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Chapter I 

INTRODUCTION 

1.1 BACKGROUND 

Since .their introduction early in the 1970' s, micropro-

cessors have revolutionized the field of industrial process 

control. They have replaced both analog and discrete logic 

circuits for the performance of a variety of functions. A 

list of these functions would include closed-loop control, 

sequencing, and data logging. Microprocessor-based control 

systems are now being used in AC and DC drives, steel mills, 

glass manufacturing plants, and chemical processing plants, 

to name just a few. 

Microprocessor-based control systems offer several advan-

tages which have lead to their widespread use. They can of-

fer improved performance over analog circuitry in applica-

tions requiring precise speed regulation, position accuracy, 

or rapid response time. Hardware becomes more standardized 

because needed flexibility can be provided in software. 

Component counts and manufacturing costs are reduced. 1 

1 A. Kusko, "Applications of Microprocessors to AC and DC 
Electro-Motor Drive Systems", IEEE Industry Applications 
Society, 1977 annual meeting, pp. 1079-1081. 

1 
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1.2 REAL-TIME PROGRAMMING 

An industrial process control system is often expected to 

run in a real-time environment. This involves two require-

ments. The system will have to respond to events which may 

occur at random points in time, such as a component failure. 

On the other hand, process control software usually includes 

routines which must be executed at regular intervals. The 

combination of these two requirements will lead to conflicts 

where it appears that the processor is being asked to per-

form more than one task at the same time. Since the proces-

sor can only execute one instruction at a time, a means must 

be devised to allow the tasks to share time on the processor 

in an efficient manner. 

One solution is to use a real-time operating system such 

as RMX/80, developed by Intel for the 8080. 2 The purpose of 

the operating system is to provide communication between se-

parate processes, synchronization between cooperating pro-

cesses, and mutual exclusion between processes which must 

share either hardware or software resources. These capabil-

ities are provided in RMX/80 through the concepts of tasks, 

messages, exchanges, and priority. 

2 Thomas Rolander, RMX/80 Real-Time Multitasking Executive, 
Application Note 33, Intel Corporation, 1977. 
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A task is a program written to handle a particular func-

tion. There is no limit to the number of tasks that can be 

contained in the system. Information is passed back and 

forth between tasks in units called messages. An exchange 

is the data structure through which messages pass between 

tasks. An exchange consists of two queues. The first queue 

contains tasks waiting for a message and the second queue 

holds messages which have been placed at the exchange by a 

task. A task may wait at an exchange for a specified length 

of time, or it can be required to wait as long as it takes 

for a message to arrive. 

ity. When more than one 

Each task has an associated prior-

task is prepared to execute, the 

processor is given to the task with the highest priority. 

Real-time operating systems are not without disadvantag-

es. They are economically costly in terms of licensing fees 

if the operating system is purchased from the vendor or in 

terms of program development time if the operating system is 

developed in-house. Operating systems also add overhead to 

the system since extra memory is required to store the oper-

ating system and processing time is increased because of the 

time spent in calls to the operating system. 

Another possible solution would be to use a concurrent 

programming lanquage. The structure of such a language is 
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described by Per Brinch Hansen. 3 Brinch Hansen developed ex-

tensions to the Pascal programming language which provide 

the needed scheduling capabilities. In concurrent Pascal, 

interprocess communication is handled through special rout-

ines called monitors. Monitors make use of functions called 

delay and continue to control scheduling in the following 

fashion. Suppose that a certain process needs information 

from another process. It calls the monitor routine designed 

to handle the information exchange. If the information is 

not ready, the monitor performs a delay function, which in 

effect places the process which called the monitor into a 

waiting queue. When the second process has the information 

ready, it calls the monitor and the monitor executes a con-

tinue, which pulls the first process off the waiting queue 

and allows it to continue execution. One should notice the 

similarities between this procedure and the techniques used 

in RMX/80. 

Texas Instruments has developed a version of concurrent 

Pascal for its 9900 family of processors, but in general, 

other microprocessor vendors have not made concurrent pro-

gramming languages available. Many process control systems 

are designed every year without the b~nefi t of either a 

3 Per Brinch Hansen, The Architecture of Concurrent Pro-
grams, Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 
1977. 
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real-time operating system or a concurrent programming 

language. How are the dual requirements of response to ran-

dom events and regular interval execution met in these sys-

tems? 

One common solution is the division of functions into 

classes known as foreground and background functions. Fore-

ground functions are those that must be executed at the 

proper point in time to provide the correct result. The re-

maining system functions are referred to as background func-

tions. These would include modules that should be executed 

before a certain length of time expires, but whose exact mo-

ment of execution is not important. 

An effective way of organizing the system software is to 

have the foreground functions initiated by interrupts gener-

ated by a hardware timer and to place the background func-

tions into an infinite loop. This organization is illus-

trated in Fig. 1 

When the system software is organized in this fashion, 

the background functions are executed in the time between 

when the foreground interrupt finishes executing and when 

the next interrupt occurs. The manner in which the micro-

processor's operating time is dist~ibuted is shown in Fig. 2 

If the time required to execute the foreground interrupt 

is almost as long as the period between the interrupts, very 
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Background loop: 

DO WHILE{TRUE}; 
CALL MOD$A; 
CALL MOD$B; Foreground Interrupts: 
CALL MOD$C; I 

CALL MOD$D; I DCL RXI INT 33; 
\ . . . 

END DO; \ END RXI; 
DCL TXI INT 34; 

... 
END TXI; 
DCL CONT INT 35; 

. . . 
END CONT; 

Figure 1: Foreground/Background Organization 
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BACKGROUND LOOP 
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FOREGROUND 
INTERRUPT 

-- T -- -

T - PERIOD BETWEEN INTERRUPTS 

Figure 2: Microprocessor Operation vs. Time 
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little background processing will be performed. For the 

purposes of this paper, it will be assumed that the micro-

processor being used in the system has been selected to be 

fast enough to complete the foreground interrupt and still 

allow plenty of time for substantial background processing. 

One weakness of this organization is that a background 

module that takes a long time to execute can lock the other 

background modules out, impairing overall system perfor-

mance. The work upon which this thesis is based involves an 

attempt to correct this problem. A set of data structures 

and routines has been developed which allows the modules of 

the background loop to spread work on lengthy tasks out over 

several passes through the loop. This has the effect of al-

lowing the background loop to work on several different 

tasks concurrently. Since the routines are written in 

PLM/86, a nonconcurrent language, the technique will be re-

ferred to as pseudo-concurrent programming. 

1.3 MAINTAINABILITY 

As microprocessors have become faster and more powerful, 

microprocessor-based control systems have taken over a lar-

ger number of tasks. The increasing dependence of overall 

plant operation on the proper functioning of these micropro-

cessor-based systems has made the maintainability of these 
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systems critical. Many of these systems are designed to op-

erate around the clock. Every hour of forced down time for 

system maintainence can result in hundreds or even thousands 

of dollars in lost production. 4 

Christensen and Howard 5 offer the following definition of 

maintainability: 

Maintainability is a quality of the combined fea-
tures and characteristics of equipment design, job 
aids, and job supports which facilitate the ra-
pidity, economy, ease, and accuracy with which 
maintainence operations can be performed, and the 
system thus kept in or returned to operating con-
ditions by average personel, under the environmen-
tal conditions in which the system will be main-
tained. 

In terms of the systems in which we are interested, this de-

finition suggests that a maintainable system would be one in 

which a combination of hardware devices and software rout-

ines make it possible for a technician to perform preventa-

tive maintainence tasks without bringing the system down and 

to quickly locate and correct faults when the system does 

crash. It also suggests that these aids should be designed 

in such a way that the technicians involved in the maintai-

nence of the system would not be required to undergo exten-

4 Joseph M. Laird and Paul J. Jesteadt, "Microprocessor-
Based Analog Fault Monitor", IEEE Industry Applications 
Society, 1980 annual meeting, pp. 76-79. 

5 Julien M. Christensen and John M. Howard, "Field Experi-
ence in Maintainence", Nato Symposium on Human Detection 
and Diagnosis of System Failures, pp. 111-133. 
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sive training related to the microprocessor system 

architecture. 

There are several ways of quantitatively describing the 

maintainability of a system. One of these is mean time-to-

repair. This is defined as the average length of time from 

the moment a fault occurs until the system is restored to 

proper operation. This measure considers only the ease of 

diagnosis and repair for a single fault. A measure which 

also takes into account the frequency of failures is called 

the down-time ratio, which is the percentage of total time 

in which the system is not operating. Finally, if we wish 

to consider maintainability from an economic point of view, 

we can calculate the life cycle cost(LCC). This is defined 

by the following formula: 

LCC = IC + NF * MC [ l] 

IC is the initial cost of the system, NF is the number of 

failures, and MC is the mean cost of a system failure. 6 

6 A.M. Polovko, Fundamentals of Reliability Theory, Academic 
Press, New York, New York, 1968. 
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1.4 MAINTAINENCE PROCEDURES 

Many of the techniques developed for the maintainence of 

analog control systems can be adapted for use in micropro-

cessor-based systems. Fleming and Mueller 7 in their paper 

on regulator maintainence suggest the keeping of a perfor-

mance record on the system. This record consists of a per-

iodic measurement of certain key system variables under si-

mi lar operating conditions. Any significant variation in 

these values will signal a deterioration in system perfor-

mance, often in time to take corrective action before the 

system actually fails. In a microprocessor-based system, 

this performance record can be taken automatically, with in-

tervention required only when variations occur. 

Another maintainence procedure often performed on analog 

systems is the tuning of regulators by adjusting potentiome-

ters. In a microprocessor-based system, these adjustments 

must be made by changing constants in the software. Provi-

sions should be made to make sure that the new values re-

quested fall within an acceptable range. To observe the re-

sul ts of the changes, it might prove useful to write the 

output variable to a D/A converter, where it can be moni-

tored in real-time with an oscilloscope or a strip chart re-

7 Jack R. Fleming and Joel C. Mueller, 11 ABC's of Regulator 
Maintainence", IEEE Transactions on Industry Applications, 
Vol. IA-16, No. 5, September/October 1980, pp. 679-685. 
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corder. 

When the system does crash, we will want to have a way of 

displaying which faults have occurred. Since one fault will 

almost always trigger others, it is important to be able to 

distinguish which fault occurred first. Liken8 carries the 

idea one step further and develops a system in which the 

list of faults which have occurred is compared to a table of 

fault symptoms stored in the system memory. If a match is 

found, the system prints out a message indicating what the 

probable cause of the failure was, thereby speeding repair 

of the system. 

1.5 THESIS CONTENT AND ORGANIZATION 

All of the maintainence strategies mentioned above re-

quire some form of communication between the system and the 

maintainence personnel. A monitor program is needed to 

coordinate this communication and to oversee the execution 

of the maintainence software. This monitor must be written 

so that it does not interfere with the execution of the con-

trol routines. This thesis proposes a highly modular struc-

ture for such a monitor program which utilizes the psuedo-

concurrent concept. A description of a target system will 

8 David A. Liken, "Aiding Process Plant Operators in Fault 
Finding and Corrective Action", Nato Symposium on Human 
Detection and Diagnosis of System Failures, Aug. 1980, pp. 
501-522. 
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be provided, then the structure of the monitor will be de-

scribed in detail. Finally, the discussion will return to 

the maintainence strategies, describing how they could be 

implemented using the monitor program. 



Chapter II 

TARGET SYSTEM 

Before proceeding with a discussion of the monitor, a de-

scription of a typical system in which the monitor could be 

used will be presented. The hardware requirements of the 

system will be given first. This will be followed by a dis-

cussion of a common way of structuring the software in a 

process control application. Finally, a brief overview of 

how the control functions are actually implemented will be 

presented. 

2.1 HARDWARE 

A microprocessor-based control system will consist of the 

microprocessor, memory, peripherals, and I/O interfaces or-

ganized around a common bus. The bus is defined as a group 

of signal lines through which communication between the com-

puter's arithmetic unit or memory and a peripheral device is 

established.g Three types of information pass back and forth 

across the bus; address, data, and control. Address signals 

will indicate which memory location or peripheral device is 

being accessed. The actual information required by the sys-

tern is carried on the data bus. Control signals are used to 

g Roy Moffa, "Interfacing Peripherals in Mixed Systems", 
Comput. Design, Apr. 1975, pp.77-84. 

14 
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distinguish between different types of operations and to 

synchronize timing between the different devices in the sys-

tern. 

Several types of memory will be used in a process control 

system. The system software should be stored in a nonvola-

tile form of memory. This requirement can be met by ROM 

(Read Only Memory), PROM (Programmable Read Only Memory), or 

EPROM (Erasable Programmable Read Only Memory). The process 

control system will also need RAM (Random Access Memory) for 

temporary storage of variable values. A new type of memory, 

referred to as EEPROM (Electrically Erasable Programmable 

Read Only Memory) should prove useful in future systems. 

This type of nonvolatile memory can be erased and reprogram-

med in-system on byte-by-byte basis. An erase or write cy-

cle requires approximately ten milliseconds, but an inter-

face can be designed which allows the processor to initiate 

the process and then continue executing new instructions. 

EEPROM could be used for storing constants which might have 

to be changed over time. 10 

The system will need A/D converters to translate the ana-

log outputs of the process into a digital format that can be 

read by the microprocessor. In addition to the analog input 

and digital output, the converter will have an input which 

1 0 Intel Corporation, EEPROM Family Applications Handbook, 
Book 11. 1 Nov. 1981. 
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triggers the beginning of a conversion and an output which 

will indicate when the conversion is complete. D/A convert-

ers will also be required for developing analog control in-

puts to the process. 

The major microprocessor manufacturers have developed 

several support chips which prove quite useful in a process 

control system. Obviously, since we intend to establish 

communication between the user and the control system, a 

UART(Universal Asynchronous Receiver Transmitter) will be 

needed to convert the serial data from the user's terminal 

to parallel format. A programmable timer chip will free the 

microprocessor from having to establish the sampling rate, 

which, as we will see later, is so critical for the proper 

functioning of the control algorithms. Also, since the con-

trol system may have to react to several interrupts, a pri-

ority interrupt interface chip will simplify the handling of 

these interrupts and insure that the most critical inter-

rupts are handled first. 

2.2 CONTROL FUNCTION IMPLEMENTATION 

To show how the control functions are implemented, a sim-

ple closed-loop regulator will be examined. A block diagram 

of the system is presented in Fig. 3 

defined below. 

The signals will be 
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The signal r(t) is a reference, representing the desired 

output of the system, while y(t) is the actual system out-

put. The sensor converts y(t) to an electrical signal, 

s(t), which can be input to the control system. For exain-

ple, a tachometer measures speed and outputs a voltage. The 

difference between r(t) and s(t) represents the deviation 

from the desired output and is referred to as the error sig-

nal e(t). 

The analog error signal, e(t), is converted to a digital 

equivalent by the A/D converter. The hardware timer wi 11 

signal to the converter to start the conversion process and 

the end of conversion signal will trigger the foreground in-

terrupt. The digital equivalent of the error signal will be 

referred to as e ( kT), where the kT notation emphasizes the 

sampled nature of the signal. 

The task of the microprocessor is to read the value of 

e(kT) and calculate the necessary value of the output u(kT) 

to bring y(t) back to its desired value. In most cases this 

is done by solving a difference equation of the form: 

u(k) = a(l)u(k-1) + ... + a(n)u(k-n) [2] 

+b(O)m(k) + ... + b(m)m(k-m) 

There are many methods for developing these difference equa-

tions, including transform techniques and state space mo-



19 

delling. A full description of these methods is beyond the 

scope of this thesis. The reader who desires such a de-

scription is encouraged to refer to the texts of Franklin 

and Powell 11 or Kuo 12 • Two points should be made. The 

first is that an appropriate model of the system to be cont-

rolled must be developed before a difference equation can be 

derived. The second point is that, in many of the techni-

ques, the coefficients in the difference equation depend 

upon the sampling rate T. 

The selection of the sampling rate is a very important 

step in the design of a control system. A slow rate has 

many advantages. It provides more time for background loop 

processing, which will allow the background loop to complete 

more passes in a given period of time. This improves the 

response time of the maintainence monitor. A slower rate 

also allows slower and therefore less expensive A/D convert-

ers to be used in the system. Unfortunately, the perfor-

mance of the control functions will deteriorate as the sam-

pl es become further apart. For instance, by the Nyquist 

criterion, the sampling frequency must be at least twice as 

large as the highest frequency in the sampled signal to pre-

11 Gene F. Franklin and J. David Powell, Digital Control of 
Dynamic Systems, Addison-Wesley Publishing Company, Inc~ 
Reading, Massachusetts, 1980. 

12 Benjamin C. Kuo, Digital Control Systems, Holt, Rinehart, 
and Winston, Inc., New York, New York, 1980. 
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vent aliasing. Aliasing is the overlapping of signals of a 

lower frequency onto the signals of higher frequency. The 

sampling rate selected will usually be the slowest rate that 

allows the control functions to meet their performance 

goals. 



3.1 DESIGN GOALS 

Chapter III 

MONITOR STRUCTURE 

Two goals guided the design of the maintainence monitor 

structure and led eventually to the psuedo-concurrent imple-

mentation. The first of these goals was the desire to min-

imize the amount of processing time spent in the monitor on 

each pass through the background loop. Other modules in the 

background loop perform functions such as fault monitoring 

or trend analysis. The consequences of a fault monitor or 

trend analysis module being blocked out by the maintainence 

monitor could prove disastrous. For example, suppose that a 

module has been designed to perform trend analysis on cer-

tain process variables in an attempt to predict future va-

lues and prevent problems before they occur. The monitor 

module could monopolize the background loop processing time 

so that the trend analysis module is not executed in time to 

spot a problem and prevent a system crash. Psuedo-concur-

rent programming eliminates looping structures from the mo-

nitor routines and spreads the execution of lengthy tasks 

out over several passes through the loop. The second goal 

was to make the task of adding or modifying functions as 

easy as possible. This allows us to take the basic monitor 

21 
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and customize it for a given application. Considerable time 

will be spent in a later section demonstrating how the data 

structures of the psuedo-concurrent implementation meet this 

design goal. 

3.2 DEFINITIONS 

Discussion of the monitor structure should begin with a 

few definitions. During the course of this discussion, the 

terms user-level function and monitor-level function will be 

frequently used. These terms came out of the top-down ap-

proach used to develop the monitor capabali ties. A user-

level function will be defined as a task that the user will 

ask the monitor to perform. An example would be examine me-

mory. A monitor- level function wi 11 be defined as a task 

performed by the monitor in carrying out the user's request. 

For instance, in the course of carrying out a user request 

to examine a block of memory, the monitor will perform the 

following monitor-level functions: 

1. fetch the command 

2. interpret the command 

3. read the address 

4. fetch the data 

5. write the data to the output device 
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Most monitor-level functions will be required by more than 

one user-level function. Each monitor-level function is im-

plemented in a separate subroutine. 

The PLM86 concept of the based variable has been used to 

great advantage throughout the monitor structure. For those 

not familiar with PLM, a based variable is a data structure 

whose location is not fixed, but is instead defined by the 

value stored in a separate pointer variable. A based varia-

ble is declared in the following fashion: 

DECLARE 

DECLARE 

BUFFER$POINTER 

BFR(l) 

BUFFER$POINTER 

POINTER; 

BASED 

BYTE; 

In the above example, the variable BUFFER$POINTER is dec-

lared to be a pointer. This will set aside a word of memory 

for storage of the address of the based variable. The array 

BFR is then declared to be a byte array whose starting loca-

tion is stored in the variable BUFFER$POINTER. The fact 

that BFR is declared to be of length one is irrelevant. No 

memory is actually allocated to the array, and so, in prac-

tice, the array may be thought of as being of indefinite 

length. To complete the example, consider the following 

section of code: 



BUFFER$POINTER =500; 

X = BFR(5); 

BUFFER$POINTER =1000; 

Y = BFR(20); 

24 

The result of these statements is to move the byte stored in 

memory location 505 to the variable X and the byte stored in 

memory location 1020 to the variable Y. 

3.3 FUNCTION QUEUE 

The key element in the psuedo-concurrent programming 

technique is a based array called the function queue. To 

carry out a user-level function, a certain set of monitor-

level functions must be executed in a fixed order. Each mo-

nitor-level function is assigned a number referred to as its 

function code. The function queue consists of an ordered 

sequence of function codes which, when accessed, will cause 

the corresponding subroutine to be executed. Fig. 4 will 

help to illustrate how the function queue is used to control 

the execution of the monitor. The figure consists of a 

flowchart of the monitor entry routine called from the back-

ground loop. 

The first action taken upon entry is a check for error 

conditions or abort requests from the user. Finding none, a 
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check is made to determine if the monitor-level routine 

called on the last pass finished executing its task. If 

not, we proceed directly to a DO CASE block which uses as 

its index number the function code of that subroutine. If 

the previous task was completed, the next function code in 

the queue is retrieved and the DO CASE block now calls the 

new subroutine. Note that on a normal pass through the 

background loop, only this entry routine and the one moni-

tor-level function are executed. If the monitor-level rout-

ines are written to execute quickly, the design goal of min-

imizing execution time on each pass will be met. 

The contents of the function queue, or more precisely, 

the location of the queue, are controlled by a subroutine 

called the scheduler. The scheduler operates in two modes 

(see Fig. 5). The first mode is the fetch mode and is res-

ponsible for setting up the function queue for reading and 

interpreting user commands. The second mode is called the 

execute mode. This mode sets up the function queue to carry 

out the command obtained in the last fetch mode. The sche-

duler is assigned its own function code, which is placed at 

the end of every function queue. This allows the monitor to 

continuously cycle through the fetch and execute modes with-

out actually being coded as an indefinite loop. 
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The scheduler is a good example of the advantage of based 

variables. The original version of the routine placed func-

tion codes into the queue one at a time. This was not un-

reasonable in the early stages of development, but as more 

user-level functions were added and the lengths of the se-

quences increased, the scheduler became much too long. When 

the switch was made to a based variable implementation, a 

new function queue could be set up simply by changing the 

value of the pointer variable. In some instances, this one 

assignment statement was able to replace as many as eleven 

statements in the previous implementation, leading to reduc-

tions in both processing time and memory requirements. 

3.4 MODIFICATION PROCEDURE 

Does the psuedo-concurrent implementation also meet the 

design goal of easy modification? An examination of the 

steps needed to add a new user-level function to the monitor 

should clearly show that it does. The first step is to de-

velop a sequential list of the tasks that must be performed 

to implement the function. We wish to limit the number of 

new monitor-level functions, so our list should take advan-

tage of existing functions wherever possible. 

Typically, a new user-level function will require at 

least one new monitor-level function. The subroutine that 
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is written to implement this function should meet certain 

criteria. The use of DO WHILE or DO UNTIL structures is to 

be avoided because they can run for an indefinite length of 

time. Iterative DO loops of short duration are acceptable. 

Repetitious tasks such as the di splay of a large block of 

data or tasks which must wait on input from the user should 

be spread out over several passes. Such a routine may need 

to make use of a function initiate flag. This flag is set 

in the scheduler before the routine is called and reset by 

the routine after all initialization steps have been com-

pleted during the first pass. All monitor level routines 

must set the function complete flag when they have finished 

executing their task. 

A function code must be assigned to each monitor-level 

function. The values of the function codes are consecutive 

integers, so the value assigned to a new subroutine is the 

next available integer. This value should be declared as a 

literal of the form: 

DECLARE MESSAGE$WRITE$CODE LITERALLY 

In the above example, the monitor-level 

MESSAGE$WRITE is assigned the function code OlH. 

OlH; 

function 

Once all new functions have been assigned a function 

code, the function queue for the user-level function can be 
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declared. The following is an example of a function queue 

declaration: 

DECLARE FETCH$QUEUE(*) BYTE 

(MESSAGE$WRITE$CODE, 

COMMAND$INPUT$CODE, 

SCHEDULER$CODE}; 

DATA 

One can easily see how this declaration was derived from our 

original list of tasks. This convention for the function 

queue declarations is particularly valuable as a documenta-

tion tool. For every user-level function, an outline of the 

steps taken to implement that function is present in the 

program listing. This will prove useful to anyone attempt-

ing to modify a previously existing function. 

The next step is to assign the user-level function a one 

character opcode that will be input by the user when re-

questing this function. For instance, the deposit memory 

function has the character D as its opcode. Every effort 

should be made to match the character selected to the func-

tion name, but it is obvious that in a monitor with many 

commands this will become impractical. One possible solu-

tion to this problem would be to develop an overlay for the 

keyboard being used to enter the commands. This overlay 

would have the function name written over the key that re-

quested that function. 
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Each opcode has a corresponding numeric command code. 

The value of this command code is selected in the same man-

ner as the value of a function code. The opcode is stored 

in a data array named COMMAND$CHARACTERS in the position 

corresponding to the value of its command code. No modifi-

cations are required to the routine COMMAND$INPUT which det-

ermines which user-level function has been requested. It 

simply assigns the position in COMMAND$CHARACTERS of the 

byte which matches the character found in the input buffer 

to the variable COMMAND$CODE. 

A new case must now be added to the DO CASE block found 

in the execute mode section of the scheduler routine. This 

DO CASE block uses COMMAND$CODE as its index. The new case 

statement must point the function queue pointer to the prop-

er function queue and set any flags that will be needed for 

proper execution of the routines requested by the queue. 

The final step in the implementation of the new user-lev-

el function is to add new cases to the DO CASE block of the 

entry routine. Each case of this DO CASE block consists of 

a call to the subroutine corresponding to the value of the 

function for that case. 

With the addition process completed, it should be noted 

that the only modifications made to existing code consisted 

of the addition of characters to the array 
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COMMAND$CHARACTERS and the addition of new cases to two DO 

CASE blocks. 1 The modularity of this implementation is vir-

tually ideal, assuring us that modifications and additions 

to the monitor may be made with a minimum of complications. 

The process of adding a new user-level function is summar-

ized as follows: 

1. develop the list of tasks 

2. write any new subroutines required 

3. assign and declare the value of the function codes 

for the new subroutines 

4. declare the function queue for the user-level func-

tion. 

5. define a new opcode for the user-level function and 

assign it a numeric command code. 

6. add the opcode to COMMAND$CHARACTERS 

7. add the new case to the scheduler 

8. add the new cases to the entry routine 

An example of how a new function is added is presented in 

Appendix A. 



Chapter IV 

MONITOR IMPLEMENTATION 

As stated earlier, the purpose of developing the monitor 

was to improve overall system maintainability. Capabilities 

to be provided by the monitor include performance record 

maintainence, parameter tuning, and fault annunciation. All 

three capabilities require the ability to examine memory lo-

cations and in some cases to deposit new values into these 

locations. In order to develop and test the data structures 

and routines of the psuedo-concurrent programming technique, 

the initial version of the monitor has been written to sim-

ply provide the examine and deposit functions. In this 

chapter, I will describe the monitor-level functions needed 

to provide these two user-level functions. The next chapter 

will contain a discussion of how to upgrade the monitor to 

provide the desired maintainence capabilities. 

4.1 MONITOR IDLE 

One of the assumptions used in the development of the mo-

nitor was that at different times, different devices might 

be used to interact with the monitor. For instance, a cen-

tral computer operating at a relatively high baud rate might 

be used to examine the performance records of systems scat-
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tered throughout a plant. On the other hand, if a system is 

malfunctioning, maintainence personel might wish to use a 

terminal operating at lower baud rates to locate the prob-

lem. Between monitor sessions, the monitor-idle function 

looks for the arrival of a space in the input buffer, indi-

cating the beginning of a new session. If a new character 

is found in the input buffer other than a space, steps are 

taken to change the baud rate of the UART until a space can 

be recognized. 

4.2 MESSAGE WRITE 

There will be times when the monitor will have to send 

error messages to the user or prompt him for more input. 

The output buffer for these messages is actually a based va-

riable. All that must be done to set up a message is to set 

the value of TXI$WRITE$BFR$PTR to the location of the first 

character in the message. This is normally done in the 

scheduler. The function of the message write routine is to 

trigger the transmitter interrupt and then wait for an indi-

cation from the interrupt that it has completed sending the 

message to the UART. 
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4.3 COMMAND INPUT 

This routine takes the first character to appear in the 

input buffer and compares it to the list of valid command 

opcodes stored in COMMAND$CHARACTERS. If a match is found, 

COMMAND$CODE is set equal to the location of the character 

in the list. If no match is found, COMMAND$CODE is set to a 

number which indicates that an invalid character has been 

received. 

4.4 DATA INPUT 

As data is received from the user, it should be echoed 

back to the terminal. The data input routine sees that all 

characters are echoed and then sets the function complete 

flag when the receiver interrupt indicates that a carriage 

return has been received, indicating the end of the input 

line. 

4.5 ADDRESS ANALYZE 

The Intel 8086 microprocessor addresses memory in blocks 

called segments. To completely specify a memory address, one 

must specify a 16 bit segment address which points to the 

beginning of the segment, and another 16 bit value which 

serves as the offset into the segment. 
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The user is to input addresses to the monitor in the fol-

lowing format: 

SEG: IP I IP 

In this example, SEG will be the segment address, IP will be 

the offset of the first location, and, if the action is to 

be performed on a block of memory, the second IP will be the 

offset of the last location. The address analyze routine 

reads the addresses from the input buffer and converts these 

to hexadecimal format. 

4.6 EXAMINE 

This monitor routine retrieves the values of the speci-

fied memory locations and places them into a staging buffer 

from which the transmitter interrupt writes them to the ter-

minal. A typical output line would appear as follows: 

FFFF:0440 12 46 SF E3 

0440 is the offset of the first location in the line. Only 

four locations are displayed on each line because we expect 

to be writing to terminals which may be able to display a 

limited number of characters at a time. The monitor may 

also display memory locations in a word format, in which 

case only two words will be displayed per line. 
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4.7 RESET FLAGS 

While performing the deposit memory function, the monitor 

must prompt the user for both an address and a data value. 

To write the second message, the pointer variable for the 

output buffer must be redirected and several function initi-

ate flags must be reset. The scheduler stores the necessary 

values. The Reset flags routine recalls the values and sets 

the necessary flags. 

4.8 JUMP 

The structure and contents of the function queue are very 

analagous to an assembly language program. In the implemen-

tation of the deposit function, it was determined that a mo-

nitor-level function similar to an assembly language jump 

instruction would be very useful. The deposit command al-

lows the user to modify a block of memory without reentering 

the command for each location. The monitor prints the old 

value, reads in the new value, and then repeats the process 

with the next memory location. The effect of executing the 

Jump routine is to replace the current offset into the func-

tion queue with a value that was stored by the scheduler. 

This allows a portion of the function queue to be repeated. 
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4.9 JUMP ON NULL 

This routine is similar to the Jump routine. In this 

case, however, the offset is replaced only if the last input 

line read contains no characters other than a carriage re-

turn. This is how the deposit memory cycle is broken. When 

the user is ready to execute a new instruction, he hits a 

carriage return when prompted for a new value. This causes 

a jump to the location in the function queue containing the 

scheduler code and a new fetch sequence is executed. 

4.10 DEPOSIT 

This routine takes the value stored in the input buffer, 

has it converted to hexadecimal, and then calls an assembly 

lanquage routine to perform the actual move into memory. 

The deposit command can also work with either bytes or 

words. 



Chapter V 

MAINTAINENCE CAPABILITY DEVELOPMENT 

As mentioned earlier, a truly maintainable system is one 

which can be serviced by a technician with a limited know-

ledge of the intimate details of the system design. This 

follows from the fact that in many cases there will be no 

one present at the site who was involved in the design of 

the control system. If someone has to be summoned from 

another location to correct the problem, down time increases 

dramatically. 

Obviously, exact memory locations of system variables 

would fall into the category of intimate details. There-

fore, our present implementation of the monitor which pro-

vides the examine memory and deposit memory functions must 

be looked upon as a preliminary step. To develop true main-

tainence capabilities, the examine and deposit functions 

should be upgraded to provide user-level functions directly 

related to the maintainence of the system. In the following 

sections, ways will be suggested to implement three such 

functions. 
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5.1 PERFORMANCE RECORD 

The specification of any control system will define cer-

tain performance goals which must be met in order for the 

system to be seen as working properly. These goals are usu-

ally defined in terms such as percent regulation, maximum 

overshoot, settling time, and steady-state error. The pur-

pose of the performance record will be to monitor these 

quantities and to issue a warning if any important measure-

ment is moving outside of acceptable bounds. 

Determination of these values will require that certain 

key system variables be recorded each time the foreground 

interrupt is executed. These should be placed into a buffer 

which can be accessed by a module in the background loop 

which calculates the different performance measures. For 

example, the settling time could be calculated by monitoring 

the error signal (recall Fig. 3) for a step input and then 

determing how many sample periods were required for the out-

put to settle. 

The module which calculates the performance measurements 

should record them as a percentage of the acceptable value. 

When the user requests a report of the performance record 

from the maintainence monitor, the monitor would print out a 

list of these percentages. In addition, the module would 

set a flag if any of the measures rose above a certain 
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threshold percentage of the acceptable value. This flag 

would cause the monitor to automatically print a dump of the 

performance record, warning the operator of the deteriora-

tion in system performance. This early warning may allow 

the operator to take corrective action before the perfor-

mance of the system reaches an unacceptable level. 

5.2 PARAMETER TUNING 

One reason for a change in system performance might be a 

change in the response of the process being controlled or a 

deterioration in a system component. Such changes can often 

be compensated for by adjusting the gains of different ele-

ments of the block diagram. In an analog system, this is 

done by changing the setting on a potentLometer. A similar 

procedure can be developed for a microprocessor system. 

In this procedure, the values of the gains would be in-

creased or decreased by small fixed increments under user 

supervision. The user would indicate to the monitor that he 

wishes to change parameters. The monitor would then prompt 

the user for the name of the variable to be changed. Next, 

the user would indicate whether he wishes to increase or de-

crease the value by pressing either the U (up) key or the D 

(down) key. The user should be monitoring the system output 

to determine the affect the changes are having upon the sys-
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tern. When the desired response is obtained, the user enters 

a carriage return and the rnonitior prompts for a new varia-

ble name. If no more changes are to be made, another car-

riage return terminates the procedure. 

If an EEPROM is used to store the constants, the follow-

ing procedure should prove effective. The constants are 

read into RAM on power-up. The parameter tuning is per-

formed on the value stored in RAM. When the new value is 

determined, the carriage return causes the old value to be 

erased from the EEROM and the new value stored. 

5.3 FAULT ANALYSIS 

Any event serious enough to require stopping the process 

is called a fault. An example of a fault would be a motor 

suddenly running much too fast because the load which it was 

driving has disappeared. In many systems, one fault will 

lead to others, so that the order in which they occurred be-

comes important for diagnostic purposes. Almost all indus-

trial control systems have some way of indicating which 

faults have occurred, usually through lights on the control 

panel. To improve the maintainability of the system, it 

would be desirable to give the technician guidance into what 

most likely caused the fault and where to begin to correct 

the situation. 
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The maintainence monitor could provide fault analysis by 

using the fault table concept. When a series of faults 

cause the system to crash, the microprocessor will record 

the order in which the faults occur. We must assume, of 

course, that nothing has happened to prevent the micropro-

cessor from operating. When the user requests a fault ana-

lysis from the monitor, it will begin by printing this list 

of faults. It will then begin to try to determine the pro-

bable cause of the fault by searching the fault table. 

The fault table will consist of a series of ordered fault 

lists corresponding to known causes of system failures. 

This list should be developed through a combination of dis-

cussions with people experienced in repairing similar types 

of systems and simulation studies during system development. 

The search of the fault table will consist of an attempt to 

find a fault list which matches the one produced by the cur-

rent system crash. If a match is found, the monitor should 

print a message describing the probable cause of the failure 

and directing the technician as to what his first actions 

should be. If no match is found, the message should indi-

cate this, in which case the user is in no worse shape than 

he would be if working with a system which did not have 

fault analysis capabilities. After the cause of an undiag-

nosed crash has been determined and the system brought back 
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on line, the new fault list should be added to the fault ta-

ble for future reference. 



6.1 SUMMARY 

Chapter VI 

SUMMARY AND CONCLUSIONS 

A common requirement of a process control system is the 

ability to respond to events in real time. The relative 

timing of these events is often unknown, so that the proces-

sor is often asked to perform more than one task at a time. 

Real-time executives and concurrent programming languages 

have been developed to handle this situation, but each has 

its drawbacks. Another solution is the use of foreground 

interrupts and a background loop, but this technique has a 

problem with background modules being locked out. 

From an economic viewpoint, the maintainability of an in-

dustrial process control system becomes increasing important 

as the system is asked to take over a larger share of the 

plant opearation. Especially in a system designed to run 

continuously, an important goal becomes the minimizing of 

the amount of down time required to keep the system running 

properly. Most techniques for improving the maintainability 

of a microprocessor-based process control system involve 

some sort of communication with the technician performing 

the maintainence. This creates the need for a monitor pro-

gram to handle the communication and to control the execu-

tion of the maintainability routines. 
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A method has been developed for eliminating the lockout 

problem in the foreground/background implementation. The 

method, referred to as psuedo-concurrent programming, limits 

the amount of execution time that a module in the background 

loop can occupy on any given pass through the loop. This 

ensures that all background loop modules will be executed 

within a reasonable length of time. The data structures and 

routines which implement the psuedo-concurrent technique are 

also well suited for the addition or modification of func-

tions provided by the background module. 

Using the psuedo-concurrent technique, the structure of a 

maintainence monitor meant to reside in the background loop 

of a process control system has been developed. The program 

provides the user with the ability to examine and deposit 

memory. Suggestions are offered on how to upgrade this mo-

nitor in order to provide true maintainence capabilities. 

6.2 SUGGESTIONS FOR FURTHER WORK 

All of the maintainence techniques discussed in Chapter V 

are sufficiently developed for coding and testing to begin 

in a real system. Of the three, the fault table technique 

would seem to be the one offering the most incentive for 

further research. The development of simulators to produce 

the fault tables would be one possible avenue. 



47 

At this point in time, only the maintainence monitor mo-

dule has been coded using the psuedo-concurrent technique. 

It would be useful to develop some additional modules which 

used the technique, place them into a background loop, and 

study how the modules interact. One would want to know in-

formation such as what is the mean elapsed time between exe-

cutions of a given module and what is the mean number of 

passes through the loop in order for a module to complete 

its task. 

Further studies should also be made into possilbe appli-

cations of EEPROM memory technology. The new memories would 

seem to simplify the design of many microprocessor-based 

systems. They should prove especially useful in adaptive or 

reconfigurable applications. 
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ADDITION OF A NEW USER-LEVEL FUNCTION 

To illustrate the ease with which new functions can be 

added using the function queue structure, the steps neces-

sary to add the capability of di splaying either bytes or 

words in the examine and deposit memory functions will be 

outlined. A new function, called Mode, will be added. This 

function will allow the user to change the display mode. 

The monitor will default to the byte mode and then each suc-

ceeding execution of the Mode command will cause the mode 

(byte or word) not currently being used to be selected. 

1. Develop the list of tasks: 

A. Change the display mode 

B. Write a message to the user confirming 

mode he has selected 

C. Call the Scheduler 

2. Write any new subroutines required. One PLM86 SU-

broutine will be required to change the value of the 

variable which holds the current display mode. Two 

new assembly language support routines will be needed 

to fetch and store words from memory. The examine 
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and deposit subroutines must be modified to check the 

display mode. 

3. Assign and declare the value of the function codes 

for the new subroutines: 

DECLARE MODE$FUNCTION$CODE LITERALLY I OCH' i 

4. Declare the function queue for the use-level func-

tion: 

DECLARE MODE$QUEUE(*) BYTE 

(MODE$FUNCTION$CODE, 

MESSAGE$WRITE$CODE, 

SCHEDULER$CODE); 

DATA 

5. Define a new opcode for the user-level function and 

assign it a numeric code. The letter M will be used 

as the opcode for the mode command. Since the last 

value of COMMAND$CODE assigned was OlH, MODE$CODE 

will be given a value of 02H: 

DECLARE MODE$CODE LITERALLY I 02H' i 

6. Add the new opcode to COMMAND$CHARACTERS: 

DECLARE COMMAND$CHARACTERS(*) 

( I EDM I ) i 

BYTE DATA 
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7. Add the new case to the scheduler: 

8. 

DO CASE(COMMAND$CODE); 

/* THE MODE CASE SHOULD BE THE THIRD CASE 

IN THE LIST */ 

/* CASE - MODE COMMAND */ 

FUN$QUEUE$PTR = MODE$QUEUE; 

Add the new case to the entry routine: 

DO CASE (FUN$CODE); 

/* THE CASE FOR THE MODE SUBROUTINE SHOULD BE 

13TH CASE IN THE LIST */ 

CALL MODE; 



Appendix B 

EXAMPLE SESSION 

In order to further illustrate the operation of the psue-

do-concurrent maintainence monitor, the following example 

session is given. Terminal activity is described on the 

left. On the right, a brief summary of the work done by the 

monitor on each pass is given. 

Terminal activity 

[ ' b 1 ank ' ] - - > 

[I : I l <--

PASS # Monitor activity 
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1 Monitor Idle finds no 

blank 

10 Monitor Idle finds blank, 

sets function complete 

11 Message Write initiates 

prompt 

12 Message Write finds prompt 

not finished 

13 Message Write finds prompt 

finished, sets function 

complete. 

fetch queue 

14 Command Input begins 

looking for the next 
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command 

[ E] --> 25 Command Input finds char-

acter, determines command 

code, sets function com-

plete 

26 Scheduler selects queue, 

sets function complete 

27 Message Write initiates 

address prompt 

28 Message Write waiting for 

message complete flag 

[ADD: ] <-- 33 Message Write finds message 

complete flag set, sets 

function complete flag 

34 Data Input clears data 

ready flag and waits for 

input 

35 Data Input waits for data 

[ F] --> 36 Data input finds character, 

initiates echo 

[ F] <-- 37 Data Input waits for data 

[FFFF:0330,0340] <-- 60 Data Input finds data 
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ready flag set, sets 

function complete flag 

61 Address Analyze extracts 

the address from the 

input stream, sets func-

tion complete flag 

62 Examine places address 

into staging buffer 

63 Examine places first byte 

into staging buffer 

65 Examine places third byte 

into staging buffer, 

initiates the write 
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[FFFF:330 04 FB 38] <--

[FFFF:33F 66 66] <--

70 Examine finds write 

completed, starts to 

build a new line 

90 Examine finds last line 

completed, sets function 

complete flag 

91 Scheduler places fetch 

sequence into the queue 

and sets function com-

plete flag 



BIBLIOGRAPHY 

Christensen, Julien M. and Howard, John M. "Field 
Experience in Maintainence", Nate Symposium on Human 
Detection and Diagnosis of System Failures, 1980. 

Fleming, Jack R. and Mueller, Joel C. "ABC's of Regulator 
Maintainence", IEEE Transactions on Industry 
Applications, Vol. IA-16, September/October 1980. 

Franklin, Gene F. and Powell, J. David. Digital Control of 
Dynamic Systems. Addison Wesley Publishing Company, 
Inc., Reading, Massachusetts, 1980. 

Hansen, Per Brinch. The Architecture of Concurrent 
Programs. Prentice-Hall, Inc. Englewood Cliffs, New 
Jersey, 1977. 

Intel Corporation, EEPROM Family Applications Handbook, Book 
II. 1981. 

Kuo, Benjamin C. Digital Control Systems. Holt, Rinehart, 
and Winston, Inc., New York, New York, 1980. 

Kusko, A. "Applications of Microprocessors to AC and DC 
Electro-Motor Drive Systems", IEEE Industry Applications 
Society, 1977 annual meeting. 

Laird, Joseph M. and Jesteadt, Paul J. "Microprocessor-
Based Analog Fault Monitor", IEEE Industry Applications 
Society, 1980 Annual Meeting. 

Liken, David A. "Aiding Process Plant Operators in Fault 
Finding and Corrective Action", Nate Symposium on Human 
Detection and Diagnosis of System Failures, 1980. 

Moffa, Roy. ''Interfacing Peripherals in Mixed Systems", 
Computer Design, Apr. 1975. 

Polovko, A.M. Fundamentals of Reliability Theory. Academic 
Press, New York, New York, 1968. 

Rolander, Thomas. RMX/80 Real-Time Multitasking Executive, 
Application Note 33, Intel Corporation, 1977. 

55 



The vita has been removed from 
the scanned document 



Psuedo-Concurrent Programming for Real-Time Process Control 

Applications 

by 

James Carter Sinclair 

(Abstract) 

The structure of an RS232 monitor intended for use in on-

line system maintainence of real-time, industrial process 

control. systems is presented. The monitor is written in 

PLM86 for use in an Intel 8086 based system in which system 

software is organized into a set of foreground interrupts 

and an infinite background loop. The monitor, which resides 

in the background loop, utilizes a programming technique re-

ferred to as psuedo-concurrent programming to eliminate the 

lockout problem associated with the background loop struc-

ture. The psuedo-concurrent technique is explained. Main-

tainence procedures are described and possible implementa-

tions utilizing the monitor are suggested. 
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