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SUMMARY 

The advent of the microprocessor has created an enormous impact 

on both society and industry. In particular, it has provided the tech- 

nological basis for far-reaching changes in industrial control and auto- 

mation where attention is focussed on the observable trends in applying 

microprocessor-based systems to improve control system design and 

integrity. This has also led to a renewed interest in the implementation 

of modern digital control policies. ; 

The research described here is concerned with the development 

and use of a linked twin processor system comprising an 8-bit Motorola 

M6800 microcomputer and a 16-bit Honeywell H316 minicomputer. The linked 

facility provides for a wide range of OFF- and ON-LINE data processing 

activities including interactive real-time data acquisition and control 

of chemical plants. The system can support two computer users, with 

independent on-line sampling frequencies and control configurations. 

Two major software packages have been developed. The first 

comprises two real-time Executives, one for each processor and written 

in its assembly language, which handle the communication protocol between 

processors as well as input-output information to the process plant. In 

each computer the user may communicate interactively in BASIC. To this 

end, some practical demonstrations have been conducted on a binary 

distillation process and a double-effect evaporator. 

The second software package is concerned with the digital 

simulation of an Extended Kalman Filter for state and parameter estimation 

of the distillation process. Although the simulation results are 

satisfactory, an on-line implementation for the present hardware is 

prohibited by relatively long computation times. 

This research work has shown that although it is practical to 

apply microprocessor technology to process control problems the learning 

curve is steep and software development costs, in terms of man and 

machine hours, still remain the biggest consideration - a finding which 

is compatible with many independent initiatives. 
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INTRODUCTION



1. INTRODUCTION 

The computer has opened the door to a large number of 

interesting and important applications ranging from on-line computer 

control of industrial processes or laboratory experiments, where the 

computer is the central component in the system, to miniaturised versions 

embedded in an ever increasing variety of consumer goods. 

This research is basically concerned with one such class of 

computer applications, namely, the use of computers (a minicomputer and 

a linked microcomputer system) in the control of chemical engineering 

processes. This chapter covers the background and general concepts to 

such work and begins with a general perspective of computers and their 

uses, with special reference to microprocessors and microcomputers. 

Tak Early Development and Use of Computers 

Evidence of early computation goes back to as early as 1700 B.C. 

when the Babylonians began using base 60 (sexagesimal) calculations from 

qa) 
which came our units of hours, minutes and seconds. Later, the 

abacus became extensively used in Asia and by 1630 the slide rule, 

automating the tasks of multiplication and division, had already become 

the most popular calculating tool in Europe. 

As commerce and society became more 'sophisticated' in the 

17th and 18th centuries, ancient calculating tools and aids proved 

inadequate so that many attempts were made to build mechanical calculating 

machines notably that of Pascal (1623-1662) and Leibniz (1646-1716). 

However, the person generally accepted as the father of today's compucey. 

is Charles Babbage (1792-1871) who provided a model of a rudimentary 

computer in his Difference Machine (or Engine as he called it) in 1822 

which he later improved into a more general purpose device called the



Analytical Engine. But it was not until a century later that 

similar ideas were realised by the pioneering work of Konrad Zuse 

of Germany and independently, John Atanasofe‘”) of the United States. 

Zuse's Z3 machine is believed to be the world's first general purpose, 

program controlled electro-mechanical computer. The Atanasoff machine, 

built in 1939, in the laboratories of Iowa State College, is widely 

regarded now as the world's first electronic computer. 

The Atanasoff computed is particularly significant as 

computations were based on the binary number system (base 2) and the use 

of a machine regenerative memory. 

But the most important pioneering effort was the design and 

building of the Electronic Numerical Integrator and Calculator (ENIAC) in 

1943 through 1946, directed by John Mauchly and J. P. Eckert. >) The 

ENIAC used electonic vacuum tubes instead of electro-mechanical relays 

(a 1000 times speed improvement) and is the first, large scale, fully 

electronic computer. By today's standards, the ENIAC was an enormous 

machine. The following features of the ENIAC explains why. 

* components - 18,000 vacuum tubes 

70,000 resistors 

10,000 capacitors 

* power consumption - 150 to 200 kW 

+ weight - 30 tons 

+ floor space occupied - 15,000 sq. ft. 

. performance - 5,000 additions or subtractions 

per sec. 300 multiplications per sec. 

. others . - use of a central clock to synchronise 

operations. Use of flip-flops as the 

basic memory element. Low storage 

capacity (only 20 ten-decimal digit 

numbers).



The ENIAC was truly general purpose. Before retiring from 

active service in 1955, it processed 80,223 hours of work. Data 

input/output were on punched cards. Programming was done by wiring of 

component connections and was therefore formidable as a sound knowledge 

of machine operations was required. 

Soon after the ENIAC was built, John von Neumann, himself a 

consultant in the ENIAC project, proposed the concept of the stored 

program computer. He suggested that instructions and data are better 

stored in the computer. Thus, instructions can be changed without manually 

re-wiring component connections and also since the instructions are stored 

as numbers, the computer could process instructions as if they were data. 

This made possible the automatic modification of instructions and alteration 

of their sequence. This concept led to the first fully complete stored 

program computer - the Electronic Delay Storage Automatic Calculator 

(EDSAC) built at Cambridge University in 1949 under the direction of 

M. V. Wilkes. 

The Universal Automatic Computer (UNIVAC)-1 in March 1951, 

largely due to the enterprising efforts of Mauchly and Eckert, turned 

out to be the world's first production-line digital computer. Instead 

of vacuum tubes, UNIVAC-1 used crystal diodes thereby foreshadowing the 

solid-state era, Its first installation was at the United States Census 

Bureau in 1951, Its first commercial installation was at the General 

Electric plant in Louisville, Kentucky. 

The 1950's saw a flurry of activities not only in the 

development of hardware but also in the different levels of computer 

software. The invention of the transistor in 1948 eventually led to the 

production of the next generation of computers. These transistorised 

digital computers, coupled with the development of programming languages 

such as FORTRAN (1954), ALGOL (1958-1960) and COBOL (1959) greatly increased 

the use of computers especially in the data processing area.



In the same period, parallel milestones were also observed in 

industrial control and instrumentation. In the 1940s the application 

of vacuum-tube electronics to measuring instruments and the development 

of pneumatic force balance transmitters were forerunners of the industrial 

control rooms. The so-called pivotal year was 1958 when first-generation 

electonic control systems were introduced. Polymerization was reported 

as the first industrial process to be brought under closed-loop computer 

7) 
control. It was reported that it took the company, Texaco, 2} years 

to make the necessary preparations for the automation and a further five 

months to develop the computer model. The polymerization unit was 

connected to a Thompson-Ramo-Wooldridge RW-300 digital computer which 

gathered information from 110 sources, controlled 16 different streams, 

pressures and temperatures and sounded alarms feces ire or danger 

threatened. 

The use of direct digital control (DDC) in the process industry 

however, failed to match the euphoria it generated in the marketplace 

when it was first introduced in the early 1960s. A full scale DDC 

implementation was relatively rare despite its practical feasibility being 

(572) One such demonstrated at several plant experimental trials. 

application encompassed 100 loops in an ammonia-soda plant but as in other 

implementations especially in the petroleum industry, a complete set of 

analogye back-up units was always maintained. Apparently DDC went 

through a period of bad reputation largely due to the lack of sufficient 

understanding of both the digital computer and modern control theory on 

the side of its implementers. 

The conventional DDC systems were characterised by a 

centralisation of computing power, both at the lowest (control) and 

highest (management) levels of the control system hierarchy. As a 

result, they suffer from the following setbacks which also precluded



DDC systems from wider acceptance. 

a) heavy computational load on the control computer. 

b) complex software and programming techniques required. 

c) reduced individual loop information. 

d) total system reliability is reduced. 

e) individual loop performance must compete with that 

of the classical Proportional + Integral + Derivative (PID) 

analogue single-loop controller. 

The appearance of the minicomputer based on integrated circuitry 

in the mid-1960s reduced some of the problems but in general computer 

usage was largely directed to open-loop plant optimisation operations,» 

management and plant-wide data processing for the mainframes bracket and 

also as a useful tool in process design and simulation. A useful 

introduction to the early development in computer process control is 

provided by Savas. ‘11) 

12. Era of a New Computer Technology - The Microprocessor 

Although in one sense, today's computers have changed little 

since the mid-1940's, there is an enormous difference between today's 

machines and those of only thirty years ago. Computer technology has 

basically entered into a fourth generation involving large-scale 

integration (LSI) methods to manufacture computers. The following dates 

roughly indicates the major technological advancements that have taken 

place. 

lst Generation (1939-1954): Valve Computers 

2nd Generation (1954-1965): Transistorised Computers 

3rd Generation (1965- ): Integrated Circuits (IC) 

4th Generation (1971- ): LSI and Very Large Scale 

Integration (VLSI)



In a report prepared for the Department of Industry (UK and 

Eire) by the Massachusetts Institute of Technology ‘12? it was reported 

that "In 1969, M. E. Hoff, an engineer for Intel Corporation ........ 

discovered that he could incorporate the entire central processing unit 

on a single silicon chip. By attaching two additional chips - one for 

input/output (1/0) and another for inscribing a program - Mr. Hoff had 

what amounted to a basic computer!". With that, the era of the micro- 

processor has arrived, promising with it, a most profound technological 

effect on the society and the world at large. 

Logika A Brief History of Microprocessors 

Strictly speaking, a microprocessor may be defined as a Metal 

Oxide Semiconductor Large Scale Integration (MOS LSI) system that contains 

the arithmetic, logic and control units needed to form a complete digital 

processor. Whether it is realised on a single (i.e. monolithic) or on 

a small number of silicon-based chips, the microprocessor forms the central 

processing unit (CPU) of a new generation of digital computers. When 

this microprocessing unit is combined with memory, auxiliary circuits, 

power supply and control panel plus the minimum software into an integrated 

system, a microcomputer is produced. It is important to uphold this 

conceptual difference between a microprocessor and a microcomputer although 

the two terms have been used interchangeably in literature. 

The microprocessor is a natural outgrowth of the semiconductor 

revolution which began when complete transistor circuits were first 

diffused on a single piece of silicon in the late 1950s. These early 

‘integrated’ circuits contained the equivalent of only 10 to 20 

transistors whereas today's chips may contain as many as 100,000 or 

more transistors. This is why microprocessors are the products of 

semiconductor manufacturers rather than existing computer manufacturers.



The first commercially available microprocessor was the 

4-bit Intel 4004 introduced in 1971. As program storage is entirely 

in read-only memory (ROM) and data storage in random access memory (RAM), 

a microcomputer system based on the 4004 is a calculator-oriented system. 

This is not surprising as the 4004, comprising 1600 transistors on 

0725 cme of silicon, was originally designed as a custom LSI part for the 

calculators made by the Japanese firm, Busicom. The 4-bit neatly allows 

Binary Coded Decimal (BCD) applications but in several ways this first 

product was very limited. The greatest integer which could be held is 

15 and there is a lack of interrupt capability. Similar constraints 

were also exhibited by other 4-bit devices although the IMP-4 is micro- 

programmable, ‘19) 

Eight-bit microprocessors were soon produced partly to overcome 

the limited performance of their 4-bit predecessors. The monolithic 

Intel 8008, introduced in 1972, was the first of these first-generation 

microprocessors. Although it has a 48-instruction set, a 16 x 1024 (16K) 

memory address capability and a limited interrupt facility, early users 

found it necessary to design considerable support and interface logic in 

their applications. (14) It was used mainly to fill in system requirements 

where either transistor/transitor logic (TTL) became too large and complex 

to be handled conveniently or ‘minicomputers were too large and expensive. 

As semiconductor technology advanced, second-generation 

microprocessors came into the market notably the Intel and Motorola 

family series. Unlike the Intel 4004 and 8008 chips which were 

fabricated using Positive MOS (PMOS) technology, second-generation devices 

like the Intel 8080, Motorola MC6800, Fairchild F8 (all introduced in 1974) 

and the Zilog Z80 (in 1978) were Negative MOS (NMOS) chips. They are 

three times faster and because of TTL compatible voltages these 

microprocessors emerged as the most popular devices.



Laas Current State of the Art 

It is difficult to assess accurately a technology which is in 

a high state of flux. Semiconductor advances have led to the production 

of more powerful eight and sixteen-bit single-chip microcomputers. The 

level of NMOS integration (memory cells/unit-area) continues to double 

every year (the so-called Moore's Law, after Gordon Moore who first 

(5), since the mid-1960s and formulated this empirical growth pattern 

with the availability of 64K RAMs and 256K ROMs, Japan is now on the way 

to produce 256K RAMs that would put her in a clear lead in semiconductor 

products. Ce) Another significant trend has been the increasing use of 

Complementary MOS (CMOS) or CMOS/NMOS technology in processor and memory 

design. These devices are relatively fast (about 150 nanoseconds (ns) 

access time) but have a low power consumption. Also, an important 

development has, been the production of Electrically-Erasable and Programmable 

ROMs (EEPROMs) that match industry standard Ultra-Violet EPROMs in density. 

However, memory growth patterns and the popularity of micro- 

processor-based systems do not necessarily lead to completely new types of 

microprocessors. Very often, prototype designs are refined to meet the 

requirements of modern and structured high-level software. Thus, CPU 

designs, although still very much register-oriented as in early designs, 

are increasingly emulating various aspects of the stack architecture. 

Many processors have multiple index registers now giving rise to powerful 

and efficient addressing modes. 

Take the Motorola series of 8-bit microprocessors. During 

1977 and 1978, Motorola introduced several new chips such as the M6801, 

M6802, M6805 and M6809. The M6801 is one of the earliest VLSI micro- 

computers containing about 40,000 transistors. It is object code
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compatible with the M6800 and include additional 16-bit instructions. 

The M6809 is a much more powerful processor. Its hardware architecture 

provides for two stack’ pointers, two index registers, a direct page 

register and 16-bit arithmetic. The major strengths of the M6809 lie 

in the addressing modes. For example, the Program Counter (PC) relative 

addressing mode permits position-independent code. In fact, this has 

allowed Motorola to sell mass-produced firmware in ROMs that can reside 

anywhere in the 64K address space. The direct page register allows quick 

access to any page in memory and simplifies the generation of software for 

(17) multi-tasking operations. In some benchmark tests the M6809 has 

shown a 2.7 times improvement in speed of the M6800, required 42% fewer 

instructions and used 33% less code. A comparative software analysie 1") 

of the M6809 showed that it is superior to the M6800 and the Z80. 

But the real attention in recent years has been directed to 

the 16-bit microcomputers and development of supporting chips to meet the 

requirements of more powerful operating systems, block-structured high 

level languages and sophisticated computer graphics. Microcomputer 

support chips are developed basically to overcome three factors. “19) 

The first is the so-called 'Von Neumann bottleneck' problem in single 

processor systems. This has led to the concept of the co-processor or 

multi-processors. The second factor has been poor programmer productivity. 

This has led to the production of memory management units (MMU), virtual 

memory support and various peripheral controllers. And thirdly, the 

difficulty in interfacing microprocessors to analogue systems. This is 

partly solved now with the availability of a great variety of 8-bit 

Analogue-to-Digital and Digital-to-Analogue Converters (ADCs and DACs), 

compatible with microprocessor data busses, with conversion times of 

10 to 500 microseconds (us) and costing only £3 to £10.
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1.2.3 The Microprocessor and Society 

The real impact of microprocessor-based technology is yet to 

come, affecting both people and industry. The Optimist speaks about 

Continuous Technological Growth and Infinite Social Adaptability. The 

Pessimist speaks only about Zero Social Adaptability. What ever the 

situation is, every random sampling of microprocessor applications seems 

to reveal its protean utility. 

There are now about 150 different computer manufacturers in 

(20) the United States alone. The magazine, Office Systems » estimated 

the number of personal computers in the U.K. by the end of 1981 to be 

176,000 (or one per 286 persons) as compared with 1,936,000 in the U.S. 

(or one per 125 persons). In a recent issue of the magazine ‘What 

Micro?', a list of commercially available personal computers in the U.K. 

includes more than 200 different systems ranging in costs from under 

£500 to over £3500, (22) 

And in the last one and a half years, over a 100 16-bit 

microcomputers have been launched on the world market. ‘Of these, almost 

(21) 50 are reportedly now available in the United Kingdom. They form 

many of the more powerful personal computers and small business systems, 

and are much sought after by universities and other research establishments. 

The Motorola 68000 chip for example has a 16-bit address bus but uses a 

32-bit internal architecture. It can run twice as fast as the DEC 11/70 

microcomputer and since it is able to directly address up to 

16 Megabytes of RAM, it is, in this respect, comparable to the IBM 370 

mainframe computer! 

The microprocessor is slightly over ten years old now. Over 

the period, it has become one of the most exciting technological 

innovations of this century. And the limits of NMOS technology has not 

yet been reached. In 1981, Hewlett Packard introduced their single-chip
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32-bit processor using 450,000 transistors operating with an 18 MHz 

clock, (23) It can execute a 32-bit integer addition in 55 ns, a 

32-bit integer multiply in 1.8 microseconds and a floating point multiply 

in 10.4 us. More recently, an advanced-architecture microprocessor, 

the 16-bit AAMP, has been announced by Rockwell Internationales. Moving 

away from classical von Neumann and register-oriented designs, the AAMP 

is a VLSI CMOS/SOS (CMOS/Silicon on Sapphire) chip and has a language- 

directed stack architecture giving high throughput and high compiled code 

density. 

1.3 Microprocessors in Control 

The following factors have contributed to the application of 

microprocessors in the control industry. 

as Lower cost per function. 

2. Flexibility. 

3. Stability, Accuracy and Security. 

4, Human Factors. 

5. Advanced Control Capability. 

As mentioned earlier, LSI technology has enabled thousands of 

digital circuits and special-function logic to be fabricated on a single 

chip at very low cost. Because the microprocessor can be programmed to 

perform different tasks, flexibility is more readily achieved than in 

equivalent analogue systems. Digital devices are more reliable and 

secure. Accuracy is only a function of bits used to represent a basic 

unit of information. Digital information can be processed and/or 

transmitted for data or report presentations and graphics display. 

This leads to improved operator-interface designs. Finally, the 

protean computing ability of the digital computer can be used to implement 

advanced control techniques which proved difficult in classical analogue 

systems.
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The topic ‘microprocessors in control' is very broad and 

can be discussed from many viewpoints such as its market growth, price 

change, control applications, theories, computations, computer 

architectures, software/firmware/hardware mixes, programming developments, 

LSI technologies, performances, reliabilities, etc. In the context of 

this work, it is more profitable to concentrate on microprocessors in 

process control. 

1.3.1 Nature of Process Control Problems 

Process Control is basically Large System Control. More 

specifically, it is fluid process control which involves the control of 

plants manufacturing homogeneous materials such as oil, chemicals, paper 

and concrete, etc. Because of the nature of the product, control 

manipulation is possible with simple valves or actuators. The state of 

the processed material can be inferred from simple measurements of 

continuous properties and most of the control variables are naturally 

bounded and self-stabilising. 

Chemical processes are usually smoothly non-linear, highly 

uncertain, and of very high order, modelable only to a very gross 

approximation, A plant may involve thousands of measurements and 

actuators, and hundreds of control loops. Some plant complexes occupy 

Many square miles of land, Thus, the very nature of the industry makes 

process control systems very complex and multi-level, and usually 

achieving a more complete level of automation than more other plants in 

the sense of produced value per employee. One operator may be responsible 

for 100 or more control loops but the training and intellect to cope with 

each loop per hour are slight. Human factors are therefore important.
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If new, microcomputer-based process control techniques are introduced, 

then they must be accompanied with new operational techniques. Also 

the new process control system should be predictable in its failure 

modes which means a good manual operating philosophy (or any suitable 

contingency planning) must be provided. 

L352 Current Process Control Design 

In the last decade, the image of computerised process control 

has improved after a bad start in the early 1960s. In the last decade, 

the design of the central control room has been extended to include better 

electronic instrumentation and microprocessor-driven measurements. 

There have been improved power supply systems and Cathode Ray Tube (CRT) 

operation distributed control. In the 1980-1990 period, the evolution 

of process control system technology is expected to continue with the 

expansion in.direct digital control, intercoupling of complex digital 

devices and the increasing reliance on complex measurement. This is 

reflected by an overview of the present process control system design 

as illustrated in Figure 1.1. 

(25) In reference to this system overview, Stanton has discussed 

some of the practical problems created by poor system maintenance and 

design, in spite of the availability of good measurement and computational 

equipment. Too many different hardware vendors for the system is cited 

as a common problem. It means proper interface support and protocol must 

be provided for data communication between field devices and control room 

equipment, and the digital computer. 

(26) 
Kane also shared Stanton's view that poor maintenance of 

instruments can lead to costly experiences in a computer control 

environment. System technicians tend to overlook basic instrument
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Figure 1.1. Present Process Control System Design. 

engineering and the real reason for poor system performance could be that 

an orifice plate is not installed correctly, a potential ground loop is 

overlooked or placing turbine meter runs in vertical pipe runs. 
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1.3.3 The Basic Process Control Loop 

A block diagram of the classical feedback control loop is 

shown in Figure 1.2, Basically, a good control system should have the 

following features. 
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Figure 1.2 Block diagram of the classical feedback control loop 

a) A good servo (set-point tracking) operation. Set-point 

changes should be fast and smooth. 

b) A good regulatory function. 

c) The control algorithm should be robust and reliable in the 

face of all possible disturbances and changes. 

d) The controller itself should be reliable and easy to maintain. 

e) The controller should be designable (tuneable) with a minimum 

of information concerning system disturbances and the system 

architecture.
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The PID control algorithm, expressed in analogue form, has 

been the trademark of the process control industry since it evolved from 

the ingenious design of bellows and linkage mechanisms in pneumatic 

controllers some fifty years ago. 90% of all such controllers are 

said to be Proportional + Integral (PI). From the standpoint of 

universality and stability, PI represents a standard by which new control 

forms (for example, direct digital control algorithms) are measured. 

When a microprocessor is used as the controller, it is only 

natural to write digital control algorithms that simulate analog control 

laws, the discrete PID algorithm whilst adding more flexibility for control 

loop interactions such as ratio-, cascade-, and feedforward control. 

As Figure 1.3 shows that the individual controllers gains Kp> Ky Ky can 

be made independent of each other although they now become a function of 

the sampling time, T. To avoid the effects of sudden changes in the 
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manipulated variable when the set-point (remote supplied or internal) 

is suddenly changed (set-point and derivative kick), the set-point 

signal r(k) is only included in the I-action. With something like 

fifteen years experience in the PID-DDC algorithm implementation, it is 

reaching maturity. In all practical systems, the control algorithm must 

be packaged to provide certain key facilities:- 

1, internal or remote set-point 

2. bumpless transfer in auto/manual changeover 

3. output control signal limiting 

4, control signal conditioning 

5. integral de-saturation and anti-reset windup 

6. filtering of measured process variables 

Ts linearisation of measured process variables 

Most analog controllers provide the first five facilities as 

standard and the dase two facilities ought also to be included in any 

digital based control scheme. Figure 1.4 indicates how these facilities 

might be incorporated into a simple DDC package for a PID algorithm. 

1.3.4 Recent Trends 

It has often been said that the process industry has a good 

reputation for its tradition of holding off new technology. This 

cautious conservatism is to a certain extent acceptable for there is 

a need to safeguard vital and costly plant and equipment. New techniques 

do not really arouse practical interest unless they have a sufficient 

long and proven history of reliability. The other main reason is 

system component economics i.e. the analogue vs. digital trade-off. 

As a result of these two related factors, DDC never really challenged 

the primary controller market. Nevertheless, the experiences in 

implementing analogue and minicomputer-based systems have been invaluable.


