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SYNOPSIS

This thesis focuses on addressing the need for a new approach to the design and
implementation of manufacturing control systems for the automotive industry and in
particular for high volume engine manufacture. Whilst the operational domain in the
automotive industry has moved to lean production techniques, the design of present-
day manufacturing control systems is still based on systems intended for use in a mass
production environment. The design and implementation of current manufacturin g
control systems is therefore inappropnate when viewed from a business context. The
author proposes that it is possible to create a more appropriate manufacturing control

systems based on an optimised use of advanced manufacturing technology within the

complete business context.

Literature is reviewed to provide a detailed understanding of the relationship between
modern operating practices and the application of contemporary control systems. The
primary tasks of manufacturing control systems, within the context of a structured
systems approach to manufacturing technology, production management and
industrial economics are identified. A study of modern manufacturing control system

technology is carried out, highlighting the fundamental principles that influence

application engineering in this area.

The thesis develops a conceptual design framework that aids the identification of
attributes required of a next generation manufacturing control system (NGCS), in
order to enhance the business performance of /ean automotive manufacturing. The
architecture for a next generation control system is specified and a proof of concept
system implemented. Potential advances over contemporary practice are identified

with the aid of a practical implementation at a major automotive manufacturer.
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— —— DEFINITIONS — -

The purpose of this section 1s to define the meaning of scribe a number of terms in the
context of this thesis.

Architecture
The Oxford English dictionary' provides a number of definitions of the term
Architecture. The most appropriate within the context of this thesis is: The
conceptual structure and logical organisation of a computer based system.
For the purposes of this thesis this definition is taken to have a broader

meaning 1.e the manner in which elements of a specific system are

organised and integrated together, [Zwegers 1998].

Reference Architecture

This thesis reserves the term Reference Architecture for: a generic

architecture serving as a point of departure for many specific architectures.

Architectural Units

An Architecture 1s made up of a number of fundamental building blocks

known 1n this thesis as Architectural Units.

Engineering Design
The systematic, intelligent generation and evaluation of specifications for

artefacts whose form and function achieve stated objectives and satisfy

specified constraints. [Dym 1999].

Method

The term method is used to define: the procedures or process used to

construct the orderly arrangement of ideas.

' Oxford English Reference Dictionary, Second Edition, Oxford University Press 1996.

X1V



Methodology
Methodology is considered to be: a body of methods used within a particular

framework.

Framework

The term ‘Framework’ 1s used to describe: the environment within which all

the stated terms, structures and methodologies are organised.

Domain

A particular field of use within which a framework is applied.

Model

A model is considered to be a particular instance of a Reference Architecture

used to analyse and predict the performance of a system.

XV



CHAPTER 1

CHAPTER 1

INTRODUCTION

16




[ YALdVH)

L1

k4
w:._h_uunw._um [®2120)8) b .m.
PO Too T Sarg ey E
-
.\.vo@ ._m W
v
o A8
0y &£ o@vﬁo
/ ...u__..u.h y 2/ u.uhnm..hn\. un o7 anmv_n\
%
.ﬁoav - JRWUOTIAUH uondnNpoId
. fune}
\;_.,v Mﬂium._ ”wn%w..“ﬂ UD27 © 10j WISAS
0
\_.m....._uam. Surm o gupnpe Ui s - —O.DQOU 3 E@%ﬂgz
12" s - 9
= UONIRISUAN) IXaN V
&&°
o ...w.m..
<5
A3UDY ) [0 $13, Wiy mu....v_%v é
%
b .u.,u....éwm % amnny? <
NG £
.“..v_uvb oﬁﬁbv..m..m
ldasuo)) jo 004 -ﬁﬂu._ﬂ ;
ue:._u.. 3
P o
N ¢

2}

MIIAIIAQ) UOI)BLIISSI(]



CHAPTER 1

1. Introduction

This thesis focuses on addressing the machine control requirements of the automotive
industry and in particular high volume engine manufacture. It will show that whilst the
operational domain in the automotive industry has moved to lean production techniques
(Section 2.2), the design of contemporary manufacturing control systems is inappropriately

based on the requirements of a mass production environment.

The hypothesis on which this thesis is based is that the design and implementation of present

day manufacturing control systems is inappropriate when viewed from a business context.

The author proposes that it is possible to create a more appropriate next generation of

manufacturing control systems based on the optimised use of advanced manufacturing

technology that better meets the needs of a lean manufacturing environment. This thesis

therefore aims to provide a contribution to the development of a new design framework that

identifies the design attributes required of a next generation manufacturing control system in

order to enhance the business performance of lean automotive manufacturing facilities.

v

In order to address this hypothesis the author considers that it 1s necessary to:

1. Study and characterise contemporary manufacturing paradigms with a view to identifying
key strategic issues in automotive manufacturing.

2. Consider manufacturing strategies that are currently adopted within this environment.

3. Identify the role of manufacturing control systems as part of an advanced manufacturing
system.

4. Critically review current and emerging manufacturing control technologies and
architectures.

5. Consider how manufacturing control technology (MCT) may be aligned and used to best
fulfil manufacturing strategy.

6. Identify solution principles and functional structures that will underpin a conceptual design
framework that will produce a next generation control system.
7. Create and test a next gencration manufacturing control system based on optimised use of

available manufacturing control technology within the complete business context.

To clearly define the scope of the thesis a brief overview of the context of the research, the

adopted design and development process, the primary attributes of the resultant Next

18



CHAPTER 1

Generation Control System (NGCS) and the evaluation undertaken is given below in section
1.1. Throughout this section the NGCS approach is contrasted with traditional design and
development methods to highlight the research focus of the thesis. The structure of the thesis

1s detailed in section 1.2.

1.1 Research Focus of the Thesis

The changes in characteristics and aims of manufacturing practices over the last 30 years are
illustrated in Figure 1-1. This diagram has been derived from Maskell at al 1998 and
summarises typical business environments for four development stages, namely: traditional
manufacture, gaining control, world class manufacture and agile manufacture. The aim is to
provide the reader with an appreciation of the environment and requirements (1) in which PLC
based control was adopted and (ii) that has lead to the NGCS research reported within this
thesis. PLC based control of manufacturing systems was developed under the Traditional
Manufacture and Gaining Control paradigms where departmentalism and movements towards
better control, planned operations and better communications were adequately addressed (see
Chapter 2). The movement towards Jean and agile manufacture requiring less costly systems
that are more responsive to change and address long-term profitability, highlights the
limitations of present day manufacturing control system development processes. This new
operational environment places a much greater emphasis on the system lifecycle and socio-
technical issues of designing, implementing, maintaining and reusing control systems within
complex manufacturing enviroﬁments, employing a smaller multi-skilled workforce. The
NGCS process addresses requirements to facilitate the achievement of flexibility (with respect
to manufacturing structure and customer requirements), organisation (for change and
uncertainty) and virtual corporations (to achieve competition through co-operation) that are

the cornerstones of an Agile Manufacture paradigm.

A comparison of the work described in this thesis (NGCS Process) with the current state of
the art (traditional control system development process) is illustrated in Figure 1-2. The
differences between the NGCS approach and traditional processes are highlighted in italic for
each of the different phases. The Life Cycle phases covering design implementation and
system application / operation contain similar generic activities (albeit producing radically
different solutions) in the NGCS and PLC processes (see Figure 1-3). In both cases reference

architectures are adopted which in turn are utilised to generate practical implementations.

19



CHAPTER 1

The NGCS Conceptual Framework presented in Chapter 5 1s a single integrated design and
development method. In contrast the traditional approach involves a number of methods each
with a limited scope, focused on a specific system component (€.g. Controller, Power Supply,
Drives, Man machine Interface). In the Design Requirements Analysis and Capture phase,
the standard practices of Business Environment Analysis (BEA) and Technical Requirements
Analysis (TRA) are supplemented in the NGCS process by Life Cycle Analysis (LCA) and
Socio-technical Analysis (STA.) (see Chapter 5). The design and development tools used to
support the LCA and STA activities are detailed in the same chapter. A key feature of the
NGCS process is the capture and analysis of the complete system requirements via the Design
Attribute Relationship Matrix (DARM). The DARM enables the mapping of business drivers

through all the phases to operational requirements and from there to design attributes.

Feedback (e.g. in terms of cost, quality and time) for the optimisation of the NGCS design is a
vital component of the NGCS process developed in this thesis. Under the current state of the
art there is no formalised mechanism to enable the lessons learned from particular solutions to
l;e/appreciated in future system development. The NGCS addresses this shortfall by ensuring
that a Feedback for Design Optimisation activity is undertaken. Details of the optimisation

activity and lessons learned are given in Chapter 6.

The outcome of the traditional approach to control system development and the NGCS
approach is illustrated in Figure 1-3. In the traditional approach the components (1.¢. the
Programmable Logic Controller (PLC), input and output (I/O) devices, and drives) are vendor
specific and are integrated in an ad-hoc manner. The design approach adopted 1s fragmented
with each of the system components (e.g. RS232 ports, networks, and parallel interfaces)
being configured by a different vendor specific design tool. System configuration data (1.e.
for the I/O, User Interface and Drives) is held in a number of separate files. Such a system

Inevitably relies on highly skilled specialists for its commissioning and maintenance.

The NGCS approach utilises an open, integrated system architecture encompassing the
complete system (e.g. the controller, 1/0, drives, Power Supply Unit). Open standards are
utilised to provide vendor independence where possible. An integrated design approach is

adopted with a single location for all system configuration data. The system is designed to be

commissioned and maintained by multi-skilled operators.
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A Proof of Concept System 1s presented in Chapter 6, with a particular focus on attributes that
differ from contemporary control systems. The second part of the chapter describes
Simultaneous Engineering led by the author with the aim of realising the NGCS design
principles on a new high volume assembly line at Ford Motor Company’s Dagenham Engine
Plant. Evaluation of the NGCS solutions has involved consideration of a number of issues
that are illustrated in Figure 1-4. Experimental destgn has been undertaken to determine both
quantitative and qualitative assessment of cost, system abilities and external influences on a
lean production system from a number of different perspectives (e.g. operators, supervisors,

production managers). Details of the experimental design analysis are given in Chapter 7.
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CHAPTER 1

1.2 Structure of Thesis

The thesis 1s broken down nto four principle sections, namely: context and need, hypothesis
development and conceptual design, implementation and evaluation, and finally discussion
and conclusions. The Thesis Structure shown in Figure 1-5 demonstrates how each chapter is

positioned within this structure.

Figure 1-5 Thesis Structure

The Role of Manufacturing

: W Technology as Part of a
Focus & Thesis .
‘ S | Manufacturing System.
|
I | - it i
Chapter 4 Chapter 5
NGCS Solution Principles NGCS Conceptual
and Functional Structures. Framework.

- Chapter 6

TYDMCIY TAIID A 114 i n 1T E Y 11
er Chapter 7
Application of the NGCS NGCS Comparative Study.
Conceptual Framework.

Chapter 8
Conclusions and Recommendations for
Future Work.

1.2.1 Context and Need

Chapter 2 discusses manufacturing control technology within the context of a manufacturing
system. A review of the methodology associated with the life cycle cost of manufacturing
systems is presented and life cycle costing of manufacturing control systems is considered.
Literature 1s reviewed to provide a detailed understanding of the relationship between modern
operating practices and the application of present-day control systems. The primary tasks of
manufacturing control systems in the wider context of a structured systems approach to

manutfacturing technology, production management and industrial economics are identified.
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Chapter 3 reviews current manufacturing controls systems, highlighting the fundamental
principles that influence application engineering in this area. The literature survey goes on to
highlight the limitations of current systems and critiques emerging trends. Attention is paid to
the state of the art in manufacturing control systems, by encompassing a review of relevant

standards and research initiatives.

1.2.2 Hypothesis Development and Conceptual Design

Chapter 4 draws conclusions from the literature survey and proposes a case for adopting a
new approach. A set of guidelines for the development of a next generation manufacturing
control system are proposed. The stated hypotheses 1s developed and examined against the
rescarch data. The operations and activities that occur within increasingly complex
manufacturing systems are represented as a model in order to describe in a formal manner the
ideal solution with regard to (i) functional requirement and flow; and (11) dependencies
between activities. Standardised terminology and structures allow the development of a clear
set of criteria and requirements to allow the development of a Next Generation Manufacturing
Control System (NGCMS) design framework. The design framework 1dentifies contemporary
design deficiencies and produces a set of objectives designed to enhance manufacturing

performance in a lean production environment.

1.2.3 Implementation, Application and Evaluation

Chapter 6 applies the conceptual design framework to a proof of concept system and shows
evidence of applicabilityj Deviations from the model are discussed and potential advances to
contemporary practice identified. The chapter goes on to describe Simultaneous Engineering
activity led by the author with the aim of implementing the design at the Ford Motor
Company Limited. The functionality of the new system is tested, and then measured against

the performance of a conventional control system in Chapter 7.

1.2.4 Discussion and Conclusions

Chapter 8 discusses the benefits and limitations of adopting the new design methodology.
Concluding remarks summarise the principal elements of the work carried out in the thesis.
Major contributions to knowledge are listed, highlighting areas where these contributions

have satisfied the criteria identified in the body of the work. Finally recommendations for
further research are outlined.
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THE ROLE OF MANUFACTURING CONTROL TECHNOLOGY AS
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CHAPTER 2

2. The Role of Manufacturing Control Technology as part of a
Manufacturing System

2.1 Introduction

The aim of this chapter is to consider the role of automation and in particular machine
control systems within the context of modern manufacturing strategy. The chapter is divided
into two sections. The first section considers present-day business requirements and drivers
of change. Manufacturing strategies employed to fulfil these requirements are considered.
The second part of the chapter identifies the role that manufacturing control systems have 1n

supporting current manufacturing strategy.

2.2 Business Requirements and Drivers of Change in the Automotive Industry

The business environment now faced by manufacturing companies is significantly more

competitive and dynamic than anything experienced in the past. Some of the trends that
characterise this include: [Fuchs 1996] [Furness 1996} [Rao 1993] [Shaharoun 1993] [Singh
1996] [Wobbe 1994].

e globalisation of technology and markets;
e fragmented, sophisticated, and demanding customers;

e complex products with fused technologies;
e rapid product and process technology changes;

e environmentally conscious manufacturing.

During the life of the automotive industry, expanding markets and global competition led to
Taylorist and Fordist principles of work organisation. Managers viewed specialisation and
high levels of automation as key enablers in achieving these principles. The shift to
customised quality products has grown at the cost of standardised mass production leading to
an increase in product variants and quality features, and a decrease in batch sizes and product
life. These changes have had a dramatic impact on company management and organisation.
Traditional automotive producers based on mass product and price competition are losing out

to lean producers mainly from the Far East who offer greater flexibility, lower overall cost
and higher quality.
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Slow or nil growth in many developed economies is enticing the automotive companies 1nto
developing markets such as India, China, and South America. Pressure is being placed upon
manufacturers to compete not just on cost, but on quality, flexibility, and innovation.
Skinner promotes the view that successful companies must learn to use their manufacturing

effectiveness as a competitive weapon, [Skinner 1983].

Over the last thirty years Managers have often looked on electrical, electronic and
programmable systems as one of the key enablers in realising initially the goal of mass
production and more recently Jean production principles. In the 1980s many Western
manufacturers installed thousands of the latest Robots, CNCs and Programmable systems in
an unsuccessful attempt to match Japanese productivity, flexibility and quality. There is clear
evidence that the Japanese consistently used relatively simple control equipment,
concentrating instead on using appropriate levels of technology that allowed them to improve
flexibility. The same basic manufacturing control technology was available globally
implying that the Japanese utilised available technology more effectively in their
manufacturing systems. Western mass production companies clearly failed as can be seen
from the almost universal adoption of lower levels of automation and Japanese lean

production techniques.

Despite the ubiquitous acceptance of lean production, considerable uncertainty still exists
both in Japan and the {Vest concerning the introduction of automation. Deficiencies 1n
current automation systems is often concealed through the use of highly skilled shopfloor
staff and costly engineering to initially configure, maintain and then reconfigure the systems.
Manufacturing Technology is often viewed from a narrow technical view point, ignoring the
broader strategic awareness. Successful manufacturing enterprises require a clear and
detailed understanding of the key drivers of change, the strategies required to meet those

challenges and finally the advanced methods and technologies that will deliver the destred

competitive advantage.

2.3 Manufacturing Strategy.

The vast network of individuals that make up an organisation must be haressed and directed
toward a common set of goals. Garvin, Nutt and Goodman promote the view that the long
term success of an enterprise requires a sound strategy, [Garvin 1992], [Nutt 1979],

[Goodman 1982]. A corporate strategy implies a consistency in a company’s preferences for
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certain management options including: dominant orientation, pattern of diversification,

attitude toward growth and choice of competitive priorities. These strategic preferences are

shown in Figure 2-1
Figure 2-1 Corporate Attitudes That Imply Strategic Preferences [Garvin 1992a]

Dominant orientation
Market
Product or material

Technology

Pattern of diversification
Product

Market (geographic or consumer group)
Process (vertical integration)
Unrelated horizontal (conglomerate)
Corporate attitude to growth
Growth sought explicitly
Growth viewed as a by-product of successful management of the “core’
business.
Competitive priorities
Dependability Quality

Product flexibility Volume flexibility
Price

The concept of a manufacturing strategy is a natural extension of this concept.
Manufacturing must arrange its structure, management and production technology to

facilitate the support of the corporate strategy.

The lack of a manufacturing strategy or failure to communicate the strategy to the team
tasked with implementing the control system, often leads to supplier and technology
selection carried out on a short term economic basis rather than as a result of a long-term
business need. The impact of poor interaction and integration of suppliers into the project
team is felt more in the automotive sector than any other [DTI 1995]. A recent report
published by the Department of Trade and Industry compares developments between
suppliers and car manufacturers in the UK, Japan and the USA. The report concludes that in
the UK partnerships have progressively improved over the past few years with:

o sixty four percent of suppliers surveyed reporting that they are developing

partnerships with vehicle manufacturers,
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e the proportion of UK suppliers who believe that their customer would help them

improve performance in the face of competition increasing from 39% in 1989 to
81% 1n 1995 and,

e UK suppliers matching their Japanese counterparts in demonstrating the greatest

confidence in their customers' commitment to maintaining the relationship.

In contrast Pollack reports that in Japan the supplier, end user base is breaking down as
automotive suppliers look to overseas suppliers who are able to offer more cost effective

contracts and are breaking away from long-term partnerships with their local supplier base
[Pollack 1995].

Hakensson and Ostberg present a model that considers the relationship between suppliers
and users as the major dependent variable, [Hakansson 1975]. The model explains
situational aspects which lead suppliers and developers to innovate and users' willingness to
adopt the developed innovations and technologies. The model suggests that the level of co-
operation is based on a social exchange process and a degree of fit in the adaptation of the
technology both from economic and technological grounds. However in the development of

AMT systems the Hakensson and Ostberg model assumes that organisational changes in the

production system are carried out after the decision to accommodate the innovation 1s made
[Zairi 1998a). It can be deduced from this that manufacturing strategy has not been

incorporated in the model.

Increasing research attention is being given to production competence as the source of
competitive advantage [Choe 1997], [Cleveland 1989]. Cleveland et al define production
competence as ‘the function of the fit between business strategy contents and manufacturing
strategy contents’. They report empirical evidence supporting a significant relationship

between production performance and business performance.
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CHAPTER 2

2.4 Lean Manufacturing Principles

2.4.1 Introduction

A review of the manufacturing strategies employed by automotive manufacturers reveal a
broadly common set of goals as summarised in Figure 2-2, [FMC 1998], [VW 1998],
[Daimler-Benz 1997]. To effectively support the manufacturing strategies outlined the large
automotive producers can no longer rely on functional or regional achievements instead they
need to operate as a single organisational structure. Companies need to identify how the
processes within these organisational functions integrate and overlap. For example, Product
Development is responsible for product planning and development. It shares responsibility
and works with Manufacturing on product and process design through simultaneous
engineering and both integrate and share processes with Marketing and Sales for "Voice of the
Customer' input and vehicle scheduling, [Sapota 1998]. In the secarch for the most efficient
method to address this dynamic environment a review of contemporary leading automotive
producer's manufacturing strategy reveals that in every case Toyota's Lean Production System

model has been used as a source of inspiration.

2.4.2 Evolution of Manufacturing Methods to Lean Manufacture

Lean production is aimed at the elimination of waste in every area of production including;
customer relations, product design, supplier networks and factory management. Its goal is to
incorporate less human effort, less inventory, less time to develop products, and less space to
become highly responsive to customer demand while producing top quality products in the

most efficient and economical manner possible, [Cochran 1998].

The birth of the modern manufacturing era is normally associated with Henry Ford’s Model
T. With this vehicle Ford had finally achieved two key objectives. The first was that almost
anyone could drive and repair the car without the need for a chauffeur or mechanic. The
second and more important innovation was that the product was ‘designed for manufacture’.
It was this complete and consistent interchangeability of parts and the simplicity of attaching

them to each other that finally made the moving assembly line and hence mass production
possible [Womack 1990].

The idea of interchangeability of parts was first developed by General Jean-Baptiste de
Gribeauval in the second half of the eighteenth century [Batchelor 1994]. His incentive was

the efficient maintenance and repair of guns. This system, which reduced reliance on skilled
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craftsmen, attracted the attention of the United States Ordnance Department. Under the
Ordnance Department’s patronage interchangeability was promoted in both its own and

private armouries, [Rolt 1986].

The second key enabler of mass production involved breaking complex tasks into a series of
simple operations with a set target time for each [Liepictz]. In the late 19th century Taylor of
the Bethlehem Steel Company published a new philosophy for manufacturing management

that put forward such a principle including the payment of bonuses to those that achieved

them. Ford adopted Taylor’s principles.

Henry Ford’s mass production drove the auto industry for more than half a century and was

eventually adopted in almost every field of industrial activity in North America and Europe
[Womack 1990a].

Henry Ford recognised the importance of eliminating waste within the manufacturing
environment and designed the Ford industrial structure accordingly [Ford 1926]. After World
War II, the manufacturing capacity of U.S. companies dominated the world market place with

domestic manufacturers having little competition. Such conditions encouraged wastetul
practices and allowed unsound managerial polices to evolve. The focus of many

organisations shifted to meet market demand at any cost.

The managers of mass production factories forgot some of the lessons that Ford had laid
down and in an attempt to meet market demand unwittingly shifted their focus away from
synchronised production flow to the attributes summarised below:

e high levels of indirect labour including relief workers, trouble shooters and

housekeepers,

e high levels of in process stock used to buffer the production operation from
uncontrolled events; for example, breakdowns, stock shortages,
¢ cxtensive end of line test and repair facilities,

e high volume dedicated production facilities.

Mass production had evolved into a system that attempted to isolate the factory operations
from its own deficiencies and outside disturbances. In contrast in Japan a system started to

evolve that deliberately exposed the manufacturing facility to the market. This new approach

1s commonly known as lean production.
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CHAPTER 2
A five year study by the Massachusetts Institute of Technology on the automotive industry
reported a number of problems witnessed in mass production facilities including: poorly
balanced production lines, assembly process problems with no root cause procedure, a
dispirited workforce, no career progression for production workers and engineers progressing

through their area of technical expertise with little experience of production.

In 1950 a young Japanese engineer, Eiji Toyoda spent several months studying Ford Motor
Company’s Rouge Plant in Detroit. Back home in Nagoya, he came to the conclusion that the
mass production techniques he had witnessed could never work in Japan [Womack1990b].
The reasons for this conclusion were: the market for Japanese vehicles was much smaller,
therefore high volume single product manufacturing facilities were unsuited, the native
Japanese work force was not made up of temporary ‘guest’ workers willing to put up with
sub-standard work conditions; (In the West by contrast, these individuals had formed the core
of the work force.); and finally, the war-ravaged Japanese economy was starved of capital,

meaning that purchase of the latest Western production technology was out of the question.

The key attributes of lean production can be summarised as follows:
e complete and consistent interchangeability of parts and the simplicity of attaching
them to each other with a root cause identification procedure for any part that fails

to assemble correctly,

e breaking complex tasks into a series of simple operations with a set target time for
each [Liepietz],

e low levels of indirect labour. The majority of repairs and housekeeping is carried
out by the production team,

e Jow levels of 1n process stock,

e very little end of line test and repair,

o compact layouts facilitating face to face contact and leaving no room to store

inventories,

e high levels of empowerment to the team workers adding value to the vehicle,

e rmultt-skilled workforce,

e continuous improvement on a proactive basis at all levels,

e cvery employee begins by working on the production line for some period of time,

e more flexible (than mass production) production facilities.
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2.5 Lean Manufacturing Tools and Measurables

Manufacturing tools to assist in the delivery of lean manufacturing strategies are shown in
Figure 2-2. These techniques represent the primary means of producing an efficient
manufacturing system, [Tang 1997}, [Paashuis 1997], [Womack 1990b].

2.5.1 Systems Engineering

Modem society functions within the framework of a physical infrastructure which is vast,
complex and pervasive [Dandy 1989]. Manufacturing (the production of tangible goods or
products) has a history extending back several thousand years, [Hitomi 1996]. In 1991 the
National Academy of Engineering and Science in Washington, D.C. rated ‘manufacturing’ as
one of three most important subjects necessary for America’s economic growth and national

security, the others being ‘science’ and ‘technology’.

Today, manufacturing must considered not only from the technological view but also from
wider standpoints such as management, economy, social sciences and philosophy. The study
of manufacturing and production must include both hard and soft technologies. Such an
integrated study of manufacturing is termed ‘manufacturing systems engineering’, [Hitomo
1996a). Systems theory emerged as a field of study from the biological and engineering
sciences, [Aguiar 1995]. The application of systems theory to organisations emanates from
cybernetics® in particular the works of Beer, (viable system model), Forester, (system
dynamics), Stacey, (strategic management and organisational dynamics) and Ashby (an

introduction to cybemetics), [Espejo 1996].

Stacey states that: ‘organisations are open systems comprised of interconnected parts which
interact with one another and with their environment.! The system imports energy and
information from its environment and exports the transformed results. Imports and exports

occur across the organtsations boundary.

Work in contemporary global organisations is co-operative, often involving vast networks of
Individuals. Espejo et al [Espejo 1996a] reason that managers often lack the means to
measure the complexity of organisational tasks and therefore rely on their ‘intuition or good
luck® for successful decision making. Designers of modern advanced manufacturing systems

must take account of these factors to ensure that the one sided interest of engineers in

2 . . : C
Cybernetics - taken to be: ‘science of effective organization’
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technical aspects, does not result in the neglect of social and organisational issues and

therefore lead to the creation and implementation of inadequately functioning systems.

In his inaugural address the current President of the IEE stated; ‘Education in the methods,
tools and techniques of systems engineering will be essential for all engineers for the future.'

Real world-class competitiveness comes only from the successful combination of two
elements: [Pamaby 19935]

e soft system methodologies - procedural tools, heuristic techniques and new organisational

practices,

e hard technologies - for developing products, production processes and utilising modemn

capital equipment.

2.5.2 Multi-Skilled Work Groups

The latest technology, equipment or material is no substitute for the ability and creattvity of
satisfied people, successfully and safely working together. Participating within a multi-skilled
group provides the benefits of a broad knowledge base and diverse experiences to better
analyse problems and reach solutions. Effective work groups are built around capable,

motivated and empowered people who trust and rely on each other, [Sopata 98].

The keys to making this principle work are education, training, communication and
appropriate technology. The work group is most effective when 1t has the full picture of what
and why a task needs to be accomplished.. Objectives can then be aligned and work together

to meet them and take ownership in the process and the results.

The structure of an example assembly workgroup is shown 1n Figure 2-3. The groups are a
mixture of skilled and semi-skilled operators working within a flexible environment. This
provides greater job satisfaction than the traditional mass production models that limited
operators to a single operation. The skills mix within the team raises the skill level of
operators and supports lower mean time to repair due to the quicker response time. Peak
workloads can be shared, due to each individual's greater knowledge of the overall process

and increased flexibility, allowing higher overall loading and productivity.
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Figure 2-3 Assembly Workgroup Structure

Assembly
Manager
|
> l
! : I i ]
Kaizen Area Manager | Area Manager Engineering |
Ggil_llpl)e];eadger Line 1 Line 1 Process
illed x | Quality
Area 1 lAl‘Eﬂ 4 .
Group Leader | | Area 3 Group Leader | Area 5 l
Skilled x 2 Group Leader Ski“_Cd X 2 Group Leader
Semi-skilled x 8 | Skilled x 2 Semi-skilled x 8 Skilled x 2 '
| Semi-skilled x 8 l Semi-skilled x 8 |
IArea 2 Hot Test | A |
| Group Leader L lC ylinder Head ] E{T:Edl-cgdcr After Test Dress
Skilled x 2 Gfoup | cader DKl X GTOllp Leader
Semi-skilled x 13| —{Skilled x 2 Semi-skilled x 7 | “——{Skilled x 2
| Semi-skilled x 3 | Semi-skilled x 3
Stock Handling ' l
| Group Leader |
Semi-skilled x 8

=

Ford sets the objective for an effective work group by setting targets against the team'’s
success rate, (ability to achieve the task) a job satisfaction measure and finally a measure

based on safety. Progress is tracked by monitoring;

e how consistently the group demonstrates continuous improvement in meeting the

aligned objectives of the group and the Company,
e surveys of our attitudes about our job and working environment,

e a Safety and Health Assessment Review Process.

2.5.3 Total Quality Management

Quality excellence is best achieved by preventing problems rather than by detecting and
correcting them after they occur. All functions carried out by the manufacturing system 1s
part of a process that creates a product or service for a customer. Each person can influence

some part of that process and, therefore, affect the quality of its output and the ultimate

customers' satisfaction, [Peterson 1985].

The variety of techniques and by their very nature their complexity often leads to difficulties
In their selection, application and use. Empirical evidence collected by McQuarter [McQuater
1994] shows that five factors have an effect on Quality Management Techniques. They are:
experience, management, resourcing, education and training. McQuarter ef al claim that “it is

the accumulation of these influences that yield a cascade effect on quality management tools

and techniques (QMT&T) as shown in Figure 2-4.
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Figure 24  The Cascade Effect of Specific Influences on Quality Management
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The Japanese are considered to be the leaders in techniques for the management of quality in
manufacturing. Despite this lead the work of two Americans J.M. Juan and W.E. Demming
are often cited by the Japanese as highly influential, [Lillrank 1989], [Schonberger 1982].

Kaizen is the Japanese term for improvement. Imai describes kaizen as the single most
important Japanese management concept, [Imai 1986]. He defines the technique with four
characteristics:

1. Improvement combines both innovation and maintenance. Innovation seeks new
methods, processes or products; and maintenance ensures that incorporated
innovations remain as they should be and do not deteriorate.

2. Improvement normally happens in small steps, through continuous corrections to
details.

3. Improvement must involve everyone in the organisation from senior management
to shop floor workers.

4. Improvement emphasises the production processes. It is assumed that if the

process 1s good, good results will flow automatically.

From the literature surveyed the author concludes that from a lean Manufacturing perspective

these factors represent the most significant elements within the five pillars of Total Quality
Management (TQM) [Goh 1994].
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2.5.4 Zero Waste/Defect

This principle represents continuous efforts to eliminate anything that does not add value to
the end product or service. This means eliminating waste of materials, space, equipment,
time, energy or indeed the ideas of the organisations people. For example, co-ordinating
Supply and Manufacturing processes so that materials flow through the system just as they are

needed eliminates the waste of space for storing or purchasing excess inventories.

The principle of Zero Waste/Defect also contributes to improved quality by allowing the
immediate feedback to suppliers of issues and minimises the potential of defects being passed
to the next phase of the production process. Typically the measures and objectives for this

principle are: zero defects made, zero defects passed on and total 'Dock-to-Dock’ time.

'Zero defects made and zero defects passed on' is measured by 'first time through capability'.
This means that each part or product can progress through every step in the process with the
highest quality and without needing repairs or rework. This measurable combines with the

'dock to dock’ time to focus attention on the capability of processes.

An important element in achieving 'first time through capability’ is understanding the
difference between a defect and the root cause error that caused the defect. The elimination of
root cause factors is possible if the work groﬁp is supported by a system that is based on
preventing errors. Examples include: product and process compatibility, robust designs,
in-station process control, appropriate technology and an environment that allows a job to be
accomplished correctly the first time. All these factors affect whether defects are produced

and passed on to the next operation and customer.

The measure of 'Total Dock-to-Dock Time' is defined as the time required to produce a
product, for example, from the time material arrives in receiving until the product leaves the
plant. This measurable drives the enterprise to consider the integration of people, equipment

and material to continuously improve efficiency and speed to market. The manufacturing
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Actions designed to improve 'Total Dock-to-Dock Time' and the eliminate non-value-added

steps include:
e Concentrating on reducing complexity,
e Improving the reliability of our machines, products and processes,
e Assuring our products are easy to build,

e Continuously improving the efficiency of facilities and work elements.

2.5.5 Flexible/Agile Facilities

The fundamental driver for agile’ production facilities is change in markets and customer
requirements and the alignment of capacity with demand. Market fragmentation into many
segments and niches, each with its own set of specific, complex, and rapidly changing needs

make agile facilities essential to remain competitive.

The words agile and flexible are often used with little distinction between the two. Despite
considerable research literature recognising the crucial importance of flexibility Cheng ef af
show evidence of confusion among the numerous definitions of flexibility and agility, [Cheng
1997].

Gould and Owen agree that the ‘agility’ of an enterprise is its ability to survive and indeed
prosper in an environment of rapid and unpredictable change [Gould 1997], [Owen 1997]. As
a subset of an enterprise this definition can equally apply to manufacturing facilities and
technology. In contrast flexibility' as used in the automotive industry is described by
Tempelmeier et al as a system that can process a limited spectrum of different workpieces 1n
an arbitrary order, [Tempelmeier 1993]. From this it could be said that a flexible system

prospers in an environment of planned change.

Gould and Dove discriminate between ‘agile’ and lean’ enterprises by describing an agile

system as the next step on from the lean’ concept, (Figure 2-5). Dove highlights the

reconfigurability aspect as the main addition to /ean manufacturing.

* Within the context of this Thesis ‘Flexible manufacturing’ is considered to be a facility designed to rapidly
adan_ to known _product variance. (i.e. 2.0L and 1.8L models). An agile facility is by nature flexible but can mn
addition can rapidly adapt to unforeseen change. (i.e. the introduction of a new material or product feature).

Flexible fa01[1tles in the automotive industry normally consist of several flexible machines with a central
transfer mechanism. See [Tempelmeier 1993] P.6.
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Figure 2-5 The Evolution to Agility
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Design modularity is an important contributory factor to both flexible and agile systems. The
importance of modularity as a feature of design is not limited to production facilities, [Budgen
1995]. In the context of engineering product design, Stoll states that modular construction

permits ‘standardised diversity’ by using different combinations of standard components,
[Stoll 1996].

2.5.6 Aligning Capacity with Demand

The ideal situation would be to exactly match each customer's requirements and to deliver
these vehicles without delay. Within the constraints of a high volume system, the goal is to
get as close to this ideal as possible. To achieve this aim the organisation must work to

1dentify processes that:
e accurately identifies the current and projected needs and wants for all markets,
o makes full use of available capacity to schedule and build vehicles and components
to satisfy the immediate demand,
e reduces the time it takes to design, engineer, order, manufacture and deliver

vehicles and vehicle sub-systems,

o provide flexible/agile facilities and equipment.

The business objectives are: to build a high percentage of products to market demand,
improve the time from order-to-delivery and to optimise capacity and commodity planning.
The facilities must support the overall aim by facilitating quick model changeover and allow

the introduction of new design features with minimal expense. This principle demands that

each element of the production system be disciplined and promotes a sense of urgency in

solving problems.
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2.5.7 Optimization of Throughput

To survive in the global market place automotive companies must strive to be employ the
most efficient facilities, materials and equipment. Organisations must find ways to

conttnuously work better and smarter and make the best use of investments.

Ford identify several enablers that together will allow them to maximise both quality and
production volume from existing facilities. Their primary objective is to gain a significant
increase in capacity from existing sites with little or no additional investment. The identified
enablers are: [Sopota 1998]

e designing product robustness and process compatibility,

o cflective capacity planning,

¢ replicating and using best practices world-wide,

e delivering and maintaining equipment and facilities with world class reliability,

¢ increasing Overall Equipment Effectiveness (OEE).

OEE looks at the amount of time a piece of equipment is in use and how efficiently it
performs to build quality products, [Pierson 1998]. OEE measures performance in areas
(‘constraints' or 'bottlenecks') that prevent products from flowing at desired levels.
Improvements focus on minimising or eliminating bottlenecks in Production, Maintenance
and Product changeovers and therefore reinforcing the importance of consistently maintaining
the reliability and efficiency of equipment, improving capacity planning, designing for

manufacturing and reducing complexity in products and processes.

2.5.8 Total/Life Cycle Cost

In any process or function, looking at the costs of labour, equipment, quality, shipping,
inventory, material and other elements as parts of a total system, provides the data required to

make knowledgeable trade-offs to achieve the best overall results, [Sheng 1997].

The period from conception, through to design, production, marketing and product change has
shrunk rapidly in recent years as companies try to reduce time-to-market. Cost recovery of
investment and shareholder value have become major topics of discussion generating issues
of concern for the manufacturing facility designer, [Kirk 1995], [Kolli 1992], [Lavelle 1992],
[Boelzing 1989] [Nassau 1998].  Issues include facility obsolescence and reuse,

environmental sustainability, operational effectiveness (re-engineering), total quality
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management (TQM) and value engineering (VE) [Kirk 1995a]. These factors have led to the
various stages of the automation’s life-cycle to be carefully examined in the search for cost

improvement and competitive advantage.

Life Cycle Cost (LCC) is the total cost of ownership of a piece of equipment during its
operational life. The cost of support over the life-cycle 1s usually much more than the initial
acquisition cost. Acquisition cost 1s primarily concemed with the conceptual design, build,
and installation phases of the equipment life cycle and ts a non-recurring cost, while the
support cost goes on until the system is decommissioned. This does not allow these phases to
be ignored. Hagen and Whitney estimate that 80 to 95% of the support costs are determined
during the concept and design phases, [Hagen 1997], [Whitney 1988].

By looking beyond initial investment cost, long term gains can be achieved. A key enabler of
this process is a thorough understanding of the business; how it has worked in the past, what

the current needs are, and finally the likely requirements in five or ten years.
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Life-cycle economic profiles are typically based on a standard life-cycle model. A number of
specialist terms can evolve to support particular products; however the basic models are linear
and easy to develop, [ARC 1996]. The life-cycle benefit is the benefit gained from the
automation system. The life-cycle cost includes the initial investment costs and operational

costs as shown in the example calculation below, [ARC 1996].

Life-cycle = Life-cycle Benefits - Life-cycle Costs

Value
YEL Annual Annual Annual

= Y NPV|Cost + Production + Yield |-
o Saving Increases Increases

YEL
(System Price + Imtial Eng. Cost + Inst. Cost + Z NPV(Annual Eng.Cost + Annual Ops. Cost + Annual Maint. Cost)]
y=l

Where YEL = Years of expected life of the system
NPV = Net present value

To remain competitive enterprises must continually improve the ‘Life-cycle value' of their
facilities. The author concludes that with the rapidly reducing ‘Product life-cycle” the
automation systems that produce the end product must evolve in one of two directions:
1. The initial cost of the equipment including engineering must reduce significantly to
allow facility disposal. It is often found in automotive manufacture that this method 1s
uneconomic as mechanical systems have a natural life that extends beyond that of a
single manufactured product.
2. To design flexible facilities that can respond to product change without significant
disruption to production or investment cost. Understanding the manufacturing
strategies and manufacturing technologies able to respond to these requirements 1s

essential.

5 :
Product life-cycle refers to the life-cycle of the end product produced by the manufacturing facility
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2.6 The Role of Machine Control Systems in Supporting A Lean Manufacturing
Strategy.

The primary areas where automation has a role to play in supporting lean manufacturing
strategy are: Life cycle cost, the facilitation of workgroups, the introduction and use of
flexible/agile facilities and the support of continuous improvement. Each of these areas are

covered in the sections below.

2.6.1 Life-cycle costing of Control Systems

T'he principle phase of a Control Systems life-cycle as shown in figure 2-6 are: problem
definition, design and development, application, operation and maintenance, reuse and

disposal.

Figure 2-6 Control System Life-cycle Architecture
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Figure 2-7 Life Cycle Value

Control System Life Cycle Life-cycle Benefits - Life-cycle Costs
Value =

e Flexibility, ¢ Purchase cost,
o Agility, e Spare part Cost,
e Scalability, e Lead time,
e Mean Time Between e Training,
Failures, e Mean time to repair,
¢ Reusable Engineering. e Support cost,
e Accuracy e Configuration,
Operational Effectiveness’ o Complexity,
e Specialist skill

requirement.

All of the attributes shown are found in modern computer controlled automation. The
attributes can be divided into two groups one for benefits and the other for costs depending on
whether the attribute makes a positive or negative contribution to life-cycle costs. By
focusing on these attributes and making demonstrable improvements significant benefit In
operating efficiency can be made. Increasing life-cycle benefits and reducing life cycle costs

shown in Figure 2-7 enhances life cycle value.

The SAE Life Cycle Cost model [SAE 1993] (Figure 2-8) identifies that although the Concept
Phase represents just three percent of the total life cycle cost it 1s estimated that some twenty
five percent of life-cycle cost is predetermined when the Concept 1s complete. Similarly some
ninety five percent of life cycle cost is predetermined prior to the machines and equipment
being built. Continuous improvement techniques employed in lean production may reduce

this figure however a significant principle rematns.

G‘Opcrati?nal Effectiveness; - A measure of the ability of an AMT to integrate with the operating environment
(1.e. multi-skilled teams) in particular manufacturing facility.
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Figure 2-8 Life-cycle Cost Model [Adapted from SAE 1993
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2.6.2 Machine Control System's Support of Multi-skilled Work Groups

There are marked differences in working practices in different regions of the world (e.g.
North America, Europe and Japan). Traditionally each shopfloor worker had considerable
skill 1n a specific trade for example: electrician, mechanical fitter, and machine operator. This
Irade Union led culture created strict demarcation between the tasks each tradesman
undertook. The author concludes from personal experience of working in the North America

Automotive Industry that these traditional working practices have remained largely
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unchanged, however, Japanese and the majority of European manufacturing plants have

moved to multi-skilled work groups.

Multi-skilled operation involves the use of small ‘empowered’ teams responsible for all
aspects of production in an area. The members of the team are normally trade’ staff who have
been retrained to extend their skills to encompass quality and operational issues as well as
other trades' skills. In future the bulk of people emerging from company sponsored training
centres will be ‘process’ orientated, armed with the necessary broad cross section of general

skills required to fit into a multi-skilled production environment, [Training 1998].

The empowerment of the multi-skilled team is an important ‘total quality management™®
concept [Berry 1991] that allows individuals or groups to develop and implement 1deas to
improve the process or overcome problems. The major benefits of this approach include:
[Schniederjans 1994a]

e Quick identification of problems,
e An increased number of solutions to quality and productivity problems,
e Improved employee motivation to participate in quality enhancement and problem
resolution,
Modern machine control systems must support this changing environment; the one sided
interest of engineers in technical aspects, should not result in the neglect of social and
organisational issues and.therefore lead to the creation and implementation of inadequately

functioning systems or technologies.

2.6.3 Machine Control System's Support of Flexible/Agile Facilities

Programmable control systems have been a core enabler in allowing the automotive industry
to move from fixed mass production to support a more flexible manufacturing environment.
Key features of modern control systems that support this advance are: modular architecture
and programmable functionality. Control systems capable of supporting agile production
facilities will require the integration of more open systems, providing the opportunity to select
specialist software and hardware. Next generation systems must allow the integration of other
products from other vendors without the need to develop special programs, hardware or tools.

Being as independent of the underlying technologies as possible.

: Trade staff. An employee that has served a recognized apprenticeship in an engineering discipline.
Total quality management (TQM) - is a management concept that focuses the collective efforts of all managers

am(:ll emgloyees on satisfying customer expectations by continually improving operations management processes
and products.
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2.6.4 Machine Control System's Support for Continuous Improvement

The cascade affect on quality management tools and techniques (QMT&T) shown in Figure
2-4 1dentifies four areas where machine control system's can support Continuous
Improvement (CI), namely: experience, resource, education and training. In each of these
areas Control systems must match the skills required to support machine control systems with

those available at the users site.

In addition control systems must provide information to allow the CI team to function. This
will include predictive failure and performance information. A system that allows easy

upgrade is essential to allow the team to take advantage of new technologies or processes.

2.7 Summary

A paradigm shift has occurred in automotive manufacturing around the world. All the major
automotive manufacturers are moving toward Jean manufacturing techniques. This change
requires new manufacturing techniques, fundamentally changing the processes and principles
when compared to traditional mass production. Lean manufacturing techniques deliberately
expose the production facility to market pressures. In contrast the nature of a mass production
system demands that it be isolated from external demands to ensure the stability required by

the system.

Mass production focuses on sub-optimisation, for example, considering only investment costs
of individual machines when making decisions about capital purchases; optimising a single
workstation without considering the broader systems costs and building in large batches to
avoid the costs of changeovers. In contrast, /lean manufacturing demands a systems
perspective that focuses on creating a value-added flow through the elimination of waste. For
example; three smaller machines feeding the assembly line with a batch size of one and quick
changeover capability is a preferred option to one large machine that takes a long time to

changeover and builds huge batches. The modem production system model must look

beyond the activities in the production plant to encompass and support the manufacturing

strategy.
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From the study of contemporary Manufacturing Strategies in Automotive applications the

author concludes that:

e Next generation control system (NGCS) design, development and implementation require
a systems approach taking into account manufacturing strategy, technical, and operational
requirements. This is particularly the case if the technology is to be introduced not only

for its economic benefits but also for its strategic advantages.

e The NGCS must be closely aligned and play a key role in the enhancement of
manufacturing strategy including life cycle cost, work practices and product and
production agility.

e In order to produce an optimum solution the realisation of machine control systems needs
to be considered from a number of viewpoints. The principle stakeholders and linkages are
shown in Figure 2-9. Each linkage is colour coded to indicate the communication flow
present in current control system development. The author concludes that some of the
viewpoints are poorly integrated, demonstrate a lack of efficient information flow and use
adhoc methods and tools for development. New links (shown in Red) identify the need for

improved coordination between the Manufacturing Strategy, Human factors and the

manufacturing control system design.

Figure 2-9 Communication Links between Autonomous Units
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This chapter has established the role of manufacturing control systems within the context of a
manufacturing system. Business requirements and the drivers of change have been discussed
followed by a review of common manufacturing strategies and some of the tools used for
manufacturing systems integration. The role of modern control systems in the enhancement

of life cycle benefits and reducing life cycle costs has been established.

Chapter 3 will review current control system hardware and application software and discuss

their effectiveness in a Jlean manufacturing environment.
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CHAPTER 3

3. Contemporary Manufacturing Control Systems

3.1 Introduction

Chapter 2 considered the evolution of business and manufacturing strategies from Mass
Production to Lean Manufacturing. It described the role of machine control systems in

supporting a lean strategy and considered structural attributes needed to assure an optimum
NGCS design.

A prerequisite to the development of a NGCS design framework 1s a thorough
interdisciplinary understanding of background concepts in: manufacturing methods utilised in
the automotive industry, current manufacturing control system architecture, and emerging
control technologies and strategies. This chapter will provide a brief history and background
to the use of manufacturing automation in the automotive industry and go on to consider the
evolution of control systems. Current industrial control technology and tools are reviewed in
detail followed by a critique of current research effort and emerging trends. Finally

implications and conclusions are drawn.

3.2 Machine Control Technology - An Historical Perspective

Machine control technologies have become invaluable in the operations of many different
manufacturing industries, [Powers 1987]. As with many other industries the Automotive
machine tool industry is pulled by end user demands for higher overall equipment
effectiveness (OEE) and quality. At the same time it is also pushed by technological and

process development in electronics and other related domain technologies.

The origins of machines that allowed the introduction of mass production can be traced back
to the later part of the 19" century. The Frenchman Theophile Gramme first demonstrated an
electric motor driving a machine at the Vienna Exhibition of 1873; however, the immense
possibilities of the electric motor in the machine shop were not recognised for over 20 years.
It was not until just prior to the First World War that use of auxiliary motors and electrical

switching components to drive the feed motions of machine tools became widely avatlable,
[Rolt 1986] [Woodbury 1972].

In the early days of the automobile industry the availability of reliable electrical power and

new mass production 1deas led to the belief that machines, rather than hand work could
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provide a more appropriate means of achieving the required component part and product
uniformity. Specialised single-purpose machine emerged that reflected the division of labour

as well as providing self~acting or semi-automatic machines [Batchelor 1994].

With the invention of the vacuum tube and transistor, it was possible to build machine control
systems that to a limited degree could be programmed,; thus allowing the production of high
volume product variants. A significant breakthrough was made in 1947 with the invention of
the numerical control (NC) at the Massachusetts Institute of Technology. The NC allowed the
machining of complex low volume parts, [Rembold 1994].

In 1968 engineers from the General Motors Corporation laid down a set of design guidelines
for a product that became widely known as the Programmable Logic Controller, (PLC)
[Warnock 1988].

The guidelines provided by General Motors required that the controller must be:
o Easily programmed and reprogrammed, preferably in plant, to alter its sequence of
operations.
e Easily maintained and repaired - preferably using plug-in umts.
e more reliable in a plant enviro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>