MIVZL 1,1

ADD 0.1

ST 1,.FETD
JwP JEEQX

e LTI TR F R X

A X}

e

LDA 2,.EED?
LDA 1,.FEETD
J¥p A EED?

e we e

i ;
) ;
53 ;
N7 .
" -

0 ;

Nr Ye Wy W
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GET A DIGITD
0CTAL AN

DCTAL #7 . i
TEST FOR AN <=i<= A7

NO - MUST #g BREAK CHARACTER
; PUT N TN KANGE Q-7

SHTFT Suw

LODP TTILL RBPRFAK RECEIVFD

RESTORE AC?
AHSWER TO AL
AND RETURM

SAVE AC?
SAVE RETURN

STORAGE FOR RFESULTS

ASCIT "3
ASCII "7"
ASCIT "O"

PAGE {} ADDFESS OF GET A
CHARRACTER ROUTINE

PAGE {1 ADDRRESS 0OF PUT A
CHARACTFR ROUTINE




"./7

Ne Ny Ms Ve N Ne %,

wa We % Ny

S

COUNT
STEPC
CRLF:

o

OO VYD

p=J
<

TETC:

e
im

2 =%

=

w
[ I I A %]

A
m

X se se ve ss ve e

« 31N

ET DWIJT

THTS

S YE youR
"STEPCHI".

[Fx vy}

e

AFTER THE SET POINT CHANSGED.,
FILL BT RESTARTED AT

STEM

ROUYTIE

PROGRAM.

LDA
JSK
FEMT

FrLoan d.a.

2r.M511

D4

H2OT

FFDCF. DO

FLDA
FADD
FSTA
FEXT
LDA

JSR

FENT
FLDA

FFDCF

FEXT
Lba
JEPR
YR
JoN
P37

1,5TEPC
1.9
Usra.H2OT
2r.512
b

DrdoH2GT
H

2s,.71821
a4

1,7

b2

COUNT

WILL GIVE

TO THE TEMPERATURE SET POINT.
T VaLUJE ARE ASSIGNED, ENTER
STEP CHANGE AT LOCATIONMS

CHANGE SU3IROUTINF:

A STFP CHANGE NF 5 DEG F
IF AMY . DTHER
FLOBTING EFORMAT

"STERCY AMD

THE

WHOLE SYSTEM
THE FXECUTIVE

THE
"YRESTR™ OF

;SEND MFGSAGF

;GET TEMPERATUKF SET POINT
;OUTPUT TENP SET POINT

SGET THE STER CHANGF

SGET STEP CHANGE

SRESTORE TE#P SFT POINT

;OUTPUT THE NEAJ SET FNOINT

JSEMD NELL nY PAPER TAPE
JFOR SEPARATIOM
AL

;ODECREASE DATA COUNT

Juwe =2

LOA P e
STA  (,COUNT
JMe .RESR

;RFSET CNUNITR
:HOTO RESTART THE SYSTFR®M
MESS
MES21
MEST
MESTE
SESTR
15
N.SE+1
5015
"R

"b

"y

g

"L

llc

15

FS: U

L031H

Ny
ee 98¢ 63 so 3 ¥ 93

e

;UCROAND LF
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IsT

-

“s Ne Ve

Ne “e %o Ne

NOCTL :

QUTPT:

AN I
~M314
SM515
SM51 4
LART
Y
LMH1
<SAT
-H2D1
LONF®@
«CTLS:
CONNM:
BACKA:

DF ALL VARIASLE PATAMETERS IN THF SYSTEM

SAITY:
H?OTH:
CONFAQ:

AND OTH

LDA
JSR
LDA
JsR
LDA&
J§R
Loa
JOR
LbAa
Jse
LDAa
JSK
LoA
JSk
LDA
R RY)
JHE
LDA
Jsp
Jsw
LDA
Jsr
JMP
LDA
JSu
Jmp

STh
FEMT
FLDA
FFDCF
FEXT
Jup

ja]

DN LYAD

,,.-,m
DA S

m T mon m

e BEVY]

N O AT S N

P T e
7

n
o
—

Q

SANHT
H20T™
CRFRA
CHTLS
1
D

HF PARAMEITERS
SAMPLING

Time (SFC) .

TEMPERATURE SET POINT (DEG F)

PERINOD FOR LIGITAL FILTER CORNER FREQUENCY

ER CONTROL PARKAMETERS

2,.M513
D4
ZI.SAMT
QUTPT
2,514
A

2, H20T
QUTPT
2,515
YA
2rs.CNFQ
ouTRT
2r.M515
A
2,CONON
2,2 ,5NR
HocTL
2r.MS17

[

2.CTLS

Sro 15310
A
TTISV4T
2s.MS1E
A

-5

A.BACKY

0,0.,2
r

D3ACKYW

JGET SAMPLINS TIME PRINTER
DDUTPUT SAMPLING TIRME

:GFT TE®MP SFT POINT POINTER
;GET CORNEP FREQ POINTER
;TEST IF COMTEOL IS ACTIVE

;MO CONTROL

00TO QUTPUT CONTROL PARAMFTERS

;RETURN ADDRFSS

:GET THE DATRA
;OUTPUT THF DATA

SRETURNM
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:TIO QUTIUT ROUTIVE : .-

MmMaskls 177771 ;PTLC,PTP AND TI11 CAM INTERRUFT
MASKA: 107773 JONLY RTC anND PTP CON IMTERRUPT
TTOSY: LDA 2,.MES? OUTRPUT HEADTNG

JSE R4 :

LDa 2,TTOCN ;CHECK FOR THE DATA READTNMA

Moy ?2,2,5NR ;IS THE INDICATOR ZERO?

Jwp . =7 ;YES, DATA MOT READY, WAIT!

sur 2,2 :SET DATA POINTER

JSR L. FDC ;AUTPUT THF DATS

£.d&  U,SPSP ;SEND SPACES

JsR o as :

INC 2,2 ;INCREASE POINTFF

INC 2.2

JSk  L.FDC JNUTPUT ANMOTHER DATA

Lba  (O,.CRLF ;DUTPUT CR AND LF

Jsn As ‘

su3 0,0 ;RESET DATA KEADY INDICATOR

STA N,TTOCH
JYP  TTOSV+?

LMSTN: MESIN

LAESR: VESSY
DANDT: 13002
RETwR:
CCRLF: 3015
SPSP: 200410
TTaCH: D

- FDC: STh L,RETRY
INTDS
LDA  3,MASKYZ
bors 3.CPU
FENT
FLDA U,20.,¢ ;6FT THE DATA
FFOCF 9 ;OUTIUT THF DATH
Frvy
INTDS .
LDA  3,MASK1
poas 3.CPU
JYE  ARETRN SRETURY

~a
(%]
-
==
iTh

RETHRN
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S MEStS

"

MESST7:
MESS e
DEVICE
MESSA:
MES1(}:

MESTL .
MEST1? ¢

MEST S
MEST 4
MESTS
MESTA
MEST S

te a0 S0 g0 29 2

MESTY

MESZ21T:

LTXT /<€15><12><125<12>COMMAND FRROR, TRY AGAINICIS><12><12> ¢

LIYT /<155<125<125<¢12>DEVICE TNTERRUPT ERRCOR.C15><12>
CODE INM AC1; CHECKX YOUR SYSTEIRYICI5><12><12>/

JTXT /7<152<12><12>2INLFT. TFME DUTLET TEMPCTIS><K12>/

LTIXT /<152<125<12>ANDTHER SFT NF DATASKTIA><12><12>/

LTXT /€155<12><125HR0TY &/
JIXT 7/ F To /

LIXT /<155<12><12>  SAMTM: / .
LIXT /0 SECOMDCIS><12>  H2QTH: [/
LIXT / -DEG F <15><1¢2> CONFG: !/

TXT /1 SECOND<15><12>/

LIYT /<C€155<125CONTROL ACTINN IS ACTIVE. THE PARAMETERS ARFE
LTXT /<€155<12>CONTROL IS IVACTIVE/

SIXT /<1525<12>IMPUT YAUR COUMAMD PLEASFE<T1S><K12>/
JTXT /O F<15»<12>/
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s A mdon acn e

10X08:

Ioy1s:

I0Xhes

MASKT
<. SAV:
cR:

LF:

PTRO:

;170 DEVICE HANDLERS .

LTITL

SNPFL

5TA
LDA
JSR
LDA
YOVvsS
AND
Jue
ise
INC
P

3TA
LDA
J5R
synsy
JMP
LDA
Jse
Je

oTe
JER
VS
JS¥®
Jap

1
1¢

Ny N

SKPiNZ
J “f P
DOAS
Jp

JOHOLR

57 ..5AV
N,0,2
341

Y oMASKE

0,3
1,3, 8NR
DeeSAV
&4

2,2
I0XNS+1

37..5AV
1,CR
&40
(},1,SZR
.2

DsLF

41
AL LSAY

. S5r..5AV

A6
0,0
ah
e o SAV

;OUTPUT THE CHARAMACTER
sMASK THE LFFT MNST ¢ aTTs

sCHECK IF THE CHARACTER IS NULL
;YES, OUTPUT COMPLFTE. RTTURN

; N0, QUTPUT THE CHARACTER

: INCPFASE DATA POINTER

; DO THE NEYT WORD

;OFT CR

;INPUT THE CHARACTER
:1S THE CHARACTFR CR?
;HNO,INPUT THRE NEXT ONE
;YES, SERT LF

SRETURN TY MATN PROGIAY

SOUTPUT 1T

SSHIFT TO LEFT % MOST BITS
;OUTRPYT

;RETURN

I S ;IF THE FTP IS 2USY
-1
J-PTP ;OUTPUT THE DATA
1,73
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NPT: A0V 0,T0,8NR ;CHFCK TF ACO IS iERO

JvP 0,3 sYES, RETURN!
SKPRZ TTD sN0, CHFCK 1F TTo IS RUSY
Jan o .-=1 -
DOAS 0,TTO ;HO, OUTPUT TO TTO
Jap 0,3 ;RETURN

I1PT: STA  3,SAVEK ;SAVE RETUR®
SKOpN TTI sSEE IF TT1 [S RUSY
Jae U= SYES, WATT! .
DIAC O,TT1 ;NN TNPUT THE DATA
JSk  OPT. : SECHN ON TTY ‘
LDA  3,MASK :MASK TO 7 RITS
avMD 3.0
JMP ASAVER sRETURN

SAVER: B
MASK : 17¢

LEXND
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ADKED:
VOLT:
VOLT1:
CHAL™:
PREAD:

READT

KEAD

o
[X]

;THFE DATA TAKING .
JPEADS Tol0 READIWNAS "FRQM ADCV CHANHELS ' AND 1

-
,

LTITL
SEXTN
SEXTH
SENT
<ENT

.7TREL

.BLK
.BLK
. 2LK
CONTL
J.dbk
M.54LE

SNRIL

Lha
S5TA
LD A4
ST R
ER N
STA
STA
LDA
5TA
LbA
O3S
U3
DOAS
Lha
INC
JMp
I.DA
5TA
bIc
HE G
LOA

READR
ITHMP,
PCBCK.,
SAMMT,
SANMT,

2 .

5
2

2
+2

o

Ara AC3

Z,SYACSH

SrnJCARY

SeSYCRY
N,SYACND
1,5YAC1
?2,SYAC?
0,0
0,5YADD
N, MA5K2
irCPU
3,3
35,ADCY
0,ADCST
0,N.52R
-1

Y, .ADST
J,ADCSI
O,ADCY
0,0
1Y%

CONT

ACTH
CRFR
RFAD

v
-,
.
#
-
’
-
”

L4

-
’,

ROUTINE

L
s TTOCH
.,

1, INCNT

CARRY.,

GOCNT,

FFNT,

voLTa

FINT,

EADING TE"PORARY STORAGE

R

FIRST KEADIYG FPP
SECOND RFEADING
C

FPP

INTROL ROUTIME ADDRESS
;LAST READIMNG CHBNNEL !

:LAST READING

SAVE

SAVE

ADPRESS 0}

;RESET PRIOETITY
IMTERRUPT AGATVW

SET ADCY CHAMMNEL POINTER
sSELECT ADCV CHANNEL

READING TI™E CONSTANT

’

;GET ADCV
SWALT FOR

TURN OM

E™D

ARTT AGATIN
SRESET TIME COUNTER

SJINPUT THE DATA

-
”

.
’

TuRM
GET

LI}
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POCITIVE

CHANNEL 1

AC35 AND CARRY

OF CONVERSION

MAX RFADINAG LIMITS




ADC LA
JMp
SUTZL
ADCZH
Jvp
SThA
nov
Jp
INC
J e
SUEG
LDA
LDA
STA
STA
STA
STa

LDA
STA
LoA
$TA
LDA
TTA
FINT
5U3
FENT
FFLO
FLDA

1,1,3NKC
KEAD?

1.1
1,70,5NC
READ?
D,ADRED,3
3,%,S1IP
.+3

525

READ?

e 5
1,ADRED
2,RDRED+1
3,V0LTO
1,VOLTD+1
S,VNLTO+Z
CAVOLTO+3

0,7

e FFWSA
O, ITHF
J,51TMP
Vs . WSA
3.7

Qe

VOLTD,?
2,VO0LTO,2

;TS READIMG GREATER THARN MAX?

;YES, READ AGAIN

JEET THE LOWER LIMIT
;15 READINT SMALLER THAN

;YES, READ AGATN

;STORE THE READING

;IS CHANNEL POINTER

;INCREASE CHANMEL POINTFR
;GO0TO READ ANOTHER CHANNEL

;GET FIRST RFADI

NG

;GET THE SECOND READING

sCLFAR IT

;STORE TO FPP ARFA

SCLEAR IT

;STORE TN EPP AREA

SSET UP ANOTHER

;INTTIALTZE THE

JENTER FPP

SCORMERT THE READING INTO TFMPERATURT

EPP SYSTW

.N cy F on

o bl

;CONVERT INTO FPRP

SGET THE
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READING

LERN?

vIN?

X (M)




SYACT:
SYAC
3YAC
SYAC”
SYCRY
SYAD
SITvP
Fruse
SANNT
SANtT .
CRERG:
BTN
~AC7:
-CARY
LITHME
LPCRY
. TnCHN
BETA:
ALPHA:
GAMMA:
MAX:

SEPAT:
ADCST:
.ADST:
"TASKT:
MASK?:

e S0 9 B0

sDIGITAL FILTERING

;THE FTLTER ALGORITH™ 1S

e N9

FLPA 1,PREAD,Z
FLDA 3,SAMMT
FLDA O,CRFRQ
Fapd 0,3

FDIV 3,0

FMpY (1,1

FLDA 3F,SAMMT
FLDA U,CRFRAQ
Fanp 3.0

FOIV 0,5

Fary 5,2

Frabv 1,2

FSTA 2,PREAD,Z
FJHP CNVRT

oLk 2
SY 4SA
ACE
CARRY
ITwp
PCPCK
TTHCH
1.117219
9. 37497FE-4
35.98227¢
69

A Y4
1727771
177771
177771
1727773

YNZ(T/(T+TSIIAY(N=T)+(TS/(T+TS))*XN

T PREVIOUS RFADING Y (N-1)
T SAMPLING TTME Ts

©T CORNER FREQUEMCY T

THTS

T/CT+TS) ,

Y(N=1)* (T/(T+TS))

T

T

\

m mn

DD

D
m

S

We e %e W3 Ve N3 W N

s T+TS

;TS/(T+TS)

KM F(TS/(T+TS))

YD) =y (N=1) T/ (T+TSIEX (O )*TS/(T4+TS)
;Y(N=1) IN PREAD+ACZ |

;GOTO CONVFFSION ROUTINE
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CNVKT:

Kac«T:

;TEMPERATURE €
;COMVERSION ALGORI THM:

’

FLDA
FMPY
Faey
FLDA
Fapy
FLDA
FADD
FADD
rsTa
FSTA
FEXT
S0V
Jup
1C
INC
Jap
Jap

suazL

STA

J 5K

5,83ETA
2,3

2,2
OrALPHA
N2
0,GANMMA
5.0

2s,0
J,v0LT0.2
G,20,2

2,2¢SIR
+4
202
2s2
TEMP+1
«+1

33
3,0.TGCH
wCNALM

ONVERSTION

TEMP=ALPHAX(READINGIA**2+PFTAXREADINGHGAMMA

SET THE CONSTANT RFTA
AETA+V

VY -

GET THE CONSTANT ALPHA
ALPHA*V*V

GET GAWMA

BETA+V+GAMNKA
SALPUAKXV* X240 E TAXV+GAMYA
;RESTORF THF TFE“PFRATURF
:STORE T0 QUTPUT BUFFER

M N Ne N N Ny N N

IS DATA POINTFR ZFRO?

NO, G0 AHEAD

INCRFASY DATA POINTER

;8Y Tun

;GOTO CONVERT ANOTHER DATA
;RESERVE ONE SPACE

-
-’
-
’
-
,r

sCONVERT CYCLE THDICATTOM
JENTG CAMTRAIL SURRAUTINF

-~ 118 --




€2
INCH I
SY"’SA:

SEND
;INIT
s AMND

LDA
LDA
STA
suad
STA
410C
LOA
DDA
LDA
STA
LoA
STh
LDA
“OVR
LDA

LDA

LDhA

INTOS

LDA
HRVELIN
TI08
Lba
Jwmn

/N

OF ONE CONTROL CYCLF

IALIZE THE PUMCH DF DATAS

RESTORE COMPUTER STATUS

n,cz2n sGET DATA POINTFR

2r,.PCRK ;GFET PUNMCH CAONTROL BLOCK
,1%2,2 ;RESET PHNCH DATA POINTER
UV,U

Jr?r2 ;RESET PUNCH CYCLE START INDICATOR
PTP ;IDLE PTP

U,SEPAT ;GCT DATA SEPARATE WORD
DrPTP ;SEND SEPARATE NORD TO PIP
0, FPWSA JRESTORE WKITARLE ARFA ADD
D.7

DeSITHP JRESTORE FPP TEWP STORAGE
ﬂr;f’-ITMP

V,SYCRY JRESTORE CARRY

0,0

T,SYACT ;RESTORF ACS

?,SYAC?
5,SYACS

SDISARBLE THIFRRURY
0,*45€1 sRESET PRIODRITY
HrCPU sTURN ON INTFRRUPT AGAIN
pTe SSTART PTP PUNCHING
De3Y8CH ;RESTQORE ACT
TRYADD JRETURN TN MAINM PROGRAMW

JSF SCHALM

-RLK

END

1.
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ALPAK:
RPIKS5T:

RETEIT:

RITIM:

RU1:

SMULTIPLICATIVE CONTROL ALGORI THM

STITL MULPLTVY _

CEXTN VOLTO, SAMMT, FENT

CEMT  ALPAR, H20TY, CONTL, CHTLS, ACALC

;CONTROL PARAMETER RFEQUESITIONM SURROUTIME

’

; FILCT: CONTROL TIME COMNSTANMT
; KPRAC ¢ PROCESS GRAIM

H KCONT ¢ COMTROLLFR GAIH

e "1 LOAD 1

M uzs LOAD 2

; A T CONTROLLER CONSTANT '
~NPREL

STA 3,RETRM JSAVE RETIHRH

LDA 2, mESO ;SEND REQUEST ®MESSAGE
JSKk Wh

FEMNT

FDEC U SJUINPUT THE PARAGETER

FOTA ,FILCT ;STORE TO CONTRNOL AREA
FEXT '

JGR ¥

JUr . RPKRST

LDA& s MESY JREND RFEQUCELT MEFTIAGRE
JSR NS

FEMT

FOFC

FaTa ,KCONT

FEXT

JSR A4

INP RSTEP
LOA  2,.MESG
JS2 a4

FINT

FRNFC 1)

FSTA 2,1TINE
FIWT

NI F A
dae RITIN
LDE 2, .MFES3
Jsa 14

FeMT

FOFC )

FarTa 3,1
FEYr

JSR XA

JMe RN

JUP  ACALCH+1
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ACALC:

N Ne Yo Nehe N

STA

FEMT
FLDA
FLDA
FLOA
Fapy
Fv2Y
Fary
FLDA
FADD
FAbD
FSTA
FLDA
FLDA
FLDA
Fwpy
Fvpy
FYPY
FMPY
FLDA
FMPY
FADD
Folpn

~ELDA

Foun
FLDA
FLDA
Fary
FADD
FLDA
FADD
RV RY

FSTa
FLIA
FLDA
FOTV
ENEG
FEXP
FaTA
SR
FSTA
FSTA
FSTA
FEXT
Jup

POVALUF AND 8 VALUE CALCULATION

A=(KI*K2*K*R+KT K2+ UT+U2-R)/

(K*RAR=K 1 K2AKAR*UT~K*R+1J2)

R=EX®(-TS/TC)

S5,RETRN

D,H20THM
T,ALFHA
2,8ETA
0,2

0,1

0,1
U0,GAMMA
1.7

2.0

1+ KPROC
F,H20TH
2,KCONT
1,02
3,2

201

2,0

kY ¥
'3’“1
N,3

3.1

1,¢
1,HPOTH
1.0
1,XPROC
KRN
1,3

3.0
YUl
3.7

2.7

0, AVALL
0,A3AMT 4
2,FILCT
2,7

U-,9

0.0
Os3vVALY
0,1

0, PRINT
0,ERENT
0,YHEFE

ARETRN

-- 121

KeROC

e % Ny s

JH20TM2

;ETA+HZ2O0TH

CALCULATE KPROC BY

ALPHAXH2OTNT?
+ BETAXHZ2OTMEGARMA

SALPHA*HZ2OTR™?

GAMMA

r

SEPROC

;R

K

S uz

JKAR
JKAR*U2
JKAER®G
JK*R*R
;U1
FRAR*G X

SALPHA*UPOTH 246 AMMA

SERDAGKIT + Y #2417
JERRER=¥ARXCx1)]

;R
sK*G*H-R

o
P

;U1
sh AU

JEAGRRAGAYT =0

;U2

JEFCAR+ESAYT -0 412
J(KAGXRIGHUT=R+ULP) /
JUKARAR-K*RxGxrUT-KxR*U2)

;ETORE TO
;TS

;TC
;TS/TC
=TS8/ T7C

JEXPC=TS/TC)

A

;ITFXP(=15/T¢)

SJRETURN TO FXEC PPOGHAM




LMEST:
LMEST:
~MESZ:
SMEST
«MES Y
-:':EGS
JHMESL A
RETFI
FILCT
KPRGC:
H20TH:
KCONT:
PRMNT ¢
FRE'IT:
DIADT:
AVALLL:
BVAL:
1:
U2
~CNTM:
SAMT e
UPLMT:
Lal?Te
PRCGe
FRUFD:
FPOIF:
YRFFE:
1TIvE ;
ALPHA:
RETA

GAMIA:

8 39 %e te o8 o0

SIRTL

MESSD
MESST
MESSE
MESS T
MESS4
MESSH
vELRSA
T

.dlLk 2

L3LK 2  :PROCESS GAIN

.BLK 2 JTERPERATURE SET POTIANT
LULe 2

L8LY 2 P(UIN=-1)

23LY 2

LBELK 2 ;DACY OQUTPUT RUFFER
LOLE 2 :
L2LK 2

.BLk 2

25.9%

VOLTO ;TEMP READING POIMTE:
SANMT SSAMPLING TINAE PARAVETFER PPIMTER

do17E+2 SUFPER LTWIT OF # (M)
.78+ ;LOMER LIMIT 9F P

P ;OD/A COMVERSION COHNTTANT 1
29 .0 ;O/A CONVERSION CONSTANT 2
1.3U ;1

.00

23,04
".23210E~4
=4, 30604581
P1.614
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et o o e i o 7 et

AMile 1.

RACK ¢

- Y
s 2l
; 3y
’

LIME THMING F "A"™ VAILLF
INTEGRATION '

s ACH)=AIN=TI+TS +E/TT

. T L

FLDA
FST2A
FLD3
FLDA
Fsum
FLDA
Fuapy
FLDA
FDIV
FLOA
FADD
FSTA
Famp

0

VA H2GT M ;R -
PACK ) JSAVE RTTUKY ADDKFRY
LCNTM '
2/2'03 ; C
0,2 sE==(R-0)
D, PSAMTH ;T4
0,2 ;TS xE
D,ITINE ;11
0,2 ;T3 *E/T1
DrAVALLU JACHN=-1)
2.0 JACNY=ACH=1)4TS *E/T1
D,8VALUY JACM=1)=A()
498CK SRETURN
JRESERYE FOR RETURH ADDRFSS
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CONTL:

X (N)=KAE (W)

Ne W Ve Ve N M Wy Ne Ny Ay

STA  3,RETRN
FRYT

FISR ATHNMT
FLOA O,AVALU
FLDA 1,FPONFE
FLDA 3,BVALU
Fsua 3.1
Fary 1,0
FLDA 1,PRMNIT
Fvey 1,0

CFLDA 2,YREFE

Faapy 2,3

FADD (0,3

FSTA 3,YREFE
FLD3 .CNTH
FLDA 2.,2,5
FaRry 2,7

FLDA O,HZ20T™
FSn 3,0

FLDA 2,KCONT
FSTA D,ERENT
Fdp 47

8

F 2Py 0,2

F22\V 2,1

FLDA T,LuLMT
FSTA 1,PPMNT
FADD 0,1

FOMP .+35

1]

i)

FLDA O,1PLMT
FSURR Js1,0S1LT
VP SETUP
FLDA [, LWLMT
FSURE T,1,FSOT
FLDA 1,LWLMT
FJuap HOROT
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MULTIPLICATIVE (NTROLLRR FOR INE‘SYSTF” :
HES)=G6/¢5.307~+1) "2
AS(KTAK2AKARFLTHE2 % T+12 =R/
(KAR*R=K1*K2*kVARKIJTI =K *RA[17P)
Y(N)=A*X (N=1)%(1-B)+Y(H=-1)x*D
E(N)=R-Y(NY*C(N)

R=EXp(-TS/TC)

:SAVE RETURN ADD

;ENTER THE FEPMP
sHMUNTPULATE THE "a' VALUF
;A

s+

;R

;1-8

sAX(1-R)

JX(M=-1)

FAXX(N=-1)*(1-9)

JYON=-T)

JY(N=1)+1
SY(N)SAAY (N=1)% (1=0)+Y (M=-1) *p
DY (H=1)=y ()

sC(N)

SCCHY XY (08)

e
SJEMN)=R-=C () *Y (H)
. K

SEIN=1)=F (1)

JRESFRYF 3 LUCATIONS FOO
;PROGRAM MONIFICATINM
Y (N)=KHE (M)

JGET +7

JY O = +y
JRESERVE 3 LOCATIDNS

SGET UPPER LIMIT (129'5AG)
SSKIP TF VALUYE < UPPFR LINMTT

GFT LOWFR LIMIT (2PSIZ)
SKIP IF VALURDLOWFR LIMIT
SET OUTPUT=LWLNTY

GOTN NORMAL OUTRUT




SETUP:
MORNT:

FLDA
FJMp
FLDA
FLDA
Fraey
F5UB
FSTA
FFLY
FEXT
LDA

SR

D23

DOAS
Jup

TP LMT JSET QUTPUT=NPLMT

<+ ;STORE PRESENT PRESSURE T0 ML

N,PRCON sCONVERT TO HARDWARE PRESSURF

2,PROFS

Ur1

2.1 ,

1,01G0T7 JETORE TO DIGITAL OUTPUT AREA
DIGOT sCONVERT T FIX POINT

1,DIGOT+1  ;RET THE OUTPUT SIGNAL
0,0

OrDACY ;DACY CHANWNEL 2€KQ SELECTOR
1-DACV ;OUTPUT THE CONTROL SIGNAL

WYETRN ;60 BACK TO READI
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ALPAR:
RITIM:

RPKS5T:

CNTLG:

JPROPORTIONAL AMD INTEGRAL CONTROL ALOGRITH®
<ITITL PICONTL

CEXTH VOLTO, SAMMT, FENT |
-ENT  ALPAR, H20TM, CONTL, CNTLS

;CONTROL PAPAMETFER REQUESITION SURZQUTTINE

;O ITINE INTESRAL TIME  (SEC)

;o KCONT PROPORTIONAL CONSTANT (PSI/DEGR F)
SNRFL

5Th  35,RETRM ;SAVE RETURN

LDA  2,.MESD JSENT REQUEST MESSAGE

JSw WA

FEMT

FOFC N ;IMPUT THE PARAWMCTER:

FSTA 0,ITINE ;STORE TO CONTROL AREA

FEXT . '

Jse @ ;GOTO ERROR DETECT ROUTINE
JMP RITIM JERROR! REQUFST AGALM

LDA 2,.MES1 ;SEND RFOUEST MESSAGE

JSR Q4

FENT

FDFC O JINPUT THE FAPAYETER

FSTA O,KCONT JSTORE TD COMTROL AREA

FEXT

Jsw ;\r‘\
JMP RPKST

J¥YP  ORETREN ;RETURN TO FYXEC FRORRAW
5TA  %,R2ETRN ;SAVE KETURM

LOA  2,.%520 ;SEND MESSAGF

JSE 24

FEAT

FLNA 0O,KCONT SPRINT DUT CONT CONSTANMT
FFDC N :

FEXT

LDA  2,.;8521 ;SEND MESSAGE

JSPR Sk

FENT

FLDA 0,1TIME ;PRINT OUT INTEGRAL TIVF
FFEDC ()

FEXT

J¥P  ARETRN SRETURN
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SHE G
<MEST:
- 452”:
- MS21:

MESS!) s
MESST:
MES2
MESZ1:

RETR%:
ITINE:
KCONT:
HeOTH
ERENT
PRMM
DIGNT:
LCNTH:
SAAT™ .
vUppwr:
LWL™T:

PRCON:

PROFS:

"E 550
MESS1
MESZN
MESZ1

STYT
< TXT
< TXT
- TYT

N

.8LK
-3LK
«BLK
-9LX
. BLX
. 3LK

/<152><12>P1 CONTRALLF® <KIH2C125INTEGRAL TIVE (SEC)

1<15><12>PROPORTIONAL CONSTANT (PST/DEG
/<15><12>  KCONT: / :
! “PSI/DEG F<15><12> 1TINE: !

JINTEGRAL TIYE 0OF P1 COMTROL
;P1 CONTROL CONSTANT
;TEMPERATURE SET POINT
JERRMR(N=-1)

JPIN=-1)

;DACV OUTPUT BUFFER

VOLTIL.  ;TEMP READING POINTFR

SANYMT
N.1xE
N.%E+
2.a97

7 7an
O P

sSAMPLING TIME PARAMFTER PPINTER
+2 JUPPFER LIMIT OF £(N)
T SLOWER LIMIT OF P(N)
rPE=2 ;D/A CONVERSIOM CONSTANT 1
0r ;D/A CONVERSICN CONSTANT 2
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CONTL :

SETUP:
NORIT:

;PT CONHTROL ALGORITHM SURROUTIME
’

PC1)Y=P(N=1)+KCH(E(N)-E(N=1))+KC*TS *#E(N)/TT

STA  3,RCTRN ;SAVE RETURM ADD

FENT sENTER THE FIP

FLO3  .CNTM ;GET DATA PDINTER

FLDA D,+2,73 ;GET THE CONTRDL TSP  TH
FLDA 1,H20TH JGET TEMP SFT POINT TS
FSUR 0.1 JE(HRY=TS-TR

FLDA U,35AMTHM ;1S

FYPY 1,0 JTSYXE(N) -

FLDA 2.,XCONT ;% C

FAPY 2,0 JKCATS 4E (M)

FLDA 2, ITIME ;T1

Fo1v 3,0 JEKCATSY4E (M) /T

FLDA 3,ERENT JE(N=-1)

FSTA 1,EPEN1T

Fsig 5,1 JE(M) —E(M=1)

4Py 2,1 KCx(E(N)=F(1=1))

FLDA 2,PKNMN1 JP(N=-1)

Fapd 2,1 SPIN=1)+KCH(F(NI-E(N-1))

FADD 0,7 ;P(N-1)+KCH(E(N) ~E(N=1))+KCATS " *E(M)/TI

FLPA - O,UPLHMT ;GET UPPFR LIMIT €19PSAG)
FSURI O,1,F5LT  ;SKIP IF VALUF < UPPER LT¥IT.
rJapP SETUP

FLDA O,LwLMT ;36T LOGWER LIMIT (2PSIG)
FSURY 0,1,FS6T  ;SKI® IF VALUE>LOWER LIMIT
FLDA 1,L4LMT SET QUTPUT=LWLMT

FINP HNOROT ;60T NDRMAL OUTPUT

FLDA 1,UP1ILMT ;SET QUTPUT=UPLMT

FSTA 1,PRMN1 ;STORE PRESFHNT PRESSURE TO ML
FLDA (1,PRCON JXS(Y=PRCON) /PROFS

FLDA 2,PROFS ;Y: CALC. PRESSHRE

Faus 2,1 ;%: CORRFLATF FACTOR

FOIV 0.1 SX OIN FaCT

FSTA 1,DIGOT ;STORE TO DPISITAL OUTPUT AREA
FFIY  DLIGOT sCONVERT T2 FIX POINT

FEYT

LDA  1,DIGOTH+1 sHET THE QUTPUT STIGNAL
sus 0.9

hon n,DACY sDACY CHANNEL 7FRO SFLFCTOR
NOAS 1,DACY SJOUTRPUT THE cOonTRolL SISNAL
JWP ARETRN ;G0 BACK TN READY
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PCHTL:

FLDA
FLDA
FSTA
Fsun
Fapy
FLDOA
FADD
FSTAQ
FJap

. END

2ECONT JOET P CONSTANT

U,ERENT ©  ;E(M=-1)

1,ERENT

0.1 JECN) —E(N=1)

2,1 SKC* CE(M)=E (H=1))

0, enmNg ;O(N=1) -

Ur1 sP(HYEP(N=T)+ECH (ECNY=E (H=1))
1,PRMN1T ‘

N,3
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;OVSTEN INITIALIZATION PROGRAM

STITL HEEXEC

SFEYTN DEBUG, ALPAR, H20TM, THTRP., CPFRQ, SAN™T

LCXTN FENT, FINT, TTOSV, SAMMT, SATAW

CEXTN PCHCK, TTOCN, GOCNT, CONOM, INCNT

LEXTN 10X0S, I0OXDS, ERROR

.EXTN nPT, IPT, PYPO | ~

SEMT  STEXC, 1I0X0S, I10X027, T0OX1S, EXEC

LENT  FRROR, PTPO, IPT, RESTR

LENT nPT, GETC, PUTC, SR

.Lnc n

0 2 U INTERRUPT RETURN ADDRESS
SINTP:  INTRP ;1T INTERRUPT MASTER . ROUTINE
STEXC: J%FP RN.CEXE ; 2 START AT EXFCUTIVE PROGR A
STNEH:  J¥2 2_DENY ;5 START AT DETIG PEOGRAM
JI0XSs: I0vx0s 5 4 TTN NUTFUT & STRING NF CHARACTERS
L10X2: 10%02« ;5 TTO QUTPUT 2 CHARACTERS
CERTO: re30nR ;A FPD INPUT FRROR DETFCT
WSA: FOPWA ; 7 FPP URITADLE ARFA ADDRFSS

.Lng 2u

A0 :TTO QUTPUT DATRA PoINTRR

14000 ;DATA STHZAGE POINTER

LLNC 40
LIPT: 1PT ;40 TTI INPUT ROUTIMNF
LUPT: noy A1 TTO QUTPUT ROUTINFE
JPTRPO: PTRO ;42 PAPEPR TAPE QUTPUT BRONTINE
SALPA:  ALPAR ;43 ALGOKITHM REQUEST RAUTINE

’ 4] ;46 POTMTER FOR RELCATARLE LNADER

GETC=.1p1
PUTC= .00 T

LZRERL
SCEXL: EXEC JEXEC PROGRAMN ADDRFGS
SDERH:  DERUG ;DEHUG PROGRAIM ADDRFRS
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< 10%T
~CRF7
- MF ST
MESZ :
CMES S
JMESA
LMESS
LMESA
cAES 7 :
«20CH:
~PCRY:
«TOCN:
«MHZDT:
HIDTH:
PECT™:
CF:
L.F:
Cy:
Ch:
FRE & :
MASK 1T
STADBD
P B AR
S SAAT e

«SAT
FPRPOUT -
153071
<CNY:
S INCH s
NS B
FPmar.

10YIS
CRFROQ
ESST
MESS
MESSE
MESS4
MESSS
VESSA
MESST?

;TTI IMPUT C(UNSTORED)

sHEADING
;ASK FOR
:ASK FOR
;ASK FOR
;ASK FOR
;ASK FOR
;ASK FOR

DATE

TIME

SAMPLING TINMFE
TEMRERATURFE SET POINT
FILTER CORYER fREQUEMNCY
COMTROL OR HNNT

50CNT 7 ;GOTO CONTROL ADDRFSS

;PTPSV COMTRIL BLOCK ADUKESS
;TTOSV DATA READY INPICATOR
;TEN® SET POINT

;FPP F=FORMAT PARAMFTFRS

PC3CcK’
TTOCN
H2OTHM
12

4

1%

1e

”" Y

e \’ “
1
177771
13390
TTOSV
AT
SANMT
SATA
1.07

J < H1
CoNpY
INCHNT
19.90
~3LK 1:H)

;CHARACTER Y

sCHARACT:R

B

SRTC INTECRUPT FREQ=10U €PS
;INTERRUPT MASK

;OUTPUT DATA STARTING ADDRFESS
;TTI QUTPUT SERVICE POUTINE ADD
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EXFC:

ROLIT:

T RCNF

RCHTL:

LDA
LDA
s5Ta
Lba
STA
FIMNT
Lba
JSR
LDhA
JSH
Jsn
Loa
Jsw
JSPR
LDA
JSR
Feouy
FOFC
ELDA
Fapy
FSTA
FELYX
FLD?
FSTA
F577%
FFXT
J5i
Jep
Loe
Jsn
FENT
FRFC
FLDA
FOlv
FSTA
FEXT
JoR
JMp
(I
Jar
JSE

v

LDa
JSR
Lbn
JS®
1.ha

I

0,WIDTH
2, HNSA

Ur121,2
J,DFCIM
D,122,7

?r.MEST
W. LOXS
2, .MES?
V. I10XS5
A.T0OXT
2s.MESS
d.ITIXS
A.TOXI
2,."MESY
2.I0XS

7
2,.CN1D
0,2
2, SAMT
A.SAMT
2 e SAMT+Y
N SAMT
DLRATH

Aty
HULIT
erESE
D INXS

N
1,FRPOME
1.1
T,7.CKRFQ

o
RCHNFQ
2,.MESY
NLTOXS
ah"

(3,1
9,CR
00T
.LF
oLT
T,CY
1,0,SNk

;OET UP FP
sPARAMETFR

JINITIALTZ
;HOET HEADI

SPRINT HFA

SASK FOR D

sASYK FOR T

SINPUT TIW
;ASK FOR S

s INPUT
JGET 10.00
SSECONDx10
;sSTORE HZ

VE THE

-
P

ORE TO

sAOK

FOL F

FPP 0
/F
RE COK

;ST

D = o

<ASK FOR C
sIHPUT A C
s SAVE TNPY
:SEND (R
JSEND LF

T CHARA
INPUT

N

;08
;1S
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P F=FOR®MAT
S .

E FPP

NG ADDRESS
DING

ATF

iwrec

E

AMPLING TI

=H7
TO RUFFER

FIXED POIN

PATA POOL

[LTES FRpn
NE
HER FREG

DRTROL OR

HARACTE®R
T

Cive v
l'YIl?

ME

PATA SA®PLING. TIME

S A T DATA
;STOR{-— ]HF FPP DATA AGATHN
;5T

":‘ 0oT




RH20T:

Jwe
LDa
NER
Jap
Lna
“TA
SUR
S5Ts
Joai
LbaA -
Jsh
FENT
FDFC
FSTA
FEXT
Js®
JYiP

SUnzL

STh
LDA
STA
I3R
LDA
LD3
STA
STA
Ta
LDA
LTA
S
“TR
STA
NIDC
(O
BAS
Lhr
PROR N
Jwp

RH20T
OerCN
1,3,82R
RCNTL
1,154MP
1,2.G0CN
0,0
J,.CNON
RESTR
2,.ME80
m,IGYS

0
M,d.H20T

Nh
RitANT
0,0

O,3.CHON |

s INCN
s GOCN
. ALPA

2,.PCBK
1,STADD

- 0,20

3,21
0,15,2
J.DFCIN
0,10,2
0,0
Br12,2
N,3.THCN
PTP
,FREQ
N,RTC
PEISISE
T, CFU
B..TT0

(YES, GOTO ASK COUNTROL FARAMFTERS
;GET CHARACTFR M

SIS INPUT "nm2

sMO, WRONS INPUT, ASK AGAIN

SYES, DISMIGS COHTROL

;RESET COMTRNL TMDICATOK

JASK FOR TEMPERATHRE SFT POINT

JEMTERS Fpp
;INPUT THE STT POINT
;STORE TO BUFFER

;G0TH ERROR ROUTTINF
;SET CONTROL INDICATAR

SOET  JMP  nCNALM INSTRHCTION
JSTORE T9 PRNPER ROUTINFT

;0 TD ALGORITHM REQUEST ROUTINF
JRESET ALL PARAMPTERS 3FFORE.
;DOING THE DATA LOGGINS AND
;COMIROL FUNCTION

;1DLE PTP
INITIALIZE RTC

;MASK FOR INTERRUPT
SRS OUT AMD TURMN- O THTFRRUPT
;5070 DATA CGUTPUT ROUTINE
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MESST: «TXT /7<€152><12><12>
DIRECT DIGITAL CONIROL DFA0UMSTRATIONC]IN><12>/

MESSZ2:  JTXT 7<15><12>DATE ¢ /

MFESS4: ~IXT /T1IRE ¢ /

MESSA LTYT /<IG5<1?2>5AMPLING TIME (SEC) = /

MESSH L TXT /<15><12>VTE"‘“‘-PEP.ATU:'-’.E‘ ST FOTNT (F) = [
MESSA: LTYT "KA55C1?PDCORNER FREQUENCY (c/5) = "
MESS/: S TXT /<155<12>CONTRAL (¥ ) DR MOT (N )/
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PRI S

ERRQP:

RSTw 2

ERWR AL

SAME
SAAFT
SAWE?

SAWE 4

;FLOATING PRI

LTITL ERROR

-NREL

STA 5,98WE R
5TA N, SAWEN
5Th 1,SAWET
STA 2,SRYE?
Lon 2.,7,3

. LDoA Uedo?

“OVZIR N,0,812¢C
JuP ERRQA
MOVZIR 0,0.,82C
JA2 ERROA
Lon  D.,1,2
YOV 1,1 ,82R
Jap )
JS53  RSTOR
JNE ASAWESD
JS®  RSTOR
LDA % ,SANE 4
JpP 1.3

LA N,584E8
Lba . 1,SAWE
LDA  2,SAGED
JUPr 1,3

"3 1,1
5TA 1,.0,2
SH R3TUOR

JYP BOAWE S

fl
i

i

<EMD

NT CALCULATION FRROR CHECK

ET ERROR TARLE POINTER
ECK FOR OF/UF
15TH RIT SET?

r UMNDERTLOWED

4TH BIT S5FT?
=Se QUERFLNAVED! )
r CHECK CONVERSTOXN OF
;IS COK ZERD? :
sYES, NMORWAL RFTURM
cRESTORE ACS
cERROR RETUNN
JRESTORE ACS
JNIRVMAL RFTURN

H
3
S
q
E
0

™y s Ve Ve %y Ny s

(RESTORT AL
SREGTORE ACHT
RESTORE A(2
s RETURN

’
.
’

;PESET oe/nf
SRESTORF ACS
;FRROR RETURY
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APPENDIX IV DATA FOR THE EXPERIMENTS
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Test Freq Amplitude ratio Output lag
1/sec ' . degree
1 0.6 0.95 - 8.4
2 0.8 0.90 - 29.
3 1.0 0.89 - 39.
4 1.2 0.84 - 52.
5 1.5 0.72 - 63.
6 1.8 0.68 - 91.
7 2.0 0.56 - 95,
8 2.4 0.50 -118.
9 2.8 0.42 -133.
10 3.0 0.33 -146.
Table 1

Data for Bode Diagram of the Heat Exchanger System
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T. (sec) YT, (1/sec) K (PSI/°F)
1 1.0 4.0

-2 0.5 6.3
3 0.333 - 8.7
4 0.25 11.0
5 0.20 13.99
6 0.1666 15.2
7 0.1429 18.0
8 0.125 19.5
9 0.111 21.0

Table 2

Data for the stability region of the Multiplicative

control system controlling the analog computer

simulated model.
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K (PSI/°F) at K;=1 (1/°F.PSI), and

T. (sec) 1/TC (1/sec) T;=1000 sec T;=600 sec. T;=400 sec| T;=200 sec
1 1.0 4.0 3.5 3.0 2.5
2 0.5 6.5 5.5 5.0 4.55
3 0.333 8.5 7.55 7.0 6.55
4 0.25 11.0 9.5 9.0 8.5
5 0.2 13.5 11.5 11.0 10.0
6 0.1666 15.5 13.5 12.5 1.5
7 0.1429 18.5 15.5 15.0 13.5
8 0.125 20.5 17.5 16.5 14.5
9 0.111 22.0 20.0 18.5 16.5

Table 3 Data for the stability region of the Multiplicative

control system controlling the heat exchanger system.
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