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SUMMARY 

The machines used for the removal of coal and-mixed 
strata have hydraulically articulated booms. This project 
is concerned with one particular type of machine, that is, 
the boom mounted ripper, which is used for the construction 
of roadways. These machines are presently open-looped 
controlled, with all control inputs originating from the 
machine operator. 

A dual microprocessor system has been developed which 
provides automatic and improved hand controlled operation. 
Feedback is introduced to monitor the position of the boom 
for controlled positioning and continuous path operations. 

Multiprocessor system configuration, feedback systems, 
analogue to digital conversion and the microprocessor 
based information retrieval system is developed and the 
results demonstrated. The hazardous environment of the coal 
mine required the electronic components of the system to 
have low level current consumptions etc., in order to meet 

intrinsic safety requirements. 
Ergonomic and environmental considerations were 

involved in developing the machine operator interface. This 
led to a novel solution for tunnel profile definement to 
the system and limitation of hand controlled movement of 
the boom. The tunnel profile can readily be changed and 
the system re-programmed, by unskilled personnel, in a 
mining environment. 

The hydraulic valves for control of direction and 
velocity of the boom movement are of the soft seat poppet 
design. This provides for high contamination tolerance 
of the dilute (5/95, oil in water) emulsion. These 
requirements were stipulated by the National Coal Board. 
Computerised simulations of inertia load control and valve 
response times with bench test confirmations are included, 
and a bang-bang (on/off) control philosophy has been 
adopted. 

Determination of boom velocity, required for optimal 
switching of the valves for boom positioning, is carried 
out using angular displacement transducers, a timer IC and 
software routines. 

The kinematic equations have been developed for 
referencing the boom, which is mounted on a free ranging 
chassis, to the tunnel coordinates. 

KEYWORDS 

Multiprocessor System Design. 
Mining Boom Ripper Positioning. 
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1.1 THE MINING OF COAL-HISTORICAL INTRODUCTION. 
  

The mining of coal is a long standing traditional 

industry in the United Kingdom. Initially, and for many 

years, coal extraction remained a hand operation, with the 

very simplest of tools. New technologies have led to an 

increase in recent years in the level of mechanisation 

(Reé.1):. 

Power hydraulics, as we think of it today, had its 

inception towards the end of the last century (Ref.2 & 3). 

The mechanisation of the modern longwall coal face makes 

extensive use of hydraulic power. 

The longwall system is shown in Figure 1.1. The 

electrically driven shearer traverses the face, removing 

coal which falls onto a conveyor. The void, left by the 

removal of coal, is supported by a continuous row of 

hydraulic roof supports. These roof supports are advanced 

forward as coal is removed, and the strata is allowed to 

fall behind. Roadways are constructed at each end of the 

face for ventilation, to house the conveyors and to provide 

access for personnel, services and machinery. The roadways 

are constructed by hydraulically powered roadheading 

machines, which, once access is gained to the coal seam from 

the shaft, are required to increase the height of the seam 

to form the tunnel. The tunnel is held in place by 

preformed rolled steel supports. 

Productivity in the coal mining industry increased 

significantly in the 1960’s as a result of face 

mechanisation, but in the 1970’s it remained relatively 

static. The new equipment had the potential to produce



more, but problems of reliability and complex control 

operations led to under-utilisation. 

A recent technology which is beginning to have an 

impact on coal mining operations is micro-electronics and 

associated computer-based systems. MINOS (MINe Operating 

System) (Ref.4) is a computer-based system, developed 

jointly by the Mining Research and Development 

Establishment (MRDE) and several industrial organisations, 

to automatically monitor and control various colliery 

operations. Several versions of the system are now working, 

each tailored to suit a particular mine. Automated coal 

transport, production and face monitoring, environmental 

monitoring and fixed plant control and monitoring can all 

be incorporated. A surface central control and secondary 

management computer, make for a system which will 

increasingly aid productivity as full potential is 

realised. Several systems are now installed which are 

undergoing tests and further development. 

Free ranging machines, such as track-laying 

roadheaders, are not incorporated in the MINOS. 

1.2 ROADWAY CONSTRUCTION MACHINES. 
  

Tunnelling, required for the construction of roadways, 

Ee carried out by a variety of methods (Ref.5), each suited 

to a particular type of strata. The machines at present in 

use are:- 

1) Boom mounted rippers. 

2) Shielded machines. 

3) Boom mounted drilling machines.
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4) Impact type rippers. 

It is necessary to understand the variety of strata 

which has led to the development of these different 

machines. The average compressive strength of coal is 

between 21 N/mm and 28 N/mm , with a maximum of about 

42 N/mm. The strata above the coal may include any 

combination of fireclay, mudstone, shales and varieties of 

sandstone. The compressive strength of these materials can 

vary from approximately that of coal, to as much as 

200 N/mm - The nature of the rock, that is, extent of 

lamination, pre-existent cracks and fractures and 

abrasivity all have a bearing on the method used for the 

construction of roadways. 

The ripping machine was first introduced in 1960/61 

(Ref.6). This led to the development of the boom ripping 

machine, which was first tried at a Midlands colliery in 

1967. The NCB now owns several hundred of these machines, 

which are now referred to as roadheaders. Similar machines 

are used in the quarrying and cival engineering industries. 

Figure 1.2 shows a diagramatic representation of a 

typical roadheader, and degrees-of-freedom of the boom, 

relative to the machine frame. The cutting head is carried at 

the end of the boom which is held in position, relative to 

the machine body, by hydraulic rams. The machine relies for 

stability on its weight and adhesion between the caterpiller 

tracks and the floor. The actuation of the two degrees-of- 

freedom of the boom is by hand operated spool valves. This 

gives complete flexibility of movement, allowing freedom of 

cutting action and choice of cutting pattern. Almost any
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shape of roadway profile may be excavated, but only to a 

limited degree of accuracy. This accuracy depends on the 

skill of the operator and the type of strata. The roadway 

supports are preformed, and any inaccuracy in ripping the 

profile requires backfilling. 

Shielded machines (Ref.7) were developed initially 

for the civil engineering industries for the cutting of 

circular, concrete shielded, tunnels. These machines are 

similar, in principle, to the roadheader, except they are 

generally of a more robust construction, mounted on skids 

and held rigid within precast concrete tunnel shields. 

A considerable amount of ancillary mechanical hardware is 

required, and the system is generally less flexible. The 

NCB have a shielded machine system at present under trial 

for evaluation. 

Prior to the direct cutting machines, drilling and 

shotfiring was used. The drilling, for the construction of 

tunnels, is now carried out using machines of the type 

depicted in Figure 1.3. This method is applicable today 

for hard rock areas. The operation requires two men, one 

at the drilling end, who indicates the position for the 

drill, and the machine operator. It is not a continuous 

operation, since it is necessary for the machine to move 

back from the explosion. A mechanical shovel is then used 

to scoup up the debris. 

Impact type rippers (Ref.8) are also used, but to a 

much lesser extent, in the construction of roadways. The 

hydraulically powered impact unit is mounted on a machine 

which is similar to the boom mounted drilling machine.



1.3 HYDRAULIC POWER. 

In mining operations, hydraulic power is predominant, 

due mainly to its ability to produce high, readily 

controlled, forces in small packages. 

Strength and robustness is essential for all hydraulic 

equipment and materials must be chosen carefully to avoid 

corrosion in a wet environment with the presence of 

chemicals, such as sulphur. 

Dusts, slurries and lumps of rock or coal are all 

present during underground operations. They present an 

ongoing risk of contamination for all hydraulic systems. 

Tunnelling machines, including the hydraulic components, 

are assembled, operated and maintained in these conditions. 

The ventilation airflow is usually from the cutting head 

back across the machine. A good standard of oil filtration 

is normally achieved, with 5 micron filters and magnets in 

the tank and on the suction side, and 5 or 10 micron 

filters on the pressure side. High maintenance standards 

are difficult to achieve in an underground situation, and 

it has long been realised that the better solution is to 

provide contaminant tolerant hydraulic components. This 

is particularly applicable to the valves controlling 

fluid flow (Ref.9). 

With the ever present risk of fire and explosion in 

coal mines, due to methane and coal dust in the atmosphere, 

the appropriate choice of hydraulic fluid is of paramount 

importance. There are numerous fire resistant fluids now 

available, and their effect on equipment and circuit design 

has been researched (Ref.10 and 11). Aqueous fluids are
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widely used in mining machinery in this country, and abroad 

(Ref.12). Roof supports are now working with dilute (5/95, 

oil-in-water) emulsion, and mobile machinery, including 

roadheaders, are using invert (40/60, water in oil) 

emulsion. 

1.4 ELECTRO-HYDRAULIC CONTROLS. 

Automation is fast becoming a natural consideration, 

following mechanisation. The application of electro- 

hydraulic controls in coal mining is closely related to the 

development of automation in the mining industry. The 

system intelligence is provided by the electronics, and the 

muscles by the hydraulics. There must at some point be an 

interface between the two, for the system to be operational. 

A fundamental part of the system is the servo valve. This 

unit converts an electrical signal into an amplified 

hydraulic flow. The development of electro-hydraulic valves 

has made major strides in recent years (Ref.13). Added 

impetus for further development is provided by the onset 

of the microprocessor. 

The servo valve is usually a four port unit with a three 

land spool and one of the more common designs is shown in 

Figure 1.4. The bushing has rectangular slots to achieve a 

linear relationship between spool movement and flow. 

Internal feedback is provided between electrical input and 

spool displacement by the armature of the electrical torque 

motor, which positions a flapper between two nozzles, thus 

creating two variable orifices. Movement of the flapper 

results in a differential pressure at the spool ends, 
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causing it to move. A feedback wire is attached to the 

flapper and the spool. This has a linear rate to ensure that 

the torque generated by the electrical signal is balanced by 

a proportional displacement of the spool. 

The application of servo valves is generally in closed 

loop control systems (Ref.14), where feedback from a sensor 

is compared to a reference. The valve can be used to control 

the displacement and velocity of a hydraulic actuator. 

Pressure and load are also parameters which can be 

controlled. 

Systems of this type have been applied to control 

mining operations. The valves were initially developed for 

use with mineral oils, but will operate with a reduced life 

on invert emulsion. This type of valve requires a precision 

machining capability in manufacture, and 10 micron 

filtration for both the pilot and main flow. The filtration 

requirement is an undesirable feature for a mining 

application. 

In roof support systems, continuously proportional 

control is unnecessary and simple on/off, or bang-bang, 

control is used. Solenoid operated ball valves, as shown in 

Figure 1.5 have been developed for this purpose. The quality 

of control with this method is ultimately limited by the 

response of the valve. A dead band is imposed on the error 

signal and the valve only operates after a threshold value 

is exceeded. These valves have given satisfactory service 

with dilute emulsion with improved contamination tolerance, 

having an integral 55 micron filter. 

Electrical equipment for use underground in coal mining 
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Must be either intrinsically safe or flameproof. Intrinsic 

safety requires that the available energy is reduced so that 

a discharge could not cause ignition, while flameproofing is 

achieved by the strength and design of the enclosure. 

Intrinsic safety is a total system consideration requiring 

a close degree of understanding between manufacturer, user 

and safety authorities. Intrinsic safety is preferred when 

alternatives are possible. 

1.5 PROJECT REQUIREMENT. 

The NCB requested that the control of articulated booms 

should be researched, and an improved system be designed 

and developed. The hydraulic system should be contaminant 

tolerant and suitable for operation using dilute (5/95 oil 

in water) emulsion. A Dosco Mk 2 boom ripper was provided, 

and the work carried out is relevant to this type of 

machine, with “spin offs" for other machines which use 

large inertia, hydraulically operated, booms. 

The boom ripper has been described (Ref.6), as "a 

good example of the successful adaptation of an apparently 

unsuitable design in circumstances where operational and 

geological considerations dictate a compromise between 

conflicting requirements". The success of the machine can 

be measured by the number now in operation with the NCB 

and the vast capital investment represented. There are two 

manufacturers of this type of machine in this country, Dosco 

and Anderson Maver, and approximately 60% of production goes 

for export, throughout the world. 

The machine is moved forward, on its caterpillar 
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tracks, causing the cutting head to sump into the ripping. 

When the required depth of sump has been achieved (usually 

0.4m to 0.5m) the head is traversed over the rip. The 

machine is then moved forward on its tracks to remove the 

sides and top from the concave section, formed by the arcing 

motion of the boom, to leave a relatively flat faced rip. 

The boom traversing is carried out by the operator, whois 

provided with a hand control for slewing the boom, and a 

separate hand control for raising and lowering the boom. 

Point to point and continuous path control is required. 

The latter is difficult to obtain, except on horizontal and 

vertical surfaces. Most tunnel profile shapes are curved, 

or a combination of interspersed, straight and curved 

sections. 

1.6 MICROPROCESSOR SYSTEMS. 

The recent advances in large-scale-integration (LSI) 

semiconductor process technology has led to substantial 

reductions in the cost and size of digital logic circuits. 

Computer systems have progressed from discrete components, 

such as single transistors, to complex functional 

integrated circuits (IC’s) containing many logic gates on a 

single "chip". 

The first commercial microprocessor appeared on the 

market in 1971. The understanding and market acceptance of 

this revolutionary new product was slow. It was some years 

before the advantages of the microprocessor were fully 

comprehended by digital systems designers. In 1976 there 

were over two dozen microprocessors commercially available 
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and incorporated in computer terminals, laboratory 

instruments and consumer products. Control and process 

monitoring systems were also being implemented using the 

Tieronrbeesscr: 

The early microprocessors were of 4-bit design. The 

avalanche of technology quickly brought about the 8-bit, 

and todays technology of very large scale integration (VLSI) 

has led to the 16-bit and 24-bit microprocessors (Ref. 15). 

32-bit microprocessors will be available in early 1984. The 

increased functional density has led to high performance 

for computing applications and this is available to the 

control systems engineer. ° 

These new advanced devices demand a high level of 

expertise in their application and manufactures have 

developed a range of card modules for the implementation 

of configurable control systems (Ref.15). 

Digital control techniques had been used previously in 

control engineering using fluidic logic elements. These are 

still used today in particular applications, but by and 

large, microelectronic logic has taken over with all the 

advantages it has to offer. 

The underlying principle of any control system is the 

feedback loop. Microelectronics enable measurements to be 

made and the microprocessor system can analyse and provide 

the required control action. This can eventually lead to the 

fully automatic control of machinery and industrial process.



1.7 PREPARATION AND ORGANISATION OF THESIS. 

The improved control of the ripping boom involves the 

application of multi-discipline engineering principles. All 

are of equal importance in producing a working system and 

the order in which the thesis is presented does not imply 

any particular decision-making weighting. 

A multi-microprocessor system was designed and 

developed, and a chapter is devoted to the design philosophy 

of system architecture, multiprocessor configurations, 

communication techniques and comparison of systems built 

from integrated circuit (IC) level with systems constructed 

using card modules. The hardware and software of the system 

developed for the roadheader, together with system input 

devices, signal conditioning, analogue to digital conversion 

and signal amplification are described in this thesis. 

It was intended to "de-skill" the human requirement for 

the operation of the boom, whilst obtaining an improvement 

in production and quality of finished tunnel profile. This 

involved ergonomic considerations requiring familiarization 

with present operating methods and conditions. Visits were 

made to several different mines, with varying geological 

conditions, and mining equipment repair workshops. 

Discussions were also had throughout the project, with the 

various mining equipment, and methods experts at the MRDE. 

The redesign of the hydraulic system has concentrated 

on valve redesign to improve contaminant tolerance, to 

operate on dilute emulsion and to be controlled by 

intrinsically safe electronic signals. The contaminance and 
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fluid characteristics do not present any particular problem 

for the hydraulic actuators. Pumps have been developed by 

various manufacturers, and tested by the MRDE, and are now 

providing satisfactory service for roof support systems. 

These pumps are of the diaphragm and piston type. 

The actuator directional switching valves, and the 

volume flow control valves, are all of the poppet type and 

digital computer based simulation of their performance is 

discussed. Comparison is made between predicted and actual 

performance. 

The switching of the valves for optimal positioning of 

the boom formed a major part of the thesis carried out by 

Cc. W. Chuen. A simplified analogy is made in this thesis 

which incorporates a delay in the closing of the supply 

poppet behind the exhaust poppet to an actuator to avoid 

possible cavitation conditions and to provide improved 

stiffness to the locked hydraulic fluid columns. 

All valves have solenoid actuation for the servo module 

and electro-magnetism is discussed, with particular respect 

to analysing and improving the response time. 

The Appendices contain the electronic hardware diagrams, 

the system software, computerised simulation programmes, 

details of the hydraulic circuits, ripping boom kinematics 

and a display suitable for the machine operator and use in a 

mining environment. 
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2.1 INTRODUCTION. 

The application of the microprocessor to the general 

purpose microcomputer, minicomputer or computer has made 

tremendous advances in recent years. This is evident in all 

aspects of life from the home and business user, to use as 

a tool in high level scientific research. However, the 

microprocessor, despite the fact that it has the technical 

capability, has been slow in making the expected impact 

in manufacturing and control systems engineering. This 

is not only due to the high level of technology involved 

in the application, but that economic and management 

factors provide other limitations. 

A digital electronic system used for a control 

engineering application does not need to be designed using 

a general purpose microcomputer, minicomputer or computer. 

Each system is developed for a particular application, 

usually with real-time control requirements and a specific 

operating environment. These specifications can often be 

satisfied by using a relatively simple microprocessor 

system. Bespoke hardware may be necessary and special 

software will be specifically required. 

The level of possible entry for the design of a 

microprocessor control system has broadened considerably 

in recent times, to include the use of special 

purpose interconnected card modules to form a configurable 

"open system" (Ref.15). This is an attempt to combine the 

convenience of the general purpose computer with the 

versatility of the system conceived using individual IC’s. 

The number of special purpose modules now available, for 
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interconnection to form a configurable system, is said to 

be at least nine hundred. There is no doubt that this 

approach will find increasing application, particularly as 

a total system solution to complex control problems. 

The application of microprocessor based control 

systems, at any entry level, requires an understanding of 

system architecture, hardware interfacing to the real 

world and the advantages to be gained between hardware and 

software trade-offs. 

The design and development of microprocessor based 

control systems require complex, closely integrated design 

procedures which can vary depending on the complexity and 

level of entry. If the system is to be constructed from 

IC level then the work entails the understanding of the 

individual IC functions. Any level of entry requires the 

development of system operation software, although for the 

configurable "open system", software modules are becoming 

available. These however can entail the payment of 

royalties for each time they are used in a system sold to 

the end user (Ref.16). 

The computer based control systems implemented in the 

late 1960’s and early 1970°s were generally of the 

centralized type where interfacing costs to external events 

often required long runs of screened cable with complex 

signal amplification and conditioning. A breakdown in the 

centralized computer could result in a complete shutdown 

of the process. The reducing cost and availability of the 

microprocessor led to their use in distributed computing 

systems. Improved system performance is a key objective in 
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the implementation of these multiprocessor systems. 

This chapter will discuss briefly the fundamental 

elements of a microprocessor system and the available 

system development aids. The fundamental system design 

decisions, including the choice of microprocessor, 

multiprocessor configurations, data transfer techniques 

and communication methods, with particular emphasis to 

control engineering applications will be analysed. 

2.2 BASIC SYSTEM ELEMENTS. 

The basic elements that comprise a minimum 

microprocessor system whether for computing or control 

are :- 

1) Central controller. 

This task is carried out by the microprocessor. It 

can be described as the heart of a system and is an IC 

component. The basic functional elements are an arithmetic 

logic unit (ALU), instruction decoder and control and 

synchronization. The von Neumann type architecture (Ref.33 

is the basis for almost all present day microprocessors. 

The microprocessor has evolved as a result of tremendous 

advances in digital systems technology (Ref.15). Although 

all microprocessors of a particular type are identical, 

they can perform vastly different tasks according to the 

other elements of the system and the programme instructions. 

2) Store for Information Which Dictates The System 

Behaviour. 

The tasks to be performed by the system are specified 

by the programme code. These fixed instructions, and data 
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values that do not change, are stored in read only memory 

(ROM). The microprocessor can randomly access this non- 

volatile semiconductor memory. The mask programming (Ref.33) 

requirement of ROM makes it unsuitable for prototype 

development, or one-off applications. 

Programmable read-only memory (PROM) IC's overcome 

this problem by allowing programming using a suitable PROM 

programmer. The bit pattern is usually implemented by 

blowing of selected fusible links. They can only be 

programmed once by the user. 

At the programme development stage it is often 

necessary to make numerous changes to instructions ‘and 

data values. Erasable progammable read-only memory (EPROM) 

and electrically alterable read-only memory (EAROM) 

provide this facility. EPROM's are erased by exposure of 

the large scale integrated (LSI) circuit to ultra-violet 

light and only the entire memory contents can be erased. 

The memory contents of EAPROM's are electrically erasable 

and it is possible to alter one word or a block of memory. 

3) Short Term Store For "Transient" Information. 

This is termed the read/write memory (RWM) or random 

access Memory (RAM). It is generally used for the 

temporary storage of data, as the memory is volatile. 

There are available two categories of RAM - static 

RAM and dynamic RAM. In static RAM the data is maintained, 

providing power is applied, and there is no need for 

refreshing. Dynamic RAM is time degrading which requires 

the refreshing of the memory contents after a specified 
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period. The access time is greater for dynamic RAM, but 

so is the density for a given size chip of silicon. 

4) Communication with Electro-Mechanical Equipment. 

The requirement of data transfer between sensors, 

actuators and other peripherals and the microprocessor 

is an essential system element. This can be carried out © 

using parallel input/output (I/O) ports, serial I/0, 

memory mapped I/O, etc. 

5) Miscellaneous Interconnection Components. 

These are many and varied and are used for interfacing 

the various elements within the microprocessor system, as 

well as external devices to the I/O ports. 

2.3 SYSTEM DESIGN CRITERIA. 

The criteria, that must be established at an early 

stage and have a bearing on any design decisions throughout 

the system development operation, can be broadly defined 

as :- 

TD) Cost. 

The hardware cost of a system cannot be precisely 

determined before actually constructing and testing the 

initial system. However, the electronic industry does have 

empirical rules for estimating costs. It would be lower for 

systems constructed from the IC level as redundant elements 

are avoided. This cost is repeated for each system built. 

The cost of design and development is by far the 

major element in building the prototype of a system and 

would be highest for systems built from IC level. These, 
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however, are once only costs and the greater the number of 

systems the lower the per-unit design and development cost. 

2) Flexibility. 

This is a major advantage of microprocessor based 

systems. The engineer often has a choice between hardware 

implementation of logic functions, or software defined 

behaviour. Hardwired logic systems can only be changed with 

different interconnections and probably with different 

components. Software defined behaviour changes, which 

include both programme and data base changes, can readily 

be made by reprogramming and insertion of another EPROM, 

without any physical changes to the interconnections of the 

system. 

Systems configured using single board modules are 

weighted towards software defined behaviour and for this 

reason they are considered to offer the greatest flexibility. 

There is however, no reason why flexibility should not be 

built into a system constructed from IC level. 

3) System Reliability. 

The mean time between failure of a microprocessor 

based system depends on :- 

a) Hardware faults. 

b) Software errors, and probability of data flow/process 

state involving error sequence leading to fault. 

Most manufacturers of IC’s publish reliability reports 

(Ref.17). Typical failure rates are approximately, one in 

every 500 years. It is the assembly of these into a system 

where an element of unreliability can creep in. Wired and



soldered joints can give rise to trouble, and require 

attention at the assembly stage. Control of reliability is 

more easily achieved in systems constructed from IC level 

since the designer can select whether to use :- 

a) Sockets or IC’s connected direct to printed circuit 

boards (PCB). 

b) IC’s of either industrial grade or military grade 

(Ref.16). 

c) Ceramic or plastic IC’s. 

a) Wire wrapping or soldered connections. 

e) A single PCB or multiple PCB’s using edge connectors 

etc. 

£) Encasement of the boards in an epoxy resin block, or 

similar. This is often used in vibration or high 

humidity situations. 

g) Multiple IC’s or multi-function IC’s. There is an 

increasing number of multi-function IC’s becomming 

available. These not only simplify the system 

development, but can also give improved reliability 

due to the reduction in system connections. 

Hardware reliability is both design stage and time 

dependent, whereas software error is caused at the design 

stage. The writing of software is discussed in Chapter 5. 

4) Compatibility. 

This must be ensured between the various IC’s, 

comprising the microprocessor system. This is not generally 

a problem when implementing a system configured using card 

modules. 
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Unlike the design of a desk top computer, where most 

of the external compatibility is limited to compatibility 

with humans, the control system must operate with a variety 

of mechanical and electrical components of the system. 

These may be any of many different types of input sensors 

and output actuators, with real time characteristics. 

5) Speed. x 

The speed of microprocessors has increased with 

development. Computational speed of control logic and 

arithmetic operations may dictate the use of a high speed 

microprocessor and accompanying system IC‘s. 

6) Size. 

The physical size of the system may be an important 

consideration for some applications. Microprocessors 

possess the unique advantage of ultracompact size, and 

multi-function IC’s can further reduce the component 

count, and hence, system size. Systems "tailor built" 

from IC level, with a minimum of redundant features would 

be more compact than a system configured using card 

modules. 

2.4 SYSTEM FEASIBILITY AND CHOICE OF MICROPROCESSOR. 

Having established the total electro-mechanical system 

design criteria, it is necessary to examine the feasibility 

of implementing a microprocessor control system as part of 

that total system. 

The three aspects which need evaluating, in broad 

corms are =



1) Hardware Structure. 

This consideration begins initially by examining what 

is required of the system for a particular control 

engineering application and choosing a microprocessor to 

suit the requirements (Ref.18). The consideration should 

include :- 

a) Number of bits. 

b) Speed. 

c) Available compatible system support IC's. 

d) Power supply requirement. 

e) Type and number of interrupts. 

f£) Clock frequency. 

g) Arrangement Of control logic. 

h) Bus formation. 

i) Availability of tri-state outputs and semaphore I/O 

for multiprocessor system applications. 

j) Availability now and in the future and existing 

expertise within the company. 

Single board computer modules are available with 

various different microprocessors (Ref.15). 

2) Software Structure. 

This concerns the operational characteristics of 

the microprocessor, and is an important initial system 

feasibility consideration. Basic to any application, 

particularly when designing from IC level and using 

assembly language programming is :- 

a) The number and types of registers. 

b) Word length. 
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c) Bit manipulation. 

d) Addressing mode. 

e) I/O facilities 

£) Instruction set and arithmetic ability. 

g) Inequality conditional jumps. 

h) Proper indexing. 

i) Ability and method of indexing stack. 

Compilers are available to allow the use of high-level 

languages such as PASCAL, FORTRAN, PL/M and RTL-2 etc. 

The aspect of these languages, particularly with respect to 

control systems applications, is discussed in Chapter 5. 

3) Complete Electro-Mechanical System Integration. 

This is particularly relevant to the application of 

microprocessor control in mechanical engineering. 

Microprocessors must be interfaced to suitable memory, I/O 

devices and other system logic. In addition to the 

microelectronic components, sensors are required to feed 

the data to the system, and actuators are necessary for 

carrying out the systems instructions. These can often be 

many times the cost of the microelectronic components and 

can render the economics of the system unfeasible. 

2.5 SYSTEM DEVELOPMENT AIDS. 

The implementation of a microprocessor system can be 

described as a two part operation. The hardware must be 

designed, assembled and tested, and secondly, the user 

programme must be conceived, written and debugged. They 

mutually rely on each other. The microprocessor 

manufacturers, as well as the realistic potential users, 
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have realised that the development of an operable system, 

starting from the microprocessor and a few associate parts, 

is a formidable task. 

To simplify the problem, most of the microprocessor 

manufacturers, and some of the companies which build 

microprocessors into systems, market a range of equipment 

to help in the design and development task (Ref.19). 

The mechanical engineer is concerned with systems which 

respond to the time scale of the process being controlled. 

The response time depends on the process dynamics or time 

constants which operate in a real-time mode. The fundamental 

concepts required in the design of real-time systems form a 

necessary, but not sufficient, set of axioms for the design 

of microprocessor based control systems. 

The process of engineering the microprocessor based 

control systems includes the specification, design, 

implementation, integration, commissioning and maintenance 

tasks. Validification tests are required at each stage, 

making use of analysis tools. Many of the system development 

aids can be used as both design and analysis tools. 

2.5.1 System Design Kit (SDK). 

This falls at the lower end of the market, costing only 

a few hundred pounds. It generally comprises a single board 

with a microprocessor, ROM, RAM, I/O ports, keyboard and 

simple display. The ROM is programmed with a primitive 

system monitor for general software utilities and system 

diagnostics. 

They form an excellent level at which a mechanical 
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engineer can start to learn, understand and evaluate the 

fundamentals of microprocessor system design (Ref.20). The 

built-in flexibility of these boards make for simple 

interface to the users system for simple intelligent control 

applications. 

It is both a design and an analysis tool of primitive 

form and is not usually used for final system implementation. 

2.5.2 Logic Analyser. 

This is a device which can be connected into the user 

system to act as a development and debugging tool. A logic 

analyser can simultaneously acquire digital data from a 

number of channels and display them. The number of channels 

will vary between analysers, but it is normally possible to 

acquire access to up to 32 channels. A record can be kept 

of recent events and when a failure occurs, the analyser 

can display the digital data. This data is examined to 

determine the cause of the failure. Most logic analysers 

allow the data to be displayed in different formats, e.g. 

binary, hexadecimal or timing diagrams. It is also possible 

to use some logic analysers with particular microprocessors, 

to decode the binary machine code and show the assembly 

language code. Oscilloscope facilities are also usually 

available. 

The fundamental operational aspect of a microprocessor 

system is the manipulation of logic levels in a sequential 

manner. The logic levels, at any particular instance, can 

be examined allowing a state analysis to be made. The 

timing of the elements of each sequential change and the 
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timing of control line states during each change, such as 

read/write lines etc., is of vital importance. The logic 

analyser allows a real-time analysis for any particular 

signal and a sequential comparison analysis for a number 

of signals. 

2.5.3 Development System. 

The microprocessor development system is a 

sophisticated, expensive and versatile development aid. 

Initially these systems were dedicated to a particular 

microprocessor, but universal development systems are now 

available. These provide a facility using different plug-in 

modules, which allow the development and emulation of a 

range of microprocessors. This makes the initial investment 

cost of such systems more acceptable to the user who is 

likely to deal with a variety of microprocessors. 

Typical modules included in a microprocessor development 

system are :- 

An alpha-numeric keyboard. 

Assemblers. 

Disc operating system. 

High-level language compilers/interpreters. 

Text editors. 

Debug monitors. 

File handling routines. 

Loaders. 

Linkers. 

Besides their use in the writing and development of the 

application software (Ref.21), a major advantage of these 
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systems is that they help in the time consuming, testing 

and debugging process. Development systems aid engineering 

solutions involving the microprocessor. 

2.5.4 In-Circuit Emulation (ICE). 
  

This is an important item for use, in conjunction with 

the development system, during the testing and debugging of 

the complete system at the system integration phase. It is 

also useful for intermediate testing and debugging enabling 

the simulation of system elements in software. 

The one end of the ICE is plugged into the users system 

microprocessor socket, and the other end is connected to the 

development system. The hardware system to be tested has 

access to all the resources of the development system and 

programmes can be run from either source, or a mixture of 

both. Alteration of the contents of memory or registers, 

together with hardware/software interchange, is possible at 

any point in the programme. 

The hardware of the system being developed has access 

to all the resources of the development system and can be 

tested in real-time. Step by step debugging of the hardware 

and software with the response of I/O systems to particular 

events is a very powerful tool. Programme execution can be 

interrupted at any point and the contents of memory 

locations and registers etc. can be examined. 

2.5.5 EPROM Programmer. 

This is most conveniently used as an accessory, or 

peripheral, to the development system. It is an essential 

development system tool which enables the application
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"firmware" to be down loaded, from the development system, 

into non-volatile memory. 

There are several different types of PROM, including 

fusible link PROM’s and EPROM’s. Also there are numerous 

different IC’s of each type. Different PROM varieties or 

families are programmed by using plug-in "personality 

modules". 

2.6 MULTIPROCESSOR SYSTEM CONFIGURATION. 
  

Improved system performance, enabling it to cope with 

real-time requirements, is the key objective in the 

implementation of multiprocessor systems. The performance 

requirements are met by partitioning system functions and 

sharing them across more than one processor system or using 

more than one processor system to fulfill a particular 

function. 

There are many possible configurations that can be 

applied to meet the required objectives of a control system. 

The height of the technology for a control and monitoring 

application is best demonstrated by the modern day jet 

airliner as shown in Figure 2.1 (Ref.22). 

The conceptual systems design engineer must be familiar 

with the many different multiprocessor configurations and 

their various advantages and disadvantages, if effective 

system implementation is to be achieved. 

2.6.1 "Pipeline" Processing. 

In a pipeline processing system all the sequential 

functions required to execute an instruction are divided 

and carried out simultaneously by a number of separate 
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processor systems. This type of parallel processing system 

is shown in Figure 2.2 and is analogous to a factory 

assembly line. A pipeline processor system gains efficiency 

for the same reasons as the assembly line, viz - functions 

are specialized and communications are minimized. Pipelining, 

for example, can enable arithmetic sections of fast computers 

to process sequences of numbers with a high overall speed 

(Ref.23). 

Some microprocessors incorporate parallel processing 

features. This is demonstrated by the Intel 8086 (Ref.24), 

which can implement multiple processing operations, 

internally. This is shown represented by Figure 2.3. The 

approach with this processor is fetching an instruction, 

decoding it, fetching data and executing an instruction. 

These are carried out in parallel so that on execution of 

the previous instruction, the next one is ready for 

execution. The overall throughput rate, as for pipeline 

multiprocessing, depends on the slowest element. 

The throughput processing rate is increased, but this 

approach does not enable the simultaneous execution of a 

number of instructions on a number of data values. 

2.6.2 Matrix Processing. 

This array of processors is effective when much 

identical processing is to be carried out on many items of 

data. A matrix system is shown in Figure 2.4 where all the 

processors receive the same instructions, similar to a 

company of soldiers carrying out drill duty. A limitation 

is that individual computations depend only on the data in 
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a particular element and its immediate neighbours. This has 

been effective in operations such as weather simulation, 

where local atmospheric interactions are significant 

(Ref.23). 

2.6.3 Switched Processing. 

A switched processing system is shown in Figure 2.5. 

An array of processors are connected by a crosspoint switch 

that directly connects any one processor system element to 

any other processor system element. This can be useful if 

a number of processor system elements must have contact 

with each other. 

2.6.4 "Ring" System. 

A further form of array processing, where the 

processor systems are distributed along a ring, is shown in 

Figure 2.6. Data are transferred around the ring, often by 

a serial unidirectional link, and captured by a particular 

processor system, according to predetermined criteria. The 

processor system for which the message is intended can 

remove it from the ring or pass it along if the message is 

also meant for another processor system. A message can be 

sent to all systems on the ring. Problems can be caused by 

the malfunction of any of the network processor systems. 

Reliability of ring networks can be increased by using 

double loops (Ref.25). There are many varying 

implementations of the ring or loop systems, including 

multiple loops where a processor may form part of more 

than one loop. 
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2.6.5 Hierarchical Processing. 

Figure 2.7 shows a system which is based on one 

"master" and four "slaves" in a hierarchical relationship. 

The master processor can control or supervise the operation 

of the slave processors in either a "tightly" or "loosely" 

coupled manner. 

Hierarchical systems can be implemented where there are 

more than two levels. Thus the master processor at one level 

may be the slave for the next higher level. 

2.6.6 Tightly Coupled Systems. 

A system is considered to be tightly coupled if the 

processors access a common memory and peripherals. Any of 

the processors can access any of the memory locations and 

execute the necessary instructions. The access by different 

processors to common memory can not be simultaneous. Events 

have to be synchronized or the priority of access decided 

by handshaking operations. 

2.6.7 Loosely Coupled Systems. 

These may not have access to common memory. Each 

processor generally has its own memory and peripherals. The 

functions of loosely coupled systems are clearly defined. 

The operating system of a number of processors may be 

identical. 

2.7 DATA TRANSFER TECHNIQUES. 

Multiprocessor system design requires that various 

processor system elements receive servicing in an efficient 

Manner, so that data and control information can be 
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transferred with a minimum effect on throughput. The design, 

development and implementation of data transfer between 

processors, can be a time consuming operation that requires 

thought and careful planning to achieve the optimum 

solution for each application. A number of techniques can 

be used, either individually or in combination. 

2.7.1 Polled Input/Output. 

A common method used for detecting whether devices 

require servicing is the polled approach. This is where 

the processor, controlling the polling, must check each 

system element in sequence, to see whether it needs 

servicing. A large proportion of the main programme can be 

taken in needlessly looping through the polling cycle. 

This could have a detrimental effect on system throughput, 

thus limiting the tasks that could be assumed by the 

multiprocessor system and hence reducing the cost 

effectiveness of such methods. It might not be possible to 

respond to the real-time requirement criteria of control 

systems. 

Hardware flags are used to indicate the send, or 

receive, condition of the system elements. If data as to 

be transferred, then an appropriate software routine is 

used to service that particular system element. The 

polling, status indication and data transfer can all be 

carried out between processor systems with simple 

input/output (1/0) ports. The hardware interface between 

systems is simple, requiring little, if any, additional 

logic, and with an efficient programme, executed at 
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high speed, this method has found many applications. 

2.7.2 Interrupted Input/Output. 

The output of a multiprocessor system can be increased 

significantly if, instead of polling, it only stopped to 

service system elements when requested and usually when it 

is convenient to do so. The request can occur at any time, 

that is, in an asynchronous mode. The system element 

indicates this by setting up an interrupt flag in the other 

systems processor. The processor, if the interrupt is 

enabled, will acknowledge the interrupt, complete the 

execution of the current instruction, save the processor 

status and then service the requesting system by 

transferring the control to an appropriate I/O routine. 

Once the requesting system has been serviced the control 

is transferred back to the original programme. The 

interrupt service routine needs to be re-entrant. 

Interrupt systems vary greatly from processor to 

processor and typical characteristics are :- 

1) Number of interrupt lines. 

2) How sources are identified. 

If only one requesting line is connected to a single 

receiving interrupt then there is no problem with 

identification. When a number of requesting lines are 

attached to a given interrupt line, each requiring its own 

servicing routine, the interrupting line must be identified. 

This can be carried out by using a polling interrupt 

routine. A preferred alternative is to use a vectored 

interrupt where the interrupting line is directly



identified. Some vectored interrupts not only identify, but 

also provide the starting memory address of the service 

routine to which the programme should jump. 

3) Priority. 

Some interrupts may be recognized first or interrupt 

the other ’s service routine. 

4) How interrupts are enabled and disabled. 

ese real-time control applications involve critical 

routines that must not be interrupted during their 

execution. Some interrupts, depending on the application, 

can be classified as trivial whilst others have to be 

serviced. Different types of interrupts, known as maskable 

and non-maskable, can be used to overcome these 

difficulties. In maskable interrupts, software routines are 

used to enable or disable an interrupt. If disabled the 

processor will ignore the interrupt request. A non-maskable 

interrupt has to be acknowledged and serviced by the 

processor. 

If more interrupts are required than are available on 

the processor and polling interrupt techniques are to be 

avoided, because of real-time requirements, then a 

programmable interrupt controller (PIC) integrated circuit 

may be used. A PIC, such as the Intel 8259A (Ref.26), 

functions as an overall manager in an interrupt driven 

data transfer system. It accepts requests from the 

interrupting systems, determines which of the incoming 

requests has the highest importance, ascertains whether 
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an incoming request has a higher priority level than the 

level currently being serviced, and issues an interrupt 

based on this determination. Up to eight levels of request 

are managed and there are features enabling expansion, 

using additional PIC°s, to 64 levels. It is programmed by 

the systems software as an I/O peripheral and a selection 

of priority modes are available so that the interrupt 

requests can be configured to match the system 

requirements. The priority modes can be changed, or 

reconfigured, dynamically at any time during the main 

programme. This enables the complete interrupt structure 

to be defined as required for the total system requirement. 

The PIC, after interrupting the processor, can point the 

programme counter to the address of the start of the 

service routine associated with the requesting system 

element. 

2.7.3 Direct Memory Access (DMA). 
  

The I/O technique for the transfer of data, might not 

be suitable for many applications requiring fast data 

transfer. DMA, as the name implies, enables the processor 

of one system to gain direct access to another systems 

memory. The data transfer rate can be as high as the memory 

cycle time allows. There are various different ways of 

implementing DMA. 

The buses of two or more processors may be 

interconnected for communication between systems. To enable 

each processor system to carry out its individual task 

there must be a means, usually under software control, of 
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isolation between the buses. The processor whose bus is 

being accessed must be isolated from its bus before access 

can be gained by another system. Some of the more recent 

processors (Ref.25) can be placed in a HOLD state. They then 

become isolated from their buses. On linking of the two 

buses high-speed data transfer can take place. The mode is 

suitable for transfer of large blocks of data or for data 

of a byte or two. This type of DMA operation, referred to 

as the visible or burst mode, is frequently used in 

microcomputer systems. The speeds of operation of the 

microprocessors are reduced and this can be detrimental for 

some applications. 

Another mode of DMA involves the stealing of cycles 

during which the processor is carrying out other tasks 

which do not require access to its memory and the bus is 

not being used. It is usual to transfer data one byte at 

a time, and this can be transparent to the system in that 

normal operations of the microprocessor are not suspended 

except for the inhibiting of the clock for a wait cycle. 

It is left to the systems designer to implement the 

necessary front-end logic (Ref.27) for cycle steal 

operations, as it is not an integral part of the processor. 

This is carried out by using the DMA facilities available 

on most processors. The stealing of cycles mode of data 

transfer, whilst not delaying the processor whose system 

memory has the data, can delay the transfer rate. Normally 

the bus is only relinoguished for a few clock cycles which 

only allows transfer of a byte or two of data at a time. 

Programmable DMA controller integrated circuits, such 
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as the Intel 8257 (Ref.26), are obtainable. This I.C. has 

four channels of DMA control. Upon a request, a sequential 

memory address is generated which will allow the reading or 

writing of data directly to or from memory. Acquisition of 

the system bus is obtained by use of the processors HOLD 

function. Sophisticated systems can make use of dedicated 

processors as DMA controllers and card modules containing 

these system elements are available for use in the 

configured open system (Ref.15). 

A further form of DMA would be a method where a block 

of volatile memory could be accessed or isolated, from 

either system, under logic control. This would mean that at 

no time would the processors be isolated from their buses 

which would enable other tasks to be carried out, such as 

the control of I/O ports or an analogue to digital 

converter (ADC). Depending on the structure of the system, 

relatively long periods could be obtained for data transfer 

without slowing down the throughput rate. A typical 

layout using this method is shown in Figure 2.8 with 

handshaking and data selector control using I/O ports. 

The communication control could be configured in many 

different ways. For example, priority interrupts could be 

used and the data selector could be controlled from both 

or either system. 

Dual port memory I.C’s., incorporating the data 

selector controls, are now becoming available.



2.8 COMMUNICATIONS BETWEEN MICROPROCESSOR SYSTEM MODULES. 

The address, data and control bus are fundamental 

for communication within any processor system. The use of 

bi-directional bus drivers are often implemented, if large 

blocks of memory etc. are accessed within a system, to 

increase the drive capability of the local bus. These can 

also be used, with the tri-state facility, for the- 

communication between two processor systems that are local 

to each other. A major problem with this method can be not 

only the distance and driving ability limitation, but also 

that only identical microprocessor buses may be interfaced. 

This problem can be overcome by using additional cicuitry 

and a standardised data communication bus. Manufacturers 

and other organisations have developed various standardised 

methods to enable the inter-connection of a wide variety of 

peripherals. 

Buses can be categorised, depending whether they have 

parallel or serial communication. Parallel communication 

is faster than serial communication, because of simultaneous 

transmission of a number of data bits. Parallel transmission 

is practical only over relatively short distances. If data 

can be accepted at a slower speed then a serial bus with 

fewer lines can be used. 

There are currently available a large number of data 

communication standards. Typically, the S100 bus, Intel 

Multibus, Standard bus, 6800 bus, LSI 11 bus, TRS 80 bus 

and Apple II bus, are examples. It is only intended to 

mention the more salient features of those which are 

particularly relevant to multiprocessor communication. 
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1) $100 Bus. y 

This bus is poorly defined and there are a number 

of different $100 implementations that are not 

necessarily compatible with each other. There are 100 

lines and the function of some of the lines has not been 

specified. The bus is based on the Intel 8080 processor 

and its popularity has resulted in its official recognition 

by the Institution of Electrical and Electronic Engineers 

(IEEE). The IEEE have produced a revised standard for the 

$100 bus. This reduces the compatibility problems and 

offers a transmitted data distance of 635 mm, at a 

maximum frequency of 6 MHz. It is suitable for the new 

16-bit processors, such as the Intel 8086 and the Zilog 

Z-8000. Up to 21 card modules can be connected to the bus. 

24 address lines are available, allowing addressing to 

16.384 megabytes of memory. Data can be transferred on the 

parallel lines in the form of 16-bit words, 8 lines are used 

for handling vectored interrupts and the remaining lines can 

be used for I/O, control functions and possible future 

specification. 

2) Intel Multibus. 

This bus system was introduced by Intel and has become 

an industry standard. It was specifically intended for use 

with the single board computer and boards for the control 

of periferal devices (Ref.15). Complex control problems 

have been solved using this approach (Ref.28). The Multibus 

was designed to support three generations of VLSI technology 

and has 24-bit compatibility. It has an element of defined 
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system architecture and can support up to 16 processors, 

either in a master/slaves configuration, or a priority 

structure can be used to resolve the conflicts which arise 

when a number of processors of equal hierarchy are 

implemented. There are a total of 86 lines and the 

functions include, 16 address lines, 16 data lines, 8 

interrupt lines, 9 status control lines, 6 multi-master 

control lines, 16 power lines, 8 ground lines and the 

remaining lines are user definable. The bus is 100 mm long 

with up to 5 board locations. 

Recently Multibus II has been introduced by Intel. 

This has 32-bit processing capacity and is intended to 

support VLSI into the 1990's. It is not intended as a 

replacenent for the standard Multibus. 

3) The Standard Bus. 

This was introduced by Mostek and Pro-log Corporation. 

It has 56 clearly defined lines. The first 6 are logic 

power lines, the next 8 are used for data transfer, the 

next 16 for address, the next 22 for control and the 

remaining 4 are used for power. This bus structure is 

particularly suitable for the smaller system. 

4) The User Defined Backplane. 

Backplanes are available in various sizes and consist 

of a card with numerous parallel printed circuit tracks, 

generally double sided, with plated through holes for 

standard multi-way sockets for plug-in boards. The 

backplane is intended for systems designed and constructed 

from component level as all lines are user definable. 
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An attempt has been made to introduce industrial 

standards (Ref.29) for various other backplane 

configurations. When designing from component level the 

user definable backplane can offer many advantages, but 

it is necessary to anticipate any future possible system 

expansion to avoid inflexibility. 

2.9 NETWORK COMMUNICATIONS. 
  

The technology developed initially for the interfacing 

of the microcomputer to external devices, such as display 

units, printers, plotters etc., can be used for the 

communication between multiprocessor systems. Just as the 

peripherals may be local, that is, in the immediate vicinity 

of the computer system, or remote, so could the various 

processor systems, or system elements, developed for control 

or monitoring applications which require inter-communication. 

A number of standard interface methods have been introduced 

in an attempt to provide reliable transmission of signals. 

1) The IEEE Std 488 Bus. 

This is suitable for the transmission of 8-bit data in 

the parallel mode, over a maximum distance of 2 metres. 24 

lines allow for bi-directional data transfer, data transfer 

control and general management and control. The standard 

defines the timing as well as the signals. It is not 

suitable for use in a noisy environment. 

2) The EIA RS 232. 

Communication by the Electrical Industries Association 

(EIA) RS 232 is via serial interfaces, whereby the data is 
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transferred serially one bit at a time. Data can be 

transmitted at various standard rates from 50 baud (bits per 

second) to a maximum of 19 200 baud, over extended distances. 

There are a total of 25 pins in the socket, but it is usual 

to find the number of pins used for the data transmission 

ranging from 2 to 9. These are, transmit data, receive data, 

signal ground, request to send, data set ready status, 

carrier detect, clear to send, data terminal ready and 

secondary request to send. The RS 232 standard is somewhat 

anomalous and hence systems that satisfy the standard might 

not be compatible. 

Development has led to the EIA RS 422 and EIA RS 423 

which offer improved noise immunity. 

3) 20 Milliamp (mA) Current Loop Standard. 

Transmission is in the serial mode and logic ls and 0s 

are indicated by closing and opening the 20mA current loop. 

The asynchronous transmission of the data can be over 

extended distances. Only 4 wires are used and the system 

has good noise immunity. 

Devices for converting the current loop standard to 

RS232 are available. 

2.10 SUMMARY. 

The tremendous growth in microprocessor and associated 

products technology in recent years is continuing at an 

ever increasing pace. The development of commercial and 

technically viable control systems incorporating the latest 

techniques is necessary if products and entire companies 

are to avoid obsolescence. The microprocessor systems 
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application engineer, having first identified and defined 

the requirements, must make many decisions at an early stage 

as to the system architecture. 

The design criteria, choice of microprocessor, system 

development and de-bugging aids, multiprocessor 

configurations and inter-system communication techniques 

have received appraisal, with respect to the design and 

analysis tasks, in this Chapter. 

2.10.1 Level of Entry. 

This is fundamental to the development process and 

has a bearing on the initial and each subsequent system. 

The choice is between IC level, Configured "open systems" 

built from selected modules, or ready configured 

minicomputers. The latter has only a limited application 

to complex control engineering applications and only the 

initial two levels will receive comment. It is possible to 

combine these two levels for an overall system. The level 

of entry may be decided by distinct system requirements. 

The design and construction of a system from IC level 

would have the following characteristics :- 

1) Low cost for multiple production due to a minimum of 

redundant features. 

2) High initial development cost. 

3) Extended time to market with possible investment risk. 

4) Low overall power consumption and small physical system 

size due to a "highly tailored" system. 

5) Requires a high degree of hardware expertise particularly 

if the requirement is for VLSI. 
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6) 

8) 

High degree of flexibility in hardware and software 

trade-offs. 

High degree of multi-sourcing of IC's guaranteeing 

availability in the future. 

Very easy to produce a system tailored to present day 

needs alone and not possible future requirements. This 

can be avoided by adopting an “open system" approach from 

the beginning. 

The Characteristics of the “open system" configured from 

card modules are :- 

1) 

2) 

3) 

9) 

Reduced time to market reflecting a lower investment risk. 

High multiple production costs. 

Lower system development costs, although the initial 

cost in purchasing the development equipment would be 

higher. 

High power consumption and larger physical system size 

because of redundant elements. 

Less flexibility in tailoring the system to meet the 

exact requirement, although this will become less of a 

problem as more modules become available. 

Possible future requirements are more easily introduced 

avoiding product redesign costs. 

Open to future VLSI. 

Complex operating systems, such as those required for 

multiprocessor applications, are simpler to apply. 

Comprehensive libraries of software modules are becoming 

available. 
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2.10.2 Multiprocessor Systems. 

The layout and characteristics of multiprocessor 

configurations have been discussed in this Chapter. 

The multiprocessor system can offer many advantages 

over the more conventional single processor system. The 

total system requirement must be defined and a decision 

made as to whether to divide the overall task between a 

number of processors. The advantages that can accrue can 

be defined as follows :- 

1) Faster response to real-time control requirements can 

be obtained since several tasks can be carried out 

simultaneously. Interruption of a single processor 

need not interfere with the tasks of other processors, 

or the main operating system. 

2) The cost of design, development and construction of a 

multiprocessor system can be less than the cost of a 

centralised system with equivalent computing power. 

8-bit devices could provide the real-time control 

requirement provided by a single 16-bit processor. 

3) Multiprocessor systems, correctly configured, can be 

more easily adapted to suit changed requirements. It 

is therefore easier to provide for an increase or 

change in system demands. 

4) Multiprocessing systems with shared memory and a common 

bus can simplify the task of communications between 

different processors. The same data required by several 

systems can easily be accommodated, with minimum 

communication network costs. 
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5) The modular construction of multiprocessor systems 

enables the development task to be more easily divided 

and individually defined. This can result in a reduction 

in time for implementation of the working system. 
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CHAPTER THREE 

MICROPROCESSOR SYSTEM 

FOR CONTROL OF 
  

ROADHEADER - HARDWARE 
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3.1 INTRODUCTION. 

The roadheader is a free ranging machine with distinct 

requirements for control of the boom and also for actual 

control system characteristics. The choice of microprocessor 

and compatible ICs that form the system, are fundamental to 

both of these aspects. The system design criteria, overall 

control system concept, choice of microprocessor and 

multiprocessor interaction for the roadheader are 

contained in this chapter. 

A description of the elements, with detailed 

reference to the more salient features, of one of the 

microprocessor systems is also contained in this chapter. 

3.2 SYSTEM DESIGN CRITERIA. 

The initial step in the design of the microprocessor 

system began by applying the criteria, outlined in 

Section 2.3, to the roadheader machine. The system criteria 

are defined as :- 

1) Control Requirement. 

The system is required to give manual and automatic 

point-to-point and continuous path control to the 

hydraulically actuated boom of the roadheader.The valves 

for control of the hydraulic fluid are simple on/off, 

solenoid operated, poppet type valves. The valves are 

switched using control data which has been either 

pre-programmed or operator defined to the system. The boom 

position is continually monitored and closed-loop control 

is implemented. The complete overall system is shown in 

block diagram form in Figure 3.1. 
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2) Compatibility. 

This must be ensured within the electronic systems, 

between the microprocessor system and the electro-hydraulic 

components, between the machine operator and the system 

control requirement of the boom and also between the total 

system and the environment. 

The mining environment dictated that the system must 

have a low overall power requirement in an attempt to 

achieve intrinsic safety approval (Ref.30). To meet this 

requirement it was necessary to develop a system with a 

minimum of redundant elements. Hence, the system was 

developed using individual ICs which allowed the highest 

possible level of purpose designed system configuration. 

Other advantages and some disadvatages (discussed in 

Section 2.10.1) accrue from this entry level. These are 

particularly relevant to the roadheading machine and 

receive mention in other parts of this system design 

criteria description. 

3) Cost. 

There are approximately 600 roadheading machines of 

the boom mounted ripper type in use in the British coal 

mines, each representing a capital investment of between 

approximately £200 000 and £700 000. The export market for 

these machines represents approximately 60% of production. 

The cost of the hardware is repeated for each 

application and is minimal for a control system constructed 

from IC level. If the system had been configured using 

pre-built card modules, as discussed in Chapter 2, the cost



of the hardware would have been considerably higher. The 

extra initial system development costs for the IC level of 

entry would be repayed many times over when related to 600 

machines. On cost alone, a case is made for this system to 

be constructed from individual IC component level. 

4) Flexibility. 

The development of the roadheader control system is 

likely to be an ongoing operation. Several aspects of the 

final system, described in this thesis, were not envisaged 

at the initial stage. It was possible to incorporate most 

of these without any major modification being necessary to 

the hardware. Software modification was readily implemented. 

The one exception to this, which came about after the system 

was built and working, proved to be the liquid crystal 

display (LCD) for the operator, described in Appendix C. 

The flexibility of the system is discussed further in 

Chapter 8. 

Generally, the flexibility of the development of 

microprocessor based control systems was demonstrated. 

5) Reliability and Safety. 

In event of a roadheader becoming inoperable, the 

cost, to bring the machine to the surface and take down a 

replacement, can amount to 80,000. This does not include 

the cost of loss in production, which could amount to 

millions of pounds. 

The mining environment dictated that the system should 

operate with reliability and safety, as specified for 

underground machinery (Ref.31). 
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The electro-hydraulic valves incorporate direct manual 

operation, which provides a rudimentary form of control in 

“ai event of a control system failure. Microelectronic 

systems are compact, and hence, easily replaceable. Despite 

this, system reliability remained an important criterion. 

Safety in the designed operational performance of the 

system was of paramount importance and was considered 

throughout the design, development and testing operations. 

There is an implication of unsafe performance if the 

system operates outside the designed mode. This was 

considered at all stages of system development in an 

attempt to design out the possibility of any unpredictable 

operational modes. Signal conditioning is applied to the 

analogue feedback lines as described in Chapter 4 and the 

usual precautions were taken in the selection of ICs and 

the design of the digital electronic systems as discussed 

in this chapter. 

The structure of the software operating system is also 

relevant to safe operation and is discussed in Chapter 5. 

The overall safety aspect of the electronic and 

hydraulic systems are described in Section 8.6. 

3.3 CONTROL SYSTEM CONCEPT. 

The architecture of the complete system is shown in 

Figure 3.2. Two microprocessors are used, one for the 

control of the input data retrieval system and one for the 

system which controls the switching of the hydraulic valves 

from this data. Two processors were necessary to enable 

real-time control of the boom. 
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The data input to the system includes feedback and 

machine operator defined information of analogue voltage 

representation. The inputs, including the signal 

conditioning and analogue to digital conversion (ADC), are 

described in Chapter 4. 

The control of the ADC, storing of displacement 

information, and calculation of the velocity of the boom 

using an interval timer IC, requires a system with volatile 

memory for temporary storage of data and non-volatile 

memory for the system operational software. The 

microprocessor operates the sequential control of the 

entire data input system with parallel operations from the 

ADC and the programmable interval timer hardware elements. 

The microprocessor system which generates the signals 

for switching the hydraulic valves is covered by the 

complementary thesis carried out by C. W. Chuen. The 

digital operation of the valves makes for a simple output 

interface requiring power amplification only. 

3.4 CHOICE OF MICROPROCESSOR. 

The selection of the microprocessor was a crucial 

step in the system design procedure. Having determined 

that a microprocessor based control system implementation 

was feasible for control of the roadheader, the Intel 8085A 

microprocessor (Ref.26) was selected on the basis of well 

established criteria. The criteria are :- 

1) Accuracy and Speed. 

An 8-bit device can give the accuracy of a 32-bit 

device, but will require multi-byte handling of data which 

62



( ENTER ) 

SAVE REGISTERS AND PROCESSOR 
STATUS WORD. 

LOAD BYTE COUNT AND 
LOCATE MEMORY ADDRESS. 

    

    
  

  

      

READ: 
  

  

GET DATA FROM APU STACK 
AND STORE.       

  

A DECREMENT FOR NEXT MEMORY LOCATION. 
DECREMENT BYTE COUNTER.           

IS BYTE COUNTER ZERO. 
    
    

NO 
YES 

  

RECOVER PROCESSOR STATUS WORD 
AND REGISTERS. 

RETURN 

    
  

  

FIGURE 3.3 BENCHMARK PROGRAMME FLOW CHART.



MEM. CLOCK 
BYTES| CYCLES 
  

PUSH H ; SAVE H,L REGISTERS. 1 12 
PUSH B ; SAVE B,C REGISTERS. 1 12 
PUSH PSW ; SAVE PROC. STATUS WORD. 1 ae 
LXI H, STADD: ; LOCATE MEM. ADDRESS. 3 10 
MVI B, 04H ; LOAD COUNT VALUE. Z a 

READ: IN APUD: ; GET DATA FROM APU STACK. 2 10*4 
MOV M,A ; STORE DATA INTO MEMORY. 1 784 
DCX H ; DECRE-T FOR NEXT MEM ST. 1 6*4 
DCR B ; DECREMENT BYTE COUNTER. L axa 
JNZ READ: ; LOOP BACK IF NOT ZERO. Z (LO#3) +7 
POP PSW ;} RECOVER PSW. L 10 
POP B ; RECOVER B,C REGISTERS. 1 10 
POP H ; RECOVER H,L REGISTERS. 1 10 
RET ; RETURN TO CALLING PROG. ib 10 

  

TOTALS :- 20 238 

Total time = 238 x 0.3255 x 10° = 77.47 ps 

FIGURE 3.4 8085 ASSEMBLY LANGUAGE BENCHMARK PROGRAMME. 

  

      

MEM. | CLOCK 
BYTES| CYCLES 

PUSH CX ; SAVE CX REGISTERS. 1 10 
PUSH BX ; SAVE BX REGISTERS. 1 10 
LAHF ; LOAD REG AH WITH FLAGS. 1 4 
PUSH AX ; SAVE ACCUMULATOR & REGS.| 1 10 
MOV BX,STADD: ; LOCATE MEM STORE ADDRS. 3 4 

MOV AH, 02H ; LOAD COUNT VALUE. Zz 4 

READ: IN AL, APUD: ; GET DATA FROM APU STACK.| 2 10*2 
MOV CL,AL ; STORE UPPER BYTE. 2 10*2 

IN AL, APUD: ; GET DATA FROM APU STACK. 2 10*2 

MOV CH,AL ; STORE LOWER BYTE. 2 1072 

MOV [BX],CX ; STORE DATA TO MEM. 3 10*2 

DEC BX ; DECR-T. FOR NEXT MEM ST. HE or 

DEC AH ; DECREMENT COUNT VALUE. 2 342 
INZ READ: ; LOOP BACK IF NOT ZERO. 2 16+4 
POP AX ; POP ACCUMULATOR & REGS. 1 8 

SAHF ; STORE REG AH TO FLAGS. 1 4 
POP BX ; RECOVER BX REGISTERS. 1 8 
POP CX ; RECOVER CX REGISTERS. iL 8 

RET ; RETURN TO CALLING PROG. iL 8 

TOTAL :- 30 208 

Total time = 208 x 0.2 x 107° = 41.6 ps 

FIGURE 3.5 8086 ASSEMBLY LANGUAGE BENCHMARK PROGRAMME.



infers a slower speed. 

32-bit arithmetic data is handled within the system, 

using both software routines for velocity calculation 

(refer to Chapter 5) and an arithmetic processing unit 

(APU) is used for handling the valve switching criteria 

(refer to the thesis by C. W. Chuen). Multi-byte operations 

are required to handle the information. 

A comparison of the performance of different 

processors is best carried out using a simple benchmark 

programme (Ref.33). Different processors utilize different 

instruction sets and such programmes are usually specified 

by a functional flow chart. The programme should represent 

time critical operations relevant to the intended 

application. The two parameters that are then considered 

for comparison are, the number of memory bytes occupied by 

the programme and the speed of execution of the programme. 

An example, as applied to this application, is for the 

reading and storing of 32-bit information from the APU. The 

functional flow chart for this operation is shown in 

Figure 3.3. 

The programme using 8085A assembly language to carry 

out this operation is shown in Figure 3.4. The programme 

using 8086 assembly language for the same operation is 

shown in Figure 3.5. 

The 8085A, 8-bit processor, clocked with a 6.144 MHz 

crystal takes 77.47 ps to carry out the APU read routine, 

and the 8086, 16-bit processor, clocked with a 5 MHz 

crystal takes 41.6 ps for the same operation. 
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The 32-bit stack of the 8231A APU (Ref.26) can only 

be accessed with 8-bit bytes. The 8085A has four programmed 

passes of the READ loop and stores the data to four 

decremented bytes of memory. The 8086 reads two 8-bit bytes 

from the APU stack for each pass of the READ loop, and 

stores them as a 16-bit word. Only two passes of the loop 

are required and the information is stored as two 16-bit 

words. 

The 16-bit processor demonstrates a considerable 

improvement in time performance in handling the reading of 

the APU. The 32-bit data would also be handled at increased 

speed within the 16-bit processors system. Despite this 

fact, the higher speed was not necessary for the roadheader 

real-time control application. Increased speed of operation 

could however be imperatve for other control engineering 

applications (Ref.28). 

2) Power Requirement. 

The 8085A N-channel device has a power requirement of 

5V and 170mA. The single voltage is particularly useful for 

this intrinsically safe application as it avoids the linking 

of multi-voltage lines other than by optical means (Ref.30). 

Ideally it would have been preferrable to use a 

complementary metal oxide semiconductor (CMOS) processor. 

These have inherently lower current ratings. At the time 

of beginning this project there were few CMOS processors 

available - namely the Intersil IM6100 and the RCA 1802 

family. Neither of these processors suited the application 

as ideally as the 8085A and would have required investment 
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in new development aids. In 1982 OKI introduced a CMOS 

version of the 8085A which has a current rating of only 

18mA. This processor will operate at the same speed and 

has an identical architecture, instruction set and driving 

ability as the Intel 8085A processor. It can therefore be 

used as a direct replacement. 

There are now many more CMOS processors and supporting 

ICs available and the technology is advancing at an ever 

increasing pace. 

3) Hard-wired Interfacing Facilities. 

These are of particular concern in the selection of a 

processor for an engineering control system application. 

Besides the address, data and control lines, the 8085A has 

five hardware interrupt inputs and DMA control facilities. 

The interrupts are used to inform the processor of the 

occurrence of external events which require immediate 

action. They are in an order of priority and are 

individually maskable by software control except for the 

TRAP interrupt which is of highest priority. This is useful 

for detecting catastrophic events requiring immediate 

control system close-down, such as hydraulic power failure. 

The application of the interrupts for the roadheader 

control is detailed in Section 3.5.4. 

The DMA facility allows external devices to gain 

control of the bus and is discussed further in Section 3.5. 

The 8085A is a 40 pin, dual-in-line (DIL), IC. The 

high density of functions is made possible by the use of 

multiplexed data and eight least significant address lines. 
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4) Instruction Set. 

All processors have a set of unique instructions that 

are closely related to each processor’s architecture. The 

greater the number of instructions in the set infers the 

better it is, since a larger variety of operations may be 

performed using one basic instruction. If the instruction 

set is small, then a number of basic instructions might be 

used to perform the action performed by one of the 

instructions of a larger set. Correctly configured benchmark 

programmes allow comparisons to be made. 

The 8085A has a comprehensive set of instructions 

which are discussed further in Chapter 5. 

It is essential for the system designer/programmer 

to have a good knowledge of the instruction set. 

5) Viability. 

For a product as complex as a microprocessor viability 

is not always immediately demonstrated. Some original 

equipment manufacturers have found it necessary to abandon 

costly development projects because the prototype 

microprocessor, around which they were designed, did not 

materialize into a viable product. The Intel 8085A has 

found widespread application in the computing and control 

engineering fields since its introduction several years 

ago and its viability is confirmed. 

6) Availability. 

Availability now and in the future is of concern. 

Intel guarantee availability for a minimum of twenty-five 
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years. Second-source availability of the 8085A is a 

further guarantee. 

7) Systems Design, Develop and Build Support. 

A comprehensive range of compatible system support 

ICs, such as ROM, RAM, I/O, programmable interval timer and 

suitable system interface logic such as decoders etc. are 

available for the 8085A microprocessor. 

A development system with an assembler and an in-circuit 

emulator and other software development aids were available 

within the University. These are important considerations 

when selecting the microprocessor, since to purchase such 

items would be a high initial cost. Some of the more recent 

VLSI microprocessors will reportedly be made available 

prior to the supporting system development aids. This delay 

in availability of development aids would considerably 

complicate the system implementation task. 

3.5 MULTIPROCESSOR INTERACTION. 
  

The system adopted for the roadheader is shown in 

Figure 3.6, with the retrieval systems processor referred 

to as the "slave" and the main processor for the valve 

switching criteria referred to as the "master". There is 

an element of hierarchy in the system, in that the main 

processor can access the retrieval processors system, but 

not vice-versa. 

The important features are the controls which enable 

isolation of the retrieval processor from its address bus, 

data bus and control lines, and the controls which enable 

isolation and linking of the two processor systems buses.



For normal operation, when the retrieval processor is 

monitoring the feed in and feedback information and 

updating its memory and the main processor is controlling 

the switching of the valves, the two system buses are 

isolated from each other. To enable direct memory access 

(DMA) the retrieval systems processor must first be 

placed in a HOLD state, and on acknowledgement of this, 

the two buses are interconnected. 

The information to be accessed by the main processor 

consists of multi-byte tunnel profile definition data, 

groups of four 8-bit bytes of velocity data and single 

8-bit bytes of displacement data. During the period when 

the retrieval systems memory is being accessed the 

retrieval processor relinquishes use of the bus and only 

internal processing can continue. The instance and period 

of HOLD of the processor required careful consideration 

to minimise the effect on the accuracy and real-time 

control requirement of the boom. 

The tunnel profile data is obtained by the retrieval 

processor. It is accessed and sorted by the main processor. 

These operations take place when the systems are first 

powered-up or on press of the reset button. During these 

periods the boom is rendered inoperable and it is not until 

the sorting is completed that the operator is able to place 

the system into either an automatic or manual mode of 

operation. It is only the four byte and single byte data 

which is accessed during the control period. 

The moment in time of the receipt of HOLD for the 

reading of single byte data was of no account since the
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frequency of update and access of each byte of displacement 

data was approximately 32 times per second (refer to 

Section 4.7). The hydraulic valve-opening and closure 

response times were measured to be approximately 200/350ms, 

respectively. 

The instance of access of the four-byte velocity data 

required consideration, since to have accessed this data 

during a period of update could have provided incorrect 

information for the valve switching criteria algorithms. 

Handshaking was therefore implemented, as shown in 

Figure 3.6, whereby the retrieval processor could inhibit 

the HOLD during the period of update. 

The handshaking and communication control between the 

systems was carried out using I/O ports. The flow diagram 

for the communicating actions taken by the two processors 

is shown in Figure 3.7 and is autonomous, that is, 

controlled by the software of the systems. 

3.6 MICROPROCESSOR SYSTEM - DESCRIPTION OF PARTS. 

This section describes the IC's and the salient 

features pertinent to the retrieval and data preparation 

system for the operation and control of the roadheader. 

The power amplification for the operation of the hydraulic 

valve solenoids and opto-isolation circuits are also 

described. The main processor system is described in the 

complementary thesis carried out by C. W. Chuen. 

The circuit connections for the retrieval system can 

be found in the Appendix A on Hardware Diagrams Nos. l, 2, 

3 and 7 and the power amplification circuits are shown on 
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Hardware Diagram 6. 

3.6.1. RESET IN and Power On. 

Automatic start up on "power up" of the processor is 

desirable for this system. It saves having to implement 

some form of reminder to the operator to reset the system. 

RESET IN sets the programme counter to zero and resets 

the Interrupt Enable and HLDA flip-flops. During RESET the 

buses and control lines are 3-stated, and the processors 

internal registers and flags could be altered, with 

unpredictable results. 

Within the 8085A is a special circuit to increase its 

speed and this requires a certain amount of time to 

stabilize after POWER ON. It is not guaranteed to work until 

10ms after Vcc reaches 4.75V. RESET IN should be kept low 

during this period (See Figure 3.8). This is explained in 

further detail in Ref.26. 

A simple RC network can satisfy the POWER ON 

requirement, but it is evident that a slow rise of Vcc would 

have a bearing on the delay required for RESET IN to reach 

2.4V. 

For the RC network shown in Figure 3.9. 

Vo 1 
eS — (302) 

Vi 1 + sRC 

Therefore the time taken for Vo to reach 63.2% of Vi, 

assuming infinite impedance at RESET IN and no internal 

resistance in the capacitor, is 

t = RC (322) 
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and 

Vo -it 

—-=l-e ® £325) 
vi 

Transformer/regulated power supplies with smoothing 

capacitors will not give an instantaneous rise for Vi to 

equal Vcc immediately after "switch on". An U-V recording 

was made of the system POWER ON characteristic of Vi with a 

load of 3 amps (Figure 3.10). 

A time of approximately 200ms from "switch on" is 

required for Vi to equal Vcc. Taking this as the time for 

Vo, or RESET IN, to reach 2.4V, assuming an instantaneous 

Vi = Vcc (This is erring on the "safe" side, but is not 

detrimental to the system.), then from Eq. 3.3, using a 

capacitor of 1.0 pF, 

RQ = 272kQ 

A 300kQ resistor was used. 

3.6.2 Restart Interrupts. 

The restart interrupts used for this application are 

RST5.5, RST6.5 and RST7.5. They are direct connections to 

the 8085A that are used to inform the processor of the 

occurrence of external events. Such inputs cause the 

suspension of normal operations and immediate response to 

the routine allocated to the interrupt which has been 

received. They may be individually masked out, and enabled 

or disabled, by software control. Full details of the 

priority, restart address and sensitivity of the interrupts 

are given in Ref.26. 

For the retrieval system the allocated functions for 
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the interrupts are shown in Table 3.1. 

  

NAME FUNCTION 

RST5.5 "ENTER DATA" Push Button. 

RST6.5 "END OF DATA" Push Button. 

RST7.5 End of Analogue to Digital Conversion. 

TABLE 3.1 Interrupt/Function Allocation. 
  

3.6.3 Clock Generation (Xl and X2). 
  

In microprocessor systems the clock is an essential 

element for the synchronising of data manipulation. Time 

reference is inherent for all operations carried out. 

To drive the clock inputs, Xl and X2, of the 8085A, a 

quartz crystal clock driver of 6.144MHz is used. This is 

immediately divided by two, thus providing an internal 

clock frequency of 3.072MHz, which is available for use by 

other parts of the system at the CLK(OUT) pin. 

3.6.4 Chip Select Decoding. 

Decoding of the address is essential for selecting 

memory locations and other devices, such as the memory 

mapped analogue to digital converter. To avoid bus 

contention each device connected to the address bus must 

have a set range of addresses when it alone is selected. 

A single, Intel 8205, high speed, 1 out of 8 binary 

decoder, is used for this purpose. It decodes All, Al2, Al3, 

Al4 and Al5 to give a total of eight 2K blocks of selected 

addresses, beginning at 0000H through to 3FFFH, making a 

a total of 16K x 8-bit. The allocation of the Chip Select 

x 3
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a ne oof = 0000H O7FFH | C50 9755 EPROM 

Rea o1 He 0800H OFFFH| C51 2716 EPROM 

AI3 3 42 o2 #2. 1000H_-«17FFH | G52 NOT USED 

Ala Sie} 03-2 1800H_-IFFFH | C53 8185 RAMS 
5 8205 1 a 
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FIGURE 3.12 PORT ALLOCATION’, 
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lines is shown in Figure 3.11. Further details of the 8205 

will be found in Ref.26. 

3.6.5 Low Order Address Latch. 

An Intel 8212, 8-bit I/O Port, is used in an output 

gated buffer mode for supplying the 8 low bits of address 

from the multiplexed bus of the 8085A. 

The output address is obtained from eight D-type 

flip-flops. The address latch enable (ALE) signal is 

provided by the 8085A and is used by the 8212 to latch the 

address so that it is available through the remainder of 

the machine cycle. The multiplexed address/data bus 

contains the low order 8-bits of address information 

during the first part of a machine cycle. The same bus 

contains the data, at a later time in the cycle. The IC’s 

that require the de-multiplexed address lines are the 2716 

erasable, programmable read only memory (EPROM) and the 

0816 analogue to digital converter (ADC). 

3.6.6 EPROM With I/O. 

An 8755A U-V erasable, programmable read only memory 

(EPROM), with I/O, contains the software, beginning at 

address 0000H through to O7FFH (2K x 8-bit). A 2716 

(2K x 8-bit) EPROM contains the remainder of the retrieval 

system operating software, beginning at address 0800H. 

The I/O portion consists of two general purpose 

ports. Each I/O port has 8 lines, and each line is 

individually programmable as input or output using 

software instructions. The port allocations are shown in 

Figure 3.12. The ports not shown are left unconnected. 
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The 8755A has a multiplexed address and data bus. 

This, together with a maximum access time of 450ns, makes 

it directly compatible with the 8085A, with no wait states. 

The 2716, also with a maximum access time of 450ns, is 

directly compatible with the de-multiplexed 8085A processor 

system. A stand-by mode reduces the active maximum power 

dissipation of 525mW, by 75% when the IC is not selected. 

3.6.7 RAM. 
  

Two 8185 RAM IC’s are used for storing the captured 

tunnel profile data, the stack and all other temporary 

data. Both 8185’s are selected by CS3, and additional 

decoding is carried out using address line Al0 as shown in 

Figure 3.13. This ensures two consecutive 1K bytes of RAM. 

The first RAM is selected from address 1800H to 1BFFH, and 

the second RAM from 1C00H to 1FFFH. 

Connected in this way, the low standby power mode of 

the 8185, is utilized. Powered up, the IC absorbs a 

maximum of 100mA. In the standby mode this reduces to 

25mA. The 8185 IC’s use a multiplexed address and data bus 

and are directly compatible with the 8085A microprocessor 

system. 

3.6.8 Programmable Interval Timer IC. 
  

The 8253 is a versatile IC, offering five listed 

(Ref.26) modes of time referenced operations and either 

binary or BCD counting. The three 16-bit counters are 

completely independent. A common problem found in processor 

systems is the timing of events, or generation of accurate 
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time delays, under software control, without tying up the 

microprocessor. The 8253 IC solves this problem. 

The timers within the 8253 are numbered 0, 1 and 2. 

For this application timer 2 is used as a square wave 

generator (Mode 3) to clock timers 0 and 1 ata 

pre-determined rate. Timers 0 and 1 are used as rate 

generators (Mode 2) to give real time indication for 

velocity calculation. These are required by the main 

system for optimum control of the two axes of the boom. 

Hardware and software are closely interlinked in the 

application of the 8253 and the description that follows 

will take this into account. 

The block diagram showing data bus buffer and 

read/write logic functions is shown in Figure 3.14 and the 

logic required for setting up the control word register is 

shown in Figure 3.15. 

CS6 from the 8205 decoder and the IO/M signal, are 

together used for the CS of the 8253. CS6 is taken low 

between addresses 3000H and 37FFH. To carry out all 

software operations on the 8253, an address within this 

range must be on the bus. The truth table for the cs. 

logic is shown in Figure 3.16. 

Writing to the 8253 is achieved by the execution of 

an OUTput instruction. This instruction places the 

contents of the accumulator on the data bus and the 8-bit 

port number is duplicated on the 16-bit address bus. An 

INput instruction, where the information on the data bus 

becomes the accumulator contents, is used to read the 
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8253. The WR line is active at some time during the 

execution of the OUTput instruction and the RD line is 

active at some time during the execution of the INput 

instruction (Ref.26). The RD and WR lines of the processor 

are directly connected to the RD and WR lines of the 8253. 

High speed operation of the programmable timer is obtained 

with this method of interface and all control is by simple 

software operations. 

Each counter of the 8253 is individually programmed 

by writing a control word to the Control Word Register, 

with the IC selected throughout this operation. Figure 3.17 

gives details of the Control Word Format and definitions of 

the individual bits. The Mode control words required for 

this application are shown in Figure 3.18. 

Following setting up of the Mode control word, it is 

necessary to load the Count Register Bytes, that is, LSB 

then MSB. 

The maximum clocking rate for the 8253 is 2MHz. The 

clock output of the 8085A being 3.072MHz is divided by two 

using a 74LS74 Type D Flip-Flop as shown on Hardware 

Diagram 2 in Appendix A. This square-wave signal of 

1.536MHz is connected to CLK 2 of counter 2. 

Counters 0 and 1 are clocked from the output of 

counter 2. A clocking rate of 60kHz was decided for 

counters 0 and 1, giving a period of 1.09225s for a full 

16-bit down count. 

The output for Counter 2, which operates in MODE 3, 

will remain high until one half of the count has been 
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completed, and go low for the other half. 

CLK 2 Rate 1.536 MHz 

ee) 2556 
OUT 2 Rate 60 KHz 

The counter was loaded with 001AH (26 decimal). The clocking 

frequency for counters 0 and 1 then became 59.077kHz. This 

was sufficiently accurate for this application where only 

approximate figures are required for the velocities of the 

boom. The Count Register Bytes for counters 0 and 1, working 

in Mode 2, for a full 16-bit down count is simply FFFFH. 

The GATE of Counter 2 is connected to output port PA2 

on the 8755 and remains permanently enabled following 

initialization. The GATEs of Counters 0 and 1 are 

connected to ports PAO and PAl respectively and software 

control is used to gate these timers (see Chapter 5). The 

GATE control is used for enabling, disabling and reloading. 

A further feature of the versatility of the 8253, is 

the ability to be read whilst counting. This is used for 

counters 0 and 1. The contents of either counter is read 

"on the fly", that is without affecting the counting 

operation. This is carried out by writing the code, which 

latches the count, to the MODE register. The special code 

(see Figure 3.19) latches the count value, at that moment, 

into the storage register of the 8253. A read command to the 

selected counter releases the contents of the latched 

register to the system. 

For normal reading of counters 0 and 1, the GATE inputs 

are taken low and the necessary read commands issued. These 

are shown in Figure 3.20. 
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3.6.9 Power amplification. 

All outputs requiring power amplification are from the 

ports of the main system descibed in the thesis by 

C. W. Chuen. These outputs are to the solenoid operated 

hydraulic servo pilot valves discussed in Chapters 6 and 7 

of this thesis. The power requirement to drive each 

solenoid is 80mA at 12V and the system is entirely digital. 

This makes for a very simple interface, where the only 

requirement is for amplification of each digital signal and 

opto-isolation between the 5V and 12V systems. A total of 

ten solenoid operated valves are used for the directional 

and velocity control of the boom. 

This amplification is achieved using Darlington 

driver transistor ICs and is shown together with the 

opto-isolation on Hardware Diagram 6 in Appendix A. 

The opto-isolation is essential to ensure the 12V 

level does not get shorted to the 5V circuits, in event of 

a failure in the Darlington drivers. Intrinsic safety 

requirements also demand opto-isolation between all 

components which are powered from separate power supplies. 

3.6.10 System Assembly. 

The system was assembled using Eurocards plugged to a 

backplane which is common to both the main system, and the 

retrieval and data preparation system. The backplane was 

configured as shown on Hardware Diagram 7 in Appendix A. 

By cross-referencing with the other hardware diagrams the 

individual functions assigned to each track on the 

backplane can be obtained. 
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The wire wrapping technique was used throughout for 

the connections on each card and care was taken in the 

placing of decoupling capacitors (Ref.32). The wire 

wrapping simplified modification to the circuits, which 

is particularly useful at the system development stage. 
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CHAPTER FOUR 

CONTROL SYSTEM 
  

INPUTS



4.1 INTRODUCTION. 

The successful application of a microprocessor based 

system, with real-time data acquisition and control, 

requires careful planning of the sensors and interface 

circuitry. They are fundamental to the overall accuracy of 

the system. 

The control of the roadheader required a variety of 

inputs. These are considered in two parts, the inputs 

defined by the machine operator and the boom positional 

feedback. Simply, one informs the control system what is 

required, and the other, how it is performing its task. 

It is important that the transmitted signals, from 

the point of generation back to the control system, are 

not corrupted. Noise - unwanted signals that obscure the 

desired signal - can affect the ultimate limit of 

detectability of weak signals, and if the signal being 

transmitted is not weak, the presence of noise degrades 

the accuracy of the signal and hence the control. 

Transducer output amplitude normally corresponds to some 

measurement of interest, such as temperature and pressure, 

or as in this application, angular displacement. The 

primary concern is the acquisition by the control system 

of true amplitude measurements in an acceptable form. 

The signals from the boom angular positional feedback 

transducers and from the operator’s joysticks are of 

analogue voltage form, and hence require conversion to a 

weighted digital scale for the processor system. The device 

ultimately selected to carry out the conversion must suit 
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this particular application. Many different types of 

analogue to digital converters (ADC) are now available, 

and the decisions involved for correct selection are 

outlined. These decisions are typical to most processor 

control system applications requiring ADC. 

4.2 MACHINE OPERATOR DEFINED INPUTS. 
  

It was never intended to fully automate the operation 

of the roadheader at this stage, although much of the 

technology used in developing this system would be relevant 

to a fully automated machine. 

The operator interface was the subject of much 

conceptual thought, because of its highly weighted 

importance. 

The layout of the control console implemented for the 

boom is shown in Figure 4.1. It contains the following 

control system input elements. 

4.2.1 Tunnel Profile Definement. 
  

The roadheader is used for cutting tunnels with a 

variety of shapes and sizes. It was necessary to define 

the profile of the tunnel to the control systems memory 

and also provide a means of readily re-programming for new 

profile shapes. This could be carried out in a variety of 

ways, such as from cassette tape, floppy disc, programmed 

EPROM’s or generating the information from a keyboard. 

The easiest to implement in a way suitable for the 

underground environment would be the keyboard using the 

new generation of fully enclosed touch sensitive keys. 
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However, the programming would have to be carried out by a 

skilled operator in the underground situation. 

Considering the requirement of reprogramming the 

profile within the mining environment, a profiling template 

method was conceived and adopted. 

The boom has two axes of movement, with respect to the 

machine frame. These are a raising/lowering axis anda 

slewing axis. Within the profile is placed a joystick with 

two axes which are in exact representation of the boom 

axes. The template, being representative of the tunnel 

profile, defines the limits of the angular movement of the 

joystick. The joystick position is detected by rotary 

linear potentiometers, fixed to the two axes. The profile 

is, therefore, defined to the system in angular terms, 

corresponding to the angular movement of the boom, with 

respect to the machine frame. The arrangement of the 

joystick, potentiometers and template are shown in 

Figure 4.2. 

This method of profile definition has the following 

characteristics :- 

1) An easy implementation of a change of profile by 

unskilled personnel, suitable for the mining environment. 

2) Provides the machine operator with a system, where, for 

hand controlled movement of the boom, the joystick angle 

and position within the profile are representative of the 

boom angle and ripping head position. 

3) Ripping heads comprise a number of special steel picks 

arranged radially and keyed in a headstock mounted on the 

boom shaft. Ripping heads of various diameters are 

94



“vid 
LAYHS, 

MOLSAOr- 

“
3
1
1
3
0
u
d
 

TaNNNL- 

 
 

“
A
L
V
I
d
W
3
L
l
 

‘vid 
GYAN 

ONId 
dle 

al 

Q
3
A
Y
N
N
D
 

AO 
L
N
A
W
d
O
1
S
A
q
0
 

   

EW 
a
n
o
r
 

   

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  

  
 
 

  
  

 
 

    
 
 

B
i
v
V
I
d
W
A
L
 

3
V
W
4
0
u
d
 

  
  

 
 

      
 
  
 

               ‘ONINAMOT 
JONISIVY 

ONIMA IS 
t 

95



 
 

“
A
L
V
I
d
W
S
l
 

A
L
W
I
A
N
A
L
 

I
U
s
O
N
d
 

Lv¥1d 
40 

L
N
A
W
d
O
1
S
A
5
0
 

7
9
 

S
a
n
o
 

TA 

 
 

96



available, and the picks can be removed for sharpening 

which could also affect the diameter. The change in 

diameter would require revised profile definition data. 

This change would be accomodated simply by fitting 

different diameter sleeves to the joystick and re-defining 

the profile. 

Two templates were developed and manufactured for the 

same euntel profile. One was curved at a radius about the 

slewing axis and the development of this template is shown 

in Figure 4.3. The arc subtended by the angle COD represents 

the slewing arc of the boom, and the arc subtended by the 

AOB, the raising/lowering arc. The curved portion of the 

template is shown lying between points E and F. The flat 

template is shown in Figure 4.4. 

The operator has a more realistic presentation of the 

tunnel profile with the curved template and this was adopted 

for the system. 

A full scale development drawing was done of the 

template, taking care to accurately scale down the required 

tunnel profile and the boom length. The boom length is 

represented by lines O-A, O-B, O-C and O-D. 

The Dosco Mk.2 boom, in the laboratory, had 

intersecting slewing and raising/lowering axes. This is not 

the case for many other models of roadheading machines. To 

use a similar method on these machines it would be necessary 

to offset the joystick potentiometer axes accordingly, or 

use the software technique of look-up tables. 

The distance between the plane E-F and the axes 

centre-lines must be exactly related in the mounting of
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the template and joystick. 

The template and joystick used for the laboratory 

application was small compared to what would be required 

for a machine in service. Despite this, reasonable accuracy 

was initially obtained as shown in Figure 4.5. A few 

minutes spent filing the template gave an accurate tunnel 

profile. Digital representation of the profile data was 

obtained using the Intel Microcomputer Development System 

(MDS-231) and the In-Circuit Emulator (ICE-85). The system 

was initialised, and the run terminated on push of the 

"Cease Profile Definition" push button. A print out was 

obtained of the captured data stored in the control systems 

volatile memory. 

4.2.2 Speed Control Joystick. 
  

This is a single axis joystick fitted with a rotary 

potentiometer. When the boom is not in an automatic control 

mode, the movement of this joystick will cause the boom to 

move to the position defined by the "boom positional 

definement" joystick. The "speed control" joystick 

displacement is divided into three discrete areas of 

control == 

1) Initial 10% - no movevement of boom takes place. 

2) Next 50% - boom moves at slow speed to defined position. 

3) ech 40% - boom moves at high speed to defined position. 

The operator is able to move the boom to any point within 

the tunnel profile, defined by the template. 

A potentiometer was used to provide the flexibility 

of software definement for the point of change in speed 
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relative to the joystick angle. It also facilitates an 

increase in the number of speeds for movement of the boom, 

should this be required at a later stage. 

4.2.3 Profile Definition Push Buttons. 
  

When the system is initially powered up, or if the 

reset button has been pressed, there is no response to any 

of the control inputs until after the profile has been 

stored in memory. This is achieved by the operator pressing 

the "define profile" push button, and then moving the "boom 

positional definement" joystick around the profile. To 

complete the operation the "cease profile definition" push 

button must be pressed. 

4.2.4 Cut Profile, Cut Cavity and Stop Current Operation Push 
  

Buttons. 

These are all connected to the main control system. See 

the thesis carried out by C. W. Chuen for details. 

4.3 BOOM FEEDBACK. 

Various methods were investigated for obtaining the 

boom positional feedback signals. It was important that the 

the adopted system was suitable for a mining application. 

One possible mecned was to detect the extension of the 

hydraulic rams using displacement transducers, placed 

within the cylinders, for protection. At the time of our 

enquiries (Summer 1980), suitable transducers were not 

available. Penny and Giles Ltd. are now (Spring 1983) 

marketing a potentiometric transducer suitable for mounting 

within a hydraulic actuator. Software operations would have 
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been required for relating the hydraulic ram extentions to 

the angular movements of the positional definement joystick. 

A method was adopted using linear angular transducers 

fitted to each of the booms axes. These are simple devices 

and could be housed in a steel enclosure, approximately the 

size of a matchbox, for protection. The spindles of the 

potentiometers are attached to the shafts of the booms axes, 

and the bodies of the transducers are rigidly attached to 

the boom pedestal. 

The potentiometers used were of the precision, 

screened conductive plastic, type, with a linearity of plus 

or minus 0.5%, good repeatability and a rotational life of 

> 100 million shaft rotations. 

4.4 CONTROL SYSTEM INPUT CIRCUIT CONNECTIONS. 
  

All transducer and joystick potentiometers are mounted 

in a bridge, as shown in Figure 4.6. The differential 

voltage of the bridge ((+ DIFF IN) - (- DIFF IN)) is fed 

along screened cables to the signal conditioning circuits 

described in the following section. 

The resistance of the arms of the bridge are sized to 

take account of the total operational variation in the 

transducer/joystick potentiometer resistance to give a lV 

to 4V single-ended analogue signal from the signal 

conditioning, constant gain, amplifiers. 

The calculations involved for the bridge are as set 

out below. 

Referring to Figure 4.6 and with, 

(Ri R2) = (RS Re) 
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Rl, R2 and (R3 + R4) are constants. 

R3 and R4 are varying. 

5V 
  CoD TER IN) => DiEr IN) s= (R4 - R2) (4.1) 
Rl £7R2 

Then, with this relationship and a constant gain, G, 

5V x 6 
(R4 min. - R2) = lv (4.2) 

RL + R2 

5V xG 
(R4 max. - R2) = 4V (4.3) 

RL + R2 

These equations were used to determine the resistance 

ratios of the transducer and joystick circuits. (Rl + R2) 

and (R3 + R4) were made 30k , giving a bridge current 

consumption, assuming infinite impedance at the amplifier 

inputs, of 33mA. Full circuit details are shown on 

Hardware Diagram 5 in Appendix A. 

The "Profile Definition" push buttons are connected to 

RST5.5 and RST6.5 interrupts on the 8085A microprocessor as 

indicated on Hardware Diagram 1 in Appendix A, and as 

discussed in Chapter 3. 

4.5 SIGNAL QUALITY CONSIDERATIONS. 

Signal quality can be expressed as a signal to noise 

ratio (SNR), measured exon the analogue output signal of 

the transducer/joystick potentiometers to the digital 

output word from the ADC (Ref.34). Each analogue input 

control signal to the processor system is of concern, and 

the SNR should be upgraded as the signal progresses to the 

ADC. 

The characteristics of the analogue input signal, 
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plus noise, can be evaluated to determine the input SNR. 

DC Signal 
Input SNR = ae a (4.4) 

RMS Interference 

The interference can be measured with an oscilloscope 

or true rms voltmeter, with the signal cable terminated in 

the transducer source impedance, but with the transducer 

disconnected. The oscilloscope, however, is not necessarily 

accurate if the interference is predominantly Gaussian 

noise rather than 50/60Hz (see Figure 4.7). The varying 

crest factor of Gaussion noise precludes a simple “peak 

voltage measurement" to "rms" mathematical relationship. 

An approximate rms value can be obtained with an averaging 

responding voltmeter (Ref.35) calibrated for sine waves, 

where:- 

rms (noise) = reading (4.5) 

The probability that the signal, which is corrupted by 

added interference, is within a specified difference region 

centered about the true value, can be determined from 

probability relationships (Ref.36) 

Figure 4.8 shows a typical basic data-acquisition 

channel. The preamplifier may be either an operational, 

instrumentation or isolation amplifier, depending upon the 

application requirements. Generally of interest is the 

preamplifier in-circuit common mode rejection ratio (CMRR). 

DMG 

CMRR = (4.6) 
CMG 

  

Where <— 

DMG is the differential-mode gain of the amplifier and 

is the same as the closed loop gain. 
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CMG is the common mode gain and is primarily determined 

by the tolerance of the gain determining resistors 

associated with each circuit (Ref.35). 

We are mainly concerned, in a mining environment, with 

60Hz, electrostatically and electromagnetically coupled, 

interference. For unsheilded cables, a useful rule of thumb 

(Ref.35), is that, lmV of interference will be coupled, per 

kilowatt of load in a 0.3M spaced signal cable, per 0.3M of 

parallel cable run. 

Taking the roadheader total electrical power as 100kW, 

a cable run of 3m and a 0.3m parallel spaced signal cable, 

then applying the above relationship, the coupled 

interference (E,,) would be 1V. This should allow for plenty 

in hand for other sources of interference, particularly since 

sheilded cable would reduce the figure. 

With an input analogue voltage range of approximately 

2.2V to 2.7V from the boom angular positional transducers, an 

accuracy of 1 in 256 gives a 2mV differential signal (Ey). 

(This represents a l-bit accuracy in an 8-bit binary weighted 

scale. Refer to Section 4.7 for the accuracy at the boom end 

related to the tunnel cross-sectional plane). 

The equation which expresses the required CMRR for a 

specified error is :- 

  

1 Bow 
CMRR required = ——— x (4.7) 

CM error Ey 

Selecting a CM error of 1% 

it 1V 
CMRR required = ——— & ———— 

0.01 0.002V 

50,000 or 94dB
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Potentiometric devices can usually be designed to give 

relatively high level signals which possess good noise 

rejection qualities, but this does call for low level gain 

at the filtering stage. 

The single and the classic instumentation amplifiers 

(Ref.35) were investigated and found not to be suitable for 

this type of application, where a relatively low gain was 

required, without additional pre-sampling filtering. It was 

desirable to keep the electronic circuits as simple as 

possible with a low power level in an attempt to meet 

intrinsic safety approval. 

4.6 COMMUTATING AUTO-ZEROING AMPLIFIERS. 

The commutating auto-zeroing (CAZ) technique is a 

recent development and according to Horowitz and Hill 

(Ref.37) will revolutionize instumentation amplifier 

technology. The technique was pioneered by Intersil and 

the ICL7605 (Ref.38) was used for filtering all joystick 

and transducer analogue inputs for this project. 

The ICL7605 uses the basic CAZ operational amplifier 

with a "flying capacitor" switching technique. This is 

shown in Figure 4.9. 

The main advantages of this type of amplifier, which 

are particularly relevant to this application, are :- 

1) Low input offset volt:.ge temperature drift - 0.05yv/°C 

(Many times better chan ordinary MOSFET operational 

amplifiers). 

2) Low long term input 

  

set voltage drift - 0.2 pV/year 

3) High CMRR - 100dB for DMG of 1 to 1000. 
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4) No trimming, except for gain, thus avoiding ultra-high 

accuracy in resistor tracking and matching. This 

no-adjustment feature makes the CAZ amplifier suitable 

for operation in severe environments, such as are found 

in a mine, where equipment service is difficult. 

5) The CMOS structure ensures a low supply current - 

typically a maximum of 5mA for a medium bias setting. 

6) Wide operating supply voltage range. + and -4V to + and 

-10v for a medium or low bias setting. This obviates 

the need for a separate power supply. 

7) Short circuit protection on outputs for + and - 5V 

operation. 

There are two characteristics of the CAZ operational 

amplifier which would rule it out for some applications :- 

1) It is only suitable for low-frequency operation as ‘the 

bandwidth of the input voltage translator is from DC to 

10Hz. 

2) The nominal commutation frequency is typically from 

160Hz to 2560Hz depending on the voltage level of the 

Division Ratio (DR). This would rule out the CAZ 

operational amplifier for some rapidly multiplexed A/D 

converter systems. For this application where the 

conversion time is typically 100 ps per channel, with 

multi-channel conversions interspersed with software 

routines, the individual channel commutation is 

within the commutational frequency requirement of the 

CAZ operational amplifier. 

The ICL7605 is an 18 pin DIL package with pin 

configuration as shown in Figure 4.10. The simplicity of 

e oO



the interface requirements for this device are evident. 

In many applications it is desirable to include a low- 

pass filter at the output of the CAZ operational amplifier 

to reduce high frequency noise which is outside the desired 

signal passband. The solution with conventional operational 

amplifiers is to place a capacitor across the feedback 

resistor. This concept is not possible with CAZ operational 

amplifiers because of the nature of the commutation spikes. 

The effect of a large load capacitor produces an area error 

in the output wave form, and hence an effective gain error. 

The output low pass filter must have a high impedance. For 

example, a 1.5Hz filter would require a 100km resistor and 

a 1.0 pF capacitor, or a IMM resistor anda ot BE 

capacitor. 

Further information for the ICL7605 can be found in 

the manufacturers data sheet (Ref.38). 

The positive supply voltage of +5V was obtained direct 

from the main system power supply. Dual ICL7660 voltage 

converter integrated circuits are used to provide the 

negative supply voltage -5V from the +5V rail. They are 

connected in parallel to reduce the output resistance. 

The circuit connections for the signal conditioning 

operations can be found on Hardware Diagrams 4 and 5 in 

Appendix A. 

The necessary signal quality of the ADC input in terms 

of an adequate filter output SNR can be equated to one 

binary bit quality. For an analogue signal input range of 

1V to 4V and an 8-bit converter, then :- 
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1 Full scale (FS) value ah 
  LSB = x (4.8) 

2 No. of step changes z 

4V - lV r mV 

ea = Ae 

256 2 2 

1 
On = —— E58 

: 2 
3 of FS amplitude = x 100% (4.9) 

FS value 

0.01172 
== x 100% = 0-39 

aVo= 1 

A useful expression is available for the confidence 

in the measurement of an amplitude as a function of SNR 

(Ref.35). To aid interpolation, the figures for specified 

amplitude and for 68% confidence in the measurement of one 

standard deviation are shown plotted in Figure 4.11. 

From Figure 4.11, an amplitude error of 0.39% calls for 

a filter output SNR of 125000 or 101dB. 

Pre-amp output SNR = CMRR x Input SNR (4.10) 

Where from Equation 4.4, 

0.0002V 
Input SNR = ——— = 0.000004 

1.0V 

Therefore :- 

Pre-amp output SNR = 100,000 x 0.000004 = 40,000 

or 92dB 

With the severe input SNR assumed, an 8 bit binary 

quality signal is not available from the CAZ op-amp 

pre-amplifier alone. It would be possible to meet the 

criteria with the addition of a presampling filter in the 

circuit, as shown in Figure 4.8. 
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Without any additional filtering, the circuit would 

give an 8 bit binary quality signal for an rms interference 

of 0.55V. This was felt to be adequate for use in the 

laboratory and would possibly be suitable for use in the 

mine with shielded signal lines. i 

4.7 ANALOGUE TO DIGITAL CONVERSION. 

There are many different types of devices available 

for carrying out the analogue to digital conversion (ADC), 

all with different characteristics. The device ultimately 

selected must suit the particular application. This 

involves the following decisions to be made :- 

1) Type of weighted scale and number of bits. 

2) Number of channels. 

3) Speed of conversion. 

4) Interface method. 

5) Total error allowance. 

6) Full scale reading and the magnitude of least 

significant bit. 

7) Required measurement window. 

8) Desired input characteristics. 

The ADC for the roadheader is interfaced to an 8-bit 

microprocessor. An 8-bit binary coded output conversion of 

the analogue signal would simplify the interface, but other 

factors must govern this decision. 

The boom has a maximum slewing angle of 105.9 degrees, 

and an 8-bit binary code would give an absolute accuracy of 

0.4153 degree per one bit. The maximum angle of movement on 

the vertical axis is 78.97 degrees, making for an absolute



accuracy of 0.3097 degrees per one bit. The absolute 

accuracies represent a maximum linear distance, at the tip 

of the boom, on a plane at right-angles to the machine 

centre-line, of 21.82mm on the horizontal axis, and 16.67mm 

on the vertical axis. These linear measurements decrease at 

the limits of the axes, because of angular displacement 

feedback, to 13.54mm on the tunnel horizontal axis, and 

11.87mm on the tunnel vertical axis. Profile cutting of 

the boom is normally carried out close to the boom angular 

limits. A profiling accuracy within plus or minus 50mm 

allows for some inaccuracy in the conversion. However, the 

time period, from the instance the boom is at a desired 

position to the closure of the valves, also has a bearing 

on the accuracy limits in a simple comparative type system. 

This time delay results from several factors: the 

frequency of individual channel conversion; the control 

system response; the hydraulic valve response on closing. 

Assuming a future requirement for conversion of 16 

channels. Then, with each examined in turn, a conversion 

time of 100ys per channel and total software time allowance 

of 30ms for ADC control and other routines. The total time 

period for updating the converted information from each 

channel is 31.6ms. Note that 1.6ms is attributable to the 

actual conversion of 16 channels, the remaining 30ms is 

estimated as the worst case processing time for the 

associated control software. 

The response of the control system to converted data 

which calls for the valves to be closed, until the moment 

of sending the valve closure signal, was a maximum of 30ms. 
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By far the largest time delay was the valve closure 

response to receipt of an electrical signal. This was 

measured as 350ms. 

These times are additive and amount to a total of 

411.6ms. 

The speed of the boom, when cutting, is a maximum of 

110s for a full movement on the slewing axis, that is, an 

angular velocity of 0.963 degrees/s or 2.32 bits/s. 

The distance moved, measured on the plane at 

right-angles to the machine centre-line is:- 

2.32bits/s x 411.6ms x 13.54mm/bit = 12.93mm 

To this figure must be added the possibility of 

1/2-bit error in actual measurement, and a total error in 

conversion of 1l-bit. The total error in positional accuracy 

then becomes plus or minus 33.24mm at the extremes of the 

boom axes and plus or minus 53.57mm when the boom is 

pointing directly ahead. 

The required accuracy of plus or minus 50mm is 

provided over the area where profiling normally takes place. 

It is quite likely, since the worst conditions have been 

assumed throughout, that the accuracy requirement will be 

met over the whole of the boom ripping plane. 

The measurement window is defined as the time over 

which the analogue signal is sampled. If an averaged value 

of the input signal (over some milliseconds) was acceptable 

then the use of an integrating converter would have the 

advantage of smoothing out the effect of high frequency 

noise on the analogue lines. However, velocity calculations 

for the two displacement feedbacks from the boom axes, 
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require instantaneous sampling of the signal. This, plus 

the requirement of multi-channel conversions, led to the 

selection of a single chip ADC working on the successive 

approximation principle. The two most popular conversion 

techniques are successive approximation and integrating 

ADC and their characteristics are described in Ref.35, 39 

and 39. There are a great number of ADC types (Ref.40), and 

each has particular applications for which they are the 

best, but only a few are available in IC form. 

The IC selected for this application was the National 

Semiconducor ADC0816. The data acquisition components are 

monolithic CMOS devices with an 8-bit analogue-to-digital 

converter, a 16 channel multiplexer and microprocessor 

compatible control logic. The features of the specificaton 

for this device, particularly relevant to this application, 

are :- 

Total unadjusted error < + or - 1/2 LSB. 

Linearity error < + or - 1/2 LSB. 

No missing codes. 

Conversion time of 100 ps: 

Single +5V operation. 

Low power consumption of 15 mW. 

No offset or scale adjustment required. 

Latched tri-state output for conversion data. 

Latched address input for channel selection. 

Operating temperature range of -40°C to +85°C. 

Further features of the ADC0816 can be found in Ref.41. 

The ADCO0816 is designed for ratiometric conversion 

systems, where the physical variable being measured is 
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expressed as percentage of full-scale. Since all analogue 

signal inputs are obtained from linear potentiometers used 

as position sensors, the data is presented as a proportion 

of full-scale. 

The transducers, analogue signal conditioning and ADC 

system are operated from a single +5V supply. The supply 

voltages to the amplifiers, used in the signal conditioning 

circuits, dictate that a full-scale analogue signal of less 

than +5v must be used. The ADC contains a resistor ladder 

network, and the centre of the ladder voltage must be near 

the centre of the supply. The supply voltage connections to 

the resistor ladder are labelled REF(-) and REF(+) and 

these are held at +l1V and +4V respectively. 

The analogue voltage range must also be +1V to +4V for 

a full 8-bit binary conversion. The signals from the boom 

angular positional feedback transducers, and driver operated 

joysticks have signal conditioning and the lv to 4v range is 

set within these circuits. 

A TL430C programmable Zener diode is used to regulate, 

within close limits, the REF(-) and REF(+) voltages. The 

circuit is shown in Figure 4.12. A load of upto 10mA could 

be connected across A and B without effecting the voltage 

levels. This would allow for all unused channels of the ADC 

to be fitted with potentiometers connected across A and B, 

in a similar way to the ripping motor absorbed current 

simulation input. This was done to allow for possible 

future simulation of the machine frame degrees of freedom. 

The micprocessor system control of the ADC is by 

"memory mapped I/O". That is, seen from the microprocessor,



each of the 16 analogue to digital channels appears to be at 

a particular address. 

CS7 is allocated for the memory mapping of the ADC0816 

(Chapter 3). CS7 is active low from address 3800H to 3FFFH. 

This is a 2K block exclusively allocated to the ADC. The 

low byte part of the address sets up the channel to be 

converted, as shown in Table 4.1. 

Address 3800H selects channel 0. 
Address 3801H selects channel 1. 

| 

| 
Address 380EH selects channel 14. 
Address 380FH selects channel 15. 

Through to 

TABLE 4.1 ADC Channel Selection. 
  

CS7, together with IO0/M and WR signals from the 8085A 

are used to send the address latch enable (ALE) and START 

signals to the ADC. These are active high, as shown in 

  

      

Table 4.2. 

cs7 10/M WR ALE and START 

0 0 0 Zz 

Any Other Combination 0           
TABLE 4.2 Truth Table for ALE and START for ADC. 

The logic elements for obtaining this control are 

shown on Hardware Diagram 4 in Appendix A. 

The timing specification for these signals is outlined 

in Ref.41, and was satisfied with the following simple 

software instructions :- 
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LXI H, 38X?H LOAD CHANNEL SELECTION ADDRESS. 

MOV M,A ACTIVATE WR AND IO0/M TO START CONVERSION. 

where, 

X indicates any Hex. quantity. 

? indicates the Hex. code for the channel selection. 

The ADC0816 sends an end of conversion (EOC) signal 

which is recognised by the microprocessor. It is important 

that recognition was by the rising edge of the EOC signal, 

since for a period of approximately 12 ps from the start of 

conversion, EOC is high. This is achieved by connecting 

the EOC signal direct to the RST7.5, rising edge sensitive, 

interrupt on the 8085A microprocessor. This interrupt is 

enabled and the microprocessor halted with the HLT 

instruction. 

On receipt of the EOC signal the TRISTATE CONTROL to 

the ADC is taken high by pulling CS7, I0/M and RD signals 

low. The logic elements for this control are shown on 

Hardware Diagram 4 in Appendix A. The software instruction, 

with the H and L registers already containing the address 

for CS7 to go low, is :- 

MOVE A,M ; MOVE CONVERSION TO ACCUMULATOR. 

This makes for an extremely efficient system, froma 

hardware and software aspect, for the ADC of sixteen 

channels.
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5.1 INTRODUCTION. 

Having established the design of the microprocessor 

system hardware and the interface to the real world the 

operational programme must be developed for the necessary 

functions. As with the hardware system, there are various 

entry levels requiring weighted decisions for the writing 

of the programme (Ref.42). The implications of the various 

levels of programme writing are briefly discussed. 

The task of information retrieval and data preparation 

for the roadheader is carried out by a dedicated processor 

system, the hardware of which is described in Chapters 3 

and 4. The object of the system is to gather the input 

information and to carry out some preparation of the data, 

to enable the positional control of the ripping head of the 

roadheading machine. The flow charts for the programmed 

actions are contained in this chapter together with a 

description of several important aspects. 

5.2 MICROPROCESSOR SYSTEM PROGRAMMING. 

The lowest level for the programming of the 

microprocessor is the binary code on which the system 

operates. This is referred to as the machine code. 

Different microprocessors have varying architectures and 

modes of operation and an extremely good knowledge of 

these aspects for the processor being used is essential. 

Very few systems are programmed in this way because it is 

time consuming and debugging of the programme is very 

difficult. These aspects constitute a high economic cost 

in programme development(Ref.43). 
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Hexadecimal (Hex) notation can be used with a 

translator to convert the Hex instruction into the binary 

format. The translator offers little assistance other 

than that of transposition. 

Symbolic assembly language programming, in which each 

instructicn has a mnemonic with a binary equivalent, is 

the lowest practical level for the writing of complex 

programmes. Memory locations and variables can be given 

an alpha-numeric symbol. This, for example, allows the 

programming of a jump or call instruction without 

specifying the exact address. Programmes written in 

symbolic assembly language are converted to machine code 

by an “Assembler". There are many aspects of an assembler 

which are important to the user (Ref.33). 

The writing of assembly language programmes requires 

a knowledge of the processor architecture and mode of 

operation equal to that for machine language programming. 

An assembly language programme is both application and 

processor orientated and offers the highest efficiency 

(equal to that of machine coding), in the use of memory 

locations and hence speed of operation in the system being 

developed. The programmes are not directly tranferable from 

one microprocessor to another of a different architecture. 

Assembly language programming of mathematical routines 

can be difficult and hence time consuming. To help with 

this and other complex programming aspects there are 

available for most of the more popular microprocessors, 

libraries of software modules (Ref.44), which can be 

incorporated in the users programme. 
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High-level languages are application and not processor 

orientated and are therefore translatable to run on many 

different processor systems. The translating to machine 

code is carried out using a computer programme known as a 

"compiler". The compiler is dedicated to each processor 

type. 

The writing of a suitable high-level language for an 

application is less time consuming than for an assembly 

language. However, unlike the assembly language, the 

high-level language does not have an equivalent machine 

code for each instruction. This, for a particular system, 

results in the use of an increased number of bytes of 

memory and hence slower speed. 

Compiled high-level languages such as PL/M, RTL-2 and 

CORAL were written for the specific purpose of programming 

real-time process and machine control applications. Others 

such as Standard FORTRAN have poor input/output and 

real-time control facilities. 

A further form of high-level language is the 

interpretive high-level language. Interpreters are used to 

translate the high-level statement to the machine code. 

The time required to execute an interpretive language is 

considerably higher than that to execute a compiled 

language programme. The advantage of an interpretive 

programme is that they are easy to use since only a few 

simple instructions are required to programme complex 

routines. The most popular interpretive language is BASIC. 

Interpretive languages for dedicated control systems pose 

a further problem in that the interpreter should be 

i) as
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resident in memory. 

The minimum system configuration requirement for the 

roadheader dictated the use of symbolic 8080/8085 assembly 

language programming (Ref.45), throughout. The high 

operating speed of this language enabled the real-time 

control requirements of the system to be implemented. 

5.3 CONTROL ALGORITHMS FOR THE INFORMATION RETRIEVAL AND 

INPUT DATA PREPARATION SYSTEM. 

The sequence of events from the moment of "power on" 

to the system, is as follows :- 

1) "Power On" - all hydraulic valves are closed:and the 

machine operator is not able to move the boom, other 

than by the direct manual operation of the main poppet 

valves. 

2) The “profile definement" joystick must be in contact with 

the profile template and the "profile definement" push 

button pressed. The system is then waiting for data to 

be entered. 

3) The joystick must then be moved around the template, 

which defines the tunnel profile to the control system. 

4) On completion of the profile definement operation, the 

“cease profile definement" push button is pressed, which 

informs the system of the finish of profile data entry. 

5) The system is now enabled and the operator has a choice 

of two automatic modes, or a manual movement of the boom 

with the "boom move" joystick. Pressing the "cut profile" 

push button causes the boom to move around the profile 

as shown in Figure 5.1. Pressing the "cut Cavity" push 

Ne a
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FIGURE 5.3 OVERALL FLOW CHART FOR DATA RETRIEVAL SYSTEM. 
 



button, causes the boom to move as shown in Figure 5.2. 

If manually operated movement is chosen, the boom will 

move to the position defined by the "profile definement" 

joystick, which can be positioned at any point within 

the profile. 

6) The operator can cease automatic operation at any time on 

press of the "stop current operation" push button. This 

returns the system back to stage 5 of the control cycle. 

The boom will cease movement if the ripping motor 

absorbed current is above approximately 90% of full load 

current (FLC), whether under automatic or manual operation. 

If the absorbed current is above 10% of FLC, then the boom, 

manually input, "fast move" operation will automatically be 

reduced to "slow move" operation. All movement under 

automatic control is at slow speed. 

In the event of the profile data storage area of memory 

being filled, the operator receives indication from a 

flashing, light-emitting diode (LED). The area of memory 

will accommodate a profile envelope, equivalent to the boom 

moving around the maximum profile limits on all sides, 

plus approximately 25%. 

An overall simplistic flow chart of the data retrieval 

systems algorithm is shown in Figure 5.3. This is expanded 

with further flow charts for the following algorithms :- 

Figure 5.4 Initialization Routine. 

Figure 5.5 Main Routine. 

Figure 5.6 Subroutine No. l. 

Figure 5.7 Subroutine No. 2. 
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HERE REE EERE EEE THREE EERE CEES EEE 
* FLOW CHART FOR MAIN ROUTINE, + 
* MLOOP: * 
ERLE EERE ERE EERE REET EERE EERE EEE 

  

ITER 

  

  

MLOOP: 
  

  

CALL SRi:FOR CONVERSION OF 
CHANNEL 2 TO 10 INCLUSIVE. 

¥ 
START, FETCH & STORE CHANNEL| 
0 A.D.C TO STO. 

¥ 
TCH COUNT INTO STORAGE REG. 

OF TIMER 0,READ & STORE TO ST3. 

v 
COMPARE LATEST CHANNEL 0 CONVERSION 
WITH PREVIOUS CONVERSION. 

  
  

  

       
  

  

  

    
  

  

      

  

COMTIO: 

  

COMPARE TIME EXPENDED 
LOOKING AT CHANNEL 0,       

      
   
TS TIME EXPENDED > OR = TIME STORE ST2, 

GO TO SR3: 

FROM SR4 

  

< CHAIM: 
    

START, FETCH & STORE CHANNEL, 
1A,D.C, TO ST7. 

¥ 
LATCH COUNT INTO STORAGE REC. 
OF TIMER 1,READ & STORE TO ST10, 

Y 
COMPARE LATEST CHANNEL 1 CONVERSION 
WITH PREVIOUS CONVERSION. 

    
  

  

    
  

  

    
  

  

  

COMPARE TIME =XPENDED 
LOOKING AT CHANNEL 1.       

            
ME EXPENDED 
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FIGURE 5.6 SUBROUTINE NO. 1. 
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Figure 5.8 Subroutine No. 3. 

Figure 5.9 Subroutine No. 4. 

Figure 5.10 Subroutine No. 5. 

Figure 5.11 Subroutine No. 6. 

Figure 5.12 Subroutine No. 7. 

Figure 5.13 Subroutine No. 8. 

The assembly language programmes, with mnemonic 

operation codes, labels and names, together with the 

corresponding machine language, for the flow charts, are 

contained in Appendix B. The itemised random access memory 

locations for the storage of temporary data are also 

contained in Appendix B. 

It is the temporary data which is accessed by the 

main systems microprocessor to enable the correct switching 

of the hydraulic valves. Details of this system are 

contained in the thesis written by C. W. Chuen. 

Verbal descriptions of the more salient features of 

the information retrieval and input data preparation system 

are contained in this Chapter. 

5.4 INITIALIZATION. 

When power is first applied to the system, or if the 

system is reset, once only initialization processes need to 

be carried out. These include locating the stack pointer to 

a suitable area in RAM, defining output ports, gating and 

setting up the modes of the three timers and setting all 

velocity and acceleration data locations to zero. 

Also included in this algorithm are the service 

routines for the interrupts. Figure 5.4 details the



interrupt allocations and the vector address for the service 

routines. All interrupts used in this system are maskable, 

that is, they can be disabled. If any of the vectored 

interrupts used in this system are unmasked, and an 

interrupt is received, then this causes the processor to 

save the old programme counter in the stack and branch to 

the respective service routine address. In this system, 

interrupts are unmasked and enabled individually and hence 

priority is controlled. 

5.5 VELOCITY AND ACCELERATION CALCULATION. 

The angular velocity of the boom movement on the two 

axes was required by the main processor system for 

determining the optimum positional control of the boom. The 

acceleration data was, ultimately, not required (Refer to 

the thesis by C. W. Chuen). 

It was decided to obtain the velocity by using angular 

displacement transducers and a programmable timer IC (Refer 

to Chapters 3 and 4). By taking an angular displacement 

reading and starting the timer, and waiting for a specified 

change of angular displacement and reading the time, then, 

latest displacement - initial displacement 
  angular vel. = 

time interval 

In a similar manner, having calculated two angular 

velocities, at a measured time interval, 

latest velocity - initial velocity 
  angular accel. = 

time interval 
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For an analogue to digital converter (ADC) with a 

total error of less than + or - 1/2 LSB, then the higher 

the number of bits change in angular displacement, over 

which time is measured, then the higher the accuracy of 

the angular velocity calculation, for a constant velocity. 

Extending the bits change in angular displacement over 

which time is measured, also extended the frequency of 

angular velocity update, and it was necessary to make an 

optimization. This was determined at > 2 bits, which gave 

a reasonably accurate angular velocity calculation (See 

Chapter 8), and an acceptable frequency of update. 

The boom axes angular velocities and accelerations 

are calculated with the aid of the Intel 8080/8085 

Floating-Point Arithmetic Library (FPAL) (Ref.44). This 

library contains basic floating-point subroutines and 

procedures. The operations used for this application 

include, subtraction, division and conversion between 

32-bit signed integer formats and floating point. The 

32-bit, binary floating-point format recognized by FPAL 

consists of three fields :- 

  

    
sign exponent fraction 

      
i=bit 8-bits 23-bits 

For further explanation see Ref.44. 

Both displacement and time readings require software 

operations to place them in a form suitable for use by the 

FPAL. The routine for the boom slewing axis, as an example, 

is as follows :- 

1) Obtain the angular displacement from channel 0 of the 
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2) 

4) 

2) 

Sy) 

analogue to digital converter (ADC) and place in 

temporary stores STO and STl. 

Start timer 0. 

Obtain the angular displacement from channel 0 of the 

ADC and place in STO. 

Latch count into storage register of timer 0, read and 

store to ST3 in integer form, suitable for the FPAL. The 

timer gives a 16-bit binary down count from FFFFH. This 

is complemented and placed in 32-bit binary integer form 

in ST3. That is 0000????H. 

Compare latest channel 0 conversion with previous 

conversion and if the difference is > 2-bits, calculate 

angular velocity. 

Assuming that, STO - STl = > 2-bits difference, then, 

Reset and start timer 0. 

Place the difference between the two channel 0 

displacement readings in integer form suitable for the 

FPAL in ST14. The subtraction of STl from STO is an 8-bit 

binary quantity. The FPAL requires this to be a 32-bit, 

either positive or negative (two’s complement), binary 

integer number. If positive the number will read 

000000??H, and if negative FFFFFF??H. 

Get integer time from ST3, and using the FLTDS procedure 

of the FPAL, convert to a floating-point number and place 

in STl6. 

Convert the displacement difference (STO-ST1) from 

integer form in ST14, to a floating-point number using 

the FLTDS procedure and place in floating-point 

accumulator (FAC). 
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10) Calculate, 

(STO=ST1) sT1l4 
= — = VOB 

ST16 ST16 

  

VOB is placed in ST5. 

VOB is the latest angular velocity of the boom on the 

slewing axis. Following the angular velocity calculation, 

the acceleration is calculated using the FPAL procedures. 

The latest velocity calculation then becomes the initial 

velocity calculation, ready for the next time a difference 

of > 2-bits in the displacement readings is detected. The 

velocity and acceleration subroutines are then re-entered 

for calculation, using new data. 

A similar procedure is used for calculation of the 

boom velocity and acceleration on the raising/lowering axis. 

The two axes have individual subroutines for the 

velocity and acceleration calculations, as shown in 

Figure 5.2. It would have been possible to use the same 

velocity calculation subroutine and the same acceleration 

calculation subroutine for the two axes. This would have 

considerably complicated the software for a small saving 

in read only memory. This saving would not have reduced the 

ZC count. 

The velocity is available to the main systems processor 

in units: of <— 

bits change of angular displacement 
  

increments of count 

where, 

l-bit = 0.4153 degree, for the slewing axis. 
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l-bit = 0.3097 degree, for the vertical axis. 

and, 

1 increment of count = 1.66664 x 10 s 

5.6 STORAGE OF PROFILE DATA. 

The profile storage routine algorithm is labelled SR8, 

and is shown in Figure 5.13. 

Channels 2 and 3 of the ADC, are connected respectively 

to the horizontal and vertical tunnel axes potentiometers, 

of the profile definement joystick. 

The data is stored, beginning at ST20, in consecutive 

pairs of vertical and horizontal axis data. With the 

inaccuracy of the ADC, storage of data is only carried out 

if there is > l-bit change on either channel. This ensures 

that movement of the joystick has to take place for data to 

be stored. The data is correctly stored (See Section 4.2.1), 

irrespective of the speed at which the joystick is moved 

around the template, providing the joystick is always in 

contact with the template. 

On press of "cease profile definement" push button, the 

address of the last profile data entry is placed in ST19. 

The main systems processor is then able to ascertain the 

exact area of memory containing the profile data. 

The control of the flashing LED, to indicate to the 

operator that the profile data storage area is full, is also 

included in this subroutine. 
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CHAPTER SIX 

ACTUATOR DIRECTIONAL 
  

CONTROL WITH POPPET 

VALVES 

 



6.1 INTRODUCTION. 

The valves that control the directional switching of 

the booms hydraulic actuators are interface elements 

between the electronic and hydraulic systems. 

The criteria for the design and selection of the 

valves together with resultant considerations for 

performance improvement are studied with the aid of 

computerised simulation. The effect of individual supply 

and exhaust poppet valve closure variations on cylinder 

pressures, actuator piston displacement error and the 

interaction of the fluid columns is presented as a 

theoretical study. 

It was important to gain knowledge of the valve 

opening and closing response times prior to the 

construction and bench testing phase. A computerised 

simulation is presented with actual performance 

comparisons. 

6.2 VALVE SELECTION CRITERIA AND CONSIDERATIONS. 

There are important criteria that the valves must 

satisfy. They must be suitable for :- 

1) A high level of contamination of the fluid by solid 

matter. 

2) Operation in a hazardous environment such as is found 

in coal mines (Ref.9). 

3) Operation on dilute (5/95 oil-in-water) emulsion 

(Ref.10). 

4) Ease of maintenance with modular replacement in the 

event of a breakdown. 
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5) Direct hand operation in the event of a failure in the 

processor based control system. 

These basic requirements led to the selection of 

soft seat poppet valves with servo pilot control from 

intrinsically safe, solenoid operated, ball valves. 

The hydraulic actuators are connected to the boom and 

pedestal for movement of the boom on the vertical axis and 

between the pedestal and machine frame for movement on the 

horizontal axis. This constitutes a high inertia load and a 

mechanically stiff structure. The fundamental mode open-loop 

natural frequency of the hydraulic/mechanical system is 

primarily determined by the total inertia, and the 

compliance in the fluid columns between the actuator piston 

and valves and in hoses connecting the valves and actuators. 

It was realised, at an early stage, that the separate 

control of the actuator supply and exhaust poppet valves 

could be put to advantage. The control of a symmetrical 

actuator under rapid breaking is considered. 

In particular the pressure peaks and troughs within 

the cylinder, the hydraulic stiffness and the piston 

positional error will be examined. The error is defined as 

the distance the piston moves from a datum, taken at the 

point at which the servo pilot valve closure cycle begins, 

to the final rest position of the actuator. 

Cavitation in valve controlled hydraulic actuator 

systems has previously been heavily researched, notably in 

Ref.46, 47 and 48. In the most recent of these studies 

(Ref.48) McCloy stated that, cavitation has been shown to 

occur, under certain conditions, on both sides of the



actuator piston, but compressibility and leakage effects 

would make this unlikely in practice. However, with soft 

seat poppets and modern actuator seals, leakage is 

negligable. Also the vapour pressure of water is much 

higher than that of mineral oils and hence cavitation is 

expected to occur more readily with dilute emulsions. 

The formation of cavities in a liquid involves 

rupturing of the liquid. At 21°C vapour cavities form in 

water at a pressure of 0.0247 bar and the assumption might 

be made that the liquid has ruptured at this pressure and 

hence its tensile strength is low. However, it has been 

shown experimentally (Ref.49) that the tensile strength of 

water can be as high as 1.034 x 10° N/m. Cavitation ina 

liquid is now generally recognised as being associated 

with a nucleation centre, such as a microscopic gas 

particle. If the liquid is subjected to a tensile stress, 

cavities do not form as a result of liquid rupture, but 

are caused by the rapid growth of these nuclei (Ref.50). 

It is entrained air and not dissolved air that causes 

problems. Cavitation, if it does occur, can lead to the 

damaging effect of collapsing bubbles. 

The complete valve system for the actuator directional 

control is shown in Figure Dl in Appendix D. The overall 

system response time, measured from the receipt of a 

feedback, or operative input, signal to the main poppet 

opening or closing, is an important factor in the 

performance of the control system. 

The main poppets are manufactured by Fletcher, 

Sutcliffe and Wilde Ltd., and the solenoid operated, 
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FIGURE 61 THE POPPET VALVES AND ACTUATOR. 

  

      

Zoh
\ 

  
FIGURE 6.2 POPPET NOTATION. 
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intrinsically safe servo valves are model number 

1410 122 34 of Dowty Hydraulic Units Ltd., manufacture. 

Both valves are used extensively in the mines for control 

of roof support systems. Roof support systems are relatively 

static, and response times are not such important criteria, 

as they are for this application. 

6.3 CONTROL OF INERTIA LOAD WITH HYDRAULIC ACTUATOR AND 
  

POPPET VALVES. 

The hydraulic actuator and poppet valves are shown in 

Figure 6.1, with the notations used in developing the 

mathematical model. The poppet valves have individual 

control and Figure 6.2 shows the pappet notation. 

6.3.1 Mathematical Model. 

Expressing the flow into the actuator as, 

Q, = C; 4, PAS = Eyl Sign (Ps - P, ) (6.1) 

Similarly the flow out of the actuator, 

Q, = Cj a, [?/p|Pe =Pt| Sign (Pz, - Pt) (Come) 

where Cy, the orifice discharge coefficient, assumes that 

the upstream area is much larger than the orifice area and 

approach velocity effects are zero. 

The poppet orifice areas are expressed as, 

a, = 7d xX, Sin 6 (6,3) 
and 

a, = md X, Sin 6 (6.4) 

where the jet angle is taken to be the same as the poppet 

angle, as shown in Figure 6.2. 
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Considering the flow relationship through the actuator, 

taking into account the fluid compressibility, defined by 

the bulk modulus of the fluid as, 

dP 
pour (6.5) 

av 

Then, 

Q, = flow rate due to compressibilty + flow rate due to 

piston displacement. 

QS Se (6.6) 

Similarly, 

o2= -flow rate due to compressibility + flow rate due to 

piston displacement. 

V2 dP, ax 
Qe=->-—+taA (6.7) 

B at dt 

From the equation of motion for the piston, 

a’x A F 
(PB, - P2) -- - (6.8) 

M M 

| 

Let V = total cylinder volume (V, +V,) and assuming X = 0 

when the piston is in mid stroke. Then, 

Vv 

V, =- + XA (6.9) 
2 

and, 

Vv 
V2 = - - XA (6.10) 

2 
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Combining equations 6.1, 6.3, 6.6 and 6.9 gives, 

ax dP, B 
— = — |c,74 x, sine [ep -P,) -A— (6.11) 
at V/2 +XA dt. 

Combining equations 6.2, 6.4, 6.7 and 6.10 gives, 

dP, B ax 
—-= Cyd x, Sine [@f(P, -P,) -a — (6.12) dt V/2 -XA dt 

6.3.2 Computerised Simulation. 

  

Equations 6.8, 6.11 and 6.12 describe the system. 

These equations were run on the main frame computer, HP 2000 

Access System, using the interactive differential equation 

algorithm, IDEA, prepared by P. Cooley (Ref.51). The 

algorithm uses a third-order Runge-Kutta integration scheme 

to solve the equations. An example, for a given set of 

dimensional parameters, in the use of this programme, is 

shown in Appendix D. 

Look-up tables are used for the poppet displacements, 

X, and X,, with respect to time. Outputs for Pos Pe, X, 

DX and D2X are obtained. Where, 

d d 
Di — and D2 =— 

dt dt 

6.3.3 Fluid Column Interaction. 

The effect of valve closure variations on cylinder 

pressures are shown in Figure 6.3. With the supply and 

exhaust poppets closing in unison, then, with large inertia 

loading conditions, high transient pressures are developed 

in the cylinder. The outflow side of the ram piston has a 
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high peak pressure and the inflow side pressure can be 

reduced to the vapour pressure of the fluid, making for a 

possible fluid cavitation condition. The conditions that 

give rise to cavitation can be estimated by developing the 

linear equations for the actuator (Ref.52). 

Delaying the supply poppet closure provides increased 

final steady state pressures in the actuator and the 

simulation results, shown in Figure 6.4, indicate that a 

reduced amplitude of undamped oscillation is also obtained. 

The maximum pressure peaks would be produced when the 

boom is moving downwards at maximum velocity and then braked 

by the rapid closing of the valves, with the supply valve 

delayed behind the exhaust valve. The poppet valves 

selected for the system are able to withstand a back 

pressure of at least 700 bar and still form a tight seal 

when closed. This allows for a considerable margin of 

safety. The actuator and the hydraulic hoses between the 

valves and actuator should also be selected to handle the 

high transient pressures. 

The combined stiffness of two equal fluid columns can 

be shown to be, 

  (6.13) 

where, from equation 6.5, the bulk modulas of the fluid 

is the reciprical of the fractional reduction in volume 

of the fluid per unit increase of applied pressure. The 

curve for pressure plotted against percentage reduction 

in volume for water-in-oil emulsions at 20°C is shown in
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Figure 6.5 (Ref.53). Data is not given for compressibility 

of the fluid at other temperatures, however the 

compressibility of mineral hydraulic oils at 100°C is 25% 

to 30% more than at 20°C. 

Refering to Figure 6.5, the slope of the line, that is 

a at the system working pressure of 137 bar is over twice 
av 
that at 0 bar. Combining equations 6.5 and 6.13, 

2 oP 
k = 4a — : (6.14) 

av 

and hence, the increase in stiffness of the fluid columns is 
ap 

in direct proportion to the increase of —. 
av 

The valves on the roadheader machines are positioned 

approximately three metres from the boom actuators and 

connection between the two is entirely by hydraulic 

flexible hose. The contribution to the hydraulic system 

compliance by the hoses should therefore be considered. 

The only reference to the compliance to be found in 

the standard specification for heavy duty, 6-spiral steel 

wire reinforced, rubber covered hydraulic hose (SAE 100R11), 

is the change in length test. This states that the change 

in length shall not exceed +2%, -4% change when pressurized 

to operating pressure. No reference is made to the change 

in diameter. The hose consists of a seamless inner tube of 

oil resistant synthetic rubber, 6-spiral plies of heavy 

wire wrapped in alternating directions and an oil and 

weather resistant synthetic rubber cover. It is reasonable 

to assume that initially the largest contribution to an 

increase in volume of the fluid within the hose for an 

increase in pressure would be the compressing of the inner 
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rubber lining against the wire wrapping. There would also 

be a contribution from the stressing of the wire reinforcing. 

It is difficult to determine the relationship, fractional 

increase in volume of the hose per unit increase in 

pressure. It is quite possible that two hoses of the same 

size and to the same specification would produce different 

results. It can however be stated from the available evidence 

that maintaining high pressures between the actuator piston 

and valves would contribute to improved stiffness of the 

boom. This advantage would be more relevant to the drilling 

boom, where the boom must be held stable while a drill 

penetrates up to two metres into the rock face. 

6.3.4 Derivation of the Switching Function. 

It has been demonstrated in Figure 6.4 that a delay in 

the closure of the supply poppet leads to an increase in 

the final positional error of the actuator. This would 

have a bearing on the valve switching criteria, which were 

studied in depth for simultaneous supply and exhaust poppet 

closures in the parallel thesis carried out by C. W. Chuen. 

A simplified analysis is presented for determining the 

optimum instance of independent closure for the exhaust and 

supply poppets in order to obtain accuracy in the 

positioning of the actuator, increased captive hydraulic 

pressures and minimun amplitude of undamped oscillation. 

Application of the analysis for the control of high 

inertial loads with solenoid operated poppet valves is also 

discussed. 

Assumming the actuator piston has an initial steady 
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state velocity, that is x = 0, and neglecting any damping, 

then Figure 6.6 illustrates the conditions for instantaneous 

closure of the exhaust poppet. 

The equation of motion for the system is :- 

Mx = -k, (x - x,) - k,x - F (6-15) 

where oil compressibility is considered as springs of 

stiffness k, and k, and x, is a displacement contribution 

due to the flow of fluid through the supply valve. 

Q 
x, =| - dt (6.16) 

Ay 

Where Q, the flow through the valve, is made up of a 

contribution due to piston movement and a contribution 

due to pressure change. 

The pressure P, will approach Pg and the velocity x 

will approach zero as x approaches x(max). The changes 

are illustrated in Figure 6.7, where the actual changes, 

indicated by the computerised simulation, are represented 
dP, dx 

by the broken lines. To simplify the analogy, — and — 
dat at 

are assummed to be constant. 

dP, PB, =P dx x (max) Ps 
Letting, — = ——— and — = —— and assumming eo 

dt i dt f 

dp Ps dx 

then, ae see Bias (6.17) 
dat 2 x(max) dt 

Combining equations 6.6, 6.16 and 6.17 gives, 

V, Ps 
x, = |1 + ——— | x (6.18) 

2A,8 x(max) 

Combining equations 6.15 and 6.18 gives, 

B k, Vi Ps 
Mx + [kg - ——|| x = -F (6.19) 

2A,8 x(max)
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Making the substitution: x = se) + 
K 

k, V, B 
and NS rr 

2A,Bx(max) 

then, Mx, + Kxy = 0 

1 1 0 " uw dv 
Letting xy = x = v and x, = x, then xy = v — , and 

dxy 
dv 

Mv So= KX, 
dxy 

Solving this first-order differential equation directly by 

K 
vdv=- Kx 

M 

se Flo 
therefore, Ven x a ee (6.20) 

M 

integration, 

The constant of integration is obtained by evaluating the 

result at t = 0, when v = vj and x = x, = 0, and therefore, 

2 Fe 
C= uy +t — (6.21) 

MK 

Eq 6.20 is for a family of ellipses in the x,v coordinate 

system. With v as the vertical axis and JK/™M x as the 

horizontal axis, the phase portraite for Eq 6.20 isa 

family of circles of radius Ge. The centre, x = - F/K, 

is located at, 
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Substituting for K, 

k, 

-" x? (max) - 
M 

Kv, By aE 
  x(max)- vi= 0 (6.22) 

  2A, BM M 

The solution for x(max) is found by applying the formula 

for the quadratic equation, substituting for k, and kg 

and relating the piston position as shown in Figure 6.9. 

2 2 
B A, B Be 

For k, = —— and ky = —— 

vy ve 

XC hay) 
x(max) = ——— - 4,(L-y) + 

4 

  

  

(1 -y) 7? 2 2 a 
~aad(b-y) + @lb-y)) +4(b-y) vy C623) 

: 2 

PA, F M 
where &,= —-, &,= — and d4,= — 

Ra Bre Bre 

For the hydraulic actuators braking about the central 

position, that is y = 1/2, then applying Eq 6.23 to the 

boom: 

For slewing, = 0 since F= 0, and reasoning that an 

increase in v would make for an increase in x(max), then: 

-% [) 4s 2 x(max) = ae + Vp (6.24) 
8 8 2 

For raising and lowering there is a force either opposing 

or aiding motion due to the weight of the boom, then: 

x(max) = Hey y- te 4. $e (6.25) 
8 2 8 8 4 Z 

The sign and value of «,, which is the function containing 

the force on the ram, determines the sign of the 

square-root term. 
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The only variables in Eqs 6.24 and 6.25 for the boom 

operating in free space are displacement (y) and velocity 

(v,) at the instance of closure of the exhaust poppet. 

Both of these values are available from the data retrieval 

system for the two axes of the boom. 

If the supply poppet is closed at the instance of 

x = x(max) and v = 0, two locked fluid columns then exist. 

P, will rise to a maximum during this period due to the 

braking of the inertial load and with a delay in the 

closure of the supply poppet, P, will also rise. If these 

pressures are equal when v = 0 then there would be zero 

undamped oscillation. 

The total time from removal of the electrical signal 

to the solenoid to the actuator becoming stationary can be 

divided into three phases :- 

Phase 1. Solenoid de-energising cycle measured from removal 

of the electrical signal to the servo pressure 

(Pge ) beginning to decrease (This was measured 

for the normally closed servo valve in the same 

way as that described for the normally open valve 

discussed in Section 7.4.3). 

350ms (This is an average value. Measurements 

“indicated a variation of plus or minus 103). 

Phase 2. Hydraulic response of valve closure 

(Section 6.4.4). 

4lms (Measured and confirmed to remain relatively 

constant irrespective of pressure drop across the 

main poppet). 
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Phase 3. Overshoot of actuator from closure of exhaust 

poppet (x(max)). 

Assuming constant velocity during phases 1 and 2: 

The total error = x(max) + (v x 0.391s) (6.26) 

Using the following parameters the coefficients, o,, &, and 

xX, were calculated for the boom: 

Mass of boom = 3070 kg (Calculated from the measured 

boom dimensions and assumed densities). 

Mass of ram = 7 kg. 

Effective External Force = 40 kN (due to the weight of 

the boom. This ranges from 37.65 to 43.67 kN 

depending on the boom elevation). 

The coefficients for the boom slewing are: 

&, = 0.00478 and = 0.372x104s%m 

and for the boom moving on the vertical plane: 

For raising, 

&, =0.00638, «= 0.505x10°° and d= 0.515x10*s/m 

For lowering, 

&, =0.00359, X= - 0.379x10" and %s= 0.386x104s/m 

These coefficients were used in applying Eqs 6.24, 6.25 

and 6.26 for various velocities about the ram mid-stroke 

position. The lines’ for the calculated point of closure for 

the exhaust poppet and point of closure for the supply poppet 

to give zero final positional error, are shown in 

Figures 6.10 and 6.11 for the boom horizontal and vertical 

movement. The measured results were obtained by applying the 

theory developed by Chuen for simultaneous closure of the 

exhaust and supply poppets. 
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The time delay (ty) in closing the supply poppet behind 

the exhaust poppet can be found by integrating the equation: 

dx, F 
dt = —, and substituting for x,(max) = x(max) + - 

v K 

This gives: 

M ~1/ K F 
t = /= |Sin — x(max) + - (6.27) 

K cM K 

The maximum time delay is for the condition where the boom 

is moving at maximum velocity on the vertical plane close to 

the beginning of the downwards stroke. This was calculated 

to be 13.474ms. By observation: t(max) = JM/K (71/2) 

Applying the switching signal simultaneously to the 

exhaust and supply solenoids could result in the supply 

poppet closing prior to the exhaust poppet. This could 

lead to cavitating conditions on the supply side of the 

actuator piston and reduced captive pressures. To delay the 

supply poppet closure beyond the point of x(max) would not 

destroy the conditions sought in this analogy and would 

ensure that the exhaust poppet was always closed prior to 

the supply poppet. Taking into account the measured 

maximum variation in the response characteristics of 

seemingly identical solenoids (350ms £10%), the valve 

switching function should be: 

vy, x 0.391s x (max) 
   

      

Error = 
Required 
Position. 

Exhaust Supply 
Poppet Poppet 
Switching Switching 
Signal. Signal.



The application of the valve switching functions 

generated by Chuen were implemented using software 

routines and an arithmetic processing unit (APU) IC. The 

relatively linear characteristics indicated by this 

simplified analogy correspond closely to those obtained by 

Chuen. The functions could be handled simply and at speed 

using look-up tables and interpolation software routines. 

The linear characteristics would mean that only a minimum 

of additional memory would be required. A single output 

signal could be used to switch both solenoids with a 

monostable device generating a delay of 84ms for the 

supply poppet. This would take account of the worse 

possible case. 

Each axis of the boom is provided with four main 

poppet valves, with individual pilot operation from solenoid 

operated valves, as shown in Figure Dl in Appendix D. The 

delay for the supply poppet closure could be generated using 

software routines. Alternatively, a single output from the 

control system could be used for the supply and exhaust 

valves solenoids, with a monostable device generating the 

delay for the supply poppet closure. 

If the supply and exhaust poppets were paired for 

operation from a single solenoid servo pilot valve, as 

shown in Figure D2 in Appendix D, then the delay could be 

produced in the hydraulic servo line to the supply poppet 

by a restricting orifice. This method of creating a delay 

would, on opening the valves, cause the exhaust valve to 

open prior to the supply valve. This could lead to possible 

cavitating conditions on the supply side of the actuator



piston if an overhauling load is applied. This simpler 

system was not applied to the boom because of this aspect. 

6.3.5 Fluid Power System Instability Considerations. 

Instability in fluid power systems can arise in the 

servo loop as a whole or from an element of that loop such 

as the control valves: 

1) Unstable flow. . 

The geometry and the on-off operation of poppet type valves 

reduce the incidence of unstable flow. The absolute closure 

of the poppets reduce any orifice metering effects. 

2) Instability due to steady-state forces. 

The on-off actuation of each poppet by full system servo 

pressure results in the poppets being held firmly against 

physical stops, whether open or closed. Static pressure 

unbalance and instability due to steady-state forces do 

not therefore arise within the valves. 

3) Resonant instability. 

The natural frequency of two equal fluid columns is: 

k 4pa* 
Wr = - = 

M vM 

The system natural frequency for the boom was calculated 

  (6.28) 

to be approximately 20.5 x 10° Hz. 

The forcing excitation frequency for the boom, where 

the cutter with 24 radial picks revolves at 88 revs/min, is 

35..2 HZ. 

The boom is therefore operating at well below the 

resonant frequency. Doubling the hydraulic stiffness, 

discussed in Section 6.3.3, increases the resonant 

frequency by a factor of oe 
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6.4 RESPONSE TIME OF ACTUATOR DIRECTIONAL CONTROL POPPET 

VALVES. 

The overall system response time, measured from the 

receipt of a feedback or operative input signal to the 

main poppet opening or closing, is an important factor in 

the performance of the control system. The computerised 

simulation of the poppet valve system operation enabled 

performance predictions to be made for the servo pilot 

hydraulic response. The performance predictions were made 

prior to obtaining the valves and carrying out bench 

tests. The simulation and the bench test results are 

contained in this section... 

The solenoid response to an electrical signal is 

a major element in the overall response time of the valve 

and is discussed in Chapter 7. 

6.4.1 Mathematical Model. 

The main and servo poppets are shown in Figure 6.12, 

with valve system notations used in developing the 

mathematical model. 

The equation of motion for the main poppet is, 

a’ x 
M > = Be) (Aga Ay ee (A, A) = ROKER) 

a - flow force - friction force (6.29) 

To simplify the mathematical model the tank pressure 

is assumed to be zero, that is, Fee Os 

It has been demonstrated (Ref.54) that the magnitude 

of flow forces on poppet valves is dictated mainly by the 
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poppet angle with lesser effects due to flow pattern and 

downstream chamber size. The flow force theoretical result 

based on simple momentum considerations has been applied 

in the mathematical modelling of poppet valves throughout 

the thesis. This is a reasonable approximation to make 

since flow forces are small compared with the operating 

pressure forces. 

Flow force (main poppet) = P2x%3 Cose® (6.30) 

Qe 
where, Vs = — 

Ais 

and, assuming the approach velocity effects are zero, 

a = Cy Ail | Bs -P,| Sign [B= B| (6.21) 

Since A, =A,,, the poppet is pressure balanced and all 

P, terms disappear. 

The force required to displace the main poppet would 

first have to overcome the static friction. Sliding friction 

would then take over. For the purpose of this simulation, 

static friction and sliding friction are assumed to be the 

same, and the friction force, which always opposes motion, 

is Fr. 

From equations (6.29), (6.30) and (6.31), 

ax 
M —> = Pee (Ag-Az) ~ Fe (AA) - K(X+X,) 

dt 

7 “4 ax 
- C,A,2(P.-R )Cos45 - (Sign—)FFE (6.32) 

dt 

where, 

A, = DymX Sin45° (6.33) 

To simplify the analogy, the servo poppet is 
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considered to be of the form shown in Figure 6.13. The 

servo poppet is physically small compared to the main 

poppet (Appendix D.3) and completes actuation over a 

short period of the overall valve operation. 

Flow force at @) = p25" Cos45° (6.34) 

and, 

Flow force at ® = pV, Coss” (6.35) 

where, 

Qs Qs 
y=, = (6.36) 

-707Dx( 2L-Y)Sin45 Te 5 7 Dl2u7¥) 

and, 
Qe Qe 

a (6.37) 
-707Dn(L- Y)Sin45 57D (E-¥) 

Where D = Servo ball poppet diameter. 

Flow force at @® = Pp 25Vz Cos45° (6.38) 

where, 

Qs Qs 
42 Sa 2 a (6.39) 

-707DnYSin45°> 1.57D Y 
  

The equation of motion for the servo poppet, referring 

to Eqs.(6.34), (6.35), (6.36), (6.37), (6.38) and (6.39), 

a’y -4504p05 .4504 p05 
MP Garsgig fot $s See mmeeraiee Mk ode ceca 

dt Dy D (2L-¥) 

4504p Qt 
ee ee (6.40) 

D (L-¥) 

By continuity, 

O5, = Os-0; (6.41) 
se 

Taking the approach velocity effects as zero, 

Q, = Cy Ae 2/o [Ps Peel Sign |P,-Poe| (6-42) 

Cy As 2/o |Pse -Pe| Sign |Pse -Pe| (6.43) Qt



and, 

dx 

Q., = (A,-A,) — (6.44) sé e 7 at 

Substituting Eqs.(6.42) and (6.43) in Eq.(6.40), the 

equation of motion for the servo poppet is, 

a a’y . 2.221) D % (Py=Dyen) 
Mp — = - BA, - 2:22 C)D ¥ (Py -Pye ) $ —————————_ att . (2 =¥) 

2 

+ 2.22 CyD (L-Y) Poet F (6.45) a se 

The two equations of motion are related by the servo 

pressure, B,.. From Eqs.(6.41), (6.42) and (6.43), 

assuming Ps; > Pse and letting P, = 0, 

Qse 
—— = A, | (Ps - Poe) - As ioe (6.46) 
Ca */e 

Substituting Eq.(6.44) for Qs., the solution for PR. is of a 

quadratic form, that is, 

  

  

ier 4ac 
Pse = ———~_ (6.47) 

2a 

where, 

2 2 
Ag AS 

GL SP ae sary ah Sa (6.48) 
2A,  2Ae 

2 2 = 
1 A, (Ag-A,) Pp [ 1 1] fax 

b=- Bae a | Cacao | lace ioe |r || (6.49) 
2 As 2C4 A, As | lat 

ee: 2 4 
RA, Ps (Ag-Ay) A [aX] (Ag-Ay) 9 [as 

ce qo =e rail eae Laces || ce (6.50) 
2A3 2Cy As dt BC, A, As [at 

When Y=0, A,=0 and 9,=0, the solution for Bo. is; 

zu 2 

(Ag-A,) ax 
Pse = os ca (6152) 

2c) As at. 

Sy



When Y Ymax = L, A,=0 and Q,=0, the solution for 

Pig isi, 

UB)515 23)   

Poe Ps 

(Ag-A, rp FI 
: = 

26) As at, 

6.4.2 The Dimensionless Equations. 

The analysis results are often more useful presented 

in dimensionless terms, besides being in a shortened form, 

and hence, simplifying the computerised simulation. 

The following reference quantities are used, 

  

Ref. length = Ymax = L Ref. pressure = P, Ref. area = ce 

Ref. time = t, = : Ref. mass = Mp Ref. force = KL 
K 

The non-dimensional variables are, 

L x xX X 
f=s—e21 y=- x=- x,= -- 

L L L L 

(AYA) Ai 
(aj-a,) = Caicde = a= => 2 7 14 1 i = 

A, A3 Ais D 
a= a,=— a--— az=— 

3 z 2 hs Is Go ie 

Ps Pse P. M 
p=—e-=l R= — pR=— nm=— 

=e 7 Bs >. Mp 

Mp F Fe t 
m = — =1 f= — fg = — T= — 

Mp KL KL tr 

The equation of motion of the main poppet (Eq.6.32) 

becomes, 

a*x ‘ 
— =(Dse (ag-az)-P, (ay-a)-nc, dx(1-pe)) 
dv m 

(x+x, ) dx ff 
= - (Sign—)— (6.53) 

m dav m 
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to
 ag 

where = (A dimensionless quantity) (6.54) » 
| 

The equation of motion of the servo poppet, Eq.(6.45), 

becomes, 

2 
avy {1-Bee) 
—, = 22.22 cfa(.873y(1-p,e + y - 
at eave) 

+ CL=vipee ) 

-rAa+e (6.55) 

The elements of the quadratic equation for Py” 

Eq. (6.47), become, 

from Eq.(6.48), 

  

oe « 
ee end oom (6.56) 

2% 2y 

from Eq. (6.49), 

2 
yer se meets icc 

Be ieee = ee (6.57) 
22 2ly* [Lat 

from Eq.(6.50), 

vo § axe = ax|* 

CRs aa re | a (6.58) 
2x x Lar 2 ay. 

where, 

2 
Aer (iy) (6.59) 

and, 

2 
(Ag-A,) PK : 

§ eee (A non-dimensional group) (6.60) 22 
4.93 MpGyD Ps 

When Y = 0, from Eq.(6.51), 

dx 
= (6.61) 

  

§ axy* : 
Stet | (6.62)



6.4.3 Restraints. 

The non-dimensional equations do not fully describe the 

behaviour of the valve. Before the equations can be computed, 

it is necessary to incorporate, in mathematical form, the 

physical restraints within the valve. Since we are only 

interested in the hydraulic response time for opening and 

closing of the valve, then separate computer runs can be 

carried out for each case. It is the discontinuities 

caused by the main and servo pilot poppets meeting the 

physical restraints within the valve, that have to be 

accomodated within the computer runs. 

Considering the case when the main poppet is closing. 

Initially, X = Xmax, and Y = Ymax. Upon de-energising of 

the solenoid, Y will begin to reduce, since P, > Pe. x 

will not begin to reduce, until the spring force of the 

main poppet is greater than all upward forces. Up to this 

stage a restraining force acts on the main poppet to hold 

X = Xmax. 

Let the restraining force be FR and, 

a*x 

ne OER (6.63) 
ili 

where FS is the accelerating force given in Eq.(6.53). 

For the valve closing case, initially, 

X = Xmax and FS is -ve, then FR = FS and, 

a’x 
ES aes 90 

dv 

When, 0 < X < Xmax and FS is -ve, then FR = 0, and, 

a*x 
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When X = 0 and FS is -ve, then FR = -FS, and, 

a°x 
Sarg, ES SPS) a0 
dv 

For the valve opening case, the additional 

requirement is, that, 

when 0 < X < Xmax and FS is +ve, then FR = 0, and, 

a’ x 
— =Fs 
ae 

Expressing the restraints mathematically, for 

Eq.(6.63) to hold true, 

  

st xX 
“FR = —(Abs(FS)+FSxST)+(FSxInt }1- xST1) 

Z xmax 

x 
  ~(esezne| jeszas (6.64) 
xmax 

where, for valve closing, 

stT=1 stl =1 ST2 = 0 

and, for valve opening, 

sts =] stl =0 st2 =1 

The servo poppet also has physical restraints. 

Let the restraining force be FU, and, 

ay 
=, = El FU (6.65) 
at 

where FT is the servo poppet accelerating force given in 

Eq(6.55). 

To satisfy the restraining conditions, for Eq.(6.65) to 

hold true, then, 

88 ¥ 
  

  FU = (enetne|i- fests stemeie x ST2) (6.66) 
Ymax Ymax
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6.4.4 Computerised Simulation. 

The valve is described, in non-dimensional terms, by 

Eq (6047), (6.53)> (6254), (6-255), 6.56), (6.57); (6.58), 

(6.59), (6.60), (6.63), (6.64), (6.65) and (6.66). These 

equations are used, together with additional terms for 

handling the servo pressure quadratic equation, for the 

computerised simulation. The valve dimensions, calculation 

of non-dimensional constants, initial conditions and sample 

programme run are contained in section D3 of the Appendix. 

The computer based simulation was carried out using 

the HP 9845, and a modified version of the interactive 

differential equation algorithm (IDEA), prepared by 

P. Cooley (Ref.51). The modifications were carried out 

to enable the handling of the high number of terms 

required in this simulation. The algorithm uses a third- 

order Runge-Kutta integration procedure to solve the 

equations. 

Figure 6.15 shows the comparison between the 

simulation results and measured performance, for the valve 

opening case, and Figure 6.16 for the valve closing case. 

The performance was measured with the aid of a pressure 

transducer inserted in the servo pilot line, anda 

linear displacement transducer connected to the main 

poppet. The displacement transducer was of the LVDT type, 

capable of withstanding the full system hydraulic pressure. 

The transducer signals were fed into a U-V recorder and a 

trace obtained. 

The comparison times for the hydraulic response,



measured from the instance the servo pilot poppet begins 

to move, to the instance the main poppet was fully open, 

or closed, was:- 

  

  

Simulation Result Measured Time 

Valve opening te = 10.5 ce = 69.0 

t = 99.69 ms t = 97.57 ms 

Valve closing € = 30.0 % = 29.0 

t = 42.42 ms t = 41.0 ms         
TABLE 6.1 Valve Hydraulic Response Comparisons. 
  

These response times were used in applying the 

switching criteria, developed by C. W. Chuen, for accurate 

positioning of the boom. The response time of the solenoid 

actuation of the servo poppet should be added to these 

times for the overall valve response. The solenoid analysis 

is contained in Chapter 7. 
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CHAPTER SEVEN 

VOLUME FLOW CONTROL 
  

AND SIMULATION OF A 
  

PULSE WIDTH MODULATED 
  

POPPET VALVE



7.1 INTRODUCTION. 

Controlling the speed of a hydraulic actuator requires 

either flow restriction of the fluid by various methods or 

control of volumetric flow rate by a variable displacement 

pump (Ref.54). There are many aspects to be considered in 

the implementation of speed control for hydraulic actuation 

of complex loads. 

The requirement for the roadheader boom led to the 

design of a simple poppet type valve giving two flow rates. 

The performance of this valve was studied with the aid of 

a computerised simulation programme. This programme is 

extended to simulate the pulse width modulation of the 

poppet valve. This simulation required a programme that 

would run with four sets of interactive discontinuities 

and a quadratic expression for the servo pressure. 

The major portion of the hydraulic poppet valve time 

response to an electrical signal, whether opening or 

closing, was in the solenoid actuation of the pilot stage. 

An analysis of the solenoid operated motive section of the 

servo pilot valve, in order to determine whether it was 

possible to improve the response times, is contained in 

this Chapter. 

7.2 ROADHEADER BOOM SPEED CONTROL REQUIREMENT, 

A minimum of two speeds of boom angular velocity was 

required for this application. A slow speed, giving full 

movement on either axis in 110s, when cutting, and a fast 

speed for free space positioning of the boom. 

Cutting forces, and the high inertia of the boom, can 
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present an overhauling load, and for this reason a "meter- 

out" control of the hydraulic fluid was selected. Speed is 

less affected by load changes with this method of control 

(Ref.54). 

Individual flow restricting poppet valves were 

installed in the hydraulic return paths, from the actuators 

for each of the two ayes of the boom. The valves consisted 

of main soft seat poppets manufactured by Hemscheidt Ltd., 

with servo pilot operation from Dowty Hydraulic Units Ltd., 

intrinsically safe, solenoid valves, model number 4311 112 05. 

A metering groove was cut in the seat of the main poppet 

to give the flow required for slow speed with the poppet on 

its seat. The fast speed was obtained by the main poppet 

opening fully. The groove has a self cleaning characteristic 

when the main poppet is opened, thus ensuring that the fluid 

contamination tolerance for the valve system was maintained. 

It is possible to obtain several stages of flow rate 

using a "weighted system" of open/shut poppets. For example, 

four poppets on a binary flow rate weighting, that is, l, 2, 

4 and 8, would provide sixteen increments of flow rate, 

including no-flow. Dowty Hydraulic Units Ltd. have recently 

produced for the NCB a multi-stage intrinsically safe 

solenoid operated system of weighted poppets, which is at 

present awaiting tests (July 1983). 
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7.3 SIMULATION OF A PULSE WIDTH MODULATED POPPET VALVE. 

The valve is shown with all notations used for the 

simulation, in Figure 7.1, and the servo poppet analogy is 

shown in Figure 7.2. 

7.3.1 Mathematical Model. 

The equations that describe the valve were developed 

in exactly the same way as those for the directional 

control poppet valves in Chapter 6, and are listed below 

in non-dimensional form. 

The reference quantities are as for the simulation of 

the directional control poppets, except that, 

  

Ref. length = Ymax = L - .707D = Lo 

and, 

2 
Ref. area = Lo 

The equation of motion for the main poppet is, 

a*x 2 
wa (Ap, ag- ANC, dy (p, -p,)x ~ Ap ase x - xX, 

dx 
- Sign |—| fp)/m (Jigs) 

[dr 

P, Ly ; ; ; 

where A= (A dimensionless quantity) Tis 2) 
K 

The equation of motion for the servo poppet is, 

2 
ay 
ae $d (y (Dee - Beye (bray) (le Soe a) ) 
av 

+ A(p, (a, ag) =a) +s (7es)) 

22220G; Pe 
where $ = —————_ (A dimensionless quantity) (7.4) 

K 

The two equations of motion are related by the servo 
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pressure p,e which is expressed in quadratic form, that is, 

Srp fe) ot ae 

    

  

    

i. 3 ee (7.5) 
a 

where, 

2 

(l-y) ee 
a=le+ 5 + > (756) 

2y 2d ay): 

> 35 ax]° Sag fax]* Py 
b= —— J — |} - —_—< || - = . 

9.86d y* [at] 9.86a°(1 - y)* lat} 2 

? | vegs* py? 
---——- —~ Gea) 

2 2y* 2(1 - y) 

plek 
where d= fe (A dimensionless quantity) (7.8) 

Cy PRM dct P 
2 2 

p (1 = y) pe y* sa PB dx 
C= + + ee = =e 

2 2y? 2(1 - y)*  4.93a°(1 -y)* Lar 

sae ax]* Sat = 
- —| + = (7.9) 

4.93a*y?{ar] 48.6 aby*(i-y)t ar] 

When Y = 0, the solution for p,, is, 

5 age ax]" 

2 (7.10) 
4.9347 (1 -y)* Lar 

When Y = Ymax, the solution for p,, is, 

2 2 
a dx 

= Sfsi0 8 |: Py (7511) . as 
s€4.93a°y* lar 

The rate of flow through the main poppet is expressed 

as, 

q =<<x (ate) 

z 2.22 CD, /2Mp(P,=P,) i A 
where ————— SS dimensionless| (7.13) 

Ls K tt quantity 
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02X = D1X=0 if MPA-+ve. 

D2X =MPA,D1X = INT GRL(D2X) 

if MPA-ve. 

LIMIT, 

Ta 0<k <Xmax Dix = NEA 
DIX = INTGRL (D2X)   

D2X=DIX=0 if MPA-ve. 

D2X =MPA,D1X = INTGRL (D2X) 

  

if MPA+ve. 

FIGURE 7.3 MAIN POPPET RESTRAINT CONDITIONS. 

D2Y=D1IY=0 if SPA eve. 

D2Y =SPA, DIYSINTGRL (D2Y) 

if SPA -ve. 

O2Y= SPA 
o<¥<Ymax 

D01Y =INTGRL(O2Y) 

[o2v=orr= 0 if SPA -ve. 
2¥=SPA, DIY=INTGRL (D2) 

LIMIT Y=0 a 
if SPA «ve. 

SERVO POPPET RESTRAINT CONDITIONS. 

LIMIT Y=Ymax 

  

FIGURE 7.4 
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7.3.2 Restraints. 

Physical restraints exist within the valve for both 

poppets. We require to examine the behaviour of the main 

poppet with the servo pilot poppet pulsing over it's full 

stroke. The full restraining conditions for both poppets 

need to be incorporated in the computed equations, -to cope 

with the discontinuities and to provide a continuous output 

of the behaviour of the poppets, from a solenoid force input 

to the servo pilot poppet. 

The restraint conditions for the main poppet are 

shown in Figure 7.3 and for the servo pilot poppet in 

Figure 7.4, where :- 

Main poppet accelerating force 
a 

m 

SPA Servo pilot accelerating force. 

(Note :- The mass of the servo pilot poppet is unity.) 

a°x dx aty dy 
D2xX = mr DIK Say D2Y = me and Diy = 

ar dt dt at 

Immediately the poppets meet the physical restraints, 

the respective accelerations and velocities are required 

to be computed to zero. Assuming there is zero yield, at 

this instance there would be an infinite de-acceleration for 

zero velocity. Attempting to simulate this fact requires 

extremely small increments of the independent variable 

(time), to avoid the simulation process going unstable. This 

aspect is discussed further in. the following section. 

The required outputs are not affected by using this 

approach and an instability aspect is avoided. 
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7.3.3 Computerised Simulation. 

Simulation has been used for many years to study, 

design and develop systems which can range from simple 

basic operations to complex systems requiring simultaneous 

solution to a number of interactive elements. These systems 

were originally modelled using analogue computers (Ref.54). 

However, the digital computer with its versatility, 

accuracy, and increasing speed has become a suitable tool 

for modelling . Numerical integration methods now fulfill 

the same function as the capacitive feedback amplifier of 

the analogue computer. Simulation languages now incorporate 

comprehensive interaction facilities, replacing the 

hardware defined function elements of the analogue computer 

with the software of the digital computer. 

The system representative mathemetical equations are 

solved simultaneously by holding the independent variable, 

which is usually time, constant while other variables in 

the equation are calculated and updated ready for the next 

increment of the independent variable. There are inherent 

problems with this method, particularly at instances of 

high change with respect to the independent variable, when 

the simulation using digital computers can become unstable 

and produce obvious inaccuracies, or worse, misleading 

inaccuracies that are not always so obvious. 

New simulation languages have become increasingly more 

powerful with facilities for modelling continuous systems 

on digital computers. One such language, which was used for 

the simulation of the pulse width modulation of the poppet 

188



x2 x1<0 

  

x3 x1=0 FNSW _ 

x4 x1>0 

FIGURE 7.5 “BUNCTION SWITCH  CENSW): 

189



valve, is SLAM Mk.2 (Simulation Language for Analogue 

Modelling). This is a high-level language, based on FORTRAN 

and fully described in Ref.55. 

Briefly SLAM offers the following facilities :- 

1) Equation-based expressions and block-description formats. 

2) Simple input/output. 

3) Analogue block functions. 

4) Choice of several integration methods. 

5) Function generation. 

6) Simple programming of differential equations and 

automatic sorting. 

7) Macro facilities. 

8) The full capabilities of the FORTRAN language. FORTRAN 

has an extensive scientific library and relevant user 

programmes. 

The driving force to the servo poppet, derived from 

the solenoid, was input using the SPULSE function (Ref.55). 

The conditions at the physical restraints, described 

in Section 7.3.1, were handled using different methods for 

each poppet. 

The servo pilot poppet was modelled using the FNSW 

(Function Switch) and the SWIN (Input Switch) functions. 

FNSW has the form of :- 

FNSW(x1,x2,x3,x4) 

where, xl, x2, x3 and x4 are arithmetic expressions of 

type REAL. The value is x2, x3 or x4 as xl is less than 

zero, equal to zero or greater than zero respectively, as 

shown in Figure 7.5.



x1 b= TRUE Sf _ ee 

x2 b= FALSE 
a — 

FIGURE 7.6 INPUT SWITCH (SWIN). 
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SWIN has the form :- 

SWIN(xl,x2,b) 

where xl and x2 are arithmetic expressions of type REAL and 

b is a logical expression, as illustrated in Figure 7.6. 

The computed equations to satisfy the restraint 

conditions for the acceleration of the servo pilot poppet 

are :- 

D2YC=FNSW(AINT(Y)-AINT(1.0-Y),0.0,SPA,SPA) 
D2YO=FNSW(AINT(Y)-AINT(1.0-Y),SPA,SPA,0.0) 
D2Y=SWIN(D2Y0O,D2YC, ISTATE.EQ.1.0) 

and for the velocity :- 

SPV=INTGRL(D2Y,0.0) 
DY1C=FNSW(AINT(Y)-AINT(1.0-Y),0.0,SPV,SPV) 

DLYO=FNSW(AINT(Y)-AINT(1.0-Y),SPV,SPV,0.0) 
DLY=SWIN(D1YO,D1YC, ISTATE.EQ.1.0) 

The computed equations to satisfy the restraint 

conditions for the acceleration of the main poppet, using 

standard FORTRAN, are :- 

D2X=MPA 

IF(X.LE.0.0.AND.MPA.LE.0.0) D2xX=0.0 
IF(X.GE.10.444.AND.MPA.GE.0.0) D2x=0.0 

and for the velocity :- 

MPV=INTGRL(D2xX,0.0) 
D1X=MPV 

IF(X.GE.0.0.AND.MPV.LE.0.0) D1X=0.0 

IF(X.GE.10.444.AND.MPV.GE.0.0) D1xX=0.0 

It was necessary to implement the two methods for 

incorporating the restraint conditions. If either method 

was used for both poppets, the equations would not SORT. 

The equations that express the servo pressure, Dse, 

also required special consideration. Depending on the 

value of Y, either Eq.7.5, 7.10 or 7.11 provides the 

solution.
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The computed equations for the servo pressure are :- 

SIGNDX=FNSW(D1X,-1.0,0.0,1.0) 
PSE=FNSW(AINT(Y)-AINT(1.0-¥),1-K, 
& (SIGNDX*SQRT(ABS(W) )-B)/A,J+PT) 
W=B**2-A*C 
A=1+H+1/(4*H) 
B=(J-K-PT-1) /2-1/(4*H)-PT*H 
C=PR/2+1/(4*H)+PT**2*H+PT*K-J+J**2*H 

H=¥**2/(2*L)+0.00001*INT(1-Y) 
J=N*D1X: :2/(¥::2+0.00001*INT(1-y) ) 
K=N*D1X**2/L 

L=(1-Y**2+0.00001*INT(Y) 

PT and N are non-dimensional constants and are defined, 

together with the valve dimensions, additional notations and 

the complete programme in Section D.4 of Appendix D. 

The SLAM user can choose either to use any of the six 

integration methods provided by SLAM or to define his own 

method. By trial the Trapezoidal integration algorithm was 

adopted with the communication interval and integration steps 

per communication interval as defined in the Appendix. The 

integration system of SLAM makes it possible to change the 

integration algorithm, communication interval and step value 

at run time. The different techniques can therefore be used 

without the need to recompile the programme, by simply 

supplying different values for the variables. This enabled 

a relatively fast but less accurate integration method in the 

first stages of the study and then a more sophisticated 

method in the final stages without rewriting and recompiling 

the programme. 

Figure 7.7 shows the comparison between the simulation 

results and measured performance for the valve opening 

and closing. To simplify the verification of the simulation, 

2 . pressures P,, P, and P, were all held at 137x10° N/m . This 
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constituted a no-flow condition for the main poppet and is 

a condition that would not be met in a metering out 

application. Since the poppet is not pressure balanced, it 

also made for fast opening and slow closing response times. 

The comparisons for the simulation and actual hydraulic 

response, from the instance the servo poppet begins to move 

to the instance the main poppet was fully open, or closed, 

are shown in Table 7.1. 

  

  

Simulation Result Measured Time 

Min. Flow Rate Tv = 60 ~ = 58 

Max. Flow Rate © = l2i.2)ms t = 117.2 ms 

Max. Flow Rate tt = 370 t= 390. 

Min. Flow Rate t = 747.4 ms t = 787.8 ms         
TABLE 7.1 Valve Hydraulic Response Comparisons. 
  

The results of the comparison tests lead to the 

expectation that the simulated results for the pulsing of 

the valve, shown in Figures 7.8 and 7.9, would be found 

in the actual testing of the valve. However, the maximum 

rate at which the intrinsically safe solenoid could be 

pulsed for movement of the servo pilot poppet to take 

place, would not permit the main poppet to oscillate 

within a mid-position. It was not possible to provide 

small increments of flow rate regulation with this valve. 

With only two rates of flow required for the boom, as 

mentioned in the introduction to this Chapter, the valve 

fulfilled all requirements. Separate valves were installed 

to give metering out control of the fluid from the actuators 
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for the slewing and the actuators for the raising/lowering 

of the boom. 

Besides the poor response time of the solenoid, the 

design of the main poppet could be improved for pulse width 

modulation. A proportion of pressure balancing would reduce 

the opening force on the poppet and a restricting orifice in 

the pilot line would slow down the response of the main 

poppet. In pressure relief poppet valves, where a measure of 

proportional control is required, poppets with a long 

engagement length and multiple grooves (Ref.12) have been 

found to give improved erosion rates. The high poppet lift 

characteristic of these valves would also be advantageous 

for pulse width modulation control of flow rate. 

The programme developed for the simulation of the valve 

could be used for the simulation of valves with different 

poppet configurations with only small modifications being 

required. It has been demonstrated the discontinuities 

created by the physical restraints within the valve can 

be modelled and a simulation of performance obtained. 
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7.4 SOLENOID MAGNETISM ANALYSIS 

The major portion of the hydraulic valve overall time 

response to an electrical signal, whether opening or closing, 

was in the solenoid actuation of the pilot stage. 

Both the directional (described in Chapter 6) and the 

flow rate control servo pilot valves are solenoid operated. 

Figure 7.10 illustrates the solenoid and the physical 

magnetic circuit common to both valves. An analysis is made 

of the solenoid operated motive section with the object of 

improving the response time. 

Electromagnetism is a subject where elegant 

mathematical formulation often obscures the experimental 

bases. The subject is explained avoiding this approach in 

Ref.56 and it was decided to follow the same philosophy 

and deal with reality in carrying out the analysis. 

7.4.1 Analysis of Magnetism Due To Current. 

Figure 7.11 illustrates the analogy between the 

mechanical, mass, damper, spring (MDK) system and the 

electrical, resistance , inductance, capacitance (RLC) 

system. 

Since electric charges possess inertia, not only on 

account of their gravitating mass, but also because of their 

electrical charge, magnetic energy is kinetic. The ratio of 

charge to mass of an electron is large, 

1.76 x 10" coulomb/kg. 

The kinetic energy due to mass is therefore neglected. 

Developing the equation for the RLC circuit, shown in 

Figure 7.11, neglecting any capacitance the circuit might 
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have, and for a step input of V, increasing, gives, 

v - ye 
L082 =i Glee ) (7.14) 

and for a step input of V, decreasing, gives, 

vo -(%)e 
i(s) =- (e ) (7.15) 

R 

where i is a polynomial in s, and, 

da 
s=— 

dt 

The initial test was to measure the self inductance 

(L) of the coil and non-moving ferrous parts. Ultra-voilet 

(U-V) recorder traces were obtained for i and t for step 

inputs of V, of 0V to 12V, and 12V to OV. These are shown 

in Figure 7.12. 

The coil resistance was measured to be 133.33Mand from 

Ohms law, i(max) = 90mA. 

From the relationship, 

di 
V=L— + Ri (7.16) 

dt 

the initial rise, or fall, of i depends entirely on L, 

di 
that is, initial — = 

dt 
CheL?:) 

B
i
g
 

The self inductance for both cases was calculated to be, 

L = 1.2667H 

The values for V, R, L and t were substituted in 

Eqs.(7.14) and (7.15) and the calculated values for i, 

with respect to t, are shown plotted in Figure 7.12. 

The current reaches 63.2% of its final value of V/R 
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after a time of L/R, known as the time constant. 

1.2667H 
Time Constant (t,) = ——————-_ = 9 15ms 

133.33 

The self inductance (L) of the circuit was shown to 

remain constant for V increasing, and V decreasing. With 

the armature removed, the iron magnetising circuit is 

incomplete, and there is no mutual inductance or 

hysteresis. 

The book, "Solenoid Magnet Design", by D. B. 

Montgomery (Ref.57) deals in some detail in the design of 

Magnets involving currents only, and not with magnets 

involving iron circuits. 

7.4.2 Analysis of Magnetism Due to Current and an Iron 
  

Circuit. 

If the armature is replaced, the iron circuit is 

complete, except for a small gap required for valve 

actuation. When the valve is in use this gap contains the 

hydraulic fluid. 

The flux now linked with the coil is of two kinds :- 

1) A self induced flux (4,). 

2) A mutual flux (dan) provided by the changing magnetic 

field of the iron circuit, with the relationship, 

v= ate + abn tan! (9.18) 
dt dt 

The magnetic field strength (H) for iron and water are 

expressed as, 

B 

pene 

H(iron) = (719)



  H(water) = (7.20) 
Re 

Where, 

B 

pe 

pe 

Neglecting any leakage flux, 

Flux density. 

W Relative permativity. 

Absolute permativity. 

B(iron) 
per A poro re 3000 

B(water) 

This illustrates why, in order to save magnetising 

current, it is important that the non-iron gap in magnetic 

circuits be kept as small as possible. In many electrical 

machines this is merely a mechanical clearance, but ina 

solenoid, where a linear actuating movement is required, 

the non-iron gap becomes an important consideration. With 

an iron magnet circuit length of 30 times the length of 

water gap, then only 1% of the magnetomotive force (m.m.f.) 

is absorbed by the iron path, and 99% in forcing the flux 

across the water gap. The term m.m.f. is unfortunate as it 

is not a force, but an energy divided by the pole strength. 

There is an electromotive force (e.m.f.) induced in the 

stationary coil by the changing magnetic field as the 

armature becomes magnetically charged and discharged. 

Faraday found that the electromotive force acting around 

the circuit is equal to the rate of change of flux (9) 

linked with the circuit. That is, 

ag 
dt 

e.m.f. = CTS21y 
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This equation applies generally, including the case 

of moving or stationary circuits of arbitary shape, in 

constant or moving magnetic fields. The law deals only 

with the total electromotive force and it would be 

convenient to write, 

E(total) = El + E2 + 53 (7.22) 

Where, 

E(total) = Total electric field strength. 

El = Electrostatic field strength. 

E2 = Electric field strength due to electromotive 

force induced by relative motion between a 

conductor and a magnetic field. 

E3 = Electric field strength due to a change of 

magnetic field with time. 

Equation (8.21) is often used, but E3 is difficult to 

express in mathematical terms because of the complicated 

arrangement of a large number of magnetic domains 

(Ref.56). 

We are primarily concerned with the time taken for the 

armature to begin movement during "power on" and "power 

off". El and E3 are relevant to this situation. Once the 

armature is moving then a further change of magnetic field 

with respect to time ee induced. Since the armature motion 

is largly parallel to the lines of flux, the change of 

electric field strength due to movement of the armature is 

categorised by E3, with possibly a small proportion by E2. 

The armature was placed within the solenoid and two 

further tests carried out.
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The first test was with the armature held in the normal 

position at the instance of “power on". A U-V recording was 

obtained for i, with respect to t, for a step input of V of 

0 to 12V. This is shown in Figure 7.13. 

The second test was with the armature held in the 

normal position at the instance of "power off". A U-V 

recording was obtained for i, with respect to t, for a step 

change of 12 to OV. This is shown in Figure 7.14. 

Comparison U-V recorder plots were obtained for i-t, 

for, with, and without, the armature. The effect of the 

armature is greater for the “power off" condition due, in 

main, to the magnetic circuit consisting almost entirely 

Of iron. 

7.4.3 Solenoid Response Time Improvement. 
  

From the results of the analytical tests on the 

solenoid it was reasoned that a reverse polarity pulse, 

prior to "power off", would have the effect of increasing 

the reduction rate of the magnetic flux. 

The solenoid valve was placed within the hydraulic 

circuit and U-V recordings were made of the solenoid 

voltage and current, and the pilot servo hydraulic 

pressure. By recording this pressure change it was possible 

to get comparative readings indicative of the armature 

displacement. 

Three separate tests were carried out :- 

1) For the standard valve, as received from Dowty, with 

the diode arrangement as shown in Figure 7.15, the valve 

closure response time was 130ms. That is, measuring the
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2) 

time from the instance the voltage was taken to OV, to 

the instance the servo pressure (P,,) reached a maximum. 

The current fell throughout the solenoid de-energising 

cycle, except between period of 100ms and 1l7ms. At the 

start of this period, Pgg began to increase, indicating 

that this is the time over which the armature is moving. 

The increase of current over this period is due to the 

change of electric field strength by relative motion 

between the conductor and the armature magnetic field. 

The diodes were removed and the power supply was 

connected direct to the solenoid. The results of the test 

are shown in Figure 7.16 and the valve closure response 

time was measured to be 55ms. However, at the instance of 

"power off" there was a reverse polarity inductive 

"spike" measured as -75V. This would render the valves 

non-intrinsically safe, besides being a possible hazard 

to the electronic circuits. 

The improvement in response time for the previous test 

led to further investigation of the electromagnetic 

characteristics of solenoid and iron magnetic circuits 

and a number of tests were carried out using a reverse 

polarity pulse. The circuit, using TTL logic signals to 

control the polarity by switching transistors, is shown 

in Figure 8, in Appendix A. The optimum reverse polarity 

pulse length was found to be 40ms, and the test results 

are shown in Figure 7.17. The valve closure response time 

of 60ms was achieved, which is only marginally above the 

previous test, without any detection of an inductive 

voltage spike. 
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Because of the difficulty in removing the diodes, due 

to the whole of the electrical part of the valve being 

encased in a resin type substance, unmodified solenoid 

operated pilot valves were used for the system. Any 

modification to the electrical part of the valve would have 

required re-application for intrinsic safety approval. 

An improvement in response time for the directional 

control valves would be beneficial to positional accuracy 

of the boom, as mentioned previously. For pulse width 

modulation of volume flow control poppet valves a solenoid 

response times of only a few milli-seconds would be required. 

Inertia within the solenoid, both mechanical and 

electromagnetic, is the principal enemy preventing fast 

response from conventional solenoids. A recent interesting 

development by Alec Seilly (Ref.58), advanced product 

engineer at SGRD Ltd., Lucas CAV's R. and D. company, is 

the helical solenoid, called a helenoid, and the colenoid. 

These were developed for the automobile, for engine and 

gearbox management, operating on a modest voltage with 

response times of less than lms. Seilly and SGRC Ltd., 

claim to have done much of the groundwork and developed 

simple-to-make layouts. 

The application of electronic control systems in the 

mines, and elsewhere, underlines the need for electro- 

mechanical actuators, capable of fast response to input 

signals. Further development work would be required to 

produce an intrinsically safe helenoid or colenoid for 

hydraulic servo control. 
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8.1 INTRODUCTION. 

The micro-electronic and hydraulic circuits, described 

in this thesis, constitute a system providing continuous 

path and point-to-point control for a boom with large 

inertia and operating load forces. The system is unique in 

that on-off solenoid operated poppet valves are used 

throughout. This has been made possible by exploitation of 

the microprocessor, which has produced a system with 

automatic and manually operated modes of operation. 

The control is for existing machines and a Dosco Mk. 2 

roadheader boom was provided by the NCB to which the systems 

were applied for testing and verification purposes. The 

boom is shown installed in the laboratory at Aston University 

in Figure 8.1. 

The microprocessor controlled information retrieval and 

input data preparation system, described in this thesis, 

operates in conjunction with a microprocessor system which 

controls the operation of the hydraulic valves from retrieved 

information. This system was developed by C. W.-Chuen, in a 

parallel project. Together these two systems give control 

to the boom. 

Many of the Chapters in this thesis contain test 

information and conclusions applicable to the individual 

aspects of the system. This Chapter describes the overall 

system performance and conclusions with recommendations for 

expansion to incorporate further control and monitoring 

functions. The microprocessor is versatile and its 

application for control systems is an ongoing operation. 
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8.2 MULTIPROCESSOR SYSTEM ADVANTAGES. 

The advantages to be gained by using a dual processor 

system, for this control application, are discussed in 

Chapter 3. There are many different multiprocessor 

configurations and each application must be carefully 

considered. The benefits of dividing the control task 

between two processors became evident during the 

development and at the final stage of the project. The 

additional work involved in interfacing the two processors 

was justified by :- 

1) The control strategies of the main processor system 

could be developed and changes made independent of the 

retrieval processor system, and vice versa. The 

simultaneous and independent development of the two 

systems simplified, and hence, reduced the development 

time. 

2) Two processors operating for most of the time 

independently of each other, have almost twice the 

work rate of a single processor. It became evident that 

the degree of control obtained for the boom could not 

easily be done with a single 8-bit processor. 

The decision as to the overall architecture of the 

system has to be made at an early stage in the design and 

development of a microprocessor system when all the possible 

control requirements might not have been identified. The 

future expansion of the system, requiring further processor 

controlled elements, would have been better facilitated 

if a multibus communication between the processors and 

a separate direct memory access (DMA) controller board, 
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had been implemented, as discussed in Chapter 2. Any 

modification requiring re-structuring of the hardware is a 

complex task and the extra cost would have been marginal 

compared with the benefits gained. The interfacing and 

implementation of the liquid crystal display, as discussed 

in Appendix C, fell into this catorgory in this project. 

8.3 CONTROL STRATEGY. 

The control, ultimately adopted for the roadheader 

boom, was by simple comparison. That is, the unity feedback 

of the booms position on the two axes, is compared with 

what is required, and the valves switched to give 

corrective action. The booms positional requirement data is 

either contained within the control system, such as the 

tunnel profile data for automatic profile ripping, or is 

obtained from the boom “positional definement" joystick for 

hand control movement. 

This method of control is only suitable for low 

velocity movement of the boom, such as the speed of ripping. 

For hand operated movement of the boom to a defined 

position at fast speed, the system automatically switches 

to slow speed at a set distance close to the final 

required position. Simple comparison switching then gives 

acceptable positional control accuracy for the ripping head 

within the specified limits of plus or minus 50mm. 

Chuen demonstrated the use of an arithmetic 

processing unit (APU) IC for handling complex mathematical 

routines for simultaneous switching of the valves to give 

positional accuracy with high speed movement of the boom. 

any



The equations for determining the moment of sending the 

signals to give independent closing of the exhaust and 

supply poppets for minimum positional error of the boom with 

optimum locked hydraulic column characteristics were 

developed and discussed in Chapter 6. The relatively linear 

relationship between velocity and error about a point in the 

stroke of the actuator indicated that a look-up table, with 

a minimum of points, and interpolation would provide a 

suitable means for handling the valve switching criteria. 

Points for the look-up table can be simply calculated for 

braking of the actuators for other positions in the stroke 

for raising, lowering or glewing left or right of the boom. 

A point in the table could represent the numerical data for 

more than one axis, velocity or position in stroke where 

there is duplication. Entry to a point in the table can be 

determined by software routines. The advantages of high 

speed, simple implementation and modification of look-up 

tables could be applied and thus rule out the requirement 

of an APU for applications requiring accurate hydraulic 

actuation of high inertia loads. However, the roadheading 

machine is free-ranging and the kinematic equations 

developed in Appendix E for referencing the machine frame 

to the tunnel plane would require the handling of complex 

arithmetic routines and the APU would best provide this 

means. 

‘A Honeywell chart recorder, with analogue voltage 

inputs for the two axes, was connected to the signals from 

the two potentiometers fitted to the "define profile" 

joystick. A switch enabled changeover to the feedback
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signals from the the transducers fitted to the booms axes. 

A simple circuit was built to increase the input impedance 

of the chart recorder to reduce the perece on the analogue 

signals to the control system. The circuit also gave the 

required gain. 

The profile was first defined to the system and the 

“cut cavity" routine carried out. The results are shown in 

Figure 8.2. The “cut profile" routine was then executed, 

and the results are shown in Figure 8.3. These two 

recordings demonstrate the control obtained with simple 

comparison switching of the valves. 

The stepped movement around the profile is due to the 

bang-bang characteristic control requirement of the poppet 

valves. The plot is representative of the centre of the 

cutter and the profile path of the rip would be very much 

smoother, as is demonstrated by Figure 8.4. It is quite 

possible that this type of movement would have definite 

advantages when ripping hard brittle strata, where the 

impact ripping technique is often used. 

Simple comparison switching of the valves does not in 

any way diminish the requirement of accurate, and repeatable, 

feed-in and feedback information. 

The boom in the laboratory provided an excellent 

opportunity for the testing of various control strategies for 

the accurate positioning of large inertial loads using simple 

bang-bang (on/off) hydraulic poppet valves. 

8.4 CONTROL SYSTEM INPUTS. 

When carrying out the tests, mentioned in Section 5.2.1, 
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for the profile definition accuracy from the template and 

joystick, repeatability was found to be always < or = l-bit 

in the digital conversion of the analogue signals from the 

joystick potentiometers. The control algorithm, mentioned in 

Section 5.5, for the storage of profile data, ensured this 

was carried out correctly, irrespective of the speed the 

joystick was moved. 

The boom's angular positional transducers, are small 

and compact and easily incorporated on existing machines. 

The same transducer can readily be adjusted to give a fixed 

full-scale voltage range for different ranges of angular 

displacement. We found no reason to doubt the potentiometer 

manufactures claims for life, linearity and repeatability, 

mentioned in Section 4.3. 

All manual control system inputs operated as defined 

in Chapter 4. 

8.5 BOOM VELOCITY CALCULATIONS. 

The technique of obtaining boom angular displacement 

feedback and using a timer IC to generate information from 

which angular velocity could be calculated is described in 

Section 5.5. 

Tests were carried out using hand regulated flow 

valves to give metering out speed control for the 

hydraulic actuators. The development system, with the 

in-circuit emulator connected to the retrieval systems 

processor, enabled recordings to be made of the calculated 

angular velocities. These were checked and verified, using 

a stop watch, and timing known displacements, to give a
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measured angular velocity. 

Figure 8.5 illustrates a set of comparison angular 

velocities for the boom slewing in a positive direction. 

Despite the inherent inaccuracy of the analogue to digital 

converter, discussed in Section 4.7, the results obtained 

were deemed to be sufficiently accurate for the 

calculation of valve closure operations to give optimum 

positional control for the boom, as verified by C. W. Chuen 

and shown in Figures 6.10 and 6.11. The accuracy of velocity 

calculation was measured to be within 10% at the low range, 

reducing to within 5% at the high range. 

Similar results were obtained for the boom slewing in 

the negative direction, and for the boom rising and falling 

on the vertical axis. 

The readings were recorded consecutively over a small 

arc near the centre of displacement, as the angular 

velocity of the boom would vary slightly for a constant 

hydraulic flow rate due to the geometry of the boom and 

actuators. 

8.6 SAFETY ASPECTS OF THE SYSTEM. 

Safety is of paramount importance in the operation of 

mining machinery. The safety aspects of the operational 

method described in this thesis for the roadheading 

machine are :- 

1) On "power up" of the system, no movement of the boom 

takes place, and the operator is not able to move the 

boom until the profile has been fed into the system. 

This operation takes only a few seconds. 
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4) 

5) 

The feedback and overriding feature of the ripping motor 

absorbed current levels, prevents the automatic modes, 

or the Operator using manually controlled movement, 

overloading the ripping motor. It might also be possible 

to use this characteristic to reduce movement of the 

machine frame due to high cutting forces. 

In event of an electrical failure the boom stops dead, 

and can only then be moved by direct hand operation of 

the main poppets. Restoration of the power reproduces 

the "power on" state. 

Pilot servo pressure failure would automatically cause 

the main poppets to close. 

Because of the arrangement of the hydraulic circuit, a 

failure in the main pressure would not cause an 

immediate reduction in the pilot servo pressure. The 

boom would cease to move on the slewing axis or move 

vertically. It could fall under it's own weight, but 

only within the profile. It would be possible to detect 

the fall in main system pressure and implement complete 

automatic closure of all valves, if this was thought 

necessary. 

The "no leak" characteristic of the soft seat poppet 

valves, ensure that the boom stays put when the system 

is "powered down". There was no detectable movement in 

the boom after a period of several weeks. 

An additinal safety requirement is that of either 

intrinsic safety or flameproof enclosures, for all 

electrical equipment. The former is to be preferred. The 

electrical characteristics of the system are broadly as



follows :- 

1) The transducers, operator inputs, signal conditioning 

and analogue to digital conversion systems have a low, 

single voltage, power requirement of approximately 10 mA. 

All IC's used in this part of the system are CMOS and 

intrinsic safety approval should not present any problem. 

2) The 8085A microprocessor, together with many of the 

family IC's, has recently become available using CMOS 

technology. This will considerably reduce the power 

requirement, lending to intrinsic safety approval. 

3) The solenoids of the servo pilot valves have received 

intrinsic safety approval. 

4) Except for the arithmetic processing unit (APU) IC, 

(incorporated in the main system, developed by 

C. W. Chuen) the whole of the electronic system operates 

from a single electrical supply of 5V. The results 

demonstrated in this thesis did not require the APU. The 

solenoid valves require a 12V supply. Opto-isolation is 

incorporated between the two power supply systems, as a 

system safety feature, and also as an intrinsic safety 

approval requirement. 

8.7 HYDRAULIC SYSTEM. 

The hydraulic system has many features desirable for a 

machine to be used in a mining environment. These features 

are, in main, gained by the application of poppet valves :- 

1) The directional control and flow rate control poppets 

have soft seats. Should contaminant become trapped 

between the poppet and seat, a 100% seal should be 
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2) 

5) 

maintained. On the next opening the contaminant should 

be carried clear. This makes for a highly contaminant 

tolerant system, particularly compared with conventional 

spool valves. 

The servo pilots are served from the main hydraulic 

system via a non-return valve and with an accumulator to 

maintain servo pressure in event of a fall in main system 

pressure. The complete hydraulic power circuit is shown 

in Appendix D, Figure D.4. The flow rates for the servo 

pilots are low with zero flow rate when the valves are 

not switching. The servo poppets are of ball type, with 

inherent self-cleaning characteristics and require 

filtration to 55 microns. 

The complete hydraulic system, including the valves, is 

suitable for working with dilute (5/95, oil in water) 

emulsion. 

The open/shut characteristic of solenoid operated poppet 

valves, simplifies the interface to the digital 

electronic control systems. 

Poppet valves lend themselves to a modular form of 

construction. This simplifies in-service maintenance. 

Sliding, close tolerant seals, are avoided with poppet 

valves, thus simplifying the manufacturing process. 

With tndecenient control for the supply and exhaust 

poppets, serving an actuator, closing of the valves can 

be timed to give optimum hydraulic stiffness and 

avoidance of cavitating conditions. This is particularly 

relevant in the positioning of large inertia loads, as 

was demonstrated in Chapter 6. 
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The response time of the hydraulic valves was studied 

using computerised simulation with verification by bench 

tests. These are contained in Chapters 6 and 7. The most 

interesting aspect of the simulation was that of the pulse 

width modulated poppet valve. With a solenoid operated 

poppet giving servo pilot control to a main poppet, there 

are two poppets which give four discontinuities in the 

simulation process. It was successfully demonstrated that 

this complication can be accommodated and reasonably 

accurate results obtained for a continuous simulation 

using digital computation. 

The valves performed without trouble throughout the 

system test and development period. Despite constant 

pulsing no visible sign of wear or damage to the poppets or 

seats could be detected. 

The valves used in this application had relatively 

slow response times, due in main to the electromagnetic 

inductance of the solenoid. Chapter 7 analysed this 

characteristic, and demonstrated that a reverse polarity 

pulse on closing could considerably improve the response. 

8.8 SIGNAL CONDITIONING. 

The conditioning of the analogue signals for this 

application employed the latest techniques. Any noise 

pick-up on these lines could interfere with the boom 

positioning accuracy or cause the boom to move when 

it should be stationary. Despite the transducer cables 

running close to the 37 kW ripping motor, at no time did 

noise pick-up interfere with the system. The conditioning



circuits described in Chapter 4 should be suitable for 

other applications in the mining environment. 

8.9 CONCLUSION. 

The dual processor system has demonstrated that it is 

possible to give improved control to a roadheading machine 

of existing design using a hydraulic system with improved 

contaminant tolerance and suitable for dilute 5/95 (oil in 

water) emulsion. 

The two automatic modes of “cavity removal" and "trim 

profile", and simplified hand operated boom positioning, 

considerably ease and de-skill the requirement of the 

Operator. The choice of any mode of operation, and the 

termination at any time of one mode and selection of 

another, provides for flexible control. 

The template and joystick method of inputing the 

profile data, and limiting the hand operated boom movement, 

has been shown to have sufficient repeatable accuracy for 

this application. This method of inputing the data is mine 

worthy. Change of tunnel profile is easily implemented and 

the operator is better able to relate the required boom 

position within the profile. 

The simple comparison method of control, where the 

boom angle required is dictated by the angle of the 

joystick, would have many interesting applications for 

other machines employing multi-axis booms. This type of 

control is relatively easy to implement and uses a minimum 

Of IC's. 

The final cost of the electronic hardware for the 
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roadheader application, though not of paramount importance, 

because it is low when compared to the total cost of the 

machine and the benefits gained, amounted to approximately 

£500. This cost includes both processor eee sixteen 

channels of analogue to digital conversion, two 

displacement transducers, power amplification circuits, 

opto-isolation and £150 for power supplies and printed 

circuit boards. The cost of system development however 

amounted to many thousands of pounds. The manufacturers of 

the machines would have to balance these costs with the 

advantages to be gained, such as improved control and 

productivity, and the likely result in the improvement of 

sales and profits. 

The tools required for developing a microprocessor 

based control system, should also be a consideration, as 

to purchase these would mean a capital investment of many 

thousands of pounds. 

The development of a system, such as is described in 

this thesis, demands multi-discipline skills :- 

1) Digital and analogue electronic techniques. 

2) Microprocessor software development using assembly 

and possible high-level languages. 

3) Digital computing using high-level languages. 

4) Hydraulics. 

5) Dynamics. 

6) Kinematics. 

7) Control engineering. 

8) Ergonomics. 

9) Conceptual and detail design.



10) Value analysis. 

Few engineers can be considered as expert in all of these, 

and hence the development task would be carried out as a 

group activity. The overall coordination should be carried 

out by an engineer with at least an understanding of all 

aspects. 

The requirement of the roadheader in performing it's 

task, the mining environment, the man-machine interface and 

safety have been fundamental considerations. This should 

result in an improved roadheading machine acceptable to the 

National Coal Board, the machine Operator and the Unions. 

8.10 RECOMMENDATIONS. 

Design and development is an ongoing operation and 

like any project of this type, work is required to 

implement a marketable product from the research work. 

The valves require a design study to package them 

initially in a common manifold. If the control system and 

valves are found to perform reliably in service, and the 

direct manual stand-by operation of the main poppets can 

be dispensed with, then it would be possible to mount the 

solenoid operated servo pilot valves and main poppets at 

the actuators. This would reduce the multiplicity of 

hydraulic hoses to be found on present machines, reduce 

the size of the fluid columns either side of the actuator 

piston and remove the hose compliance characteristic. This 

would result not only in a neater hydraulic system, but 

improved hydraulic stiffness and possibly a more 

maintenance free system.



Only two control speeds were required for the boom 

for this application and this was simple to implement with 

poppet valves. Multiple flow rate control using poppets 

can be carried out in a number of ways as discussed in 

Chapter 7. Also contained in Chapter 7 is the computerised 

simulation of a pulse width modulated solenoid operated 

poppet valve for volume flow regulation. Unfortunately, 

the available intrinsically safe solenoids will not 

operate at the pulse frequency required for the servo 

pilot to give positional control to the main poppet for 

fine metering control of flow. The frequency response of 

solenoids is discussed in Chapter 7 with recommendations 

for further work. 

When controlling the boom for simultaneous slewing 

on the horizontal axis and falling on the vertical axis, 

movement on the vertical axis takes precedence due to 

gravity, because of the large falling mass of the boom. 

This problem was avoided by using small incremental 

movements of the boom on either axis, that is, never both 

axes at the same time. Figure 8.3 demonstrates this aspect. 

Improved movement of the boom would be achieved with a 

flow dividing valve, with care taken not to destroy the 

contaminant tolerance of the system. 

Full provision has not been made for machine frame 

movement. In the present system it would be relatively easy 

to carry out the necessary corrective action if machine 

frame displacement relative to tunnel coordinates is known. 

This would require the system handling the kinematic 

equations developed in Appendix E. Spare channels of 
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analogue to digital conversion and data storage locations 

are available. The high arithmetic requirement would be 

met by the APU in the main system. 

The liquid crystal display (LCD), described in 

Appendix C, is likely to find many applications in the 

mining and other hazardous areas. Further development is 

required to produce a large fully programmable dot matrix 

display, and interface circuits and software control would 

have to be developed to apply this to the roadheader. There 

is no doubt that a display of information, as demonstrated 

in Appendix C, would be of benefit to the roadheader 

operator and could eventually lead to remote operation of the 

machine.
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APPENDICES



APPENDIX A 

ELECTRONIC HARDWARE 

DIAGRAMS



APPENDIX A. 

The electronic hardware connections for the information 

retrieval and input data preparation system are shown on 

Hardware Diagrams Nos. 1 to 6, inclusive. The system was 

assembled using Eurocards and wire wrapping techniques. 

The cards are interconnected by plugging onto a 

microprocessor system backplane. The backplane serves both 

processor systems and is shown on Hardware Diagram No. 7, 

with connections to backplane tracks, and cut tracks, 

indicated. 

The nomenclature for inter-card and card/backplane 

connections is as follows :- 

- ‘Indicates that the connection is to be found 

  

on Hardware Diagram No. 2. To aid 

identification, the function of each 

connection is marked. 

BP21/25C}] - This indicates that the connection is to the 

backplane, at card position number 21, and 

track position number 25C.
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APPENDIX B 

SYSTEM PROGRAMMES 
 



APPENDIX B. 

INFORMATION RETRIEVAL AND INPUT DATA 

PREPARATION SYSTEM PROGRAMMES. 

This section contains the assembly language programmes 

for the control algorithms described in Chapter 8. The 

programmes are based on the 8085A microprocessor 

instruction set. 

The RAM storage locations and description are shown 

on page 219. 
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C.1 INTRODUCTION. 

It is not always possible for the machine operator to 

observe the position of the ripping head directly. The 

chart recordings obtained for studying the boom positional 

performance, on and within the profile envelope, led the NCB 

to request a display of similar information for the operator. 

This could eventually lead to increased remote operation of 

the roadheader, and similar machines, besides providing 

information not readily available at the present time. 

Dramatic changes have occured in electronic displays 

over the last few years. Analogue displays are being 

replaced by digital readouts in many products for the 

following reasons:- The cost competitiveness and compact 

nature of digital displays; the change from analogue to 

digital circuit techniques thus making circuit/display 

interface simpler; the ruggedness, ease of reading and 

increased versatility of digital displays. 

C.2 DIGITAL DISPLAY TECHNOLOGY. 

Table C.1 (Ref.59) compares the most prominant digital 

display characteristics with particular reference to the 

requirements of the mining environment. 

Most of the terms in the table are easily understood 

but some are peculiar to display terminology and are 

briefly defined below. 

C.2.1 Brightness. 

This is what the eye perceives. No industrial standard 

exists for measuring brightness. Point source luminous 

intensity is used by some manufacturers and others use area



source luminance which takes into account the displays area 

and distance to observer. The best means of evaluating the 

display brightness is to view samples under the conditions 

anticipated. 

C.2.2 Contrast Ratio. 

This is defined as the difference in appearance between 

two parts of the field viewed. 

C.2.3 Viewing Angle. 

This refers to the off-axis angle at which the 

display is viewed. There is no industrial standard and 

spectral-radiation polar plots seem to be the most 

meaningful means of describing viewing angle. 

C.2.4 Life. 

Again, this is not standardised but generally refers 

to the time at which the the display brightness falls to 

50% of its original value. 

C.2.5 Font. 

This refers to the arrangment of the display elements. 

C.3 A DISPLAY FOR MINING APPLICATIONS. 

The low power requirement, full dot graphic display 

capability, MOS compatibile signal level, easy 

installation and lightweight, compact construction makes 

the field effect LCD an obvious choice for applications 

in mines. There are however disadvantages with this type 

of display, namely the LCD has a slow response time, a low 

Operating temperature range and a relatively short life. 
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The LCD's are passive displays, that is, they are not 

light sources and require some means of illumination in 

low ambient lighting levels, such as are found in mines. 

The temperature range, life and passive nature of LCD's 

are not considered to be serious disadvantages for this 

application. 

A new development in LCD technology was the 

availability of the Epson dot matrix display module, part 

number EG-Y84320AT, with built-in graphic display data RAM. 

The specifications for this display are :- 

Supply Voltage 2 OV + Or =) 0625V D.C. 

Power Consumption Spbwia) MA. 

Operating Temperature # 0 te S0°C. 

Switching Speed (turn on/off) : 150 ms. 

Contrast Ratio & LON: Fs 

Expected Life : 50,000 hours. 

To obtain a simulation of what could be expected it 

was decided to interface this display to the de-multiplexed 

expansion bus of the SDK-85. The SDK-85 contains an 8085A 

microprocessor, clocked by a 6.144 MHz crystal, as does the 

boom control system. The timing problems between the 

display and control system would be similar in both cases. 

The display is received complete with control IC's 

having built-in display data RAM, which considerably reduces 

the burden of interfacing to a microprocessor system. The 

display RAM can be interfaced by 4-bits or 8-bits, 

multiplexed or de-multiplexed, bus transmit modes. For the 

purpose of this simulation, the latter was the most 

suitable. It was not possible to interface the display RAM 
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Top View 

FIGURE C.1 DIVISION OF DISPLAY AREA CONTROL. 

16 dots    
  

0 0 
0 0 
0 0 

00H] 02H|04H 24H | 26H| 28H 
O1H 03H OSH 25H 27H 29H 

FIGURE C.2 DISPLAY DATA RAM ADDRESS/DATA CODE. 
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direct onto the 8-bit multiplexed bus of the 8085 CPU 

without slowing down the clocking rate with, for certainty, 

no greater than a 2 MHz crystal. 

The display is constructed with four discrete areas, 

each with its own control and RAM IC, as shown in Figure C.1l. 

The display data RAM address/data code, for each of the 

discrete areas, is shown in Figure C.2. Further details of 

the display can be found in Ref.60. 

The interface circuit, between the expansion bus of the 

SDK-85 and the display IC's, consisted of three Intel 8212 

input/output ports. The 8212's are connected direct to the 

address lines AO to A7 on the SDK-85 de-multiplexed bus, and 

to A8, AY, Al0, Al2, Al3, Al4, Al5 and WR via interface 

logic. The code on the low address byte is gated to the 8212 

outputs. Each 8212 has a discrete high address byte and WR 

gating code. One 8212 is used for the display address, one 

for the display data and one for the display control. The 

outputs of the 8212's are latched when gated, thus enabling 

SDK-85 ADDRESS DISPLAY SELECT. 
  

F1XXH CS1, CS2, CS3, CS4 and WR SELECT. 
The low address byte determines 
which one, or any combination, is 

, taken low. 
  

  

  

F2XXH ADDRESS SELECT. The low byte defines 

the display address. 

F3XXH CONTROL and ADDRESS SELECT. 

F4XXH DATA SELECT. The low byte defines 
the display data. 
  

F7XXH CONTROL, ADDRESS and DATA SELECT.   
  

TABLE C.2. Decoded SDK-85 Addresses for Display Programming. 
 



software control of the sequence and timing of the display 

address, data and control. The display select codes are as 

set out in Table C.2. 

For the purpose of this simulation it is only necessary 

to write to the display. It would be possible, with the 

correct interface circuit, not only to write, but also to 

read the display data RAM. This would be required for the 

display to be controlled by the boom control system. 

The condition of the display command register is 

unknown when first "powered up" and it is necessary to 

initialize for the desired bus transmitt mode. The timing 

sequence to initialize for 8-bits, de-multiplexed data and 

address bus, transmit mode is shown in Figure C.3. 

S's 
(1 to 4) 

WR ee eet eh 2 
ADDRESS BUS 
  

  

(AO to A6) TD ES aa 

DATA BUS 
(DO to D7) FEH FEH FEH FEH 
  

FIGURE C.3. Timing Sequence for 8-Bit, De-Multiplexed 
  

Data and Address Bus, Transmit Mode. 
  

The display output is random at "power up". It was 

necessary to clear the display following initialization. 

This is carried out by writing 00H, to address 00H through 

to 29H (A6 = 0), and address 40H through to 69H (A6 = 1), 

for each of the display areas, in turn. The timing 

sequence for this is shown in Figure C.4. The same timing 

sequence is also used for writing any desired pattern to



the display, taking care to define the required pixel, 

correctly. 

Tn Sg ee ee 
mR Sete ee es) ie Maen 
ADDRESS BUS 
  

  

  

(AO to A6) Be CONFIRMED ADDRESS YX 

DATA BUS 
(DO to D7) mK CONFIRMED DATA xX 
  

FIGURE C.4. Timing Sequence for Writing to Display. 
  

Through out all sequences described the RD line to the 

display must be held at logic 1. Further details of the 

display, including the write timing, can be found in Ref.60. 

A knob adjustment is provided for the contrast 

adjusting potentiometer across display connections VR1 and 

VR2. This requires adjustment to give the optimum contrast 

ratio, depending on the viewing angle and ambient 

temperature. 

The results of the simulation are shown in Figures C.5, 

C.6 and C.).- 

"Moving picture" effects are obtained by building time 

delays into the software. 

Figure C.7 illustrates that messages can be displayed, 

This aspect could be used for displaying monitored 

information of the performance, or total running time, etc., 

of various parts of the workings of the roadheading machine. 

A larger display with increased resolution would 

ideally be required for the roadheader. This would improve 
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FIGURE C.5 DISPLAY OF TUNNEL PROFILE ENVELOPE. 

  
  

  
FIGURE C.6 DISPLAY OF CAVITY REMOVAL IN OPERATION.   
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the display of profile and cavity ripping data. 

The LCD would have many other applications in the 

mining, and other hazardous, environments.



APPENDIX D 

HYDRAULIC SYSTEM AND 

COMPUTERISED 

SIMULATION OF HYDRAULIC 

  

  

VALVES PERFORMANCE 
 



APPENDIX D. 

D.1 Hydraulic System Details. 

The valve sets for directional control of the slewing 

and raising/lowering boom actuators, are shown in 

Figure D.1. An alternative, simplified arrangement, using 

only two solenoid operated servo pilot valves, is shown in 

Figure D.2. The simplified arrangement was not applied to 

the boom for the reasons stated in Chapter 6. 

Figure D.3 shows the detail of the main flow control 

poppet valve, and details of the solenoid operated pilot 

valve, are shown in Figure 1.5, in Chapter 1. 

The hydraulic power pack, built for the boom in the 

laboratory, is shown in Figure D.4. The same pump is used 

for the pilot and main pressure supply. The pilot 

pressure must be maintained for a drop in main pressure. 

This can occur, particularly, when the boom is moving in 

free space at fast speed. A seperate accumulator and 

non-return valve are incorporated in the pilot pressure 

line for this purpose. 
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FIGURE D.1 

  
HYDRAULIC ACTUATOR POPPET 

VALVE OPERATION WITH 4 

SOLENOID OPERATED SERVO 

VALVES.



    
  

    A 
  

  

uJ
 

FIGURE D.2 HYDRAULIC ACTUATOR  POPPET 

VALVE OPERATION WITH 2 

SOLENOID OPERATED SERVO 

VALVES. 
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D.2 SIMULATION OF POPPET VALVE CONTROL OF HYDRAULIC 
  

ACTUATOR. (MAIN TEXT CHAPTER 6) 

The example is for one particular set of system 

dimensions and for valve closure cycle with the valve to 

tank delayed 6ms behind supply valve. 

D.2.1 Dimensions. 

A (effective area of piston) = 01m 
B (bulk modulas of fluid) = 2.09 x 10° N/m? 
M (effective mass of piston) = 200kg 
F (force on piston) = 1962N 
V (total fluid volume in cylinder) = -Olm 
Ps (system supply pressure) = 137 x 10 N/m* 
Pt (system tank pressure) = 15 x 10 N/m 
Cd (poppet discharge coefficient) = .75 
d (poppet valve inlet, diameter) = .0lm 

(poppet angle) = 45° 5 
(fluid density) = 1000kg/m 

P B Caz d Sinh {2 
R (constant) = = 1557246.71N/m ka/at 

  

D.2.2 Initial Conditions. 

D(X) = .7315m/s 
x=0 
Pl = 76.9 x 10 N/m 
P2 = 75.0 x 10 N/m* 

D.2.3 Computer Programme. 

THE UNIVERSITY OF ASTON HP 2000 ACCESS SYSTEM 

IDEA 

DO YOU REQUIRE INSTRUCTIONS (YES/NO)? N 
NAME OF INDEPENDENT VARIABLE (UP TO SIX CHARACTERS)? TIME 
NUMBER OF EQUATIONS TO BE INPUT? 5 
EQUATION NO. 1 ? D2(X)=(P1-P2)*A/M-F/M 
EQUATION NO. 2 ? D(P1)=SGN(PS-P1)*R*X1/(V/2+X*A)* 
SQR(ABS(PS-P1) )-A*B/(V/2+X*A) *D(X) 
EQUATION NO. 3 ? D(P2)=A*B//(V/2-X*A) *D(X)-SGN(P2-PT) * 
R*X2/(V/2-X*A) *SQR(ABS(P2-PT) ) 
EQUATION NO. 4 ? X1=TAB(TIME) 
EQUATION NO. 5 ? X2=TAB(TIME) 
THE EQUATIONS HAVE BEEN ANALYSED AND SORTED. PRINT OUT 
(YES/NO)? N 
VALUE OF CONSTANT A? .01 
VALUE OF CONSTANT F? 1962 
VALUE OF CONSTANT B? 2090000000 
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VALUE OF CONSTANT M? 200 
VALUE OF CONSTANT PS? 13700000 . 

VALUE OF CONSTANT R? 1557246.71 
VALUE OF CONSTANT V? Ode 

VALUE OF CONSTANT PT? 1500000 
INITIAL VALUE OF D(X)? .7315 
INITIAL VALUE OF X? 0 
INITIAL VALUE OF P1? 7690000 
INITIAL VALUE OF P2? 7500000 

NUMBER OF DATA POINTS FOR Xl? 10 
POINT NO. VALUE OF TIME VALUE OF X1 

1? 0,.004 
2? .006,.004 
3? .0065,.0035 
4? .007, .003 
5? .0075,.0025 
6? .008,.002 
72? .0085,.0015 
8? .009,.001 
9? .0095,.0005 
102 .01,0 

NUMBER OF DATA POINTS FOR X2? 9 
POINT NO. VALUE OF TIME VALUE OF X2 

1? 0,.004 
2? .0005,.0035 
32 3001, 1003 
4? .0015,.0025 
5? .002,.002 
67 .0025, /0015 
42.003, 001 
8? .0035,.0005 
9? .004,0 

DO YOU WISH TO SPECIFY THE INCREMENT OF TIME? Y 
VALUE OF INCREMENT FOR NUMERICAL SOLUTION? .0001 
NUMERICAL (N) OR GRAPHICAL (G) OUTPUT? N 
HOW MANY PARAMETERS ARE TO BE OUTPUT (UP TO 6)? 6 
NAME OF PARAMETER NO. 1? TIME 
NAME OF PARAMETER NO. 2? X 
NAME OF PARAMETER NO. 3? D(X) 
NAME OF PARAMETER NO. 4? D2(X) 
NAME OF PARAMETER NO. 5? Pl 
NAME OF PARAMETER NO. 6? P2 
AT WHAT INTERVALS OF TIME IS THIS OUTPUT REQUIRED? .0005 
NAME OF PARAMETER THAT WILL TERMINATE RUN? TIME 
MAXIMUM VALUE OF TIME? .024 
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D.3 SIMULATION OF PERFORMANCE OF HYDRAULIC ACTUATOR 

DIRECTIONAL CONTROL VALVES. (MAIN TEXT CHAPTER 6) 

The valves are shown in Figure 6.l2and the equations 

for the simulation of the valve are developed in main text 

(Chapter 6). 

D.3.1 Dimensions. 

Pz (system supply pressure) = 137 x 10° N/m 
Pe (pressure to cylinder) = 130 x 10°N/m* 
Cy (poppet discharge coefficient (both poppets)) = .75 
Ag (main poppet gross piston area) = 0.201 x 10m 7 
A, (non-effective main poppet piston area) = 0.785 x 104m 
A,4 (main poppet seat area) = 0.785 x 104m? ee 
Ai (area of top stem of main poppet) = 0.282 x 10‘m 
K (spring stiffness) = 2.0 x 10 N/m 
M (total mass of main poppet) = .092 kg 
Mp (total mass of servo poppet) = .04 kg -2 
L (stroke of servo poppet = Ymax) = 0.15 x 10m 
D (servo poppet ball diameter) = 0.158 x 10%m 
P (fluid density) = 1000 kg/m* 
X, (spring pre-compression) = .0lm eS 
Xmax (stroke of main poppet) = 0.4 x 10m 
A (servo poppet seat area) = 0.98 x 10 m= 
Fe (friction force) = 100 N 
F (solenoid force on servo poppet) = 14 N to open valve. 

0 y to close valve. 
D (main poppet seat diameter) = 0.5 x 10m 

D.3.2 Non-dimensional Constants. 
  

The equations developed in the main text have 

non-dimensional constants. These have values, calculated 

from the above parameters, as defined below. 

  

Py (Ag-A,)M 
Let U = 4 (apeay iin eee ara 205 

KML 

PB Mp(A,-A,,) 
bet v= 4 PB, (aycay) = ene eng 77 

m KML 

ARC, (1p. ) RmCeUeMe (l= Payee) toe bee Cle’ cl Sd Tale conse 71083 

m KM 

xy X,Mp 

Let Q = - = —— = 2.9 
m LM 
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Let M =m = —= 2.3 

Mp 
Fp M 

Let fe ees 
m KLM 

Xmax 

Let XM = x max = = 2.6667 
L 

2 
2 Ps 2.22CD 

Let R = 2.22q;a = —-——— = 1.358 
K 

PA, 
Let S =\a,= = 0.4473 

KL 

EB 
Let F = f = — = 0.4667 valve opening (0 for valve closing) 

KL 

Ymax 
Let YM = y max = =l 

L 

(A A) K ed 
let N= O= polis SoCO ae 0.0791 

4.93MpCyD" Ps 

D.3.3 Initial Conditions. 

Valve opening Valve closing 
D(X) = 0 D(x) = 0 
x =0 X = 2.6667 © 
D(Y) = 0 D(Y) = 0 
Y=0 yY=0 
PSE = 0 PSE = 1 

D.3.4 Sample Programme Run. 

THE UNIVERSITY OF ASTON HP 9845 SYSTEM. 

IDEAM1 

DO YOU REQUIRE INSTRUCTIONS (YES/NO)? N 
NAME OF INDEPENDENT VARIABLE (UP TO SIX CHARACTERS)? TAU 
NUMBER OF poueT TONS TO BE INPUT? 23 
EQUATION NO. 1 D2(X)=FS-FR 

EQUATION NO. 2 ; FS=U* PSE-V~Z*X1-Q-X1/M-(SGN(D(X) ) *FF) 
EQUATION NO. 3 ? FR=0.5*ST*(ABS(FS)+FS*ST)+FS*E1*ST1+ 
FS*E2*ST2 
EQUATION NO. 
EQUATION NO. 

rs
 v E1=INT(1-X1/XM) 

E2=INT(X1/XM) vu ) 
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EQUATION NO. 6 ? X1=0.5*(ABS(X)+X) 
EQUATION NO. Tie Deh) =e Oey, 
EQUATION NO. 8 BISR* (1-PSe) *( -¥14¥1°2/(2-¥1) )+ 
Re (1-v 1) *PSE-S+P 
EQUATION NO. 9 

~~
 

HU=PS*ES*STitErT*E4*sr2 2 

EQUATION NO. 10 ? E3=INT(1-Y1) 
EQUATION NO. 11 ? E4=INT(Y1) 
EQUATION NO. 2.2 Yl=0.5* (ABS(¥)+yY) 
EQUATION NO. 13 ? PSE=E3*K+E5*(SGN(B) *SQR(ABS(W) )-B) /A+ 
E4*(1-J) 
EQUATION NO. 14 
EQUATION NO. 15 
EQUATION NO. 16 
EQUATION NO. AT 
EQUATION NO. 18 
EQUATION NO. 1g 
EQUATION NO. 20 
EQUATION NO. 21 

EQUATION NO. 22 L=(1-¥1)*2+.00001*E4 
EQUATION NO. 23 ? X2=XM-X1 
THE EQUATIONS HAVE BEEN ANALYSED AND SORTED. PRINT OUT 
(YES/NO)? N 

VALUE OF CONSTANT U? 24.3225 
VALUE OF CONSTANT V? 9.477 

VALUE OF CONSTANT Z? .71083 
VALUE OF CONSTANT Q? 2.9 

VALUE OF CONSTANT M? 2.3 
VALIJE OF CONSTANT FF? 1.449 
VALUE OF CONSTANT ST? 1(for closing) -1l(for opening) 
VALUE OF CONSTANT ST1? 1(for closing) 0(for opening) 
VALUE OF CONSTANT ST2? 0(for closing) 1(for opening) 
VALUE OF CONSTANT XM? 2.6667 

VALUE OF CONSTANT R? 1.3518 

VALUE OF CONSTANT S? .4473 
VALUE OF CONSTANT F? O(for closing) .4667(for opening) 
VALUE OF CONSTANT N? .0791 

ES=INT(1-E3) *INT(1-E4) 
W=B*2-A*C 
A=1+H+1/(4*H) 
B=K/2-H-J/2-0.5 
C=H-K+L*K*2/2 
H=¥1°2/(2*L)+.00001*E3 
J=N*D(X)*2/(¥1*2+.00001*E3 
K=N*D(X)72/L 

IN
I 
V
V
 

V
V
 
V
D
 

INITIAL VALUE OF D(X)? 0 
INITIAL VALUE OF X? 2.6667(for closing) 0(for opening) 
INITIAL VALUE OF D(Y)? 0 

INITIAL VALUE OF Y? 1(for closing) 0(for opening) 
DO YOU WISH TO SPECIFY THE INCREMENT OF TAU? Y 

VALUE OF INCREMENT FOR NUMERICAL SOLUTION? .01 

NUMERICAL (N) OR GRAPHICAL (G) OUTPUT? N 

HOW MANY PARAMETERS ARE TO BE OUTPUT (UP TO 6)? 4 
NAME OF PARAMETER NO. 1? TAU 

NAME OF PARAMETER NO. 2? Xl 

NAME OF PARAMETER NO. 3? Yl 

NAME OF PARAMETER NO. 4? PSE 

AT WHAT INTERVAL OF TAU IS THIS OUTPUT REQUIRED? .05 
NAME OF PARAMETER THAT WILL TERMINATE RUN? X2(for closing) 
Xl (for opening) 
MAXIMUM VALUE OF X2? 2.6667 MAXIMUM VALUE OF X1? 2.6667 

285



D.4 SIMULATION OF A PULSE WIDTH MODULATED, FLOW RATE 

CONTROL, POPPET VALVE. (MAIN TEXT CHAPTER 7) 

The valve is shown in Figure 7.1 and the equations 

for the simulation are to be found in Chapter 7, of the 

main text. 

D.4.1 Dimensions. 

P; (system supply pressure) = 137 x 10° N/m 
P, (tank pressure) = 15 x 10°N/m* e 
P, (main poppet inlet pressure) = 100 x 107 N/m 
P, (main poppet outlet pressure) = 15 x 10°N/m* 
Cy (poppet discharge coeffficient (both poppets) = .75 
D (servo poppet ball diameter) = 0.158 x 10m 
D,e (main poppet seat diameter) = .01l m_ 
A, (servo poppet seat area) = 0.98 x 10m eg 
As (servo poppet piston area) = 0.31416 x 10m 
Ag (main poppet seat area) = 0.7854 x 10‘4m® 
Ag (main poppet piston area) = 0.31416 x 107%m* 
K (spring stiffness) = 8000 N/m a 
Lo (servo poppet stroke) = 0.383 x 10m 
X (spring pre-compression) = .015 m 
Fe (friction force) = 10 N 
Xmax (stroke of main poppet) =_0.4 x 10m 

(fluid density) = 1000 kg/m 
Mp (total mass of servo poppet moving parts) = .03262 kg 
M (total mass of main poppet) = .063 kg 

D.4.2 Non-dimensional Constants. 

The equations contained in the main text have non- 

dimensional constants. These have values, calculated from 

the above parameters, as defined below. 

  

P 
Let PY = 5, = —— = ,1095 

Ps 

Ps PE 
Let R = A(p, (a, -ag) - a,) = — (A, - — (A, -Ag)) = 5.44 

KL Ps 
2 2 

B,L,2.22 C, 
Let S =$d = ———— _ = .8190 

K 

P, Be 
Let V =Ap, a = = 351.1973 

KLo 
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Let 

Let 

Let 

Let 

Lew 

Let 

wee: 

Let 

Let 

Let 

D.4. 

2 
7 Cy Dz (P, -P, ) 
  

  

z 

Zz =Anc, 4, (p, -p,) = = 26.9489 
K 

P,A 
U = Nase 8 = 1404.69 

KL 

xX, 
Q=x, = — = 39.164 

Lo 

as FF = fp = ~~ = 3.2637 
KLo 

M 

M=m=— = 1.9313 
Mp 

Sues Pp ¥ike 8 y= 5 = 4 = 22582 
4.934"  4.93C)P,M,D 

2.22 @,D, 2IMB(P, =P, ) 

L K 

-3 Additional Notations. 

main poppet accelerating force 
AF = 

m 

ACC = servo poppet accelerating force 

ax dty 
D2X = ae and D2Y = ar, 

at at 

4 Representation of Poppet Restraints. 
  

the 

representation of poppet restraints. This is discussed in 

The continuous digital computerised simulation of 

pulsing of the servo and main poppets required the 

Section 7.3.2 in the main text. 

and 

restraints are incorporated in the computed equations 

Figure 7.3 shows the restraints for the main poppet, 

Figure 7.4 the restraints for the servo poppet. The 
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using the function switch (FNSW) and input switch (SWIN) 

instructions. Further details explaining these functions 

can be found in the SLAM manual (Ref. 55). 
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D.4.5 Sample Programme Run. 

THE UNIVERSITY OF ASTON 1CL 1900 SYSTEM. 

MOPSLAM2 

SOURCE 
INPUT 
LISTING 

a FORTRAN (CP) 
Z OPTIONS ERRMSG,DEBUG 1 
3 PROGDESC 
4 SHORTLIST (LP) 
5 PROGRAM (SLAM) 
6 INPUT 1 = CRO 

By INPUT 3 = TRO 
8 INPUT 5 = CR1 
9 OUTPUT 2 = LPO 

10 OUTPUT 6 = LPl 
I 11 COMPRESS 

12. COMPACT 
13. END 
14 GETFROM (CR) 
15 MASTER SPS 

NTERGER AND LOGICAL 

  

    

16 REAL J,K,L,M,N,MPA, MPV 
17 TITLE “PULSED SERVO POPPET SIMULATION’,1L, 
18 & ~------ = 1G; 
19 C--INITIALISATION 
20 V=351.173 
20) Z=18.11298 
22 U=1404.69 
23 Q=39.164 
24 FF=3.2637 
25 M=1.9313 
26 $=0.8190 
27 PT=0.1095 
28 R=5.44 
29 N=0.2552 
30 G=19729.28 
31 OUTHD ~ TAU ya D2xX aoe D1X 
32 & : xX fy D2y ae Dly 5 33 A . a a ol a . y 

34 C--DYNAMIC EQUATIONS SERVO POPPE 
Se) FSP1+F2+F3+F4+F5 

36 F1=SPULSE(TIME,0.0,2.0,0.0,8.0) 
37 F2=SPULSE(TIME,2.8,4.8,0.0,8.0) 
38 F3=SPULSE(TIME,5.6,7.6,0.0,8.0) 
39 F4=SPULSE(TIME,8.4,10.4,0.0,8.0,) 
40 BS=SPULSE( TIME, 11 22,13.2,0. 0,80, ) 
41 ISTATE=INT(F/8.0) 
42 SPA=S* (Y*(PSE-PT)+(1-PSE))-R+F 
43 D2YC=FNSW(AINT(Y)-AINT(1.0-Y),0.0,SPA,SPA) 
44 D2YO=FNSW(AINT(Y)-AINT(1.0-Y),SPA,SPA,0.0) 
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D2Y=SWIN(D2Y0O,D2YC, ISTATE.EQ.1.0) 
SPV=INTGRL(D2Y,0.0) 
DLYC=FNSW(AINT(Y)-AINT(1.0-Y),0.0,SPV,SPV) 

DLYO=FNSW(AINT(Y)-AINT(1.0-Y),SPV,SPV,0.0) 
DLY=SWIN(D1YO,DLYC, ISTATE.EQ.1.0) 
Y=INTGRL(D1Y,0.0,0.0,+1.0) 

C--DYNAMIC EQUATIONS MAIN POPPET 
MPA=(V-Z*X-U* PSE-X-Q-SIGNDX*FF ) /M 
NOSORT (D2X=X,MPA) 
D2X=MPA 
IF(X.LE.0.0.AND.MPA.LE.0.0) DSX=0.0 
IF(X.GE.10.444.AND.MPA.GE.0.0) D2xX=0.0 
END 
MPV=INTGRL(D2xX,0.0) 
NOSORT(D1X=X, MPV) 
D1X=MPV 
IF(X.LE.0.0.AND.MPV.LE.0.0) D1X=0.0 
IF(X.GE.10.444.AND.MPV.GE.0.0) D1X=0.0 
END 
X=INTGRL(D1X,0.0,0.0,10.444) 

C--SERVO PRESSURE EQUATIONS 
SIGNDX=FNSW(D1X,-1.0,0.0,1.0) 
PSE=FNSW(AINT(Y)-AINT(1.0-Y¥),1-K, 

& (SIGNDX*SQRT(ABS(W))-B)/A,J+PT 
W=B**2-A*C 
A=1+H+1/(4*H) 
B=(J-K-PT-1)/2-1/(4*H) -PT*H 
C=PR/2+1/(4*H)+PT**2*H+PT*K-J+I**2*H 
H=Y¥**2/(2*L)+0.00001*INT(1-Y) 
J=N*D1LX**2/(Y¥**2+0.00001*INT(1-Y)) 
K=N*D1X**2/L 
L=(1-Y)**2+0.00001*INT(Y) 

Ql=G*X 
INTINF 
ALG: TRP2Z 
CI:CI=0.099 
ABSERR:ABR=.001 
STEPS :MINS=100 
MAXSTEPS : MAXS=1000 
MONITOR: IMON=0 
END 

OUTECI TIME,D2X,D1X,X,D2Y,D1Y,Y,Q1,F 
TERMINATE (TIME.GE.13.5) 
END 
FINISH 
- END OF INPUT 

290



APPENDIX E 

ROADHEADER KINEMATICS 
 



  

FIGURE E.1 TUNNEL COORDINATES. 

      

  

. | 

NN, BOOM RAISING 
AXIS. 

  

FIGURE E.2 MACHINE PLANE COORDINATES. 
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E.1 INTRODUCTION. 

The processor system developed for the roadheader 

controls the boom position with respect to the machine 

frame. For accurate tunnel profiling the machine must 

remain in the same position with respect to the cross- 

section of the tunnel. This is recognised as an 

undesirable requirement. 

To implement the control of all free ranging aspects 

of the roadheader it is necessary to reference the machine 

frame to the tunnel centre-line. This aspect of control can 

be implemented with present day technology, except for 

detecting the machine frame degrees of freedom in a mine 

worthy manner. Work is progressing at the MRDE, and 

elseware, on the development of suitable detectors. 

This Chapter describes the kinematic exercise for the 

roadheader in relating the boom position to the tunnel 

cross-section, taking into account the machine frame degrees 

of freedom. 

E.2 RELATING THE RIPPING HEAD TO THE MACHINE FRAME. 

The profile cutting requirement for the ripping boom 

dictated continuous positional control of the ripping head 

on a predetermined path. This path is the profile of the 

tunnel being cut and can be defined using XT and YT 

coordinates on the tunnel cross-sectional plane as shown 

in Figure E.1. This plane can lie at any point along the 

length of the tunnel. 

XT = 0, is fixed by the horizontal centre-line of the 

tunnel. The profile is usually symetrical about this point, 

292



 
 BOOM _ LINKAGE. FIGURE E.3     

BOOM VERTICAL PLANE LINKAGE. FIGURE E.4   
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on the XT axis. 

YT = 0, is at a distance H from the tunnel floor and 

coincides with XT = 0. 

To aid the kinematic analysis, a separate plane was used 

to relate the displacement in the degrees of freedom of the 

boom. This plane is shown in Figure E.2, and is taken as 

lying at right-angles to the machine centre-line. The 

machine centre-line is parallel with the tracks and passes 

through the boom raising pivot. The plane is positioned 

along this centre-line, at a point where it is in contact 

with the end of the ripping head. 

XM = YM = 0, at the machine centre-line at height H 

from the bottom of the tracks. 

XM = XT and YM = YT, when the machine centre-line and 

tunnel centre-line coincide. 

The linkage arrangement of the Dosco Mk.2 roadheader boom 

is shown represented in Figure E.3 

Movement of the ripping head, in relation to the 

machine plane, is obtained using six revolute (R) pairs and 

two prismatic (P) pairs. The prismatic pairs represent the 

hydraulic actuators. Revolute pairs numbered 1, 2 and 3, 

and a prismatic pair form a planer triangle which effects 

the raising and lowering of the ripping head on the YM axis 

Revolute pairs numbered 4, 5 and 6, and a prismatic pair 

form a planar triangle which effects the the slewing of 

the ripping head on the XM axis. 

The boom vertical plane ‘igen is shown in Figure E.4, 

where :— 

YM = a37 Sin(©9 + 93 + 68) (B61) 
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FIGURE E.5 BOOM HORIZONTAL PLANE LINKAGE. 
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All quantities in this equation are fixed dimensional 

parameters of the machine, except for 63. 

al2e =e a2s = a3 
  Cos 63 = Os.2.) 

2 a23 a3l1 

The boom horizontal plane linkage is shown in Figure E.5, 

where :- 

XM = (-a37 Cos(69 + 63 + 68)) - 

(a31 Cos@9 — al9) Sin(e5 = 610 - 611) (B.3) 

All quantities in this equation are fixed dimensionsal 

parameters of the machine, except for 65. 

a64 - a45 - a56 
COTO Se (B.4) 

2 a45 a56 

These expressions relate the hydraulic actuator 

displacements to the ripping head displacements on the XM 

and YM axes on the machine plane. If displacement feedback 

was obtained from transducers, placed within the actuators 

(Chapter 4), then these equations would form part of the 

control kinematics. 

The equations which relate the boom angular 

displacements to the ripping head displacements on the XM 

and YM axes on the machine plane are :- 

YM = a37 Sin@7 (B.S) 

and XM = a37 Cos®7 Sinel2 f (B.6) 

Boom angular feedback considerably simplifies the 

machine kinematic equations. 

E.3 RELATING THE MACHINE FRAME TO THE TUNNEL CENTRE-LINE. 

When the roadheader is placed centrally, on a level 

floor, in a straight tunnel, the machine and tunnel 
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centre-lines coincide, as do the machine and tunnel planes. 

The roadheader is free-ranging and the ripping operation 

causes displacement of the machine frame with respect to 

the tunnel. It is necessary, therefore, to relate the two 

planes using machine frame degrees of freedom. 

The complete kinematic linkage diagram is shown in 

Figure E.6. The three linear degrees of freedom are 

depicted with prismatic pairs, with directional notations 

X, Y and Z, and the three angular degrees of freedom, %X, 

aY and &Z are represented with a spherical pair. 

A point on the roadheader, about which machine 

displacements are measured, is positioned on the machine 

centre-line, at a distance M from the slewing axis centre- 

line. This is shown in Figure E.7, where the machine and 

tunnel centre-lines coincide and all machine displacements 

are considered to be zero. 

The machine displacement axes, X and Y, are considered 

always to lie at right-angles to the tunnel. centre-line. 

Displacement Z is measured along the tunnel centre-line 

from a fixed datum point. All roadheader angular 

displacements are measured about the linear displacement 

axes. 

The distance between the boom slewing axis and the 

machine plane, measured along the machine centre-line, is 

defined by dimension L, where :- 

L = (-a37 Cos(69 + @3 + 68) - a3l Cos 69 + al9) x 

Cos(e5'— 610) = S11) (B.7) 

The machine is shown displaced from the tunnel centre- 

line in Figure E.8. The machine and tunnel planes no 
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TUNNEL 

  

  

FIGURE E.8 MACHINE DEGREES-OF-FREEDOM. 
  

(MACHINE AND TUNNEL PLANES OFFSET.) 
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longer coincide, and it is necessary to relate the machine 

plane displacements to the tunnel plane displacements :- 

XT = (X + (M + L) Sin&¥ + XM Cos AY) Cos 4Z (E.8) 

YP (Y + (M+ L) Sin XX + YM Cos XX) Cos 4Z (G5 ..9) 

Note, linear displacement Z is not incorporated in 

these equations since displacement along the tunnel centre- 

line does not constitute any offset between the two planes. 

The equations are relavant only to a straight tunnel. 

Roadheaders are often required to rip tunnels with a 

curving centre-line. One possible method of incorporating 

this feature would be to input "false" displacements, on 

the linear degrees-of-freedom, representative of the curve 

required. 

E.4 CONTROL OF FREE RANGING ASPECT OF ROADHEADER. 

The control of the free ranging aspect of the machine 

has not been implemented at this stage, although the future 

requirement has been allowed for in various parts of the 

control system. 

There are spare analogue to digital conversion channels 

and data storage locations for the six degrees-of-freedom. 

These could be used when transducers for detecting the 

machine frame displacements are available. 

The handling of the arithmetic operations, for the 

kinematic equations, within the control system could be 

carried out using software operations, or an Arithmetic 

Processing Unit (APU), or a combination of software 

operations and lookup tables. 

Software operations are relatively slow and demand 
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memory, particularly for trigonometrical functions. 

Using look-up tables is a simple way to perform 

arithmetic operations quickly, but at the cost of extra 

memory. Such tables simply contain all the possible answers 

organised in a convenient manner. All that is required is to 

access the desired answer which can make for high speed 

operations. 

The mathematical capability of a wide variety of 

processor orientated systems has been enhanced by the APU. 

The Intel 8231A APU, implemented in the main control 

system by C. W. Chuen, for handling valve switching 

criteria equations, would be an obvious choice for the 

kinematic equations. Accuracy, speed and simple interface 

are its advantages. It takes, for example, approximately 

40 times longer to do a floating point, single precision, 

32-bit, Sine operation using software. The only real 

disadvantage of the APU for this application, where 

intrinsic safety is a requirement, is that dual supplies 

of 5V and 12V are required. It is an expensive I.C. (€120), 

which is not particularly relevant in this case, with the 

high cost of roadheading machines. 

Further details of the 8231A APU can be found in Ref.26, 

and comparison details of arithmetic operation methods can be 

found in the thesis carried out by C. W. Chuen. 

The roadheading machine is a simple mechanism for 

kinematic considerations. The boom mounted drilling machine, 

with multiple linkages, would be more complex to analyse. A 

great deal has been written in recent years on the analysis 

of mechanisms, and Ref.61 and 62 were found particularly 

useful. 
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APPENDIX F 

PHOTOGRAPHS
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