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• Abstract

The dL'Velopment ofdecision support systems for equipment diagnosis has been found to be an

iterative process whereby funetionality and knowledge are continua!ly added to a prototype until

satisfaetory perfonnance is achieved. In order to reduce both the dependency on compiled

knowledge sources and the number ofprototype stages necessary to develop diagnostic decision

support systems, this thesis examines, adapts and appHes a set theoretica1 approach to mechanism

diagnosis first developed in the field ofArtificia! Intelligence. The approach does not require the

development ofcomputationa! models to simulate equipment behaviour.

The set theoretica1 approach was applied to the development ofa diagnostic decision support

system for a semi-automated Atlas Copco Wagner ST-SB Load-Haul-Dump vehic1e. Hypothesis

sets were generated for the vehic1e's hydraulic circuit and Deutz FL-413-FW diesel engine. A high

• level ofdiagnostic resolution was achieved for the hydraulic circuit, but limited resolution was

achieved for the diesel engine. This was postulated to be due to the ratio ofobservable system

outputs to input sub-systems, and the number ofleast repairable units making up each system.

Manual knowledge acquisition was undertaken in an underground mine to refine the diagnostic

knowledge developed from the hypothesis sets and to add knowledge to discriminate between

competing failure hypotheses. Heuristic failure likelihoods were used to rank hypotheses in order

offrequency ofoccurrence The knowledge base was implemented as a hypertext decision

support system using HyperText Mark-up Language (HTML). The resulting decision support

system is platfonn independent, upgradeable and able to he maintained by site personnel. The

system is currently installed at surface level and at 1800 level at INCO Limited's Stobie Mine in

Sudbury, Ontario.

•
The thesis makes a number oforiginal contn"butions, the first two ofwhich are ofgeneric

signilicance. It is the tirst work to apply set theoretica1 concepts to structural models ofmobile

u



mining equipment in order to diagnose faults. A number of modifications are advanced ':0 the

• conventional trace-back analysis technique for generating contributor and normality se!!:, and

heuristic guidelines are provided for estimating the costs a..d benefits of developing, implementing

and maintaining diagnostic decision suppon systems. It is also the first work to formalise a

decision suppon system in HTML and to suggest the application of company-\\ide intemets

("intranets") to disseminate maintenance knowledge within mines.

•
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Résumé

Le développement des systèmes d'aide à la décision pour le diagnostic des équipements apparaît

comme un processus itératif où la fonctionnalité et la connaissance sont continuellement ajoutées

à un prototype jusqu'à ce qu'un résultat satisfaisant soit atteint. C'est pour réduire la dépendance

par rapport à la compilation des sources de connaissance, de même que le nombre des états

prototypes nécessaires au développement d'un système d'aide à la décision, que cette thèse

examine une approche basée sur la théorie des ensembles, l'adapte et l'applique au diagnostic des

mécanismes, dont les premiers développements sont dûs à l'Intelligence artificielle. L'approche

présentée ici ne nécessite pas le développement de modèles mathématiques pour simuler le

comportement des équipements.

Nous avons appliqué l'approche de la théorie des ensembles au développement d'un système d'aide

à la décision à un chargeur-transporteur Atlas Copco Wagner ST-SB semi-automatique. Nous

avons généré des ensembles d'hypothèses pour le circuit hydraulique et le moteur diesel Deutz

FL-413-FW :lu véhicule. Un haut niveau de résolution diagnostique a été atteint pour le circuit

hydrauliC!ue, mais pour le moteur diesel, la résolution était limitée. On est parti du postulat qu'un

tel résultat était dû au rapport entre les sorties observables du système et les entrées du

sous-système, ainsi qu'au nombre d'unités les moins réparables composant chacun des systèmes.

L'acquisition des connaissances manuelles a été entreprise dans une mine sous-terraine, avec un

double objectif: raffiner la connaissance diagnostique développée à partir des ensembles

d'hypothèses, et ajouter une connaissance capable d'établir une distinction entre les hypothèses

d'échec concurrentes. Les possibilités d'échec heuristique ont servi à classer les hypothèses par

ordre de fréquence décroissante. L'implétnentation de la base de connaissance s'est faite sous

forme de système d'aide à la décision hypertext, en utilisant le langage HyperText Mark-Up

Language (HTML). Le système d'aide à la décision qui en résulte est indépendant du système

d'operation, il est expansible, et son entretien peut être fait par le personnel du site. Ce système est

actuellement installé au niveau de surface et au niveau 1800 de la mine Stobie d'INCO Limited, à

Sudbury, Ontario.

iv
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Cette thèse fait plusieurs contributions originales. le deux premières étant d'ordre générique. C'est

en effet la première étude à appliquer les concepts de la théorie des ensembles à de~ modèles

struClurau.x d'équipement mobile minier pour le diagnostic des erreurs. Un certain nombre de

modifications sont également proposées en regard des techniques d'analyse conventionnelles de

"recherche-arrière" pour générer des ensembles contributeurs et normaux. Enfin, on fou-nit des

guides heuristiques capables de faire l'estimation des coûts et des bénéfices relatifs au

développement, à l'implémentation et à l'entretien des systèmes d'aide à la décision. C'est le

premier travail qui formalise un système d'aide à la décision en langage HTML et qui suggère

l'application de réseaux ("intranets") à travers la compagnie pour la propagation de la

connaissance de l'entretien minier.

v
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CUilIity

Introduction - Chapter 1

• 1. Introduction

1.1 Mobile Mining Equipment Productivity

The productivity ofmobile mining eq'lipment such as drills, shove!s, trucks and load-haul-dump

vehicles is a complex function ofmachine design, operating environrnent, operator care and slcill,

mine planning and equipment availability. Mobile mining equipment is generally operated under

severe conditions that often stress a machine's eIeetrical, hydraulic and mechanical components to

the limit oftheir designed capabilities [Kohler and Sonile, 1993]. This poses significant challenges

to equiprnent manufacturers and mine maintenance departments, both ofwhom are charged with

maintaining high levels ofequipment availability.

DosIgn Opnmr A..iIability Planning

1 ~J.-.......,.I--
Moinlolnoblllty ReIIobIIIly T_I PlI...

~~
ProllOnllIlivo
MoInll1nl1nco

""-1-1 1

PlannIng 00sIgn _

r
Traubloshootability '='m3abillty Modulllirizltion ~mliration

I~--II---I
Faliunt Test EquIprnont OocIslon~__ Sysloms

Figure 1.1 Factors Influencing Equipment Availability and Productivity

[Nilsson and OueIlette, 1992]

Availability is defined as the fraction ofscheduled time that an item ofplant is able to produce its

end produet at or above a minimum acceptable leveI [Smith, 1993]. Availability is a function of

parts aV311abi1ity, technical support, machine reIiability and machjne maintainability (see Figure

1
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Introduction - Chapter 1

1.1). Reliability is defined as the ability ofa :.1achine to perfonn a required function under given

environmental and operational conditions for a stated period oftime [British Standard 4778). A

frequently used measure of reliability of mining equipment is the mean time between failures

(MTBF), calculated by considering scheduled working hours only. Equipment reliability is

influenced by not only the quality of parts and manufacture ofa machine, but also by the planning.

design and methods of preventative maintenance implemented at a mine. Preventative

maintenance is a proactive policy which aims to predict, prevent and plan for machine failures in

advance ofunplanned failures which detrimentally effeet production.

Maintainability is defined as "the ability ofan item under stated conditions ofuse to be retained in

or restored to a state in which it can perfonn its required functions, when maintenance is

perfonned under stated conditions and using prescribed procedures and resources" [British

Standard 4778]. A cornmonly used measure ofmaintainability is the mean time to repair (MITR)

a machine, calculated by considering scheduled repair hours only. Maintainability is influenced by

the degree ofmodularization used in the design ofthe machine, the accessibility ofcomponents•

the quality ofavailable documentation and the ease oftroubleshooting the machine [Nilsson and

Ouellette, 1992]. Equipment maintainability becomes ofincreased importance when maintenance

practices become reaetive rather than proaetive. "Breakdown maintenance" policies disrupt

production schedules and generaily result in higher maintenance costs through the necessities to

scheàule overtime maintenance work, to obtain parts at short notice and to repair secondary

damage that could have been prevented ifthe onset ofthe failure had been deteeted at an earlier

stage. Caterpillar Inc. estimates that repair costs before a major component fails can be one third

ofan after-fallure repair with only moderate sacrifice in component life [Caterpillar. 1994].

1.2 Preventative Maintenance

Preventative maintenance is defined as the practice ofperforming inspections and/or servicing

tasks that have been pre-p\anned for accomplishment al specific times to retain the functional

capabilities ofoperating equipment [Smith, 1993]. Preventative maintenance practices include
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time-based maintenance (TBM) aimed directly at failure prevention (also called scheduled

maintenance), and condition-based maintenance (CBM) aimed at detecting the onset offailures.

Condition-based maintenance can be divided into periodic condition monitoring by testing or

inspection and on-line electronic monitoring practices. Oil debris analysis [Hunt, 92] and lyre

tread thickness assessment are good examples of periodic test and inspection-based condition

monitoring.

1.2.1 On-Line Monitoring Systems

As the need to reduce costs for competitive reasons has grown and as equipment has become

more complex [Chatham, 1995], on-line condition monitoring systems have become more

prevalent in mobile mining equipment. Their application has been facilitated by the introduction of

electronic controls which have replaced mechanical control systems, and the general evolution of

monitoring system hardware and software. The primary objective ofan on-line condition

monitoring system is to detect the onset offailures before they significantly impair a machine's

functionality. On-line monitoring systems can also assist equipment troubleshooting.

Another factor which is driving the introduction ofon-line monitoring systems is the growth in

development ofautonomous and semi-autonomous mobile mining equipment. This growth is

motivated by the desire to minimise operator exposure in hazardous areas [see Moyano and

Vienne, 1993; Chadwick, 1994a], and the desire to increase labour productivity through single

operator - multiple machine operation [see Baiden and Henderson, 1994]. Operators of

conventional mobile equipment are adept at detecting degradational changes in machine

performance through the five human senses ofsight, sound, srnell, touch and taste. The removal

ofoperators from the proximity ofmobile mining machines requires the installation ofon-line

condition monitoring systems to detect and warn ofincipient failures.

A shortcoming ofon-line condition monitoring systems is that they generally produce excessive

amounts ofdata which require significant interpretation skills to turn into useful information. For
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example, Caterpillar's latest onboard performance and condition monitoring system. the Vital

Information Monitoring System (VIMS). monitors and records 52 haul truck parameters directly

and calculates an additional 17 values from these parameters [Chatham. 1995]. In addition to

alerting an operator to take failure avoidance action, VIMS stores data on-board for later

off-board analysis. Off-board failure diagnosis generally proceeds by e.'I."traeting significant features

from the time-series data. deciding which ofthese features represent abnormal behaviour and

which are relevant to the diagnostic reasoning process, and concludes by reasoning with this set of

extraeted features to arrive at a diagnosis. This process demands a level of signal processing and

interpretation skills which most mine mechanics or eleetricians do not possess.

Whilst the provision ofappropriate training programs would be one way oftackling this problell'~

recognising that user acceptance ofVIMS lies ultimately in providing a product which is both

reliable and easy to use, Caterpillar are presently working on a concept cal1ed •Advanced Product

Serviccs· (APS) [Scholl, 1995]. This produet is essentially a decision support system which \vill

include on-board analysis of sensor signals, communication, off-board analysis, interpretation and

recommendation of::etion. The goal is to computerise the process as much as possible, thereby

requiring an e>..l'ert to get involved only when new or special interpretation is needed [Ferguson,

1994]. Caterpillar is not alone in this type ofproduet development. Shovel manufaeturers such as

Harnischfeger and Marion have developed decision support systems Iinked to on-board

monitoring systems [White, 1995] and underground equipment manufaeturers such as Tamrock

are in the process ofdeveloping decision support software for fmlure diagnosis ofload-haul-dump

vehicles from on-line condition monitoring information [Tarnrock Loaders, 1994].

1.3 Breakdown Maintenance

Mines that unlise sorne ferm ofcondition monitoring will in most cases realise sorne cost savings,

but generaIly on-line condition monitoring systems are viewed as bighly expensive to implement

and maintain [peck and Burrows, 1994]. In addition, some OEM monitoring systems are not

easlly retrofitted to older equipment models, as sensors and communication buses cao he built into
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new equipment during construction. Many mines operate older equipment which are not equipped

with on-line condition monitoring systems. In addition, mine preventative maintenance practices

are frequently Jess than ideal. Maintenance of mobile production equipment is often performed on

a reactive basis as equipment fai1s ("breakdown maintenance") rather than on a proactive basis.

6S.2 % Breakdown

25.3 % Preventative

6.5 % Idle

•

•

Figure 1.2 Repair Time Distribution for One Year's Operation ofThree ST-8B LHD

Vehides at a Canadian Hardrock Underground Mine.

Figure 1.2 iIlustrates the extent ofbreakdown maintenance at one underground Canadian

metalliferous mine. The diagram shows the allocation ofdown rime resulting from one year's

operation ofthree Atlas-Copco Wagner ST-SB load-haul-dump vehicles. Repair data was

recorded from the maintenance log books for the three machines [Knights, 1993a]. Classification

ofthe maintenance time was performed by a maintenance foreman. The graph shows that a Iittle

over 68 % ofthe total recorded down time was due to unplanned repairs. A further 6.5 % was

due to idle time (waiting for available space in the workshop or waiting upon parts or labour).

Qnly one quarter ofthe total down time was spent on preventative maintenance. Looking at these

figures, a mine manager has two options to address the disproportionately high Ievel of

breakdown repairs. Firstly. the frequency ofbreakdowns can be reduced by changing operator

praetices or reassessing preventative maint~ance praetices (for example, on-Iîne condition

monitoring systems could be introducecl). Secondly. the average duration ofbreakdown repairs

can be addressed.

Outokumpu Mining Services estimates that less than 20 percent ofthe rime to repair a breakdown

is actively spent repairing the failure [Harjunpliâ, 1993]. Up to SO~t of down-rime is
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consumed by waiting for a supervisor's instructions. accessing the failed component or subsystem.

diagnosing the cause of the failure. seeking relevant manuals or drawings. waiting on resources

such as spare pans. consumables and specialist labour. Diagnosis is a lask which demands

considerable expertise and is complicated by the fact that there frequently exists a multiple-to-one

relationship between failure causes and syrnptom sets. As figure 1.1 illustrates, three means are

available to assist equipment troubleshooting; failure indicators, specialised diagnostic lools and

decision support systems.

Failure indicators, as distinct from condition monitoring systems, exist solely for the purpose of

isolating the cause ofa failure once it has occurred. lndicator panels are weil suited to electrical

equipment, where GOINOGO lamps can be inexpensively wired into the electrica1 system.

Diagnostic tools, such as Noranda's "Mechanic's Stethascope" [Johnson et al, 1994] which

measures the instantaneous rotational velocity (IRV) ofdiesel engine flywheels and predicts

cylinder combustion problems, can provide cost savings for specific equipment diagnostic

applications. Decision support systems, capable ofassisting the diagnosis ofa range ofequipment

problems and capable ofretrieving and displaying operator manuals, drawings and parts lists, are

weil suited to reducing the repair times for breakdown failures. Dependent on the reduetion in

repair times, maintenance labour savings may also be realisabi~. The productivity benefits of

decision support systems as applied to breakdown repairs are discussed in more detail in

Chapter7.

In addition to reducing breakdown repair times and assisting in the interpretation ofon-line

condiùon monitoring data, diagnostic decision support systems can reduce the number of

incorrect diagnoses made, saving money on unnecessary pans. Decision support systems can also

be valuable aids to train junior maintenance personnel in equipment troubleshooting. By

prompting personnel to adopt approved repair procedures, they can enhance the level of

occupational hea\th and safety within a mine. The promotion of"understanding" ofa machine can

aJso lead to more responsible operation.
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lA Decision Support Systems

The definition ofa decision support system (DSS) is "a computer program designed to assist

humans in decision makîng" [McDaniel, 1994]. Since this definition encompasses a broad c1ass of

programs including many conventional business applications, in the context ofthis thesis decision

support systems will be taken to include knowledge-based and hypertext systems. The previous

discussion established that decision support sy~ems can be employed to facilitate the diagnosis of;

• incipient failures through interpreting data collected from on-line condition monitoring

systems. and

• breakdown failures, thus reducing the mean time to repair breakdown failures.

The n~1. section will focus on issues associated with deve10ping both knowledge-based and

hypert~1. decision support systems.

1.4.1 Knowledge-Based Systems

Knowledge-based systems (KBS) are defined as "software systems capable of supporting the

explicit representation ofknowledge in sorne specific competence domain and exploiting it

through an appropriate reasoning mechanism in order to provide high-level problern solving

performance" [Guida and Tasso, 1994). A large class ofknowledge-based systems are better

known as expert systems, because they atternpt to ernulate the cognitive processes ofhuman

experts. Knowledge-based systems derive their name principally because they represent and use

knowledge and are oriented towards symbolic processing. Conventional programs represent and

store data and are oriented towards numerical processing [Arockiasarny, 1993).
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Intelligence A ~B&B~ C=>A ~ C
t• Knowledge
t

Information
t

Data

Ais true

A 000·
-..10000 rIme

Figurt 1.3 Intelligence Hierarchy (After Rao, 1994]

The distinction between data and knowledge is weil illustrated in Figure \.3. Data is defined as

"any representation such as characters or analogue quantities to which meaning is or might be

assigned" [McDaniel, 1993]. In this thesis the latter definition will be adopted (that of the

potential for meaning) so that information is derivCü when meaning is assigned to data. In the

example above, from interpretation ofa trend in the process data set, information cao be deduced

in the form offact A being true. This fact is not useful until a conclusion can be drawn regarding

its consequence. To do this, the user must know the rule that IF (A is true) THEN (B is true)

applies to the process. This cao be written as a production rule A ~B , meaning A implies B.

• Knowledge, therefore, consists offacts (declarative knowledge about obje.."!s. events or

situatiC'os) and rules (procedurall-.-nowledge about courses ofaction). These rules may be derived

from weIl defined or 10gica1ly derived processes, or from experience or intuition (heuristic

knowledge) [Rolston, 1988]. A1though the definition ofintelligence is somewhat contentious,

intelIigp.nce invariably implies an ability to reason based on a knowledge offacts and rules. In the

example shown, ifthe additional rule B~ C is known, then through the moduspoenus reasoning

process it can be inferred that action C should be taken to effeet control ofthe process.

Figure 1.4 illustrates the general components ofa knowledge-based system. The knowledge-base

stores available knowledge conceming the problem domain in an appropriate forro able to be

manipulated by the computer. This forro is dietated by the type ofknowledge representation

supponed by the KBS. Two commonly used ferros ofknowledge representation are production

rules and frames (or schema). Frame-based systems use templates to describe eenain relationships

(such as a parent and child memberships), and thus provide a means ofstrueturing knowledge

within a knowledge-base. A key feature ofa KBS is that the knowledge-base is separated from
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the reasoning mechanism [Buchanan, 1988]. This feature has enabled Many expert system

development tools or "shells" to be developed which provide an inference engine (re.asoning

mechanism) and user interface. Facts deduced during intermediate solution steps and derived from

questioning the user during the reasoning process are stored in the system's working memory.

........•........_...•...•.•...........•...._...•...._ .

Worldng Momory

Domain
KnowIadgo

KnowIodgo Baso

KnowIedgc B....~om •
' .•...............•.•.•.•.•.•.•.•.•.•..-..•...•...•,...,..........•.

• Figure 1.4 General Features ofa Knowledge-Based System [Guida and Tasso, 1994)

During the last two decades, much interest has been direeted towards developing

knowledge-based systems for diagnostic applications. One ofthe earliest, and perhaps the most

famous expert system, is MYCIN, a system for diagnosing bacterial infections in blood samples

[Shortcliffe, 1976). Although much interest exists within the mining industry in applying

knowledge-based systems (a recent market analysis ofautomation opportunities in the mining

seetor condueted for the National Research Couneil ofCanada (NRC), Industry Canada (lC) and

the Canada Centre for Mineral and Energy Technology (CANMET) identified the use of

knowledge-based systems for troubleshooting equipment as a key area for potential development

[Hatch Associates Ltd. 1994]), ooly a small number ofknowledge-based systems have been

developed to assiS! in troubleshooting mobile mining equipment (see Chapter 2). As will become

evident, developing a KBS to solve equipme:lt diagnostic problems is Dot as straightforward as

"jus! adding knowledge" to an appropriate she1l.
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1.4.2 Hypertext Systems

Hyperte~..t systems enable a user to browse in a non-linear or non-sequential fashion through a

network of nodes. Each node is a collection of knowledge organised around a specifie topic.

Knowledge in anode can be represented in many fonns. including te:\"t. images. video and sound

clips. Nodes may be designed within a single hyperte.~ document. or as independent documents.

extemal files or programs. When activated. embedded links within a hyperte."\"t document launch

the user to other nodes. Strictly speaking. hypert~"t is a subgroup ofhypennedia. but following

common practice. the terrn will be used to descnoe te.~-on1y and multi-media applications [Seyer.

1991].

"'~ ~._~ _.a.•... _..__.._ •·

Figure 1.5 Hypertext System mustrating Distributed Knowledge Base

Figure I.S ilIustrates the non-linear browsing ability ofhypertext systems. Un1ike a

knowledge-based system, knowledge in a hypertext system is distnouted amongst the network of

nodes which comprise the system. Simple inferences can be represented by hypertext links (e.g.

A -+B), but more complex inference statements involving conjunetions or disjunetions (e.g.

A AB v C -+D) cannot be represented by hypertext links. Conventional hypertext systems

provicJe no reasoning mechanism to manipulate inferences, rather reasoning is left up to the user
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(weil designed network structure and nodes can assist the user in drawing conclusions). However.

substantially Jess knowledge r_'Presentation effort is involved to develop a hypertex1 system than

is necessary to develop an equivalent knowledge-based system. This is because knowledge can

exist in near-original form in a hypertex1 system (scanned diagrams, for example), but must be

formalised by decomposition into rules and/or frames for a knowledge-based system. Thus, whilst

hypertl:X1 systems require less knowledge representation effort, they lack the reasoning power of

knowledge-based systems. As Chapter 6 will show, for diagnostic applications, this drawback can

be circumvented be employing appropriate hypertext node and network design strategies.

1.4.3 Knowledge Acquisition

A common feature ofboth knowledge-based and hypertl:X1 decision support systems is that their

diagnostic performance is highly dependent on the quality and completeness ofknowledge upon

which they draw. The process by which l.:nowledge is e1icited, formalised, implemented and tested

in decision support systems is ca\led lmowledge acquisition. Knowledge acquisition has long been

considered the major constraint in deve10ping expert systems [CuIlen and Bryman, 1988]. The

task is often cited as a difficult one, as one necessitating much patient work and is usua11y termed

a bottleneck [Dubas, 1990]. McGraw and Harbison-Briggs [1989] state that "although it may be

possible for one or two people to deve10p a small expert system in a few months, the deve10pment

ofa sophisticated system may require a team ofsevera! people worIàng together for more than a

year. Much ofthe lime required for deve10pment can be attributed to knowledge acquisition".

For e.umple, to effective1y diagnose and repair mobile mining equipment, a maintenance

technician requires knowledge ofthe following;

• equipment structure: the physica\ layout ofcomponents and the connections and flow of

information between components,

• equipment fimetion: how components opeme (how inputs are converted to outputs),
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• equipment behaviour; acceptable and unacceptable ranges ofoutput perfonuance taking

into account machine duty cycle and operating en\ironment.

• equipment history: when and what repairs have previously been effected on a machine

• equipment test procedures: how to discriminate between competing failure hypotheses,

what instruments and labour are required and associated costs and suppliers. and

• equipment repair procedures: how to effect repairs. what materials and labours are required.

associated costs and appropriate suppliers [afler Vagenas. 1991].

This knowledge is not available from a single source. Sorne is documcnted in the fonu of

troubleshooting manuals. maintenance logs. company po1icies. joumals or books, whilst much

resides as heuristic knowledge in the mind ofthe maintenance technician. The challenge facing a

knowledge engineer charged with deve!oping a decision suppon system is to identifY and work

with the avaiIable kno.'JIedge sources (documents and domain ClI.-pens) to e!icit and represent ail

faets and procedures necessary to solve specific equipment diagnostic problems.

• The knowledge engineer would probably begin by examining exÎsting equipment troubleshooting

and service guides. However. troubleshooting guides would most like!y quickly be found to be

inadequate [Vagenas. 1991). There are three reasons for this;

• Equipment maintenance bas traditionally bcen the rcsponsibility ofcquipment owners,

usually mines. W1ulst cquipment manufacturers are involved in supponing maintenance

programs, they do not have aeccss to the day-to-day cxpcrience ofmine maintenance

personnel Troubleshooting guides compiled by OEMs, thcrcfore, do not gencra11y include

the heuristic knowledge ofmine maintenance personnel. These beuristics include knowledge

as to the Iike!y frcquency oftypes and classes offaiIures; beuristics which are ofvitaI

imponance in ranking competing faiIure bypothcscs.

• Troubleshooting guides and maintenance manua1s are usuaI1y preparee! to coincide with the

release ofnew equipment models. Sincc litt1e direct experiencc in maintaining the new

mode! equipment cxists, manufacturers tum to the cxpcriencc gaîned in supporting older
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model machines. The resulting troubleshooting guide is oflimited applicability to the newer

model machine.

• Both OEMs and mines can introduce equipment design changes which are not reflected in

the troubleshooting documentation.

Having examined the available troubleshooting guides, the knowledge engineer would begin the

process ofacquiring knowledge ITom domain e:l.llens (equipmen! designers and maintenance

technicians). Here the first task is the sdection ofa suitable knowledge acquisition technique or

method. Knowledge acquisition techniques and tools are either manual or computer-based. The

latter c1ass includes automated and interactive kïlowledge acquisition tools. Automated tools for

knowledge acquisition focus on leaming ITom data rather than the direct acquisition ofknowledge

ITom a human expert [Lehto et al. 1992]. Interactive toob are generaIly associated with a

panicular knowledge acquisition methodology, and aim either to assist the knowledge engineer in

capturing and organising knowledge or to empower a domain e.'l.llert to e:l.lllicate and formalise

knowledge independently ofa knowledge engineer. For the interested reader, Lehto, Boose,

Sharit and SaIvendy [1992] provide a good review ofboth interactive and automated knowl~ge

acquisition tools. Despite the variety oftools available, the prevailing attitude arnongst e:l.llert

system developers is that manual knowledge acquisition is the most effective way hl stan building

an industrially useful e:I.-pert system. Bult [1991] ofMacDonald, Dettwiler and Associates, states

that "in our e.'I.-perience, getting a non-AI, non-software expert to interact with an expert system

building tool does not work yet, except when the tool bas been already tallored for the problem

domain and for a given solution approach. Such an approach should not he hard-wired into a tool

until the essential approach ofexperts in the field is understood!".

Assuming therefore that the knowledge engineer selects manual knowledge acquisition, there are

a variety oftechniques al hislber disposaI with which to elicit knowledge. These are [Lehto et al,

1992];

• Brainstorming: the rapid generation ofa large number ofideas,
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• Unstructured interviewing: asking general questions and hoping for the best. recordinl' as

much a possible.

• Semi-structured inter.;ewing: intervie\\;ng \\;th open questions and a l'eneral list oftopics

to cover.

• Structured intervie\\;ng: intervie\\;ng with a strict agenda and a list ofquestions relatinl' to

features ofthe system.

• Teachback intef\;ewing: the knowledge engineer demonstrates understanding by

paraphrasing or 5OI\;ng a problem.

• Neurolinguistic Programming: obsef\ing physical cues (eyes, movement. body language) to

enhance communication with the e.xpert,

• Tutorial interviewing; the e.'..pert delivers a lecture.

• Protocol analysis: recording and analysing transcripts from elI.'PertS thinking aloud whilst

50lving aetual or simulated problems (5Ometimes called process-tracing),

• Participant observation: the knowledge engineer becomes an apprentice and participates in

the e.'I.'Pert'S problem solving process.

A variety oftechniques can be employed to organise knowledge elicited from these processes

prior to formalization, including goal hierarchies, decision trees, f10w diagrams and attributelvalue

matrices.

In practice, many problems are associated with manual acquisition techniques. Gaining access to

expens can be diflicu\t [Dubas, 1990]. Mines are re!uetant to assign good mechanics away from

their duties, since production might suffer. Multiple expens may have to be interviewed, which

can result in conflieting knowledge mating to diagnostic approaches. The knowledge engineer

may not understand the terminology used by the mechanics. Sometimes important pieces of

information may be omitted from a knowledge base because the wrong questions were asked

during an interview, or because the expert deemed something to be too trivial to explicitly state.

In addition, knowledge acquisition problems can arise due to representation mismatch [Gruber

and Cohen, 1988], where knowledge is lost during formalization due to the inability ofcurrent

representation schemes to adequatel} express aD types ofknowledge.
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1.4.4 Rapid Prototyping

Because of the difficulty in fully specifying the behaviour of the knowledge-based system at the

beginning ofa project, and because of the difficulties associated with acquiring knowledge,

developmenl ofknowledge-based systems has been found not to fit the "waterfall" model of

conventional software. In the waterfall mode!, software deve!opmenl fol1ows clearly definable

steps ofanaly!!is, design, coding, testing and maintenance with feedback loops occurring between

stages [pressman, 1992]. Deve!opment ofknowledge-based systems has been found to fit an

evolutionary process based on rapid prototyping [Hul1 and Kay, 1991]. In rapid prototyping,

knowledge is obtained from cxl'erts via a series ofinterviews fol1owed by the rapid deve!opment

ofa prototype working system before the knowledge-base is complete. The prototype is then used

to prompt the e:~perts to refine the existing knowledge base and supply additional expertise

[Cullen and Bryman, 1988]. In 1991 a survey conducted of23 US industry and government

knowledge-based system developers found that ail but one organisation made e.'..tensive use of

rapid prototyping [Fenn and Veren, 1991].

Idenlify Knowledge Sources,
"'-..,.__ Capture and Organize

Formalize Knowledge

Implement

Validale

FIgUre 1.6 Rapid Prototyping Deve!opment ofa Knowledge-Base

Figure 1.6 illustrates the development ofa knowledge-base using rapid prototyping. Four

development steps are iteratively repeated. The first step is to determine what knowledge is used

by an expert to perform a cognitive task and to acquire and organise this knowledge [Hull and
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Kay. 1991]. The second step is to fonnalise trus I,:nowledge, followed by step 3, the construction

ofa prototype of the expert system using existing knowledge. ln step 4. the prototype is evaluated

by expen users in order to identify missing l,:nowledge or erroneous solutions. A variation of the

prototype-and-test methodology is not to construct and test an aetual prototype, but to represent

the captured knowledge by means ofsemantic networks, f10w diagrams or tables for evaluation.

This type ofknowledge-base refinement was used by Placer Dome to develop and implement an

expen system for on-line process control ofthe rod mill at Dome Mine [Bowen, 1995].

The number ofprototypes that need be developed prior to implementing an operational KBS

depends on the availability of suitable e.'\-pens, the skill of the knowledge engineer, the knowledge

acquisition methods employed, the size ofthe domain and the selection of e.xpert system

development shen. Hull and Kay [1991] ofNASA recommend that a minimum offive prototypes

be construeted. ln order ofdevelopment, these are; demonstration, research, field, production and

operational prototypes.

• The prototype-and-test nature ofacquiring knowledge and developing decision suppon systems is

both people and rime intensive. This has lead equipment manufaeturers such as Atlas Copco to

conc\'.lde that "expen systems .... are very costly and few users are willing to make the

investment" [Nilsson and Oue1lette, 1992]. Although the development costs ofknowledge-based

systems are not generally published, to illustrate this latter point, one large expen system wruch

was successfully implemented in the pulp and paper industry is PITCR EXPERT wruch cost $2.8

million and required sorne 21 person years to complete [Kowalski et al, 1993]. PITCR EXPERT

diagnoses pitch deposition quality defects in kraft pulp mills, and consists ofapproximately 1200

rules and 3000 schemata.
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1.4.5 Model-Based Approaches

• The discussion so far has focused on acquiring declarative, procedural and heuristic knowledge

from domain experts in order to construct diagnostic decision support systems. Where knowledge

is available regarding causes and symptoms but failure mechanisms are poorly understood, it is

referred to as "compiled knowledge". In recognition ofthe problems posed by knowledge

acquisition, in recent years much research in mechanism diagnosis has been directed towards

model-based approaches. Milne [1987] distinguishes two classes ofmodels used in KBS

developmenl. These are (i) computational models where an underlying mathematical description is

used to numerically or qualitatively simulate the behaviour ofa machine, and (ii) causal models

which represent the causal sequences by which failure mechanisms occur. To this a third class of

model should be added, namely (iii) structural models (schematics), which are non-computational

in nature and used to represent the connections between components and system inputs and

outputs.

• The construction ofnumerical or qualitative models to simulate the behaviour ofmobile mining

equipment is a task which is complicated not only by the complexity and dynamic nature ofa

machine's subsystems, but also by the difficulty in modelling the interaction ofa machine within a

constantly changing environrnent. For this reason, the majority ofdecision support systems

developed for mobile mining equipment have employed compiled knowledge or causal modelling

approaches (see Chapter 2). Struetural models do not atternpt to explain the function or behaviour

ofmechanisms. They can be used to guide the acquisition ofcausal knowledge, or ernbedded as

rules in the i..-nowledge-based ofa KBS to descnoe the connectivity ofa device.

Maintenance technicians commonly use struetural models as diagnostic aids in isolating fai1ures.

Reasoning generally follows the "trace-back" principle [Benjamins and Jansweijer, 1994],

whereby the components upstrearn from a output observed to be fiwlty are sequentially examined

for signs ofma1function [see Payne and McArthur, 1990). Milne [1987] descnoes a variation of

this process, trace-back and set intersection, whereby "one first identifies the path ofinformation

f10w from the input ofthe portion ofthe device ofinterest to it's output. The path contains ail the
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sub-components involved in that information flow .....all elements of the path are possible

candidates.... One normally uses this approach by collecting a set ofknown good paths and a set

ofknown bad paths. By intersecting paths known to be good and bad. faults in seme portion of

the system can be ruled out. That is. the sub-paths ofa bad path that also occur in a good path

can be assumed to be correct. The candidate set is then reduced to only those elements which

occur in bad paths. This decision is sole!y based on GOfNOGO information and can be very

efficient".

1.5 Research Objectives

From the previous discussion. the objectives ofthe thesis can be established. These are;

1. to adapt AI model-based diagnosis techniques to fault diagnosis ofmobile mining

equipment without developing computational simulation models. and

2. to demonstrate that, by reducing dependency on compiled knowledge sources and by

reducing the number ofprototyping stages necessary to develcp a knowledge-base, the

resulting methodology can be applied to accelerate the development ofdiagnostic decision

support systems. and

3. to provide guidelines for estimating the benefits and costs ofdeveloping, implementing

and maintaining a decision support system for mobile mining equipment troubleshooting.
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1.6 Scope and Limitations

ln the context of the thesis. two qualifications are necessary. The first is that this thesis is

primarily concemed with the processes of hypothesis generati0n and hypothesis discrimination.

These are the processes ofgenerating possible explanations for faulty behaviour and ofadding

additional observations to discriminate between competing candidates. Symptom detection, the

process ofdetecting behavioural discrepancies, is not covered in great detail other than to define

normal and anomalous behaviour. The original proposai for doctoral work focused on the

development ofboth a fault detection and a fault diagnosis system for an Atlas Copco Wagner

ST-SB Load-Haul-Dump vehicle [Knights, 1993c]. This included the establishment ofa set of

sensor specifications for on-line condition monitoring ofa semi-automated ST-SB vehicle (see

Appendix 3), but did l'·.i .:>..1end to installing these sensors. Since a scaied-down sensor system

was not impleme~,' .'';: August 1995, research effort in this thesis was directed towards fault

diagnosis. As related to mobile mining equipment, the challenge offault detection is to provide a

measure ofcont~1-sensitivityby isolating factors such as working environment, ground

interaction and machine duty cycle from recorded observations. Many techniques are associated

with context-sensitive discrepancy detection, sorne ofwhich have becn the subjeets ofentire

doctoral theses [sec Lever, 1991]. Time and space requirements preclude a detailed review of

these techniques.

The second qualification is that, although a method ofdiagnosing simultaneous multiple failures is

presented in chapter 4, this thesis is mainly focused Oil the diagnosis ofsingle failures. In practice,

single failures account for the majority ofmechanicai and electricai failures [Knights, 1993a].

Simultaneous multiple failures are possible, and may occur dependently as the failure ofone

component triggers the failure ofa neighbouring or downstteam component, or independently. In

addition common cause failures such as a fires or collisions can also result in multiple failures.
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1.7 Contribution

The thesis is original and makes a number ofcontributions to the body of knowledge in the mining

and related equipment industry. The tirst three points are of generic signiticance. It;

1. is the tirst work to apply set theoretica1 concepts to structural models of mobile mining

equipment in order to diagnose faults.

2. provides signiticant modifications to the trace-back process used to generate contributor

and normality sets (see chapter 4),

3. illustrates how the resulting analytical technique can be used to reduce the time, cost and

number ofprototyping stages necessary to develop a decision support system.

4. is the tirst mining-related work to implement a diagnostic decision support system in

HTML (the standard language ofthe world-wide-web), and to demonstrate how HTML

and web browsers can be used to implement low-cost, maintainable decision support

systems for mobile mining equipment•

S. is the tirst work to suggest disseminating equipment diagnostic and maintenance

knowledge over company wide internets ("intranets"), and

6. provides heuristic guidelines for estimating the costs and benetits ofimplementing

diagnostic decision support systems for mobile mining equipment.
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1.8 Thesis Organisation

Including the introduction and references, the thesis is organised into nine chapters as follows;

• Chapter !wo reviews work undertaken in the mining industry associated with decision

support systems for mobile mining equipment troubleshooting.

• Chapter three provides a briefreview ofwork undertaken in the AI community in regard to

logic-based diagnosis. In particular, it focuses on mode1-based diagnostic approaches and

introduces a generic model ofdiagnosis. Key concepts such as hierarchical diagnosis,

contributor sets, normaIity sets and hypothesis testing techniques are introduced in this

chapter.

• Chapter four presents the theoretical body ofthe thesis. This chapter imroduces a

hypothetical hydraulic circuit to demonstrate hypothesis set construction for single and

multiple simultaneous independent fault diagnosis. In addition, the trace-back procedure for

generating contributor sets is critically assessed.

• Chapter five applies the techniques deve10ped in chapter four to the hydraulic circuit and

the diesel engine ofan Atlas-Copco Wagner ST-SB LHD vehicle.

• Chapter six discusses how manuaI knowledge acquisition techniques were used both to

refine the knowledge base deve10ped in the previous chapter and to add knowledge to

discriminate between hypothesis candidates. The chapter aIso c1iscusses how the completed

knowledge base was implemented as a hypertext-based decision support system using the

HTML language.

• Chapter seven presents a procedure for estimating the costs and benefits ofdeve10ping both

knowledge-based and hypertext decision support systems for equipment troubleshooting.

• Chapter eight concludes the thesis and c1iscusses future work.
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• 2. Decision Support System Applications

This chapter presents a review ofdecision support systems which have been or are in the process

ofbeing developed by OEMs, mining companies and research institutes to assist in

troubleshooting mobile mining equipment. No attempt is made to review those companies and

research institutes developing on-line monitoring systems or failure indicator systems. Such

systems are mentioned only in the conte.....1 ofbeing associated with decision support systems to

plovide high·level interpretation ofdata. Throughout this chapter, emphasis is placed on the

sources and techniques employed during knowledge elicitation, the type ofknowledge

representation employed and the life-cycle management ofthe decision support system.

2,1 Research Institutes

• 2,1.1 United States Bureau of Mines

Since the late 1980's the us Bureau ofMines has been active in conducting research on the

application on..nowledge-based system technology to mining equipment diagnostics and

predictive maintenance. The USBM's approach has been to implement knowledge-based

reasoning capabilities to the interpretation ofon-line monitoring systems for continuous mining

machines. Research has focused on three critica\ sub-systems ofthese machines; the hydraulic

system, the electrica\ motors and the electrica\ control circuits [Cawley, 1991].

In 1990 a prototype expert system was deve!oped for off-lïne diagnosis ofe!ectrica\ system faults

in a Joy 16CM continuous miner [Berzonsky, 1990]. The system is a production rule system and

was deve!oped using the Leve! S' deve!opment taoI. Berzonsky states that "rule-based systems

which contain a large number ofrules caTI be difficult to deve!op and maintain". It was found

advantageous to divide the electrica\ system ofthe Joy 16CM into four separate functional

TM Information BuiIdcrs, IndiaJantic. FI.., USA.
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circuits, the pump circuit, the conveyor circuit, the tramming circuit and the cutter circuit, and to

separately develop and test the knowledge-base for each system. The user interacted with the

system by answering a series oftruelfalse and multiple choice questions.

ln 1991, an on-line knowledge-based diagnostic system for the hydraulic system ofa Joy 16CM

continuous mining machine was developed [Mitchell, 199Ib]. This system was initially

implemented using the Rulemaster production-rule development too~ but later moved to the

Goldworks' frame-based expert system platform as inadequacies became evident. The project was

divided into (Wo phases; the first phase addressed the development ofthe knowledge base

containing the hydraulic diagnostic information and the second phase addressed sensor selection

and data interpretation. Mitchell [199Ia] descnoes the process ofknowledge acquisition as

"creating the biggest bottleneck in expert system development because ofthe difficulty in

accessing every piece ofknowledge an expert uses in solving problems". Two experts were used

during the I-.-nowledge acquisition process; a designer who had had considerable experience in

designing hydraulic systems for the mining industry and a maintenance technician with 14 years

experience in maintaining the Joy 16CM continuous miner. Interviews were largely conducted by

using protocol analysis. The designer reviewed the hydraulic schematics (structural models),

broke the system into circuits and followed the propagation offaults from a component level.

From this information, the structure ofthe knowledge base was laid out. The second expert

reviewed the I-."nowledge gained during the first phase, and both experts played an important role

in validating the formalised coded I-."nowledge base. Mitchell [1991a) states that "rules were

misinterpreted during the transfer ofl,.-nowledge from the domain expert to the knowledge

engineer". and a1so that the "cycle ofgathering knowledge, formalising and coding knowledge and

validating the resuiting knowledge repeats itselfcontinuously as part ofmaintaining the system".

Recent diagnostic work sponsored by the USBM has moved away from consuItation-based

diagnostic decision support systems to diagnostic approaches that require no user input. In 1994.

a sensor-based diagnostic system for the electtica1 control circuit ofJoy 14CM machine was

developed and tested [Kohler et ai. 1994]. The developers examined the use ofknowledge-based

:
ni Gold Hilllnc.. Cambridge. MA, USA.
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systems to assist in troubleshooting the control circuit. but rejeeted consultation-based systems

because "they require the user to make a series ofmanual eleetrica1 measurements during a

consultation" [Kohler and Sonile. 1993]. The system implemented by Kohler and Sonile employs

59 scnsors which measure voltage into and out of critica1 circuit components. and is capable of

identifYing 35 different component failures. An Intel 44/1 Oa micro-controller is used to evaluate a

series oflogic equations using the sensed voltages. and the user is notified of the presence ofa

fauit via a IWO digit error code [Kohler et al. 1994]. ln effeet. the resuiting troubleshooting system

is a sophisticated failure indicator panel which uses software logic in place ofhard-wired logic

(HWL). Whilst the failure indicator approach can be appropriate for e1eetrica1 circuits because of

the relative esse ofimplementing voltage measurements. this type ofapproach is not suited to

hydro-mechanica1 systems because ofthe expense and effort required to installing large numbers

ofsensors and because ofthe reiiability problems associated with a large number ofsensors.

2.1.2 University of Alabama

ln 1989. a rule-based expert system to troubleshoot eieetrica1 faults in a Joy 21C shunle car was

developed by researchers working in the Department ofMineral Engineering at the University of

Alabama [Novak et al, 1989]. The system, ca1Ied SCAR, was initially developed using the Insight

2+3 expert system development tool. The SCAR knowledge base, which consists ofapproximately

600 production rules, was developed using a modei-based approach employing qualitative

reasoning. Knowledge ofthe structure and behaviour ofthe pump. conveyor and traction circuits

were used to construet a 10gica1 simulation ofthe circuits from first principles. Causa1 equations

were derived by considering qualitative finite output states for components such as "high", "low"

and "normal" [see Whitehead & Roach.. 1987].

The SCAR knowledge-based system exhibited a number ofdeficiencies in that potential fàults

were considered in the order that components occurred in a circuit (no priority was given to fàults

on the basis ofprobability), and aude graphie capabilities prevented the presentation of

3

24



DSS Applications - Chapter 2

schematics to the user (patton et al, 1989]. To address the latter deficiency, a second gc:.neration

• system called SCAR.2 was constructed using the MI' expert system development tool. The

original knowledge base ofSCAR contained little or no structure which made changing rules

extremely diflicult. In SCAR.2, the knowledge base was restructured a10ng hierarchicallines by

considering major components as a collection ofminor pans. This a1lowed the knowledge base to

be struetured into 10 distinct modules. In addition, a graphies module written in Microsoft C and

HALO~ was added to MI to display circuit schematies to the user. As the system prompts the

user to perform voltage measurement tests, a wiring diagram indicating the appropriate test point

is presented to the user. In addition, a tutorial and explanation module was added to the system

using the TURBO BASIC language [Novak et al. 1989].

2.1.3 University of Alberta

ln August 1992 the Intelligence Engineering Laboratory ofthe University ofAlberta, Syncrude

Canada Limited and NSERC (National Science and Engineering Research Council ofCanada)

initiated a collaborative research project to develop an Intelligent Maintenance Support System

(!MSS) for condition monitoring and troubleshooting the 190 ton Marathon LeToumeau 1'2000

diesel-electric trucks used by Syncrude [Intelligence Engineering Laboratory, 1993]. On-line

condition monitoring was implemented using 21 analogue and 25 digital signais collected via the

Marathon LeToumeau VSMTM (Vital Signs Monitoring) unit instalIed on each truck. The

prototype IMSS was based on an in-house intelligent hypermedia system caIIed INTEMOR,

which bas an integrated reaI-time event handling module and a knowledge-based reasoning

module and supports SGML (Standard General Markup Language) hypertext documents. A

hybrid approach to tàilure diagnosis was proposed for the system, whereby diagnosis wouId first

proceed using case-based reasoning, and ifthe tàilure database could not find a match for the

symptom set, the fiwIt would be deemed novel and diagnosis would proceed via production rules

based on compiled knowledge. It is not known what procedures were used to construet the

..
TM Tcknowlcdge IDe.. Pa10 AllO, CA. USA.

TM Media ~'bemctic:s 1Ilc.
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diagnostic knowledge-base. however the project was later cancelled when Syncrude Canada

withdrew financial support.

2.1.4 University of Alaska, Fairbanks

Two prototype decision support systems produced by the Department ofMining and geologica\

Engineering at the University ofAlaska. Fairbanks. are DES (Dragline Expert System) and an

expert system to diagnose faults in longwall shearers [Bandopadhyay and Venkatasubramanian.

1990; ibid, 1991]. Both systems \Vere production rule systems written in PROLOG. Augmented

fault trees were used for deriving production rules. Bandopadhyay and Venkatasubramanian

[1991] acknowledge the difficulties inherent in acquiring knowledge, and state that a key

contnèution oftheir work is the establishment ofa framework for failure diagnosis which uses

failure information to back track along fault propagation paths within the system to locate sources

offailure, and then identifies causes at these sources.

2.1.5 Lulea University ofTechnology

PROG!-~OS and DIAGNOS are IWO prototype expert system applications which were developed

by Vagenas [1991] at the Division ofMining Equipment Engineering at Lulei University,

Sweden. PROGNOS is a production rule system for diagnosing faults in the transmission ofToro

SOO LHD models at LKAB's Kiruna Mme, Sweden. It was deve\oped using a development tool

called Ist Class6
, and is capable ofidentitY 96 fau1ts and 102 different repair actions [Vagenas,

1991a]. The knowledge-base for PROGNOS was e1icited mostly ftom mine fau1t reports and ftom

discussions with repair personnel. As knowledge was gathered, rule formalisation became posstèle

and these rules were separated into modules representing the key transmission components or

parts. Vagenas [1991] states that "the vehicle's manual provided limited information".

6
'ni Programs in Motion IDe.. MA. USA.
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DIAGNOS is another production ruIe system which diagnoses faults in the e1ectrical system of

Kiruna 1050 eleetric trucks. Vagenas (1993] describes knowIedge acquisition as the "critical step

in the design process ofan expen system, and lists the major source of knowledge for DIAGNOS

as design documentation provided by Asea Brown Boven (ABB) Drives AB., supplemented by

knowledge elicited from interviews with ABB design specialists and Kiruna maintenance

personnel and I..-nowledge derived from relevanttextbooks. DIAGNOS was implemented using

the 1st Class development tool, and is distnouted by ABB Drives AB. It is interesting to note that

in an earlier report. Vagenas [1991b] e~..amined the application ofcomputational model-based

diagnosis systems and concluded that the development work required for such systems "demands

long term commitment from equipment manufaeturers" and is "a lime consuming and costly task".

2.1.6 Colorado School of Mines

A mine management intelligent decision support system (MMlDSS) has been developed by

researchers at the Colorado School ofMines [Lever, 1993; ibid, 1992; Lever et al, 1991; Lever

1991; Schricker et al, 1988). The system classifies patterns in e1ectrical consumption ofa shuttle

car, and deteets and diagnoses discrepancies. The system was first implemented at Western Fuel

Utah Inc.'s Deserado Mine using an e1ectric shuttle car as a test vehicle [Schricker et al, 1988).

Initial work concentrated on development ofa parsing aIgorithm to fit a linear piece-wise

regression model to the monitored data [Schricker et al, 1988]. Pattern recognition techniques

were applied to identifY the stages ofthe shuttle car duty cycle to enable context sensitive

detedion ofimgularities [Lever et al, 1991). Maclùne learning aIgorithms were developed to

detect significant changes in electrical demand patterns for electrical equipment as compared to

previously recorded patterns [Lever, 1992]. A difference detection aIgorithm was developed to

quantifY the resulting performance differences, and a production rule system implemented using

Knowledge Craft Tools to assist in diagnosing the resu\ting production problems. The production

rules were developed from interviews condueted with mine mm'sers [Lever, 1993).
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2.2 Mining Companies

2.2.1 INCO Limited

A prototype e....llen system was developed by INCa Limited in the late 1980's to assist

mlÙntenance personnel in troubleshooting faults in a Wagner ST-8A Load-Haul-Dump vehicle

[Baiden. 1988]. The Ml rule-based e."pen system shell was selected as the development tool and

an initial estimate of5000 rules was made as to the size ofa complete diagnostic system. That the

development ofsuch a knowledge-base would require many prototype and test stages was

acknowledgej by Baiden who stated that "the knowledge base will evolve over the ne.'\"! five years

being constantly updated and enhanced". A development team consisting ofa project manager.

maintenance e.'\llen and a knowledge engineer was formed to undertake the project. with each

team member having a clearly defined role. To facilitate development, the project was broken

down according to major vehicle subsystems with initial development concentrating on the brake

system ofthe ST-SA. A test system consisting ofSO rules was constructed, however when

Wagner introduced the ST-SB vehicle which has hydraulic wet-disk brakes as opposed to the

older calliper disk brake system on the ST-SA, the project was shelved.

A second expen system application was developed by INCa Limited to assist operators ofan

automated haulage truck [see Baiden. 1992] in determining the cause ofPLC-based error codes.

This system was developed using the ComdaleIX' development too~ and made extensive use of

Comdale's hypertext interface since it was acknowledged !hat; "the user interface is a very

important aspect ofthe expert system. It determines to a \arge extent whether or not the

application will be accepted by the user" [Zakaria, 1994]. Knowledge acquisition for the system

was acknowledged to be difiicult. and u1timately limited the scope ofthe system to serving as a

tool for equipment opera!ors rather!han equipment maintenance personnel.

,
'ni COIlIdaleTccllIlologics I=.Toromo, Canada
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2.2.2 Noranda Ine.

A somewhat different approach to diesel engine diagnosis has been taken by Noranda Inc. The

Mechanic's Stethoscope is a computer-based test instrument devdoped at the Noranda

Technology Centre which is intended for use during regular ....ehicle service periods [Johnson et al.

1994]. The instrument plugs into an on-board sensor which measures the instantaneous rotational

velocity (IRV) ofthe engine crankshaft. Data acquisition and processing is perfonned by a

computer and software f:).1emaI to the machine. Processed data is graphically presented to the

user, allowing the user to interpret combustion irregularities in individual engine cylinders. The

suite ofsoftware includes a hyperte.'\1 maintenance manual to assist the mechanic and a hyperte.'\1

system called CatBase' which enables eIectronic representation ofparts books [Noranda

Technology Centre. 1994].

2.2.3 Ruhrkohle AG•

At RuhrKohle AG. an f:).llert system called INTEX has been developed for the faiIure diagnosis of

longwall shearers. This rule-based system was deveIoped using heuristic compiled knowledge

[Danielczyk.. 1993]. INTEX aIso provides a hypertext faality capable ofsupplying the user with

te.~ images. audio and video clips concerning repair procedures.

2.3 Original Equipment Manufaeturers

2.3.1 CaterpiUar [nc-

As touched upon in Chapter l, Caterpillar have deveIoped a comprehensive on-board monitoring

unit caIled VIMS (VnaI Information Management System) wbich is aIready in production on

CaterpiIlar's Iarger mining shoveIs and trucks. VIMS is a moduIar system that contains a main

• 'TM NO\'3Iog Informatique IDe.. Montréal Canada
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control module. one or more interface modules. an operator display. key pad and application

software to download and display monitored data [Chatham 1995]. The main module

communicates over a high speed data link to data acquisitio.. and control modules. for e.xample

the ECM (engine control module) on a diesellelectric truck. The main module performs alarm

handling based upon critical parameter thresholds and stores data. VIMS a1arm handling pro\;des

three levels ofalarm severity; "be aware", "modify op~ration" and "shut tl,le machine down"

[White, 1995]. Three categories ofdata can be stored;

• e.xception-based data; stores data when an "event" is detected by either a monitored

parameter exceeding a defined limit or a failure code is directly received !Tom an electronic

module.

• recorder data; can be initiated by an event or at the command ofthe operator to record ail

monitored parameters for a period oftime, and

• prognostic data; displays trends, histograms, averages and cumulative values recorded in a

specifictimeframe.

The data collected by VIMS can be telemetered to just about any location. As ofSeptember 1994,

Caterpil1ar Preoria were receiving on-line data via satellite and fibre optics from IWO dozen mining

shove1s in the field, and in one case, were able to predict and prevent a major pump fai1ure one

hour before the operator knew there was a problem [Ferguson, 1994].

However, as mentioned in Chapter 1, VIMS can generate an enormous amount ofdata, which

requires interpretative ski11s to convert into useful information. In recognition ofthis problern,

Caterpil1ar is working on a concept called Advanced Product Services (APS) which will provide

off-board software to trend, and detect anomalies in machine performance. Discrepancy detection

will employa performance mode! ofa machine capable oftaking into account the machine's

working environment and application [Ferguson, 1994]. At this stage, APS will perform symptom

detection only. When a potential or existing problem is detected, the mechanic cao refer to the

Caterpi1lar Service Information System (SIS) which is a set ofcomputer compact dises containing
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the latest service and technical information in multimedia form. SIS includes a set offautt charts

• which a mechanic can use to troubleshoot faults [Scholl, 1995).

2.3.2 Shovel Manufacturers

In addition to CaterpiIlar, other manufaeturers ofcable and hydraulic mining shovels have also

implemented on-board monitoring systems with microprocessor-based diagnostics. Harnischfeger

has introduced an system which continuously monitors for the presence ofeIectrical faults. If

faults are detected. they are displayed to the operator in everyday language so that the operator

need not consult a list of error codes. Appropriate procedures to correct the fault are also

displayed to the operator. The system provides a large data storage capacity, and can be used to

record performance information such as swing angles and limes [White, 1995).

•
Marion Indresco Inc. [1995] has redesigned the electrical control and diagnostic systems ofits

new series III 30lM and 351M shovels. The new SCEPTERTM eIectrics system incorporates fully

digital drive regulators and controls. Microprocessor-based controls enable enhanced diagnostics

capability to be built into each drive motor. Each drive is capable ofreporting 170 different error

types to a master computer. Fault causes and recommended actions are displayed tO the operator

in common language.

Mannesmann-Demag offer an eIectronic monitoring system for their shoveIs calIed the EIectronic

Check System, or ECS system. The system is capable ofmonitoring vital parameters, logging data

and providing decision suppon for equipment troubleshooting via an integrated HELP function. If

an error is detected by the monitoring system, possible causes are displayed to the operator. For

example, ifHELP is invoked for the message "Oil Temperature too high", the following will be

dispIayed; "Check cooler for contamination - Check oilleve1". The most recent version ofECS is

calIed Ecsrr, whîch is capable oftaking over real-lime control functions, cm be prograrnmed on

site via a Iaptop PC and bas a Iarger non-volatile memory to facilitate storage ofservice

instructions [WuIfert, 1994).
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In addition to the three systems mentioned above. Bucyrus-Erie. Liebherr. Hitachi and O&K offer

• diagnostics built around microprocessor-based electronic control systems [White. 1995]. For each

manufacturer. the design rational appears to have been to develop a comprehensive onboard

monitoring system (linked with a microprocessor control system) and to add limited decision

support facilities for fault explanations and recommended action. The percentage of machine

faults able to be detected and diagnosed therefore depends mainly on the diagnostic coverage

provided by these onboard monitoring systems.

2.3.3 Tamrock Loaders (ARA) Oy.

•

The State Technical Research Centre (VTT) Laboratory ofComputer Technology at Oulu.

Finland, are currently in the process ofdeveloping a computer-based fault diagnostic system for

LHD vehicles manufaetured by Tamrock Loaders (ARA) Oy. [TEKES. 1994]. When complete.

the system will utilise sensor-based information &om Tamrock Loaders modular condition and

production monitoring system to analyse machine condition and prompt for tests to be performed

during regular service periods. Fully developed. the system will provide assistance in locating

faults in loaders. The initial projeet was oftwo man-years duration, with knowledge acquisition

being undertaken in conjunction with personnel &om Outol.-umpu Oy. Current projeet status is

unclear. however it was acl.-nowledged upon conclusion ofthe initial projeet in Oetober 1994 that

a continuation was necessary in order to implement solutions into practice [TEKES. 1994].

2.4 Discussion

Three observations can be made in relation to the surveyed decision support system applications.

The first ofthese is that diagnostic decision support systems are weil suited to equipment

subsystems where failure indicator approaches are too costly or intrusive to implement. For

examp1e. electrical systems are well suited to fiulure incEcator diagnostic approaches because of

the ease ofestablishing voltage measurements, but retrofitting sensors to a hydraulic system is a

costlyalternative. Troubleshooting decision support systems are therefore weil suited to hydraulic
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or mechanical subsystems which do not have built-in microprocessor sensing or control

capabilities.

The second observation is that ail of the decision support systems surveyed c:mployed a multistage

prototype and test approach to development, and in almost ail cases manual knowledge

acquisition techniques were used in which a knowledgc: engineer elicited knowledge from one or

more domain expert. The exception to this is the University ofA1abama's SCAR system, which

used a model-based approach to knowledge acquisition. In this approach, structural diagrams

were used to establish qualitative equations regarding subsystem functions. Co.1straint suspension

was then used to simulate faulty behaviour, and components grouped according to system

behaviour to generate sets offault hypotheses. This work is perhaps Il.,, doseS! related to the

work presented in this thesis. In common with the SCAR system, a model-based approach to

knowlcdge acquisition is presented. The major difference in the approach ofthis thesis, however,

is that structural models, rather than computational models are used for hypothesi~ generation.

The development ofnumerical or quali:ative models to simulate equipment behaviour is not

required, however a non-relational form ofqualitative reasoning is used to discriminate between

hypotheses in the form offault likelihoods.

The third observation is that, for each diagnostic decision support system reviewed in this chapter,

little information is published regarding operational exl'erience. Most published articles deal

exclusively with DSS development, and the reader is left wondering about the relative success in

impleme!lting and maintaining the systems. The need to refine and upgrade the knowledge base of

a DSS is an important consideration in the life cycle ofa DSS, and one that should be budgeted

prior to commencing a project (see chapter7).
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3. Model-Based Diagnosis

In 1983 a seminal expert systems le:l."tbook stated that; "uncovering the underlying model of the

process used to generate solutions in the domain can be an important step in fonnalising

knowledge. The types one can look for include both behavioural and mathematical models. If the

expert uses a simplistic behavioural model when reasoning or justifYing reasoning, analysing it

may yield numerous important concepts and relations. Ifthere is a mathematical (numerical or

statistical) model underlying part ofthe conceptual structure, it may provide enough additiona1

problem solving infonnation to be included directly into the expert system. Or it may serve merely

to justifY the consistency ofcausal relationships in the expert system's knowledge base"

[Hayes-Roth, Watennan, Lenat, 1983].

The tenn "model-based diagnosis" is one which is widespread in knowledge-based system

Iiterature, but one which also gives rise to considerable confusion due to its 1ack ofspecificity.

• Confusion arises because there are ma!lY different types ofmodels. Models can be use<! at

different stages ofthe diagnosis process, and may be embedded within or used externally trom a

DSS. This chapter distinguishes how different model types, especially structural models, effect

diagnosis. A generic model ofdiab'T10sis is introduced and shown to be applicable to the diagnosis

ofsystems modelled at successively finer hierarchicallevels ofabstraction.

3.1 Logic-Based Diagnosis

Diagnosis can be divided into two dominant paradigms; logic-based and probabilistic-based

apliroaches. In the logic-based paradigm, diagnostic knowledge is typically represented as a

first-order theory ofoperation for the system being diagnosed, and the diagnosis task is to find the

set ofdiagnoses which are logically possible given the symptoms. In the probabilistic approach,

knowledge is typically represented as a set ofassociations between disorders and their syrnptoms,

with the task being to find the set ofdisorders which is most Iikely given the syrnptoms
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[Hamscher. 1991]. Probabilistic approaches are more prevalent in medical diagnosis. since iIl

• people can have multiple interacting disorders. syrnptoms are not definitively associated with a

particular disorder and there is often considerable uncertainty about whether a syrnptom is present

or not (Bobrow, 1994]. Logic-based approaches are more common in mechanism diagnosis. since

first-order models are more readily derived for mechanical devices.
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Figure 3.1 Knowledge-Based Approches to Diagnosis

Figure 3.1 iIlustrates the major knowledge-based diagnostic approaches and shows how they

relate to the two dominant paradigms. Logic-based diagnosis includes model-based approaches

and production rule approaches based on compiled knowledge (direct S"jmptom-fault association).

As mentioned in Chapter 1, model-based diagnosis cao be subdivided into computational models

and causal models (cause-effeet chains). In tom, the computational modelling approach cao be

split into structural reasoning, numerical simulation [see for example Patton et al, 1989] and

qualitative simulation [see for example Forbus, 1984; Kuipers, 1984). On the right band side of

the figure, probabilistic reasoning cao be partitioned into two distinct approaches; beliefnetworks

[see for example Pearl, 1986] and experiential or learning approaches. Beliefnetworks primvi1y

provide a mechanism for focusing searches in fault hierarchies in the presence ofuncertainty.

Three navigation techniques which are commonly employed are; Bayesian approaches,

Dempster-Shafer belieffunctions and. more recently, fuzzy logic approaches. Experiential

approaches embrace the domain ofmachine leaming. An area ofgrowing importance in
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commercial diagnostic decision support systems is case·based reasoning. wlùch is the ability to

• reason based on past experience [Kolodner. 1993; Pauley. 1994; Abu-Hakir.la. 1994].

3.2 T2Sk Decomposition

Additional
Observation

''\li ~
H)llOlhesis

Hypolhesis
Hypothesis

Oiagnosis

Geneflltion Oiscriminatton

Normality
Observation

Abnormality
Observation

Symplom
Del.clion

Inrtial
Observation

Figure 3.2; Generic Task Decomposition of Diagnosis [Benjamins and Jansweijer, 1994]

•
Diagnosis is the problem of trying to find out what is wrong with a system based on knowledge

about the design/structure ofthe system, possible ma1functions that cao occur in the system and

observations made ofthe behaviour ofthe system [poole, 1989). Figure 3.2 ilIustrates a genenc

decomposition ofdiagnosis as postulated by Benjamins and Jansweijer [1994). Diagnosis is

viewed as three distinct processes;

• Symptom detection; finding out whether a complaint is in fact a symptom (an observation

that deviates from ils expeetation)

• Hypothesis generation; generating possible causes based on the symptoms and the initial

observations, and

• Hypothesis discriminatioc; using additional observations to discriminate among generated

hypotheses.

Additional observations are treated separately from initial observations, since these observations

are often the cost determining factor in practical diagnosis.
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3.2.1 Hierarchical Abstractions

Two factors are frequently cited as being important performance indicators for diagnostic decision

support systems; coverage and resolution. A decision support system has coverage if it detects all

the faults that could occur in a device. Resolution is the specificity with which the system can

identii)' the parts that could be responsible when a fault is detected [Hamscher, 1983]. Models can

be chosen which represent systems at different levels ofabstnction, and resolution is affected by

the resulting grain size of each mode!. It has long been recognised that hierarchical system

abstractions car. be employed to speed up knowledge-based diagnosis by effectively promng

diagnostic decision trees (Brown, 1976]. In 1984, IBM demonstrated that hierarchical diagnosis is

more efficient by providing a comparison ofcomputation costs for hierarchical and

non-hierarchical diagnosis [Geneserelh, 1984].

L -,~~_~ -7 Sys~ Lavel

/,.';..~~~~-~/ ~-''""
- , "' .

.. ' - '0.

..... .. e;,. •
.•.•.• _ Feult Causes ". Causal Levet.... ..... ...•

Figure 3.3 Hierarthical Failure Diagnosis

Figure 3.3 iIlustrates how hierarchical diagnosis works. The diagr:un illustrates a three-level

diagnosis process, but, in practice, diagnosis ofcomplex machines may require more levels of

abstraction. When a malfunction is observed in a device, the fiulure is first isolated to a suspect

sub-system. Diagnosis then moves down to the component Ievel, where components ofthat

subsystem are eonsidered. Having isolated the fai1ure to a specifie component, the causes ofthe

component fiulure are considered at the 10wesl level ofabstraction, the causallevel.
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The generic task model outlined in Figure 3.2 is an imponant one because it can be iteratively

• applied at the different levels of system abstraction. For instance. in newer modellong-hole drills.

e1ectrical control systems have replaced hydraulic pilot control systems. If. for e.'(ample. a fault

was observed in the drill feed mechanism ofa newer model drill having electric-over-hydraulic

controls, diagnosis would proceed by first isolating the failure to either the electrica1 or hydraulic

system. Applying the diagnosis task model. a mechanic would. for example. formulate a

hypothesis that one or other ofthe sub-systems was at fault and then additional observations

would be added to confirm or e1iminate the hypothesis. Ifthe hypothesis was confirmed. the

mechanic would begin the diagnosis process over again at a lower level of the sub-system in

question, probably the component level. Ifthe hypothesis proved false. diagnosis would switch to

the component leve1 ofthe alternative sub-system.

3.3 Symptom Detection

• The first tas!; in diagnosis is to classify the behaviour ofa machine as either normal or abnormal.

Symptom deIection consists ofmaking aetual observations ofmachine behaviour during operation

and comparing these with expected behaviour in order to detect discrepancies representative of

faults.

3.3.1 System Observations

V

U1_sY_s_te_m_~ y

Figure 3.4 System Inputs and Outputs

[~]

)

Figure 3.5 Normality Space in N Dimensions
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Knighls and Daneshmend (1995) define observations as follows. Figure 3.4 illustrates a simple

block representation ofa system \\ilhout feedback [see Isermann. 1989). The veetor U represents

inputs to the system and Y represenls measurable outputs (mechanical and electrical systems are

commonly designed to fulfil more than one function. and consequently more than one output must

be monitored for behavioural discrepancy). V represents disturbances introduceâ to the system

ITom the machine's working environment. These d:sturbance influences result ITom a multitude of

factors, including changes in geological propenies, rock hardness. and blast design. Sorne ofthese

factors are unmeasurable in practice, but may be qualitatively observable. Ifadequate information

is available regarding the environment V. context sensitive comparison between actual and

expeeted behaviour becomes possible. An observation vector can be defined which incorporates

observations of U. V and Y together with their respective rime derivatives. A region ofnormal

expeeted be.iaviour can be represented in N-dimensional space as in Figure 3.5. The boundaries

ofthis region ofnormal beha...iour will change according to the duty cycle ofthe machine. !fan

observation veetor should fall outside ofthis normality space, the system's behaviour is considered

faulty. These abnormality observations can be classified as failure modes according to the

magnitude and direction ofthe deviation ofthe observation veetor from the normality space

envelope. An observation therefor consists ofa set of;

{ {input actions or conditions}. {output measurernents} }.

Output behaviour may either be measured quantitatively by sensors (as in the case ofon-line

monitoring systems) or qualitatively by humans.

3.3.2 Generating Expected Values

Generating expeeted values for machine performance can be achieved by a number ofmeans. The

first is the qualitative ::~sessll1ent ofmachine behaviour basecI on operator experience (compiled

knowledge). WhiIst this form ofcxpectation generation provides a measure ofcontext sensitivity,

sorne disturbance influences may not be directly quantifiable by an operator. The second form of
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e:l:pectation generation is ~;a a look-up table. This is used. for example. during maintenance

• se~;cing procedures such as staIl testing diesel engines.

Actual __..~.. Observe<! '\ ( PredICle<! Computlliionai
oevlCe BellavlOur t Bellaviour - Mode!

Comparator

Figure 3.6 Model-based Symptom Detection (Davis and Hamsc:her. 1990)

The third means ofgenerating e.'\"jlec:ted behaviour is via computational models capable of

simulating machine behaviour (see Figure 3.6). Simulation using functional computational models

are perhaps the MOst classical use ofmodels in diagnosis. However. these models are difficult to

develop for mobile mining equipment, since machine environmental parameters are constantly

changing and machine-ground interaction is not fully understood and difficult to model.

3.3.3 Comparing Actual and Expected Values

Comparing the expected value ofa behavioural parameter with an observed value cao be

performed by a number ofmethods. These are [Benjamins and Jansweijer. 1994];

• Exact comparison; where the observation and expec:tation are directly compared,

• Threshold comparison; where the observation is compared to an alarm thresbold. The

severity ofan alarm can be measured by how much the thresbold bas been traversed.

Trending tec:hniques, such as curve fitting and moving averages and rate-of-ebange can be

used to predict when alarm thresbolds will be crossed.
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• Order-of-magnitude comparison; where the expectations and observations which differ but

are in the same order of magnitude are considered equal,

• Historical comparison; where the observation is compared to historical data. Doyle [1995]

provides a variation of this called the deviation measure which compares current

discrepancy values to previously recorded discrepancy values to pro\ide a measure ofalarm

severity.

• Teleological comparison; provides context sensitive alarm handling by taking into account

the duty cycle ofa machine when an observation is made.

• Statistical comparison; where the e.~ectation is ell.-pressed in the form ofstatistical

information (such as a normal distribution) before comparing it with the observation

3.4 Hypothesis Generation

The hypothesis generation task produces a set ofsuspect entities (sub-systems, components or

component failure modes), each ofwhich. iffaulty, would elI."jllain all initial observations. This

resulting set is k"llown as the hypothesis sel. There are !Wo basic methods for generating

hypothesis sets; compiled and model-based methods [Benjamins and Jansweijer, 1994].

3.4.1 Compiled Methods

The compiled method e.'qlloits direct relationships between syrnptoms and causes. Compiled

methods are often used in domains such as rnedical diagnosis where failure mecbanisrns are not

fully understood. Probabilistic filtering techniques are frequently used with compiled knowledge

systems to generate and rank entities within hypothesis sets.

41



•

•

•

Model-Based Diall.nosis - Chapter 3

3.4.2 Model-Based Metbods

Model-based hypothesis generation methods e.xploit structural. computational or causal models of

the system under diagnosis. Hypothesis sets are generated by;

• finding sets ofmode! entities which cOlltribure to an abnormality observation.

• transforming these contributor sets into a hypothesis set. and

• using prediction-based filtering to discard entities !Tom the hypothesis set ifthey are

inconsistent with the initial observations [Benjamins and Jansweijer. 1994].

3.4.3 Contributor Sets

A contributor set is a set ofentities at least one ofwhich. iffaulty, would e.'lliain an abnormality

observation made a single system output independent of the behaviour ofother system outputs.

Contnoutor sets have also been called "confliets" [de Kleer and Williams, 1987] and "conflict

sets" [Reiter, 1987]. Finding these contnoutor sets can be achieved by a number ofmethods;

traee-back. causal cover or prediction-based simulation [Benjamins and Jansweijer, 1994].

Traee-back finds the contnoutors by tracing back from the affected output to the system inputs

a10ng paths ofinformation flow between entities. In a structural mode\, these paths are the

connections (e!eetrical wiring or hydraulic pipes) between components. However, traee-back

commonly relies on the assumption that faults propagate in the direction ofinformation flow

between entities [Hamscher 1983; Milne, 1987; Payne and MacArthur 1990]. As Chapter 4 will

show, this is not always the case.

The causal cover method ofgenerating contnoutor sets operates on causal models. It is based on

including within the hypothesis set ail ofthose entities represented by bra:lches in me cause-effeet

diagram associated with an observed syrnptom.
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Prediction-based simulation systematically uses numerical, qualitative or logical models to

simulate and suggest possible faulty entities. Agood example oflogic-based simulation is the

General Diagnostic Engine (GDE), introduced by de K1eer and Williams (1987]. GDE provides a

systematic means ofgenerating contributor sets by considering mathematical combinations of the

components making up a device, assuming that these components are healthy (the assumption

set), simulating device output behaviour and comparing it with actual observed behaviour. Where

a discrepancy results. the set ofcomponents in the assumption set are concluded to be a

contributor set. In order to generate minimal contributor sets (sets in which no subset is itselfa

contributor set). GDE begins by considering only the minimum number ofcomponents necessary

to generate an output rtSponse. GDE exploits an assumption·based truth maintenance (ATMS)

reasoning process [de Kleer, 1986] to keep track ofthe assumptions as weil as truth values.

However. ATMS uses a breadth first manner ofincrementing its search [Stanojevic et aI. 1994]

which makes it computationally e.'\llensive and difficult to scale up to diagnostic problems

involving large numbers ofcomponents.

3.4.4 Nonnality Sets

A normality set is a set ofentities ail ofwhich must be functioning normally in order to e.xplain

normal. or e.'\-pected behaviour observed at a single system output considered independently of

other system outputs. Normality sets have aise been called corroborative sets, tirst introduced in

the e.xpert systems LOCAL [de K1eer. 1976] and SOPHIE [Brown et aI. 1976}. NonnaIity sets

are sub-sets ofthe contnèutor sets associated with system outputs. NormaIity sets can be used in

the hypothesis generation process to yield extra discriminatory power. This was observed by

Milne [1987] who stated that sets ofentities in "good" paths (normaIity sets) can beused to

eliminate entities in "bad" paths (contnèutor sets). Work by Poole (1989) and Console and

Torasse (1990) also examines the use ofnormaIity observations to augment hypothesis

generation.
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3.4.5 H)"pothesis Sets

Hypothesis sets can be established from the contributor and normality sets developed for each

system output. A hypothesis set contains component sub-sets. each ofwhich. iffaulty. would

explain overa11 system behaviour. Overall system behaviour consists ofa combination ofnormality

and fault observations as observed at ail system outputs. Dependent on whether single or multiple

faults are suspected within a mechanism. !wo hypothesis generation methods can be employed; set

intersection and set covering [Benjamins and Jansweijer. 1994]. ln the set intersection method.

contributor sets associated with faulty outputs are intersected to obtain an intersection set. A

hypothesis set is obtained from the intersection set by eliminating those components common to

the normality sets associated ;vith the healthy outputs.

ln the set-covering method, tirst introduced by Reggia. Nau and Wang [1983], the hypothesis set

consists ofa set ofcomponent sub-sets. cal1ed cover sets. Each cover set has a non-zero

intersection with each ofthe contributor sets associated with the system's faulty outputs. Each

cover set therefor "covers". or o."Plains ail ofthe system fault observations. Cover sets are

important in the diagnosis ofsystems in whic.'t multiple simultaneous faults are suspccted. The set

covering method was formalised by Reiter [1987] who introduced a logic-based algorithm to

generate cover sets, or "hitting" sets, by considering contnllutor sets only. A set-covering method

which incorporates normality observations is presented in Chapter 4

3.4.6 Hypothesis Filtering

Predietion-based filtering is employed by sorne knowledge-based diagnostic systems and omitted

from others. Predietion-based filtering is Dot il means ofdiscriminating between hypotheses, but

rather a means offilteriDg inconsistent hypotheses out ofthe hypothesis set. Three techniques

which can be employed 10 tilter hypothesis are; constraint suspension, corroboration, and fault

simulation [Benjamins and Jansweijer. 1994]. Constraint suspension was first introduced by Davis

[1984], and involves relaxing the inference and simulation cor.straints imposed on the funetional
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simulation ofa hypothesis set entity in order to confirm that the simulated model behaves

according to the initial fault observations. Corroboration applies the idea that if a measured value

matches a predicted value at a particular point in a network. then the component responsible for

the measurcd behaviour must be innocent and can be discarded from the hypothesis set [Davis and

Hamscher. 1990). Faul! simulation models the hypothesised fault in a device and simulates device

behaviour to checks for discrepancies between observed faulty behaviour and predieted faulty

behaviour.

3.5 Hypothesis Discrimination

The hYPQthesis discrimination task involves adding additional observations to the diagnostic

process in order to eIiminate candidates from the hypoth~is set and isolate the cause (or causes)

ofa failure. The discrimination task consists ofthree sub-tasks; hypothesis selection, testing and

updating the hypothesis set.

3.5.1 Hypothesis Selection

Additional observations are added to the diagnosis process via physically testing a system. The

order in which hypothesis set entities are selected and tested can guided either by random

selection techniques or by consideration ofthe cost oftesting each hypothesis. Costs can be

established using a number ofcriteria, including a priori probabilities or the expected number of

tests necessary to isolate the fault with sufficient resolution.

3.5.2 Testing Techniques

Testing hypotheses can be achieved by one OffOUT metbods; compiled tests, probes, manipulation

or replacement ofcomponents [Benjamins and Jansweijer. 1994]. Compiled tests utilise

knowledge which is laid down as test procedures. Probes involve the use oftest instrumentation
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to taking additional measurements of the beha\;our of a de\;ce. In mobile mining machine!)' this

• can expensive. since certain components can be difficult to access and inspect (for example. the

rollers in a dragline s\\;ng assembly). The additional observations resulting from probing must

again be compared \\;th expected results for discrepancies. Again. computational models can be

used to simulate these e.'i:pected results. Recently. the attention of researchers has turned towards

devising optimal probing strategies \\;th the realisation that probing costs limit the practical

application of knowledge-based systems (see de Kleer and Raiman. 1995].

Manipulation methods force the inputs ofa system to known values and determine system

outputs. The vector combination of inputs necessary to test a particular sub-system or component

must be known in advance for manipulation methods to be effective. Such techniques are

commonly employed in. for e.'i:ample, computer self-diagnostics. Replacement testing methods

work by replacing suspect components (or sometimes subsystems) in order to test hypotheses. In

such a way, replacement tests not only isolate failures, but also effect repairs. However,

replacement testing should be used with caution since considerable e.'''pense can arise if faulty

components are not corrected tirst time around.

3.5.3 Updating the Hypothesis Set

As the results ofadditional testing become I..-nown, the hypothesis set must be updated by

e!iminating entities proved to be funetioning normally and retaining those entities still considered

suspect. Dependent on the type ofthe test employed, updating the hypothesis set can be achieved

either by eliminating single, isolated entities or by using a divide-and-conquer approach to split the

hypothesis set into sets ofentities known to be normal and entities still considened suspect.

Dependent on the nature ofthe diagnostic domain and the a priori probability offailure ofeach of

the hypothesis set entities, tests designed to divide-and-conquer can be the more efficient

alternative. The selection ofdivide-and-conquer tests can be significantly guided by the use ofa

structural mode! ofthe system under diagnosis. Ifa suitable computational mode! ofthe system

exists, an alternative means ofupdating the hypothesis set is to use the mode!-based hypothesis
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generation process again. but trns time incorporating the additional as weil as the initial

• observations.

3.6 Summary

•

This chapter has introduced a generic model of diagnosis which can be iteratively applied on

hierarchical models representing a system at successively finer levels ofabstraction. Diagnosis is

viewed as a three stage process, comprising symptom detection, hypothesis generation and

hypothesis discrimination. Structural models can be usefully employed both during the hypothesis

generation and hypothesis discrimination processes. Contnbutor sets contain at least one entity

which iffaulty would explain an anomaly observation made at a single system output. Hypothesis

sets contain at least one entity wrnch, iffaulty would expIain behavioural observations made at ail

~"Ystem outputs. Trace-back is a commonly empIoyed technique to generate contributor sets, but

relies on the assumption that fauIts always propagate in the direction ofinformation flow. Many

open research questions existed surrounded the modelling process, including problems related to

scaling up model-based techniques to cope with reaI worId problems, problems with choosing an

appropriate level ofmodel abstraction, and problems which oceur when a fault effects the

underlying structure ofa mechanism [Davis and Hamscher, 1990).
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• 4. Hypothesis Generation Theory

This chapter presents an appro<lch to deterministically generating hypothesis sets from structural

models ofequipment sub-systems. Hypothesis generation is considered for the cases where both

single faults a:1d multiple simu!:aneous faults are assumed present in a system. Following from the

previous chapter, the methodology can be summarised as follows;

1. construct a structural model of the system under investigation.

2. identi!)' the contributor sets and normality sets associated with each system output.

3. use either set-intersection (single fault diagnosis) or set-covering (multiple fault diagnosis)

to operate on these contributor and normality sets.

•

•

Tlùs chapter makes a number ofnovel contributions, including significant modifications to the

conventional trace-back mcthod ofgenerating contributor and normality sets [Milne, 1987;

Hamscher and Davis, 1990] and the introduction ofnormality sets to the set-covering approach

for generating multiple fuult diagnoses. A structural model ofa hypothetical hydraulic circuit is

introduced in order to C>..-plain and demonstrate the principles developed. Real-worid examples of

the application ofthe theory are presented in the chapter 5.

4.1 Constructing Structural Models

The sub-systems ofmobile mining equipment are typically e1eetro-mechanical in nature. In

constructing a structural model ofan eleetro-mechanical system., the following points must be

identified;

• location ofthe system's boundaries

• system inputs and outputs

• an appropriate level ofsystem abstraction
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• major system components (including function, type and attributes) and

• relationships between components (physical structure plus interconnections)

Engineering systems can be thought of as a series of processes which successively operate on

inputs oîresources which include material, energy, labour, capital and information. Each process

transforms its inputs to useful output products. A sequence of such transformations can be

thought ofas a process flow. ln electro-mechanical systems, process flows are either fluids

(hydraulic oil, cooling water, fuel or combustion air) or energy (thermal, e\ectrical, chemical,

potential or kinetic energy).

4.1.1 System Boundaries

Boundaries are necessary in order to confine the analysis ofa system. In general, system

boundaries are determined by one oftwo means; by function type or by common process fJow. An

example of the firS! is a vehicle fire suppression system which is designed to perform a single

function. namely e~..tinguish fires. An example ofthe second is the hydraulic system ofa mining

shove\ which is designed to perform multiple functions such as boom-up. bucket-dump, propel

and brake, aIl ofwhich are powered by flow ofhydraulic oil.

4.1.2 System Inputs and Outputs

Once the boundaries ofa system have been established, the inputs and outputs ofthe system can

be determined. o..1ernal system inputs and outputs cross the system boundary. ExternaI system

inputs can he categorised as either command signais or consumables (such as power supply or

combustion air). o..1ernal system outputs include the main funetional OUtp~lts, and sensor-based

outputs for control, alarm and status indicating purposes. InternaI system inputs and outputs do

not cross the system boundary and usually represent feedback loops which have been "broken" in

order to simplifY the block representation ofa system's structure.
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Sensor Command Command
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Figure 4.1 Sample Hydraulic System Structural Model

For example, consider the hypothetical hydraulic system illustrated in Figure 4.1. The system is

made up ofseven LRU's (Ieast repairable units), each represented by a block. Unit 1 is a hydraulic

power-pack which represents the supply source ofthe process medium, namely hydraulic f1uid.

Unit 2 is a charge valve which charges unit 3 in preference to unit 6. Unit 3 is a f10w divider

which divides supply f10w equally between units 4 and S, which are integral valve and aetuator

units. Unit 6 is a pressure reducing valve which provides low pressure f10w to unit 7, a low

pressure circuit. The system has two external inputs and three external outputs. Return Iincs to the

hydraulic power pack are represented by internai outputs at units 4, S, 6 and 7 and an internai

input at unit 1.

4.1.3 Leve) of Abstraction

In developing a structural mode\, it is important to select an appropriate level ofrepresentational

abstraction. For example, the pipe and hose connections between units are not represented as

physical components in Figure 4.1. Hypothesis generation based on the mode! would not inc\ude

those faults due to hose or pipe failures. Extra blocks could be inc\uded between functional units
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to represent hose and pipe connections, but the mode! would become more complex. In effect, the

• choicp. has been made here to consider connection failures at a lower leveI ofhierarchical

abstraction (see Chapter 3). Choosing the right leveI ofabstraction is a compromise between the

need to bound the analytical complexity of the mode! and the diagnostic coverage provided by the

resuIting hypothesis sets.

This trade-offbetween complexity and coverage is a key issue in model-based diagnosis. In facto

Davis and Hamscher [1990] comment that "model-based reasoning is ooly as good as the model".

As in any form ofanalysis. the mode! developer needs to make simplilYing assumptions about a

system. Davis and Hamscher suggest that every model is itself defined by a unique set of

assumptions, and that simply changing the order in which we apply assumptions can result in

different models. The most appropriate model for a task could then be se!eeted from a farnily of

possible models. However this would be a rather exhaustive process. For practical purposes the

leve! ofabstraction ofa model should not exceed that ofthe It:ast repairable unit.

• 4.2 Modified Trace-Back Analysi!.

Once the structural model for a system has been established. contributor sets can be generated by

trace-back analysis. Conventional trace-back diagnosis operates by considering the process f10w

paths leading to a faulty output and. commencing at that output, sequentially examining upstrearn

neighbouring components for failures. However, as this section will show, there are a number of

practical problems with using the conventional trace-back approach to generate contributor and

normality sets.

4.2.1 Paths of Causal Interaction

The firs! problem with trace-back is that it assumes that faults propagate along the sarne paths as

the process medium. In other words. it assumes that f10w paths in a struetural mode! determine

the pathways ofcausal interaction. Whilst this can be a usefuI first leve! approach to diagnosis, in
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physical system there are often other pathways of interaction at work. For example. consider

• problems caused by excessive heat transfer between components or systems. Electromagnetic

radiation is another possible pathway. It has been suggested that different pathways of interaction

could be used to define different kinds ofmodels which can then be layered to provide a sequence

of successively more complex views [Da\is, 1984]. Other than acknowledging this shortcoming.

this thesis does not provide a deterministic solution to this problem. One approach (as used in

chapter 6) is to follow structural mode! evaluation by a period ofmanual knowledge acquisition to

elicit heuristic knowledge regarding other possible pathways of causal interaction.

4.2.2 Principal Flow Paths

•

Prior to outlining other inadequacies ofthe conventional trace-back procedure, il is necessary to

define sorne lerms rclating to f10w paths. The first ofthese is the principal flow path. Each

functional output in a system has a principal flow path. This is the path ofprimary power

transmission to the output. For example, in Figure 4.1. the principal flow path to output 1 is the

path connecting units 1,2,3 and 4. The principal flow path to output 3 is that connecting l, 2, 6

and 7.

4.2.3 Flow Convergence

Black

Figure 4.2 CODverging Flow Lines

Figure 4.2 shows a condition where two or more a process flow paths merge. Two types offlow

convergence are possible; fan-in [Hamscher, 1983], where flow from each input is permitted to
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merge, and selector-in. where process flow is switched between input paths. If a flow

convergence is of a selector-in type and the system failure was observed to occur when a

particular flow path was selected. trace-back should proceed along that path only. Where the

selector position is unknown or the convergence is offan·in type, trace-back should proceed

down all merging flow Iines.

4.2.4 Flow Divergence

Block

•
Figure 4.3 Diverging Flow Lines

Figure 4.3 shows a condition where a flow path divides to follow two or more output branches.

Two type offlow divergence are possible; fan·out [Hamscher, 1983], where flow is continuously

distributed amongst all ofthe cutput paths, and seleaor-out, where flow is switched between one

or more ofthe output paths. According to the conventional trace-back process as described by

Milne [1987] and Hamscher [1983], when a diverging flow path is encountered during trace-back

analysis, components on non-principal diverging flows line are exc\uded from the resulting

contributor set; only components on the principal flow path are inc\uded within the contnbutor

set. However, there exist two conditions when this does not hold true; in the presence ofcoupled

flow paths and for sensors installed at intermediate locations alORg a flow path.

4.2.5 CoupIed Flow Paths

Diverging flow paths cao be considered "coupled" when a companent faiIure on a diverging

branch would cause the functional failure ofa companent on an opposite branch before causing
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the malfunction ofa component in the common root supply path. In other words. the path of

causal interaction is from branch-:o-branch. rather than from branch-to-root.

For example. consider the hydraulic circuit ofFigure 4.1. Diverging flow lines occur at units 2 and

3. The branching flow lines at unit 2 will be considered lirst. Unit 2 is a charge valve which. if

pressure fulls below a certain threshold in the circuit comprising units 3. 4 and 5. will de!iver oil to

unit 3 in preference to unit 6. In delermining the path of causal action ofa failure in a flow line. it

is useful to consider two e.'Clremes; flow line breakage or blockage. Ifa blockage occurred in the

upper branch circuit comprising 3. 4 and 5. oil would continue to flow to the lower branch units 6

and 7. Ifa break (or leak) occurred in the same upper branch circuit, the charge valve at unit 2

may be "stuck" servicing unit 3. Thus a failure observed at output 3 can be caused by a failure of

units 3, 4 or 5 in the upper branch circuit. In this case, the upper branch is coupled to the lower

branch. This is denoted in Figure 4.1 by the small semi-circular arrow in the junction ofthe two

branches. Note that the arrow is unidirectional. This is because the flow lines are not coupled for

the inverse analysis case. A blockage or break in the lower branch will not direetly effeet the

functional performance ofcomponents i:l the upper branch circuit. It will direetly effett the

functional performance ofcomponents in the root path (units 1 and 2).

Directing attention to the other example ofbranched flow lines in Figure 4.1, unit 3 is a flow

divider which divides supply tlow equally between units 4 and 5.Ifa leak occurs in unit 4, it will

not affect f10w to unit 5 (and vice-versa). Similarly, a blockage in unit 4 will not affect the

performance ofthe unit 5 (and vice-versa) since excess oil would simply be vented through a

re1iefvalve to unit 1 (the hydraulic tank). Therefore, the branched Iines stemming from unit 3 are

not coupled.

ln effect, identifYing coupled f10w Iines makes use offunctional knowledge in the context ofa

structural mode!. Knowledge about the causal paths ofinteraction following a faiJure must be

used to determine coupled tlow Iines. Conventional trace-back cannot be used with coupled flow

Iines, as components on the coupled tlow path must be inc1uded within the resulting contributor

set by the use of "trace-forward" ana1ysis.
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4.2.6 Intermediate Sensors

There is yet another case where trace-forward must be employed. This is in the case where a

sensor output is placed on an intermediate section ofa flow line. For example, in Figure 4.4 there

is one sensor output which measures a flow variable, in this case, pressure. Ifthe gauge read low

pressure, it would be indicative ofleakage somewhere a10ng the principal flow lines to outputs 1

and 2. Thus components {l, 2, 3, 4, S} would make up the contributor set. If, on the other hand,

high pressure was recorded at the gauge, it would indicate a blockage in the f10w lines conneeting

components {3, 4, S}. Trace-forward analysis has been used to generate contributor sets for both

of the above scenarios. However, each scenario represents a failure mode for the sensor output.

In the theory that follows, a binary health variable is considered for each output; normal (e~"pected

observation) or faulty (anomaly observation). The contributor set for the case ofa fault reading at

the pressure gauge is the union ofthe (WO contributor sets generated for each fault mode, namely

{l, 2, 3,4, S}. In principle, an analyst may choose to preserve information by establishing

contributor sets for each fault mode. This would necessitate the generation ofseparate hypothesis

sets for each failure mode. However, greater diagnostic resolution might be attained through

reducing the cardinality ofat least one ofthe resulting hypothesis sets. The same reasoning holds

true for measurements ofvariables such as f10w rate or temperature.

4.2.7 Low Power Subsystems

In the diagnosis procedure described by Milne [1987], trace-back is used to generate both

contnbutor sets and normality sets. The set-intersection method is then applied to produce

hypothesis sets. However, using trace-back to establish normality sets can be erroneous due to the

poSSIble presenr;e of components which significanùy reduce power within a system. Dependent

upon the procc:>s f10w medium. power may be measured as (pressure x f10w rate), or

(torque x speed). For example, in Figure 4.1 unit 6 is a pressure reducing valve which vents high

pressure flow to the hydraulic tank. Unit 7 therefore makes up a low power subsystem ofthe

circuit. Ifwe were to observe output 3 to be behaving according to expectation, it is pOSSIble to
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conclude that unit 7 is healthy. but we can conclude nothing regarding the health ofcomponents

on the high power side of the principal flow path (units 1.2 and 6). This is because units 1.2 or 3

may fail due to a partial blockage or leak. yet still deliver sufficient low pressure flow to unit 7 for

output 3 to function nonnally. Regions oflow power need to be identified in structural models.

and when generating nonnality sets. trace-back should terminate at components that significantly

reduce power.

4.3 Hypothesis Sets

The above discussion has addressed several inadequacies ofthe traditional trace-back analysis

procedure. It is now instructive to illustrate how to practically apply the principles developed to

generate hypothesis sets from the hypothetical circuit ofFigure 4.1.

4.3.1 Contributor Sets

Outpu" Contnbutor Set

Output 1 (1.2.3.4)

Output 2 (1.2.3.5)

OulpUt3 (1.2. 3. 4. 5. 6. 7)

Table 4.1 Contributor Sets for the Sample Bydraulic Circuit

Contnoutor sets are generated by considering observed faulty behaviour at each output in tum

independently ofthe behaviour ofthe remaining outputs. The contnoutor sets associated with

outputs 1 and 2 are generated by considering those components on the principal flow path ofeach

output. The contnoutor set for output 3 must inc1ude units 3, 4 and 5 because ofthe

unidirectional coupling offlow lines at the branch foUowing unit 2.
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4.3.2 Normality Sets

Oulput " Nonnaliry Set

Oulpu! 1 (I.~. J. 4)

Oulput ~ {l.2.J,S)

Oulput J t7}

Table 4.2 Nonnality Sets for the Sample Hydraulic: Circuit

Likewise, nonnality sets are generated by considering nonnal behaviour observed at each output

independently ofthe behaviour of the remaining outputs. The nonnality sets associated with

outputs 1 and 2 consist ofthe entities on each ofthe principal flow paths to the outputs. Because

e\ement 6 is a power reducing valve, the nonnality set for output 3 consists ofunit 7 only.

4.3.3 Single Fault Diagnosis: Set Intersection

Hypothesis set generation proc:eeds by considering combinations ofobserved output behaviour.

Since the observed behaviour ofeach output is c\assified acc:ording to a binary health status

(healthy or faulty). the number ofpossible fauit combinations, NPFC. is given by;

NPFC=2"-1

where n = no. ofsystem outputs.

equation (4.1)

•

In praetice not ail ofthese fault combinations may be realisable because ofinterdependencies

between outputs (under the assumption ofa single fauit occurring in the system, it may be

impossible for a certain combination ofoutputs to be fauIty without entai1ing that ail outputs be

fauIty). For single fauIt diagnosis, the procedure for generating hypothesis sets is as follows;
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1. Take the set intersection of ail those contributor sets associated with faulty outputs to

• obtain an intersection set. Each element of the intersection set. iffaulty. would explain the

obser\'ed output anomalies.

2. Eliminate trom the intersection set those elements which are common to the normality sets

associated with the healthy outputs.

Mathematically. this procedure is as follows;

and

n

A = n (1-SI)C,
"1

n

H=A -UA n(S,N,)
..1

equation (4.2)

equation (4.3)

•
Where C, is the contributor set associated with output i.

N, is the normality set associated with output i,

S, is the binary health variable associated ....ith each output such that
S, = 0 represents faulty behaviour and S, = 1 represents normal behaviour,

n is the number ofsystem outputs,

A is the intersection set, and

H is the hypothesis set.

flUlly Outpul(l) H)"odlcsis Set

0u1pU! t {41

OutpUt 2 {5}

0ulpU!3 {6.7}

0c1put t udOuput 2 11.2.3}

0uIput 1ud Output 3 (4}

0uIput 2 udOulput 3 {5}

Oulput 1udOulput 2 udOulput 3 {1.2.3}

Table 4.3 Hypothesis Sets for the Sample Hydraulic Circuit
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By applying equations (4.2) and (4.3) to the contributor and normality sets developed in Tables

4. I and 4.2. hypothesis sets can be generated for combinations ofobserved faulty behaviour in the

modeI hydr"ulic circuit.

4.3.4 Multiple Fault Diagnosis: Set Covering

The possibility ofthe presence ofmultipIe faults in a system complicates the process ofgenerating

hypothesis sets. An approach is prese:lted here whieh is based on the cover set mode! ofReggia,

Nau and Wang [1983], the hitting set modeI ofReiter [1987], and the assumption-based truth

maintenance system ofde KIeer and Williams [1987]. In cont~ to :hese llpproaches the

procedure outIined in tms chapter has been augmented to accommodate reasoning with normality

sets. It is also the first hypothesis generation procedure to explicitly suggest the use ofpower sets

to generate alternatives. The procedure is as follows;

1. Take the union ofaIl those contributor sets associated with faulty outputs.

2. Eliminate from the resulting union set ail tho~.: e!ements which are common to the

normality sets associated v.ith heaJthy outputs.

3. Form a power set from the resulting set. A power set is defined as the set ofall possible

subsets be!onging to a set. For example ifA = {l, 2, 3} then the power set is denoted by

2" = {0,{1},{2},{3},{1,2},{1,3},{2,3},{1,2,3}} [Lipschutz, 1964). Subtract the nulI set

from the resulting set.

4. Filter the resulting set by e!iminating those subsets which have a null intersection with any

ofthe contributor sets associated with fauIty outputs. The resulting sets are known as

cover sets (or "hitting sets" [Reiter, 1987), because eaeh hypothesis "covers" or explains

ail fault observations present in a system.

5. Use the principle ofparsimony (Occam's razor) to filter the resulting coyer sets by

seiecting only minimal cover sets. A cover set is minimaI ifno proper subset ofit is a

cover set. The resulting set is the required hypothesis set.
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• Mathematically. the procedure can be represented as follows;

"Let A = U (1 - e,)c, equation (4.4)
..1

"B =A - UA r-.(e,N,) equation (4.5)
,.1

C=2B -0 equation (4.6)

Define J:C-7DforallSkEC

where fiS) _\0 if fI (1-e,)c, r-.Sk = 0 equation (4.7)k - ,.1

Sk otherwise

E=D-0 equation (4.8)

• Define g: E -7 F for ail SJ EE and SI E E

,
where g(S) = { 0 ifSI cSJfor alll ..j equation (4.9)

J SJ otherwise

Finally H=F-0 equation (4.10)

Where C; is the contributor set associated with output i,

No is the nonnality set associated with output i,
e, is the binary hea1th variable associated with each output such that
e, =0 represents faulty behaviour and e, = 1 repreSents normal behaviour.

n is the number ofsystem outputs,

A. B. C. D. E, F are intermediate sets, and

H is the hypothesis set.
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• A- Il.2.3.4.S 1

IB-{1.1.3.4.~)

C-I,l.2.3.4.S.( 1.2).1 1.3 1,( 1•• ,.\ I.S ).12.31.(2.4).12.S ).(3.4).(3.S l.14.S). etc.}

D-IO.I.V.l J.2 1.1 1.3l.( 1.41.1 I.S ).(2.3 ).12.4).(2.S ).(3.4).(3.S).(4.S). etc}

1E-ll.2.3.(l.2).( 1.3 1,( 1,4l.(l.S1.(2.3).(2.4)'12.S).(3.4).(3.S).(4.S). etcl

1F-IO.l.2.3.(4.S)}

\1H-ll.2.3.(4.S)}

Table 4.4 Multiple Fault Diagnosis for Faults Obser...ed at Outputs 1 and 2

As an example ofthe application ofequations (4.4) to (4.10), consider the case offaults observed

at outputs 1 and 2 ofthe sample hydraulic circuit in Figure 4.4. The hypothesis set and

intermediate sets are as ilIustrateJ in Table 4.4. Note that the power set e.'i:pansion process has the

potential to lead to combinatorial e.'i:plosion for large sets. One way to overcome tbis is to proceed

with a layered diagnostic approach; generate and test for the presence ofdouble failures tirst. Ifa

diagnosis does not result, ex-pand the power set to the next layer (three simultaneous f..ilures) and

• repeat the hypothesis testing process. This procedure was adopted for the power set C in Table

4.4. In fact, e.'i:panding the power set to the level of double failures is sufficient to establish all

possible minimal coyer sets.

4.4 Hypothesis Discrimination

The above discussion has focused on using analytical techniques to generate hypothesis sets.

However, ifa system is observed to be faulty and the corresponding hypothesis set contains a

number ofcandidates, we require a probing strategy to discriminate between competing

hypotheses. Without a knowledge ofthe costs associated with probing and without apriori

failure probabilities. it is difficult to analytically determine optimal probing strategies. Heuristic

knowledge regarding component failure Iikelihoods can be used to determine appropriate probing

strategies. Ifdetailed maintenance re..'ords are available for a machine, bistorical data can be used

• to determine a priori failure probabilities (see Appendix 2). However maintenance log books and
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work order records frequer:tly only record part replacements. and do not accurately record work

involving minor equipment adjustments such as re-setting a relief\'al\'e. For this reason. it may be

more appropriate to acquire heuristic knowledge of component failure rates through manual

knowledge acquisition techniques. This. in facto is the approach utilised in the construction of the

decision support system described in chapter 6.

4.5 Summary

This chapter has addressed the issue of generating hypothesis sets from structural models. The

trace-back method ofgenerating contributor and nonnality sets has been shown to have a number

ofinadequacies. which can be addressed by considering flow path coupling. low power

sub-systems and intennediate sensor placement. Set theory algorithms were provided for

generating both single fault and multiple-fault hypothesis sets. Single fault hypothesis sets are

generated via a set intersection approach, whilst multiple fault hypothescs are generated by using

a set covering ap?roach.

62



•

•

•

Hypothesis Generation Case Studies - Chapter 5

5. Hypothesis Generation Case Studies

This chapter demonstrates how the theoretical principles developed in the previous chapter can be

applied to isolating faults in both the hydraulic system and the diesel engin" of an Atlas Copco

Wagner ST-SB Load-Haul Dump vehicle (see Appendix 1). Load-Haul-Dump (LlID) vehicles are

commonly used for loading and transporting ore and waste in underground hardrock mines. The

vehicles function like front-end loaders, but are specially adapted for underground mining

applications. They are commonly diesel driven and have low profile and small tum:ng radius for

mobility in tunnels and drifts. Other significant differences from their surface cousins include a

transmission with four speeds available for forward and reverse movement, a side mounted

"perator cab to enable clear "isibility both forward and afr, and emission control devices to

minimise the concentration ofdiesel particulate matter (DPM) in the atmosphere underground.

Recent studies ofLHD failures have identified the hydraulic system and the diesel engine as the

two most significant sources ofunplanned downtime [Knights, 1993; Paraszczak and Perreault,

1994].

5.1 ST-8B Power Converting Subsystems

Prior to analysing the more complex hydraulic and engine subsysterns ofthe ST-SB, it is

instructive to begin at a high level ofsystem abstraction and to demonstrate how faults can be

isolated to the subsystem level. Although such first-Ievel diagnoses are routinely performed by

maintenance personnel. applying the disciplined diagnostic approach outlined in the previous

chapter yields severa! valuable insights.
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5.1.1 Structural Model

HydTS

Drive
Torque

f-----;-__ Hydraulic
Out!'uts

Orivetrain f---------I.-

S

Hydraulic Throttle ,:::L---,
HydT
P&S

P,eheat & Starter '----:....----'

Electrics
P&S

Electrical
Outputs

System Boundary- ' .. - - ' -

Figure 5.1 Structural Model of ST-SB Power Converting Subsystems

•
The major power eonVt:rting subsystems ofthe ST·SB are as iIlustrated in Figure 5.1. The

vehicle's diesel engine (set S, ) provides power to the drivetrain (S, ) and to the eleetrical system

(S" ) through the alternator. The hydraulie system (S) ) derives its power from rotary gear pUmjlS

driven via the torque eonverter (a member ofS,). The outputs of the hydraulie, drivetrain and

eleetrieal system have been grouped together to represent single sets ofoutputs. Command inputs

to the system have been omitted for clarity in the analysis. Fuel delivery to the diesel engine is

regulated via a hydraulie throttle system. InternaI inputs to the diesel engine therefore eonsist of

the hydraulie throttle (HydT) and the preheat and starter (P&S) inputs from the eleetrical system.

5.1.2 Contributor and Nonnality Sets

0"'1'11' Contribillor &1 Nonnabry $cl

H~'dr~lic {S,05.,S,.P8lS} (Cs,. HyclT). P8lS}

Dri\'ctn.În {S,.s, ,HydT. P8lS} {S, S, HydT, P8lS}

ElCClrics {S, .s, ,H)'l!T} {S, }

Table 5.1 Contributor and Normality Sets for ST-8B Power Converting Subsystems
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A binary health status can be assigned to each output set where "normal" implies that ail outputs

in a set are normal and "faulty" implies tha! or at least one output in the set is malfunctioning.

Since there exist no coupIed flow lines within the system. contributor sets can be generated for

each output set by llsing conventional trace-back analysis (see Table 5.1). Note that the hydraulic

throttle (HydT) need not be included within the contributor set for the hydraulic system, since

HydT is a subset of S) which is already present in the contributor set.

Normality set generation requires a knowledge ofthe function ofeach block. The electrical

system is a low power system in comparison to the engine, drivetrain and hydraulic systems. It's

normality set therefore consists ofjust S•. The normality set for the drivetrain outputs can be

generated by direct application oftrace-back analysis. However, in establishing the normality set

for the hydraulic system outputs, the health ofdrivetrain components such as the transmission,

differentials and planetary axIes is indeterminate. S: must therefore be exc\uded iTom the resulting

normality set. Similarly, minor faults may be present in the engine which do not propagate to the

hydraulic system outputs. S, must be excluded iTom the normality set. The hydraulic throttle

(HydT) behaviour is not directly observable and hence the hydraulic throttle must also be

e:l:c1uded iTom the normality set. Since the engine must have started in order for the hydraulic

system to function, the preheat and starter (P&S) circuits can be conc\uded to be functioning

normally and included within the normality set.

5.1.3 Hypothesis Sets

Olllpllt FaullS Hypor1tesfs Set

H)'dr.lulic {cs.. Hyd'!)}

on....... {S, oS, .Hyd'!)

E1cetri<s (S.-P&S)}

H~'dr:aulics&. Dm'CU':lin {S, oS, Jlyd'!)

H)'dr.t.ulics &. Drivetr.lin &. EJcaric:s {S, JlydT. P&S}

Table 5.2 Bypothesis Sets for ST-8B Power Converting Subsystem Faults
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Hypothesis sets can be generated by the set intersection method described in Chapter 4. This

assumes that multiple subsystem failures will not occur. For the model in Figure 5.1 which has a

high level of representational abstraction. this assu:nption is justified (!WO subsystems are unlikely

to be simultaneously faulty). There are 2' - 1 possible faulty combinations ofoutput behaviour

(equation (4.1 )). but in practice the electrical system cannot be faulty in combination \vith the

other !wo systems unless the engine is faulty which implies that all three systems are faulty. The

result: of the analysis allow us to isolate failures at the subsystem level and sorne useful

observations can be made. The tirst is that the systematic approach towards generating

hypotheses enables a user to consider possible causes that rnight otherwise be overlooked. An

exarnple ofthis is ifthe vehide was observed to be lacking tractive power (a drivetrain fault). An

operator or maintenance technician rnight begin by testing the engine tirst. without considering the

possibility ofa leak in the hydraulic throttle system. The potential e.~sts to waste considerable

time and resources before locating the fault. The hypothesis sets developed above could be used

to establish diagnostic test routines (probing strategies) to follow in the event ofparticular failure

observations.

5.2 ST-SB Hydraulic Circuit

The hydraulic system ofthe ST-SB provides power to actuate the boom lift, bucket dump,

steering and braking functions ofthe machine. In addition, the pilot circuit provides pressure to

the hydraulic throttle system which regulates engine speed. On severa! c.:casions during the

manual J..:nowledge acquisition exercises described in chapter 6, maintenance personnel cited the

hydraulic system as being the most difficult system to troubleshoot on the ST-SB vehide.

Combined with the fact that the hydraulic system is responsible for approximately 30 percent of

ST-SB maintenance downtime [Knights, 1993a; see also Appendix 2], this makes it an ideal

candidate to again demonstrate the diagnostic principles developed i:. ~hapter 4.
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Figure 5.2 Structural Model of ST-SB Hydraulic System
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Figure 5.3 Details ofSelected ST-8B Hydraulic System Valves

•
Figure 5.2 is a structural mode! ofthe hydraulic system ofa Wagner ST-SB Load-Haul-Dump

vehic1e, The Ievel ofabstraction ofthe mode! bridges both the component leve! and the

sub-component (parts) leve!. The convention has been adopted to inc1ude the hydraulic hoses and

pipes connecting each component with its downstream neighbours within the block representing
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each component. Components such as pressure and flow valves have been expanded to the parts

level in Figure 5.3. since sorne ofthese parts (or smaller components) are repairable or

replaceable. Parts are denoted by alphabetic subscripts. The Main Control Valve. (20). and

Steering Control Valve. (23). have been simplified by omission of minor directional flow valves

within the vaive spools. The circuit has been "broken" at the retum lines to the hydraulic tank in

order to display the main functional outputs at the right of the diagrarn. A briefdescription of the

major sub-circuits which make up the hydraulic system is as follows;

Brake circuit: The brake pump, (3), is a rotary gear pump which draws hydraulic oil from the

reservoir, (1). via a suction filter and strainer, (2), and de1ivers it to the accumulator charge valve,

(4), at 2000 PSI and 19 GPM. The accumulator charge valve controls the charging flow to the

accumulators. (5). If pressure in the accumulators drops below 1600 PSI the charge valve permits

a portion offlow to diven to the accumulators, (4a), unti12000 PSI is attained, whereupon aIl

flow is transferred through to the brake cooling circuit. Relay valve, (7), is a safety valve which

prevents oil flow to the brakes if either the park brake button, (6), is aetivated or loss of

transmission pressure (torque convener delivery pressure) occurs. The SAliR (spring applied,

hydraulic release) brake system is a proprietary "wet disk" system developed by Wagner Mining

and Construction Equipment Inc. The brakes are offail-safe design, in that positive oil pressure is

necessary to maintain the brakes in a released statr;. A foot operated treadle valve, (8), controls

the flow of oil to the brake disks, (13a and 14a).

Brake Coo/illg Circuit: Oïl not diverted to the accumulators passes through a bank ofoil filters,

(9), and onto the pilot sequence valve, (10). The pilot pressure valve is a f,JII reliefvalve that

maintains the pilot circuit, {16, 17, 18, 19}, at 200 PSI and vents excess pressure through to the

hydraulic cooler, (11). An in-line check valve, (12), prevents pressure spikes from damaging the

brake cooling lines and maintains low pressure oil to the brake disk cooling circuits, (13b & 14b).

Pilot circuit: The hois!, dump, and steering systems ofthe ST-8B veliicle are controlled by

pilot-operated flow control valves. The operator steers via a toggle linked to the pilot steering

control valve, (16), which directs pilot flow to the valve spool in the steering control valve, (23).
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Similarly, a toggle with two degrees offreedom linked to the hoist-dump pilot control, (17),

directs flow to (WO spool valves in the main control valve (MCV), (20). The pilot circuit also

charges the hydraulic throttle system which consists ofa foot operated master treadle valve, (18),

and a slave actuator valve, (19) which regulates fuel flow to the engine.

Hoist, Dump andSteering Circuits: A tandem rotary gear pump directs oil flow through (WO

independent chambers, (15a & 15b), to the Main Control Valve, (20), and steering control valve

(23). At the MCV priority is given to the dump action, (20a). When the dump circuit is inactive,

full pressure (2.300 PSI) is avai!able for hcisting, (20b). As soon as the dump toggle is activated,

pressure is diverted to the dump cylinder. The steering control valve contains (wo spool valves, a

compensator spool, (23a), and the main spool, (23b). When flow is not required for steering

purposes, the compensator spool directs flow via the high pressure carry-over (HPCO) port to the

MCV for full power during breakout and hoisting.

5.2.2 Contributor and Normality Sets

Ouq>ut c-...s.r N0mt4Ii1J's.r
SAlIR Brol;< 11.2.3.RP~t40.4b.5.6.7.T .... P.8.IO..IOb,II.l2, 11.2.3,RP~t40.4b.5,6.7.T.... P.8.IJa.I44}

13..13b.14..14b}

Acaun.l'rcuun: 11.2.3.RP~t40.4b.5.7.8.10..10b,11.12,13b,14b} 11.2.3.RP~40.4b.5}

RPM 11.2.3.RP~t40.4b.1 0..1Ob,18.19} IRP~10 ..10b,18.19}

HoÏlt 11.2.3.RP~t40.10..IOb,15..15b,17..17b,200.20b, 11,2,RP~ 10..1Ob.15..15b.17b,20a,20b,2llc,2llc,21,23.}

:lllc,20d,2llc,21,23.}

!lump 11.2.3.RP~40.10..10b,15..15b,17a.20a.2llc,20d, 11,2,RP~loa.I0b,15 ..15b,17a.20a.20c,20d,22,23a}

22,23.}

SlccrinS {1.2.3.RP~t40.10..1Cb,15b,16,23a,23b,23c,23d,23c,24} II,2,RPM,1oa.lOb,I5b,16,23a,23b,23c,23d,23c,24}

Table 5.3 Contributor and Nomiality Sets for ST-8B Hydraulic Circuit Outputs

Retuming now to the hydraulic circuit ofFigure 5.1, the outputs which can be observed in order

. fO classüY the circuit's behaviour must first be identified. These are the five funetional outputse (brake, engine RPM, hoiS!, dump and steering) and one instrument output (aecumulator pressure).
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As Table 5.3 iIIustrates. each output has an associated contributor and normality set. Since an

output's normality set is a subset of it's contributor set. the generation of contributor sets for these

six system outputs will be discussed first.

There are a number ofdiverging flow branches in the hydraulic system. These occur at the suction

fiIter, {2), the accumulator charge valve, (4), the pilot sequence valve. (ID), before the in·line

check valve, (12), at the tandem pump, (15), and the main control valve, (20). The branch

foIIowing the accumulator charge valve, (4), is coupled, since a leak in the cooling circuit could

result in slow charging ofthe accumulators which, in the event ofrapid cycling ofthe brakes,

would result in loss ofpressure to the SAHR brakes and subsequent unintentional brake

application. Components which make up the brake cooling circuit must therefore be added to the

brake contributor set. The branched flow line prior to the in·line check valve (12) is coupled,

since a leaking check valve may prevent oil from reaching the brake cooling circuits. The

diverging flow lines at the tandem pump, (15), are not coupled, since (Wo independent pump

chambers supply each path. Likewise, the branched flow paths at the suction filter, (2), and main

control valve (20) are uncoupled.

Next, consider the accumulator pressure sensor output. Two possible fault modes must be

considered for the sensor; low pressure and high pressure alarms. Low pressure implicates ail

those components on the principal flow line to the brakes plus those components on the coupied

cooling circuit. Ali components on these flow lines must be included within the contributor set for

the accumulator gauge. Contn'butor sets for the hydraulic throttle (engine RPM), hoiS!, dump and

steering funetional outputs can be generated by conventional trace-back procedu~. Note that

trace-back must aIso foIIow the converging pilot circuit flow paths at the MCV, (20), and the

steering control valve (23). Note aIso that the hydraulic filters, (9), have been excluded from the

contn'butor sets because each filter is fitted with a re\i!'.fvalve which enables flow to bypass in the

event ofa filter blockage. Trace-back ceases when the reservoir, (1), is reached, since this aets as

a significant "buffer" to propagating faults.
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Normality sets can now be generated for each of the hydraulic circuit's six outputs. Generally

speaking. an output's normality set includes only those components on the output's principal flow

path and associated converging flow paths. Components on diverging flow paths cannot be

included within the normality set, since they may be subject to minor faults which do not

significantly impair the behaviour of the principal output. Retuming to Figure 5.1, the normality

set for the brake output includes ail components on the principal flow line plus the park brake

spool, (6) (since this lies on a converging flow (ine). The normality set for the accum"lator

pressure gauge includes only those components directly upstrearn. The pilot sequence valve (10)

acts to reduce flow potentiaI (i.e. pressure) to the pilot circuit, hence trace-back for the normality

set for the throttle output (engine RPM) cannot proceed past the sequence valve (10). Normality

set generation for the hoist, dump and steering proceeds in straightforward fashion by directly

employing conventional trace-back analysis.

5.2.3 Hypothesis Sets

F••"'· Oatpa'/f} H,.p«haùsm_..
{Tt:lllS P.6.7.Il.1I.l2.l3a.13b.140.14ll}

RPM (11l.19}

Hoisl. (17b,20b.20c.2l}

Dump {l7a.20d,22}

Slecring ( l6,23b.23<.23d.23<.24}

A=m.P ( Il.I2.l3b.14b}

A=m. P & ar.k.. {3.4a.4b,S.7.Il.1I.l2.l3b.I4b}

Hoist&Dump {ISa.17a,20a,20c,23a}

Hoisl, Dump 8t Slecriag {15b,23a}

HoisI, !lump. Slocring 8t RPM {IOa lOb}

Hoisl,!lump. S1ecriog, RPI.~ Alxum. P8t_.. {l,2,3.RP~~40.IOa.IOb}

Table 5.4 Hypothesis Sets for ST-SB Hydraulic Circuit Faults

Having established conttibutor and nonnaIity sets for each output independently, hypothesis sets

can be derived which contain suspect components for combinations ofobserved output behaviour.
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Since the behaviour of each output is considered as a binary function (normal or faulty), ITom

equation (4.1) there are 2· - 1 possible faully behavioural combinations. In practice, this reduces

to Il possible combinations because ofinterdependencies between outputs. Undcr the single fault

diagnosis assumption, set intersection techniques (equations (4.2) and (4.3)) can be applied to

generate the hypothesis sets listed in Table 5.4.

The hypothesis sets reveal many insights which may not be immediately obvious to a mechanic

charged with isolating hydraulic system faults. For e.'(amplc, ifboth the hoist and dump cylinders

were observed to be lacking power (hoist and dump faults), in addition to e.'(amining the obvious

possibilities ofa faulty main control valve, {20a, 20c}, or faulty pilot circuit, (153, 17a), Table

5,4 indicates that the high pressure carry over spool in the main steering valve, (23a) should also

be held suspect. Clearly, the hypothesis sets generated in Table 5,4 can be usefully applied to

troubleshooting the ST-SB hydraulic system.

5.3 Deutz FL-413-FW Diesel Engine

The Atlas-Copco,wagner ST-SB is commonly powered by a Detroit Diesel or KHD Deutz diesel

engine dependent upon customer specifications. In the past decade, the Deutz 12 cylinder

FL413-FW engine has been favoured by severallarge Canadian mining companies sincc, its

two-stage combustion system leads to reduced diesel particu\ate matter (DPM) emissions in

underground mines and its forced air cooling system was believed more reJiable than :l water

cooling system. However, the introduction ofmicroprocessor-based engine monitoring and

control systems by Deutz's competitors currently threatens its favoured status.

Microprocessor-based control systems such as Detroit Diesel's DDEC-ID system [Detroit Diesel

Corp., 1994], Cummins's CENTRY system [Chadwick, 1994b], and Caterpillars eleetronic

control module (ECM), lead to reduced DPM emissions, reduced fuel consumption, greater

engine efficiencies and enhanced diagnostics. Deutz does not currently offer an electronic

monitoring system for the FL413-FW engine, hence the set theory techniques developed in the

previous chapter can again be usefully applied to assist in diagnosing failures.
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The Deutz FL-413-FW diesel engine consists ofseven major subsystems as ilIustrated in Figure

5.4. Note that the flow !ines in this figure represent different process flow media. The inputs to

the power plant are clean combustion air from the air system (set A, Figure 5.6), diesel fuel from

the fuel system (set F, Figure 5.7), coo!ing air from the cooling system (Sel C, Figure 5.8),

lubricating oil from the lube oil system (set L, Figure 5.9) and e1ectrica1 current to power the

preheat and starter systems from the electrica1 system (set E). The outputs ofthe power plant are

engine torque and exhaust gases (set X, Figure 5.10). Gear trains powered from the engine crank

shaft provide torque the injector pumps (InjT; injector block torque), lube oil pump (LubeT),

blower (BlowT) and a pulley powers the altemator (AltT). Note that the structural mode1 in

Figure 5.4 represents the second level ofhierarchica1 abstraction for the engine which fol1ows the
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first Ievel abstraction in Figure 5.1. Figures 5.5 to 5.10 are third-Ievel abstractions forthe diesel

engine.

5.3.2 Contributor and Normality Sets

Output COntrlbUlO" &, .""onnallf)'~l

Ensinc Torque {A.F.I..E.P.'l:.lly,rr} {A.F.(p·BlowT-LubeT).E.HydT}

Cylindcr He:ad Tcmpcnture {A.F.C.I..E.P."q {C.Blow·T.E}

Lube Oil Pr=un: (C.I..BlowT.LubeT) (I..LubeT.EI

Table 5.5 Contributor and Normality Sets for Deutz FL-413-FW Engine Outputs

ln the Figure 5.4 there are four observable outputs; engine torque, exhaust, cylinder head

temperature and lube oil pressure. However, as Chapter 7 outlines, the analysis of the Deutz

FL-413-F\V diesel engine was motivated by the need tO establish a troubleshooting decision

support system for an operator teleoperating the vehicle from a remote operator console. For this

scenario, it was concluded that the operator would not easily be able to categorise the health of

the vehicle's exhaust, and so hypothesis set were generated assuming ooly three observable

outputs, engine torque, cylinder head temperature and lube oil pressure.

Two f10w couplings cao identified within the structural model presented in Figure 5.4. The first of

these is belWeen the power plant output to the exhaust and the engine drive torque. We have used

the funetional knowledge that, ifa blockage occurs in the exhaust system, exhaust gases !ingering

in the engine cylinder chambers may dilute air charges drawn during subsequent breathing cycles

and result in loss ofengine power. The second f10w coupling is between the engine cooling

system and the lube oil system. The f10w !ine between the lube oil system and the cooling system

represents lube oil f10w to the blower fan oil coupling, which aise functions as a centrifugai filter

for the lube oil. The coupled f10w lines are used here to represent heat flow between the two

systems, an alternative path ofcausal interaction. Excess engine heat cao lead to diminished lube
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oil viseosity which in tllm can result in low oil pressure. With the two flow couplings in mind.

contributor and normality sets can be generated as listed in Table 5.5.

5.3.3 Hypothesis Sets

Olltput(SJ H)'POt1tcsu &t

Ensine Torque lA. F. (P·BlowT·LubeT). X. HydTl

Cylindcr Head Tcmpcn.turt' {Co BlowT. Xl

Lube Oil Pressure {L. LubeTI

Ens- Torque &: Cyl. He:l.d Temp. {A. F. (P·LubeT). Xl

Ens- Torque&. Lube Pressun: {L. LubeTI

Cyl. H..d Temp. &. Lube Prcssul< {Co L. BlowT. LubeTI

En.. Torque &. Cyl. Temp. &. Lube_ {L. BlowT. LubeTI

Table 5.6 Hypothesis Sets for Deutz FL-413-FW Diesel Engine Faults

Hypothesis sets for the Deutz engine were generated using the set intersection method and are as

presented in Table 5.6. Withoutincreasing the number ofnon-redundant system observations, it is

impossible to achieve greater diagnostic resolution than has been calculated in Table 5.6. In order

to add observations, additional sensors must be installed within the engine. The set-theoretical

approach outlined in tbis thesis and Figures 5.5 to 5.10 could be applied to help determine

additional monitoring parameters and sensor locations. Naturally, compromise would have to be

reached regarding the diagnostic resolution enabled by additional sensors and the cost and

reliability of the sensors and their associated signal processing requirements.
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5.4 Discussion

The hypothesis sets generated in this chapter provide differing levels of diagnostic resolution. The

resolution achieved for the ST-8B hydraulic system is of real benefit in establishing a

knowledge-base to troubleshoot the system. On the other hand, the resolution achieved for the

DeulZ FL-4 13·FW engine is poor. Maintenance technicians would have to resort to heuristic

knowledge or OEM troubleshooting guides to isolate engine failures at the component leve!.

From these examples it can be concluded that diagnostic resolution depends firstly on the size of

the system, and secondly on a ratio combining the number ofobservable systp.m OUtpl1ts and the

number ofinput sub-systems. System size can be measured by the number offield repairable units

(FRUs) represented by the structural mode!. For the hydraulic circuit there are 24 FRUs. For the

DeulZ FL-413-FW engine, we desire to be able to troubleshoot the system down to the level of

hierarchical abstraction ilIustrated in Figures 5.5 to 5.10 inclusively. The engine therefor has 36

FRUs.

To explain the ratio combining the number ofobservable system outputs and input sub-systems, it

is useful to refer to Figure 5.4. The DeulZ engine has 5 input sub-systems (combustion air, fuel,

cooling air, lube oil and eleetrical sub-systems) and 3 observable outputs (torque, exhaust ad

cylinder head temperature). The structure ofthe diesel engine can be approximated as a star,

having the power plant as centre with 5 input branches and 3 output branches. Because the input

branches are fan-in converging f10w lines (i.e. each contributor set must include ail components on

these lines), hypothesis sets that differentiate between faulty components on each ofthe input

paths cannot be established. Ifit is assumed that field repairable units which make up the engine

are uniformly distnDuted amongst each branch ofthe star arrangement, then the largest hypothesis

set (the hypothesis set with highest cardinality) will have at least S:3 x 36 '" 23 members.

Applying the same technique to the hydraulic circuit in Figure 5.2, the hydraulic system bas five

observable outputs and one input sub-system (the hydraulic powerpack). The largest hypothesis

set will therefore have approximately 1~6 x 24 '" 4 members. (In faet, as Table 5.4 shows, the

Iargest hypothesis set generated for the hydraulic circuit contains 9 FRU members).
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The above discussion suggests the formation ofa usefu! heuristic test to determine the

effectiveness of app!ying the set theoretical approaches outHned in this thesis to different systems.

A resolution index (Rf) is suggested where;

RI =( no. input subs)>t<m> ) X nv system FRU
no. inpul subsystans. no. ob5a'\'ablc outputs' S equation (5.1)

In order to effective!y apply the set theoretica! methods out1ined in chapter 4, it is suggested that

the resolution ratio be ca!culated for a structura! model prior to commencing detailed s!stem

evaluation.
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6. Decision Support System Case Study

The preceding chapters have described and demonstrated an analytical means ofacquiring causal

failure knowlcdge for mobile mining equipment subsystems. However, to successfully diagnose

mobile mining equipment failures, a DSS knowledge-base must also contain test (or probing)

knowledge to discriminate between hypotheses, and, dependent upon user requirements,

knowlcdge conceming equipment repairs and spare parts. This chapter focuses on how to refine

the hypothesis set knowledge acquired in the previous chapter, how to acquire probing

knowledge in order to isolate faulty components from hypothesis sets, and how to implement the

knowledge-base as a decision suppon system. A manual knowledge acquisition process is

described in relation to a case study involving the development ofa decision suppon system for a

semi-llutomated ST-8B LHD vehicle.

6.1 Background

Faced with declining accessible reserves ofhigh grade minerais, labour costs that are high by

world standards and a regulatory environment that is perceived to be restrictive in comparison to

competitor nations, Canadian mines are increasing looking towards automation to compete in the

global marketplace [Hatch, 1994]. One such company is INCO Limited, a major Canadian

producer ofnickel, copper and cobalt. INCO's Ontario Division operates eleven undergroünd

hardrock mines located in and around Sudbury. Led by INCO Mines ReseIlTch, a comprehensive

automation program has been underway in Sudbury since the mid 1980's. In addition to the

development ofa 70 ton automated haul truck [Baiden, 1992], an automated guidance system bas

been developed for Load-Haul-Dump vehicles and a non line-of-sight te\eoperation console bas

been deve\oped to enable an LHD operator to remote\y muck and dump [Baiden and Henderson,

1995].
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,,
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Figure 6.1 INCO LHD Tel""peration Console [CIM Reporter, 1994]

During the plenary session ofthe 1994 CIM annual meeting, INCa demonstrated the

simultaneous operation oftwo LHD vehicles on 2600 and 3000 level ofCopper CliffNorth Mine

from Toronto, a distance ofsorne 450 km away. The operator altemately mucked or dumped one

vehicle whilst the other trammed between the draw point and ore pass under automatic guidance.

Figure 6.1 shows the operator console developed by INCa Limited. The operator controls

mucking and dumping via a video monitor that displays images received from a c10sed circuit

television camera mounted on each vehicle. A second monitor provides a real-time analogue

display ofmachine condition monitoring data via a supervisory control and data acquisition

(SCADA) system. This "virtual dashboard" [Knights et al, 1993], visible on the left-hand side of

the operator console, was created by INCO Limited using FIXDMACS' industrial SCADA

software.

TM Intellution Ine.. Norwood, Ma, USA.
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ln December 1994 INCa took delivery ofa new Atlas Copco Wagner ST-SB and fitted it with a

fuel tank large enough to keep the vehicle operating for two continuous eight hour shifts in place

of an operator cabin [Casteel. 1995]. The vehicle, nicknamed nRoboScoop 1n. was ~nstalled at

Slobie Mine and operated under con'.Ientionalline-of-sight teleoperation whilst the full

tele-remote system was prepared. The vehicle has been operating under non line-of-sight remote

control silice August 1995.

6.2 Requirements Analysis

Removing an operator &om the proxirnity ofa machine requires that condition monitoring sensors

be installed to deteet incipient faults (see Appendix 3). To this end, a report was prepared

specifYing appropriate monitoring parameters and sensor locations [Knights. 1993b]. The report

based its conclusions on an analysis ofrepair statistics collected for a years operation ofthree

ST-SB vehicles and for Deutz FL-413-FW repairs undertaken by Inco's Divisional Workshops

over a five year period. Ofthe 34 sensors recommended by the report, on-line data is currently

available from seven sensors installed on RoboScoop. These sensors are as listed in Table 6.1.

&"SO" SlgnaiReng< Opcranng //Dng< Normal Opcranng Reng<

EnsineOiI Pr=Irc 1-5 Volls Go3oo PSI :z5.8O PSI

Right~iindcrH...sT_ ll-IO VolIS ll-\~ C 12ll-\'O C

1.<ft ~Iindcr Heod T<mJ>Cl'I'""' ll-\O Volls ll-I~C 12ll-\'O C

onverlel" Pn:ssurc: 1-5 VolIS Go3oo PSI 2\ll-230 PSI

ConvencrT_ ll-\O Volls Go3ooF 180-200 F

Brakt Acaunubltor Pressure 1·' VolIS ll-3000 PSI 1900-2400 PSI

Main Hydr.wlic Pressure 1·' Volls Go3000 PSI 2300 PSI

Table 6.1 Condition Monitoring Sensors Installed on RoboScoop 1

Under non line-of-sight teleoperation, a fault may be observed either as an irregularity in a

monitored variable displayed on the operator's virtual dashboard (an "instrument aIarm"), or as an

anomaly in the vehic\e be.'laviour perceptible to the operator (a "performance fault"). Alarm

handling (symptom detection) is effectively left to the SCADA system and the operator

respectively. Once detected, il was desired that the operator be informed ofthe severity ofthe

faul!, and be able to perform an initial diagnosis ofthe cause. Because ofthe ready availability ofa

82



•

•

DSS Case Studv - Chapler 6

computer monitor and processing power, a decision support system was identified as being a

solution to these demands. Once invoked, the decision support system would prompt the operator

to perform specific test routines in order to isolate specifie faults. It was recognised that there

would be other faults which test routines would not be able to isolate, and. in these cases, the

most likely cause ofa fault would be suggested to the operator.

Inco Mines Research also desired that the resulting DSS be upgradeable to be able tO

communicate bi-directionally with a maintenance management system (MM:S) containing details

ofwork orders and part replacements for RoboScoop. This posed a problem, since the current

MMS in use at Stobie Mine was MAXIMO:, a Microsoft WindowsThl based application, and

senior management desired to implement MINCOM', a Unix based system throughout ail mines.

Additional user requirements ofthe system were for;

• ease ofmaintenance; the DSS knowledge-base should be able to be upgraded by INCO

personnel to refleet refinements to the knowledge base or design changes made to the

machine,

• mouse-driven menu interfaces; the operator should not require a keyboard to interface with

the DSS,

• user fiiendly graphies; a DSS having a limited number ofwell designed window interfaces

has more chance ofbeing accepted by a user.

6.3 Knowledge Sources

Maintenance log books were examined with a view to establishing failure probabilities for specific

repair actions (see Appendix 2). Whilst major vehic\e repairs were listed in these records, it

became obvious that minor repair tasks frequently went undocumented. In the absence of

complete probabilistic faJlure data, heuristic methods represented the most effective means of

hypothesis discrimination.

,
'TM Project Software and De\'dopment lne., Cambridge. Ma. USA.

TM Mincom Ltcl.. Gr=slopcs, Queensland, Ausualia
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To thi, end, trom the ISth to 30th April 1995, a series ofinterviews were conducted with leading

• hand mcchanics at INCO's Stobie Mine aimed at collecting heuristic failure information for the

enginc,l:ydraulic, drive train and electrical systems ofthe ST-SB LHD vehicle (see Appendix 4).

Since removal of the domain experts from wcrk responsibilities was ofconcern to t~e mine,

dedicated access to the mechanics was not possible and interviews were conducted underground

during the course of nonnal work shifts.

6.4 Selection of Domain Expert

lnitially, one shift was spen! on 2400 Ievel anempting to eIicit knowledge from a domain expert

who had been nominated by mine management. However, tlùs individual was uncertain in lùs

responses to certain questions relating to the function ofST-SB components. Subsequent

interviews were conductcd with a leading hand mechanic on IS00 IeveI who was selected by the

author for having 25 years underground experience as a diesel mechanic and for having a

conscientious approach to his work. A good working relationship ensued wlùch lùghlights the

importance ofcomp',tible personal interaction between the knowledge engineer and domain

expert.

6.S Knowledge Acquisition Methodology

A variety ofknowledge eIicitation techniques were employed during the interviews, including

semi-struetured intervicwing, protocol analysis, participant observation and teach-back (see

Chapter 1). The struetural models and hypothesis sets developed in Chapter 5 were used to

accelerate knowledge e1icitation for both the hydraulic system and the Deutz FL-413-FW diesel

engine. In addition to struetural modeIs, troubleshooting information provided by both the Atlas

Copco Wagner ST-8B service manual [Wagner Mining Equipment Co., 1991] and the Deutz

FL-413 service manual [KHD Deutz, 1990] was used to focus knowledge acquisition for the

engine, drivetrain and eIectrical systems (the ST-8B drivetrain consists ofa Clarke 8000 series

torque conVerter, a Clarke 5000 series powershift transmission, and !Wo Clarke 2103960

planetary drive a'des).
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The domain expen was asked to corroborate the hypothesis sets developed in Chapter 5 and to

identify common failure modes for each componen!. Once hypothesis sets had been verified. the

e"l'en was asked to rank the competing hypotheses according to the observed frequency of each

fault. Components were grouped into three categories according to high. medium and low failure

likelihoods. "What if' questions were used to observe the e:I:pert's reasoning prvcesses (protocol

analysis). A cassette recorder was used tv record the interviews. and. following the conclusion of

each interview session, the recording was played back in order to e.'I.'lract salien! fucts and roles.

These knowledge components were arranged into causal diagrams whereby. during subsequent

interview sessions, the author could explain what he had leamt in the prcvious session and s;aps or

inaccuracies in the knowledge-base could be reetified (teach-back).

A sample of the completed knowledge base is present~d below. Supposing a vehicle is observcd

to be Iacking hoist power then from Table 5.4 the hj1.othesis set is {17b, 20b, 20e, 21 }. Diagnosis

proceeds as follows;

DIAGNOSIS;

20e, [High) Pon reliefvalve damaged or leaking

21, [Med.) Leaking cylinder seals

21, [Med.) Cylinder bypass

20b, [Low) Leaking Sflool in MCV

17b, [Low) Leaking pilot valve

ADDmONAL CHECKS;

Check engine stail speed

Check hydraulic oillevel

Check muck density (heavy loads)

Check main relieivalve setting (20c).
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Fault likelihoods are denoted in square brackets. The additionaI checks are intended as a

safeguard against an operator inaccurately reporting the true nature ofa fault (for example.

neglecting to state that the dump and steeriug system are perhaps aIso lacking power.)

Following the site visit. transcripts were prepared for each of the interviews. These transcripts are

included in their entirety in Appendix 4. Transcripts enable a more detailed anaIysis ofknowledge

elicited !Tom interviews to be undertaken. A classica1 means ofdistilling k:nowledge !Tom

transcripts is to read through and underline relevant statements. This process was applied to the

transcripts in Appendix 4 in o~der to veritY and refine the completed knowledge base.

6.6 Completed Knowledge Base

Tables 6.1 and 6.2 list the complete.:! knowledge-base. The resulting k:nowledge-base is distinct

!Tom that provided by the troubleshooting guides in the vehic1e service manuaIs in that it;

• provides a more complete list offailure causes than do the service manuaIs,

• refleets mine ex"erience through specifying the most Iikely caUSes offailures,

• includes a severity class ranking ofhig.'J, medium or low for each failure dependent upon the

economic or safety consequences ofthe failure. These severity rankings can be used by a

mine to set procedures for operators to follow in the event offailures occurring.
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Table 6.2 ST-SB Instrument Alarms

•

Foult

Powertrain

Ensinc ail~rcHigh

Cylind<r H""d Temp. Hil;h

Convencr Temp. Hish

&wrlty C:.HS

Medium

Hish

Hish

C:lllJt'

(lIi~l Low CTIs;inc ('tÎllc\'C'l CAw.cd t-~~.

A E.\.1cnu.1 (lill~a.~ duc tCl;
1. lca.king ail œolcr
:!. leù.inS fihcn
3. ExCC$$.Î\'c cnnl...'a.'< prcs.sun:

B. Intcm:ll ('lil ic.û;.lII~ duc to
1. Rc5tridcd air clcanm.
2. Wom a'llnbhaft hearinp
3. Wom J'iston rinp

IMcd] Clocscd oil fill",
(Low) DaINgcd oil rumr (If blC'dcd.tnlA1.c

sc=n
(Law] Fucllw.gc front injC<lor pump or
dwI:<rump

(Mcd) Enp"" oil <ooler blodagc;
(Law) !IIodcd oil sallCl)'

IHil;h] Dirt build up oa
1. Tnmsmission or h,.'dnwlic cooIcn
2. C)'lindcr coolins frœ

[Mcd) Dirt build up oa engin< <OOIer
[Mcd[ Law engin< oill",~1 ca1ucd~,

A E.\1erml oil1cWSC duc to
1. Ic:akinlt oil cooIcr
2. lc::aking fihm
3. E><cssi,~ cronl>IWI rr-m: (<)'Iindcr

bl",,' hy)
B. Internai oilleabSC duc to

1. Rcslril:lcd air cleAnCB
2. Wam c:nnbhaft bcarinp
3. Wom piston rinp

(Lowl BI""" !&ibm:

IHish] Law _oa0l11~1=-I~,
1. Domagcd orrcslridcd gra'itydrain linc
2. l..akagc: lit c:ooIcr

(Iolcd] AJr lcok .. cIw'sc pump
(check e><ingo. 1001< alOIlCCIioas)

(Low] E><cssi,~ duteh Icoba<
(Fwd, Ill" 2nd mon: common)

(Low) Domagcd-charaopump

[Rish] Dirt buùd up oa1r>IlInÙIIiOllcooIcr
[Rishl Law oillcvcl=-lby.

\. Domagcd or rcslridcd gravit)'drain liDo
2. Lc:aJcaee al lias ...on coolcr

[Mcd] AJr Icok.. _ charaopump
[McdJ HOI 011 in lb< hydraulic: system duclO;

1.Dirt buùd upoa hydr:wIic: cooIcr
2.Low hyclmili< oiIlcvcl
3.Airlcoboodcavilaboa
4.Cy\indcI' or rdXfvoJvc bypas

(LowJ_~duteh Icoba<
(Fwd, Ill"2nd ..... common)

(Lowl Domagcd-charaopump
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~l..\'illc\'C'1

Chc\:l.. \,illihcn. anJ lm ,\':.J.lk't"

\.~ Sa.u~ n:oldint:, \\'lth c"CfNI
f'C"C'i$UR' g.:lugc

C'htd ail ...'\'IOItt
Vcrify p'u~ fQdin~ \loilh r"'cmAl
pn:ssurr $Ilugc

Chcdro. otl ~-.:I

Chcdro. oil {ihm.
b·ntl.~·. wuh do\\n ...'Uf.lIc:n.

Cbcck. irQ .•an a. hydraulic oïl
coolcn.
Fcd hydrau1ic lIllk for ...............
Cbock for noisypump indicalina
caYÎlalÎOD
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Table 6.2 (cont.)

Fault

Hydraulic System
& SAHR Brakes

MC'dium

Cause

IHi&hl Low h~'dr3ulic oillevel due 10;

1. A brokcn horoc
:. l...aking c:ylindcr Ioe:lls
3. l.cakin& hrake.eals

(Mcd} 0ir1 j:unminS mAin relief
ILawl LcokinS d.>mos<d _or 'J'OOI

in rMÎn SlC'Cf'Îng "':lIve
ILewl D.un>s<d dunq>1>oisl pump

DSS Case Study - Chapter 6

Tcsrs

Check hydr.lulic oillc\"e1
Run cnginc al rush and boom up to
m:u:imum. Continue la hold the
boom 1e\'eI' control open 1nd lad the
dump/hoist prtSSurc. Ifmis is bc:low
2000 PSI, the m:lin rclicfneeds
adjuslins
Cbcc:k for noise in the tandem pump

Acaunullilor Pr~u~ l.o\l.' Medium {HishI Low h~'dr.lulic oillC\ocl duc to;
l, A brokcn ""'"
::. Luking ",,'Iinder ~ls
3. WklnS hr.lkc Jais;

IHishl Dinj:unming, acc:umulator c:h:u'gc "'llhle
[1.ow] Loss ofaa:umul:nor SU dw'gc
ILe"') O....s<d bnke pump

Check hydr.aulic oillC\ocl
Check for noise in the tnke pump
Check for "ibl';ation in br»i.~ pump

(High] Oirt bloddng AO:Umubtor dw'gc \~h'e Check hydraulic oillC\'C1
[Hishl Law hydraulic oillcvcl duc to; Checl.: h~'draulic hoses

l, Abrokcn ""'"
2. Laking C)'lindcr fC!s
:t. l...caking tnkc s=1s

ILew) D.un>s<d Broke Pump

• Acamtubtor ~'Clins Rapidly Medium

Electrical System
CborPns Vohs Law

(Hi&hIInt.....lleAbse at the: root pedaI
c:ontrol '\'llh'C

(Hi&hl Slipping or wom a1temator beh
[Mcd) Wirins problems al the: altem:ttor
(Mcd) Defecti\~ ........ ",;tdt
ILaw) Defecti\~ altemator

Check for hot h:~..draulic: oil

Chec:k Ahcm:ator bel! c:ondition IDe!
tension
Check for buml-out mutctl";tch

•

Hi&h
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Table 6.3 ST-SB Performance Faults

DSS Case Sludv - C~apler 6

• Faulr

Powertrain
Enginc difficul1 1('1 $\:u't

1..31:1.:. ofengine JIO\\'(T

Tr:u1SmÎ$:Sion slipping at s=r
dw1ge

ExccsscnpnoiscI\ibration

Scwmy ClaSJ

Lcw

Medium

Medium

His)\. Fire lI=rd

Medium

Medium

Caust!

Ilnshl EI«lri",,1 problcm (... EI«lri",,1
System FlIults)
l~ted) tn.<ufficic:nt fuel 10 cngi.ne auscc! by;.

1. Eml"Y fuel W1k
2. Rcstrictcd fucllinc:s (check fiheB & 1inc

from W1k 10 clw&< pwnp)
3. Air IcW in fuel suc:tion linc
4. Defective fuel shut-off$Olcnoid
$. Rcsuictcd injcetot pump p1unscr or nozzJc

(Low}lcw compression duc to;.
1. stieking or bumt ",a1\'cs
2. wom ptszOfl rings
3. Cylindcl" hcad gul;et 1eWnj;.

[Hishl1nsufficic:nt rUellO cngine aUKd hy;.
1. Empty fuel W1k
2. RC5tridcd fucllincs (chcd filtcn&'linc

from ..nk 10 clw&< pwnp)
3. Air le»o.s in fuel suaion tinc
$, Ocfc:e:tivc fuel shui-offsolcnoid
6. Rcstrie:tcd injector pump plungcr or no:z.Ic

(Mcd) Rcstnctcd air clc.mcn
IMcdl Hydr.ulie throtIIe problcm cauocd by:

1. A leù At throalc tn:ndlc ....I..-c
2. A lcak. at thronlc mvc \'al\'(
3. NopilotJll<S'U'C

ILcwJ Ncm cngine rcloted problcm
1. Torque ccxwetonlipping
2. Transmission ClUlch plId:. slippmg

[Luw] Clotoh ""el< ICllking
~ l...ncl2nclmorccommon)

[High) LW;ing transmiaion or hydraulic oil
coolcr
(LowJ Smoking from clip lÛeI< ... fill. ,.

1. Cylindcl"blow hl'
2.Blockcd aulIo:ue brcalhcr val""

(HishJ R=ïctcd ar cl......
(Mcd) Tou much ail in1hc lUmp
[LowJ Injccticm nozzIe rcstrictcd
(LowJ Cylindcl"bc>d psket lcoking
(LowJ W.... pUlcm rinp

(HishJ ExIcmaI_
1. Broken coolcrbrackc:Is
2. _ cnsin< mounts

r.-Icd) IntcmoJ_
1. Rcslrictcd airlupply
2. RCSlrictcd fuel supply
3. (Low) W blow<r bcuing
4. (Low] W timing gcartr>in
$. (LowJ w pUlcm rinp

89

Tests

Chcd cl(l,.'1rical S)"S'lan first
Coo:k fuel system

Check :tir c:1c.:mm
Check relieflCttiRg on thronlc
trudlc \'lit"c

WI1cn forward is cngogcd. iflhc
transmiaion l1ipa at bath (&ni. and
scconcl gcar cbangcs.lhc problcm is
1hc forward el_ pock. Othcrwisc
1hc problcm <an he isolatcd 10 1hc
approria.. elu!Ch pock (1" ... 2ncl)

Check r... coolcr lcab

Check air dc:ancn
Check ail 1_1 in 1hc cnginc
lUmp

Check_cm and hydraulie
oïl coolcr1:ncketJ.
CIlock cnsin< mounts
CIlock air folten



• Table 6.3 (cont.)

Fault Sevcnry Cluss Cause

DSS Case Studv - Chapter 6

Tesrs

Exca.\ dri\'cli~noiloC!\'ibrOltion Medium l1.owJ O:Ull.1~ dri\'Clinc or uni\'m.:I.ljolnt
(Low} D:unll~diffc:renti:lI

•

Excaa cnsinc oil comumrtion

Hoist, Dumo &
Steering
lAd:. ofhoillt power (l'la",
boom-up)

Hoist no( holding Joad
(boom dtoppin&)

l..ack ofdump J'C'Wtr (slow
roll-bock)

Medium

Low

Low

Low

(McdJ Extcmal oillc&kage duc lo~

1. IwinS oil c:oolcr
2. I"king filtcn
3. Excessi\'~ ~CIl$C pressure (cylindcr
blo", by)

(Low) 1ntcmI1 oilleAbge duc to~

:. Wom cnnkJhlft bcarinp
2. Wem pislon rinp

(Law] ExI~ed opcr.ation with rcstridcd air
c1cancrs

IHighll..o\\· h~'dnulic oil1C\'C1 duc: to~
1. A brokcn hase
2. Leaking ~'lincSer 5C.lls
3, wking bruke.ws

[Medl HoiSl eylincler blllUS
(McdlOinj~&nWnn:licr\':lI\'c

(1..ow} Broken ap on pilot to MeV
(Law) Wom hydr:lulic pump
(LowJBroken hois! "l'Iinder O)~
(Slobic lo\\'er 1C\'CIs) High dcmi~' muc:k

(HiS:1J Pon ..licf,~I,~le>king
(MedJ Hois! O)'lincler b)llUS

(HishJ Low h)'dnulie oillO\~1 c1uc ln;

l, A broken"-
2, LcakingcyIindcr .ws
3, Lcaking tnkc.ws

[McdJ Dump cyIindcr~
[McdJ Dinjammingmain ..licf,~I..
[Law) Broken <op on pl'ot.o MCV
[Law) Wom h)'dr.ullepump
[Law) Broken dump c:yllncler C)'C

90

Chccl.: oil fih~
Check oil coolcr
Check for bre:athcr rcsuic:lioo on
Ihccnnck....

0uTy out Il st:lJ1 tC:5t on the cnginc.
Put Ihc brukes on, engoge 2nd &=
Ù1 fOl"\wd:tnd rev the cnginc.
DumpIIlois! pressure should he_thon 21S0 PSl.lflhc
pressure is lowcr. eithcrthem:ain
relicf\'al",.c is vcaling or the cng;nc
bas a po"'Cr deliva)' problcm.
Check. for low hydraulic:: oil IC\'CI.
Work the m:achinc:: forSC\.'Cr.l1 ~'C'IC$

Feel the tcmp orthe hoist ~'Iindcrs
lfone is hoacr. it ÎndiCdCS c:ylindcr
b)'P"JS.

Check for low oillc::vcl
Work. the m:achine for SC\'C'lll <:Veles
Fc:d Ihc 1<lllp oflhc bois! eylindc..
ICone is notter. it indicates c:ylindcr
b)'P"JS.

Check for low oillC\'d
Work Ihc ll1llc:hinc fOl' lO\'CtllI cyeles
Fc:d Ihc I<mp orthe dump c:ylindcro
lflhc c:yllncler is=ô..I)' hot,
it indi...... c:y1Ùldel' bl1>uL
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Table 6.3 (cont.)

• Faul: S<wnt)'Class Caust: Tests

Dump not holding !C\.,d (buckd Medium IlIishl Port rdichllol\'c le:ù..inC (spring brolcn) PI:r.cc the bu..:kct nat on the cn""nJ
rolls Ne\..: b~' il.~Il) (Medj Cyhndcr bY1>= and cxtcnd the ItAbilizCT c;.'linlkr

J,Q lbct the front whccl, ",fthe UlD
U'\: raiic:d offthe smound. Iftbc
dump ~'lindcT ClU\OOl hold the
weight orthe maclùnc. thi, indio:alCJ,
a lCAkingdumrpor1 ttlicf"",I\'C.
Check c,'lindcr tcmpcnalU~ f~'lC'

~'Iindcr b~'PLU.

L.:u:k ofSlc:c:ring power Medium (Hishll.ow h~'dn.ulic: oillt\'C1 ~. out a stAIl te51 on the cnçinc.
(lI;çlIj Bio",. S.ocrinShoscs Put the tnka on. cngzaSC 200 gar
(Med) Stccrins CyIÙ1dcr 1»1>= in fOf\l,'afd and f'C\' the engin.:.
(l.ow] Pilot \'~h'c Ie»:.ing DumpIlIo;" pn:='" should bc
(Low] lllunaged SlocrinS COl11roI ,~Ive: gTellcrtNn ::lS0 PS1.1fthc
(Low] D....ged ..ccrinS pump pressure is lowcr. cithcr the lNin

rclid"..h.'C is YC'nting or the cnginc
bas a power dcli~' rroblct1l.
Chcd< sIocrinS cyl;ndcr hoscs
Check for low hydraulic oillC\'C1.
Work the mac:hinc forSC''CnI1~do
Fee1 the temp orthe: stccring
c:ylindcn lfonc il honer. il indiCilCS
cyl;ndcr bypus.

ud ofhoisl & dump po\\'Cr Medium (H;çlIJ P;lot """"'"' problcm ..uscd bl; CuTy out • slAll tCll on the cngim.
1. Dinj:muning accumublot dwgc vaJ"'C Pu.1hc: brakcs on. cnpSC 2nd s=

[Hishl Low h~'dr3ulic oillC'\'C1 duc to; in forn.vd And rev the cngil'tl:.
1. A brokcn hase Dumplllodt pn:au'" should bc
2. l..cAking c~..linder scats gn:atcrlhan 21'0 PSllflhc:
3. l.cAking brakc scals pressure is Iowa'. cithcrthc Nin

(Med] Closged hyod...uli< fihm rclic:f''al\-.: is venting or the cogine
(Low]5<o«d'domaged spool in MCV bu. po_ c!d;vc:ry problcm.
(Lewl d<f«l;,..,__ Cbcck for low h)'C1raulic oillevt:l.
[Low) PIoOOhgfOùtjamming main n:licfvalvc

l.aQ: ofhoist. dump &: stecrins Medium (mçll] No pilot """"'"' duc to; CAny out a sali tell on the cngine.
po- t. Dirtj:unming aceumulator ch:trgc \'llIve Pullhc: brakcs on, cnll"SC 2nd s=

(mçllJ Low hydraul;< oill"",1 duc 10; in forward and rev lhc: cngine.
1. Abrokcn hase DumpIlIodt """"'"' should bc
2. LcalcinS cylÙ1dcr S<als gn:atcrlhan 21'0 PSllflhc:
3. Le.ldns broku..1s pressure is lowcr. eithcr thc main

(Med] Closscd hydrauH< fillCtS rdicfvalve il vcntin& or the cngine
bu. po_d<Hv:ry problcm.
Chcd< f... low hydrauH< ..11"",1.

H~'C!n.ulic pump l'Oisy Medium [H;ghJLow oill",..,1 Chcd< r... low hydraul;< 0I11cvo:1
(H;gh] Air lcak 10 ....ion ad< Cold hydrauli<"1 will cuue: Ihc:
(MedJ Bralhc:r ..Ive: on tank plusged pump 10 he no;.y f",. 10 to l'
(McdJ B1od<ed "<lion fihcn minu\cs until the oil warms
(Lew]1ncorrc<l h)"ClnIulK: fiuid llIlIiacntly
(Lowl lllunagedpump
(CondJ CoId hydrauli< oU

(·20to·311ambicm_>
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• Table 6.3 (cont.)

Fau!' Scwmry Cum Couse' Tt:sts

SAHR Brakes
BMlkcs applying during operation Medium [His!>J Br>ke hos<s ruplur<d or Ico1<ing Chcc:k hose connections 10 br.Ikcs

IHigh) Bnkc foot pecbl control"'llivejamming Cbcck con\'cr1cr oil pn:ssun:
[Med] Dinjamming accwnulalor etwge \';Ùvc
[1..o\\') Low transmission pressure
[Low] Elearic:aJ f:auh in starter circuit

Brako.sow to apply His!> (Mcd) Foot pc<bl control ''OI'~ jomming (now Check foot pc:da1 c:ontrol \'OÙ\'c:
r<slrielcd Iiom br.ù<cs)

Brakcs slow 10rcl~ Medium [McdJ Foot pedaJ control ''OIvcjomming (now Check foot pedaJ control volve
rcstrided ta br'*cs)

Brakc face SCA!!> Ic.aking Medium [MecS) Check "'::ll\'~jammcd ausing Check , PSI <:hcek \'al\'e:
O\"CrpI'CSSW'C in tnkc c:ooling circ:uit
(Low) 5<.11 f.;lure

Electrical System
Enginc no( suning Low [His!>J E1ectrical publems due to: Check e1ectri<>l problems f....

1. &ncry dw'sc lo\\' 1hen fuel problems
2.Stllt1cr moIor stuckltusled
3. Muter ~;tehc:s rault)-'
4. Cross-o\'Cr' solcnoid dcfceti\'C
.5. Dcfccli'\'C mncr mater• (McdJ Fuel Suppl)' problem (set Pow..""in

raults)

~o power 10 lights Medium [His!>1 o.m.ged liglllsorwiring
(High] Hamcss plugdis:olll.cclCd (muck)
(McdJ Cin:uit _or trippcd 0* too his!>l

92



•
DSS Case Studv - Chapter 6

6.7 Expert System Demonstration Prototype

Inco Mines Research initially expressed interest in developing an expert system as a solution to

the problem of troubleshooting ST-8B faults. Prior to completing the knowledge acquisition

process, an expert system demonstration prototype was constructed for evaluation. The

demonstration prototype was written using the ComdalelX' (Release 5.12) development shell. and

consisted ofapproximate1y twenty five production rules (see Appendix 5). Because ComdaleJX

has an integrated hypertext facility, rules were used for high level processing (for example, to ask

the user which subsystems are malfunctioning), and hypertext modules were used to display faults

and associated like1ihoods. Hyperte:>.:t interfaces enable a list offailure hypotheses to be displayed

to the user, as distÏ'.lct from providing the user with only the most like1y hypothesis. This approach

was deemed beneficial, since a user might possess heuristic knowledge not available to the e.xpert

system which could be applied to the hypothesis discrimination process.

Although initial reaction to the e>..-pert system prototype was positive, severa! factors weighed

against the implementation ofa full scale system. The first ofthese was that ComdaleJX is limited

to the OS/2TM or Windows™ operaring systems. Future integration with a UNIX·based

maintenance management system would be difficult. Secondly, although it was possible to design

a mouse-activated system (ignoring keyboard specification ofcertainty factors), it was not

possible to program a large number ofmouse-driven alternatives per window for the rule-handling

component ofComdaleIX. This resulted in the user having to traverse an unacceptably high

number ofwindows before a conclusion could be reached. It was felt that this would be a rime

consuming attnèute that would not lead to user acceptance in a mine.

However, the dominant factor negating the use ofa full-scale expert system concemed system

maintenance. During the Iife ofa decision support system, a knowledge-base will almost certainly

require modification as either inaccuracies require correction or machine modifications are made.

The proeess ofrepresenting knowledge as production rules and implementing the rules in

ComdaieIX requires fami1iarity with the development environment and knowledge as to the effect

TM Comdaie Technologies !ne., Toronto, Canada.
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ofa modified rule on inference chaining. Since it was estimated that over 330 production rules'

would be necessary in order to implement the knowledge-base established in Chapter 6, the only

person who could reasonably be expected to modify the expert system would be the developer.

The mine would therefore be dependent on the developer to implement changes, and, in the event

ofunavailability of the developer, the expert system would most like1y hpse into disuse. With

these criticisms in mind, an alternative knowledge-delivery platform was sought.

6.8 Hypertext Mark-up Language

The world wide web 0VWW) is a global, cross-platform, distributed hypertext information system

that runs over the Internet [Lemay, 1995]. The world wide web is based upon a c1ient-server

architecture using web browsers (clients) and web servers. The web browser's job is twC'fold.

Firstly, it requeSls information by sending instructions to a web server to retrieve information

from a specific site, or uniform resource locato! (URL). The web retrieves the requested

information (which may reside on another computer on the Internet), and sends it back to the

browser. The browser then formats and displays thi~ information (consisting oftext, graphies,

sound bi13 or video clips) to the user. What web browsers do most ofis to bandle web documents.

These documents are wrinen in Hypert~1 Mark-up Language (HTML), a language that has

become the standard ofthe web. Since it's introduction in 1990, HTML bas undergone two major

revisions; HTML 2.0 and HTML+. A third revision, HTML 3.0, was scheduled for release at the

end ofSummer 1995 [Udell, 1995).

Aware ofthe relative strengths and weak."llesses ofexpert system technology for the ST-8B

decision support system application, HTML was exarnined as a means ofimplementing the

diagnostic knowledge-base. Severa! benefits immediate1y became apparent These are;

,
The knowlcdge base in Table 6.2 and 6.3 is in the form ofa look-up table. The number ofequn'll1ent rules

(see c:h:Ipler 7) can he estimaled by indc:ldng the looic-up table and counting the number ofindices.
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• hypertex1 documents wrinen in HTML are operating system independent. Web documents

• can be implemented on computers nmning UNIX. Windows. VMS. OS/2 or Mac uperating

systems as long as a web browser exists for that operating system.

• Many web browsers are available free-of-charge at sites on the Internet (see Table 6.4).

• A decision support system wrinen in HTML can be organised as an interconnected series of

pages. Each page occupies one ASCII file. Just as in a folder. new pages may be added and

old pages edited. removed or replaced.

• HTML files can be authored using just a tex! editor or a word processor. Documents can be

struetured so that a user need only know a few HTML commands in order to add or moditY

pages (see Tables 6.5 and 6.6).

• A web document can be implemented on either a local environment (which does not require

the 'Ise ofa web server) or over a networked environment.

• A DSS implemented in HTML can be interfaced with a maintenance management system

with the aid ofa web server and customised CGI (Common Gateway Interface) scripts.

Opere'''!: System W__bl1rot4xr Comp"">'
os.'2 Wup IB,\\ WcbExpI...... includcd IBM

with Exlen&d Scnices

OS/2 Rel.... 2.1 IBM WcbE>q>I....... IBM
Rcquir<TCPnP InsUlblioo

Windo\\'s9S Ptopriewy _"1er Miaoooll Caop.

Windo\\'S3.1 NCbl:llpe NdSClpc Communications
Win.\foaie NCSA
WinWcb MCCCaop.
AirMouic: sp<yCorp.

Uni. NCSAMOAic NCSA
Lynx

Table 6.4 Popular Web Browsers
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FlTML Tag Use -
<HTML>....<IHTML> Dcnotes thc stan and cnd ofan HTML

document

<HEAD>....</HEAD> Denotes thc hcad ofan HTML documcnt

<TJTl.E>....<fI1TI.E> lndicates thc tillc ofthc document

<BODY>....<lBODy> Encloses thc body (tl:.'1 and tags) of thc
HTML documcnt

<HI>....<lHI> Dcnotes a l)'PC 1hcading

<H2>....</H2> Denotes a l)'PC 2 hcading

<H3>....<lH3> Dcnotes a !)-pc: 3 hcading

<P>....<IP> Denotes thc stan and end ofa tl:.'1
paragraph

<HR> Denotes a horizontallinc

<Ul>....<IUL> Denotes the bcginning and end ofan
unordcrcd liS!

<OL>....</OL> Dcnotes the bcginning and end ofan
ordcrcd liS!

<LI> liS! itcm for ordcrcd or unordcrcd lists

</MG SR0="fiIcnamc" Inscns an image into the document
ALIGN-BOTIOM ALIGN is uscd to align tl:.'1 foUowing
ALT="description"> the image. ALT provides an alternativc

description of the image for use \\ith
browsers \hat do not suppon graplùcs

<A>....</A> Denotes the "anc:hor" ofa h)'])Cnc.'\1Iink

<ADDRESS>....</ADDRESS> Denotes the author and last n:vision ofa
document

Table 6.5 Basic HTML Tag Statements

A decision support system implemented in HTML would thus be a maintainable and expandable.

In addition, by installing a single web server and a private networlc, a Inco Ontario Division would

be able to disseminate maintenance infonnation to workshops in each ofits eleven mines in the

Sudbury area. Under this scenario, experience acquired from maintenance shops in each mine

could be disseminated amongst other mines from a single, maintainable knowledge-base.

(Corporate wide internets have already been installed by a number ofcompanies to disseminate

information, including US West, Morgan Stanley and Turner Broadcasting. Such corporate wide

internets have been dubbed "intranets" [Sprout, 1995]). However, an HTML decision support

system does not have the inference abilities ofan expert system (see Chapter 1). Hypertext links
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can be used to represent simple inferences. but conjunctions and disjunctions cannot be

represented.

As an example of this inferencing limitation. in the e:'..pert system demonstration prototype, the

user was asked to select which one or more of the dump, hoist, steering. SAHR brakes and

hydraulic throttle subsystems were faulty. Based on user replies, AND/OR statements were used

to invoke the correct hyperte.\."l module containing suggested causes. In HTML, this is not

possible, and combinations offaulty behaviour rrust be exhaustively listed. Fortunately, for the

ST-SB few such combinations are practically possible (there are eleven sueh combinations for the

hydraulie system), so that DSS users are not inundated with an excessive number offault options.

For a system having a large number ofnon-redundant observable outputs where many behavioural

combinations are possible, this approach may be oflimited applicability.

6.9 System Architecture

• This section descnbes the development ofthe HTML decision support system designed to assist

personnel in diagnosing faults in semi-automated Atlas Copeo Wagner ST-SB Load-Haul-Dump

vehicles. The system. called "First Level ST-SB Diagnostics" was written with (wo user groups in

mind;

• Operators ofnon line-of-sight teleoperated ST-SBs ("RoboScoops"), and

• Diesel mechanics, fitters and eIectricians training to maintain ST-SB machines.

Recapping on the requirernents analysis ofsection 6.2, under non line-of-sight teleoperation, a

fault may be observed either as an irregularity in a monitored variable displayed on the operator's

virtuaI dashboard (an "instrument a1arm") or as an anomaly in the vehicle's behaviour perceptible

to the operator (a "performance fault"). Symptom detection (a1arm handling) is Ieft to the

SCADA system and LHD operator respectiveIy.
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6.9.1 Instrument Alanns

Home
Page

Inst
AJarms

Pert.
Faults

Systems
Manual Index

•
Alarm
~ge1

Alarm
Page 2

Alarm
Page 3

Systems
Manual

Figure 6.2 Instrument A1arm Pages

"First Level" is a web document which is composed of 141 independent pages. These pages are

inter-linked as descnoed by Figures 6.2 to 6.5 inclusively. The root document is the home page

(see Figure 6.6 at the end ofthis chapter), which contains four icons; an instrument alarm,

perfonnance fault, systems manual or index icon. Selecting the "Instrument AIarm" icon displays a

menu ofpoSSlole alarm types (see Figure 6.7). Cliclàng on the appropriate alarm type invokes a

page which displays the severity cIass ofthe alarm and lists the likeIy aIarm causes (see Figure

6.8). C1icking on hypertext links on this page launches the user directly ioto the systems manuaI

should more information be required as to the function ofindividual components.
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6.9.2 Performance Faults

Home
Page

Inst.
A1arms

Perf.
Faults

Systems
Manual Index

Fault
Page 1

Fault
Page 2

Fault
Page 3

Systems
Manual

Figure 6.3 Performance Fault Pages

Selecting the "Performance Fault" icon displays a menu ofpossible performance fàults. Clicking

on the appropriate fault type invokes a page which displays the severity class ofthe fault and lists

the likely fault causes. Clicking on hypertext links on this page aise launch~ the user directIy ioto

the systems manual should more information be required as to the function ofindividual

components.
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6.9.3 Systems Manual

Home
Page

Inst
AJarms

Pert.
Faulls

Systems
Manual Index

Photo 1

Pholo
Menu

Pholo2

Page 1 Page 2

Photo 3

Page 3 Page 4

Figure 6.4 Systems Manual

The systems manual is an e1ectronic copy ofthe Atlas Copco Wagner systems manual6 which is

used to train ST-8B mechanics and e1ectricians. Unlike the instrument aIarm and perfonnance

fault sections of"First Level", il cao be browsed in linear fashion. Links are provided to sections

dealing with major subsystems. In addition, a section ofphotographs showing ST-SB subsystems

was included as a training aid to people unfamiliar with the vehicle (see Figure 6.10). Each

photograph provides links to the appropriate pages ofthe systems manuaI.

Reproduced with the permission ofWagner Mining Equipment Co., 1993.
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6.9.4 Index

Home
Page

Inst.
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Perf.
Faults

Systems
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Systems
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Index
Page 1

Index
Page 2

Index
Page 3

Figure 6.5 Index Pages

The index pages provide a quick and easy way offinding any ofthe 141 pages in the "FU'St Level"

system. Each page bas a unique name. These names are listed in the index section. Clicking on the

appropriate page name launches the user into !hat page.

6.9.5 Integration witb SCADA Dashboard

"FU'St Level" is designed to be interfàced with SCADA based instrument dashboards via the

addition ofa DIAGNOSTICS button written into the SCADA dispIay. Activating this button
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invokes the Web browser as an eX1emai program. The browser is configured to automatically

display First Level's home page.

6.10 SampIe Consultation

Figures 6.6 to 6.12 follow a sample consultation from the completed decision support system.

Supposing that a low oil pressure waming for the engine is observed. By invoking the diagnostics

button on the virtual dashboard screen, First Level's home page (Figure 6.6) is displayed. Since

advice is required for an instrument alarm, the user selects the corresponding icon to display the

instrument alann menu (Figure 6.7). Each underlined phrase represents a hyperte>.1 link to another

page ofthe web document. The user selects "engine oil pressure low" under the list ofpowertrain

faults. causing an alarm page to be displayed (Figure 6.8). Low engine oil pressure is rated as a

high severity failure., since continued operation could cause serious damage to a diesel engine.

This is reflected through the use ofa graphical traffic light indicator which indicates red for high

severity (a yellow lamp is used for medium severity and a green lamp for low severity). Similar to

• Caterpillar's VIMS system (see Chapter 2). three severity levels are used for which action policies

can be fonnulated. In the event ofa high severity fault such as low engine oil pressure., the

appropriate action policy might well be to shut down immediately. "First Level" does not

explicitly state this procedure; this remains the responsibility ofeach mine to fonnulate.

Below the severity level., a list oflikely causes is provided (see Figure 6.8). Likelihoods are

indicated in square parentheses. The DSS indicates that the most likely cause is low oillevel., due

either to a leaking oil cooler or filter or excessive crankcase pressure resulting in leaking oil

gaskets. Below the list ofpossible causes, a list ofdiagnostic tests is provided (not visible in

Figure 6.8). Advice is given to check the oillevel first, then to inspect the oil filters and air

cleaners for blockage. Ifthe problem is ofa reoccurring nature, then advice is given to veritY that

the oil pressure gauge is reading correctly by connecting an externaI pressure sauge to an engine

test pon.
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As an example ofanother consultation type, suppose that a trainee mechanic wishes to lcam more

about the hydraulic components situated under the mid-ship access hatch nearest the operator. As

for the previous example, helshe invokes the home page (Figure 6.6). This time, the systems

manual is selected, which brings up the systems menu (Figure 6.9). The mechanic selects "system

photographs" and the photograph menu is displayed (Figure 6.10). Small thumb-nail pictures are

used to represent the CUITent library ofeleven photographs available to First Leve\. Seleeting

"Midship Hydraulics" displays an annotated photograph ofthe hydraulic system components

(Figure 6.11). Each hypertext link in this screen cor.neets the user to the appropriate page in the

systems manua!. Seleeting "Transmission Control Cover" invokes the screen explaining how the

control cover regulates oil flow to the transmission clutch packs (Figure 6.12). Selecting

"Steering Control Valve" displays the screen illustrated in Figure 6.13.

6.11 Future Development

Future development envisages the interfacing ofa Maintenance Management System (MMS) to

"First Leve!". One advantage ofthis would be to provide the user with accurate work order

statistics, rather than the qualitative fault likelihood infonnation which is presently built into the

system. Interfacing "First Leve!" to a MMS is a little more complex than Iinking the system to the

SCADA instrument display. Firstly, a web server must be installed on either the same computer

hosting the MMS database or on a computer nelWorked to this hosto Next, small programs called

gateway scripts [see Graham, 1995] must bewritten to link the web serverwith the MMS.

Gateway scripts are also commonly called CG! (Common Gateway Interface) scripts since this is

the method that NCSA web servers originally employed in UNIX. Figure 6.14 illustrates how

these gateway scripts worle. The browser sends a URL request to the server. This URL request

activates the appropriate gateway script, which sends SQL calIs to the MMS database to retrieve

data. The processed data is passes back to the gateway script, to the server and back to the

browser. The browser formats the resulting data and displays it using an HIML "fonn". To

achieve integration with a MMS, "F1Tst Level" requires modification through the addition of

HIML forrns, and many ofthe existing URL tags will require changing to refleet the nelWork

address ofFirst Leve!'s files.
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Figure 6.14 "First Leve)" Integration with a MMS [after Lemay, 1995)

<HTM!>

<HEAD>

<TITLE>Homo: Pagc<lI111.E>

<JIlEAD>

<BODY>

<l'>Homo: Pas«'l'>

<HR>

<HI>FirsI Le\~1 ST-8ll Di>gnostics<Jlll>

<IMG SRC- "hamc.sif" AlJGN-MIDDLE ALT-"[Pi<ture ofan ST-8B LoodIlIaullllump Vdùclc)">

<HR>

<P>Selcet.~Ie icon:<lP>

<1'>

<A HREF-".Im.mcnu.lllm"XIMG SRCo"iconinsl.sif" AlJGN-MIDDLE ALT-"[Icon)"XIA>!nslnImcIIt AIann

<A HREF-"lIl.mcnu.IlIm"XIMG SRCo"iconc)i.sif" AlJGN-MIDDLE ALT-"[IcoaJ"XIA> PcrfomllllCC Fauh

<A HREF-~l.Il1m"XIMGSRC-";CClIlI)'.sif" AlJGN-MIDDLE ALT-"[Icoal"XIA> SysIcms MamJaI

<A HREF-"inctmcnu.lllm"Xll-IG SRCo"iconindx.sif" AlJGN-~aoDLE ALT."[Icon)"XIA> <JI'>

<HR>

<ADDRESS>Lut Reviscd 17July 1995. P.F.I;nisflls, Dcpc. Mining&MeulllIllPcaI~McGiII

Unh=ity.<lADDRESS>

<!BOO\'>

<JIlTMl>

Table 6.6 SampIe HTML File for "First Level" Home Page
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Figure 6.6 "First Level" Home Page
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Figure 6.10 "First Leve)" Photograh Menu
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• 7. Benefit-to-Cost Evaluation

As with any other type ofengineering project, an exarnination ofalternatives and detailed cost

justification should be undertaken prior to developing a diagnostic decision support system.

Whilst traditional engineering economy measures can be applied to the evaluation ofa DSS

project, accurate estimation ofproject benefits and development, implement:ltion and maintenance

costs are key to successful investment decisions. This chapter examines the quantification of cash

inflows and outflows over the life ofa diagnostic DSS, and provides a number ofheuristic

measures to guide the estimation process. ln addition, a simple mathematical model is presented

for estimating potential production increases resulting from implementation ofa DSS for

equipment troubleshooting.

•

•

7.1 Investment Indicators

Traditional measures from engineering economy and capital budgeting fucus on cash inflows and

outflows focus over a study perioe!, and rank projeets according to value [Grant et al, 1990). Four

measures are commonly employed in evaluating engineering projeets. These measures are;

• Internai Rate ofReturn (IRR); inflows versus outflows are measured over the life ofa

projeet to arrive at a rate ofreturn. An acceptable IRR must be greater than the combined

cost ofcapital and risk margin.

• Net Present Value (NPV), or Net Worth (NW); a minimum attractive rate ofreturn for a

projeet (discount rate), is used to discount project cash flows to a baseline. For projects of

unequallives, an Equivalent Annuity (EA) is often used to evaluate alternatives [Smith and

Dagli, 1990).

• Payback Period; Does not assume a life for a project, but measures the expected time to

break-even with a project. Can be evaluated with discounted or non-discounted cash flows.

107



•
Benefit-to-Cost Evaluation - Chapter 7

Benefit to Cost Ratio, or Profitability Ratio; is equal to the sum ofdiscounted inflows

divided by the sum ofdiscounted outflows.

Each ofthese indicators requires a detailed estimate ofyearly cash inflows and outflows during

the life of the project. The remainder ofthis chapter is concemed with how to establish these

estimates.

7.2 Benefit Evaluation

COSTS BD.'EFtTS

~ QUlln!jfillhle

~V< Sll<1I !'ut<:Iwe Jmrrovod Decision Spccd

Soft>w< l>c\'<lopmenl Impro\'<d Decision Qu.>1i~·

0Ihcr Solh>= !'ut<:Iwe Impro\'Cd Dcàsioa cO"';,,~·

Ilanl>\= Leu<.. !'ut<:Iwe Au........ ofTub

Ccmmu1ùcaIion Equipment Ahtlilyto Ptrfonn NewTub

otrlC< spoœ ancI Funliolùnp _ Employo rRÙlÎl1l:Timo

Trainingand DocwUCLiUtion

1,,--,- l'm:Manstary

OpcnlincPmonod ~-zywilh 0IhcrPloJ-
CommullicIlioaU- Elcpondcd~Tam ()pponlmiIico

-~ Slralqic l'ooiIioaiIlc
Soft>w< l1psrada

Job_
otrlC< Spaœ ancI tJtililia RcconIia&af"'-icda<

Table 7.1 Typical Expert System Costs and Benefits [Smith & Dagli. 1990)

Table 7.1 lists the typical costs and benefits ofimplementing an expert system [Smith & DagIi,

1990]. Tbese factors are ofequaI applicabiIity for knowledge-based and hypertext decision

support systems. On the benefit side ofthe table the effect ofimproved decision speed is perhaps

casier to quantifY than the effect ofimproved decision quaIity (and consistency). This is because

the mean time to repair (MTTR) mobile mining equipment serves as a benchmark for evaluating

the efFeet ofimproved diagnostic decision speed, but no bencbmark exists for evaluating the effect
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ofimproved clecision quality (i.e. it is difficult to isolate the effect ofpoor maintenance decisions

ITom existing maintenance costs). On the cost side of the table. two factors in panicular deserve

attention beyond the coverage provided by Smith and Dagli. These are the cost of software

development. and the ongoing cost of software upgrades (software maintenance).

7.2.1 MTTR Reduction

A key benefit in implementing a DSS is an expected reduction in the time to repaîr (TTR)

breakdown failures (see Chapter 1). Various researchers [HaJjunpaa. 1993: Vagenas. 1991a]

suggest that diagnosis can occupy as much as 80 percent ofthe time to repaîr a failure. A tirst

step in eva\uating the production benefits ofreduced breakdown repaîr times is to estimate the

potential reduction in MTTR due to the introduction ofa diagnostic DSS. Whilst the causes of

sorne breakdowns will be immediately determinable and not require the assistance ofa diagnostic

support system, others such as hydraulic system faults may be more difficult to diagnose. These

diagnostically difficult failures would typically account for a proportion ofthe failures requiring

medium to long repaîr durations. One can conclude., therefore., that the true potential ofa

diagnostic DSS lies in reducing the TIR for medium and long duration repairs. To estimate the

reduction in MTTR. we therefore require a knowledge ofthe distn'bution ofrepair times.

In 1989 Kumar [1989] published the results ofa reiiability analysis performed on repaîr data

obtained for one year's operation ofa f1eet ofdiesel powered Toro LHD units at LKAB's Kiruna

Mine. Kumar concluded that;

• time between tàl1ures (TEF) and TIRs were mutually exclusive and identically and

independently distn'buted,

• The best fit mode! for the distn'bution ofTBF data was a WeI'bull function, given by:
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• f (1) =P;;' exp [-(~)P] for 1 2: 0, ex 2: 0, 13 2: 0

where ex= Scale parameter,
13= Shape parameter,
1=time duration.

equation (7.1 )

• The best fit mode! for TIR data was a lognonnal distribution, given by:

f (1) =tek exp [-C'~~~")] for 12: 0, !.L 2: 0, cr 2: 0 equation (7.2 )

where !.L= mean ofln (1),
cr= standard deviation ofln (1).

Ifit is assumed that TTR data commonly follows a lognonnal distnDution (which is sometimes

approximated as a negative e~..ponential distnDution [Jardine, 1973] and is strongly skewed

towards shorter duration repairs) it cao be concluded that, even if large time savings (e.g. 20

percent) are expected for medium to long duration breakdown repairs, the aetual reduction in

MTTR will be much smaller (circa 2 to 5 percent). This reduction assumes no change in the

service and idle time portion ofthe cumulative equipment TTR.

Reduced breakdown repair times cao be leveraged in one oftwo ways. Firstly, ifexisting

maintenance staffing levels are maintained, increased equipment availability sbould translate into

increased mine production. Secondly, under certain circumstances, maintenance staffing levels cao

be reduced, saving on labour and associated training costs whilst maintaining equipment

availability at unchanged levels. In this second scenario, improved breakdown repair rimes may be

offset by increased idle rimes as machines wait upon labour resources. The estimated production

inaease due to a diagnostic DSS will be examined tirst;
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Equipment availability can be defined as;

A '/ ,\rrBFo
l'QI 0 =.\fTBFo+.\mRo

where

equation (7.3)

{
0 represent baseline conditions and

subscripts
le represent conditions due to a reduction in MTTR

and TBF and TIR data are measured over scheduled hours only.

Equation (7.3) can be re-arranged to obtain;

•

.\t1TRo 1-.A\I0110
,\OBFo = A.wulQ

The mean time to repair can be e:\:pressed as

MTTRo = (l-y)MTTRo + yMTTRo.

where
y = fraction oftotal repair time due to breakdown repairs

equation (7.4)

equation (7.S)

Under the assumption that a DSS 1eads to a fractional decrease oflC in the total time spent on

breakdown repairs, the following equation can he written;

MTTR~ =(1 - y)MTTRo + (1 -IC)yMTTRo

Rearranging equation (7.6) gives;

Recalculating the lMlJ1ability ofthe machine for the reduced MTfR gives;

A"1 M111F.
VQ1 ~ =M111F.+(I-q)Mnl!o

111

equation (7.6)

equation (7.7)

equation (7.8)
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Substituting the ratio established in equation (7.4) into (7.8) gives;

Avail = Ava
l1

0
IC: J-q(l-Ava11o) equation (7.9)

If it is assumed that equipment utilisation remains unchanged both before and after the

implementalion of the diagnostic DSS, then the percentage increase in mine production can be

written as;

d . 1 0 ) (..1",,'1<""04",,'1')Pro uCllon ncrease (Vo = 100 04"",1,

Substituting equation (8.9) into (8.10) leads to;

equation (7.1 0)

•

•

Production Increase (%) = 100 ["l'(I-~",,'I,) - 1JI equation (7.11)

As an illustration as to how equation (7.11) can be applied, consider the example introduced in

Figure 1.2 in Chapter 1. Here, the fraction ofrepair time spent on breakdown maintenance of

three ST-SB vehic\es was measured to be 68 percent. AvaI1ability ofthe three LHDs averaged 85

percent over the year for which repair data was recorded. Ifreductions in breakdown MTTR in

the order of 2.5 to 10 percent are assumed, then;

y=0.68
0.025 SlCS 0.10

Availo = 0.85

The resulting range ofpossible production increases are as indieated in Figure 7.1. Results have

also plotted for equipment avaI1abilities of80, 90 and 95 percent, in each case assuming 68

percent breakdown maintenance. From the graph, it can be seen that;

• for a 5 percent decrease in breakdown MTI'R, the possible increase in production varies

between 0.17 and 0.68 percent, and

• diagnostic decision support systems offer more potential for increasing production where

equipment avaJ1abilities are currently Iow (circa 80 percent).
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Production Increase (%)

Percentage Reduction in Average Breakdown Repair Time
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Figure 7.1 Production Increase Versus Reduction in Breakdown Repair Time

7.2.2 Personnel Reduction

Under certain circumstances, a mine might e1ect to down-size its maintenance work force and

save on labour and associated training costs by introducing a diagnostic DSS. ln other cases, both

personnel down-sizing and production increases might be possible i( for example, a significant

reduction in equipment failure frequency was experienced due to a reduction in the number of

incorrect diagnoses or the introduction ofon-line monitoring system. Potential labour savings can

be estimated by considering the ratio ofstaffto total f1eet repair time. ThUS;
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equation (7.12)

where M7TR is calculated across an entire equipment fleet and

freq is the average failure frequency for each machine.

On the assumption that the average failure frequency does not significantly change, and that fleet

numbers remain unchanged, then by substituting equation (7.i) into (7.12) the number of staff

following the implementation ofa diagnostic DSS can be estimated in the form ofa real number

as;

STAFF. = (1-lC'f)STAFFo equation (7.13)

The aetual personnel reduction can be calculated by truncating the resulting difference in staffing

Ievels;

Personnel Reduction =int [lC'f STAFFo] equation (7.14)

For example., suppose that prior to the implementation ofa DSS a team of40 mechanics is

required to maintain a f1eet of 12 ST-8B vehic\es in operation for IWO shifts per day. Using the

same figures as before, current breakdown maintenance leveIs are high (68 percent) and the DSS

is expeeted to reduce breakdown repairs by 5 percent. It would be possible to lay off 1 person

(int [0.05 x 0.68 x 40])and still maintain equipment availabilities at unchanged levels.

7.2.3 Training Value

The value ofa diagnostic DSS as a training tool can be realised both as a reduction in the need !br

sk:11:d maintenance personnel and a decrease in lime necessary to train new personnel. On the

former point, decision support systems enable equipment troublesbooting expertise to he captured

and disseminated to all maintenance personnel. This is ofparticular importance to mines where

equipment diversity is an issue., since maintenance personnel cannot be expert in diagnosing all
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equipment types and models. For the latter point, reduced training time can translate into reduced

training expenses, through either decreasing contract training expenditures or a possible reduction

in instructor numbers.

7.3 Cost Estimates

Having dealt with how to estimate sorne ofthe cash inf10ws associated with implementing a OSS

for equipment diagnosis, the cost side ofthe equation must now be considered. Apart from the

obvious one-time costs listed in Table 7.1, the costs that require most careful analysis and

consideration are software development and maintenance costs. Knowledge acquisition is a

critica1 factor in these costs.

7.3.1 Size of System

The first task in estimating the deve10pment cost ofa OSS is to assess the size ofthe

knowledge-base required for the project. Knowledge base size will detennine the labour resources

and time necessary to develop the system. Not ail OSSs are IUle-based systems. It is suggested.

however, that the size ofa knowledge-base be evaluated according to the number ofequivalent

IUles necessary to represent it. For example, ifthe knowledge-base established in chapter 6,

(Tables 6.2 and 6.3) were expressed in IF ...THEN production IUles, it is relatively straight

forward to calculate that about 330 rules would be required. This is a medium sized

knowledge-base when compared to expert systems which have been implemented for controlling

minerai processing circuits wlùch typica1Iy consist of50 to 75 production rules [see Bowen,

1995], and when compared to expert systems such as PlTCH EXPERT (see Chapter 1) which bas

approximately 1200 rules and 3000 schemata [Kowa1s~ et al, 1993].
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Catt'go')' .\'0. Equlvolent Rulcs

Smoll :s 150
Mediu.m 150 < Ru/es < 600
1Arg< ~ 600

Table 7.2 Suggested DSS Categories Based on Knowledge-Base Size

This discussion leads to a suggested rating scale for Decision Support Systems based upon the

estimated size ofa system's knowledge base (see Table 7.2). These size categories can be used to

estimate development costs, as discussed in the remainder ofthis chapter. Note that the

knowledge base established in Chapters 5 and 6 contains knowledge on ST-SB fault causes, fault

likelihoods, fault severities, and sorne probing (test) knowledge. It does not contain knowledge

conceming repair procedures, failure histories, part numbers or part availabilities. To implement a

complete maintenance DSS would therefore require a large knowledge-base containing weil in

• excess of600 equivalent rules.

7.3.2 Development Resources

DSSSl:< Monager K_'1cdgc Eng....,. Domoln E:qxrt

Small oor 1 1 10r2
Medium 1 s2 ~2

1Arg< 1 ~2 ~2

Table 7.3 Suggested DSS Development Team Numbers

The estimated size ofa DSS knowledge-base permits labour reso:m:es to be assigned to the

development task. Table 7.3 Iists suggested DSS development team numbers. These numbers

compare favourably ""ith team numbers suggested by Guida and Tasso [1994], with the exception
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that Table 7.3 does not consider conventional software programmers should custom interfaces

need to be WIÏtten for the DSS. ln the case of medium to large sized DSS knowledge bases, it is

recommended that a project manager be dedicated to the task of developing and implementing the

DSS. A small DSS may weil be able to be managed by the knowledge engineer who also performs

the task ofeliciting and formalising knowledge. Medium to large sized DSSs require more labour

for the J.:nowledge acquisition process, hence IWO or more knowledge engineers are

recommended. The costs incurred by removing a domain e.xpert from normal duties to conduct

knowledge acquisition interviews must also be factored into software development costs. For

smaller DSS developments, eliciting knowledge from one or IWO well-chosen e.xperts is

recommended. Larger knowledge-bases may require input and verification from a IWO or more

domain experts.

7.3.3 Number of Prototype Stages

The development ofknowledge-based systems has been found to be an iterative process involving

a number ofrapid prototyping stages, whereby functionality and knowledge are continually added

to a prototype until satisfactory system performance is achieved. As discussed in Chapter 1. rapid

prototyping does not fit weIl with the traditional waterfaII life cycle model applied to the

development ofconventional software. A survey of23 KBS developers conducted in 1991 found

that most developers base their underlying life cycle model on a spiral development mode! [Fenn

& Veren., 1991].

Figure 7.2 iIIustrates the spiral model ofsoftware development tirst introduced by Boehm

[Boehm, 1988]. Essentially, the model is a polar plot ofcumulative development cost plotted

against stages ofproject completion. Each quadrant represents distinct prototyping stages. Thus,

one commences by conducting a requirements plan, and rapicily construets a demonstration

prototype (as in the case ofthe ComdaleIX expert system prototypes discussed in Chapter 6).

Following exarnination ofthe prototype, next level development plans are formulated, and the
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Figure 7.2 Spiral Model ofSoftware Development [Boehm, 1988]

processes ofknowledge elicitation, representation, prototyping and testing (see Figure 1.6) are

repeatedly iterated during development ofeach successive prototype.

DSS knowledge-base labour development costs are a combination ofthe unit cost oflabour

resources multiplied by development time. The estimation ofthe number ofprototype stages

through which a project must progress is key in determining development lime. Dependent on the

DSS application, knowledge-base prototypes can be user-evaIuated by field implementation or

expert-evaIuated prior to field deployment. Fenn and Veren [1991] recommend a minimum of

three prototyping stages; demonstration, pilot and fully functional DSS prototypes. For larger

applications, a US Air Force and Army KBS contractor recommends at least five prototype stages

[Gates, 1990).

It is important to note that the both development lime and labour may not be equally distributed

throughout the prototyping stages; more knowledge acquisition effort wl1l be required at the

initial stages than the later stages. The contnoutor set theory outlined in this thesis, ifapplied to

assist in the acquisition ofcausal knowledge, bas the potential both to reduce the number of
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prototyping stages necessary to develop a DSS. and reduce the development time (and hence

cost) of initial prototyping stages.

7.3.4 Knowledge Representation Type

As shown in Figure 1.6, the knowledge acquisition process is an iterative one requiring the

elicitation, representation, prototyping and validating ofknowledge. Time and labour resources

should be allocated to each ofthese four stages. The process ofknowledge elicitation is common

to both 1:nowledge-based and hypertext decision support systems. However, dependent on the

type ofDSS, the resources required to represent and prototype a knowledge-base can differ

markedly. The selection of DSS type limits the selection ,:[available knowledge representation

methods. Sorne means ofknowledge representation demand more analytical work than others,

and hence add to project development costs. For example, ranked in order ofincreasing analytical

complexity, five commonly used means ofknowledge representation are;

• look-up tables

• decision charts

• semantic networks

• production rules, and

• rules and frames (schemata).

The knowledge-base in Tables 6.2 and 6.3 is in the form ofa look-up table. Expert and

knowledge-based systems require knowledge to be in the form ofeither production rules or as a

combination offrames and rules. !fa KBS system is selected as the target DSS, it is suggested

that the labour resources (m terms ofperson-hours) a1located to the knowledge representation

process be at least double those alloeated for equivalent hypertext-based look-up table or decision

chart formats.
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7.3.5 Software Maintenance

The preceding sections have discussed how to estimate costs incurred during the development

phase ofOSS project. Software maintenance forms part of the ongoing costs ofOSS. As

discussed in Chapter 6, knowledge-base maintenance is necessary during the life ofa system both

to add or refine rules, and to reflect physical design changes made to equipment. In addition, the

knowledge-base constructed and implemented in "First Level" used failure like!ihoods to

discriminate between hypotheses. Ouring the Iife ofthe system likelihoods may change as the

environment in which equipment is working changes. For exarnple, ifhigher density muck was

encountered, ST-SB stabilizer (dump) cylinder maintenance may become more prevalent due to

increased bucket break-out forces. The knowledge-base of"First Leve!" would have to be

updated to correctly refleet this change. For "First Level", this maintenance can be performed by

site personnel. Ifan expert system had been implemented in place ofan HTML-based system, it is .

doubtfuI that site personnel would be able to effeet k.-nowledge-base maintenance, since changing

a rule-base can effeet the inference chaining process ofa KBS in unpredictable ways. It is

recommended, therefore, that maintenance ofa kïlowledge-based (expert) system be conducted

by the system developer. For this reason, software maintenance should be factored at a higher rate

for knowledge-based decision support systems than for systems such as First Leve!.

7.4 Summary

This chapter has presented an outline for estimating capital inflows and outfIows associated with

deveIoping a decision support system for troubleshooting mobile mining equipment. Benefits and

costs must be evaluated over the Iife ofa OSS project. Quantifiable OSS benefits are associated

with increased equipment availabilities leading to increased mine production, or savings arising

from reduced maintenance labour numbers. Equations have been established to estimate the

magnitude ofpossible production increases or labour savings.
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Costs are associated with each of the development. implementation and maintenance phases ofa

• OSSo Heuristic measurements were established to estimate the size ofa OSS in terms of the

number ofequivalent production rules necessary to establish the knowledge base. The size of a

OSS dietates both the labour resources and number of prototyping stages necessary to develop a

system. Each prototyping stage involves four stages ofelicitation. representatior~ prototyping and

testing ofknowledge. The cost ofknowledge representation is e.xpeeted to be greater for

knowledge-based systems than for modular, easily editable systems such as "First Levet".
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8.1 Conclusions

The objectives ofthis thesis are;

Conclusions - Chapter 8

• to adapt AI model-based diagnosis techniques to fauit diagnosis ofmobile mining

equipment without developing computational simulation models.. and

• to demonstrate that. by reducing dependency on compiled knowledge sources and by

reducing the number ofprototyping stages necessary to deve\op a knowledge-base, the

resuiting analytica1 methodology can be applied to accelerate the deve\opment ofdiagnostic

decision support systems, and

• to provide guidelines for estïrnating the benefits and costs ofdeve\oping, implementing and

• maintaining a decision support system for mobile mining equipment troubleshooting.

This work has addressed these objectives by;

1. in chapter 2. conducting a review ofdecision support systems fur mobile mining

equipment troubleshooting. The review found that fai1ure indicator approaches are well

suited to electrica1 systems because ofthe ease ofestablishing voltage measurements, but

that decision support systems are appropriate for hydro-mechanical systems where

retrofitting sensors can he costly and intruSive. Multistage prototyping and manual

knowledge acquisition approaches where used to deve\op an but one ofthe systems

reviewed. In this exception, model-based qualitative simulations were used to estab1ish a

knowledge base.

2. in chapter 3, condueting a review ofmodel-based diagnostic techniques in artificial

intelligence. This chapter introduced contributor. normaIity and hypothesïs sets. A

contn"butor set contains entities.. which, iffauIty. explain abnormal bebaviour observee! al a
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single system output. independent of the beha\;our ofother outputs. A normality set

contains entities which must be functioning normally in order to observe e:I;pected

behaviour at a single system output. A hypothesis set contains entities which. iffaulty.

e.'l.l'lain overall observed system beha\;our.

3. in chapter 4, demonstrating how contributor and normality sets can be constructed

without necessitating development ofcomputational simulation models. The trace-back

method ofgenerating contributor and normality sets was shown to possess a number of

inadequacies. which were addressed by considering flow path coupling. low power

subsystems and intermediate sensor placement in flow lines. Set theory a1gorithms were

presented for generating hypothesis sets for the assumptions ofboth single and multiple

faults present in a system.

4. in chapter 5, applying the resulting analytical techniques to the hydraulic system and the

Deutz FL-413-FW diesel engine ofan Atlas Copco Wagner ST-8B Load-Haul-Dump

vehic1e.

5. in chapter 6, undertaking a manual knowledge acquisition exercise to add knowledge to

discriminate between hypotheses. and implementing the deveioped knowledge-base as a

decision support system using HTML, the standard language ofthe world-wide-web.

6. in chapter 7, presenting guidelines for estimating the benefits and costs ofdeveioping.

implementing and maintaining decision support systems for diagnosing mobile tnining

equipment fàllures. Decision support systems can reduce breakdown repair times and

increase equipment avaiJabiiity and tnine production, reduce the labour requirements

neeessary to maintain an equipment f1eet, decrease maintenance training expenses and

disseminate knowledge to enable unski1led labour to perform s1alled tasks.

The work is original and provides a number ofcontn'butions to the body ofknowledge in the

mining and reIated equipment industry as 1isted below. The first three points are ofgeneric

significance. It;

• is the first work to apply set theoretica\ concepts to structural models ofmobile mining

equipment in ortler to diagnose faults,
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• provides significant modifications to the trace-back process used to generate contributor

and normality sets,

• iIlustrates how the resulting analytical technique can be used to reduce the time, cost, and

number ofprototyping stages necessary to develop a decision support system.

• is the first mining-related work to implement a diagnostic decision support system in

HTML, and to demonstrate how HTML and web browsers can be used to implement

low-cost, maintainable decision support systems,

• is the first work to suggeS! disseminating equipment diagnostic and maintenance knowledge

over company wide intemets ("intranets"), and

• provides heuristic guidelines for estimating the costs and benefits ofimplementing

diagnostic decision support systems for mobile mining equipment.

8.2 Practical Benefit ofWork

The work provides a number ofpractical benefits, including;

1. introducing an analytical technique to reduce the dependency on compiled knowledge

sources and accelerate the development ofdiagnostic decision support systems,

2. development and implementation ofa diagnostic decision support system to reduce

breakdown repair times, training expenditure and dependence on slolled labour necessary

to maintain a semi-automated ST-8B LHD vehicle,

3. demonstration ofthe use ofHIML and web browsers as a cost-effective, maintainable

means ofauthoring and disseminating equipment diagnostic and maintenance knowledge.

8.3 Limitations ofApproacb

1. Application ofthe set theoretica1 diagnostic techniques desaibed in cbapter4 is limited to

systems where the number ofnon-redundant observable outputs exceeds the number of

input subsystems. A resolution index (RI) is provided in cbapter 5 to help chaIac:terise

suitable systems.
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2. Application ofHTML as a means offormalising and presenting diagnostic knowledge is

limited to systems which have a limited finite number offaulty or normal output

behavioural combinations. This is oflittle concern for mobile mining equipment

mechanical and hydraulic subsystems. which are typically designed to perform a limited

range offunctions.

8.4 Future Work

Future work could include;

1. deveiopment ofa graphics-based software package to fàcilitate the deveiopment of

structural modeis and automate the hypothesis generation process. Present techniques can

be time consuming, which precludes the iterative application ofcontnoutor set theory to.

for e:"ample, detennining optimal sensor location.

2. investigation ofthe use ofassumption-based logic to deveiop normality sets. For sorne

system failure modes. diagnostic resolution may be improved ifcertain components are

assumed to be functioning normally and included within normality sets. This would require

a means oftracking assumptions similar to the ATMS reasoning mechanism deve\oped by

de Kleer and Williams [1987].

3. application ofthe set theoretical diagnosis technique to other fields. To date, an industrial

manufàeturer in Toronto bas expressed interest in applying contnoutor set theory to the

hydraulic system ofan injection moulding machine. One application area ofpartïcuIar

interest is software debugging and reliability anaiysïs. since flow chans are a form of

structuraI diagram in which process flow is data or information. and components are

blocks ofcode. Software reliability is Iikely to grow in importance as the mining industry

continues to automate and delegate control and monitoring functions to

microprocessor-basecl systems.
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SPECIFICATIONS FOR

•
MINING

EQUIPMENTS9-
MODEl ST- 88

4·WHEEL DRIVE SCOOPTRAM~

SPECIFICATION NO: 643403

P.O. BOX 20307 • PORTLAND. OREGON &7220 • U.SA
MARCH,1989

12124Volts
OSCILLATION:
Rear Axle. Trunion Mounted. Synthane Bushlngs

C-B.Ooo Series Degree of Oscillation TDtal18 Degrees

BUCKET (STANDARD):
C3Il<!city. S.A.E. Raling
NomNI Heaped 8.5 cubic yards (6.5 cubic m)
Struck 7.0 cubic yards (5.4 cubic m)
Boom Raising iime 7.4 Seconds
Boom Lowering iime 3.0 Seconds
Buckel Durop Tame 6.5 Seconds

VEHICLE SPEEDS. LOADED:
Forward or Reverse
Gear 1st 2nd 3rd 4th
Speed in mph 3.0 5.2 8.7 14.6
Speed in kmIh 4.8 8.3 13.9 23.4-

GRAOEABILITY: SEE PERFORMANCE CURVE

ENGINE:
Del.1Z Diesel (4-cycie), Model: F12L-413FW
MSHA SCh. 24 Power Rating @ 2300 rpm: 2n h/j

Maximum Torque @ 1500 rpm 674!t·1b (93.2 rru<g)
Number 01 Cylinders 12 in "V"
Displacement 1168 cu. in.(19.1Ifters)
Cooling JlJr
MSHA Ventilation 24,000 dm (679 cu. m Imin)

(liters)
(380)
(360)

U.S.Gal
100
95

TANK CAPAcmES:
Fuel
Hydraulic on

STANDARD BRAKES:
Service: Hydraulically Applied,4-Wheel, Force Cooled

Fully Enclosed WeI Dise Brakes.
P3!1<ing: Spring Applied, Hydraulically released

Muniple WeI Dise Brake, Driveline Mounled.

TIRES:
Tubeless, Nylon, Smoolh Tread Design,
For Underground Mine Service, on Demounlable rims.
TU'e Size, Front & Rear: 26.5 X 25, 32 Ply, L·5S

STEERING:
Articulaled, Hydraulic Power Steering
Pilot operaled, Mono·Stick control

Tuming Angle 85· (42·112" each way)
System Pressure: 2.000 psi

HYDRAULIC SYSTEM:
Dump and Hoist Control: Single lever
Cylinders, Double Adlng wfth Chrome Plated Stems

Steering Cylinders ( 2) Diameter 6.0' (152 mm)
Hoist Cylinders ( 2) Diameter 9.0' (228 mm)
Dump Cylinder ( 1 ) Diameter 9.0' (228 mm)

Pumps, Heavy Duty Gear Type
Dump & Hoist 60+60 gpm (456 IIm) @ 2300 rpm
Steering 60 gpm (227 IIm) @ 2300 rpm

F'lIter Sudion Une 25 Micron
Filter Partial Retum 10 Micron

(kg)

(31.360)
(23,180)
(23,180)
(13.640)

69.000 •
51,100
51.100
30.000

ELECTRICALSYSTEM:

TORQUE CONVERTER:
Single Stage. Clark

CAPACITY (S.A.E. RATED): lbs
Slalie Topping Load

Slraight Ahead
BreakoUl Force
Hydraulie BreakoUl Force
Tramming C3pacity

EXHAUST CONDmONER:
Catalylic Purirl8r pius Exhaust Silencer

OPERATOR'S ARRANGEMENT:
Sicle Entry and Sicle Seating For Bi-Directional Operation
and MaxilTllm VlSibtlfty.

TRANSMISSION:
Fun Power Shitt. 4 Speeds Forward and
4 Speeds Reverse. Clark 5.000 Series

AXl ES:
Spiral Bevel OilIerenlial, Full-Roating
Ptanetary Wheel End Drive
Clark 75.000 Series WElGHT: (APPROXIMATE) lbs

Operating (Empty Vehicle) 78.750
(kg)

(35,720)

LwACTURED WITHAMSHA TlTLE30,PART32(SCHEDULE24)CERIIfJEUENGINE
WME RSll3189



•
PRINCIPAL FEATURES AND BENEFITS
OF WAGNER SCOOPTRAM<!l MODEL

ST-SB

MARCH,1989
P.O. BOX 20307 • PORTLAND, OREGON 87220 • U.SA

1. 30,000 Lbs. (13,640 Kg) TRAMMING CAPACITY
• Cancany malC:iaI wcighing 3.500 IbsIcubic yard (2.1 T1M3) in the Sl3tldard 8.5 cubic yard (6.5 cubic Meler) buckeL
• Can be equipped with larger or smaller buckelS 10 mateh ilS uarnming c:lP3cily 10 different material weighlS.

1. 68,000 Lbs. (30,900 "E) OF USEABLE BREAKOUT FORCE WlTH BUCKET HEEL DESIGN
• ContributeS 10 one pass loading and fun heaped bucke:.load.

3. MODIJU"ŒIl SHIFT TRANSMISSION
• Can save up 10 lhrce seconds en each clùcCtionai change. Full throule can be maintained when changing clùcCtions.
• Reduces= on drivelines. ax1es.lr.IIISIIlission &: bearings. Can increase component lire by 15%.

4. ~VICEBRAKES ARE FULLY ENCLOSED. MULTIPLE \\'ET DISC BRAKES IN ALL 4 \VHEELS
• Brakes are applied hydr4u1ically. with dual eùl:uilS for front and rear :lX1e brakes (eliminating any air system componenlS

and thcir frequent main1CllanCC requiremenlS).
Brake Iife bas cxoeeded 10.000 bours.

• Brakes are hydraulically cooled through cxternal circuiL
• ProICœd against enlrY of abrasive cfut. W3ter. rtlCks. etc.
• Can save up to 80% on pans and !aber over the Iife of the ma:hine. compared te other brakes.
• Brakes can be rated for 150,000 lbs. (68.000 Kg) gross vehicle wcighL 45% greater th2n the loaded weight of the ST·SB.

S. HEAVY DurY BOGIE STRUCTURE
• Increased Iife cxpec:taney through an average 30% increase in malCrial =·sectional area.

6. MASSIVE PIN JOINTS WITH REPLACEABLE"S1EEL INSERTS
• Load bearing surfaces iDcreased SO% 10 150%.
• Pin Iife apcclCd 10 increase 3 104 limes.
• Replaceable insens proœa pin bores and eliminate need for reboring.

7. ADJUSTABLE, SELF·ALIGNING. SPHERICAL THRUST BUSHINGS AND REPLACEABLE STEEL INSERTS
INTHEARnCULAnON
• Life of thrust bushings is twiee tha1 of roller bearings or solid bronze bushings.
• Any wear can be easüy compensated for by adding shims and retorquing four bolts.
• Steel insens proteet, and eliminate the need 10 rewe1d &: rebore the hinge plates. This ean save up 10 2D man·bours in

laberand reboring cxpense.
a. HYDRAUUC SYSTEM DESIGNED AND COOLED TO KEEP OPERATING TEMPERATURES BELO\\' 70' F

(21"C) OVER AMBIEl't'T
• Extends life orhydrauUc system components.

9. H\'DRAUUC HOSES WITH PRESSURE AND TEMPERATURE RATINGS 50% OVER NORMAL
• Aeroquip HighPI= boses rated up 10 4000 psi (275 bar) for the steering and dump &: hoist systems.
• Aeroquip Higb Temperawre boses I3ted up 10 300"F (ISO "Cl for the tranSlIlissionlconvener eùl:uits.

10. PD.OT OPERA"ŒIl MONOSTICK STEERlNG
• Minimi= opezator effon.
• Simplified cin:uit and valves for easy maintenance.

11. PILOT OPERATED DUMP AND HOIST COr.'TROL
• ADows for belIcroper2lOrcomrol with minimal elTon.
• Reduces bigb press= boses aaoss the anieulation !rom 4 10 1.

U. HYDRAUUCTRANSMISSION SHIFTCONTROL
• ADows !orcasieropezator e:t'IllI'01.
• No mecbanicallinkage ID wear.
• Provides positive spool cIeIent 011 contrOl valve.
• Pnlvides posilivec1uu:h engagement for longer lIlIIISmission cllllch Ufe.

D. CENTRALJZED LUBRICAnON
• AD sr-epoinls. =:cpt driveli1les, ba~ been p1umbed 10 two eentzalized1ubrieation panels in the aniculation area

wbere Ihey are conYClÜClll1y seMceable.

Tbe mamtl''''"''''':r= the right 10 change the design andIor specification of Ibis vebicleal anytime without notice.
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NOTES: • DIMENSIONS INSIDE PARENTHESES ARE Sb"OWN IN MILLIMETERS.
• HEIGHT OVER THE Ol'ERATOR IS ADJUSTABLE DEPENDING ON APPLICAnON.r HEIGHT DIMENSIONS ARE BASED ON AnRE RADIUS OF 34.4" (874 MM) l

•

Engine HourlServiee Meter
Engine on Pressure Gauge
Engine Temperature Gauges
Engine LowOn PressureJHigh

Temperature Audio-Visual Alarm
Engine Primary and Secondary

Fuel Filters
Engine on Filter
Ory Type Aircleaners
Converter Oil Cooler
Converter Temperature Gauge
Addilional Fuel Fitterwith

Water Separator

Pilot Operated Hydraulie
Transmission Shilt Controls

Modulated Shilt Transmission
Clutch Pressure Gauge
Transmission Oil Rlter wilh Indicator
NoSPINI!l in Rear Axle
Straight Hydraulic. Muttiple Wet Oise

Brakes
Single Lever ?ilot Operated

Dump & Hoist Control

Two Batteries 01 170 Ah eaeh
Attemator. 90 Amps
Lights. Haiogen. 12 Volt

(4 Front & 4 Rear)
Vottmeter
Battery Isolation Swilch
Neutral Start Protection
Automatic Brake Application with Low

Converter on Pressure
Fuel Shut·Oll Valve
Swivel Hinge Lock Arm
cemralized Lubrication Panels
Remote Pump Pressure Test Ports

The manuracturer resenoes the righllo change the specirlcalions anel/or desigtl or this vehide
al any lime "ithoul notice.

WME RSR 3189
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PERFORMANCE CURVE

MODEL ST·8B
NO. 643403·1

DECEMBER, 1988

5 10 15 20
(8) (16) (24) (32)

VEHICLE SPEED IN MlLES PER HOUR (KMIHQl."R)

o

5%

35%

25%

15%

o

5%

10%

35%

GRADEABILITY
At 0% Rolling Resistance.

N01E:
Add pcrcentage Rolling
Resistance to pcrcentage
Grade and use the sum

to read the graph.

LOADED EMPTY
VEHICLE VEHICLE

TT

P.O. BOX 20307 • PORTLANO. OREGON 87220 • U.s.A.

NOTE: The &,";:~;ill)' and speccl curves on lhis çoph on: buee! on ...umee! vcilllles and
rrcred cret\' as a guide and not as • ~ltantecd slatemcnt of pc:r!or.nlTlceLOC 0 m

) 1 1

C
ENGINE: Deutz Fl2L-413FW

MSHA Sch. 24 Power Rating @ 2300 rpm: 277hp
Adj. Net Horse Power @ 2300 rpm: 248 hpIjW3

TORQUE COll.'VERTER: aarl.: C-8502
Drive Ratio: 1.118 10 l

l Il Stal! Ratio: 3.090 tO l

TRANSMISSION: aark 5422
Ratios: 4.43. 2.46. 1.40. .78

)

AXLES: CJark 75.830
Reduction: 30.75

11\ TIRES: 26.5 x 25. 32 Ply. L-5S
Rolling Radius: 32.Sl=-(835 mm)

, LOADED VEHICLE WEIGHT: 108.750 lbs (49.329 kg)
EMPTY VEHICLE WEIGHT: 78.750 lbs (35.711 kg)

1
ASSUMED EFFICIENCY: 85%

_. ...

1 1
The most efficient c:onvencr nnsc is the

i~
~W3
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•
Appendix 2

Analysis ofST-8B Repair Times

A2.1 Explanatory Note

An analysis of the downtime accrued by three Wagner ST-8B LHDs at an underground

metalliferous mine in Canada was undertaken in March 1993 to determine the types, severity and

frequencies oftypical mine-site repairs. To enable the analysis, maintenance reports for the period

19 February 1992 to 16 February 1993 for LHD units 831,832 and 833 were transferred to a

Lotus 123 spreadsheet. At the time ofthe analysis, each LHD had logged approximately 3000

operating hours. Since the three machines were among the first ST-8B's produced by Wagner

Mining Equipment Co. (now Alias Copco Wagner), a number ofdesign related repairs

undertaken by the mine were removed from the analysis to reduce bias. The analysis has been

included in an appendix. rather than the main body ofthr~ thesis, because it primarily relates to the

work presented :n Appendix 3. In addition, it provides an interesting comparison and verification

ofthe fault likelihoods established during the manuall-.-nowledge acquisition process descnbed in

Chapter 6.

A2.2 LHD Availabilities

Figure A2.1 ilIustrates the mont1ùy aVllllabiiities ofeach ofthe three LHD vehicles. Avai1abilities

have been calculated on the basis of(wo eight hour shifts scheduled for each working day ofa

month. LOwe:.1 availability occurs in May for Unit 833 (114 hours ofdowntime) which can be

attnbuted to a damaged hydraulic tank and an engine change, and in Oetober for Unit 832 (94

hours ofdowntime) due to a rebuild ofthe midship bogie bearing support (point ofarticulation).

A sinular midship repair was performed on Unit 831 at th: end ofAugust, but since work carried

over into September monthly availability was not affected to the same ment as that for Unit 832.
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A2.3 Total Downtime

In total, between 19 February 1992 and 16 February 1993. 1517 hours ofdowntime were accrued

by the three LHDs (this figure includes hours billed to the mining company only. and not those

accredited to the equipment supplier). Figure .-\2.2 indicates that inspection ("Insp") is the

downtime category to which most hours are anributed. This category includes regular

preventative maintenance ofthe scoops such as washing and engine and transmission oil changes

In descending order of magnitude, the next four downtime categories are; "Eng"; engine repairs.

"Drive"; drivetrain repairs, "Stru"; structural repairs and "Hyd"; hydraulic repairs.

Figure .-\2.3 shows how downtime is divided between the threc machines. Ofparticular note is the

downtime spent on hydraulics for Unit 833 (94.9 hours), which is largely due to repairing a

darnaged hyd~aulic tank (33.8 hours) and unusually frequent repairs to the unit's autolube system

(23.3 hours). In addition, units 831 and 832 show high downtime hours for structural repairs due

to the midship bearing rebuilds undertaken on each ofthese machines.

A2.4 Adjusted Downtime

The ST-8B is a new addition to Wagner Mining equipment's range ofLHD vehiele. As such,

severa! design-related faults were diseovered in the three machines. Two repairs were carried out

on Units 831 and 832 for poorly designed midship bearing supports which necessitated a total of

85.9 hours downtime, and a repair job was undertaken on Unit 831 for a faulty forwardlreverse

elutch pack (16.9 downtime hours). To enable a more accurate pieture ofthe distribution of

ST-8B repairs, these non-representative repairs were subtraeted from the total downtime. In

addition, downtime due to inspection and "idle" time (waiting upon replacement parts, labour or

garage spaœ), were exeluàed from further analysis.

The re:.-ulting adjusted downtime distribution is shown in Figure .-\2.4, and the repair frequency

distnèution is as illustrated in Figure .-\2.5. The graphs indicate that, although the most frequent
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repair jobs are electrical, engine problems are the largest source of downtime. The nex1 highest

sources of downtime are hydraulic and drivetrain repairs. On average, the most time consuming

repair jobs are the relatively infrequent bucket changes, cIosely followed by drivetrain repairs

(transmission, torque converter and axle).

A2.5 Engine Downtime

The distribution ofdowntime spent on engine related problems is as iIIustrated in Figure A2.6.

Surprisingly, approximately 23 percenl ofengine downtime is related to problems with the fuel

system. This category includes fuelleaks which occurred at the fuel pump, shut-offsolenoid, filter

and injector lines. a damaged fuel tank and repairs and adjustments to the fuel shut-off linkage and

solenoid. Broken teeth on ring gears accounted for anothe.- 17 % ofdowntime, whilst the "Eng"

category includes compression testing and adjustments to engine valves and motor mounts,

brackets and bolts. Problems with the engine lubrication system, ("Oil"), include leaks which

occurred at oil filter o-rings and connecting hoses. Cooler related repairs mostly entaiied cIeaning

and/or re!!lacement of the engine cooler and frame. Leaking throttle pedals and damaged throttle

linkage pins contributed to the "Thtl" category. whilst "Exh" includes blocked PTX scrubbers and

leaks which occurred in the e.'C!:aust system. Each ST-SB is fitted with a Deutz Fl2lA13-FW

engine which is air-cooled by a blower fan. The majority ofblower problems ("Blow") were worn

blower bearings and damaged blower grills. The remaining three categories are; "Air"; damaged

air filter covers, "AIt"; replacement and tightening ofa1ternator belts, and "Sens"; replacement of

the tachometer and engine temperature sensors.

Al.6 Hydraulic Downtime

Figure A2.7 iIIustrates the distribution ofdowntime spent on hydraulic maintenance repairs for the

three scoops. 21 percent ofdowntime was spent on hydraulic tank repairs which is in large part

due to a ruptureè hydraulic tank on Unit 833. Maintenance ofauto-greaser hoses ("AutG") as

• weil as boom and cylinder grease fittings account for a further 20 percent ofdowntime. Leaking
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o-rings, and frequent cracking of the midship steelline ("Mdshp") to the main control valve

(MCV) demanded 16 percent of ail hydraulic downtime. Leaking reliefvalve, o-rings and hoses

connected to the hoist, dump and steering cylinders accounted for the majority of downtime in the

"Hst", "Dmp" and "Steer" categories. "MCV" downtime accounts for leaking o-rings at the main

control valve, and "Tow" downtime mainly consists oftime taken to bleed and test the towing

system. Leaking o-rings and dirty valve seats contributed to hydraulic pump repairs ("Pump").

wrulst a very small percentage ofdowntime was spent on fixing loose joystick controls ("Cntl").

The miscellaneous category ("Misc") includes maintenance such as draining e.xcess oil and timlng

the midship drive Jine.

A2.7 Drivetrain Downtime

The distribution ofdowntime spent on drivetrain maintenance is shown in Figure A2.8. The

largest source cfdrivetrain downtime is due to axle repairs C"Axle"), mainly consisting ofrepairs

to leaking brake cooling hoses, hub seals and planetary covcr seals'. The transmission and

converter oil cooler ("Cool") necessitated repairs to leaking feed hoses and cooler brackets, and,

in sorne instances, cooler replacement. The "Cltch" category includes replacement of the

forwardlreverse clutch pack and retainer, whilst "Wh\" repairs are due to the replacement of

whee\ studs. Leaking o-rings and supply hoses to the torque converter account for "Torq" faults,

as weil as sorne charging pump ("Pump") and oil filter ("Filt") repair and replacement problems.

Cracks in the transmission pan account for "Tran" repairs, whilst maintenance ofbreather valves

ancl oil changes account for differential C"Diff") repairs.

In t'ais anaJ)'SÏS. the brake system was considercd pan ofthe drivelIain S}'Stem. In Caet, ifcorrcctly treated

as pan orthe hydIaulic system, hydIaulic S}'Stem repairs cao be concluded to be the most significaot

source ofsr-SB dO\\ntime.
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A2.8 Electrical Downtime

When mucking, scoop lights are panicularly prone to damage. It is not surprising then, that

repairs to the scoop lights ("Light") and light wiring accoum for approximately 24 percent of the

downtime spent on electrical repairs. Figure A2.9 iIIustrates the distribution of service time spent

on electrical repairs. not including repairs to the scoop remote control systems. Starter motor

faults ("Stan") account for a further 19.6 percent ofdowntime. These include loose connections,

sticking solenoids. and faults resulting in replacement ofthe starter motor. Replacement of

warning lights and repairs ofbreakers and shorts in the dash wiring ("Dash") account for 13

percent ofdowntime, whilst a further 12.8 percent ofdowntime was spent on replacing faulty

master switches ("Mastr"). Battery repairs include battery replacements, loose and diny battery

terminais, and broken ground cables. The remaining five categories include; "Sens"; replacement

ofengine and torque convener over-temperature and pressure sensors,; "AIt"; replacement of

faulty altemators, brackets and loose wiring; "Hom"; replacement ofthe hom and tightening of

ground wiring; "AutG"; replacement offuses. program cards and wiring at the auto-greaser;

"Fuel"; replacement ofwiring to the fuel shut-offsolenoicl, and; "Glow"; wiring repairs to the

engine pre-heat (glow) plugs.

A2.9 Other Downtime

Approximately 50 percent ofthe downtime recorded for structural repairs was due to the!Wo

midship repair jobs undertaken on Dnits 831 and 832. The remainder ofthe structural downtime

was spent on welding wear pads at the hoist cylinder anchor pins, checking for cracks in the

boom, welding boom and bucket stops and repairing damaged fenders.

Figure A2.4 shows that a reIatively large number ofrepairs were recorded for the LHD remote

control systems. The majority ofthese, however, were solved by simply replacing the remote

control unit with a refurbished unit.
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The ST-SB uses a SAHR. (spring applied. hydraulic release) braking system, and is fitted \\ith an

automatic brake applicator (ABA) system which automatically applies the senice brakes iî either

the engine or torque converter lose oil pressure or the unit loses electric power. The SAHR.

braking system is a "wet" brake system housed within the axle enclosure. and hence. it is not

surprising that the majority ofbrake problems are leaks which occur in the hub seals and cooling

hoses. Two instances were also recorded ofbrake pedals which required replacing.

Figure A2.4 shows that. on average, bucket repairs ("Bck"!") require 3.2 hours of downtime. This

is due to fitting and cutting drain holes in new buckets. Regular testing and service of the Ansul

fire suppression system ("Ansl") on the three machines required the least maintenance during the

year ofoperation.

A2.10 Summary

Maintenance data was analysed for one years operational experience with three ST-SB LHD

vehicles. The moSl frequent repairs \Vere found to be electrical in nature, however engine,

hydraulic and drivetrain repairs demand the moSl downtime. The largest source ofengine

downtime were fuel system problems which included a damaged tank, adjustments to the fuel

shut-offlinkage and leaks at the pump. filter and injector Iines. The moSl significant source of

drivetrain problems occurred at the axles, with typical problems being leaks at brake cooling

hoses and hub and planetary cover seals.
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Figure A2.3 Downtime by ST-SB Unit

Units 831, 832, 833, 19 Feb. 1992 to 16 Feb. 1993.
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Sensor-Based Symptom Detection in ST-SB Vehicles

A3.1 Explanatory Note

This appendix outlines a list of recommended condition monitoring parameters, sensors an:!

sensor positions for detecting faults in semi-automated ST-8B vehicles. The term

"semi-automated" is used here to describe operations in which the LHD is automatically

controlled during tramming and remotely controlled trom the surface during loading and dumping.

The work was conducted for INCa Limited, and resulted in the submission ofa report in

December 1993 [Knights, 1993a]. The work has been inc1uded as an appendix because it relates

to symptom detection (fault detection), and not to hypothesis generation which is the major focus

of the thesis. The w(\rk was conducted prior to the development ofthe set theoretica1 teci:.... -lues

outlined by the thesis, and thus causal knowledge was drawn trom the ST-8B service manual

[Wagner Mining Equipment Co., 1991] and an analysis ofST-8B repair data conducted in March

1993 (see Appendix 2).
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A3.2 Engine

A3.2.1 Critical Parameters

During a brief tour of INCO's Divisional Shops at Copper Cliff in February 1993. the Foreman in

charge of Central Maintenance was asked what he ;>erceived to be the major causes of Deutz

FL-413-FW engine failures. Without hesitation he replied that the two major causes of engine

damage were (i) din build-up on the engine leading to overheating and (ii) dirty oil leading to

bearing, piston and sleeve wear [Catalano, 1993].

Frequency cf Cited Failure cause

0r-__.....,0é-' .,o.~::.-__.....,o3::.-__....:,04

Ringslpistcnslliner damage 1IIIii==,==r-iOvemeating

Coole, cow ling damage

Dirty oa

Crankshaft damage

Blowernimershaft damage

Ayw heel damage

Con. rad damage

Figure A3.1 Deutz F12L 413 FW Engine Failures

(Div. Shop Records, 16 Feb. 88 to 13 Feb. 93)

Figure A3.1 is a histogram of the major fault causes cited in all Divisional Shops failure repons

for FL-413-FW engines over a five year period. Most damage to rings, pistons and liners can be

attributed to poor engine cooling, poor lubrication or wear due to dirty oil. Damage to the rings,

pistons, cylinder heads, liners and crankshafts common1y occurs in the form of scored, cracked or

bumt components. Damage to the crankshaft and blower/timer shafts includes wom or broken

bearings, and the "flywhee1" category consists of broken ring gear teeth and damaged housings.

The graph generally confirms the Central Maintenance Foreman's previous diagnosis.
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With this information in mind, it appears that the most critical engine performance parameters to

• monitor during engine operation are;

(i) cooling system effeetiveness

(ii) lubrication system effeetiveness, and

(iii) oil quality.

•

At peak engine loads, both the cooling and lubrication systems must work at peak efficiencies.

The job ofthe cooling system is to transfer heat away from the engine's cylinder s1eeves, head and

exhaust manifolds. The cooling system for the Deutz engine also has the auxiliary funetion of

cooling the engine oil, hydraulic oil and transmission and converter oil. The Deutz FL-413-FW

engine is air cooled by a blower fan mounted at the rear of the vehicle (the blower fan is coupled

to the engine camshaft by a hydraulic clutch and gear train, and is aetivated when a thennostat in

the exhaust méulifold opens a control valve and directs engine oil flow to the clutch). Exhaust

temperature, cylinder head temperature and engine oil temperature can ail be monitored for signs

of engine overheating. Engine exhaust temperature variations are in part due to engine speed

[Kessler, 1993], but will respond more rapidly to cylinder overheating problems th!!n either head

terr"'erature or engine oil temperature signais. It is recommended, however, that since

measurement points are already in place on the FL-413-FW engine, cylinder head temperature be

monitored for "top end" temperature problems. Engine oil temperature should also be monitored

since overheating resu1ting from "bottom end" problems (such as crankshaftjournal bearing wear)

are not readily detectable from either exr.au~ or cylinder head temperll~~re signais.

The lubrication system of the Deutz enginc penôrms the dual funetion of both lubricating and

cooling engine components. Oil is pumped from the sump at high pressure, GOoled through a heat

exchanger and distnouted through a filter bank to various lines or "gallerles" throughout the

engine. Crankshaft journal bearings are lubricated via passages dri1led within the crankshaft, and

rocker arm bearings via hollow pushrods. The fuel injector pumps are also lubricated with engine

oil. A stream ofoil is sprayed onto the underside or "skirt" area ofeach piston to provide essential

cocling. If the source of pressure that is supplying the piston cocJing oil fails, the piston crowns
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and skirts will overheat very rapidly. At full load. loss of piston cooling oil can result in piston

seizure in a matter of seconds rather than minutes [York. 1986]. If the piston does not seize.

scufling of the piston and/or sleeve will commence leading eventually to scoring. The lubrication

funetion of oil as required by ail bearing surfaces is equally important but not as time-critical as

piston cooling. It is therefore essential to monitor engine oil supply pressure to the piston cooling

duets. The existing oil pressure gauge is tapped into the main oil gallery which delivers oil to the

cooling duets and camshaft bearings. The oil duet conneeting to the gauge provides a suitable

location for an analogue pressure sensor to measure oil pressure. Oil pressure, however, is a

function ofengine speed. and it is therefore necessary to measure engine RPM and to establish the

nature ofthe RPM-pressure re1ationship (a f1ywheel magnetic pic1:up or an alternator pic1:up can

be used to measure RPM).

Figure A3.1 indicates that wear of pistons, rings and cylinder linings is a common occurrence in

FL-413-FW engines. Cracked, scored or broken pistons, rings and sleeves ail result in excessive

engine blow-by (pressure loss during combustion to the crankcase). The condition is evident by

momentary increases in pressure in the crankcase before venting takes place through the

crankcase breather valve. Flight Systems Corp., a Pennsylvania based company which currently

manufactures the "Engine Saver 550" diesel engine monitoring unit., recommend the installation of

a crankcase pressure sensor to deteet cy\inder blow-by. The monitoring point is located high

above the oil away from any breather outlet. The pressure sensing \ine drains downwards for its

entire length to prevent condensing oil vapour from blocking the line and causing faise alarrns

[Yorlc, 1986]. It is recommended that this approach be adopted for sensing cylinder blow-by in

FL-413-FW engines.

0:1 quality is most commonly assessed by laboratory testing ofoil samples. Measuring oil quality

(clin content) on \ine presents a challenging task. The Haulpak Division of Komatsu Dresser

Company manufacture an oil monitoring system known as the "Metalert" warning system which

employs magnetic particle sensors which can be fitted into eXÎsting vehicle oil drainage plug ports

[Dresser-Haulpak Co., 1993]. The main limitation of this system is that it will only detect the

presence offerrous metallic particles in the oil (many ofthe Divisional Shop engine failureS listed
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as being due to dirty oil were found to be contaminated by sand-fiB). In addition sorne mÎning

companies have found the system to give false alarms l~ding to unnecessary machine downtime

[Kincaid, 1993]. Monitoring the differential pressure drop between the inlet and outlet of the !Win

cartridge oil filters presents another way of detecting dirt build-up witlùn the engine oil. The

FL-413-FW oil filter arrangement consists of!Wo oil filter cartridges mounted in parallel and a

further centrifugai filter at the blower coupling. Each filter cartridg,· contains a relief valve to

ensure oil cooling f10w to the engine should the filters become plugged. It is recommended that a

differential pressure switch be installed over the filters, and pressure setting of the switch should

be the same as the reliefvalve selting of the oil filter eartridges.

The previous discussion has centred on the cooling and lubricating systems of the engine during

operation. Equally important to the TUnning ofan engine is the abiJity to ensure;

(iv) uninterrupted fuel delivery,

(v) uninterrupted delivery ofair for combustion,

(vi) uninterrupted removal ofengine exhaust, and

(vii) reliable starting performance.

A survey ofthe repair downtime accumulated during one year's operation ofthree ST-SB velùcles

at McCreedy West mine indicated that the fuel delivery system was responsible for approximately

23 percent of ail engine related maclùne downtime (see Appendix 2). Sorne ofthis downtime was

due to problems with the fuel shut-off solenoid and linkage, a design problem wlùch was later

rectified, and sorne downtime was due to a ruptured fuel tank. 19 percent ofall fuel related engine

problems involved repairs to leaking or blocked fuel injectors. Monitoring of mechanical fuel

injection systems prevents significant challenges, however Aachen University ofTechnology have

experimented with Iùgh pressure pulse sensors c1amped around the disttibu. _n hoses leading to

the fuel injectors [Burgwinke1 and Kess\er, 1993]. To date, sensing bas been accomplished on an

off-line basis and the durability of the sensors during normal operations is questionable [Kess\er,

1993]. Consideratiol' was given to mounting a f10w meter within the upstream fue1line, however,
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it was decided that this would not adequately detect the presence of either fuel leaks or blocked

fuel injectors.

Restriction of either fuel supply or air supply to the engine will result in a decrease in power

developed by the engine (see Section :\3.S). For a conventionally operated LHD this power 10ss

is easily evident to the operator. However, for an automated LHD, a loss in engine power may

not be quite so noticeable. A knowledge of both the throttle setting and RPM of an operating

diesel engine can be used to predict the torque output of an engine. A universal mathematical

model of diesel engine performance using just these two operating variables was developed by

H.D.Harris and F.Pearce (1990). It is suggested that the dynamometer facilities at INCQ's

Divisional Shops could be used to test an FL-413-FW engine to establish the nature ofthe throttle

settinglspeed/torque relationship. In practice, throttle settings on the automated LHD can be

indireetly measured by monitoring the PLC signais sent to aetivate the hydraulic slave valve in the

ST-SB throttle line. In an operating environment, the throttle settinglspeed/torque relationship can

be used to estimate engine torque output as a function of either time or distance travelled during

production cycles (distance travelled can be calculated by multipl~ing engine speed, gear ratio and

wheel diameter). It is suggested that engine torque be statistically monitored during tramming,

loading and dumping phases of the production cycle to deterrnine negative trends in engine

performance. To the best of the author's knowledge, this presents a new approach to engine

monitoring. and, if successful, should be able to deteet restrictions or irregularities in both the fuel

and air supply. Nonetheless, it is recommended to install pressure switches in the downstream

suction side ofeach air filter to monitor for air restriction essentially to provide ü. check on torque

model predictions during devE'bpment.

Blocked catalytic converters in the exhaust system can cause a builJ-up of back-pressure in the

exh:U1st manifold which may cither result in leaks in the exhaust system or blow-by in the engine

cylinders. In the latter case, the crankcase pressure sensor should deteet the exhaust blockage.

Leaks in the exhaust s)'Stem are usual1y apparent to an operator by unusually excessive noise.

Since audio feedback is being used with the automated LHDs, it is likely that a remote operator

will be able to deteet a severe exhaust leak. However, a minor exhaust leak may still go
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unàeteeted, and, since exhaust pal1icle emissions are strictly regulated in an underground mining

environment, it is recommended that pressure switches be installed in the exhaust lines upstrearn

of the catalytic convel1ers. For fully manless mining these sensors may not be necessary.

Typical failures of the engine starting system are due to faulty starter motors, faulty batteries or

shol1ed wiring to the preheat plugs (see Section A3.8). Low battery charge can in tum be due to a

faulty battery, faulty altemator (; loose or s1ipping a1temator belt. It is therefore essential that

both the battery voltage and charging voltage be monitored (see Section A3.S).

Finally, when considering either surface-controlled or unmanned LHD operation, sensors must be

provided for measuring machine pararneters which are currently monitored during pre or

post-shift operator checks. These include sensors to monitor engine oillevel and fuellevel.

A3.2.2 Discussion

Engine faults such as wom joumal bearings and mistimed, bumt or stuck valves lend themselves

to diagnosis through the use of accelerometer-based vibration measurements. A literature search

revealed that. whilst sorne experimental work has been undertaken on vibration-based diagnosis of

reciprocating engines [DeJong et al., 1987, and Courrech, 1990], vibration monitoring has mostly

been confined to laboratory environments and there are few examples of reaI-time vibration

monitoring of mobile mining equipmelit in production environments. It is concluded that the

major drawback in the adaptation of accelerometers to either engine or transmission fault

deteetion is that a comprehensive data set is necessary in order to correetly charaeterize and

identiiY frequency response signais obtained from accelerometer readings. Usually this

necessitates artificial inducement of faults to the engine or transmission in order to obtain

vibration responses, a scenario . .1ich is better suited to a laboratory environment ar.d which

demands considerable time and financial commitment to develop.

Another means ofdiagnosing combustion irregularities is to use a high resolution speed sensor to

monitor f1ywheel output speed. By comparing the measured speed signal with a ref~e timing
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signal (obtained by measuring the angle of rotation of the camshaft), small speed fluctuations can

help locate and pinpoint combustion irregularities which may occur in one or more cylinders. This

technique forrns the basis of the "Mechanic's Stethoscope" system developed by the Noranda

Technology Centre [Dasys, 1993]. A similar system has also been developed by the University of

Aachen and is currently in the process of being commercialized [Kessler, 1993]. Both these

systems employ onboard sensors which can be connected to off board analysis equipment in the

maintenance garage. Whilst such systems may prove ex1remely effective for engine testing in a

workshop environment, the primary requirement of the LHD sensor system is to deterrnine the

presence of an engine fault in a production environment. As such, deve10pment of off-board

diagnostic equipment lies outside the scope of work of tbis project. but should nonetheless be

noted as having the potential to provide major savings in workshop related downtime.

One funher technique for engine fault diagnosis is the analysis ofengine oil sump acoustic signaIs.

Engine faults are usually a source ofnoise which tends to propagate through the oil system to the

sump. In at least one engine manufaeturing plant. General Motors employs just such an acoustic

probe to test the integrity of new engines [Trépanier, 1993]. As for the case for applying

acce1erometers above, the development of such a system requires a complete set offault data and

requires commitrnent beyond the existing scope ofthe projeet. Nevenheless, attention is drawn to

the potential ofthis technique for future reference.
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A3.2.3 Summary Table

SENSOR TYPE RANGE No.

oil pressure (main gallery) analogue 40-120 PSI 1

oil temperature (cooler outlet) analogue 100-300 degrees F. 1

cylinder head temperature analogue 200-350 degrees F 2

crankcase pressure switch 10-20 PSI adjustable 1

throttle position (pLe signal) discrete idle/half7full 1

RPM analogue 500-2800 RPM 1

oil lilter differential pressure switch max = oil filter re1iefvalve setting 1

oilleve1 analogue empty-full (0-29 litres) 1

fuellevel analogue empty-full (0-380 litres) 1

engine exhaust pressure switch 15 PSI (25" water) adjustable 2

air filter downstream pressure switch 13 PSI adjustable 2

Table A3.1 Summary of Sensors Recommended for the F'L-413-FW Engine

The above table summarizes the sensors recommended for the Deutz FL-413-FW engine.

Inc1uded beside each sensor are the sensor type (analogue, discrete or binary switch), the

estimated measurement range of each sensor and the required number of sensors. As discussed

previously, the air filter pressure switches are recommended for experimental purposes only, and

may not be required as part of the final monitoring system. This means that there are a minimum

of twelve sensors recommended for adequate monitoring of the FL-413-FW engine. The

effectiveness ofthis sensor array is discussed in Section A3.8.

Sensors should be s~lected ou the basis ofaccuracy, robustness, response time and insensitivity to

temperature drift. Each sensor should be able to withstand the range of op=ting temperatures

and pressures h1:e1y to be encountered in the engine environment (mc1uding possible pressure

spikes). At this stage, a scan rate around 1 Hertz (one reading every second) for each sensor is

considered reasonable. This would generate around 115 bits per second ofdata to transmit over

.the rnine-wide communications system for the engine health information alone.
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A3.3 Powertrain

A3.3.1 Critical Parameters

A3.3.1.1 Torque Converter and Transmission

The ST-SB powertrain consists ofa Clark C-S502 torque converter and a Clark 5422 powershift

four speed transmission with modulated forward and reverse shifting. Three separate driveline

systems transfer torque from the torque converter to the transmission and !Tom the transmission

to the forward and rear axles. The rear axle is mounted on a trunnion support which permits a

limited degree ofoscillation.

The torque converter and transmission funetion together through a common hydraulic system. Oil

in the transmission/converter system essentially performs four functions; (a) hydraulic coupling

between the converter impeller and turbine, (b) hydraulic aetuation of clU1Ch piston plates, (c)

• cooling and (d) lubrication. Oil is drawn !Tom the transmission sump by a charging pump driven

!Tom the converter output shaft by means ofa gear train. The oil is passed through a set of fillers

before entering a control cover located on top of the transmission. The clutch pressure regulating

valve within the control cover directs oil both to the transmission clutches and to the torque

converter. Ifwe follow the oil f10w to the converter, the oil enters the converter and is direeted

through a stationary stator to a rotating impeller. The f1uid is accelerated both radially and

tangentially and passed into a turbine. The resulting reaetion transfers torque to the turbine and

from there to an output shaft via a gear train. A pressure regulating valve at the converter outlet

ensures a minimum operating pressure within the converter. Oil from the converter outlet f10ws

the tl'ansmission/converter cooler located on top ofthe Deutz engine. Cooled oil f10ws back into a

manifold in the transmission control cover whereby it is direeted through a number of lubricating

hoses to cool and lubricate transmission elements before returning to the transmission sump.

Following the f10w of oil from the clutch pressure regulating valve to the transmission, oil first

passes through two seleetor spool valves in the transmission control cover. The first of these
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valves directs oil to either the forward or reverse clutches. The second directs oil to either the 1st.

2nd. 3rd or 4th gear clutch packs. Each clutch pack consists of an annular piston and severa!

alternating friction and reaction discs splined alternativel)' to the drive gear and separated by

springs. When oil is directed to the rear of the clutch piston it causes the friction and reaction

discs to mesh and engages the selected output gear connected to the clutch drum. Typical

transmission prob!ems arise due to broken or worn clutch piston sealing rings which cause

excessive clutch leakage and may cause overheating and slow clutch respor..e. For these reasons

it is essential to monitor the following variables;

(i) transmission clutch pressure,

(ii) forward and reverse clutch pressures,

(iii) 1st and 2nd clutch pressures,

(iv) transmission lube oil pressure,

(v) convertor oil temperature,

(vi) transmission oillevel, and

(vii) oil filter differential pressure.

Transmission clutch pressure should be monitored to ensure correct oil supply to both the torque

converter and transmission clut::hes. The existing pressure gauge can be adapted for this purpose

or alternatively measurements can be made at the port provided in the transmission control cover.

Once a drop in clutch pressure is detecteè, gear position must be known in order to correctly

identify which clutch pack is faulty. Gear position is best identified by installing pressure switches

in the pressure lines to the forward and reverse clutch packs and to the 1st and 2nd clutches

(present speed control on the automated LHD does not utilize 3rd and 4th gears). Transmission

lube oil pressure should also be measured, since low lube oil pressure can indicate a leaking or

plugged oil cooler, whilst high lube oil pressure can indicate a blocked transmission lube port.

Lube oil pressure can easily be monitored from the check port provided in the transmission

control coyer.
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The transmission/coverter oil cooler, like the engine, is prone to dirt accumulation. A proposai

was made to measure the differential temperature over the cooler as a means of detecting dirt

accumulation. This requires two temperature sensors, one at the cooler inlet and outlet. To

minimize the number of sensors on the LHD, a bener proposition is to monitor only oil

temperature at the cooler outlet. Hot oil can indicate a variety of problems, including cooler dirt

accumulation, wom sealing rings, low oil level or air leaks in the pump suetion line (see Section

A3.8). Transmission oillevel should be monitored since the monitoring system is intended for use

on remotely controlled or automated LHDs where visual pre or post-shift operator checks may

not be possible. Finally, as is also the case with the engine, oil impurities can be a problem for the

transmission. For this reasons, it is recommended that the differential pressure across the oil filters

be monitored.

A3.3.1.2 DifferentiaIs and Planetary Drive Axles

The ST-8B is commonly fitted with !wo Clark 75830 axIes, each of which consists of a free

f10ating spiral bevel differential and !wo wheel hubs driven by planetary gear trains. Both the

differential and wheel hubs require oil for lubricative purposes. During regular operation the oil

levels in the differentials and planetary hubs are checked and, if necessary, replenished every 250

operating hours. A1though the survey of ST-SB repairs identified leaking planetary hub seals as a

cause of powertrain related downtime (see Appendix 2), monitoring of the oil level in the hubs

presents a difficult task due to the requirement of maintaining a signal link to a sensor over a

rotating hub.
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A3.3.2 Discussion

Accelerometer-based vibration measurements were considered for faull detection in the LHD

transmission. However. as the case for vibration-based diagnosis of the engine. vibration-bascd

diagnostics require considerable laboratory testing which is currently beyonè the scope of this

projeet.

A3.3.3 SunHuary Table

SENSORS TYPE RANGE No.

1st and 2nd c1utch pressure SWÎtch 140 PSI 2

forwardlreverse c1utch pressure switch 140 PSI 2

Transmission c1utch pressure analogue 180-220 PSI 1

Transmission lube pressure analogue 15-35 PSI 1

Convertor oil temperature analogue 60-250 degrees F 1

Oil tiller differential pressure SWÎtch max = oil tiller reliefvalve setting 1

Transmission oillevel analogue max 57 litres 1

Table A3.2 Summary ofRecommended Sensors for the ST-SB Powertrain
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A3A Hydraulic System

A3A.I CriticaI Parameters

The hydraulic system of the ST-8B includes four main interrelated systems which faB into the

following categories;

• steering system

• dump and hoist system

• brake system, and

• brake cooling system.

These systems share a common reservoir, heat exchanger and pilot pressure regulating circuit. A

briefdescription ofthe operation of each system wiB now be presented.

• A3A.I.I Steering and Dump/Hoist Systems

Pressure to the steering and dumplhoist systems is supplied by a tandem hydraulic gear pump

driven off the Deutz engine timing shaft. The front section of the pump supplies the steering

system with oil (60 GPM at 2400 RPM) and the rear section supplies the dumplhoist system.

When the steering system is not being used, oil from the front section of the pump f10ws through

a high pressure carry over port on the main steering valve (MSV) to the dumplhoist system

providing a total of 120 GPM for quick response ofthe dumplhoist system. A pilot pressure valve

draws oil from the brake accumulator charging valve and maintains the steering and dumplhoist·

pilot control circuit at 200 PSI. The main steering valve controls the f10w of ail in the steering

system and directs oil to and from the IWO steering cylinders. The INCC machines utilize a

monostick steering arrangement whereby a stick control is used to direct pilot oil pressure

through a steering pilot valve to the MSV. As oil pressure extends a steering cylinder on one side

of the vehicle, it retraets the cylinder on the opposite side enabling the vehic1e to tum about its
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central bogie pin. The MSV aiso contains port relief valves through which oil is directed when the

steering cylinders reach the limit oftheir eX1ension.

Similarly, the dump and hoist operations are controlled by a stick with two degrees of freedom.

The stick directs a pilot control valve which sends pilot oil pressure to the main control valve

(MCV). The MCV in tum directs high pressure oil to and from the twin hoist cylinders and single

dump cylinder. Port reliefvalves in the MCV redirect oil flow once pistons reach their end stops.

The survey of ST-SB repairs found that 44.3 % of downtime spent on hyclraulic repairs was due

to leaking relief valves, o-rings and hoses in the steering and hoistldump circuits. Sorne 16 % of

this downtime was due to cracking ofthe midship steellines to the MCV valve, a fault which was

later found to be design related and subsequently corrected. To monitor the hea!th of the steering

and hoistldump circuits, it is recommended to monitor the following variables;

(i) pilot supply pressure

(ii) main steering valve inlet pressure

(iii) main control valve inlet pressure

(iv) cooler outlet temperature, and

(v) hydraulic fluid level.

Pilot pressure should be measured downstream of the pilot regulator and monitored for pressure

drops which most Iikely indicate leaking valves or sea!s in the pilot circuit. The pressure sensors at

the MSV and MCV inlets can be used to run regular diagnostic tests on the hydraulic circuit.

These tests would entail bringing the engine to 2300 RPM and fully extending the hoiS!, dump and

steering cylinders for both no load and fullioad conditions (üavailable, bucket load information

would more accurately define the fullioad condition for the hoist circuit). Cylinder response times

can be indirectly obtained from the MSV or MCV pressure signais. Commencement of fiow to a

cylinder results in a measurable drop in CV inlet pressure. When the piston reaches the cylinder

end stop, the resulting pressure build-up opens a port reliefvalve and restores full supply pressure

to the valve. Response time can be measured as the time interval betWeen these two events.
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Slalislical!y slow respo!lse limes \\IÏI! indicale the presence of faults in the hydraulic circuit (see

Section AJ.S).

Hydraulic oil temperature is another imponant parameter to monitor as hot oil measured at the

cooler outlet can indicate a variety of prob!ems, incluciing a defective pump, cylinder flow-by,

overheating brake assemblies or din accumulation on the hydraulic coole•. As was the case \\IÏth

the monitoring of the convener oil temperature, measurement of the temperature differentiai over

the hydraulic oil cooler \'las considered, but the idea was rejected for reasons of rninimizing the

number of sensors on the LHD.

A3.4.1.2 Brake and Brake Cooling Systems

The ST-SB's operated by INCa employ Wagner Mining Equipment's SAHR (spring applied,

hydraulic release) brake system on aIl four wheels. This system reverses the usual process of

engaging and disengaging brakes. Springs apply the brakes, and hydraulic pressure release them.

The wheel hub is splined to, and rotates with severa! fiiction discs. Sandwiched between the

fiiction discs are steel reaction plates splined to the axle housing. The disc pack is enclosed from

the environment and immersed in oil. An annular disc is forced against the plates by the pressure

of industrial coil springs arranged around the annulus. Oi~ drawn from the main hydraulic

reservoir by a single gear pump, is supplied through a charge valve to !wo gas charged

aCc:lmulators which maintain sufficient brake pressure during tramming operations to permit

disengagement of the fiiction plates. Ifoil supply pressure is lost, or ifa foot pedal control valve

is lletuated, the SAHR brakes automatically engage.

When not charging the accumulators, oil is directed by the accumulator charge valve to the

hydraulic oil cooler located on top ofthe engine directly over the cylinder heads. Cooled oil then

flows to the front and rear brake assemblies and past the fiiction plates to dissipate heat generated

as a result ofbraking applications.
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To enable tramming of the LHD, it is essential to ensure sufficient oil supply pressure to the

brakes. For this reason, accumulator supply pressure should be monitored. Severe drops in

pressure indicate either problems in the charge circuit or leaks in the braking circuit. At the samc

time, the survey of ST-SB repairs identified àamaged brake cooling hoses as major source of

drivetrain-related downtime. Pressure switches located in the retum cooling lines ofboth the front

and rear cooling circuits are recommended to monitor this problem.

A3A.2 Summary Table

•

SENSOR TYPE RANGE NO.

Pilot pressure switch ISO PSI 1

Main CV inlet pressure analogue 1000-2300 PSI 1

Steering CV inlet pressure analogue 1000-2300 PSI 1

Cooler outlet temperature analogue 50-ISO degrees F. 1

Hydraulic fluid level analogue empty-full (0-360 litres) 1

Brake accumulator pressure analogue 1600-2100 PSI 1

Brake cooling retum pressure switch 20 PSI adjustable 2

Table A3.3 Summary of Recommended Sensors for the ST-8B Hydraulic System
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A3.S Electrical System

A3.S.1 Critical Parameters

The electrical system of the ST-SB is a dual 12/24 Volt system and consists of six main

sub-circuits. These sub-circuits are for;

• charging,

• starting,

• cylinder preheating

• instrumentation,

• lighting, and

• auto-Iubrication.

Power supply to the electrical system of the ST-SB is via !wo 12 volt batteries. The starting

• motor sub-circuit requires the full 24 volt capability of the !wo batteries, whilst all other

sub-circuits require only a 12 volts supply. In testing for faults in any electric circuit, it is first

nccessary to test the integrity of the supply voltage. For this purpose, battery supply voltage

should be monitored. Secondly, the charge voltage from the alternator should be monitored to

distinguish between battery and alternator faults (a voltmeter currently exi~iS in the charge circuit

for this purpose).

When the contacts on the main starting switch are closed on the 12 volt starting circuit, !WO

selenoids are activated; one, located in the governor housing on the fuel injector pump, opens the

fuelline and another closes the contacts ofthe 24 volt starter motor circuit. The survey ofST-8B

repairs indicated that starter motor faults and sticking or damaged fuel shut-off solenoids were

the most common form of starting problems. The fact that a vehicle will not start is indicative

enough ofproblems in the starter circuit. Any senser installed in the starter system would perform

a purely diagnostic function, a:ld, for simplicity of the LED sensor system, fautt diagnosis is best

handled by a decision support system.
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The preheat sub-circuit is used to heat glow plugs. located in the pre-combustion chambers of

each cylinder, to aid starting in cold engines. On a conventionally operated machine, two filament

indicators are used to indicate that current is flo\\ing in each bank of plugs. On a remotely

operated vehic1e, a fault in the preheat sub-circuit will also make starting clifficult. Fol1o\\ing the

same reasoning as above, from a fault deteetion viewpoint little can be gained by providing

sensors for current in each bank ofglow plugs. Fault diagnosis is once again best left to a decision

support system. Similarly it is not thought necessary to provide sensors for faults in the LHD

lighting system; a faulty light should be obvious to a remote operator.

Greasing of critica1 wear points on the ST-SBs such as the boom pins and bogie joint is achieveà

via a "Bijur" auto-lubrication system which is retrofitted to the vehic1e [Bijur Lubricating Corp.,

1992]. Power supply for the system's control1er card cornes from the ST-SB ignition system. The

ST-SB repair survey c1assified autogreaser problems as part of the ST-SB hydraulic system, and

found that problems with the a'lto-greasing unit were a major source ofdowntime (see Appendix

2). The Bijur system controller card inc1udes a f1ashing LED which is used for indicating

lubricating system pressure faults. It is recommended that the voltage over tbis LED be monitored

to notif)- a remote operator ofproblems which may occur in the auto-Iubrication system.

The integrity ofeach ofthe sensors in the LHD monitoring system should also be considered in an

LHD monitoring system. Rather than employing additional hardware for this purpose, sensor

integrity can be tested by examining both the signal average and standard deviation over a period

of time and comparing these to previous values. A stationary signal indicates either an external

fault in the LHD subsystem or a sensor failure. This system ofsensor integrity checking bas been

successfully employed by Monsanto Co. in at least one production facility [Biachin, 1993].

Finally, fault detection facilities for the control and communications modules of automate<! LHD

vehic1es are beyond the scope of this study, but should nonetheless be considere<! for future

automate<! mining applications.
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A3.S.2 Summary Table

SENSOR TYPE RANGE NO.

Ba~ery voilage analogue 0-24 Volts 1

Allemator charging voltage analogue 12-24 Volts 1

Bijur Fault Indicating LED Switch LED Voltage 1

Table A3.4 Summary of Recommended Sensors for the ST-SB Electrical System

A3.6 Tyres

A3.6.1 Discussion

The ST-SB uti1izes tubeless nylon tyres with a smooth tread design and demountable rims. On

conventionally operated LHDs, tyres are usually examined every shift for tread wear and damage.

Automated LHD operations require that vehic1es have some r.1eans of detecting a pU:letured tyre.

Two SUggested means for detecting the presence ofpunetured tyre are to; (i) use remote infra-red

pyromelers located above each tyre to detect abnotrnally high heat output from a rubber lyre, and

(ii) to examine the frequency (and magnitude) of steering correction errer signais sent to the

steering controller of the machine when under automatic guidance. This latter method is based

upon the supposition that an LHD with a punetured tyre will tend to steer in the direction of the

side of the vehic1e having the darnaged tyre. The steering controller would have to work harder in

this event, resulting in an increase in the frequency and possibly magnitude of the steering

correction signais.

Of the !wo approaches, the latter is considered more appropriate, since it requires that no

additional sensors to be installed on the machine. A controlled experiment, in which an LHD

under automatic guidance is dehberately fitted with a fiat lyre, may be the best way to test the

feasibility ofthis idea.
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A3.7 Comparison of INCO Monitoring System with Other Systems

A comprehensive survey of technical and business sales literature was undertaken to establish the

state-of·the-art ofLHD monitoring systems. The following systems were identified;

(i) Tamrock Loaders Ltd. (formerly Ara Inc.) manufacture and market the CECAM

(Computerized Equipment Control And Monitoring) system for LHD vehicles [Laurilla,

1989]. This system is designed for both production and maintenance monitoring and has

the capability ofhandling data from up to forty sensors.

(ii) Caterpillar manufacture the Cat EMS (Electronic Monitoring System), which has the

capability of monitoring ten critical machine parameters [Caterpillar, 1992]. Elphins'one

Ltd. of Australia are making use of this system on their LHD vehicles powered by

Caterpillar engines.

(iii) VMC (Vehicle Monitoring Company) are currently developing an LHD maintenance

monitoring system for Wagner Mining Equipment. The prototype unit will be fitted to an

ST-8B scheduled for delivery to Inco Ontario Division late in 1993 [Van Schoiack, 1993].

(iv) The German manufacturer MAN has developed a conditiol' monitoring system for its

range ofLHD vehicles [Anon., 1989].

(v) Flight Systems Corp. manufacture and market an engine monitoring unit called the

"Engine Saver 550". This system is in use in over 1000 diesel engines in a wide variety of

applications to protee! against overspeed and other damage. AlI of the pressure sensors

used by the system are mounted inside the system's electronics enclosure which makes it

easy to retrofit to engines [Lego, 1993).

(vi) TIle Detroit Diesel Allison division ofGeneral Motors have re\eased an upgraded version

of their engine control and monitoring system calIed DDEC-n [Hart et al., 1987). This
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system employs a specially designed processor chip interfaced with engine monitoring

points. and is capable of providing engine diagnostics as weil as fault detection functions.

Tables A3.S to A3.9 list the parameters monitored by each of the these systems. The proposed

Sr. SB monitoring points are compared against the variables monitored by both these systems and

the existing ST-SB dashboard instruments (Iisted under the category "ST-SB"). The noticeable

areas of difference are the hydraulic system, where the proposed system is designed to detect

faults via a series of system tests, and the brake system, where the SAHR brake system is used IC

place of conventional calliper brakes.
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Subs\'stem IPOr:lmeler 1 STSB Toro C':lj --'"Ml:: T~IANrFfu:hï"TDDFc ln,-~

Fuel Fuel tempcr:lture A

1Fuel pressure
1

A
1

FuellC\'el
1

OS x
1

A

Throttle position A OS

Fuel shut-<lIT OS
1

Air Filtcr Air Suction pressurc OS x OS

Combustion Crankc::lsc pressurc A A OS

Powcr transfcr EngincRPM OP A OP x OP

Vchiclc Spccd A x

E.xhaust Exhaust tcmp.

E.xh.,ust pressure OS

Scrubber Icmp.

Iriming Rcfcrence signal x

Synchronous signal x

Lube oil Oil pressure OS x OS A OS A A A

OillcmpcralUre OS x A OS x A

OillC\'C1 OS x A

Fillcr diIT. pressure A OS

Hourrnctcr A x x

Cooling Cyl. head Icmp. A A A

(Coolant pressure)" OS A A

(Coolanllcmp)" OS A A

Sl3ning Sl3ncr S\\ilch OS x

Alarrn o\'Cridc DS

Prcheal ind:<'310r DS

Control Accclcraior IlCdaI A A

Lcgcnd; (A) Analogue senser. " Waler coolcd engine only
(OS) Disc:rete swilch scnsor.
(OP) Digital pulse sensor.
(x) UnknowII senser type.

Table A3.5 Comparison of Engine Monitoring Points
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SubsySlem Variable ST88 Toro J:J!h VMC MAN Inco

Con\'ener & Con\'. Oil pressure A x A OS A

Transmission Oilliller cliff. pressure DS OS

Oillemperalure A x DS A A

Oil Jevel A

Trnns. Lube pressure A

Gear position OS

Legend: (A) Analogue sensor
(OS) Diserele S\\11eh
(OP) Digital pulse sensor
(x) Unkno\\n sensor l).'JlC

Table A3.6 Comparison of Powertrain Monitoring Points

Subs\'stem Variable ..sIm I2!2 J:J!h VMC MAN lnco

Tank Cooler oil temperature x DS A DS A

Hydrnulic f1uid level x x DS A

Pump pressure x

Retum pressure DS

Pilol S}'Slem Pilol pressure DS

Sleering Sleerïng cyl. pressure x A

Sleerïng Valve lnlet Press. A

Hois! HoiS! cyl. pressure x A

Mev lnlet Pressure A

Legend; (A) Analogue sensor
(OS) Diseretc switeh
(OP) Digital pulse scnsor
(x) Unknown scnsor t)'JlC

Table AS.7 Comparison of Monitoring System Hydraulics Sensors
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Sub""stem Variable STSB I2!2 ..Ç;u. VMC MAN .lns2
Balle!)' Charging VoIlage A OS OS A

Balle!)' Voltage A

Lights High beam warning OS

Hom Hom OS

Autolube Fault LED OS

Legend: (A) Analogue sensor
(OS) Oiscrete S\\itch
(OP) Digital pulse sensor
(x) Unknown sensor ~'jlO

Table A3.8 Comparison ofElectrical System Monitoring Points

SubS\'Stem Variable SJE I2.m ..Ç;u. VMC ~ ~

Seniee brake Brake f1uid tempo x

Brake f1uid 1C\'cl OS

Aecumulator pressure A A A

Ser\iee brake pressure x OS

Brake pilot pressure A

(Brake air pressure)· OS

Brake cooling pressure OS

Parkbrake Park brake pressure OS OS

Legend: (A) Analogue scnsor • Air operated brakes
(OS) Oiscrete switch
(OP) Digital pulse scnsor
(x) Unknown sensor t)'jlO

Table A3.9 Comparison ofBrake System Monitoring Points
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A3.8 Effectiveness of Proposed Monitoring System

Tables A3.IO 10 A3.13 are chans of possible faulls for the ST-SB's engine. powertrain. hydraulic

and eleetrical systems. The fault charts have been derived as a result of both the ST-SB repair

survey and trouble shooting guides found in the ST-SB service manual. The sensors

recommended for each LHD subsystem are listed to the right side of each fault diagram. The

ability ofa sensor (or combined set ofsensors) to indicate performance degradation as a result of

a panicular fault is marked by an "x" in the relevant sensor column(s).

The number of times that a panicular fault was repaired during the ST-8B repair survey is listed

10 the right of each fault listing. This number gives an idea as to the expected frequency of a

particular faull occuning. The number of specifie hydraulic system faults which occurred during

the survey period was difficult to categorize and an "x" is used to indicate the occurrence of a

fault. Similarly, faults cited by the Divisional Shops maintenance staff as causing engine failures

are also indicated by "x"s.

The fault chans provide a means of gauging the effeetiveness of the monitoring system, in terms

of which faults wiIl be able to be deteeted and which wiIl not. An accurate picture can also be

gained as to whether frequentiy occurring faults are covered by the monitoring system.

187



w

I!

il
fU)
u )
:1l! 0..

•
•

., ., 1 7

., 1 1 4

•
., 1 9

e
1 1 1 1 1

!!Ijj ilS
~ 1 ~ ~ ~ 1 I~ ~ ~~ ~ ~ ~ ~ u ~= ,.. l! ... .l!! li.l!o u u ~ ~ ~ m 0

;. 0'; "7. t.< ~ ;!I( ~\ ~,

~--'-~ , ~
•

•
•

• 1

•
•

~;~~~r

I!

~ 1 11
.- ...J a. ...
8' == == =w 0 0 0

7;.:q ~ % ~ 'k~;'W ~

'.~ .W y",j ~" Ji!\!.,w;, f"&, ;::{.M

• • 9l 'J~. ~d1 :w r/.r17~ ~ ?I3k fS?1,?~ la ~Wi /3 1$.;~ ~i
~& W~ #.%. J~1 ~ fM lti~· ~ ;~ g1 ~ ~ $,1-> W;. ;y;;:
\'f m.'" r,J": ' ~zo ·w /h .$%, 1 y;'; /.'J ;0'-",/ ,;;:.~

~1WJ· 1J~ ~ {~ -~~ sr?: ~g ~ %1% ~J~ .~ r'f: I?2
u,:p· 'J-'. /'''~ é~f:~ ,' .• ·U-. h;/o" /;,. ;,,-/ //>' ;/,. ".'. ,;,,/ ~/..; '/> ,;-~;
I~hh Ar, /b 'tr-; iz:J ~~i ;(i!t YH ~ if; ?~ ~f' ?J;~ %'~ 1:f liZ-1

e

Wom 0( dImIged chalgIng pump

TJvIlItle lnlcIge dImaged

0( .,,,,operly"*",ed

o-t presstn lIne B.a.0(_

Anen>ld dImIged 0( .,,,,operly......,
lr4don nazzIn reolrteted

lr4don pump plJngen ll1cldng

Fuelprlllln normal

DeIb Fl41e,ngIne F..... Chili

2. IllIUllIclInllulllo

engIne

ProI>lem ClIUM ClIUM CllUS8

1. Hon! ltIltklg li Law cnnIdng epeed \ Improper Iube al
low bottery cMpul~ Poor 0( shorted ccmecIJon.

Underehalged 0( B.a. bottery

Law .mblent temperalur.

DefecllYlllllrter molO( 0(

r-e connedIonI

Laweompmelon~ Improper ......~v..... 1l1cldng 0( Iluml

Cornp<esslon r1ngs wom 0(

bn>I<m

C~ heId gaslœt Ieoldng

IneuflIcenl ruello engkle - eee 2. "InoumeIenl ruer
IneuIIIdenl eoml>uI6on .... - _ 3. "MIcIlIne _ power"

Fuelllnk lIIlpIy 0( rupCured
Fuel prIIIIn Iow < AIr..... Loose ..,,,,.clloll' 0( B.a.

.....--& pump~ Dameged prlmItyruel rller

geskeI

FIowobllructlon ~ Shulorl_ncUulyopen'

ShulorIleYIf on .nelllId no!

ln up posIUan

Prlmery 0( lInaI fuel MetS
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ElccessIve c1utc11leakage

High _ out prasure

PrcllIem Cause Cause

1.low c1utch press<Jl'e -- Nonnai c1utch leakage """,--- low 011_

BIOIœn apring ln llansmlsslcn

reguIatc< YlIwI

Clutch ptessure rogulator YIIwI

alUcI< ln open position

Faully clwglng pump

Brol<en or wom cIutch pislon

IeIllngrings

Clutch drum _ YIIwI alUcI< ln

~pcoltion

cIutch aupport

low ccnYtrtcr clwglng pump

cut;>ul

2. low convertor charglng ~ Law cil _
pump output Sump acreen plugged

AIr IoIka al pump Inlakeor

COI_II or coIIapsecl hose

0Il pump B.O.

3. low lIow IIvtlugh cooIer low COllYIllor ln prasure """"_ Dorocllve IIroly by-poaa apring

Cocwertor by-poaaa YIIwI partIaIIy

open

E-..lYa COIW!IIlllr inIImaI

Iookage (CIleck COIlY.1ube lIow)

BIOIœn orwom..un; rings ln

............. c:kIll:hes

\

~ cil COIlIor(lndicaled W

_Iubeprasure la Iawl
RIIIrIclad cocIorralllm ....

L.ube oB port k1 ta...illaiion

l*Iggod (Trana.1ube"'-. hIgtI)

4. OvertiMlb'll , Wom olI..un; rings (CIleck
COllY. & _Iookage)

Womollpump

low c111eve1

Pump lUdion Ille1ùIng air

5. Nolay""""'"~ Wom couplIng goalS

""" Wom cil pump
Wom cr dl" QI ~ bMrings

S. Lac:It01_ lowenglnt RPM alCOIlY._
s.4.~'"
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• STeB Hydnoullc Syslem F.uI! Chort;~I Foulls
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Problem Couse :l; :l; •
1. POOt hydnIulic system oerectivepump x X X

per1cxmance or r.llure - Ditlln OIIier_ X X X

Relier _ dorective X X

Worn~ X x x
Lcedtot.vy x x_croc:k

X X

Plunger net ln1uII_
Reservoir Iow on 011 x
System lillOIS cIoggecl x x x
ReslIlcli""sln Une x x x

2. EllCOSs/Ye 011 rcamlng Inccrlecl vlsccoIly or type cr 011- EllCOSs/Ye by;laslng cr 011 ....... x
noIIer_

3. Exceulve 011 temperatule SUIloInod lIlIldmurn pressure

cperalion wIlh by;laslng cr 011

• ...._-
Inccrlecl vlsccoIly or type cl 011

Worn hylnuUc pump

~. Fcxtlgn motorialln .......... Unl·worn, frayod or domoged.........
~=~pumpordomoged

cyIindetS

5. System pressure buiId-up System__ Ill toc Iow

------- Worn pump ""'''1.'''1111I c:aUIlng
k1lorraIlIIkoge

6.~__In hciIt cIn:uIl
~-_ ..~-

.cljUIlIdhylnuUc--
Ilypas ln qflndetS . x x
HydrauIIc pump worn x x

7.~__ In dump clrcuIt Rolorto.....""(6)-- x......-._...~-_ ..~- x x
.cljUIlId~ clrcuIt__

Ilypas ln-..g cyIndols

worn-..gpump
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cause
CMmoatod hydraullc cil (Me 3)

~
Oirt ln valve bores. p1_

andlot cil

Volve watpod lrœl inc:orTecl

rncuntlng procedure

Fillings tcc t1ght

Ela:asIYeIy h1gh tempemure ln

valve

ProbIem

~. Oill'ocuft operation ot stleking cl
_ valve p1unge...

12. lced drops wIlen p1unger

mcves lrœl neutraI

13.lced will net hClld

14. Leaking seaIs

16. Ne pressure ......;;::---- _

L.robgo blndIng

PUlgarbanl

Oetant ot reIum apr1ng dama~

Spring ot dolent b1nd~

VIIve nclln thennaI equllibrium

10. Unable ID mcve p1unger ln cr~ 0Itt ln valve

eut Plunger COll rua cr cil

Bind ln linIo9l
11. Oelent _fails te hcId~ Wcrn dolent cam

Spring ot boIIbroken ot delotmed

E>cœssiYe_

PIunger_ raslr1dod

~ 0Itt ln cllecIcvalve

~ Sccrod cllecIc valve pcppeI cr

IUt

-=:::::::::== CyIInder Ioaking otwan
- ou bypossIng valve piunger

~~;:::=== PaInl onIIJnderlUt~ Elcl:osslYe beeIc lftISlllO

OIttunderoul

Sccrod punger
Locae oui plates

c.. cr aeotod oui

SonsIng llcIe ln smaJI pcppeI

pIugged

l'qlpellliclclng

Presaure _large pcppeI stucIc

opan

CIlack...... pcppeIlluck open

PIIct pcppeIlluck open
Dlrt under _

17. ErmIc pressure _-==:::::::::=== PIIct pcppeI ~
- SmaII pcppeIllicIcIng ln large

pcppeI

18. Reller.alve pressure oetIing WW duolD dit
lnccrTact oc::::::::::::: Jorn rùand~__

18.t..Idnsl_vaM _;;;;:;;::::=--- Ca" QI~_

~=::dualDdit
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•
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Couse

---- AJrInS)lllm

Couse

~::::::::::-- Low lIuld i1.-.....1r

Low al prosoure d..1D Idnk ln

llClII

Low 011 praaIftdue ID foroIgn

Cllljoct Iluck i11lCl11

"'-_IncydndIr(s) due

ID-.. pIsIDn pocldng ondIor

Illd pocldng
SlIIr1ng CCllInll__

----- L-.or-.._

----- SlIclcy-spocI

u<-"'orllldly-.._
(--.gwI be lI;hI klllle dInIClIon

of loId CId "-Y i1lh1 cm ft

dInIClIon)

---- nurIicIonlcl8UllPYlI>pump

Problem

20. Pump does net delive< nuld ~::::::-- Shan _ Ct disenglged

R_ol<>pump lntlke 6ne-F1uld v!sccsIly too heaYy for pump

ID picIt up ~1mo
RlIlef__open

__klrotor_

21. Noisy pump .....==----- Low 011 suppIy

~
CrIilItion il hydraullcpump

~....~~ AJrilpumpoilsupply

Ela:essIve lIuld foomlng

VortIx or spIroI kl 011 c:IrcuIoling

kl ........

Ela:essIve pump lIlOOds
High onglne opood wIlh c:old

lrfdnIuIIc 011

HydrIuIlc cI.tscœIIy lllo high

misI/igMlenl

ST88 Hydraullc Syslem Fluft Chort; Pump

ST8S Hydroullc Syslem Fluft Chili; S1eering Ccnlrcl_

23. No l!Icll nquIred ID tum
24. Pllor-..; reIIm

2S. LHD _li>...sldeor
lhI_

215. Morr.ài) ncr- kl dort

_tumlng_lIst

27.[ ·.._IdcIc_or
--..;
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• ST-aB Eiedricoi System Flu~ Oilgram

PrcbIem

1. Chlroe too Iow or no charoe III ln~ 011_ bIltOlY

SDpplng~or bel! dttYe

OIr_ gell1flllor

MIlIunctionlng rwgu!II«

2. ChIroe too h1gh; overchIrged bIltOlY -.::::::-- MIIIunc:tionIng lIgUIItor

......... lncctr8d puIIey uoed on generatl>o

3. BIIltOlY uses an excessive lmOUnl 01 willer "\ Charglng ml too h1gh

'''''''''''''' puIIey uoed on genemor
4. Rapld burn-out ollighl bulbs Chlrglng ml too h1gh 1_2.)

5. CranJdng molor oporating slow~ BIIltOlY discIIatged
or net oponlng Il In. 011_ cranIèng moIor

Con'odod. _ordol__

0I1_1oIonoid

S.lo-. or Inlermlttlnt~ output ~ 0Itly or-..~ commutator
8nlIIl(.) lIlcIcIng

W-'< txush springs

SDppIng bill dttYe

MIIIunc:tionIng reguIIIlor

7. Ughluro dlm _"'====::::=---- BIIltllllos Iow

~"-gIWld
----- Loose COllIlId.Ions

8. One olectricII gouge net llpIlIIlIng~ Gouge doIldNe

_011_

llId COC.lICtioi, or COI. ooc:loI plu;

Il. ignition ON • no gouges or IIghts~ Doed bIlIory

~ "" Loose toI'lillCtioilftom bIlIory 10 llllIllIler
BroIœn"'" bIlwMn bI!IIIy& lIllIllIlIr

10. Ignition ON .noclecl:k:algouges llId COI. 1:hlbIlwMn_cill:uIl

or lilIhls~ _or ignition _10 gouges

11. AlI olectricII gouges~ -no ights -- Loose COIlnlclio.. bIlwMn llllIllIlerand_
1lId1ighl_
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A3.9 Summary of Recommended Sensors

SENSOR TYPE RANGE No.

enginc oil pressure (main gallery) analogue 40-120 PSI 1

engine oi! tempo (cooler outlet) analogue 100-300 degrees F. 1

cylinder head temperature analogue 200-350 degrees F 2

crankcasc pressure switch 10-20 PSI adjustable 1

throttle position (pLC signal) discrete idle!half7full 1

engine speed (RPM) analogue 500-2800 RPM 1

eng. oil filter differential pressure switch max = oil filter reliefvalve setting 1

engine oillevel analogue empty-full (0-29 litres) 1

fuellevel analogue empty-full (0-380 litres) 1

engine exhaust pressure switch 15 PSI (25" water) adjustable 2

engine air filter suction pressure switch 13 PSI adjustable 2

trans. 1st and 2nd c1utch pressure switch 140 PSI 2

trans. fwdlrev c1utch pressure switch 140 PSI 2

transmission c1utch pressure analogue 180-220 PSI 1

transmission lube pressure analogue 15-35 PSI 1

convertor oil tempo (cooler outlet) analogue 60-250 degrees F 1

trans.lconv. oil filter diff. pressure switch max - oil filter reliefvalve setting 1

transmission oilleve1 analogue max 57 litres 1

hydraulic pilot pressure switch 180 PSI 1

Main CV inlet pressure analogue 1000-2300 PSI 1

Steering CV inlet pressure analogue 1000-2300 PSI 1

Hyd. cooler outlet temperature analogue 50-ISO degrees F. 1

Hydraulic f1uid level analogue empty-full (0-360 litres} 1

Brake accumulator pressure analogue 1600-2100 PSI 1

Brake cooling return pressure switch 20 PSI adjustable 2

Banery voltage analogue 0-24 Volts 1

A1ternator charging voltage analogue 12-24 Volts 1

Bijur Fault Indicating LED Sv.itch LED Voltage 1

TOTAL NO. SENSORS 34

Table A3.14 Summary of Recommended LHD Sensors and Monitoring Points
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Appendix 4

Transcript of Interviews Conducted at Stobie Mine

April 19lh 1995.

(M) Mike;, Leading Hand Mechanic, 2400 Level

(P) Peler Knighls, McGiIl University

M; If the brakes applv. most ofthe time it's the brake hoses. Brake hoses break aIl the time. We

lose our brake pressure and we can't release our brakes. Slow to applv would be a break in the

modulator. that'II jam or stick for sorne reason. contamination ....

P; Your modulator is what? The treadle valve, is that what you're Iooking at.

M; No, the valve ...

P; Oh the charge valve

M; No the pedal.

P; OK, this is the pedal here

M; Yes the pedal valve will jam in a position where it's only going to ...it won't release

completely. We need 1500 lbs to release and it'Il give us maybe 500.

P; Is that generally due to crap that gets around the pedal and the modulator there

M; Yes, the piston on top jarns because ofthe contamination. These drilled parts are OK, mind

you, ifwe can only release the cap better fromjamming. What eIse are we looking at here?

P: just to check that, ifvou have a jammed treadle valve il means that vour brakes will not release

fullv 50 vou end uD with Dartiallv Dulling a little bit or ....

M; Yes, sort ofgiving you a pul~ because when you step on the pedal, what you're doing is

relieving pressure from the wheel ends. So ifyou're jamming halfway up yeu're only getting a

release ofmaybe .."

P; Then your brakes are going to pull on you

M; Yes. So now the tread1e valve, reIay valve , accumulators ."Accumulators are preny basic,

yeu know. ifyou're not getting the applications you should be getting.

P; So ifyour brakes are not releasing, again the accumulators are something to look at? 1guess

that would show up on a pressure gauge preny weil?
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M; Yeso AIl the gauges show is the brake pressure and ifyou make sorne applications you'rc not

going to have the backup. YO\J're working your pump ail the lime.

P; Oh yeso the pump is working all the time but you're charging your accumulators here. havc 1

got that in the right position for a start? This is the accumulator pressure gauge. should it bc

after the accumulator gauge. l'm just wondering about that actually.

M; Lets see, the brake pump, charge valve.......

P; Tlùs is the switch that cornes over from the transmission. 1 be1ieve this cornes off your torquc

convertor, and ifyou get low torque convertor pressure ...

M; ...your brakes will apply. It won't send any oil to your braking system.

P; Yes, there's a relay valve wlùch cuts of supply and your brakes will automatica1ly apply therc.

That's what that is. That's also linked to the starter solenoid in j'our starter circuit. Ifyou start

up the maclùne, that starter solenoid will activate a relayas well because basically therc is a

pressure switch in here wlùch will cut oil f10w to the brakes.

M; Yes, exactly, 1know wlùch one you're talking about.

P; And that transmission pressure can actually cut that solenoid as well .... .1 think l've got that

right.

M; Ah .. .1 tlùnk that's engine oil pressure. Ifyou have oil pressure you can't activate your starter

so that you don't turn your engine over and engage your starter when the engine is ronning.

P; Oh OK.

M; 1t1ùnk that's the one you are referring to. 1don't tlùnk it has anytlùng to do with the brakes.

P; Yes ....but there's a link between here, your torque convertor, because 1was just reading up

here the inadvertent brake application. Ifyour brakes come on automatica11y.... Oh, here we

go..

M; c1utch pressure, brake accumulator pressure ...

P; transmission c1utch pressure interlock to the brake accumulator ....and that's your driveline

...that's what l'm ca11ing here your re1ay valve.

M; No that your whee1 end, because we don't use driveline disc brakes on tIùs machine. It just bas

four independent whee1 brakes.

P; These don't have any park brakes, is that right?
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M; Weil, your park brakes, there are four individuaI park brakes... that's what they are, because a

park brake is a mechanical brake, and all four wheels are all mechanical, 50 we don't need the

driveline brake.

P; OK. So this is what ....

M; What this is here is a latch circuit system that we install 50 that when you start the equipment

that you would start with the brakes on. Release the big button on the release position. You

would still have to reset this button

P; (indecipherable)

P; 1might just scribble down a copy ofthat in a little more detail.

M; 1don't know. Maybe there is a starter circuit in there, but 1don't remember dealing with it.

P; Ifwe can get hold ofa service manual we can pull that out and have a look. You've probably

got a service manual handy. (pause) So, 1mayas weil start right at the beginning. Here 1

separated ....the suction filter and strainer are considered a separate system. So the reservoir

contains the oil. OK supposing VOu had low oillevel ...

M; The seals were going and your wheel ends and that

P; So you're getting leakage occurring. That's mostly your cooling circuit?

M; Yes, but you're probably getting high pressure leaks on your closed circuits. 1 remember that

the old scoops had pressure applied and spring released and the seals would overheat. Your

seals would go, they'd overheat and you'd have your heat sensors on the whee\ end, and they'd

indicate cooling temperatures and give us a red light, cooling temp high or whatever. Now we

don't have that anymore because we don't have any problems...

P; Ifyou get a blockage in your cooling circuit how do yeu first detect that? 1mean ifyour brakes

start overheating, how do you first notice it?

M; At one point we used to carry just oil in the whee\ end. So ifthere's oil flowing through the

whee\ end or even ifits just full ofbypass, 1don't think anyone would notice.

P; Yes, would yeu get foaming occurring in the reservoir?

M; There's a bypass on the cooler.

P; Oh the cooler's got a bypass.

M; 1would imagine they'd have to have sorne kind ofbypass.
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P; Yes, 1mean, but supposing you had a plugged cooler... ho\\' do you kno\\' vou've ~ot a. ~

plugged cooler on a machine? 1sounds like a stupid question .....

M; High pressure. High pressure in your '"

P; ln your \\'heel ends? Wouldn't that be lo\\' pressure ifyou're plugged here?

M; Weil, your brake cooling is low pressure isn't it?

P; Yeso Very low pressure.

M; Ifyou have high cooling pressure, your face seals are just held together with rubber ..

P; Oh, you're talking about the seal on the actual cooler here?

M; No, on the wheel end.

P; Your high pressure is part ofthis circuit here, that is brake application. Right here is the

cooling circuit. Through here is low pressure, but, what 1found hard is that ifyou have a

plugged cooler, it just means that you're not getting any oil flow throt:gh the cooler to the

brakes here, which would start ... .1 don't know. As far as 1can see there's no temperature

indicator on the hydraulics. You don't have a temperature gauge or anything like that. As far as

telling that you've got a plugged cooler, the only way you could tell is ifyou've got a leak on

this side, because this side has relativeiy high pressure when the accumulators are charged.

Maybe you'd get a leak at your pilot valve or a leak out from around the cooler?

M; A system in line like that has go to have sorne kind ofbypass. You can't just have a cooler in

line like that..

P; Weil, that's something we should look into.

M; 1remember on 18 we used to have problems with high pressure in the cooling system. You

have vaur drain valve here. a check valve. 1 think 15 PSI.

P;Yes

M; And when that jams up vou get blown face seals. We had problems with that. Ive never

encountered cooler problems. so that's the question vou're asking. Maybe we should look more

into the caoler to see what would happen .....

P; So, aIl rlght. So we looked at sort ofcauses ofyour brakes applying.

M; Weil vour prob1ems are here: brake modulator and broken hoses. basicallv ail the breaks are
the mos! common breakdown OK. The check valye plugging is not common. but it happens. It

will blow your seais so you'll have leakage at the whee1 end, and you can detect that.
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P; Well ITom a remote perspective it's difficult.

M; Yeah, you'd run out of oil .....

P; You couId have an oillevel indicator hooked up, and ifyou noticed the oillevel rapidly

dropping you would know you had problems. There's ail sons ofquestions like that when you

stan running a roboscoop. A guy on a scooptram ..he's aware ofa lot ofthings that are

happening, and it's very difficult to try and put sensors ail over the machine to do exactly the

samejob.

M; Low oil in the reservoir.... where you lose oil could be anywhere in the hydraulics.

P; Absolutely.

M; Vou want to try and narrow it down to specific causes.

P; What about ifyour brakes where slow to apply? For exarnple if an operator went to put his

brakes on and found them very slow and sluggish. Could that be either an accumulator problem

or again a modulator problem?

M; 1don't think we've got any ofthat. Ifyour charge valve is stuck, you'll still get a good

application ifyour accumulators are charged. Weil ifyour machine is ronning you'll still get

good application. The volume is so little...

P; so as long as you're getting pressure pumped up this circuit here ..

M; Yes. So as far as a slow application, it won't happen. It could be a slow application because,

like 1said it could be restricted application, where we won't be able to release ail the pressure.

P; Right. So tha: ·;..as slow application. What ifyour brakes are slow to release? You've applied

them. They work OK and then they are slow to release following this.

M; That would be slow getting pressure to il.

P; Slow getting pressure to it? Yes, because you need positive pressure to release them don't you.

So that would be indicative ofa brake pump ifit was running very slowly. You'd probably

know that otherwise though.

M; Yes, 1don't think you notice that when your foot come offbut you'll know when your system

is charging you up... how slow it is or your system won't give you a full charge. When you

stan up the machine it has to charge up and ifit's really slow. there's something WT9ng.
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P; OK. 50 in other words you'd be watching your accumulator gauge and ifyour accumulator is

really slow to charge What happens when you get a plugged suction filter here. Do you

get panial flow through the pumps?

M' Yes, you'lI get a (indecipherable). But we do get pump cavitation, and you know what

cavitation does. Noise, ~~bration.

P; Yes, you'lI get noise, vibration and oil foam, but the only way to really tell is by an operator

coming and telling you "l've got a noisy pump".

M; There is positive pressure that we need in the tank that you can sense. There's a valve on the

tank to pressurise the tank and son ofsupercharge the pump. 50 ifthat valve is open it can

cause a problem. It can jam. And then we won't get that supercharge any more and at high

RPM it will cavitate. Maybe 1can let you jot down a few notes and 1'11 go and .....

P; That's no problem. (pause). Back again. Just saving that ifyour brakes are not releasing during

operation you May also have a problem with the accumulator charge valve.

M; That's right. That's your source for the brake system. Ifit's not charging right it's just

un10ading the tank.

P; OK. And it May be partially restricted, in which case you're not getting your full oil flow

through there. 1guess you'lI also notice it in your accumulator charge gauge?

M; Yes, ifit's really slow to charge and as you mentioned earlier you had slow re\ease, that May

be one ofthe problems.

P; And 1was just going to say that ifyou've got slow charcing accumulators you're still going to

get \'Our brakes operating but VOu May have problems ifyou're cvcling them.

M;Yes.

P; OK. 1was just going to check that. Ifyour brakes are not applying smoothly, and you're

getting either a jerky application or snatching application, what is that MOst likely due to?

M; Ajerky application?

P; Do you sec that much?

M; With a very jerky application, it is a spring applied brake. As soon as you release the ....it

should gradually re\ease.

P; What happens ifyou get spring problems?
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M; Never heard ofthat. These machines only have, what, 2000 hours on them. Sorne ofthem are

up to 5000 hours and we don't have brake problems. Since we've had the SAHR brake system.

ifs been STeat to us We've never had to do a brake vet.

P; OK. So they're pretty robust then.

M; Yes besides the modulator valve and the brake hoses. Those are the two main problems.

P; OK. Ifwe move on down then. and let's look at the pilot circuit. and. ifwe were going to

observe a general failure ofthe pilot circuit. 1imagine that what we'd probably sec is that we'd

Jose our control ofthe stecring. dump. hoiS! and engine.

M; That's right.

P; So that wouJd be, 1would have though, a pretty good indicator that there was something

screwy with your pilot sequence valve in here, or a blockage to it? Or you've probably got a

Jeak.

M; Yeso or a drop in pressure ifyou Jose vour oil. It could be lack ofoil. You WQuld have to

check the Qil. r SUess. There's that sequence valve.

P; Yeso

M; Yes, that sequence valve. Thatll charge your accumulator tirst and than alIow it to charge the

pilot system.

P; Is that right?

M; Yes, Vou get your pilot pressure after full accumulator pressure is charged up. So imagine

that's your sequence valve. Then youll alIow your pilot pressures to charge up.

P; RighI, so.... aetually, the way 1looked at ..1 aetua11y had the training manual wlùch had a

bigger schematic ofthe valve and it showed that ifyou look at the accumulator charge valve it

showed a direct path through to the fi1ter, but then there's the charge valve wlùch come offand

ifyou drop below 1600 PSI it opens and alIows the accumu1ators to charge.

M; That's right.

P; When your accumulators lùt 2000, it shuts. There's also, 1think, a pressure reliefon the other

side in case it doesn't shut off.

M; A safety release ofsome kind?

P; Yes. 50 it basica1ly sequenced between 1600 and 2000 PSI.

M;Yes.
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P; And the pilot sequence valve. or pilot pressure valve here. It goes through and you're supposed

to get 200 PSI to your pilot pressure right?

M; Yeso it should allow 200 PSI.

P; And basically any pressure over that it lets out through a reliefvalve to the cooler. But. ifI'm

correct in saying il. ifyou e.'l:perience a problem in your pilot circuit. it Most likely ~oin~ to be. ~ ~

due to a leak, or a rupture somewhere ?

M; You're probably right.

P; l'm probably leading you on, 1Mean this is a problem.

M; You know. As much e.'\llerience as 1have on this, it's not a hell ofa lot. 1have e.xperience on

hydraulics. 1can grab the schematics and go repair this machine. But the faults we have with

pilot pressure. the pilot's set too high. Peçple don'! ""lIOW what it is. the\' set it too high and

blow the caps offthe end Qfthe valves.

P; SQ that's a matter Qfsetting that reliefvalve in the pilQt pressure valve?

M; YQU CQuid build up tQ 2000 PQunds in the end QfYQur valve and blQW the caps Qff, Still pretty

dangerous. YQur pilot control valves can'! handle that ";nd Qfpressure anyway High pressure

there WQ\lld be a real problem.

P; Yes, high pressure there is a problem

M; yes, a higher pressure mQre !han a IQW pressure. Yes, a ma1functiQn orit May cause high

pressure aise. 1 dQn't think yeu have any Qther reliefthere.

P; Ifwe look at then the throttle master and slave valves here. do vou experience Many problems

with those?

M; We11 change the Qdd Qne fQr intemalleakage.

P; InternaI leakage, and yeu just nQtice that the engine ...

M; Yes. it's nQt gQing tQ !rive full RPM Qr it's not geing te giye a full stroke.

P; From both? both Qfthese will leak? !hat's the tbrottle valve and this is the slave Qn the engine

here.

M; Oh the tbrottle vaIve, yes thatlI leak. That bas tQ he regulated also lt bas tQ he bought dQwn

again from 210 tQ 100 PSl

P; ReaDy? And that's an adjustment in the slave here?
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M; Yes at the throtlle valve. But they come in already adjusted. But ifthey're not, for whatever,

this pressure has to be brought down to 100 PSI for the slave cylinder. Ifyou were to run that

at 200 you'd probably have problems with the slave cvlinder. Everv time that l've ever put a

throttle on they've always checked the pressure for 110 PSI or 100 PSI.

P; Right, but ifyou're going to go over that you stan blowing sorne seals and leaking?

1\1; Yeso

P; So they're the most likely faults that are going to occur there.

M; Yeso

P; That's more like your treadle valve here where you probably e.xperience leaks ...aetually do vou

e.xperience leaks at the SAHR modulator?

M; Not extern:ù leaks. Internalleakage.

P; Internalleakage?

M; Yeso

P; What happens ifyou get internalleakage. How would you see that in your brake system?

M; You'd have a faster cycle time on your accumulator charge, because you're dumping...

P; Do they report that?

M; No, they don't record it. wc won't get a report saying "Oh my cycle is going too fast".

P; And they wouldn't tell ifthere charge time is too fast.

M; Most ofthe times wc'U get il when the accumulators are totaUy drained and the valve has

bypassed for sa long !hat wc need to change the valve at !hat point because its been operating

...You're looking at a combination ofproblerns. Ifwc were to pick it un at the original fault

where wc say may cycle time is usually 3 minutes and it's now 30 seconds. let's look at it. We

ÇQuld probably maybe change a brake yalve and prevent further damage. But n's not

happening. 1don't think wc have the operators traïned enough on this new system. Never mind

the operators, 1don't thing most ofthe mechanics know about the cycle time. 1don't know

how critical it would bc to have that implemented in your system?

P; Weil, !hat's one ofthe nice things you cao do ifyou've got that hooked up to instrumentation

you cao look al things such as cycle time.

M. It could maybe register a warning. "cycle lime is short by 2 seconds".
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P; So that's one of the nice things you can do ",ith instrumentation. OK. Weil, 1'11 just write that

lot up for the time being.

April 21 1995

(R) Rick Mayene - Leading Hand Mechanic. 1800 Leve!.

(P) Peter Knights - McGill University.

P; It's Friday the 21st April. and l'm talking to Rick Mayene down on 1800 level. OK. Ifwe look

at the hoist output here, is it normal that you'd normally get a hoist and dump....fuilure at the

sametime?

•

R; Yeso

P; What about ifyou had a cylinder bypass and you had a bypass problem in either your hoist or

dump?

R; Ifyou have a bvoass in your hoist. )OU still have your dump. It runs ofyour main control valve.

Ifyou want the dump, you apply the section on the main control valve.

P; OK. Back again. l've got a loose sehematic ofthe main control valve. Where is it? OK. No. 20

here. Now this is not totally correct, because there are pilot reliefvalves in here which are not

shawn, but what l've shawn is ail cornes up through the dump spool OK ...

R; Yeso

P; And it first1y goes ta the dump, 50 ifyou activate your dump it gets priority over hoist. And

then ta hoist when you're not activating the dump. Sa you're saying that ifl was ta have a

cylinder bypass in the haiS!,

R; Yes your system stiI1 works kind ofnot applying ta your hoist. And it won'! work properly

because ofthe bypass. Now it would have ta he rea11y bad, becanse you've stiI1 got the other

hoist.

P; Yes, rm with you. 50 one hoist cylinder will he working a lot harder !han the other.

R; Yes. and it will lift. even there's bvoass in the ether one. Now ifthere's a leak like a hase, we11 1

might have a problem becanse rm running out ofail. As far as just a bypass, the other one will

lift.

• P; OK. What about ifthere's a bypass in the dump?
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R; If there's a bypass in the dump, that has nothing to do with the hoist.

P; Yes, so l'd just notice that my dump is really .....

R;. My dump is either falIing down or whatever.

P; How frequently does that happen?

R; Not that often. What usually happens. in most cases we end up with a broken dump. Or the

seal packing leaks bad enough. that it keeps coming out bad enough and he can't hold it. He's

got to put lever on his, weight on his dump lever because he's losing too much.

P; So that's more common that the seal packing leaks on the cylinder. Is that on the hoist cylinder

asweU?

R; No. The hoist. we usually break them. The eves break off Not too often we'lI change one

because, ifit leaks, so it leaks a bit. We don't change them.

P; OK.. looking through your stats. the other day, you've had a lot more problems with dump

cvlinders than you have hois! cvlinders.

R; Yeso

P; OK. l've got an idea as to what might help us a little bit here. This is basically the Wagner

service manual, and what we're looking at is what Wagner use for troubIeshooting, and They

deaI with a section on the Main Control Valve and the Steering Control Valve. What 1thought

rd do is just run through these failures with you, and ifyou can tell me what the likelihood of

these kind offailures occurring is it gives me sorne idea ofthe ftequency. Not only do 1need

information on the Iikelihood, but sometimes it just sort ofsays, you know "low pressure in

dump circuit", and 1don't know what kind ofsyrnptoms you'd see on the machine as a result of

that, and 1need to know that for the guys upstairs as well. So we may as well stan at the top

ofthis list and we'Il take our time working down. It might take a couple ofsessions, but we'Il

take our time and seed how we go. So number 1 up here is "poor hydraulic system

performance or faBure." It jus! says. cause: defective pump. clirt in reliefva\ye. reliefva\ve

defective ...l'Illet you read through those.

R; wom cylinders, load too heavy, intemal crack, plunger not in full stroke, reservoir low on oil,

system filters clogged, restrictions in line.

P; So, ofthose, what would be the most common one?

R; Common one?
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P; Ifany. You might have sorne other ideas too.

R; Relief valve.

P; Dirt in reliefvalve? What reliefvalves?

R; Weil. dirt in general is a big problem.

P; Dirt in general?

R; Yeso Very seldorn, we will change pumps. Most times we don't. The pump is nol the proQlem

ofa hvdraulic system.

P; A low frequency problem.

R; 1would say 50. When a pump is gone, there's another problem. You run out ofoil.

P;OK.

R; Yeso Reservoir low on oil. That's a big problem,

P; That's preny common?

R; What happens then is now you're working the pump. Now you could have a problem with the

pump, but even then, when it gets that bad, we usually just fill it with oil and the problem is

cured. The pump is one ofthe last things that we have to change because the pump is gone.

Cylinder problem again. which is mos! likely pacldng ,. poor hydraulics.

P; Would you say that was a medium likelihood?

R; That's a medium.

P; What l'm doing is categorising this into low, medium, high and unlikely, ifyou like, The dirt

wasahigh.

R; Dirt is very high.

P; Where does dirt ...? Ifyou get dirt..?

R; Ifvou get dirt in VOUT system VOu get it on vOUT reliefvalves, ... either in vOUT pump. or vour

reliefin vOUT control valves. or vour port Teliefs,

P; OK. they're high Iikelihood areas. How will that show up then? Will that show up in sluggish

performance..?

R; ... ofthe hoi?! and dump cylinders and pOOT hvdraulics ""hide in the pilot. We')l go down the

line, We')l check fOT proper engine speed. proper stail speed". check that the engine's got the

power Ifthat's OK. then wc')l go to the hvdraulics, Theo pn VOUT re!iefyalves or the
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settings for the valves have 1got a high enough pressure? Have 1 got a high enough hvdraulic

pressure? Count it off the specs.

P; OK. To check your hydraulic pressure there, do you attach something to one of the hydraulic

ports.

R; That's right. Now. another thing. am 1 opening that spool on the main control valve. for my

dumplhoist? Am 1 getting enough pilot pressure? Have 1 got a valve that's leaking? 15 it

pushing the spool to the other side? Now, if! use the lever l'm overcorning what is a bypass in

there, so it rnight be OK, but maybe in low, very low, like when l'm going at idle, that power 1

don't have it because maybe l'm getting pressure from the other side ofthe bypass on the pilot

section.

P; Right, l'm with you there. So, Internai cracks?

R; NO".l'm just saying now for your pilot plunger stroke - that's what that means ."am 1getting

enough pilot pressure to make sure that the spool is in full? That another thing.

P;Good.

R; Again, when it cornes to these last MO, filters c10gged and restrictions in lines. you're talking

din.

P; So this is preny high likelihood as weil?

R; Oh "yes, we do run into that problem.

P; High? Would you c1assify it as high or medium?

R; We had one machine we had problerns with, and it was the hydraulic oil, it was full ofsand fill.

P; How did it get sand there?

R; Because ofthe sand fill that the pump was drawing. It ran sand lill through the pump. So the

pump was ruined.

P; Yes. That was the shotcreting?

R; Yeso

P; So this is what ".system filters clogged is again dirt.

R; Again it's c1in, it's not a common thing but again the problem is that once we get that dirt that's

our main problem.

P; They'cl have a bypass, wouldn't they, on the filters?

R; Yeso Yeso
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P; WeIl ifyour ti1ters have been clogged you can bypass and get S.. t all the way down through the

hydraulic system anyway. so you're more likely going to pick it up and clog in thc relief

valves...

R; We had a problem where packing of sorne kind - like we blew a cylinder or whatevcr - packing

got caught. Now. when a guy changed the tilter in the main tank. 1guess evcrything stayed in

the bottom, so everytlùng went through the pump and to the charge valve. Now you'rc

running into no hvdraulic power and the spools in charge valves are plugged

P; OK. l'm with you. Those are these spools?

R; These get jarnmed. (indecipherable). 1don't see it in here. But again with din ..

P; It's more likely, ifyou're running a scoop on remote. you're not going to pick up the fact that

your tilters are clogged unless you do that on a routine service. So it's more like1y that you're

going to get restrictions in a line but probably din in a reliefvalve is going to be the common

one there.

R; Yeso

P; Because ifyour fi1ter clogs, it's going ta go aIl the way through.

R; Yes, between that and hydraulic leaks and reservoir low that's when you end up with problems

P; We were juS! discussing the charge valve here and the faet that you got that really clogged.

What happens here?

R; What happens, OK. first ofall it clogs your charge valve. Now you have no proper pilot

pressure because that feeds your sequence valve. So right away you figure that your sequence

valve is gone, but in mas! cases no. The charge valve will get it first and will plug up the

charge valve. And changing the spools, but we found out by changing the spools, we change

the spools and put them back in. No problem. Everything works good and all ofa sudden it

cames back two hours later, the sarne problem again. More and more clin inside them, the

spools. So what we do is pull them out and start the machine, let it flush through the charge

valve so it should be clean and then we put the spools back in, and that eliminates mas! ofthe

times the problem.

P; l'm with you. OK. That's preny good for that first one there. It gives me a sood idea ofwhat

we can look at there. Sa basica11y when we talk about poor hydraulic svstem perfonnance. wc

talking about low power and slow, 1guess tao.
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R~ Slow, yes, slow.

P; Do you ever get any jerky hydrauIics as a result of din there?

R; Not really. It's more just slow, and as you say, no power. You have to work your lever to

make it fill in the bucket where normally you just go in, push in and roll it back and your

bucket's full.

P; OK. Let's move on to the next one down here which is oil foaming. Ifyou get oil foaming

occurring, how does the operator know that? How does the machine behave?

R; Foaming oi!... ...

P; 15 it a common probIem

R; Not normally. You'lI get ...most common - now it doesn't have it here - oil foaming. is ifvou

have an air leak. You're sucking air somewhere. Whether it's through an O-ring. or a hose on

your suction side. That's when you're going to get oil foaming. Most cases.

P; And ifyou had a hoIe on the suction side, and you're getting foaming in there, how would you

R; Don't forget, you'lI also get cavitation.

P; So you've got noise?

R; You'lI hear il. You'lI hear il. Especially at higher RPM. When you want it more. that when

vou'I hear il. That's when you'lI hear the pump cavitating.

P; Ah, got you. One ofthe things that Mike mentioned the other day was a problem with the relief

valve on the tank ..

R; Yeso

P; It charges the tank and ifthat gets s..tjammed in it you can again get cavitation at high RPM.

R; Now again, that machine we had full ofsand fil1, when 1 pulled that re\iefvalve it was plugged

solid full ofsand fill, Iike sand. It was Iike grabbing it and puIIing it out ofa mud hole.

P; So oil foaming is a produet ofan air leak occurring basicaIIy, and that's when you're going to

see that. How frequently would you get a leak on the suetion side?

R; With these new B's .....we used to have more problems with the A's. The way they're set up

DOW plumbing wise, we don't usuaIIy run into that much ofa problem.

P; So 111 put infrequent here. And one ofthe other things it mentions here is excessive bypassing

ofoil over reliefvalves. So ifyou are bypassing over a reliefvalve, you're ge:ting air ...
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R; that' s exactly what you're getting. By bypassing. instead of having steady flow through the

system. it's relie\~ng and going somewhere and that' s when you end up with ..

P; But you would notice that with poor performance too and sluggiIDerformance ifyou \Vere

getting excessive bvpass.

R; Definitely.

P; So, 1mean, 1don't know why they haven't got this one up here. "excessive bypassing of oil

should really be back up in this list here. This is a problem \~th the Wagner troubleshooting

guide. It's ail over the place! Ah ...Number 3, "Excessive oil temperature". How do the guys

notice that you've got hot oil? The operators wouldn't know that, would they?

R; The operator? Yes he wouId. His torque temperature gauge might also go up. by ha~ng hot

hvdraulics.

P; Hot hydraulic oil? How would that push his torque temperature gauge up?

R; Because you're running leaks, to your torque through your hydraulic tank. Running oil !Tom

your hydraulic tank to your torque.

P; Is that right? 1thought that the transmission was a totally separate system.

R; Yes il is, but you're still running oil through your pumps and your pumps are attached to your

torque, and so you're still going to get a heat problem.

P; This is somethihg 1have to grapple with. See 1also put together one ofthese diagrams for the

whole drivetrain, and 1thought preny much your drivetrain system drew oil through the sump

ofthe transmission and so... l'Il try to understand il. 1thought it drew !Tom the sump, went up

through the charge pump, into the transmission cover, the control valve. These are your c1utch

packs, in here, forward, reverse, 1st, 2nd, 3rd, 4th, so here's your torque convertor. 1didn't

know that there was any connection here to the hydraulic tank.

R; Sec ifyou have a sea\ leaking on one ofyour pumps. on your main hydraulic puma. your

steering pump. you're getting oil- hot oil !Tom your tank - going into your torque convertor.

P; Oh OK. 50 it's really....

(End of5ide 1 Tape 1)

R; There again, what you're getting is a effect ofjust Iike putting a re\iefvalve. Pressure ... the

more pressure, the more heat. You make a restriction, causing heat.
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P; Ifvour oil heats. vou're more likelv to get sealleaks, as vou were saving. into vour torque

convertor. and that will push vour torque converlor temperature up.

R; That's right. Yeso This is also one .. incorrect type or viscositv ofoil. On sorne machines, ifyou

were to put (indecipherable) oil in the steering system ofa scissor truck, it won't work. 1won't

get no proper steering, because your oi! is not right, it's not thick enough. l'm not gening the

right viscosity of oil to make the system work. l'm not saying, in your transmission, for a

system on a scoop it won't work, but it'II fIaw you definitely, cause sealing problems.

P; OK. This probably shouldn't happen, you know, but it does happen in the mine?

R; Oh yes, l've seen a guy put diesel fuel in the hydraulic tank. Not familiar with the type of

machine he's on. He goes on this machine, he'd never seen it before, and he thinks that's the

fuel tank.

P; (Iaugh) ..OK, that's good, we're working our way down there. 50, ifyou have excessive oil

temperature, from the point ofview ofsomebody operating a roboscoop up there, the first

thing there really going to notice is ifthey get.... unless there's a temperature sensor on the

hvdraulic tank. which there's not one on a conventional machine but' they could place on a

roboscoop, and they probably should ...

R; They should, definitely.

P; The only other way that they'd notice it is ifthe convertor temperature was high and that could

be the indicator?

R; That could be the indicator.

P; 50 now l'm with you there. OK., 50 number 4 "foreign materia! in reservoir screens". 1guess

this is when you inspect the reservoir and you look at what type ofmateria! is there. That's

preny straight forward. It gives you either tint ...which is cylinder packing ending up there, or

chips.

R; Wom pumps. That vou will get. but not ,.. This, this is more likely here, Cylinder packing.

P; 50 this is high likelihood, and this is low ...Aetually, what Ijust noticed, that ifwe go back to

number 3,1 didn't put frequencies on this. Wom hvdraulic pump is a low likelihood. Incorrect

viscositv is probably low?

R; Yeso
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P; It doesn't happen .. .it shouldn't happen that frequently ifthings are being run properly. And

"sustained maximum pressure operation" giving excessive oil temperature ...

R; It doesn't have here "low oil".

P; Low oil is another one?

R; Yes, ifyou have low oil. Ifvou have low oil. weB vour pump has got to work. ifs got to

cavitate automaticaBv. creating heat....

P; And you're not giving that oil time to cool.

R; That's right.

P; Yes, 1mean this is one ofthe problems 1have with these Wagner manuals. It's very incomplete.

R; Very basic as far as what âre the causes. But again, as a whole, we have 15 ofthese machinc

here. In the three years that l've been here, excessive oil temperature is probablv nil. or very

uncommon. as a whole. This part, like number three, is not a major problem with these

machines.

P; RighI, so that allows me to put that there. And foreign material in the reservoir screens, 1guess

you would sec that?

R; Yes, that is more often.

P; OK. Ifwe go to number 5 which is "insufficient pressure build-up", and that's when you start

the machine, and it give you a couple ofoptions here. 1think there are more causes to this, but

one is a system reliefvalve set too low. And 1guess that would be a reliefvalve on your charge

valve causing that? Another one is wom pump components causing intemalleakage in the

pump. But .. system pressure build-up here .....insufficient pressure build up when you start the

machine.

R; Again... 50 what you're saying there is that 1don't have enough hydraulic pressure, or power,

or whatever?

P; Yes, and again, you'd be noticing low power. So ail ofthese causes can be either ...

R; Dirt. and something went into the reliefvalve, ah ...maybe it'Il do it for an hour and guess what,

alI ofa sudden the piece gets out ofthere and you don't sec it again. On these machines, very

seldom do 1have to have somebody (mdecipherable) the control valve and reset the pressure

reliefvalve. That's a very unlikely problem. We have more ofa problem where roll back will

crack ....wc have more problems setting port reliefvalves, than your main reliefvalve. UsualIy
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we have high enough pressure. Ifvou have a probJem where it's a roll back coming back. or a

hoist coming down. and vou've got ta keep the lever on the hoist. and ifvou don't, because

vou're losing it and it starts slowlv coming down .....especiallv under load because vou've got a

full bucket in most cases it a port reliefvalve.

P; Sa you'd notice that ifa port reliefis leaking, you won't be able ta hold a load and you'd be

gradually slipping down "

R; Yes, we have more problems with the dump port relief, than the hoist port relief,

P; How do you notice the dump? 1guess it starts siipping back on the dump there ,,?

R; What happens here is that you have ta put the machine up for whatever reasons. Or he's

scraping back the muck on top ofthe ore pass, and he goes Iike this, and what happens is he's

got pressure and a saon as he needs ta throw that lever the bucket just stays there, and what

happens is that it rolls back bv itself,

P; That's what 1was just seeing Larry try on that machine over the way?

R; that's right. That's our major problem as far as the dump. Hoist ... it does happen, but not as

often. Not as often as the dump.

P; OK. Actually, we mayas weU just finish through this Iist here, and then l'li let you have a

break. "Law pressure in the hoist circuit". Now, ifyou get low pressure in the hoist circuit,

you're going ta get again, low power right?

R; Yes, definitely.

P; You see, these b."y things are repeating themselves again. We've got wom pump, we've got

bypass in cylinders. 1don't know whether we really need to go over that low pressure there.

R; Law pressure in the hoist circuit, "damaged or improperly adjusted hydraulic reliefvalve"

".when it cornes ta this reliefvalve, they're mentioning ail the time reliefvalve problem... Dirt.

That's a major cause. 1don'! think too olten we have to change a re\iefvalve because it's

maged. It's normallv a dirt problem. or a bypassing problem.

P; OK. Ifwe're looking at the boist circuit then, we just bave low pressure to the boist, we'd be

looking for dirt stuck in the main control valve and a reliefvalve in there?

R; Yes, wc'd go from there, and then back to bave 1got enougb pilot pressure? Am 1bypassing

tbrougb my pilot pressure? Am 1getting enougb to pusb tbat spool ail the way?
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P; How do you check your pilot pressure by the way? Do you hook in to check the pressure

there?

R; On these B's ....yes, we do have a port reliefvalve.

P; But l guess too, ifyour steering is fine, and you're noticing that you've just got a hoist problem.

you know your pilot pressure's OK unless you've got something in the pilot valve itself

R; That's right.

P; But l'm just wondering, under that scenario, how you discriminate between a pilot valve here

or the main control valve? Supposing you're getting no power to both your hoist and dump ...

both are preny poor, and you narrowed it down ...Your steering's OK so you know your

pump's fine, right, So you narrow it down and you say, "OK, the rest ofmy circuit is fine". so

it's either this pilot valve here or the main control valve.

R; Yes, that's right. Am a getting power through that? Youve got !Wo systems here The hoist

and the dump. l wouldn't reallv go for pilot pressure. Whv would l be getting !wo functions.

out ofthat pilot valve. for hoi51 and dump? Very unlikely. Either l have no pilot pressure. not

enough pilot presSUre ...

P; ln which case you wouldn't have 51eering ...

R And here, it says, this is more common ...Iow pressure in hoi51 circuit, Bypass in cylinders....

means also again, packing, or dirt. But mo51 likely packing.

P; So this is the mo51 eommon one.

R; And again, hydraulic pump wom ..to me thal's the las! ...very seldom do vou end up

changing... having a major problem in changing a pump is ronning out ofoil and buming the

pump itself,

P; So, in other word, ifyou're checking oillevel, whieh you should be on the roboscoop, that'll

give you an idea as to whether you're lea1àng.

R; You have to realise that the amount ormuck that these machines are mucking sometimes,

you're running with leaks that we never always have to fix because they'll go and muck again

and when it gets ".we'll say OK you have a leak.ljust put in 20 galIons at the beginning orthe

shift. Weil, during that time, you're losing a11 that oil and your pump is starting to get hotter

because it's running low on oil and you're cavitating, and that's where you run into a problem.
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P, OK. 50 going dOllo'll to the last one here. Low pressure in the steering circuit. we've got again

improperly... probably din in the steering circuit reliefvalve is more likely than that?

R; For the stcering circuit.. ah. that's one thing very seldom. \\~th the steering control valve that

wc end up ~th a problem ~th the reliefvalves. Not too oflen .. since )'ve been here. not too

oflen This is more of a problem. you'lI have a steering cvlinder bypassing More rreguent than

the reliefvalve And then again. the last reson again. like we wcre sa}ing is the steering pump.

Session 2.

P; Now we're onto the main control valve. The main thing 1wanted to know from the hoist and

dump outputs there are what kind offailures you can observe. 1guess we've preny much

discussed sluggish behaviour -Iack ofpower - being din. and there's also the failure to hold a

load. and vou mentioned that that's usuallv a pon reliefproblem or a cvlinder bvoass or such.

But ifwe go over tbis section here, no. 9, "difficult opcraùon or sùcking ofcontrol valve",

how would you notice that, anyway? Would you noùce that your cylinders were slow to

respond to a manual instrucùon to hoist?

• R; Slow response? No not really. What would happen there is weil OK. "sùcking ofcontrol valve

plungers", yes it would be slow to respond. yes. Because ifthere's a piece ofdirt or piece of

packing there, yeu're trying to force it, so your spool is not operating as smooth as it nonnally

would, 50 the flow will only go through to make the funcùon work. 50 you would definitely

have slow operaùon.

P; When you look at the causes ofthat then ..over here, hydraulic oil. 1guess you're getùng lack

oflubricaùon through there, so maybe even some expansion in the valve assembly from heat.

so that may cause some sùcking. is that likely .. 1mean how frequently do these kind offai1ures

occur?

R; Like again. with overheated hydraulic oil due to whatever, a restricùon ofsome kind which

will cause yeur oil to go through and cause more heat because you're impeding a restricùon for

whatever.... ah

P; 1just wanted to know, in here, il gives yeu a whole Iist ofbits and pieces and what is yeur

most common cause ...ifany are common al an. 1mean, il may not he a problem.

R; We've had these here for three years. 1don't reca!! anybody changing a main control yalve.
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P; Is that right?

R; Yeso 1can go back in every book, and ifwe've changed one. that's it .

P; What about spools in the valve?

R; Again spools. it's din If anvthing we change a broken sprinS, or !llilli.c:!Lcap on )'~\!!"'p'IIQ1j!JtQ

vour main control valve. but as far as the spool itself' More common in th~~ m'lcJ)i!l.~

Not in these. 1don't tbink l've seen anybody change one here.

P; Like 1said. 1suspect that tbis was done for the old A's anyway. so in other word~ these are ail

low likelihood problems.

R; We had more problems in the old times. where we changed more control valves. then than

now. We've never changed one.

P; You don'! e.'\'Perience problems with bent plungers ..or?

R; Agam. let's say a bent plunger caused by what? Broken metal in the oil? Most like1y metal

would probably give you ....or a scored plunger l've secn that. where it's all scratched .

P; But then you get internalleaI..-age in the valve ..

R; That's right, and you're running into problems ..

P; And again you'd notice sluggïsh performance because ofthat leakage in the valve.

R; Your oil is going where it's not supposed to being go. You want it to go here., to ereate this

funetion, and you're losing sorne ofthat

P; Yes. and vou rnay get sorne heating as weil. because vou're getting oil going back into the

reservoir.

R; That's definitely.

P; OK. so, 1can say that preny much ail ofthose are unlike1y events, but you've given me sorne

ideas as to what wouid he the cause ofit ifsomething happened an}way. Can'! move plunger in

or our - din in valve, we1l that's high likelihood.

R; that's more ofa cause again. But again, our systems are better wbat our filters pick up. You

won't get it at the valve. You've got yourtank ..and youlI set it in your charge valve. Iryou're

having a bydrauIic problem, this is where we'te going to get it, right here. This is where we're

going to set it first. Before we set anywhere past this set-up, it's going to come past here first.

P~ Or into either the steering contrOl valve or main contrOl valve. 8eca"se that's one path, down

through your brake pump, right, but you've aIso got your tandem pump driving your hoist and
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steering, so the Iikely points for sticking of C..p Iike you said are going to be the accumulator

charge valve and probably those two valves. Is that what you e.xperience?

R; No. Again. when we get it ITom wherever. din ITom fi1ters. the fi1ters don't pick up let's sav

packing. it will go into the sYStem. it plugs up your charge valve. It doesn't go into this side.

P; 1wonder why that is? 1may have got this diagram wrong?

R; l'm juS! looking at that

P; l've got both pumps here sharing a common suction tilter and strainer, out ofthe reservoir, and

maybe l've got that slightly wrong?

R; No. the tandem pump comes !Tom there ....But 1think the thing is, this is return, !Tom pump to

your tank. When you're getting it in here, where your tilter is housed inside the tank in the

tube. this is where its going to end up, coming through the brake pump.

P; 1wonder why that is? 15 the brake pump lower than the tandem pump or something like that?

R; No it's not. Your tandem pump is the lowest one. again, you have the tandem pump which is a

big pump, which has a pipe like this, 50 the odds ....

P; But is that pipe, the inlet, ifyou like, the suetion to the tandem pump, is separate to the suetion

for the brake pump side? So they don't share the same suetion filter?

R; No ...Yes, there getting it !Tom the tank, but they're getting it from a different area ofthe tank.

This one is piped !Tom the tank to the brake pump, and this one is piped from the tank to the

tandem pump. But like 1say, this one here has a big outlet, like a three inch outlet. You'd have

to have sorne preny big pieces to have a problem going this way.

P; Yes, right.

R; Whilst, here, ifit does gel in here, that's it. This is where it plugs in.

P; OK. so this is a sma1ler outlet !han these valves here, and that's why you might have a problem

here. 1just couldn't work out logically why that was "

R; Definiteiy, yes,

P; Now rm with you. 50 that restriets the flow that the other outlet

R; Even it goes tbrough the pump. and it goes to the main yaIye. you're geing through a ya!ve

whicb has a 24 hose and il just oms bark rigl:tt 10 the tank 50 VOU have more gfa flow. less

cbanœ tg catch. When VOU gel into thjs set-UP. sma!! pons. this is aD. you've go! a hose this

m..
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P; Sa this is definitely one ta ...the accumulatgr charge valve there.

R; Yeso

P; That's good ta know. AlI right, let's get back ta this list here.

R; Unable ta move plunger, in and out

P; Plunger cap full of ail ...

R ...which is not common. Where vou have this problem is where vou have a leakane through

vour pilot valve ta your dumplhoist valve. Then you have ail seeping through the hase when

you're not supposed ta. and filling the plunger and giving you a harder time ta move. And your

other funetion. Ifyou had one leaking on your push side, on your forward side, now it'Ill-c

leaking in this plunger and when you want it ta go ta that side a bit you have ail in there giving

you a harder time ta move.

P; Sa. in aetual fact, that plunger cap full ofail is more going to be a pilot valve problem.

R; Oh a pilot pressure problem.

P; This is another reason 1find ....

R; Ifyou hit a binded link weil that's your ail set-up, where you have more problems, again,

having leak-age problerns.

P; See in hen:, ifyou fix that then you're just fixing the cause unIess you look at the pilot valve

problem. Now let's look at the détente control. Is there a détente control in the main control

valve? 1think what they mean bere is a little bail and spring which aIlows you to select spool

positions. does that elCÏst.... is there a détente on the system?

R; Yes... that again, we don't have problems, as a generaI.....

P; OK ....It mentions here, no. 12 here, the Joad drops when plunger moved from neutra! This is

when you're in neutraI and then you aetivate the thing. You've get two choices; clin in check

valve and scored seat. Judging from what we've said, you're probably more like1y that you've

get clin.

R; More like1y, yes. !hose main eontrol va!ves are preny durable, It muid take something .. ,a

pieçe ofmetaI. a good pieœ ofmeta! to get in thm an iam JO rea!!y effect the yaIve l'ye seen
sorne pieœs ofpurnp gears. broken. and stuç)ç in therr.~1 ya!ye. And. pull the spool

off: pun the caP off: find out ifil's still DOt mrking. me the pieçe out. out il bag and ....

P; (Iaugh) And it didn't score the vaIve signific:ant1y?
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R, That's righl. Not even 50.

P; So how frequently would you notice that you get din in a check valve ... 1think we've

covered that question ....

R; Accumulator charge valve... this machine as a whole, the B, we don't run into too many

problems Qfhaving din in the main control valve itself Actually, there probably has been

packing that goes through the valve, but the valve just moves back and fonh, maybe squishing

the packing and the nex"! thing you know it goes through the retum, and leaves.

P; What causes your pon reliefto go offthen .. .is that din in the pon relief?

R; yes. most likely. The pon reliefagain is a smaller valve behind the valve, and that's what

happens. You probably get din in il. and then your pressure is .. .it's set differently because it

. pushing ..your spring is not going back ail the way to where it should be so what we usually do

is we back it ail the way off, screw it ail the way in, see ifwe get above what we should gel.

and then we back it offagain. And again, with them ...mQS! causes Qn pQn reliefs. is a brQken

SOrinS y QUVe gQt dual sprinSs. a smaller spnng and a bisser sonng and a PQPpet. and the

SOrinS breaks. SQ that CQul~ De &om e.xWve use".mavbe a chunk that hits that bucket. that's

what 1 was taIldns abQut havins prob1ems with the bucket and the dump ..

P. Impact IQads ....

R; And Qn that fQrce the spnng will break.

P; RighI, rm with yeu. But 1nQticed, just looking at MaximQ, that's a pretty frequent jQb that yeu

dQ.

R; yes ...y QU nQticed that eh?

P; Anti-void valve inQperative Qn the MeV. NQW rm not sure what they mean here when they

taIk about an anti-void valve. 1think ...ey mean the compensatQr spool which is the one here

...Oh no. rm not sure what they're on about.

R; Anti-void valve inoperative?

P; Yes. fIn not sure wbat they mean here. 1don't have ail the schematics. rnJUS! put a question

mark here. rn chase that one up. But rn have to reaIly look al the schematics there to know

what they're on about. OK. No pressure ...1 don't know what they mean by no pressure there

...1think... 1think that a lot ofthese problems have been covered. What fIn realising, is that a
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lot ofthese are just symptoms ofwhat you observe. which are din and metal scraps gellirg

into the valve.

R; That's exactly what this all is. It sticks. It shouldn't stick. It's got a fairly heavy spring. the

reason it sticks is that you end up \\;th clin in the valve. din on the valve seat ...pilot poppet

stuck open ...Why's it stuck open? Dire dgall: Ail this nms to basically. din,

P; When it talks about pilot poppet here, are you talking about the pilot valve back up here. or is

there a poppet valve in the main control valve here that ...

R; No ..its a valve prob~.bIy on the end ofyour tap valve. It's ail done hydraulic now. we used to

have a system where the linkage and manual, either a cable, or they used to have a small lillie

hydraulic cylinder, which was pushing the spool still hydraulically but through a lillie cylinder.

Now, it's direct. It goes pilot pressure from a hose to the back ofthe cap.. and that's what it is

now.

P; OK. Erratic pressure - pilot poppet seat damaged, so you're getting leaks out ofthere. Small

poppet sticking in large poppel. Are these frequent things?

R; No, no.

P; This is again on the pilot pressure side ofthe valve.

R; 1find on these machine. vou don't have what you'd caU poor pilot pressure. you either have

pilot Pressure. or you don't have pilot pressure, So you're having il, it cornes from your charge

valve, and your charge valve ...this sequence valve. The sequence valve reduces it from

whatever pressure you have in )'Our charge valve to 200, 220 PSI pilot pressure. That's

basicaIIy all it does. And basically, whatever excess you might have, it's used for cooling

brakes. And like 1say, we did this once ..we changed the sequence valve, and we still had the

same problem. Ali the rime it's the charge valve. Dirt in the 50001s. There's no such thin!! as a

broken 50001 ... ,it's dirt in it. A restriction in the valve.

P; Reliefpressure valve pressure settÎng incorrect.. 1think that says pilot poppet problems there,

but we've covered those problems. 1think that's preny goOO. We've covered these things pretty

weIl ....

R; ReliefvaIve pressure setting incorrect ...OK, wear due to dirt, you get dirt, now you're going

to get a different setting, then jam nut and adjusting screw loose, that possible.

P; We're taIking port reliefhere, aren't we?
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R; Yeso Worn seats, damaged O-rings, parts sticking due to dirt. See again, ifyou notice,

everything is dirt, dirt, dirt.

P; Yeso that's your major cause ofproblems.

R; Yes ..it's not dirt in general. It's packing. pieces ofmaterial. or end caps ofhvdraulic tanks. a

guy takes the five gallon cano with the linle plunger there. and he doesn't bother taking it off,

he pushes it in the cano he fills the vehicle tank and where do vou thing those linle things go?

We had a problem with the ST 5'5 where a !!Uv was spining seeds in the fuel tank. He was

having fuel problems. We take the tank cap off: sunflower seeds' That much in the fuel tank'

P; (laughs)

R; It ail generates back to dirt. We're starting to have a few problems gening the machines on a

ramp .fuel problems. Now when the machines are gening older we're having either dirt in the

tank or collapsed hoses.

P; And that's giving you injector problems because ofthe filter bypass. OK That gives me quite

enough ta look at the main control valve. Over the page here, this is the last page on the

hydraulic circuit. This deals with pump problems. Bath brake pump and the tandem pump. As

you saie!, you rare\y have ta replace pumps. 1don'! know whether we really have ta go through

this a such, because 1thïnk we've covered most ofit. 1mean, ifa shaft is sheared, well you're

going ta know that.

R; That problem will occur, but we don'! see it 1t's going ta be infrequent.

P; Unless you have fatigue ofthe shaft, sorne metal problem with the fabrication.

R; Unless you have a really bad dirt in the tank, generated by either bad packing or metal,

whatever, you're not going ta run into that.

(End ofTape 1 Side 2)

(Tape 2 Side 1)

P; OK, back again, it's the 21st April. rm talking ta Rick Mayene, the leading band down on 1800

leve\. We're discussing hydraulic pump problems. Let's see. Where this sheet is out. Vane

pump - we're using a gear pump. 50 it's not even relevant Fluid viscosity tao heavy for pump

ta pick up prime. OK, when your ail is cole!, do you ever experience problems?

R; Yes, when your hydraulics are cold.
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P; And the cause can be just a very cold day.

R; Depending on where you are. yeso It mav be 10 or 15 minutes before vour h\'draulic pressurç

,,;11 work properl\'. Ififs -20 or -30. outside. ifs veT\' slow.

P; Yeso That's another point. Maybe we should put an ambient temperature sensor on there 10 lell

us what the ambienl temperature is. since it can also be a cause of sluggish beha\;our.

R; yeso definitely.

P; Shaft sheared. relief valve stuck open. weil we discussed those problems. More likely to be dirt.

Noisy pumps. Cavitation, and 1think earlier on we discussed sorne reason for this; the high

RPM when you've got the valve ta the tank S1Uck open, and you're failing ta supercharge the

pump. well you'll get that. Excessive ail foaming ....we discussed the foarning problems. !""ow

ail supplv...

R; That's a major one.

P; Sa that would be a high likelihood there.

R; Again. the problem ofhaving a pump being changed. again most causes are running out too

often out ofail and cavitating the pump, which is where vour damage is coming from

P; And burning it out as a result of the cavitation.

R; Yes. Air in the pump which again is an O-ring. you're sucking air. again causing ca\;tation You

wear you pump. The same with excessive fluid foaming. Why is your fluid foaming? Most

likely you're sucking air on the suetion side through a hase or an O-ring, causing ail which

again causes heat and again you end up with problems in the pump.

P; OK. High engine speed with cold hvdraulic oil. that would create a noiSY pump?

R; Yeso your pump will be screarning. Most like\y, ifits cold like tha\, you have ail, your airs OK,

but your ail is not going through the system sa again you end up with a noisy pump as if l'd

run out ofail. Your pump's working , but it's taking tao long ta go through.

P; 1see. And that would be the same as ail viscosity, ifyou got the wrong kind ofail.

R; Yes, yeso Ifyou were ta put the higher viscosity AVS 90 by mistake.

P; But the most like\y cause here - ifvou get a noiSY pump - the tirst thing vou'd do is check vour

ail supply. right?

R; A1ways the tirst thing ta do. Check your ail supplv.

P; And ifit was found not ta be ail suPDly. vou'd look at the valve on the tank. vou'd check that ..
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R; Yes..

P; And following that what would you look al?

R; As far as a noisy pump is concemed? Basically that would be it, really.

P; those would be the two to look at?

R; Oh yes, no oil, and you're going to gel a noisy pump because of cavitation. Your pump is

going to be screaming. That's what you hear.

P; OK. How frequently do you get guys coming in complaining of noisy pumps, I mean how

frequently do you gellow oil? They probably wouldn't complain!

R; Most operalors, if they have a noisy pump, they know it's because they don't have any oil in the

pump. Not too often an operator cornes in and says "my pump's noisy and my tank is full". If

you have a noisy pump and your tank is full, you have to know if it's something else or not.

P; Yes, that's your major cause. OK on to steering. This is the last section we dea! with in the

hydraulics here. I guess this is mainly concemed with the steering control valve, but there are a

couple ofsyrnptoms here. Hard steering when turning slowly - do the guys come in

complaining ofthis? What do they complain ofwhen they come in with a steering problem?

R; Again. ifvou have hard steering. vou must be leaking oil from somewhere. because vou have a

hvdraulic leak on the hoist side. or the dumn side. which is again low oil. 50 hard S!eering.

P; Lack of oil to the actual valve there?

R; Yes. The mes! common problem, other than not having enough oil, is, after a while, you have

more ofa problem with the packing inside the cylinder. Thev'll end Un leaking through the

nacking. or a steering hose. the wav thev're set Un thev're low. we'lI have more a blown

sleering hose.

P; that's probably the mos! common cause ofS!eering problems?

R; yes, when VOu bl.Qw a steering hose. vou're mucking. vou're mucking down a ramn or

whatever. VOU have a full bucket. and mavbe VOU hit the side ofthe wall a bit. mavbe. then vour

hoses have more ofa tendencv oftlècing a shock and blowing a hose.

P;OK.

R: But mos! causes ofa blown hose is wear. They're (mdecipherable), they have a smaII hose, !WO

hoses ...and the first original ones that we h:le!, like we had to pull ':lut with a tractor. We

change them, frequent enough, S!eering hoses.
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P; A frequent enough occurrence.

R; yes it does happen. pressure 1055 problems. packing problems. The\' work hard. thUlccring

cvlinders. You're '~'wavs using vour steering.

P; OK. 50 that's a medium, l'd say.

R; Steering control valve. again. mavbe two or three valves since l'v:: becn here.

P; 50 ifs low frequency.

R; Again, you're always using your steering. Even when you're mucking. even when you're using

the hoist, you're using the steering.

P; Right. "No effort required to turn" -loose or worn valve. Unlikely?

R; Unlikely, poor steering return - stick)' valve spool, again ...

P; Yes, stick)' valve spool, that's again going to be dirt. The "vehicle loads to one side or the

other"; unbalar.ce or badly worn valve. Do the guys ever come in complaining ofthat?

R; No., what you'lI end up with is ...you get the same problem, vou get two steering cylinders.

one leaks more than the other. 50 if gne is pulling more than another... not enough to be

classified as a B.O. cylinder it could cive vou a problem.

P; Ah ..Momentary increase in effort and wheel kick back .. .1 don't thing these would be

problems that the guys would come in complaining about.

R; This set-up here, years ago, whcn you had steering wheels you could feel that. With a stick...

there is very slow response.

(indecipherable)

P; OK l'm going to lcave the hydraulics there. 1think we covered sorne good stuffthere and 50

l'm now geing to move on to the drivetrain ...and this is the block diagram 1drew up to show

schematically what the drivetniin was. Firstly 1had a couple ofquestions. There are a couple of

gauges that are on the drivetrain, the converter PSI gauge and the converter oil temperature.

Now they're aetua\ly hooked down to the bottom side ofthe torque ...Are they on the inlet or

the outlet side ofthe torque converter?

R; Ah .. your temperature gauge, it's on your downstream valve

P; 50 your outlet here which goes down to the 0;1 cooler right?

R; Yeso

P; l'm going to sketch,that in. And the pressure?
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R; And the pressure gauge, 1 think on those, it's right on your transmission cover ...

P; Oh, on the regulator here.

R; There's a pressure switch there.

P; Oh there's a pressure switch in there as weil?

R; Yeso What was that ...your convertor PSI gauge?

P; Yes

R; Weil that's coming offyour main cover.

P; OK., so l'm going to put that in there. Just to give you an idea l'II run your through the diagram

so you're familiar with it. OK your engine comes in through your torque converter, driving

through two gear trains the charge pump. The charge purnp draws from the transmission sump

- ail ofthis is your transmission sump - sends it through the line filters into the cover - this is ail

your cover assembly - through a pressure regulator which regulates the pressure to the clutch

packs, then through the release valve, the forwardlreverse clutch selector, and then the speed

seleetor there. the forwardlreverse assembly cornes down to the modulator assembly - the

forward and reverse modulators there and each ofthose contain an accurnulator and a pressure

setting valve and that drives your dutch packs here, forward and reverse. Similarly, your speed

selector drive selects 1st, 2nd, 3rd or 4th. Youve got six clutch packs in there, OK. And the

output ofthe transmission goes to forward and rear drive ~hafts, front and rear differential and

then your epicyclic hubs. Now for starters, what are the common types ofproblems that we're

going to observe from the transmission? 1mean, one ofthe things that apparently comes up is

leakage at the face seals.

R; The face seals?

P; Yes, well you get leakage al the face seaIs. Is thal fairly frequenl?

R; No, not too often. No. The first ones we had, we changed sorne on 24. Very scldom do we

have that problem. Face seals on the brakes eh ",veN yerv seldom.

P;OK.

R; We had prob1ems when thev first came in. We had problems with the fittings on the other side

ofthe hub breaking off The brake hoses break. Thev're exposed and thev rot. and that's were

the brake hoses break Fairly COmmon as far as brake hoses ..
P; What about ifone ofyour clutch pacles is playing un? How do you notice that?
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R; SIippage. Slippage in the transmission. Also vou'd end up \\~th a heat problem. It will show on

vour gauge there. And vour oil ~II smell. definitely.

P; OK. So from the point ofview ofa guy driving roboscoop, thev're going to notice hot oil in the

transmission. (indecipherable) ..and that should be either forward or reverse clutch pack or one

of the other. So to diagnose which clutch pack you're looking at, is it usually pretty clear which

clutch pack is slipping?

R; Yes, most of the time, ifany you check ifit's in the forward mode or the reverse mode.

P; Ifit's still slipping in Ist and 2nd when in forward, you'lI know it is your forward clutch pack.

R; Most ofthe cases it'II be 1st. 2nd and forward involved, Because thev're mucking forward and

they muck in forward and they muck in firs!.

P; OK. Right. What we'lI do is 1'11 run through in here, the problems in the drivetrain that l've got

listed. OK. Drivetrain. Power transmission. Torque convertor. 50 number 1 is ....lets go back

to low clutch pressure. And ifyouve got low clutch pressu~ you're going to notice slippage,

am 1right there?

R; First ofail your brakes come on.

P; OK, because youve got that pressure switch interlock to your brakes.

R; Most big problems we've had are low oilleveI. You get leakages there ..hoses and not

everyone complains about smallleaks, but leaks are leaks. Broken spring in transmission.

When was the last time we changed a tranny? Never.

P; What do they mean by!hat? One ofthe clutch pack springs?

R; Clutch pressure regulator valve stuck in open position. Faulty charging pump. Illfrequent.

Possible, this, but not too often. Charge pumps are a possibility. but again. it's not too

common. That pump doesn't create pressure cither. That pump just creates flow.

P; Well these are the!Wo conditions you have. Normal clutch leakage or excessive clutch leakage.

But how do you tell !hat from up above? Ifyou've got low c1utch pressure your brakes are

goÙ13 to come on, you're not going to \mow whether you've got normal or excessive clutch

leakage right?

R; Exmve c1utch leakage. vou'!l get heat. And that'!l show on your gauges. It will show as heat.
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P; OK. This is what we were talking about before. And this will be worn piston sealings. bleed

valve stuck But either way you'lI know that you have a clutch problem. Ofthat, you're most

likely causes are going to be either a clutch pack leaking, or low oillevel, 1would think.

R; That's right.

P; What about dirt in the transmission system. Where does it tend to clog, if it does, or is it as

much as a problem as the hydraulic system?

R; Not normally, no. (indecipherable)

P; OK, 50 they're much more robust than the hydraulic spool valves. Broken or wom sealing rings

...Iow convertor charging pump output. See 1did a survey ofMcReedy's work because they

were running a couple of ST-8Bs back at the end of 1993 and they had a years operation on

those machines. 1was looking at the number ofrepairs they had done there, and they had a

problem with clutch packs because Wagner had a design fault

R; Creighton' done three ofthem.

P: ln one year's operation ofthere machines. 1can't tell you how many hours those machines had

done. Er what eIse. Air Jeaks at pump inlet? - low convertor charging pump output?

R; Yes. absoJuteIy. O-ring problem. Loose connection causing an air Jock or a collapsed hC'x..

P; And do yeu get that happening?

R; You will get il, but on the transmission part, not that often. We get it more on the hydraulic

pump. O-rings going.

P; Again yeu'd say low frequency.

R; Sometimes, on those B's. you have the retum line ftom the tomue to the transmission. That's

underneath. And when they're mucking, they'lI SQueeze and collapse the pipe. That's a problem

when muck drops down. He can'! sec it and drives over it.

P; 50 under remote that could be quite a possibiIity.

R; Yes definiteIy. You get a suction problem. Slow retum. So what happens too much oil stays in

yeur torque. Not enough oil goes back to yeur tranny. Again vou end up with overheating, air

lacks. loss ofc1utch pressure.

P; OK. rm with yeu. Do yeu see that happening much with the guys operating on line-of-sight

remote here?
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R; no. On remote? No, but the odd times, we'lI have damage ofthat pipe and it's got a bracket

where it's bolted on, and we'lI break the bracket off.

P; Would you say that was a high, medium or low frequency likelihood?

R;Medium.

P; Cooler blockages or failures. Do you ever do any of those?

R; Ah. coolers' Yes Yes coolers we do our fair share. Big problem Mounting. We'lI

(indecipherable) up, mountings get loose and you end up with problems. And again leakage

and you get poor cooling there for the engine.

P; Yes, that's din building up on the cooler.

R; Also din. Din's a big problem for overheating the coolers. We do our share ofcoolers.

P; And.. when a cooler aetuaIly goes. How do you knowa cooler is B.a. Ifthe mounts come

undone. the cooler would be ail tight and you'd just put it back on. To actuaIly replace a

cooler, how do you know ...

R; It leaks. and VOu Jose pressure.

P, Ho"" common is that?

R: Oh "common enough. Hitting wall§. you get a damage Part ofthat as weIl.

P; Is that a medium like1ihood, or high frequency event?

R; Oh ...a medium Iikelihood.

P; Plugged oil coolers ...do you ever get that?

R; Yes ...again that's din. Plugged oil eoolers. And that low frequency ....Plugged as in oil

plugged or plugged as in clin?

P; Plugged as in dirt.

R; That's common. You have to blow that out.

P; Oh not dirt on the eooler. This is saying dirt in the cooler.... OK din accumulating extemaI1y on

the cooler is a common problem,

R; restrieted cooler retum line .. »

P; You're saying you get that bent with rocks ..So they're saying il will also appear on your

pressure.

R; It'll be on your gauge.
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P; so not only will you get high temperature, but you'lI also get high pressure ... So .. if 1could just

go over something. For example. You notice that you've got high temperature occurring in

~Q!lliLe convertor What would be the first thing that vou'd look at there?

R; High temperature? Again coolers Cooler's plugged.

P; That would be the first thing to look at?

R; Yes, 1think so.

P; And if it wasn't that, what would follow that?

R; Oil Oillevel

P; And then more than likely ifs probably going to be a cIutch pack. but you'd notice that in

slippage, anyway. And ifyou then had high convertor pressure there, from what we're

discussing, probably one ofthe first things you'd look at would be underneath the machine at

that retum line.

R; The downstream valve, on your torque convertor. That regulates your pressure on the

convertor.

P; the downstream valve ...

R; Comes from your cover here, goes through your downstream valve. And your downstream

valve goes to your cooler. that's 60, 70 lbs, pressure in your torque. That's what generates your

pressure.

P; OK That holds the pressure in there. So ifyou're getting high pressure, what, you'd check that

downstrearn valve,

R; Yes, the downstream valve's not working right.

P; That's actUa1Iy built onto the side ofthe torque convertor?

R; Yeso

P; Overheating problerns weIl we've looked at that.

R; Wom oil sealing rings transmission leakage ... wom oil pump ...low oil lml ...That's your

mos çommon,

P;Lowoil?

R; Definitely. And suction. Like we mentioned about that bottom pipe.

P; So rd say that was frequent ...
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R; The other scoops which were basicaUy the same system we had more problems ..no clutch

pressure because of air locks in the systems especiaUy when you ran low on oil You run lo\\'

on oil. you get the pressure back up. you can fiU your tranny back up and still have no

pressure. You have to bleed the system off. You have hoses. on your filters to bleed the system

and let the air out. to get your pressure back. We actuaUy blow a hose. or a filter. or a filter

housing smashed on the wall and you put it back on anrl your clutch pressure ...there's a lot less

problems.

P; Yes. Noisy convertors?

R; Again, that's very uncommon. 1don'! think we've changed one here. since "'e've had them a

convertor 1know for a fact we never changed anything. no

P; 1thin\.: we've sort ofworked our way through here looking at likely occurrences. l'm just going

to go back up here. looking at low charge pump output. you're going to sec what ....you're

going to sec what? Gear changes are very slow in that case? Or are you going to get snagging

occurring...? you're not getting as much oil to the control cover as you'd like.

R; Again, that's a problem that wc don'! usually see. Very seldom do we sec a problem. Any

problem. it's because somebody either breaks a hose. for sorne reason. or youVe got a lenk

somewhere. like through an O-ring. and vou're Rening low on oil pressure. Again ..you should

still get torque pressure, unless it got really bad and 1lcft it running like that with low oil for 1

don't know how long ..

P; OK. And lack ofpower see over here at the overhenting section.

R; Low engine RPM at converter staIl. Again as long as you have low RPM in a convertor. maybe

your O-rings in your convertor are slipping ..you're running into a problem that way.

P;Right.

R; But wc don'! run into that problem. We don'! see that. Very very seldom.

P; OK. So uncommon. OK 1think that gives me quite a bit to digest on the transmission lirst time

around. What ru do now is spend some rime writing this up and ifthere are some gaps ands

come bac\.: and as\.: you ".

R; Like transmissions, torque convertors "very seldom. Ifanything. ifs a hose. or lack ofoil.

P; How about differentiaIs or epicyclic bubs?

R; We change the odd one. Differentiais. But very uncommon.
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P, But you'd hear that with noise, or feel that.

R, Yeso Same as drivelines. We don't change drivelines on these machines.

P, And you'd feelthat in vibration too.

R. Il was a common thing on the ST-8A's or older machines, we used to change drivelines ail the

time. Very scldom do we have a problem with drivelines. Like most ofour machines now are

on 5000 hours, and v'e don't have that problem.

P; and your hubs are pr~tty good?

R; Same again with hubs Planetaries We don't have that problem Even a"les. Broken axles. We

don't have that problem.

P; One other quick question 1had for you too, is 1know there is a linkage from your torque

converter across to your brakes through the starter solenoid circuit to the relay valve here.. 50 if

you gct low transmission pressure. it'Il activate your brakes. l'm just wondeling where that line

cornes from. That's from up here?

(End Tape 2 Side 1).

(Tape 2. Side 2)

P; It's Monday the 24th April. and l'm on afternoon shift and l'm talking to Rick Mayette again.

l'mjust going to go back over and cover sorne ofthe stuffthat we covered earlier on, on the

hydraulics and the drivetrain. What l've done .Jets just start with the hydraulics here. 1wrote

up virtually what we had covered in these pretty simple troubleshooting charts. So for example

ifvou have brakes applving during operation VOU have either loss ofpressure to the brakes

from the hvdraulic SYStem or Iç,ss ofconyertor pressure. And the tirst thing vou do is check the

oillevel, Check for broken brake hoses. or a jammed treadle valve. The brake stuffis stuffl

covered with Mike, and what 1haven't got is the likelihoods ...the frequencies ofthese. So we

just work through these and look al what would he, 1mean ifyou are observing these, what

would he your major cause. 1think the first thing as 1mentioned is check oillevel, then

probably you're going to bave a broken brake hose... ifyou've got brakes coming on during

operation. Loss ofconvertor pressure we'll deal with in the torque convertor a little later on.

R; A1SQ '" it eould he electric:al OK either in your brake button. either on vour pressure switch.

either on vour brake SQlenoid itsdf, on vour park brake SQlenoid. That would eut offail flow
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releasing your brakes and put your brakes back on. You know. it could be dectrical. which is

very .. .1ike we don't run that often into that kind of problem. But it could happen. That is a

problem.

P; But ifwe took. say. these three ones. it could be either hydraulic. convertor or dectrical. what's

your most likely cause?

R; What we have here?

P; Yeso

R; Broken brake hoses. Thev're situated ..where the brake is. they're set-up under the whm

where the Mes are. They're right on top Thev get muck. they get dirt, they get chunks. and

they wear there and they break We do our share ofbrake hQses

P; OK. So that gives me an idea. And then second most frequent would be what, e1ectrical or

convertor?

R; Ah ... See that again is something that doesn't occur to often. Like as far as generating which

one is worse than the other, there's not really ....

P; OK. They're pretty much equally like1y to effect ...?

R; That's right.

P; Right. l've also got brakes being slow to re1ease. And the main cause is slow getting pressure

offthe brakes. And l've said that what vou want to look at first is vour treadle valve

..restriction in vour treadle valve. Is that statement fair?

R; Yes, 1 think sc.

P; Any other things offhand that you can think ofwhich will cause that?

R;No.

P; Ail right, we'llleave that. Brakes being slow to apply. ah ... slow removal ofpressure ftom the

brakes.Again treadle valve?

R; Yeso

P; And noiS\' brake pump ...welliow oillevels ....

R; That's vour main cause ..
P; Cold hvdrauIic oil

R; AIl the same area. You're getting it from the main tank. that's not your problem area, from your

brakes. Where you're geing to lose that oil is through your dump hoses or main hoses and
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that's when you end up losing 40 gallons of oil. Now, as you do that, you stan sucking air into

the pump and that's exactly what happens. This is not ...the ST-SA's when we used to have a

hydraulic leak there and something would drain the drain the tank... then ..your brake pump. it

was a rea11y small pump on the ST-SAs, and after you fill the tank up you'd have to bleed il.

You ran into a problem where you still couldn't get brake fluid because you had an air lock in

the system. Weil, on the ST-SBs you've got a main pump right on the torque. you have a

different set-up.

P; OK Ifyou notice that your accumulatoTS are cycling quite fast. and vour brakes still appear to

he working OK one ofthe things that l've said you need to look at are internalleaks at the

treadle valve. or e~ernallydown past the accumulator

R; Yeso

P; Is it :lIso possible to have low accumulator pressure?

R; Ifyou have fast cycling ofthe accumulators?

P; No. Ifyou notice that your accumulator pressure is down low...

R; )'es, ifyou have a problem where your charge valve is not working properly. The charge valve

is what generates what's getting ta your accumulators.

P; So, ifyour charge valve is not working wt1\ you get low pressure.... low accumulator pressure

then?

R; Weil you could have a bard time increasing your accumulator pressure. You accumulators

might be set ail right, but now you're getting a usage ofthe accumuIators from your brakes.

OK, you've got your accumulators, as it drops, your charge valve is not charging then up fast

enough, and that's where you're stuck. Where instead ofhaving... ifyou were to turn the

machine on, turn the key on, 1 can put 15 to 20 applications on the brake peda! and still have

bmes. while the charge valve )Vb"tl't WQrking proper!y. OK, and 1wasn't getting that

fluctuation where it goes from 1600 ta 2200 lbs where it generates accumulator pressure. It'll

stay at 16, and weil, 1wouIdn't get il.

P; Right, rm with you. OK, the other one 1looked st here the fiu:e seals leaking 00.••• Yes, 1had a

question here. When you refer to face seaIs, are you looking st the planetary covers?

R; Yes, the sets ofseals. There are nie on your planetary that bave GX 90 and VOu have seals in

between for your oïl CQQling for yeur brakes What happens is that yeu end un with
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hvdraulic oi! into vour GX 90. \\'hich i~ into vour differential '{our differential t'ills up. it blo\\'s

out of the breather. and vou're al~o lo~ing hvdraulic tank Qil

P; So ".just out of interest. ho\\' are your planetaries cooledry 1 mean you don't have any separate

cooling circuit to the planetat')' drives?

R; They're not ""these machines are not made for doing any fast travelling. If\\'e were on surface

and you're using fourth gear ail the time, they would have it set up. For underground. we don't

need it. See you have cooling on the brakes. By rights, ifyou have a cooling brake problem.

you canjust cap it off". until you fix that problem. You don't really need it.. It's there to cool,

but you could eliminate it.

P; OK. That stuff1covered \\ith Mike, so it give sorne an idea now as to the likelihoods and

things that you should check ifyou observe any ofthose things. Moving on"" this is the stuff

that we covered on Friday here. Slugclsh enclne response due to a hydraulic problem".. 1

realise that there are other reasons as to why you'd have loss ofengine power as weil ....but

just!Tom hydraulics alone. a leak at the foot valve or the throttle slave valve there ""and you

need to also check the reliefvalve setting on the treadle valve. But ifwe look at sluggish

engine response, 1mean rve got a hydraulic problem here, what else can cause low RPM?

R; Weil ....mavbe a pump that's re1ieving ail the time ...it's under pressure ail the time ... 50

wanting my engine to rev up, but rm under load - 1have a pump under load let's say. On a JCI

set-up where we had valves where we re1eased the pressure for starter purposes - a re1ease on

the pumps - otherwise the valves where left on from the accumulators. you get accumulator

build-up, you get build up on your pumps, and you come to start it and you say, weU, rve got

dead batteries or my starters going to much. And what is is you just relieve the pressures on

your hydraulics and it takes offon your starter.

P; Right. rm just thinking here on RPM, you can aIso have your valve problems...

R; Let's say 1have a reliefvalve stuck, 50 you know what happens? 1go full RPM, 1 go for full

pressure in the hydrauIics. 1put it to 2200 lbs, OK. As 1 do that.. if1was to do that on idle

without revving il, my engine bas a tendency ofslowing down, as ofstalIing. Now if! had a

reliefyalye. in the main control valve. let's saY stuek in relief: it would giye me low RPM. It

WQuld he s1uggish on the RPM W;!JIg my hy;irauIic systems under pressure ...

P; Right, and 50 you're aetuaIIy worlOng it tmder load.
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R; yeso Otherwise you wouldn't be under Joad, ifthat reJiefvalve were working properly.

P, OK. 1was going to ask you later about stail testing of the engine. 1'11 move on tO that. OK. So

then we've moved onto the hoist then, looking at reasons for lack ofpower in the hoist. for

slow hoisting. and l've got IWO reasons ofhigh likelihood. One is low oillevel - vou'd check

your oillevel lirst - and the second is your port reliefvalve stuck open. so vou're CYcling oil

through your port relief That'd give you slow hoisting as well?

R; Yes it would. Also again having checked the stall speed: lind out ifyou've got proper stail

speed to start otfwith.

P; Right, what should wur stall speed be?

R; On these ones here? On these, 2) 50, 2200 roughlv.

P;RPM?

R; Yeso Sorne are a little higher than 2200.

P; Will the engine aetu:.lly stail out on you ifthat stage?

R; No... no... In other words, you put your brakes on, put it in second gear, rev it full, that's what

it should be reading. That's my ....no that's not my... That's my hydraulic pressure, That's not

RPM,

P; Oh that's hydraulic pressure?

R; Yeso

P; OK, that's PSI. OK, sa that's what you'd do first. Check that pressure

R; A no load which is full operating should be 2350. See what happens now, let's say 1got under

load. for whatever reasons. Now what have 1 got. l've got to put my brakes on and do my Joad

test and 1only have 1850. 50 l'm not getting the proper stail speed. So rm not getting

maximum power under full revs. for whatever reasons it is.

P; Yes, and it may be an engine problem, it may he a convertor problem ....

R; You're revving at 2100 instead of2400, or whatever the problem could be.

P; RighI, although we could check with the RPM gauge to see ifyou're down from the normal.

R; Ifl had an RPM gauge, that's why we used to all have the tachometers, OK., now ifl \Vas

having a problem with the hydrauIics, and 1could see that my RPM \Vas at 2250 weil that's

how rd know that my engine is OK. l've got a problem 50mewhere else. And ifyou're used to

the machine ...1could aetually go outside, and - 1have no power, as 50 ru go right there as say
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weil, you're engine's not rewing high enough. And just by ear ...because after a while you ~ct

used to what an engine should be rev\ing al.. .. or. ifs rev,ing too high, it's screaming. it's aJ

26. 2700 Just because more (indecipherable) doesn't give you more stail speed.

P; Yes, but the other things here. 1mean, just to give me an idea as to how frequently these would

be the cause...

R; Pon reliefvalve ...

P; Pret1\' freguent then?

R; Yes it is.

P; 50, oillevel. pon reliefthen. Wom hvdraulic pump you said was low...

R; Yes, very low.

P; Leaking spool in the dumplhoist valve...

R; That again vef\'. vef\' seldom. 1don't recall us chancing a leal";ng valve on these machines.

P; OK Leakingldamaged pilot valve?

R; Ifanything there, is like 1say when we had problems in the oil system with din or whatever.

and il malfunctions the charge valve.

P; OK. Leaking cylinder packing or bypass?

R; Even with a badly leaking cylinder, it doesn't mean that it's going to leak that slowly. It'Illeak.

As you give it RPM, it's just going to take more oil to do it.

P; Ifyou've got IWO cylinders ..on is just going to take the load. And again cylinder bypass, the

same sort ofscenario, 1guess.

R; Ifa cyHnder is really bypassing, the other one will just take over.

P; And so you'd get a lot more load on the other cylinder, and you'll end up blowing the seal on

that one ...

R; Weil. vou're heating it up. vou're getting too much on it.

P; OK. Ifhoist is not holding the load. once \'Ou've hoisted il up there. 1have IWO main reasons

here. One is port reliefis leaking. and the second one is cvlinder bvoass ...

R; Yeso

P; l've got that the most frequent one would be the port relief to check. Causes ofslow roll-back

...preny much the same as wc discussed for the hoist up here.

R; Yeso
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P; And again, not holding load ..port relief, that's more frequent?

R; Yes .. port reliefvalve. Whal happens is as soon as vou let go ofvour lever for vour roll

!Jack. as soon as you let go il should stop. and whal il does is il starts rolling hack bv itself

Going through the port relief ...

P; Ah ... Sl~ering? Slow or sluggish sleering response. Again. check your engine stail speed on

lhere. check your oil level. high likelihood oflow oil.. . leaking or damaged steering hoses are

a prettv high likelihood...

R; Yes..

P; OK. Leaking or damage steering valve is low ...

R; low yeso

P; Port reliefleaking on your steering?

R; Not very frequent. no. Major problem wilh the steering is hoses. and the cvlinders. Cvlinder

Dacking and bvoassing or the cvlinder itself

P; Oh OK, that's more ofa frequent problem then?

R; Yeso The hoses are number one ...you will get cylinder problems

P; So they'd be the second thing to check ..

R; Yeso

P; NoiS\' Dump ... ,tirst you'd check the oillevel. whether vou've got cold hvdraulic fluid ifvou've

juS! S!arted uD' ifvou've got the right kind ofhvdraulic fluid. ifvou have a blocked or damaged

suetion line...

R; Yes.. yes.

P; That' 5 pretty common?

R; No, it's not common.

P; OK. Pump in bad order. And ifit's noisy at high RPM, you've got a leaking suction line ....Ah,

slugcish hoiS! and dump ,..That basicaliv means that vou've got a pilot pressure problem..

R; yes ..

P; Or a bad order pump there.. 50 rd look at dirt c10gging your charge valve, and l've said that's

high likelihood, restriction in a sequence valve, that's not as frequent as the charge valve..
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R; No ..the charge valve feeds ycur sequence valve. We have never ...we didj.!..Qnce we

diagnosed it as wrong and we went ahead ... it was the charge valve which faulty. the charge

valve is what feeds the sequence valve.

P; Yes, as we talked about the other day. the charge valve v.ill collect the din first off .. Ah

leaking or damaged modulator spool in the steenng valve. that another possibility~

R; Low. very low..

P; OK, and a bad order pump?

R; Very low.... Biggest problem you're going to get with pumps, major is ifyou end up with this .

P; No oil and running dry....

R; And if a SUY doesn't go and put oil in and say's oh 1 can get up to here, he's going to blow a

pump eventually, or damage the pump. They're preny tough. these pumps.

P; OK. So that was basically what we covered with the hydraulic system. So you can see the idea.

If, behind the instrument panel up there that the SUy's looking at, ifhe's then saying weil gec it's

really hard to steer when he's teleoperating the thing, he can dial this up and look at thcse

causes. First off check your oillevel, check your stall speed and ifit's not those you've

probably got leaking packing or damaged steering hoses So it's onto the transmission. Onto

the drivetrain. Again, checking the compiled stats. here you've got slippagc occurring.

traction slippage. when vou change gear. So you've probably got a leaking or damaged clutc1:l

pack. and it's more likelv to be forward. 1st or 2nd.

R; Yes,

P; Anything else could be causing that?

R; Slippage?

P; Yes ...slippage ofpower when you change gears ...

R; WeIl, l've never secn it that bac!, but, low oil and no oil.." your brakes will come on. you'd have

no clutch presSUre. So the slippage problem you wouldn't really notice because your brake

would come on. You'd have to fix the problem.

P; Ifyou had a leaking clutch pack though, you'd still have pressure to your brakes...

R; But, 1think the only time you would probably .....clutch will involve shifting. Let's say it's your

1st clutch pack. As you put it into that clutch pack, it'll cause a slip then. And then it would

probably engage and you wouldn't notice it.
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P; Thal's whall'm sa)~ng ...when you do change gears thal's ",hen vou'lI notice that i1's s!ipping

and lhal's an indj.ÇJ!1Î.9-n th~.t vou've got a clutch pack that's either faultv or damaged.

R; Yeso

P; OK.. AIl ..ight. We discussed brakes.... check the oillevel. Damaged gra\~ty drain .... ifyou leak

from your gra~ty drain, that could cause your brakes to come on. Yes ... this ;5 what your guy

was complaini!lg about here, is that his brakes were coming on and won't re1ease. And 50 from

the convertor side, l'm looking at low convertor pressure to de that. Convertor temperature

high? Low oillevel... .. Oh sorry, back up here. Brakes won't release. Damaged gra~ty hose

.... lhat's preny frequenl?

R; WeIl, nol frequent ....but when you get into a problem with this one. vou lose your ...you don't

have any clutch pressure because you've lost your oil. Or it doesn't drain back fast enough. Or

it doesn't drain at aIl because it's squished ... l've seen a convertor totaIlv squished. So what

gens then it aIl goes to the torque. You have none in the tranny and you lose clutch

pressure.

P; OK.... So the main thing to do is check your oillevel....

R: That's the main thing. yeso VOu check the oillevel. and ifyour oilleve1 is low. why is it low?

Then you say. OK. l've got a busted hose or whatever, and that's when you might find this...

P; Or a broken pan or whatever ....

R: That's right.

P; Convertor temperature high,_Again. low oillevel can do that. the same thing, Dirt build up on

the cooler ...prettv high frequency?

R: That's very common. yeso

P; OK. Where were we ....we're looking at convertur tempc:rature high. Oilleve1. clin build up on

the cooler. lealdng cluteh pack .. .Ieak at the pump ....How about leaks on the transmission

coyer?

R; That's very uncommon. Never changed a transmission. l don't recali changing a coyer on these

units.

P; Right. So l've probably covered the majority ofreasons there. Loss ofÇQnvertor pressure?

Again oillevel .. ,check oillevel. Check the grayity drain pipe there. Anything e1se can cause

you a loss ofconvertor pressure?
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R; No .. .ifthe cJutch packs \Vere that bad ..

P; And if the machine is noisy and \;brating a lot ...obviously one cause is a noisy pump. an ail the

causes that can cause a noisy pump. but we've preny much covered those before..... But l've

also got damaged driveline and damaged differentials. but they're preny low likelihoods...

R; We don't change drivelines ...notlike the other models ..

P; Not at the universal joint. or the sliding spline?

R; veN VeN seldom .. We don't break U joints. on these.

P; OK. ... That's basically done the transmission there ... 1just wanted to know a lirtle bit more

about stail testing the engine. and how you actually would go through a stail test and what

you'd be 100king for when you did il. Ifyou were going to run a stail test on an engine. how do

you go about it?

R; What vou do tirst is vou start it up. Leave it in park. Do il in park. Forward gear preferablv.

but vou can do it in another gear. 2nd gear. Put it in Lod gear. Brakes on. Full RPM, Full

RPM. vou should run 2150. 2200 RPM.

P; PSI you mean ....pressure?

R; Er no ...Yes PSI yes ...fuli RPM on your hydraulics yeso And you do the same thing when you

do your brake tests. No when vou're up to vour proper stail speed. you release vour brakes.

put vour foot pedal on for vour brakes and do vour brakes again.

P; And you have a look at what the engine does ...

R; Weil the whole idea is that the machine doesn't move. These here, they've mastered the brake

system, with these macmnes. The macmne doesn't move. Tlùs machine does not move, when

you do the brakes.

P; How about ifyou were to bring load on with the hydraulic system then? You know. as you say

you're in forward ...

R; You c:m tN the saIne thing with vour hvdraulic SYStem. What vou do is vou use your

hvdraulics for whatever ....50 VOu use vour bucket function. Roll back the bucket. relieve it

right until it gets to the end. and keep il on for 15 to 20 seconds. and check vour oil on vour

gauge right beside vou ..

P; And ifyou're blowing through a port relief ....weIl actually you should be through a port relief

then when you're right back ".
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R; that's right ..... The same with your hoist You can load vour hoist up ail the way. as far as it

will go. and let it relieve. let it go through the relief

P; So you'd be loolcing at things like the time ..the time it takes you to lift the hoiS! as weil?

R; Yeso There's a few conditions and that. You might be mucking down below. where your ore is

!l lot heavier than up here. and an operator is not familiar with the set-up ...but you're lifting

this much more weight compared to what you normally lift. And there would be a difference....

This is where they're conting out with these load things, so now you know how much weight

you've got on. And ifyou're having what's on your hois!, let's say you have a cylinder bypass

....the other one's taking over so you will have a slow response, definitely.

P;OK.

(End Tape 2 Side 2).

(Tape 3 Side 1)

P; Now we'll deal with the Deutz engine. And what 1have here is the FL 413 fault char!, with a

bunch offaults. And again, what we'lI do is as we did for the hydraulics. 1wan. you to let me

know just how frequently you observe these problems and whether or not you can think of

anyt~'Jingelse. For example. You star! offwith the encine being hard to star!. and It's civen vou

four reasons for that. Low cranking speed. low compression. Insufficient fuel to the engine or

insufficient air coming in. So, ifyour vehicle is bard to star!, what would be the avenue that

you would explore?

R; Most ofthe time? The first one.

P; The first one, low cranking speed?

R; Yes. batterv problem. What wc have a 24 volt svstem. But it's a l,OZ - 24 volt svstem. So what

happens. Is on our charcing Wstem. wc a1ways have one batterv that gets lower. and that's the

one that does the starting ,,,Instead ofhaving 24 volts. maybe vou've only got 22 Volts ".

P; And that 22 volts is enough to make it ".

R; Weil it ail depends, it ail depends. Nowwhen we test it afterwe've star!ed. you'll get 14 volts

on the 12 volt side. and probably 26.5 on the 24 volt side. But when it comes to starting it.

what happens there is that we a1ways that one batterv on the 12 volt side that has to charge
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through the other batte!'" ... so it doesn't ge! as much charging 1 guess. and th-'ifs a cummo!'

problem with these machines So we just boost the one batte!y. and it stans usually.

P; OK. Starter motor problems. Do you ever see that: A defective starter motor?

R; Yes ... .1 think the most common problem on our system here is sealing problems...

P; Seals on the starter motor getting wet:

R; Getting wet. The back cover for the staner getting wet. It runs on a shaft. And the shaft gets

rusted, and then it doesn't \Vant to kick in. And all they do is they take a hammer. they take the;

cover off and ..tuk ...and then it goes. Or you might get sorne guy that don't know what they're

doing, miners and they'lI come along with a scaling bar 'IIld harnmer the heU out of it ..as far as

the cover and that. Just generates more problems for us!

P; So the tirst thing to check would be your batt~ ...

R; low battery ..

P; The ne~..t one would be veur §taner motor.

R; Yes ...What you'U hear is that maybe your batteries wiU give just a big "click", and it doesn't

kick in ..

P; And you'U hear your starter motor not turning around ..

R; Yes ..so what you do is pull your cover off, give it a shot, and then your engine goes. That's

the most common problems.

P; OK. Low compression ....1gotten here ...valve adjustments or valves sticking or bumt. But

you said this is not really the problem with hard starting.

R; No. We don't run into starting problems with the engi:les with this problem. Or ..OK. fuel.

Insufficient fuel. that could be a problem. We're §tarting now with restrictions in the fuelline.

dirty fuellines. We'Te starting to get that now. A Iittle bit more common now.

P; 1remember that one ofthe things we sayat McReedy a1I the lime was the shut-offsolenoid on

the fuel ...they had to replace a lot ofthem: Do you experience that?

R; Not as bad ....1mean after a while ",the solenoid itself, the magnet inside gets weak. and

doesn't DUU out enough. And then again din wise as weil. On veur linkage to the shut-off,

That's medium eause ...

P; Right ..Where abouts on the fuel circuit is that valve aetually loeated?

R; It's right on top ofthe engine. Right by the injection pump. By the govemor.
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P; OK. 50 ifthat is a problem, it means you've got to pull your injector block out to get to it?

R; Just the hood. It's four bolts.

P; And the coolers as weil?

R; Not the coolers ...

P; Oh so you've got access in between the coolers down there?

R; Yes. The pump and that is ail in between the coolers. That's another thing when we talk about

dirt in your coolers. You have to take that cover off to wash in there ...when vou go through

the washing process on a service where a guv has a smoking problem or a heating problem.

those coolers have to be washed. You've got to take those four bolts off.

P; OK. 50 number one to check is an e1ectrical problem ...

R; The first one to check is a battery problem because ofundercharged battery ...

P; Yes ..but vou'd notice that on your charge gauge there .....

R; No ."no The charcing SYStem is charcing. You're getting 14 volts on vour 12 volt side. What

happens is it doesn't chal'l:!(! that one battery enough through the 24 volt side. 1get a low

battery - you might only get 11.7 volts out ofthe battery ...

P; 50 you test the voltage across those batteries, is that what you'd do?

R; Yeso We11 go there and put a tester across that battery and say OK 11.7. that's whv it's a little

bit weak. It should be 12.5 or whatever.

P; Right ....l'm with you. OK. Electrical and then insufficient fuel. probablv that shut-offagain. a

medium Iikelihood. "And insufficient air. Well that probably wouldn't stop vou from starting.

but you'tj notice il smoking?

R; Yeso A big problem. smoking. We have an inner and outer filter. Most rimes it's alwavs the

outer. Change the outer and you can see it. it's dirtv. The inner looks new. but we've had rimes

where it looks like it's c\ean. it looks like it's brand new. You've got gauges. You have them

where as vou neee! air. you rev the machine up and vour gRUges go to green ...

P; Those gauges are aetua1ly situated on the filter?

R; On the filter housing ...Your gauge will go red. We had a problem once where we pulled the

big filter out and then we looked at the inner filter and, weil, we changed the other one, we put

a new outer filter. The same problem.... They're turning red. We looked at the gauges, they're

turning l'ed. The inner filter looked new. but it was pIU88ed.
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P; RighI. Insuflicient fuel to the engine. weil fuel tank empty or ruptured. 1guess you wpuldn't see

that very frequently though? You'd see it c:mpty ...

R; Yes ...That happens ....

P; But ruptured?

R; No. They just bang on the top, the top finings where the cap goes on where you fill then up ..

P; Right. There's no fuel gauge on those vehides is there?

R; Yes, there's a gauge in the tanks. There's no fuel gauge in the operator companment. no.

P; OK. They just check in their tanks. Fuel pressure low due to either air leaks in the circuit or

fiow obstruction.

R; 1guess we're just gening used to the problem of diny tanks. or mavbe restricted hoses. Ifyour

hoses are old. the}" might be collapsed inside the hoses. That type ofproblem.

P; So you're starting to see those kind ofproblems now?

R; Especially those lines beMeen vour charge pump and injection pump. See now we're senins to

a situation where we service a machine everv four weeks. which runs into the 250 hours. We

don't run into a problem with diny fuel filters. We're chansins them once a month. By rights

you could aetually probably prolong that, maybe MO services. This is the way they want it for

their engines. This is what we do. Years ago where we used to run in the stopes and that, you

ended up with a lot more problems with fiItcrs being plugged.

P; Right. is there a pressure gauge on the fuel? How would you know ifyour fuel pressure was

low or normal?

R; No ...there's no... What you'd notice is vou'd come to prime il and vou'd have no prime on il.

So why haven't l got no prime? Am l sycking air through a hose somewhere? Or have 1got

fuel? Or is there a restriction in the line?

P; OK. Because it's given us sorne other options here. Thronle linkage damaged, improperly

adjusted ....aneroid valve valve stidcing. l don't really know wbat they mean there ...

R; This is all really low all this. This, l don't know what he means here. You could end up, ifyou

had no pilot pressure. But it would still be startîng. But you'd have no tbrottle.

P; Yes, exact1y. No throttle and no other hydraulics. OK...

R; This set up here is infrequent.

P; So that's that ...50 normal fuel pressure is infrequent ....and ...
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R. Shut-olTvalve. 1mean. that's possible. Very uncommon though. Just by the fuel filters .

P; This is not the same valve as the solenoid valve there?

R; No ...this is fuel shut-off there is a valve there which shuts your fuel off on your lines coming

from the tanks. Near the fuel filters. This is possible. but very unlike!y. Where it is. you can't

step on it. it's not where somebody can accidental!y shut it off

P; Yeso 1think what they were meaning is the solenoid valve near the govemor ..

R; that's ail sealed under the hood there. that's very uncommon ..

P; AIl right. Let's go across the page. 1think there's about three ..four pages ofproblems here.

OK, Machine lacks power. These are the causes here.

R; Improper engine adjustments.. ".Insuflicient fuel...

P; Which one ofthese four here would you look at for starters - engine adjustments, fuel.

insuflicient combustion air. non-engine related problem?

R; This is very uncommon. non engine related prob!ems, Ifanvthing. fuel to the engines. Low

fuel. That's probably more common. This one here. Combustion air. Plugged air filters. For the

machine to lack power, That wauld be more afa common one.

P; And so you'd look at your air c1eaners for starters and then ..

R; this one here the top one. Improper engine adjustments. Very uncommon. The only thing

would be valve adjustments, and we do them every 250 hours. Ifthe machine starts smoking

...we do have the odd machine that smokes. Let's say it probably due for an injector change, or,

then again, maybe somebody didn't do the valves the last rime, something like that. But we're

babying these engines more with the warranty we've got on them... we have 5000 hours on

these engines, and we service them every 250 hours. We get no problems, basically.

P; OK. So ..it then talks about e.'Chaust smoke " looking at ditrerent colours ...

R; Black or grey, blue or white ....OK this one here would be the most common right here.

P; Insuflicient combustion air?

R; Yes. the filters. That'd be the m0st common.

P; Tjust think we'1l talk about it smoking, because it's difficclt sometimes to tell what type of

smoke it is. But what about cylinder skirts leaking and getting oil going into your combustion

chamber?
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R; Not too often .. .The onl\' thing is that we get an oilleak omo the exhausl. and_,!lcn il $mokc~

But as far as ....we don't actually have much problcm \\ith the O-rings on the plungers. your

push rods which will put oil inlo your cylinders. Not \\ith these ones. Not with these 4D's

Very very seldom.

P; Do you get Ieaking oil filters?

R; Are you talking about transmission filters?

P; Weil. ifit's smoking and your transmission filter isleaking?

R; Yeso that could be a cause.

P; But what about if the lube oil filter was leaking?

R; It leaks, but that's lower. It's right down low and is not going to drop on the exhausl. You're

not smoking from there.

P; OK. 1think that covers exhaust analysis, cause of smoking in general. Excessive crankca!!.Ç

pressure.

R; Cylinder bIow-by. breather restriction. e.xcessive e.xhaust back pressure...

P; How are you going to know when you've got e.'Ccessive crankcase pressure? Is it going to blow

• out the breather?

R; Yeso It will be coming out ofthe dip stick. It'Il be smoking through the dip stick. Or through

your oil filter. It'Il be blowing out ofthere and smoking there. !hat's were vou find bIo\\' by.

This new engine right over here. we had no oil pressure. We found out we had no oil pressure.

Weil when we had that thing running, which was a very short period oftime, we had blow by

...smoke coming out ofthe filter cap really bad. Really really bad.

P; Do you know what the cause ofthat is?

R; No we don't know what the cause is. It hasn't been sent out yet.

P; But have you got any ideas?

R; Ah ..no oil pressure at all. Now maybe the pipe was offinside on your oil pump. Maybe there's

no oil pump on there. 1don't really know what it is, but there's definitely damage to that

engine.

P; So you'lI send it offand have it looked at ..

R; yeso

P; OK. Breather restrictions on the crankcase. Plugged breathers. Do you sec that?
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R; No. nol 100 often, no....Excessive exhaust back pressure. no.

P; You don't gel manv blockages in vour exhausl al ail ...

R; No no..

P; Ali righl. Low encine oil pressure. Il says here lhal the engine muS! be al normal operating

lemperalure. bUl you've gol low engine oil pressure. Causes ... oil ... low oillevel. incorrect oil

viscosity or oil dilution. injector pump leaking or charging pump leaking into the oil system

Circulation "filters clQgged

R; These we've had them three years and we haven't had many problems.

P; Have vou had to replace ~nv encines?

R; On these? Yes, we've done one, IWO, maybe three. We were having a problem in your gear

drive which drives your injection pump. There's been wear in there. In fact we did number IWO

and number three about a month ago.

P; So that would be a design fault?

R; Ah ..yes. We talked to Peter ofKHD and he said that shouldn't be. He showed me the parts.

We're definitely getting wear and thal shouldn't happen. And this is also in your timing sel-up.

P; And yeu noticed that in your timing ..?

R; Not the idea ofhaving bad timing, but juS! the idea ofhaving noise in your gear train. and yeur

gears were worn, and 1said 1know there's play in there, because yeur gears are worn. But

otherwise. that's a problem that yeu shouldn't be getting. Like we've done IWO, 1think three up

to now. In faet, we changed the whole engine on one, number 12 in faet, down below. And this

is ail again warranty.

P; Right... That's interesting. Do yeu ..1mean how frequently would yeu have tl) send an engine

back to the divisiona\ shops?

R; We haven't with these.

P; 1mean, what kind ofwork do you do here? Do divisiona\ shops recondition engines totally?

R; They rebuild the engines. Ifwe had a major problem ...these are new machine. These are alI

new machines, and we had a warranty up to 10000 hours, and we haven't had any problerns..

Again, number 12, we changed an engine at 1500 hours ....bad gear train for the injection

pump. And we did another one on that sanle machine. So it \asted 3500 hours. For whatever

reason. We shouldn't be getting this problem. So then we turn around, we did number 2, and
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number 3 where we changed the gears. Went in there, pulled it apan because there was a noise

and we did that 50 we didn't end up changing the engine.

P; But Iow oillevel in the sump there ...do you see thon?

R; No. We haven't changed a pan in one ofthese machines yet.

P; But low oillevel, just buming oil or Iosing oH?

R; We do have sorne where vou might end up "ith low oil either through a hNÇ or leaky I1lter or

an operator doesn't tell us about the filter .. and the filters are actuallv leaking and you'r~s

oiL But otherwise.... orthrough the oil~olers We do a share ofoil cÇ\QkLchanges ...

P; Unscheduled, outside of the regular service?

R; That's right.

P; So if! looked at my oi! pressure gauge and it was low. What would be my most likely cause?

What would be the course ofaction that you'd take? What would be the tirst thing that you'd

look at?

R; Ifmy enclne oil pressure was low? First ofall. is my gauge reading properly? why woul!LL!l.Q

something unless 1really k-now that this gage is right? 1would probably put another gauge on

it jUst to make sure. Just tap into it. with a hose ...

P;Right...

R; Same thing wc did here when tbis engine was blown ...Ah. again oillevel • If! have a really bad

low oillevel. l'm gaing to have low oil pressure. Then from there rd go to the tilters ...How

are my filters?

P; Yes ...but there is a bypass on those filters anyway, 50 ifthey get c10gged you'11 still get oil ...

R; Yes, that's right.

P; You haven't seen wom crankshaft bearings at ail?

R; No ..none at ail. Oil pumn again .•• yeN low. VeT\' low on these engines. the 413's.

P; OK. High lube oil consumption. You're going through a lot ofit. What have wc got. It gives us

externaI leakage, internalleakage ....

R; Ifanything. vou might get the odd extemalleakage. Through vour valve ÇQYer gaskets.

P; Through veur valve ÇQver gaskets or through the oil tilter?

R; Yes, through your oil filter. That's probably the mos! common. Otherwise ...internalleakage,

through the seaIs, no ...wc've never done one.
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P; It's more going to be an extemalleakage problem.... Excessive air c1eaner restriction ..how

wQ.uld thauause_a high Il,Ige oil consumption?

R; Weil. if the engine is working. ifit was very excessive. in other words it probably ran for a long

period of time ...smoking ..

p. Oh 1 sec and it sueks oil through the cylinders ...OK. Onto the last page of engine problems.

High engine oil temperature. The tirs! thing here. you've got two cylinder head gauges...

temperature gauges. Do you have another oil temperature gauge as weil as that on the dash?

R; No.

P; OK. So what we'rc really looking at here is not really oil temperature but cylinder head

temperaturc and what the likely cause ofronning a hot engine are.

R; Thal's right.

P; Now ifyour encine is overheating. what would vou look at for starters? 1guess number one

thing. you'd look at oillevel...

R; Yeso oillevel This is the most common one. This one here. Oirt build up on the cooler. Then

again. oil cooler blQckage. the oil cooler ...

P; Cil cooler blockage? That's dirt blocking the dl cooler?

R; Yes

P; SQ that's what, a medium likelihood thing compared to clin build up Qn the cooler?

R; Overhealing? Mos! likely your transmission coolers are plugged. that'II cive you high

temperature on your gauges than your encine Qil eooter blockage .....

P; Oh that wtll aetually show on the cylinder head temperature as well?

R; Yes... This is the moS! common cause Qfhaving high temperature on these gauges. Oirt build

un on your transmission coolers.

P; Now 1 noticed when 1was going through these schematics here, there's actually a temperature

thermostat that controls the oil f10w to the blower coupling....and is this is regulating the flow

ofoil to your cooler coupling, 50 your fun speed is regulated by engine temperature. Do yeu

ever see problems with that thermostat?

R; No ...never. Never run into that problem. A1so a sender. as fur as temperature senders. there's

a1so one at the housing for the filters here. We put one in "ght here. And it rons in through

your cylinder head senders into your waming system here.
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P; So that's 100king at oil temperature there, on the filter bank .' Yes, you could run cold up here

and not pick up high temperature down the bottom.

R; You aIso have your sender on your torque, on your downstream valve, as weIl. That'Il be on

your gauge for your torque temperature gauge. not on your engine cylinder gauge.

P; Right.. OK. Excessive \~bration of the engine, and it gives you internaI and e:l.1ernal sQurces

here Just dealing with the internaI sources Broken mounting boits, broken Qr IOQse cQQler

frames .. you said that was prettv common.

R.; Yes.. , cooler frames, yeso

P; Engine mounts?

R.; Engine mounts. yes that's pretlV common . Worn bJower bealing... that another one wc do.

P; Do you see that at ail?

R; 1think the major thing there is that we don'! prc-service it, where you should he changing the

buffer. rubber buffers they're caUed .,,50 they wear out. and eventually vou end up with play in

the bealing. because your bearing goes. So we've talked about it ...we should be changing

these rubbers, the buffers more often. eliminating the wear on the bearings.

P; l'm with you. So probably the mos! freguent are broken mounts. and then the blower, But

you'd be able to pick up a loose blower by Iistening to the blower ., ..

R.; Oh yes you'U hear it ...

P; OK. improper engine adjustments, your valves. You said that was not as much as a problem

with the services that you're doing. OK.

(End Tape 3 Side 1)

(Tape 3 Side 2)

P; OK It is Thursday 22nd April and l'm talking to Rick Mayette about the electrics, and

troubleshooting the electrics on the ST-SB. lfwe star! here and look at the problems that are

listed. Low charging or no charge at ail. First of ...what's the most like\y problem that we're

looking at here?

R; Too low or no charge at ail?

P; Yes, not charging. It saVS bad order altemator. bad order battery ...

R; defective battery will only he after you have a problem ...
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P; So you'd check vour batterv first.

R; Yes, yeso

P; So you'd check your battery firs!. Ifyour battery voltage wasn't up to spec., you'd know that

you had a battery problem ...

R; That's righ!.

P; These are lead acid batteries in there?

R; YEso

P; So you've got to look at your water level there in case they've dried out a !ittle bit. How

freguently do you get defeetive altemators?

R; Ah ..mavbe medium ....and before you end up with this problem. vou probably end up with

n.ore or less power problems. to the altemator. down the line. master switch... it aIl relates

back through the charging SYstem.

P; OK. Your master switch is on your charging.....

R; YOlJr master switch is on your..... Ifyou're not getting proper charging from your altemator to

the batteries, it because your master switches are not .. You're having problems with the master

switches so you're not getting proper charging in the batteries. and ypu've got a bad battery

because ofthe maS!er switches. That's fairly common.

P; OK. But those master switches are located where? Are they aetually on the dash?

R; That's right. Right as you sit down, right above the tranny compartment.

P; OK. So you switch those offto isolate the eleetrica1 circuit ifyou do any work on the eleetrica1

circuit ....

R; That's your shut-off, your main shut-off. You've got your key, those are your main shut-off.

One is for your 24 volt side, the other one is for your 12 volt side. And you turn them both on,

then you tum your key on.

P; Right. Is that standard practice to turn those offwhen you come offa scoop?

R; Oh definite1y. Yes, definitely.

P; OK. 1SUess ,..what's the moS! CQmmon type ofe1eetrica1 fault that you dea1 with? Probably

damaged wiring ...

R; Yes, Most rimes wiring close to the altemator. At the a1temator itself, because it's exposed,

And then vaur connections, ïnev have the quick couple.
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P; 'l'es, l've got those on the elel..tical d;agrams. Electrical sockets ..

R; Sockets ..we're starting to get problems in there. There's onc in the dash. They get loose. and

they have a problem inside. We've had to do a few changes were we've spliced them and

eliminated them.

P; OK. Ifvour charging voltage is too high. Do vou ever see that?

R; Yeso That haDDens. Not veN rrequentlv though. More ofa Droblem low ...note~

charging.

P; If it was charging too high. what would vou look at? What is vour troubleshooting reason

there?

R; The a1ternator itself. The regulator in the alternator.

P; So to do that you actually replace the whole a1ternator itself?

R; Yes, It's built in.

P; OK. Because the other one they give here is incorrect pulley used on generator. if it's too tight

or sometlùng like that ..

R; No. We don't see that.

P; Ah ...The battery going throug.': an excessive amount ofwater - charge rate too high ...also hot

conditions, 1guess. Or a leak in the battery

R; There're at a fairly good spot. There're right at the top ofthe maclùne. Charging rate too high,

that would be the most common possibility.... but like 1say we don't run into it too often. We

change a1ternators because thev're not charcing... we're not getting too high a charge.

P; Yes, low is more common.

R; Yeso

P; Ifyou've got low a1ternator output, what's your troubleshooting rational?

R; Low a1temator?

P; An a1temator problem, the brushes ...

R; Yes, you're running into wear ofthe a1temator brushes.

P; You have to replace the a1temator?

R; Yes, you replace the a1temator. You will end UD with - ifanvtlùng low - belt slipoage, Pulled

belts. or worn belts wlùch will cive vou more ofa low output.

P; Right, 50 the tIùog to do there is to test your be1ts ..
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R; Yeso Make sure your belts are good. Go with the wires down the !ine, and maybe there' S only

a stator wire holding it so ~ou're not getting enough charge through the wire.

P; OK. Ifwe canjust go back up here. Ifyour starter motor is not working at ail ...baltery

di5charged.

R; Battery discharged ..that's il. One of the batteries we have a problem with in these scoops, one

of the batteries doesn't get the full amount of charge. Especiallv on the 12 volt side, because it

charges through the 24 volt batlery side first, and the 12 volt balterv gets Jess charge so you

end up with a Ieaked baltery, and that's where vou have starting problems.

P; Right ...and the other ones are the water problems which we talked about the other day, when

we talked about rusted starter motors, and you have to take the cover offand give it a bit ofa

nudge.

R; Yes ...yes. Ah ...defective soIenoid. That's nottoo common, but it dop.s happen

P; That's the starter soIenoid? The 24 volt starter solenoid?

R; When they say solenoid, that's part of the solenoid in the dash you're talking about, 1don't

thing you're talking .. ,

P; 1though they were referring to .".here ".

R; It says here, defective cranking motor.

P; Here 1thought that what they were referring to is that there is a solenoid that clicks the starter

coS into place.

R; That's the one on the starter itself .. .it's built right in.

P; So W~llIt happens when the motor is aetuaUy up and running then? Your starter is still

conneeted?

R; No ". there is a starter. But there's s a point set-up inside with a shaft that kicks in. It's a

solenoid basically, but it's built into the starter.

P; That's what 1thought they were referring to there,

R; Defective solenoid ".they may be talking about that, but then again when you're talking".. now

you're talking defective cranking 'I1otor.

P; Exaetly, sa you replace your starter motor.

R; We do have solenoids besides that in the electrical switching box. which soes when you're

qanking over like on the 24 volt side. to c;ank it. it opens that SQlenoid up ta give vou 24 volts
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P; OK, so that could also be ...

R; 1t'~ a 12 volt ~v~tem, OK You're running a 12 volt ~tarter buttan, which kick~ in the ~olenoid,

and it throws in the 24 volt~ thôough that ~olenoid. There'~ a ~olenoid for the ~tarting, plu~

there'~ a ~otenoid for the preheating, which run~ offvour preheat btiilon.

P; And they're two separate solenoids ".

R; Yes.

P; OK No lights, or lights are dim. Check vour batterie~. Loo~e connection~ or poor ground

"Same thing, that's a connection problem again

R; Yes"

P; Electrical gauge~ defective '"

R; Sensor defective "Bad connection or connector plug, a gauge is not normally. Temperature

gauge, As far a sensors, we have more problems with sensors because vou're getting the heat

right off the engine "

P; Because it runs out ofcalibration or burns out '"

R; Yes.. " but as far as gauges are concerned, not too often,

P; Sounds likely to check your connections, 1 think 1remember Paullooking at an electrical

problem on a scooptram one day and it was actually one line that supplies power to the gauges

"No. 6 line or No. 7.

R; It was vour main power line. and it was in vour box, on the tQP Qfthe SCOQP, and he had powe~

when he tested. he had power. but he didn't have enough power through the connection.

P; OK. It was the connector plug again?

R; It was the CQnnector plug. Once he hooked it on then he had enough power. See what wc

normally do is you have a 12 volt side and a 24 volt side. Now when you check your 12 volt

side and you're getting 12 VQlts plus, 12.25 or 12.5, and, on the same thing when you're on the

24 volt side, what am 1getting? 1should be getting ,,,like Qn the 12 volt side YQu're gQing tQ be

charging 13,5. on the 24 volt side you're going to be getting 26,5. If! test it at the alternatQr,

and l'm Qn1v getting 22,5. l'm nQt even getting mv 24 volts tD stan with? So where is the

problem? Now it could be ail the wav down the line. lt could be master switches. it CQuld be

the cross-over solenQids, it CQuld be quite a few problems. Or again it CQuld be alternator

again.
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P; OK. What have we got here ... ignition on, no gauges or lights. Check battery, check

connections from battery to ammeter.... Why are they talking about ammeters? There's no

ammeter in the circuit!

R; It says ignition on, No gauges or lights working, Again vou've got two master switches The

24 vol; .ide ..now it could be the other master switch not running. Then VOlt could turn the kev

on and still get no power,

P; OK So it could be a faulty master switch, How frequentlv does that happen?

R; Thev get a lot ofheat ,..we had better ones when thev originallv came, now 1 think we have an

850 output out ofthem ...850 instead ofa 450 or a 550, and we have lots ofproblems now,

We alwavs have problems. Scoop won't star!. Scoop won't star!, And aIl the time it was losing

voltage through the master switch.

P; No electrical gauges or lights working - we've just gone through that,

R; Loose connection between ammeter and switch ",bad light switch, Then again you've got

wiring in general, You have plugs" eh ",rubber harness plugs, sa that when you open the

machine they have different sections where you can aetually take the whole harness plugs

",where vou ended up by cutting them before, Muck falls down, into the hases, pulled on the

hoses, pulls on the plugs in the midships and pulls then aIl inside the boom area",

P; That's a fairlv common ,,"

R; Yes, Yes ..the front 1igh:~,

P; OK. That's handy to know, OK. You've got aIl vour electrical gauges but vou've got no

lights", and that would be a cause there, You've got rocks and muck fal1ing down pulling the

connecting plugs",

R; YesO' here wilh vaur aIl vour lighls, vou have breakers ",we've had sorne problems with those

breakers, Thev'Te fairlv good, but vou've got lots ofpower going through, lots ofheat, Thev'll

click offand thal'S whal shUIS offvQur power going ta vour lighl switch, It's vour light

breakers,,

P; That's run through that fairly weIl, 1just want ta pull out the schematics ~cause 1want ta

locate these solenoids '"
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R; With these solenoids there's a box in the back behin:lthe enl~ine. You ha\'e \'our brcakcrs \'our-. .. ' ..
breakers, these are 15 amp and 25 amps. What you ha\'e are your main breakers your 60 amp

and 80 amps ..

P; And if that goes ....

R; You reset them. You just push that button and reset them. There's your preheat ...

P; Ah there's one solenoid ...

R; Yes and there's your starter solenoid.

P; OK. Also shown on this diagrarn here is this parking brake interlock, but, is that the truc place?

1think that that goes tCl your relay valve which is just past your solenoid on the brake circuit.

R; Yeso l'm trying to figure out which one this is here. Isn't that just the park brake solenoid itself?

P; Yes ..so your park brake solenoid is basically hooked to that relay valve in the brake circuit?

R; Yes

P; So these are your!Wo master switches here ..right ..one and two?

R; Yeso

P; But 1was talking to Paul the other day and he was saving that they actually had switched the

position ofthis master switch ...

R; Yes ...yes. We had a problem with batteries blowing.

P; yes, 1scribbIed that out, and pulled that across here, and now it's in this circuit here.. because

that's on your 12 volt circuit there, and this is on your 24

R; The oId ..when they first came out, to get the 24 volts, they had what you called a paralle1

switch with this box ....and now they actually hook up the batteries and just have a soIenoid in

be!Ween. So when you push your starter button, it opens a solenoid and it automatically gives

you 24 volts.

P; OK. That's on the newer ...the B's. That probabIy going to give me enough to chew on for a

while, but another thing 1wanted to ask you was ...how many years have YOl! been working for

Inco?

R l'Il be going on to my 25th year ....
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Expert System Demonstration Prototype

Filename;
Author;
Description;
Last Revised;

ST8B.knw
P.F.Knights.
Expen system for diagnosing loss of steering faults
June 15 1994.

Object
@name = fault
@attribute = condition.excessive_noise, condition.no_steering, condition.oil_overheating,

condition.pulls_to_one_side, condition.slow_or_erratic_steering
endObject

Object
@name = hydraulic
@attribute = circuit.dump_hoist, circuit.hydraulic_throttle, circuit.SAHR_brakes,

circuit.steering, circuit.@string
endObject

Object
@name=lhd
@attribute= identification.unit_804, identification.unit_805, identification.unit_806
endObject

Object
@name=ST8B
@subObject = hydraulic
@attribute = problem.drivetrail'~ proolem.electrical, problem.engine,

problem.hydraulic
endObject

Procedure
@name = diagrams
@do=
MACRO ( "diagrams_*" )
FREERULE (SRule, "diagrams_*")
endProcedure

Procedure
@name = notes
@do=
MACRO ("notes_*")
FREERULE (SRule, "notes_*")
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endProcedure

Procedure
@name = weicome
@do=
PAINT ( ·welcome.bmp", "Click Remove to begin a consultation session" )
ASK ( "Select the LHD unit which is malfunctioning", Ihd.identification.unit_804 )
APPLYRULE ( "ST8B.problem.*" )
endProcedure

Question
@name = Select_hydraulic_subcircuit
@userlevel = 1
@do = ASK ( "Which one or more of the following subcircuits are malfunctioning?",
hydraulic.circuit.steering)
endQuestion

Question
@name = Subsystem_choice
@userlevei = 1
@do = ASK ( "Select the subsystem which is malfunctioning;", STSB.problem.engine )
endQuestion

Exclusive
@name = exclusiveJhd_unit_number
@state=unit_S04, unit_SOS, unit_S06
endExclusivl:

Exclusive
@name=problem_type
@state = engine, drivetrain, hydraulic,

e1ectrical
endExclusive

Exclusive
@name = seleet_steeringJault_condition
@state = no_stecring, slow_or_erratic_steering, pulls_to_one_side,

oil_overheating, excessive_noise
endExclusive

Multichoice
@name = se1eetJaulty-hydrau1ic_circuits
@state = dump_hois!., steering, SAHR_brakes,

hydraulic_throttle
endMultichoice
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@name= diagrams_steering
@priority = 2
IF hydraulic.circuit.@string is "steering"
THEN RUN_COl\TTINUE ("steering.knw")
endRule

Rule
@name= hydraulic_brakes
@priority = 2
IF hydraulic.circuit.steering is FALSE
M'D hydraulic.circuit.dump_hoist is FALSE
AND hydraulic.circuit.SAHR_brakes is TRUE
THEN hydraulic.circuit.@string = "brake"
THEN TEXT ("A problem has been identified in the SAHR brake circuit.")
THEN DISPLAY ("hydraul", "stan")
THENHALT()
endRule

Rule
@name= hydraulic_dump_hoist
@priority = 2
IF hydl1rJlic.circuit.steering is FALSE
AND hydraulic.circuit.dump_hoist is TRUE
AND hydraulic.circuit.SAHR_brakes is FALSE
THEN hydraulic.circuit.@string = "dump-hoist"
THEN TEXT ( "A problem has been identified in the dump-hoist circuit." )
THEN DISPLAY ( "hydraul", "stan" )
THENHALT()
endRule

Rule
@name=hydraulic....seneral
@priority = 2
IF hydraulic.circuit.SAHR_brakes is TRUE
AND hydraulic.circuit.dump_hoist is TRUE
OR hydraulic.circuit.SAHR_brakes is ThUE
AND hydraulic.circuit.steering is TRUE
THEN hydraulic.circuit.@string = "hydrau\ic"
THEN TEXT ( "A general problem bas been identified with ail hydraulic circuits." )
THEN DISPLAY ( "hydraul", "no_f1ow" )
THENHALT()
endRu\e
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Rule
@name = hydraulicyump
@priority = 2
IF hydraulic.circuit.steering is TRUE
AND hydraulic.circuit.dump_hoist is TRUE
AND hydraulic.circuit.SAHR_brakes is FALSE
THEN hydraulic.circuit.@string = "steering & dump-hoist"
THEN TEXT ( "A problem has been identified in the steering and dump-hoist circuits." )
THEN DISPLAy ( "hydraul", "noisyyump" )
THENHALT()
endRule

Rule
@name= hydraulic_steering
@priority = 2
IF hydraulic.circuit.steering is TRUE
AND hydraulic.circuit.dump_hoist is FALSE
AND hydraulic.circuit.SAHR_brakes is FALSE
THEN hydraulic.circuit.@string i~ "steering"
THEN ASK ( "Which ofthe foIIowing best describes the behaviour of the steering system?",
fault.condition.no_steering)
THEN MACRO ( "steering_·" )
endRule

Rule
@name = hydraulic_tbrottle
@priority = 2
IF hydraulic.circuit.hydraulic_throttle is TRUE
AND hydraulic.circuit.steering is FALSE
AND hydraulic.circuit.SAHR_brakes is FALSE
AND hydraulic.circuit.dump_hoist is FALSE
THEN hydraulic.circuit.@string = "hydraulic tbrottle"
THEN TEXT ( "A problem has been identified in the hydraulic throttle circuit." )
THEN DISPLAY ("hydraul", "stan")
THENHALT()
endRule

Rule
@name= notes_unit804
@priority = 2
IF Ibd.identification.unit_804 is TRUE
THEN ACnvATE ( "c:\os2\apps\epm c:\comdale\unit804.Iog" )
endRule
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Rule
@name = notes_unit80S
@priority = 2
IF Ihd.identification.unit_805 is TRUE
HiEN ACTIVATE ( "c:\os2\apps\epm c:\comdale\unit805.log" )
endRule

Rule
@name= notes_unit806
@priority = 2
IF Ihd.identification.unit_806 is TRUE
HiEN ACTIVATE ("c:\os2\apps\epm c:\comdale\unit806.log")
endRule

Rule
@name= ST8B_drivetrain
IF ST8B.problem.drivetrain
HiEN TEXT ( "The drivetrain fault detection module is currently under deve1opment",
"drivetrain" )
THENHALT()
endRule

Rule
@name = STSB_electical
IF ST8B.problem.eleetrical
HiEN TEXT ( "The electrical fault detection module is currently under dcvelopment",
"electrical" )
THENHALT()
endRule

Rule
@name= ST8B_engine
IF STSB.problem.engine
THEN TEXT ( "The engine fault detection module is currently under development", "engine" )
THENHALT()
endRule

Rule
@name=ST8B_hydrauIic
IF ST8B.problem.hydrauIic
THEN MACRO ( "hydrauIic_·" )
endRule
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@name = sleering_nosleer
IF faull.condilion.no_sleering is TRUE
THEN LOAO ( "nosleer.knw" )
THEN RUN_CONTINUE ("nosleer.knw")
THEN UJ\'LOAO ( "nosleer.knw" )
THENHALT()
endRule

Facels
@triplel = faull.condition.cxcessive_noise
@cxclusive ~ select_sleeringJauII_condilion
endFaeets

Facets
@triplel = fauIl.condition.no_sleering
@cxclusive= selecl_sleeringJauIt_condition
endFacets

Facets
@triplet = fault.condition.oil_overheating
@cxclusive = select_steering_fault_condition
endFacets

Facets
@triplel = fuult.condition.puIls_to_one_side
@cxclusive =select_steering_fault_condition
endFacels

Facets
@triplet = fault.condition.slow_or_erratic_steering
@cxclusive = select_steeringJauit_condition
endFacets

Facets
@triplet=hydraulic.circuit.dump_hoist
@multichoice= seleclJauitLhydraulic_circuits
@question= Select_hydraulic_subcircuit
endFacets

Facets
@triplet = hydraulic.circuit.hydraulic_throttle
@multichoice= selectJaulty_hydraulic_circuits
@question = Select_hydraulic_subcircuit
endFacets
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Facets
@triplet = hydraulic.circuit.S.AJ-iR_brakes
@multichoice = selectJaultLhydraulic_circuits
@question = Select_hydraulic_subcircuit
endFacets

Facets
@triplet = hydraulic.circuit.steering
@multichoice = selectJaulty_hydraulic_circuits
@question = Select_hydraulic_subcircuit
endFacets

Facets
@triplet = Ihd.identification.unit_804
@exc1usive= e.xc1usiveJhd_unit_number
endFacets

Facets
@triplet = Ihd.identification.unit_805
@exc1usive= e.xc1usiveJhd_unit_number
endFacets

Facets
@triplet = Ihd.identification.unit_806
@exc1usive = exc1usiveJhd_unit_number
endFacets

Facets
@triplet = ST8B.problem.drivetrain
@exc1usive= problem_type
@question= Subsystem_choice
endFacets

Facets
@triplet = ST8B.problem.e1ectrical
@exc1usive= problem_type
@question = Subsystem_choice
endFacets

Facets
@triplet = STSB.problem.engine
@exc1usive= problem_type
@qllestion = Subsystem_choice
endFacets
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Facets
@triplet = STSB.problem.hydraulic
@exclusive = problem_type
@question= Subsystem_choice
endFacets

!'" LoadStrategy must go at the end of the Knowledge Base'" !
LoadStrategy
@name = "stSb2.stg"
EndLoadStrategy
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nosteer. knw
P.F.Knights.
Expert system for diagnosing Joss of steering falJÎts
ST8B.knw
June 20 1994.
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CJass
@name = other
@object = faiJure
endClass

Class
@name=unit
@object = unit1, unit2, unit3
endCJass

Object
@name = failure
@c1ass = other
@anribute = cause.found, cause.@string, hypothesis.@string,

threshold.@integer
endObject

Object
@name = unit1
@c1ass = unit
@anribute=faiUreq.@integer, status.suspeet
endObject

Object
@name = unit2
@c1ass = unit
@anribute = faiUreq.@integer, status.suspect
endObject

Object
@name = unit3
@c1ass = unit
@ann"bute = faiUreq.@integer, status.suspect
endObject

Procedure
@name= initialJlrocedure
@do=
failure.cause.found is FALSE
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failure.hypothesis.@string is "none"
failure.threshold.@integer is 100
IMPORT ( "failfreq.dat". O. 100)

endProcedure

Procedure
@name = notes
@do=
ACTIVATE ("c:\os2\epm unit804.1og")

endProcedure

Fuzzy
@name = unit1_conf
@source= unit1.fail_freq.@integer
@range=3
@value= 0.000000, 50.000000, 100.000000
@rank= 0.000000, 100.000000, 100.000000
endFuzzy

Fuzzy
@name=unit2_conf
@Source = unit2.fail_freq.@integer
@range=3
@value = 0.000000, 50.000000, 100.000000
@rank= 0.000000, 100.000000, 100.000000
endFuzzy

Fuzzy
@name = unit3_conf
@Source = unit3.fail_freq.@integer
@range=3
@value= 0.000000, 50.000000, 100.000000
@rank=0.000000, 100.000000, 100.000000
endFuzzy

Rule
@name= CYCLE
IF (failure.cause.found is FALSE )
OR UNKNOWN ( failure.cause.found )
AND failure.tbreshold.@integer> 10
THEN failure.tbreshold.@integer= failure.tbreshold.@integer- 10
THEN ASNTHRESHOLD ( failure.tbreshold.@integer )
THEN FREERULE ( SRule, "test·" )
THEN MACRO ( "test·" )
THENFREERULE ($Rule, "free_cyc\eJule")
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• THEN GOTO ( "free_cycleJule" )
endRule

Rule
@name= end_rule
IF failure.cause.found is TRUE
THEN failure.cause.@string is failure.hypothesis.@string
THEN TEXT ( "Thankyou for using the Expert System" )
endRule

Rule
@.,ame = free_cycle_rule
IF failure.cause.found is FALSE
OR UNKNOWN ( failure.cause.found )
THEN FREERULE ( SRule, "cycle" )
endRule

Rule
@name = stan
IF TRUE
THEN RUN]ROCEDURE ("initial-procedure")
THEN GOTO ( "cycl.:" )
endRule

Rule
@name=test_unit!
IF unit I.status.suspeet is TRUE
THEN failure.hypothesis.@string is "unit!"
THEN DISPLAy ( "nosteer", "unit!" )
THEN ASK ( "Was the failure cause due to a fault in unit! ?", failure.cause.found )
THEN unit l.status.suspeet is FALSE
endRule

Rule
@naIne = test_unit2
IF unit2.status.suspeet is TRUE
THEN failure.hypothesis.@string is "unit2"
THEN DISPLAy ( "nosteer", "unit2" )
THEN ASK ( "Was the failure cause due to a fau1t in unit2 ?", failure.cause.found)
THEN unit2.status.suspeet is FALSE
endRule

Rule
@naIne =test_unit3
IF unit3.status.suspeet is TRUE
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HIEN failure.hypothesis.@string is "unit3"
HIEN DISPLAy ( "nosteer". "unit3" )
THEN ASK ( "Was the failure cause due to a fault in unit3 ry". failurc.causeJound )
THEN unit3.status.suspect is FALSE
endRule

Facets
@triplet = unitl.status.suspect
@fuzzy=unitl_conf
endFacets

Facets
@triplet = unit2.status.suspect
@fuzzy = unit2_conf
endFacets

Facets
@triplet = uniG .status.suspect
@fuzzy = unit3_conf
endFacets

Ruleset
@name = testJules
@rule = test_unit3
enclRuleset

'"'.. LoadStrategy must go at the end ofthe Knowledge Base "'.. !
LoadStrategy
@name ="nosteer.stg"
EndLoadStrategy
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Author;
Description;
Called by;
Lasl Revised;

nosleer.doc
P.F.KnighlS.
Expert system for loss of sleering faulls
ST8B.knw
June 20 1994.

Appendix 5

•

\bl\
\nt[unit7]\
\h2.Unit7 • Steering Cylinders & Retum Line 10 MSV\

System Fault Condition;\c4\no movemenl
CUITent hypolhesis;\c4\!Sfailure.hypothesis.@sS!

\c5\\jt[unit7].No Steering Movement\
\cl \\ep[testunit7) .testunit.bmp\
\jt[unit6).No pressure delivery from MSV \ \c9\ Bind in linkage
\c9\ Broken piston rod
\c9\ Retum line plugged
\c9\ E.xtemalleak

\ep[exit).btnne.xt.bmp\ \ep[pic_unit7).btnschem.bmp\ \ep[pic_block).btnblock.bmp\
\ep[log].btnlog.bmp\

\bt\
\nt[unit6)\
\h2.Unit6 - Main Steering Valve & Return Line to Reservoir\

System Fault Conditicn;\c4\no movement
CUITent hypothesis;\c4\!Sfailure.hypothesis.@sS!

\c5\\jt[unit7].No pressure delivery to cyl.s\
\c1\\ep[testunit6).testunit.bmp\
No pressure from \jt[unit4).Sequence Valve\ \c9\ Main RV stuck open
or \jt[unitS].Pilot Circuit \ \c9\ Compensator spool sticking
\c9\ Main spool ~t::,,1.-i':g

\c9\ Valve orifice plugged
\c9\ Externalleak

\ep[exit).btnne\,'t.bmp\ \ep[pic_unit6].btnschem.bmp\ \ep[pic_block].btnb:'ck.bmp\
\ep[log].btnlog.bmp\

\ht\
\nt[unitS]\
\h2.UnitS - Pilot Control Valve & Pilot Line\
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System Fault Condition;\c4\nt' movement
Current hypothesis;\c4\ISfailure.hypothesis.@sSI

\cS\\jt[unit6].No pilot pressure to MSV \
\c1\\ep[testunitS].testunit.bmp\
\jt[unit4].No pressure from seq. valve\ \c9\ Defective spool movement
\c9\ Valve orifice plugged
\c9\ Pilot line plugged
\c9\ E,,"temalleak

\ep[exit].btnncx"t.bmp\ \ep[pic_unitS].btnschem.bmp\ \ep[pic_block].btnblock.bmp\
\ep[log].btnlog.bmp\

\bt\
\nt[unit4]\
\h2.Unit4 - Pilot Sequence Valve & Line to MSV\

System Fault Condition;\c4\no movement
Current hypothesis;\c4\!Sfailure.hypothesis.@sS!

\cS\\jt[unit6].No pressure delivery to MSV \
\cl\\ep[testunit4).testunit.bmp\
\jt[unit3).No pressure delivery from pump\ \c9\ Valve spool stuck closed
\c9\ E.\."temalleak

\ep[exit).btnnext.bmp\ \ep[pic_unit4).btnschem.bmp\ \ep[pic_block).btnblock.bmp\
\ep[log).btnlog.bmp\

\bt\
\nt[unit3)\
\h2.Unit3 - Tandem Pump & Line to Sequence Valve\

System Fault Condition;\c4\no movement
Current hypothesis;\c4\!Sfailure.hypothesis.@sS!

\c5\\jt[unit4).No pressure delivery\
\cl\\ep[testunit3).testunit.bmp\
\jt[unit2).No f1uid delivery from suction line\ \c9\ Broken shaft or coupling
\c9\ extemalleak

\ep[exit).btnnext.bmp\ \ep[pic_unit3).btnsehem.bmp\ \ep[pic_block).btnblock.bmp\
\ep[log).btnlog.bmp\

\ht\
\nt[unit2)\
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lh2 Unit2 - Suction Filter & Suction Line to Pump\

System Fault Condition;\c4\no movement
Current hypothesis;\c4\'Sfailure.hypothesis.@sS!

\c5\~t[unit3].No fluid delivery\
\c J\\ep[testunit2]. testunit.bmp\
~t[unit1].No oil delivery from tank 1 Ic9\ Plugged strainer screens
\c9\ Suction line plugged

\ep[exit].btnnext.bmp\ \ep[pic_unit2].btnschem.bmpl lep[pic_block].btnblock.bmpl
\ep[log].btnlog.bmp\

Ibtl
\nt[unit 1]\
1h2.Unit1 - Reservoir & Hydraulic Fluidl

System Fault Condition;\c4\no movement
Current hypothesis;lc41!Sfailure.hypothesis.@sS!

IcSI~t[unit2].No f1uid deliveryl
\c1\\ep[testunit 1).testunit.bmp\
External failure cause \c9\ Low oil level

\ep[exit).btnnext.bmp\ \ep[pic_unitl).btnschem.bmp\ \ep[pic_block).btnblock.bmp\
\ep[1og].btnlog.bmp\

\bt\
\nt[testunit7)\
TEXT ("Check MSV outlet delivery pressure")

Ibt\
Int[testunit6)\
TEXT ("Feel MSV for excess heat casued by internai leakage")

\bt\
\nt[testunitS)\
TEXT ("lnsen pressure gauge in pilot circuit. Check pilot pressure")

\bt\
Int[testunit4)\
TEXT ("Insert pressure gauge before MSV. Check for delivery pressure.")

\bt\
Int[testunit3]\
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TEX! ("Insen pressure gauge after tandem pump. Check delivcry pressure.")

\bt\
\nt[testunit2]\
TEXT ("Check for c10gged strainers. Lint indicates \Vorn piston packing and metallic chips
indicates scored cylinders or worn pump componenls. ")

\bt\
\nt[testunit1]\
TEXT ("Check oillevel. Check for cracks. Check for c1ean oil. ")

\bt\
\nt[pic_unit 1]\
PAINT ("steer_OS.bmp")

\bt\
\nt[pic_unit2)\
PAINT ("steer_02.bmp")

\bt\
\nt[pic_unit3)\
PAINT ("steer_03.bmp")

\bt\
\nt[pic_unit4)\
PAINT ("steer_04.bmp")

\bt\
\nt[pic_unitS)\
PAINT ("steer_06.bmp")

\bt\
\nt[pic_unit6)\
PAINT ("steer_OS.bmp")

\bt\
\nt[pic_unit7)\
PAINT ("steer_07.bmp")

\bt\
'ot[pic_block)\
PAINT ("fil._steer.bmp","Steering System Functional Block Diagram")

\bt\
'ot[1og)\
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RUN PROCEDURE ("note")

\bt\
\nt[exit]\
_EXIT
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