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ABSTRACT

Thesis

This thesis comprises of eighteen publications which describe research work which has been
carried out into two aspects regarding the accuracy of large machine tools. The first six papers
discuss the concrete foundations on which the machines are supported and the remaining
twelve papers describe the consequences of thermal effects on machines. The publications are
all ones of joint authorship, with the candidate being one of the named authors.
Manufacturing industry and the precision requirements of large machine tools

The thesis reviews the range of errors and their causes that effect large machine tools and then
specifically addresses what are considered to be two of the most significant contributors to
these inaccuracies, namely those caused by the concrete foundations which support the
machines and those caused by thermal effects. Both can cause problems that can be very
difficult and extremely expensive to resolve. After a concrete foundation has been cast, if it is
found to be inadequate it cannot, of course, be easily modified and thermal effects such as
environmental temperature changes for instance can require the use of factory air conditioning
systems which are expensive to install, operate and maintain. The publications included in the
thesis show a systematic contribution to significantly improving the accuracy of large
machine tools with respect to the two mentioned subjects.

Modern components

Components used in modern equipment such as cars, trains, aircraft, robots, household
appliances etc. require good functionality, reliability, long life, light weight etc. A significant
contributor to these requirements is the high degree of precision [1] that these components are
manufactured to in terms of their dimensions, form and surface finish. Production of virtually
all of these components is achieved either directly or indirectly by use of machine tools.
Therefore the machine tools need to perform extremely accurately, even more so than the
components they produce since other factors such as fixtures, tooling etc. cause additional
inaccuracies.

Machine tool Accuracy

To achieve high accuracy performance, the machines need to move in a precise manner in

terms of their straightness of movement, positional accuracy, rotational orientation and the
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relationship of one axis to another etc. It is also important that the accuracy is repeatable in
order to guarantee the level of performance at all times.

Large machine tools:-

Large machine tools can weigh hundreds of tonnes, have traverses of eighty metres length or
more and are used for machining a vast variety of components such as nuclear reactor vessels,
marine diesel engines, valve bodies, rolls for steel mills, aircraft wing components such as
skins, ribs, stringers and spars and large undercarriage components.

Foundations

Because the machines being considered are large and heavy their influence on the concrete
foundations that support them is considerable and as a machine moves through its traverses
the position of the center of gravity changes. The consequence is the foundation changes both
shape (bends) and vertical position (sinks and rises). The six foundation papers describe the
research and developement of techniques that can be used to ensure the distortions and
deflections values are acceptable such that a machine will be capable of performing to its
intended functionality. Also described is the research, development and performance testing
of a taut wire and optical senors instrumentation for efficiently measuring the change of shape
of the foundation.

Thermal Effects

The machines and the workpieces they produce, can be constructed from a variety of
materials such as steel, aluminium, carbon fibre, concrete etc all of which have coefficients of
linear expansion that when subjected to modest temperature changes can result in contractions
and expansions that can cause workpiece to cutting tool relative positions to vary more than
the workpiece dimensional tolerances. The twelve thermal publications describe the research
and developement that has been carried out into machine tool thermal characteristics and the
positional compensation techniques that have been developed to minimise the resulting
positional errors. Using artifical intelligence methods this has been achieved so successfully

that the errors can be reduced by 95%.
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DEGREE OF DOCTOR OF PHILOSOPHY (PhD) 17



THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

Research Experience and Expertise

Prior to commencing employment at the UoH the author had worked at four different
companies in the UK Machine Tool industry, manufacturing machines for a global market.
The machines were individually valued at up to £2M and could weigh 200Tonnes with
concrete foundations weighing 1,000 Tonnes. Over a forty year period and holding a number
of senior positions within the companies led to significant experience both at home and
abroad in the field of Research and Development of extremely large, complex, and precise
machine tools.
Holding posts such as Chief Research and Development Engineer and with responsibilities for
Quality Control and Inspection enabled the author to gain expertise and skills in many
disciplines such as:-

Prototype projects and Test Rigs

Extensive machine design experience with particular emphasis on the following areas:

Spindle transmission design — high speed (10000rpm) — electro spindles

Structural static and dynamic design, analysis and testing.

Feed axes design and analysis

Journal and linear bearing technology.

Hydrostatic bearing system design.

Materials selection.

Value analysis.

Hydraulic, pneumatic, coolant, lubrication and electrical circuit design

Fatigue testing

Specification of machine testing procedures.

‘CE’ marking requirements, technical manuals.

Microsoft Office,

AutoCAD

Simulink systems analysis software

Pro/Eng 3D CAD

Pro/Mechanica Finite Element Analysis software.

SolidWorks 3D CAD

Concrete foundations specification, design and testing.
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tool error compensation. In: Proceedings of Computing and Engineering Annual Researchers'
Conference 2008: CEARC’08. University of Huddersfield, Huddersfield, pp. 23-27. ISBN
978-1-86218-067-3

Aldawi, Fouad, Longstaff, Andrew P., Fletcher, Simon, Mather, Peter, Myers, Alan and
Briggs, Jack (2008) A multifrequency FM-based ultrasonic system for accuracy 3D
measurement. In: Proceedings of Computing and Engineering Annual Researchers'
Conference 2008: CEARC’08. University of Huddersfield, Huddersfield, pp. 9-14. ISBN 978-
1-86218-067-3

Sztendel, S., Pislaru, Crinela, Ford, Derek G. and Myers, Alan (2008) Development of
experiment control graphical user interface for Hardware in the Loop (HIL) simulations. In:
MATAR 2008, 15th-18th September 2008, Prague University.

Pislaru, Crinela, Sztendel, S., Ford, Derek G. and Myers, Alan (2008) Real-time
implementation of a novel transmission line matrix (TLM) model for high speed feed drives.
In: MATAR 2008, 15th-18th September 2008, Prague University.

Myers, Alan, Pislaru, Crinela, Longstaff, Andrew P. and Fletcher, Simon (2008) Machine
Tool Accuracy and Real-Time Control. In: Research Festival - School of Computing and

Engineering Research Open Day, Friday 7th March 2008, University of Huddersfield.
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2007

Aldawi, Fouad, Longstaff, Andrew P., Fletcher, Simon, Mather, Peter and Myers, Alan (2007)
A high accuracy ultrasound distance measurement system using binary frequency shift-keyed
signal and phase detection. In: Proceedings of Computing and Engineering Annual
Researchers' Conference 2007: CEARC’07. University of Huddersfield, Huddersfield, pp. 1-
1.

Poxton, Anthony, Longstaff, Andrew P., Barrans, Simon, Myers, Alan, Fletcher, C. and
Pislaru, Crinela (2007) Analysis and reduction of machine tool non-rigid errors. In: School of
Computing and Engineering Annual Researchers’ Conference 2007, 14th December 2007,
University of Huddersfield.

2007 — 05 (TC): Longstaff, Andrew P., Fletcher, Simon and Myers, Alan (2007) Flexible
compensation of thermal errors. In: EUSPEN Topical Meeting "Thermal Effects in Precision
Engineering”, 3 - 4 December 2007, Maastricht, The Netherlands.

2007 - 04 (TC): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan (2007)
Measurement methods for efficient thermal assessment and error compensation. In: EUSPEN
Topical Meeting "Thermal Effects in Precision Engineering”, 3 - 4 December 2007,
Maastricht, The Netherlands.

Pislaru, Crinela, Ford, Derek G., Widiyarto, Muhammad Helmi Nur, Longstaff, Andrew P,
and Myers, Alan (2007) Hardware-in-the-loop implementation of modern CNC machine tool
feed drive models. In: Laser Metrology and Machine Performance VIII, LAMDAMAP 2007,
Cardiff University.

2007 — 02 (FC): Myers, Alan, Barrans, Simon and Ford, Derek G. (2007) Structural Analysis
of a Large Moving Gantry Milling Machine including its Work Support System and
Foundation. In: Laser Metrology and Machine Performance VIII, LAMDAMAP 2007,
Cardiff University, pp. 63-72. ISBN 9780955308239
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Pislaru, Crinela, Widiyarto, Muhammad Helmi Nur, Ford, Derek G. and Myers, Alan (2007)
Theoretical and experimental approach for the evaluation of structural dynamics of CNC
machine tools. In: Laser Metrology and Machine Performance VIII, LAMDAMAP 2007,
Cardiff University, Wales.

2006

Pislaru, Crinela, Myers, Alan and Ford, Derek G. (2006) Methods for modelling and
simulating the dynamic behaviour of CNC machine tool feed drives. In: EUSPEN 2006, 28th
May - 1st June 2006, Baden bei Wien, Austria.

Pislaru, Crinela, Myers, Alan, Ford, Derek G. and Moreno-Castaneda, V.Y. (2006) Modelling
the Dynamic Behaviour of CNC Machine Tool Feed Drives by Using a Novel 2D
Transmission Line Model. In: EUSPEN 2006, 28th May- 1st June 2006, Baden bei Wien,

Austria.

2005

2005 — 12 (TC): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan (2005) Practical
compensation of all significant thermal errors in machine tools. In: 3rd International

Congress on Precision Machining, Vienna, Austria, October 2005, Vienna, Austria.

Longstaff, Andrew P., Fletcher, Simon and Myers, Alan (2005) Volumetric compensation of
machine tools makes geometric errors negligible. In: 3rd International Congress on Precision
Machining, October 2005, Vienna, Austria.

2005 — 10 (TC): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan (2005) Flexible
modelling and compensation of machine tool thermal errors. In: 20th Annual Meeting of
American Society for Precision Engineering, 9th -14th October 2005, Norfolk, VA.

Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan (2005) Investigation into the
accuracy of a proposed laser diode based multilateration machine tool calibration system.
Journal Paper of Physics: Conference Series, 13. pp. 398-401. ISSN 1742-6588

DEGREE OF DOCTOR OF PHILOSOPHY (PhD) 30


http://eprints.hud.ac.uk/4061/
http://eprints.hud.ac.uk/4061/
http://eprints.hud.ac.uk/2738/
http://eprints.hud.ac.uk/2738/
http://eprints.hud.ac.uk/2309/
http://eprints.hud.ac.uk/2309/
http://eprints.hud.ac.uk/2309/
http://eprints.hud.ac.uk/3769/
http://eprints.hud.ac.uk/3769/
http://eprints.hud.ac.uk/3771/
http://eprints.hud.ac.uk/3771/
http://eprints.hud.ac.uk/3773/
http://eprints.hud.ac.uk/3773/
http://eprints.hud.ac.uk/295/
http://eprints.hud.ac.uk/295/

THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

Longstaff, Andrew P., Fletcher, Simon and Myers, Alan (2005) Volumetric compensation for
precision manufacture through a standard CNC controller. In: 20th Annual Meeting of the
American Society for Precision Engineering, 9th-14th October 2005, Norfolk, VA.

2005 — 07 (TC): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan (2005)
Compensation of thermal errors on a small vertical milling machine., In: Laser Metrology
and Machine Performance VII, LAMDAMAP 2005, Cranfield University pp. 432-441. ISBN
1861941188

2005 - 06 (FC):  Myers, Alan, Ford, Derek G. and Barrans, Simon (2005) Finite element
analysis of the static stiffness of a foundation for large machine tool.. In: Laser Metrology and
Machine Performance VII, LAMDAMAP 2005, Cranfield University

Widiyarto, Muhammad Helmi Nur, Pislaru, Crinela, Ford, Derek G., Longstaff, Andrew P.
and Myers, Alan (2005) Hybrid modelling technique applied to digital feed drives. In: Laser
Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield University, pp.
454-463. ISBN 1861941188

Pislaru, Crinela, Ford, Derek G., Widiyarto, Muhammad Helmi Nur and Myers, Alan (2005)
Methods for modal parameters identification applied to CNC machine tool feed drives. In:
Laser Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield University.

Holroyd, Geoffrey, Fletcher, Simon and Myers, Alan (2005) Modelling the dynamic
behaviour of a ballscrew system taking into account the changing position of the ballscrew
nut. In: Laser Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield

University.

Longstaff, Andrew P., Fletcher, Simon and Myers, Alan (2005) Volumetric error
compensation through a Siemens controller. In: Laser Metrology and Machine Performance
VII, LAMDAMAP 2005, Cranfield University, pp. 422-431. ISBN 1861941188

2005 - 01 (FJ): Myers, Alan, Ford, Derek G. and Xu, Q. (2005) Measurement techniques for
determining the static stiffness of foundations for machine tools. Journal Paper of Physics:
Conference Series, 13. pp. 410-413. ISSN 1742-6588
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2004
Myers, Alan (2004) Firm foundations for sure. Machinery, 162 (4. p. 48.)

2003

Myers, Alan, Ford, Derek G. and Xu, Q. (2003) Finite element analysis of the structural
dynamics of a vertical milling machine. In: Laser Metrology and Machine Performance VI.
Southampton University, pp. 431-440. ISBN 9781853129902
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LIST OF PUBLICATIONS TO BE
CONSIDERED FOR PhD

Eighteen papers are being submitted in support of consideration for the PhD award. Six
related to research of machine tool errors due to concrete foundations (three journal and three
peer reviewed conferences) and twelve related to thermally induced machine tool errors (three
journal and nine peer reviewed conferences). For convenience they have been listed in
chronological order. The first number is the year and the second number is the order within
the year taken from the University of Huddersfield repository list of publications for the

candidate.

Foundation related papers:-

2005 — 01 (Journal): Myers, Alan, Ford, Derek G. and Xu Q (2005) Measurement
techniques for determining the static stiffness of foundations for machine tools.
Journal Paper of Physics Conference Series 13. pp. 410-413 ISSN 1742-6588

2005 — 06 (Conference): Myers, Alan, Ford, Derek G. and Barrans, Simon (2005)
Finite element analysis of the static stiffness of a foundation for large machine tool.
In: Laser Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield

University

2007 — 02 (Conference): Myers, Alan, Barrans, Simon and Ford, Derek G. (2007),
Structural Analysis of a large Moving Gantry Milling Machine including its Work
Support System and Foundation. In: Laser Metrology and Machine Performance VIII,
LAMDAMAP 2007, Cardiff University, pp. 63-72. ISBN 9780955308239

2009 — 04 (Conference): Myers, Alan, Barrans, Simon, Longstaff, Andrew P.,
Fletcher, Simon and Ford, Derek G. (2009) Evaluation and Comparison of a Large
Machine Tool Structure with ISO Standard Alignment tests. In: Laser Metrology and
Machine Performance IX, LAMDAMAP 2009, Brunel University, pp. 57-66 ISBN
978-09553082-7-7
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2013 — 09 (Journal): Borisov, Oleg, Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2013), New low cost sensing head and taut wire method for
automated straightness measurement of machine tool axes Optics and lasers in
engineering 51 (8). Pp. 978-985. ISSN 0143-8166

2014 — 06 (Journal): Borisov, Oleg, Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2014), Performance evaluation of a new taut wire system for

straightness measurement of machine tools Precision Engineering, 38 (3), pp. 492-
298. ISSN 0141-6359

Thermal error related papers:-

2005 — 07 (Conference): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan
(2005) Compensation of thermal errors on a small vertical milling machine. In: Laser
Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield University.
pp. 432-441. ISBN 1861941188

2005 — 10 (Conference): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan
(2005) Flexible modelling and compensation of machine tool thermal errors. In: 20th
Annual Meeting of American Society for Precision Engineering, 9th -14th October
2005, Norfolk, VA.

2005 — 12 (Conference): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan
(2005) Practical compensation of all significant thermal errors in machine tools. In:
3rd International Congress on Precision Machining, Vienna, Austria, October 2005,

Vienna, Austria.

2007 — 04 (Conference): Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan
(2007) Measurement methods for efficient thermal assessment and error
compensation. In: EUSPEN Topical Meeting "Thermal Effects in Precision
Engineering”, 3 - 4 December 2007, Maastricht, The Netherlands.
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2007 — 05 (Journal): Longstaff, Andrew P., Fletcher, Simon and Myers, Alan
(2007) Flexible compensation of thermal errors. In: EUSPEN Topical Meeting
"Thermal Effects in Precision Engineering”, 3 - 4 December 2007, Maastricht, The
Netherlands.

2011 — 05 (Conference): Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2011) Efficient thermal error prediction in a machine tool using
finite element analysis. Measurement Science and Technology, 22 (8) 085107. ISSN
0957-0233

2012 — 06 (Conference): Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2012) An efficient offline method for determining the thermally
sensitive points of a machine tool structure. In: 37" International Matador

Conference, University of Manchester

2013 — 02 (Conference): Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2013) The significance of air pockets for modelling thermal errors
of machine tools. In: Laser Metrology and Machine Performance X, LAMDAMAP
2013. EUSPEN, pp. 189-198. ISBN 978-0-9566790-1-7

2013 — 05 (Conference): Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon
and Myers, Alan (2013) Comparative study of ANN and ANFIS prediction models for
thermal error compensation on CNC machine tools. In: Laser Metrology and Machine
Performance X. LAMDAMAP 2013, EUSPEN, pp. 79-89. ISBN 978-0-9566790-1-7

2013 - 06 (Journal): Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P.
and Myers, Alan (2013) Efficient estimation by FEA of machine tool distortion due to
environmental temperature perturbations. Precision Engineering, 37 (2). pp. 372-379.
ISSN 0141-6359

2013 — 13 (Conference): Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon
and Myers, Alan (2013) Application of GNNMCI (1, N) to environmental thermal
modelling of CNC machine tools. In: The 3 International Conference on Advanced
Manufacturing Engineering and Technologies. KTH Royal Institute of Technology,
Stockholm, Sweden, pp. 253-262. ISBN9789175018928
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2015 - 03 (Journal): Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon and
Myers, Alan (2015) Thermal error modelling on machine tools based on ANFIS with
fuzzy c-means clustering using a thermal imaging camera. Applied Mathematical
Modelling, 39 (7). pp. 1837-1852. ISSN 0307-094X

CONTRIBUTION TO THE PAPERS

All the publications are of Joint-Authorship and were published from 2005 to 2015 whilst the
candidate was Director of the Centre for Precision Technologies and Leader of the
Engineering Control and Machine Performance Research Group (ECMPG). All authors,
either were or are, employed within the ECMPG and with the exception of Prof Ford and Dr
Barrans, they reported directly to the Candidate who was, or is, their line manager and as such
has overall responsibility for the group’s research activities. The research was mainly carried
out under EPSRC, EU FP7 or Industrial Consultancy such as the Rolls-Royce SAMULET

project and the candidate was the Principal Investigator.

Foundation Papers

Four of the foundation papers were written by the candidate as first author.

The other two were written under the candidate’s overall supervision as Group leader of the
Engineering control and Machine Performance Research Group within the Centre for
Precision Technologies. Percentage contribution per publication is based on the number of

joint-authors.

Thermal papers

The twelve thermal papers were all written under the overall supervision of the candidate
whilst Group Leader of the Engineering Control and Machine Performance Research Group.

Percentage contribution per publication is based on the number of joint authors.
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. AN OVERALL SUMMARY OF THE
RESEARCH

MACHINE TOOL ACCURACY:

For many large machine tool installations two of the most significant contributors to
inaccuracy are the concrete foundations on which the machines are supported and the effects
of thermal sources on the machine structure. Both can cause millimetres of positional error of

the spindle with respect to the workpiece.

Manufacturing industry and the precision requirements of large machine tools

This thesis will review the range of errors and their causes that effect large machine tools and
then specifically address what are considered to be two of the most significant contributors to
these inaccuracies, namely those caused by the concrete foundations which support the
machines and those caused by thermal effects. Both can cause problems that can be very
difficult and extremely expensive to resolve. After a concrete foundation has been cast, if it is
found to be insufficient it cannot easily be modified and thermal effects such as
environmental temperature changes can require factory air conditioning systems which are
expensive to install, operate and maintain. The publications to be included in the thesis show a

systematic approach to significantly improving the accuracy of large machine tools.

Modern components

Components used in modern equipment such as cars, trains, aircraft, robots, household
appliances etc. require good functionality, reliability, long life, light weight etc. A significant
contributor to these requirements is the high degree of precision [1] that these components are
manufactured to in terms of their dimensions, form and surface finish. Production of virtually
all of these components is achieved either directly or indirectly by use of machine tools.
Therefore the machine tools need to perform extremely accurately, even more so than the
components they produce since other factors such as fixtures, tooling etc. cause additional

inaccuracies.

Machine tool Accuracy To achieve high accuracy performance, the machines need to move

in a precise manner in terms of their straightness of movement, positional accuracy, rotational
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orientation and the relationship of one axis to another etc. It is also important that the

accuracy is repeatable in order to guarantee the level of performance at all times.

Large machine tools:-

Large machine tools can weigh hundreds of Tonnes, and have moving parts that weigh 100
Tonnes, they typically have movements of 20 metres and spindle power ratings of 100KW
The workpieces they machine are also large and heavy thus setting a requirement for
substantial foundation support to maintain accuracy of straightness of movement which might
typically be 50

. They are used for machining a vast variety of components such as nuclear reactor vessels,

marine diesel engines, valve bodies, rolls for steel mills, aircraft wing skins.

Typical large machine tool configurations

The configurations are often such that the workpiece support structure such as a rotary table
or static workplates is not directly connected to the machine, but both are supported on the
concrete foundation. The concrete foundation in such cases is absolutely essential to the
integrity of the system with the force loop between tool and workpiece passing through the
concrete foundation. Figure “1” below shows a large moving gantry machine tool and the
workpiece which has been machined on it. The workpiece is a side panel for a Eurostar train
carriage. Whilst being machined the workpiece can change in length by 6mm due to

environmental temperature changes during a day which emphasises

Asquith

Figure 1 - Moving gantry vertical ram type machine and workpiece.
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Error types
There are many types of inaccuracies affecting machine tools mainly such as geometric
errors, thermal errors, load errors, dynamic errors, etc.

a. Geometric errors are the inaccuracies of the individual axes straightness, squareness of
each axis to the others, orientation of the moving elements as they move either
translation or rotation (pitch, roll and yaw errors). A three axis machine has twenty
one individual geometric errors. Five axis machines can have in excess of forty
geometric errors depending on their exact configuration.

b. Thermal errors [3] are the variation of the size and the shape of the machine when
temperature changes and temperature gradients occur causing differential expansions.

c. Load errors are the deflections that occur in the machine when forces are applied to the
machine.

d. Dynamic errors are the inaccuracies of tool position that occur when the machine is

moving or vibrating.

Error causes:-
The causes of the above mentioned errors are shown below:-
a. Geometric errors are the result of manufacturing inadequacies in the machining and
assembly processes. They can be caused by machining and assembly inaccuracies.
b. Thermal errors are caused by temperature changes of the machine due to self-
generated or environmental thermal sources
c. Load or non-rigid errors are due to compliance of the machine structure or drives
causing displacements when forces such as gravity or cutting are applied [2]
d. Dynamic errors are a response to variable loads, accelerations, servo drive velocity

lags etc.

Accuracy tolerances:-

The accuracy requirements are extremely high with linear tolerances specified in microns,
angular tolerances in arc seconds and which require specialist equipment to measure them
such as Laser Interferometers, Gravity Based Inclinometers. 1SO standards are used as the
basis for quantifying the tolerance values, the methods of test and the equipment to use for
specific machine configurations e.g. 1ISO 3070, ISO 8636. Generic test methods applicable to

all machine tools are specified by the 1ISO-230 series of standards.
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1. CONCRETE FOUNDATIONS FOR MACHINE
TOOLS (background and literature review)

Concrete foundation errors:-

Concrete foundations for large machine tools can be extremely large, massive and expensive.
Typically a foundation might weigh 500 tonnes with a depth of between 1metre to 2metres
and a plan area of 150 square metres. In the majority of cases it is the concrete foundation that
connects the machine tool to the work-piece and it is therefore an integral part of the structure
[1]. Foundation errors are the static deflections or displacements that occur to the concrete
foundation which supports a machine tool. They can be displacements due to rigid body
movement of the foundation or deflections due to distortion such as bending of the
foundation. The displacements are caused by changes in the position of the centre of gravity
of the machine as it is traversed horizontally from one position to another. This can cause the
vertical orientation of the foundation to change due to tilting as the pressure distribution on
the sub-soil changes. The deflections are caused by changes in shape of the foundation due to
bending and/or shear as the machine is traversed horizontally. Both displacements and
deflections can also be caused by other factors such as temperature changes of the concrete
(which are discussed later), the ingress of water into the concrete caused by a changing level
of water tables and settlement of the sub-soil beneath the foundation with time. Measurement
of errors [2] is difficult due to the small but significant values which are normally encountered
and the irregular nature of the concrete surfaces. The methodology for measurement and the
equipment that is used is very specific to the task and involves the use and adaption of a
variety of metrology instruments which are deployed in an innovative manner. Reduction of
these errors is achieved by careful specification of the foundation stiffness based on the
machine accuracy tolerances. The specification is then used to dictate the design of the
foundation using Finite Element Analysis following sub-soil stiffness measurements carried
out using test bore holes and surface plates stiffness measurements to ensure the foundation
stiffness meets the requirements. The use of impervious tanking membranes to prevent the
ingress of water is provided around the sides and based of the concreted.

It is an interesting observation that Concrete foundations for Machine Tools appear to be a
relatively under researched area possibly because the two disciplines do not have too much in
common i.e. civil engineers seldom deal with microns and machine tool engineers seldom

deal with hydraulic concrete or soil mechanics.
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1.1 Foundation Specification

1.1.1 Found Stiffness Specification

No BSI or ISO standards are available
Evaluation comparison paper 2009-04

1.1.1 Found General Specification
Screeds (facilitates ease of carrying out the steel fixing)
Creep
Ingress of water/moisture
Tanking
Water tables
Bituminous membranes
Visqueen 100
Upper surface needs treating to prevent dusting
Monolithic construction
No vertical joints

Sufficient re-enforcement to be included

1.2 Foundation Design

1.2.1 Considerations
Cost of foundations
Excavations
Subsoil
Piling:-
a. Radichy piling — non vertical piles — simulating tree roots
b. Vertical piling
c. Skin friction piles
d. End bearing piles
e. Raft constructions
f.  Mixture strength (cement, Sand and water ratio)

g. Variations in Modulus of Rigidity Value due to various causes
1.2.2 Design Criteria

Traditionally designed on a stress based criterion only
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For this application a stiffness based criterion should also be used which will almost
always over-ride the stress based.
1.2.3 Design Process Parameters
Loads and positions (including movable ones) specified
Machine alignment tolerances specified
BSI — ISO — Company standards
Excavations to depth or test bore holes drilled
Plate tests done to determine subsoil surface stiffness characteristics
Coefficient of Uniform Elastic Compressions (Coeff. of UEC)
FEA carried out using values from plate tests
Depth of concrete calculated
Deflections
Gravitational effects
Machine CofG movement effect
Distortion
“E” and “G” values

Steel re-enforcement design — rebar - mesh

1.3 Foundation Connectors

1.3.1 Types and requirements

Pull down bolts
Vertical jacking adjustment
Many different types
a. Co-axial
b. Adjacent/offset
c. Wedgemounts — Farrat — BWFixaors — Homemade designs
d. Chemical anchors
Non-pocket types
a. Adheres to the concrete surface
b. Surface needs degreasing with chemical agent
Pockets:-

a. Precast
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b. Diamond trepanned
c. Dovetailed for mechanical grip

d. Scabbled for mechanical grip

a. Different types
i. Epoxy
ii. Cementitious
iii. Expanding
b. Suppliers
i. Pagel Ltd
ii. CBP
iii. Chemical Building Products Ltd
Iv. Master Builders

v. Homemade with expanding additive

1.4 Foundation Testing

1.4.1 Testing of final stiffness prior to machine installation

a. Load testing for static stiffness

b. Use of specialist equipment

c. Water pots

d. Dial test indicators

e. Depth micrometers

f.  Precision Engineering Inclinometers

0. Roll Steel Joists

h. Measurement of change in topography of the surface

1.4.2 Curing Process Considerations

Time to reach full strength

o o

Time to reach maximum stiffness

Chemical reaction

o

d. High temperatures generated
i. 50 Degree C

e. Time to return to ambient is months
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1.5 Foundation problems — Case studies
. RMC Machine at ROF Barnbow Leeds had 1mm overall concrete deflection

a

b. Baker Perkins — Walker anti-vibration matting caused high static errors

c¢. John Brown Stroud machine and workpiece areas separated vertical joint
d. Kindcaids machine — foundation had to be excavated & replaced with new

e. Isles of white — Elliot Turbo Machinery — foundation too compliant

1.6 Publication Specific Commentary

The following publications described in the this section were written in an attempt to address
some of the more concerning aspects of machine tool inaccuracies caused by inadequate

foundations that have been outlined above namely.

Large machine tools rely on their concrete foundations to provide sufficient stiffness for the
machines to maintain accuracy of movement in terms of straightness, rotational orientation
and squareness to other axes. Typically the cast iron or fabricated bed of a machine tool by
itself would only have 10% of the stiffness required. It is therefore essential to know the
stiffness of the concrete foundation because the machine accuracy of movement is so

dependent upon it.

The first publication 2005-01 is the description of an attempt to verify what the actual value
of stiffness is for a foundation of a large machine tool, specifically a moving gantry machine.

The paper describes the tests carried out on a machine tool in a railway locomotive factory
and how they are structured to simulate the behaviour of the machine when it is in machining
mode. The test also simulated the effect of placement of the intended work-piece onto the
concrete foundation.. The procedure is explained, the equipment is described and the concrete
foundation with its re-enforcement is clearly shown. The results show that the small be in
context significant displacements and distortions that took place within the concrete

foundation.

The second publication 2005-06 follows on logically from the previous one by describing the

analysis of a typical foundation using Finite Element Analysis software in an attempt to
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understand the behaviour of a foundation in terms of its stiffness characteristics such that the
results can be compared with those obtained for the one previously measured. This analysis
highlights the need for the subsoil properties to be known, particularly the stiffness at the

surface of the subsoil and suggests that these properties should be determined in practice by
site tests using test bore holes before the site is excavated or plate tests after the site has been

excavated down to the anticipated level of the underside of the intended concrete foundation.

The third publication 2007-02 describes the analysis of a complete moving gantry type
machine tool including the concrete foundation in order to assess the overall stiffness of the
full system. This then allowed the significance of the foundation as a % of the overall system
to be assessed confirming the requirement for a full understanding of the behaviour to be
obtained so predictable accurate assessments could be made of foundations in the future to
ensure foundations are specified to have the correct values to ensure they provide sufficient
support that the machines can move with accuracies that allow components to be

manufactured within tolerances.

The fourth publication 2009-04 describes a review and assessment of typical values taken
from the appropriate 1ISO standard accuracy of a moving gantry machine tool such that they
can be compared with the stiffness values that can be achieved in reality with reasonable costs
for foundations. Conclusions are drawn as to how effective the current approach is.

The fifth publication 2013-09 describes a novel method for measurement needed for
determining the accuracy of straightness of large machine tools using current technology. This
method is much quicker and efficient than current techniques and uses less expensive
equipment. The straightness values are used to determine the required stiffness of the concrete

foundations.

The sixth publication 2017-06 describes the performance evaluation of the equipment and
technique presented in the previous publication to determine its scope of usage and

applicability to machine tool measurement.
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2. THERMAL EFFECTS ON MACHINE TOOL
ACCURACY (background and literature review)

1. Thermal effects cause significant errors of machine tools [1] due to the expansion and
contraction of the various materials that the machines comprise of, as their
temperatures change.

2. If the temperature of a machine changes in a uniform manner throughout the structure
it will change size but not shape. The change of size will cause the machine to produce
parts that are either too big or too small dependent whether the temperature increases
or decreases respectively. If the temperature changes non-uniformly throughout the
structure the temperature gradients will in turn produce distortions of the structure.
The parts produced will subsequently not be the exact shape that is required, e.g.,
surfaces that should be flat will become concave or convex and surfaces that should be
parallel will have angular misalignment to each other etc.

3. The two main causes of temperature change are either environmental or machine self -
induced. Environmental changes are caused by variations of the factory temperature
usually maintained within limits set only by the comfort levels required by the
occupants. These levels are usually far greater than those needed to ensure parts are
produced within satisfactory tolerances of precision. Machine self-induced heat
sources are such as motors, pumps sliding friction of guide-ways etc.

4. Measurement of these errors is carried out in a similar way as the geometric errors but
with additional measurement of ambient temperature and the temperatures of the
structure. Generally this is done over longer periods of time to take into account daily
and even weekly changes.

5. Reduction of thermal errors is achieved by a number of techniques involving such as
environmental temperature control, heat removal by good design, liquid cooling and
coolant systems and error compensation methods [3] etc.

6. It is worthy of note that the thermal errors should be minimised before any attempt is
made to improve geometric errors since they simply add to them. If at all possible
thermal compensation should be applied before geometric.

7. Overall thermal volumetric error values can be in the order of millimetres on large

machine tools.
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2.1 Thermal Error Measurements

The dimensional errors produced by thermal causes are measured by a wide range of
metrology equipment.
Temperature gradients cause differential thermal expansion which in turn causes shape
distortion of the machine tool structure.
Saturated temperatures create steady state conditions

Measurement of the errors of machine tools — ISO Stds.

2.2 Thermal Error Sources

2.2.1 Environmental sources

Factory temperature variations due to opening and closing access doors, heat received

through windows radiated heat from factory wall mounted heaters ectc.
2.2.2 Machine self-induced sources

Heat sources such as motors, pumps, slide-ways, refrigeration unit exhausts, spindle
bearings, the cutting process and standing swarf.

2.3 Temperature measurement considerations

Position of sensors etc.
Numbers of sensors

Reliability of sensors

Three wire bus — Dallas sensors
Flair imaging systems

Dallas single spot temperature measurement

2.4 Error Elimination by Design

Good design practice
Analysis of machine tool thermal behaviour using FEA
Differential material expansion
Linear expansion
Reduced Friction Bearings
Rolling element bearings
Hydrostatic bearings
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Air bearings

Careful selection of bearing preload

Linear encoder feedback

Symmetrical design

Spindle cooling

Refrigeration

Airblast coolers

Minimum coefficients of expansion materials
Carbon fibre
Zerodur
Invar

Air pockets

2.5 Thermal Error Compensation
2.5.1 Controller based

The compensation software is based within the CNC Controller and usually provided
by the CNC builder.

2.5.2 Remote based

Stand alone units provided by third party companies often retrofitted to legacy

machines.

2.5.3 Thermal error compensation based on classical physics

algorithms
Theoretical approach using physics based analytical tools to predict thermal errors.

2.5.4 Thermal error compensation based on Artificial

Intelligence

An empirical approach using a number of different methods and proving to give better
results than the traditional systems.

2.6 Thermal Error Testing and Verification

Machine calibration is essential
Calibration techniques:-
Etalon
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Laser Trackers
6 DoF
Typical error reduction has been 70%
Al now achieving ¢.95%
Warm up times reduce machine efficiency
Thermal drift

2.7 Case Studies

Installations include:-
Micro-Metalsmiths
Rolls-Royce
Renishaw HongKong Foxconn
Renishaw Singapore ASM
Renishaw San Francisco Apple
Typical error reduction has been 70%

Al now achieving ¢.95%

2.8 Thermal Paper Specific Commentary

The first paper 2005-07 describes the application of a thermal compensation system onto a
small vertical spindle milling machine. The system was implemented within the machine
controller and used an algorithm s based on classical physics to calculate the positional error
values from temperature measurements taken of the machine structure. Errors were shown to

have been reduced by 70%.

The second paper 2005-10 describes an enhanced compensation system developed using a
novel programming language to provide a flexible modelling technique combine with
comprehensive measurement of the machine temperatures. The techniques described provide
robust modelling development and the minimisation of machine downtime in comparison

with the previous approach.

The third paper 2005-12 describes further development of a more practical compensation
system for systematic thermal errors in an open architecture controller which reduces the

hardware required whilst using component offsets to compensate for differential expansion
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between feedback method and component. Results showed an average error reduction 80%

for position dependant and environmental errors.

Fourth paper 2007-04 discusses the development of improve methods for temperature
measurement using thermal imaging equipment capturing radiated temperature information
with a much improved accuracy over previous methods. It has enabled the detailed on line
measurement of thermal gradients and hence the ability to compensate for complex structural

distortions with further reduced downtime.

The fifth paper 2007-05 explains further development of thermal compensation with more
flexibility and achieved by creation of a novel compensation language. This enables at the
machine program e modifications without offline software re-writes and allows for machine
operation parameters to be readily updated thus providing significant further improvement in
flexibility.

The sixth paper 2011-05 describes further progress towards thermal error reduction by
research into the nature of heat transfer characteristics of specific machine tool features such
as linkages and joint interfaces. Finite Element Analysis has been used to develop offline
novel techniques to accurately reproduce the effects of significant internal heat generation
sources. The result show when applied to compensation systems there would be significant
further reduction in thermal errors of circa 80%.

The seventh paper 2012-06 concentrates on prediction techniques for finding the thermally
sensitive areas of machine tool structures. Matlab and FEA have been used to develop rapid
and efficient optimisation methods for determining the significant locations on machine tool
structures for most effective temperature measurements. Thus simplifying and reducing the

time for installation of temperature sensors.

The eighth paper 2013-02 describes further research to understand and quantify the
significance of air pockets on machine tool structures and to enable more accurate modelling
of their effect. It was shown to improve the accuracy of modelling of certain structural aspects
by circa 55%.
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The ninth paper 2013-05 discusses a significant change in modelling methods away from a
physics based approach to an empirical one. Artificial Intelligence techniques were used to
produce four thermal analysis models for comparison of performance. The results strongly
indicated that ANFIS models were consistently superior to ANN models for accurate
prediction of thermal errors.

The tenth paper 2013-06 continued the direction of research towards the development of
superior compensation systems by investigation of thermal errors caused by machine
structural distortion due to environmental temperature changes. FEA was used to determine
the errors and the results compared with measurements taken at the modelled machine. The
accuracy was such that if applied to a compensation system the errors could be reduced to less

than 12 microns.

The eleventh paper 2013-13 continues the research into novel empirical techniques. A novel
method is proposed that enables determination of the system behaviour. This will result in a
more cost effective and practical solution to error predication with the corresponding benefits

for compensation systems.

The twelfth paper 2015-03 is a further extension of the Artificial Intelligence research based
on the use of thermal imaging equipment and ANFIS with fuzzy c-clustering. The resultant
performance was such that the thermal error could be predicted within 5% thus having the

potential when used with a compensation system to reduce the thermal errors by 95%.
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3. AIMS, OBJECTIVES AND TIMELINE OF THE
RESEARCH

3.1 The aim of the research

The overarching aim of the research being described here was to improve the accuracy of
large products typically such as nuclear reactor vessels, marine diesel engine components (e.g.
crankshafts and crankcases), aircraft components such as undercarriage structural members,
wing members (e.g. spars, stringers, ribs and wing skins), all of which are manufactured by

the many different configurations of large machine tools such as the one shown in figure 2.

Figure 2 - Moving column horiz. ram type machine and marine diesel engine crankcase

The requirement for more accurate components is a result of the need to improve their
functionality, reliability, strength, performance and life. An example of this is that air craft
components need to be as light as possible and are therefore manufactured to extremely tight

tolerances which can only be achieved by extremely accurate machine tools.

3.2 The Philosophy and Objectives of the Research

The philosophy is to continually strive to improve the accuracy of machine tools and therefore
the accuracy of the components they produce.

Machine tools are complex machines with many technical requirements that need to be met to
ensure they function satisfactorily. In particular the static and dynamic accuracy of the
movement of the machines is dependent on numerous factors. The research described in the
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thesis deals with the static performance. Of the many factors involved in machine tool static
accuracy the research being discussed here deals with the two subjects that cause the
maximum errors and difficulty in the manufacture and operation of large machine tools;
namely the foundations which supports the machines and the thermal conditions under which
they operate.

There are many ways in which a machine tool’s performance is assessed which range from
the quality of the components it is capable of producing to the direct measurements of the

machine’s movements as it traverses along its axes.

3.3 Concrete Foundations

The objective of the foundation research has been to investigate the overall process used to
produce concrete foundations for machine tools in order to determine a best practice
procedure which will provide a high level of certainty of foundation performance in order to
ensure that the machine tool will be capable of producing work-pieces to the required level of

precision.

3.3.1 Existing design and build procedural practice

Existing practice is for the machine tool manufacturer to provide a basic specification for the
foundation to the purchaser of the machine (i.e. the customer). The customer will in turn
engage the services of a civil engineering consultant and also a civil engineering construction
company. The specification is passed to the consultant who then designs the concrete
foundation which the construction company subsequently build. The machine tool
manufacturer will then install the machine on the concrete foundation, commission it and
carry out a series of pass off tests which have previously been agreed with the customer. The
pass off tests will normally comprise of verification measurements of the machine’s accuracy
and also the machining of a typical component based on the customers range of products.

In the event of a failure to pass certain tests, actions are taken to try to decide on the cause of
the problem and where the responsibility lies. In the case of a problem caused by an
inadequate foundation it can be very difficult after the machine has been installed to ascertain
whether it is caused by the foundation or the machine.

The above procedure is fundamentally flawed for the following reasons:-

It does not provide enough information for the foundation to be designed correctly
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It does not collect the information needed to design the base correctly.

It uses the wrong criterion for assessing the foundations adequacy as fit for purpose.

It does not test the foundation to confirm that it is satisfactory before machine

installation.

3.3.2 Preferred design and build procedure

3.3.2.1 Foundation specification and format

Typical current practice is for the machine tool manufacturer to specify a minimum depth of

concrete for the foundation and the static and moving weights of the machine tool.

The minimum depth is almost arbitrarily chosen based previous experience with other

machines or the depth needed to give satisfactory cover for the lengths of the holding down

bolts that are to be used to secure the machine to the concrete.

The final depth, if greater than the minimum required for bolts, will therefore be based on the

stress levels in the concrete due to the moving and static loads. In practice this criterion will

usually result in a depth that is less than that required to ensure that minimum deflection

tolerances are not exceeded.

Straightness Tolerances

Object

Checking of the straightness of the cokr
@) Inthe XY plane (vertical plane) (EYX)
b)  In the ZX plane (horisontal plane) (EZX)

Diagram

nn saddie movement (X axis)

e

G3

Figure 3 - Moving column horiz. ram machine typical alignment test to ISO 3070 Pt 2: 2007
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The above procedure has a fundamental flaw since it is essentially based on a stress criterion
rather than stiffness and does not ensure that the foundation provides sufficient support to the
machine structure to prevent excess deflection occurring and this can cause alignment

tolerances not to be achievable.

The foundation specification should provide the information on the required stiffness at the
upper surface of the concrete needed to ensure maximum acceptable pseudo static deflections
are not exceeded. The maximum deflections should be based on the machine manufacturer’s
alignment tests sheets for the particular machine or the ISO Standard tests for the particular
machine configuration. See a typical example test shown in figure 3 above which specifies the
maximum straightness tolerance allowed for the “X” axis longitudinal traverse of a typical

large machine tool.

The static accuracies are stipulated in a range of standards for large machine tools and
generated by a number of ISO Standards Sub-Committees which fall under the overall

responsibility of the International Standards Organisation Technical Committee TC39.

These standards when issued are administered by national standards bodies such as in the UK
the British Standards Organisation and in particular Machine Tool Committee MTE1-2 for

machine accuracy.

The above information can be subsequently converted into the maximum deflections allowed

at the surface of the concrete and specified as in figure 4 below.

Publication 2009-04 describes the evaluation of the alignment tolerances for configurations
of large machine tools which can be used to create a machine tool foundation specification

and how they have been compared with FEA results for a large moving gantry machine.
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FOUNDATION SPECIFICATION
Distortion Tolerances

£ jati Seiff
1.1 Foundation Distortion
Maximum defiections brought abowt by traversing of the machine axes or
Fig 1.1.1 3. Bending deflection in the X-Z plane due to machine motion
4 f
' \J = '
- | I Taa
metre of X axis traverse

Fig 1.1.15 Bending deflection in the X-Z plane due to component loading

. Y U

Figure 4 - Moving column horizontal ram type machine foundation specifications

3.3.2.2 Foundation Design

The foundation design procedure should be based on the above format of foundation
specification where stiffness rather than stress is the criterion used under the loading values
and conditions that are specified.

Finite Element Analysis (FEA) should be used to determine the necessary depth of the

concrete foundation.

Because the stiffness of the concrete is very much dependant on the nature of the subsoil
which supports it, then it is an essential part of the procedure to know the characteristics of

the subsoil, in particular the value of the Coefficient of Uniform Elastic Compression (C u).
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This can be determined by a plate test carried out on the surface of the exposed subsoil which
should be carried out after an initial excavation of the site to remove the upper layers of
subsoil down to an appropriate level determined after bore hole samples have been taken.
The plate test would involve cyclical loading after an initial preload which is related to the
maximum weight of the machine, has been applied.

When the above information has been determined FEA can be carried out to determine the
depth of the concrete needed to provide sufficient stiffness at its surface to ensure the

maximum deflections do not exceed the ones specified under the applied loading conditions.

@:=9 Q0002 T-y3 O:ixd
OispA Qg O

Figure 6 — FEM of a moving column gantry machine installation including the foundation
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Publication 2005-06 describes the FEA of a foundation for a large moving gantry foundation.

Publication 2007-02 describes the FEA of a large moving gantry machine and its foundation.

3.3.2.3 Foundation testing

After construction it is essential that the concrete foundation should be tested to confirm the
specified stiffness has been achieved under the corresponding loading conditions. This should
be carried out before the machine is installed in order to minimise confusion when
interpreting the results and facilitate determining where the responsibility lies in the event of a
problem.

However, a period of one month should be allowed after pouring before any tests take place in
order to allow the concrete to cure and reach maximum strength and stiffness. One such
foundation test is shown in figure 7 below where a foundation is being loaded with 90 tonnes

to assess its behaviour when workpieces are placed on it.

Figure 7 - Moving column horizontal ram type machine foundation testing

Publication 2005-01 describes a concrete foundation test as carried out on foundation for a
moving gantry machine tool. The publication describes the procedure which had been

developed, the equipment, instrumentation, the loads that were used and the results obtained.

3.3.2.4 Foundation testing equipment
The instrumentation used for testing machine tool foundations to measure the stiffness at the
upper surface is currently based on traditional equipment such as Dial Test Indicators,

Inclinometers and hydraulic levelling units in conjunction with a reference frame comprising
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of steel beams. The taut wire/optical sensor would provide a more suitable alternative being
less expensive, considerably lighter and much easier to use.

In cases were the machine has been installed on the foundation the straightness of the
longitudinal axis traverse needs to be measured as part of the final inspection protocol. This
test is carried out with a taut wire and microscope which on large machine tools can typically
involve 100 individual measurements and can take an entire shift i.e. circa. 8 hours.

The taut wire with the optical sensor would reduce this time considerably because the
measurements can be taken as the machine is moving and automatically recorded
electronically reducing the time to less than one hour.

Alternatively the measurements are often taken using laser interferometry instrumentation
which is expensive and time consuming to set up whereas the taut/wire & optical sensor

equipment is extremely inexpensive in comparison and relatively easy to set up.

Leftand right
working 2ones

Sensor response, V

Figure 8 — Taut wire / Optical Sensor for deflection and straightness measurement

Publication 2013-09 describes the research and development carried out on an optical
sensor/taut wire based instrument and process for measuring deflections and straightness

discussed above.

Publication 2014-06 describes the performance tests carried out on the instrumentation and

process discussed above.
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3.3.2.4 Graphical representation of the overall design and build procedure

The preceding work is described graphically below in figure 9 to show the recommended

process in detail.

CONFIRM THE MACHINE CONFIGURATION,
WEIGHTS AND AXES TRAVERSE DATA

OBTAIN “ISO” OR COMPANY
MACHINE ACCURACY TESTS
SPECIFICATION FOR THE TYPE OF MACHINE
CONFIGURATION

I

TRANSLATE MACHINE ACCURACY
TEST SHEET TOLERANCES INTO
FOUNDATION MAXIMUM

CARRY OUT TEST BORE HOLES
ON THE SITE TO ASSESS THE
SUBSOIL CHARACTERSITICS TO

DEFLECTIONS. ASSESS APPROX VALUE FOR
CREATE FOUNDATION THE SUBSOIL SURFACE
SPECIFICATION DOCUMENT STIFFNESS
<

e e e - - — - ke ———————— - —---— - - I
| FEAANALYSIS |

I - - '
. USING FEA DETERMINE THE USING FEA RE DETERMINE :
I FOUNDATION CONCRETE DEPTH THE FOUNDATION CONCRETE I
1 BASED ON THE FOUNDATION DEPTH BASED ON THE |
I | SPECIFICATION AND THE SUBSOIL COEFFICIENT OF UNIFORM :
I CHARACTERISTICS ELASTIC COMPRESSION ,
I

EXCAVATE THE SITE TO THE RE-EXCAVATE THE SITE TO THE
DEPTH CALCULATED. NEW DEPTH REQUIRED
CARRY OUT A PLATE LOADING
TEST TO DETERMNE THE
COEFFICIENT OF UNIFORM
ELASTIC COMPRESSION FOR THE E&%Ec*gﬁ'gggﬁg EMENT STEEL
SURFACE OF [HE SUBSOIL FINISH FOUNDATION CONSTRUCTION

»

|

CARRY OUT FOUNDATION LOADING TESTS
TO VERIFY THE STIFFNESS USING TAUT
WIRE/OPTICAL SENSOR EQUIPMENT

Figure 9 - Flow chart for recommended procedure for design & build of machine foundation
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3.4

Thermal error reduction

Twelve papers are presented in this thesis that have been published on the subject of
thermal error reduction. Thermal errors significantly affect the accuracy of machine
tools and therefore the precision of the components they produce. The errors are
caused by temperature changes of the machine tool structure due to environmental
temperature changes and self-induced heat sources within the machine itself.

Under steady state conditions they simply expand or contract the structure without
changing its shape, whereas under transient conditions they cause temperature
gradients within the structure which in turn produce distortions of the structural shape
in addition to the change of size.

It is good practice to design the machines such that the effect of the temperature
changes cause minimum effect using passive means such as choice of materials,
direction of exhaust of hot air from motors away from the structure etc.

Additionally active means are also used such as spindle jackets carrying cooling liquid
to remove the often large amounts of heat generated by spindle bearing rotation. For
environment issues factory temperature control is used though the costs can be
extremely high.

However the above items have a limited effect and for extreme precision it is
necessary to use compensation methods. Historically the best achievements have given
circa 70% reduction of thermal error.

To this end the work described in these publications has involved the continued
research and development of compensation systems in an attempt to improve the
percentage level of error reduction to those currently being achieved for compensation

of geometric errors i.e. greater than 90% error reduction.

3.4.1 Thermal error, physics based compensation

The publications, 2005-07, 2005-10, 2005-12, and 2011-05 describe the use of the
laws of physics to predict the distortions and growth that will occur in machine tool
structures when temperatures of the structure change due to either environmental

changes or self-induced heat generation within the machine itself.
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By the development of algorithms that relate the temperatures of the structure to the
errors at the spindle mounted tool cutting point, these errors can be predicted and
subsequently negated.

By correctly predicting the errors, these values can be used through the CNC
controller to apply positional offsets that are equal and opposite to the errors and
which result in cancelling the error out.

Compensation systems using physics based algorithms rely on having sufficient and
accurate knowledge of the temperature profile of the structure. This requires the
application of temperature sensors that are accurate, reliable and simple to apply. This
has been achieved by the development of an inexpensive, digital sensor system which
uses a three, wire bus loom.

The four papers describe the temperature compensation research and development of a
controller based system, flexible modelling to reduce downtime of the machine,
further development within an open architecture controller and the development of a
more flexible novel, language which allows program modifications without offline
software re-writes.

State of the art at this stage of the research was producing thermal error reductions of

circa. 70%.

3.4.2 Temperature measurement

Publication 2007-04 describes the development of the use of thermal imaging
equipment to give a much higher level of accuracy enabling thermal gradients to be
measured and therefore the ability to compensate for complex structural distortions.

3.4.3 Thermal modelling

Publication 2011-05 presents the further development of enhanced modelling
techniques by investigating the thermal behaviour of linkages and joints. Publication
2012-06 describes the research into prediction of the thermally sensitive points on a
machine tool structure for most effective temperature measurement. Publication 2013-
02 describes research into the significance of air pockets in a machine structure to

enable more accurate modelling of their effects. Publication 2013-06 continued the
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improvements in modelling techniques by use of FEA to further investigate the
structural errors caused by

State of the art at this stage of the research had reached circa. 80% reduction of
thermal errors.

3.4.4 Thermal compensation based on Artificial Intelligence

The latest work is described in the three publications 2013-05, 2013-13 and 2015-03
where a significant change in modelling methods has been made away from physics
based approach to an empirical one using of Artificial Intelligence methods to predict
the thermal growth and distortion of the machine structure. A number of Adaptive
Neuro Fuzzy Inference System (ANFIS) models were compared with Artificial Neural
Network (ANN) models when verified against test results on CNC machining centre.
The test results showed the ANFIS models were consistently superior to the ANN
models for accurate prediction of thermal errors.

Subsequently ANFIS models with fuzzy c-clustering models were tested. The
performance was such that the thermal errors could be predicted within 5% thus
having the potential when used in a compensation system to reduce machine tool

thermal errors by 95%.
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3.4.5 Graphical representation of overall thermal research

The preceding description of the thermal research is shown graphically below in figure 10

AIM TO REACH THE SAME LEVEL OF THERMAL ERROR REDUCTION
AS THAT BEING ACHIEVED FOR GEOMETRIC ERRORS LE. =90%

2005-07 COMPENSATION OF THERMAL ERRORS

2005-10 FLEXIBLE MODELLING COMPENSATION OF THERMAL ERRORS

2005-12 PRACTICAL COMPENSATION OF SIGNIFICANT THERMAL ERRORS

2011-05 EFFICIENT THERMAL ERROR PREDICTION USING FEA

2012-06 EFFICIENT OFFLINE DETERMINING OF THERMALLY SENSITIVE POINTS

2013-02 SIGNIFICANCE OF AIR POCKETS WHEN MODELLING THERMAL ERRORS

| ARTIFICAL INTELLIGENCE BASED THERMAL ERROR COMPENSATION

| ARTIFICAL INTELLIGENCE BASED THERMAL ERROR COMPENSATION
I

2013-05 COMPARATIVE STUDY OF ANN & ANFIS PREDICTION MODELS FOR
THERMAL ERROR COMPENSATION

2013-06 EFFICIENTFEA ESTIMATION OF THERMAL DISTORTION DUE TO
ENVIRONMENTAL TEMPERATURE CHANGES

2013-13 APPLICATION OF GNN TO THERMAL MODELLING

2015-03EFFICIENT THERMAL ERROR MODELLING BASED ON ANFIS WITH
FUZZY C MEANS CLUSTERING & THERMAL IMAGING CAMERA

PERCENTAGE ERROR REDUCTION ACHIEVED BYARTIFICAL
INTELLIGENCE BASED COMPENSATION IS 95% IN 2015

Figure 10 — Graphical chronology of the thermal error research
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3.5 The Timeline of the research

The research described here covers in total an eleven year period the earliest paper being
published in 2005 and the latest paper published in 2015.

The six foundation related papers were published over a nine year period from 2005 to 2014.
The twelve thermal related papers were published over an eleven year period from 2005 to
2015.

4. SUMMARY OF THE INVESTIGATIONS

4.1 Foundation

The outcome of the six research papers has been a clear understanding of the process for the
design of foundations required to ensure that they are adequate to provide the machines
placed upon them with sufficient support that they will be able to function as intended.

4.2 Thermal

The outcome of the twelve thermal research papers is a significant generation of knowledge
such that processes and equipment are now available such that large machine tools can be
built to accuracy levels that are considerably higher than those previously.
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5. IMPACT OF THE RESEARCH

The research described in this thesis up to 2013 was used in the Research Excellence
Framework 2014 national government assessment and contributed to the highest ranking
award of 4 Star for impact.

The predictive methods and novel techniques developed by the CPT’s research into machine
tool accuracy have benefited a range of end-users in industry, both nationally and
internationally, throughout the REF2014 period.

Leading UK employers such as BAE systems and Rolls-Royce (RR), as well as major local
employers such as Yorkshire based Micro Metalsmiths were among the first beneficiares of
the CPT’s PC based compensation systems and have continued to use increaslingly advanced

versions of the technology since 2008.

Collaboration with Siemens on developing the compensation system for industrial CNC has
led to a number of high profile installations on machine tools requiring new levels of accuracy
for the Joint Strike Fighter (JSF) programme. As a result of its collaboration with the CPT,
Siemens has produced a commercial compensation system and are actively marketing it

globally.

Under a TSB grant in collaboration with AsquitButler Ltd, the UK’s only manufacturer of
very large machine tools, the error compensation system (MTC) has been integrated into a

PowerCentre 500, 5-axis horizontal ram, moving colum machining centre.

The use of the CPT’s new methodologies throughout the manufacturing industry has led to
training courses being developed and delivered in collaboration with Machine Tool
Technologies Ltd. and is aimed primarily at maintenance engineers employed in advanced
manufacturing. Five week courses have been developed and delivered to companies including
R-R, BAE and AWE.
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Measurement techniques for determining the static stiffness of
foundations for machine tools.

A Myers'. S M Barrans and D G Ford
Center for Precision Technologies. University of Huddersfield, UK

E-mail: 'a.myers@hud.ac.uk

Abstract. The paper presents a novel technique for accurately measuring the static stiffness of
a machine tool concrete foundation using various items of metrology equipment. The
foundation was loaded in a number of different ways which simulated the erection of the
machine, traversing of the axes and loading of the heaviest component. The results were
compared with the stiffness tolerances specified for the foundation which were deemed
necessary in order that the machine alignments could be achieved. This paper is a continuation
of research previously published for a FEA of the foundation [1].

Introduction
To perform satisfactorily a machine tool must be both statically and dynamically rigid. Its static

stiffness determines its ability to produce dimensionally accurate parts and its dynamic stiffness
affects the quality of the component’s surface finish and the maximum metal removal rates that can be
achieved. Virtually all medium to large machine tools, such as the one shown in Figure 1, rely upon a
concrete foundation to provide adequate structural support in-order that the machine is sufficiently
rigid to enable it to perform satisfactorily.

Fig.1 Moving gantry milling machine

Large machine tools are used typically for producing component parts for the aircraft and automotive
industries and the accuracies to which the many different configurations are built are specified in a
wide range of ISO and other standards. The typical tolerance specified for axes straightness for such
machines is 5 microns per metre of traverse and since the machine might typically weight as much as
100 tonnes with a foundation weighing 500 tonnes, the stiffness of the concrete base must be
extremely high to minimise non rigid errors [2].

© 2005 10P Publishing Ltd 410
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To illustrate how exacting the requirements are, it is interesting to observe that for machines of
extremely long traverse the earth’s curvature can be a significant proportion of the allowable
tolerance. A machine 40metre long might have a *X" axis straightness tolerance of 160 microns and
the earth’s curvature over this distance is 32 microns.

Foundation specification

It is essential therefore to be able to specify and subsequently measure the static stiffness of machine
tool foundations, such as the one shown under construction in Figure 2, in order to ensure that the
correct level of support is provided and that the machine tool alignment accuracies are achieved [3, 4].

,?.. .,t |

%

Fig.2 Foundation being constructed for a gantry milling machine

For a satisfactory machine installation the foundation stiffness must first be specified based upon the
required alignment tolerances for the machine, as specified in the appropriate ISO standard for the
particular machine configuration e.g. ISO 3070 Part 2 for a large Moving Column, Horizontal Ram
Type milling machine and ISO 8636 Part 2 for a Moving Gantry Vertical Ram Type milling machine.
The stiffness specification for the foundation must state a number of criteria and the associated
tolerances.

For the above gantry machine with *X" traverse of 14 metres and *Y" traverse of 4 metres the values

were as shown below: -

a) Maximum bending deflection in longitudinal and transverse planes (typically 5 microns per metre
of the corresponding traverse of the machine *X" and ‘Y~ axes due to firstly the moving weight of
the machine (30 Tonnes) and secondly the maximum weight of component (5 Tonnes) ).

*X-Z" plane maximum deflection 70 microns.
*Y-Z" plane maximum deflection 20 microns.

b) maximum acceptable rigid body rotation of the foundation in both the longitudinal and transverse
planes (typically10 microns / metre of the corresponding tranverse of the machine *X™ and 'Y’
axes due firstly to the moving weight of the machine and secondly the heaviest component)

*X-Z" plane maximum deflection 140 microns.
‘Y-Z" plane maximum deflection 40 microns.

¢) maximum vertical deflection that can occur at the boundary between the machine support area and
the work support area. (10 microns due to machine movement or loading of heaviest component)

The bending stiffness (a) affects the accuracy of the component since any error would be machined

into the part.

The rigid body rotational stiffness (b) does not affect component accuracy but will cause difficulties

with the machine installation since movements of the foundation during erection of the machine need

to be monitored and taken into account.

The foundation was designed, built and subsequently tested to confirm it met the above specification

requirements.
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Test procedure

A technique has been developed using a combination of metrology equipment, as shown in Figure 3,
comprising water level units, electronic levels and dial test indicators that enabled the deflections,
distortions and stiffness of the concrete foundation to be measured to the accuracy necessary to satisfy
the tolerances stated above.

The procedure involved placement of the required equipment on the foundation surface such that
measurements could be taken at sufficient points to enable the distorted shape to be subsequently
described by graphical means. This meant taking readings at approximately 20 locations on the
foundation surface.

Eight water level units were placed around the foundation periphery and linked by transparent hose
filled with water with a wetting agent added. Adjacent to six of the water level units three steel beams
were placed transversely across the foundation and mounted on single point supports. Steel tubes are
suspended from the beams and dial test indicators (DTI) were placed beneath each tube. Each DTI was
attached to a plate grouted to the concrete surface. Additional information was obtained from
electronic levels placed onto steel plates mounted directly onto the concrete surface at various
positions to suit the loading conditions.

The foundation was loaded in a sequential manner with weights that were approximately equal to the
various weights of the machine moving elements. The procedure was such that it firstly simulated the
erection of the machine, the subsequent traversing of the machine through its critical axes and finally
the weights are removed to monitor that the base retumed to its original shape in order to confirm its
elasticity.

Fig.3 Gantry milling machine foundation test with loads applied to simulate machine moving weight

The measurements at the water units were achieved using traditional depth micrometers. The
repeatability of the reading taken at the water level units was +/- 10 microns. This enabled the vertical
deflections and distortions the base to be determined over its entire surface to an accuracy of +/-20
microns, a difficult task to achieve with any other type of metrology equipment e.g. laser / trackers etc.

Results

The results, shown in Table 1, were plotted 3 dimensionally, see Figure 4, to graphically show the
distorted foundation shapes under the various loaded states. The results were analysed and compared
with the specification to confirm whether or not the distortions and deflections of the base would cause
an impediment to either the erection or the subsequent use of the machine.

Table 1. Maximum distortion values of the foundation
Criteria Foundation deflections Tolerance

Max. bending 40 microns (*X-Z" plane — central load) 70 micron
Max. rigid body rotation | 100 microns (*X-Z" plane — load at negative X posn.) 140 micron
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Fig4 Results of foundation distortions due to 3 loading conditions and subsoquent removal of weights

The above results were subsequently compared with a Finite Element Analysis (FEA) of the concrete
foundation and which is the subject of another paper [1].

Conclusion
The test was carried out successfully and enabled the stiffness the foundation to be measured to the
level of accuracy that was required. The results showed that the foundation met the tolerances laid
down in the *Foundation Specification® thus confirming that the gantry machine tool could be installed
to the high level of precision specified by the alignment test sheets and that it would function correctly
when in use.

The test procedure took a total of three days to carry out, one day to set up the equipment and two
days to carry out the loading and measurements. The equipment used. though relatively inexpensive,
met the necessary accuracy requirements.

By testing a foundation in this manner before a machine is installed it is possible to determine
whether or not subsequent machining problems will occur aftey installation and establish where the
responsibility lies.

It is envisaged that by comparing the results from these and future tests on other foundations, with
the results obtained by FEA, that the accuracy of FEA prediction will be further enhanced to give even
higher levels of certainty.
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Abstract

To perform satisfactorily a machine tool mustbe both statically and dynamically
rigid. Its static stiffness determines its ability to produce dimensionally accurate
parts and its dynamic stiffness affects both the quality of the component’s surface
finish and the maximum metal removal rates that can be achieved. Virtually all
medium to large machine tools rely upon a concrete foundation to provide
adequate structural support in-order that the machine is sufficiently rigid to
perform satisfactorily.

This paper describes the theoretical analysis and subsequent validation of an
investigation into the static stiffness of the concrete foundation for a large
moving gantry machining centre. The analysis was carried out using the latest
Finite Element Analysis (FEA) software [1] and the results were physically
validated by measurement of the foundation deflections under a variety of
applied loading conditions.

1 Introduction

Large machine tools are used typically for producing component parts for the
aircraft and automotive industries and the accuracies to which the many different
configurations are built are specified in a wide variety of ISO and other
standards. The tolerances specified for axes straightness for such machines might
typically be 4 microns per meter of traverse and since the machine might weigh
as muchas 100 tonnes with a foundation weighing 500 tonnes, the stiffness of the
concrete base must be extremely high to prevent non rigid [2] errors
To illustrate how exacting the requirements are, it is interesting to observe

that for machines of extremely long traverse the earth’s curvature is a significant
proportion of the allowed tolerance. A machine 40 metres long would have a ‘X’
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axis straightness tolerance of 160 microns and the earth’s curvature over this
distance is 32 microns.

Figure 1 shows a large moving gantry machining centre mounted on two
longitudinal beds which provide the ‘X’ axis. For a machine of this configuration
the work support units, normally either fixed workplates or a rotary table are
connected to the machine via the concrete foundation. The machine weight is
transferred to the foundation by the beds.

Figure 1: Large moving gantry machining. centre
The foundation for such a machine is shown in Figure 2 part way under

construction with the commencement of the steel fixing reinforcement taking
place on top of the screed.

2 Foundation specification

Figure 2: Initial construction phase of foundation for gantry machine
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The specification for the foundation stiffness is determined by the machine
are usually based upon accepted ISO or national standards sometimes modified
by the machine tool manufacturer to suit the particular machine circumstances.
Three main parameters are used: -
a) Rigid body rotations of the base which are critical during the installation
of the machine but do not affect component accuracy.
b) Physical distortions of the base such as bending and twisting which
affect the accuracy of the component.
c¢) The needto ensure the work support area of the base and the machine
support area behave as a monolithic structure with no relative movement
taking place at the boundaries between them.

3 Finite element model of the concrete foundation

The model used to simulate the foundation comprised of an upper plate whose
dimensions matched those of the actual concrete foundation which was 18m long
by 7m wide by 2m deep. The plate was assigned the properties of reinforced
hydraulic concrete in terms of Young’s Modulus and Poisson’s ratio.

Figure 3: FEA model of the foundation

A second plate of minimumthickness was modelled beneath the upper plate as
shown in Figures 3 and 4 to act as an infinitely rigid datum surface.

The two plates were coupled together by 24 elastic spring members placed at
suitable intervals across the surfaces of each plate and attached at discrete pads to
provide exact locations.

Loads to simulate the machine weight were applied to the upper plate.
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Figure 4: FEA model of the foundation

3.1 Elements

The types of elements used can be shell, beams or solid and the choice of
elements used depends upon the nature of the main structural member. In this
case the elementswere solid ones generated automatically by the FEA software.

3.2 Spring members

Each spring unit was assigned the same spring stiffness constant based upon
known values for the sub-soil conditions that applied beneath the actual base
taken from test bore hole samples. The values derived were 25,000 N / mm /

m**2 based upon the Modulus of Uniform Elastic Compression for the sub-soil
a stratified mix of dense gravely sand, stiff red/brown clay and green mudstone.

3.3 Constraints

The upper surface of the lower plate was fully constrained for translation and
rotation across its entirety.

The upper plate was constrained at its lower edges to prevent only horizontal
translation normal to each side wall of the plate.

No rotational or vertical translational constraints applied to the upper plate.

3.4 Loads

Loads equal to the weight of the entire moving gantry beam (300kN) were
applied in sequence at various positions on the top surface of the upper plate to
simulate the effect of the gantry on the foundation for 3 different conditions.
A load equal to the weight of the machine headstock (80kN) was applied to
simulate the headstock’s effect on the foundation as it moves along the ‘Y’ axis.
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4 Static analyses

A basic FEA model was designed to suit the machine configuration and traverse
lengths etc using dimensions to match those of the actual concrete. The model
was analysed to simulate the erection of the machine. The effects of its weight on
the foundation during the machine construction procedure were computed.

Further analyses were undertaken to determine the foundation deflections
which occur as the machine is traversed through its ‘X’ and ‘Y axes.

The analyses obtained the overall elastic deflections of the upper surface of the
foundationrelative to the datum surface established on the lower plate. However
in practice the absolute deflections of a foundation are not of particular interest
since they do not directly affect the accuracy of the component. The deflections
which are critical are the relative rotations and distortions of the upper surface as
these affect installation procedures and component accuracy.

4.1 Load condition 1’

Simulation of the gantry at the X’ axis minimum position, (headstock central)

Figure 5: Gantry at “X’ minimum
4.2 Load condition *2°

Simulation of the gantry positioned at mid ‘X’ axis traverse, (headstock central)

Figure 6: Gantry at mid ‘X’
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Simulation of the gantry at the ‘X’ axis maximum position, (headstock central)

Figure 7: Gantry at full ‘X’ traverse
4.4 Load condition ‘4’

Simulation of the effect of the machine headstock being traversed to the extreme
of the machine ‘Y’ axis with gantry positioned at minimum ‘X’.

Figure 8: Headstock positioned at ‘Y’ maximum

5  Results
5.1 FEA Results

For each loading condition the deflections of the upper surface of the concrete
foundation have been computed and are shown below as isometric views and side
elevations. The deflected shapes through the base are presented in

graphical form showing the distortions of the upper surface of the base which are
compared with the measured results in Table 1.
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5.1.1 Load condition ‘1’

Figure 9: Gantry positioned at ‘X’ minimum

Maximum absolute deflection beneath the load = 420 microns
Bending distortion = 10 microns
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Figure 9a: Gantry positioned at ‘X’ minimum (upper surface deflected shape)

5.1.2 Load condition “2*

Figure 10: Gantry positioned at mid ‘X’ traverse
Maximum absolute deflection beneath the load = 200 microns
Bending distortion = 55 microns
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Figurell: Gantry positioned at mid ‘X’ (upper surface deflected shape)

5.1.3 Load condition ‘3’

Results values essentially as for load condition ‘1’ therefore graphs not shown
Maximum absolute deflection beneath the load = 420 microns

Bending distortion = 10 microns

5.1.4 Load condition ‘4’

Gantry beam positioned at ‘X’ minimum and the headstock at ‘Y’ maximum

Figurel2: Gantry positioned at mid ‘X’ (upper surface deflected shape)

Maximum absolute deflection beneath the load = 110 microns
Bending distortion = 5 microns
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5.2 Physically measured results

5.3 Validation of the FEA technique

The relative vertical deflections of the upper surface of the concrete are shown in
Figure 13 below for loading conditions 1. 2 and 3 and are compared with the
theoretical ones in Table 1.

Figurel3: Physically measured deflections of the foundation

The technique used to physically measure the deflections of the actual foundation
will be the subject of a future paper.

Table 1. Comparison of theoretical and measured results

Load condition Distortion of upper surface (microns)
FEA predicted Measured
1 10 25
2 50 30
3 5 40
+ 5 3
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6 Conclusions

The FEA model developed and the subsequent analysis technique proved to be
sufficiently robust as to be able to produce results that accurately matched the
physical values measured on the actual foundation.

The values measured are approaching the limits of the equipment being used to
and as such the variations from predicted to measured are relatively very small.

The technique is dependent upon the accuracy of the assessment of the
stiffness values assigned to the sub-oil conditions. In this case this information
was gathered from data charts for a variety of sub-soil conditions.

This information can however be confirmed by carrying out a static stiffness
test directly onto the sub-soil via a suitable plate after the site has been
excavated.

The technique has been shown to be suitable for analysing foundations for
large machine tools whatever their weight and configuration. This would enable a
machine tool manufacturer to specify the depth of concrete for a machine
foundation with a high degree of confidence that the required static stiffness
specification will be met and that the machine alignments could be subsequently
be achieved.
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Abstract

This paper describes the comprehensive analysis of the static structural stiffness
of a large moving gantry milling machine of the type typically used to produce
large components for the aerospace, shipbuilding and automotive industries.

The need for high static stiffness arises from the requirement to produce
parts to a desired size and shape [1] and although finish machining often takes
place with small depths of cut and correspondingly light cutting forces, the
resulting deflections can still be excessively large if the machine has inadequate
static stiffness.

The machining performance and component quality produced by these
machines is heavily dependant upon their structural rigidity and it is therefore
extremely important to maximise the stiffness of the entire structural force
loop.

Machines of the type described above are connected to the work-piece by
the concrete foundations which support them and thus the machine’s overall
rigidity also depends upon the concrete foundation and the sub-soil beneath it.

This research has investigated the contribution of each significant element
of the structural loop to the overall static stiffness of the machine_as measured
between the ram and the component support system, in this case, fixed work-
plates. Emphasis is made on the need to fully consider the concrete foundation
and the subsoil beneath it [2, 3] when analysing the force loop for machines of
this type. The predicted overall stiffness was compared to the measured value.

The paper clearly shows how modern Finite Element Analysis (FEA)
software enables the design of machine tool structures to be carried out
quantifiably with significant confidence in the accuracy of the results.
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1 Introduction

For a through understanding of the static structural stiffness of a machine tool it
is necessary to analyse the full structure. taking into account all significant
individual components. This is best carried out using modern Finite Element
techniques which not only enable the behaviour of individual fabrications and
castings to be determined but almost all aspects of the structure e.g. assemblies,
joints_bearings. foundations and subsoil etc.

1.1 Mlodel considerations
The CAD model was produced using Pro/engineer Wildfire [4] to generate the
various representations of individual structural components such as subsoil,
concrete foundation, foundation connectors. beds, gantry. head-slide, ram and
work-plates and to produce the model assembly.

Pro/Mechnica FEA software was used to produce the representations of the X
axis linear bearings and Y axis linear bearings.

Appropriate material characteristics were allocated to each structural member
to specify such as its Young’s Modulus, density and poisson’s ratio.

For accurate modelling of the foundation behaviour full translational and
rotational external constraint was applied to the base of the sub-soil only [5, 6].
Full kinematic constraints were employed using spring members to represent
linear bearings between bed and gantry and gantry and headstock.

Static loads typical of those generated on large Machine Tools were applied
to the face of the machine ram and the work-plate simultaneously to simulate the
separating forces generated under machining conditions.

The types of elements that can be used for the analysis can be shell, beam or
solid and choice of appropriate element type depends upon the nature of the
main structural member.

In this case the elements were generated automatically using a facility in the
Pro/Mechnica [4] FEA software package.

1.3 Types of analyses
The purpose of this paper is to describe the static analysis which was carried out
on the machine structure.

The analysis was carried out with loads applied simultaneously to the face of
machine ram and the work-piece support system (work-plates) in the vertical
direction. The corresponding static deflections of the ram and work-plate were
computed and used to calculate the static stiffness of the structure between ram
and work-plates.

The contribution of each significant individual component to the overall
stiffness was computed and recorded in tabular form.
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2 Machine configuration

2.1 Overall structural lavout

The construction of the main machine basic structural members was as shown in
Figure 1, with each individual component being made from a welded steel
fabrication.

For the purposes of this analysis the structural members were assumed to be
rigidly connected to each other at each joint interface except where supported by
the X axis and Y axis linear bearings which were represented by linear spring
members

The X axis gearboxes and the Y axis and Z axis ballscrews were simulated by
linear spring members.

The continuous nature of the foundation connectors used to support the
machine bed and the work-plates was simulated by a continuous layer of
material having the same overall spring stiffness per square metre as the
connectors.

HEADSTOCK GANTRY BEDS

WORK
PLATES
(11m by 4m)

Z (1.5m) SUBSOIL

(2m deep)

X (10m)

CONCRETE FOUNDATION
(16m by 10m by 1m)

Y (4m)

FOUNDATION CONNECTORS

Figure 1: Large moving gantry milling machine structural configuration
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2.2 Individual structural layout

Each of the eleven main structural components was modelled in a_3D solid
modelling software package [4] using dimensional information obtained from
the corresponding original manufacturing drawing.

The significant features were modelled in detail as shown in Figure 2 and
Figure 3 below in order to maintain overall accuracy ofresult. Cosmetic features
with no obvious contribution to stiffness were omitted.

The welds were modelled as if continuous and with full width penetration of
each plate.

Y’ AXIS LINEAR GUIDE-WAYS
SUPPORTS

Figure 2: Gantry fabrication

FULL ENCLOSED BQX SECTION CONSTRUCTION

. / X AXIS LINEAR

BEARING SUPPORTS

Figure 3: Gantry fabrication (underside view)
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2.3 Model assembly

After each component had been modelled separately an assembly model was
constructed from the individual members to give the machine configuration as
shown in Figure 1.

3 Loads and constraints

Figure 4 shows the Finite Element Model with loads and constraints applied and
linear bearings representations added.

3.1 Loads

For the static analysis the load was applied to the lower face of the machine ram
and the upper surface of the work-plates simultaneously to represent the
separating forces produced by the machining process.

The statically applied force was 10,000N, typical of the cutting forces
generated by machines of this type.

3.2 Constraints
The Finite Element Model (FEM) was externally fully constrained for

translation and rotation at the underside of the subsoil as would be the case for
the actual machine.

X AXIS LINEAR BEARINGS

LOAD APPLIED TO
WORKPLATE
& RAM

Figure 4: FEM with loads. external constraints and linear bearing constraints
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4 Analyses

4.1 Static stiffness

The static analysis calculated the magnitude and direction of the deflections of
the structure due to the applied loads and thus enabled the static stiffness of the
machine to be determined. The analysis was carried out in single pass adaptive
mode.

4.2 Overall structural loop (ram to work-plate) stiffness

The overall stiffness measured between the end of the machine ram and the
upper surface of the work-plate was computed by measuring the deflection of
the ram relative to the work-plate due to a separating load of 10,000N applied
between them. This is the stiffness criterion which determines a machine’s
ability to achieve dimensional tolerance of the work-piece.

To assess the stiffness of each structural component referred to the ram and
work-plates the model was analysed systematically with each component in turn
being assigned quasi-infinite stiffness by increasing its E value by a factor of
one thousand. The reduction in deflection at the ram/work-plate was a measure
of the stiffness of that particular component. This procedure was carried out for
the subsoil, concrete foundation. bed foundation connectors, all five machine
main structural elements_ the X axis linear guide-way bearings, the Y axis linear
guide-way bearings. X axis gearbox. Y and Z axis ballscrews_ the work-plate
foundation connectors and the work-plate.

The overall loop stiffness value is shown in Table 1 and the results were
compared and tabulated as percentages of the overall in Table 2.

4.3 Deflections due to machine self weight

The distortion of the machine due to the weight of its main moving member ie.
the 30 Tonne gantry was computed as it moves through the X axis traverse. This
stiffness criterion is important in order to maintain alignment tolerances as
specified typically by the final inspection test sheets for the machine. These tests
are often based upon the appropriate international standard ISO 8636-2: 1988 or
national standard BSI 4656-37: 1989 for this particular machine configuration.
To some extent this distortion can be accounted for by deliberately aligning
the machine beds with a countering bias on installation. However the value of
this bias needs to be measured by tests or predicted by methods such as FEA.

4.4 Deflections due to work-piece weight

The effect on the distortion of the machine due to the heaviest envisaged
component being placed on the work-plate was assessed by loading the work-
plates with a static uniformly distributed load of 30 Tonne. The effect of this
distortion cannot be compensated for because of variation in work-piece weight.
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S Results

5.1 Overall structural loop static stiffness

The following Figure 5 and Figure 6 show the static deflections of the machine
structure due to the simulated machining forces being applied to ram and work-

plate with the corresponding loop stiffness value being shown in Table 1.

Figure 5: Deflections of machine due to simulated machining forces.

Figure 6: Deflections of machine due to simulated machining forces.

Table 1: Overall deflections and structural loop stiffness

Load Direction Deflection Overall loop Stiffness
™) (Vertical) (micron) (N/micron)

Ram Work-plate Predicted NMeasured
10.000 Z 98 8 94 105
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Table 2: Compliance of the machine between the ram and work-plate due to the
various structural components

Vertical load (10,000N)
Structural Deflection % %
Component (micron) Defl Compliance
Ram Work-plate micron (micron/N) 10+
Subsoil 1 1 2 2
Concrete foundation 1 1 2 2
Foundation connectors 12 <1 11 i1l
Beds 1 <1 1 1
X axis linear bearings 6 <1 6 6
X axis gearbox <1 <1 <1 <1
Gantry 35 <1 33 33
Y axis linear bearings 16 <1 15 15
Y axis ballscrew <1 <1 <1 <1
Headstock 26 <1 24 24
Ram 1 <1 1 1
Work-plate found. conn. <1 - 4 4
Work-plate <1 1 1 1
Total 99 7 100 106

5.2 Deflections due to machine self weight

Figures 7 shows the basic FEM used to assess the effect on the foundation of the

30 Tonne weight of the moving gantry and Figures 8 shows the resulting
distortion of when the gantry is at mid X axis traverse position.

Figure 7: FEM of foundation with
gantry loading

Figure 8: Distortion of foundation
due to gantry weight

The resulting bending along the X axis is shown in Figures 9 and is 94 micron
whereas the ISO straightness tolerance for a 10m X axis machine is 50micron.
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5.2 Contd

——— =
ee——— [

Figure

Figure 9: Deflection along X axis of the foundation due to gantry weight

5.3 Deflections due to work-piece weight

Figures 10 and 11 show the foundation distortion resulting from the heaviest
component. equal to a uniformly distributed load of 30 Tonne.

10: Distortion of the foundation due to heaviest component

Figure 11: Deflection of the foundation along the X axis

The resultant absolute vertical deflection of the foundation is 43 micron with
bending at its upper surface of 8 micron . measured along the X axis.
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6 Conclusions

This paper clearly demonstrates it is now possible to comprehensively analyse
the static characteristics of structures of large and complex machine tools and
the need to include the concrete foundation and supporting subsoil in order to
obtain a full understanding of their behaviour.
The use of modern Finite Element Analysis software packages and the
associated hardware, as a tool for determining the static stiffness characteristics
for a machine tool structure can be seen to have significant advantages in terms
of time and accuracy of results over the traditional methods using classical
theoretical calculation techniques.

The depth of analyses gives access to information that will allow the
machine tool designer to optimise structures with respect to weight and size
such that maximum stiffness and minimum mass can be achieved.
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Abstract

In order to satisfactorily machine precision components it is necessary for
machine tools to be able to achieve extremely high levels of geometric accuracy.
This requires their structures to be extremely rigid such that deflections caused
by self weight and traversing of the moving elements do not induce distortions
that exceed the required tolerances of the components which are manufactured
by the machines.

To aid this aspect of machine tool technology. a range of standards have been
systematically created which specify in great detail a variety of geometric tests
which can be applied to the various configurations of machine tools currently in
use today. Certain machine tool companies will use national or ISO standards.
others will create their own. often based upon the ISO but tailored to suit their
specific machine configuration and characteristics.

However. achieving the required tolerances can be extremely difficult due to
a number of reasons such as geometric errors. thermal distortions causing errors
to change as temperatures change and load errors causing the errors to change
due to the variation in load magnitude and the changes in positions of the loads.

One major source of load errors on large machine is caused by the machine’s
own weight and its re-distribution as the machine 1s traversed through its own
working stroke. whereas another significant source is caused by the variety in
component weights and their variation in position. either on static or moving
table machines. In some cases the tolerances specified in standard tests can be
tighter than grade “A™ straightedge tolerances and achieving this accuracy under
conditions which apply to large and heavy machine tool installations can cause
significant problems and considerable unanticipated costs.

A review is made here of how these difficulties might be overcome by use of
modern technology and adopting the outlined planned approach to the design
and build procedure used of large and heavy machine tools.
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1 Introduction

allowable tolerances as specified by typical official standards.

stiffness and improved measurement techniques.

2 Machine configurations and associated standards

2 | Machine configurations and components

automotive, ship building and aerospace sectors.

frames and skins or the engine bed plate for a nuclear submarine.

cap bearing housings for the crankshaft being bored and faced.

Figure 1: Moving gantry machine Figure 2: Moving column machine

This paper investigates the effect of the static machine self weight and
component load errors on a typical machine tool structure. including the
concrete foundation and how the magnitude of these errors compare with the

The paper discusses how the discrepancies between actual machine errors
and the standard tolerances specified can be minimised and overcome on a
typical machine tool configuration. by appropriate use of Finite Element
Modelling at the design stage. sufficiently robust specification of foundation

Machines which are being addressed by this paper can typically have traverse
dimensions of 20m for the “X™ axis. 5Sm for “Y™ axis and 1.5m for the “Z" axis.

Two examples of types of machine tools are being considered in this paper.
travelling gantries and moving column machines. both of which are prevalent in
most large manufacturing facilities and are used to produce a vast range of
components found in the general engineering industry, in particular in the rail.

Typical component examples are aircraft parts such as turbine engine
casings. wing spars, stringers. ribs and skins. undercarriage parts. fuselage

Figure 1 shows the machining of a general engineering fabrication and i
Figure 2 the crankcase for a large marine diesel engine can be seen with the half
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susceptible to significant fluctuations of the environmental temperature.

traverse.
2.2 Associated ISO standards

The International Standards Organisation (ISO) corresponding alignment test
standards for the specific configurations of machines shown in figure 3 and
figure 4 are ISO 8636-2:2007 [1] and ISO 3070-2:2007 [2] respectively. The
standards specify a wide range of tests (in excess of 20). some of which are
influenced by the moving of the machines through their traverses or the placing
of components on the work support areas (work-plates). It is these tests that are
being considered in this paper. A more general standard. ISO 230-1:1996 [3]
covers the generic method of testing for all machine tools.

Figure 3: Moving gantry type mc Figure 4: Moving column type mc
3 Critical alignment tests
3.1 Gantry type machine tests

Both the “X" axis Y™ axis straightness errors measured in the vertical plane
are influenced by traversing of the main gantry beam. the head-slide and the
component weight and its position.

A specific requirement is that these machines are constructed to tolerances
which are very precise and in practice can be very difficult to achieve,.
particularly in normal factory conditions without air conditioning and which are

To assist determination of the required tolerances there is now an
mereasingly large number of national and international standards available for
the many different configurations of machine that recommend the tolerances to
which the individual characteristics of the machine should be produce e.g.
straightness of the X" axis should be no greater than 5 microns per metre of
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3.2 Column type machine tests

traversing of the moving column and the component weight and its position.

position.
head-slide and the ram.

3.3 Tolerance values

have subsequently occurred due to the foundation or the sub-soil beneath it.

3.4 Equipment used for measurement

squarcs.

4 Finite Element Modelling (FEM)

the allowable tolerances mentioned in “3.37.

4.1 Assumptions

structural members.

sheets can be met.

foundation can be carried out.

The “X” axis straightness measured in the vertical plane is influenced by

The “Y™ axis verticality measured in the horizontal plane is influenced by
traversing of the column. the head-slide, the ram and the component weight and

The “Y™ and “Z™ axes alignments are both influenced by traversing of the

Typical value for straightness tolerance is circa 10 micron per metre for each
axis. These types of machine are generally installed to a gravitational reference
initially though this is not a requirement of the standards since it is not
necessary to ensure the component is machined correctly. It is done to establish
a datum for subsequent reference to check whether or not subsidence might

A wide range of equipment is used for checking the large machines, such as
water levels, electronic levels, taut wire and microscope, alignment telescopes,
laser trackers, laser interferometers, dial test indicators, straightedges and

By use of Fininte Element Analysis it is possible to determine within a high
confidence level whether or not traversing of the machine and or the weight and
position of the workpiece will adversely affect the alignments mentioned in
*“3.1” and “3.2” to such an extent that the machine cannot be constructed within

By careful consideration of all relevant characteristics of the machine structure,
including the foundation and sub-soil etc and assuming linear behaviour of all
elments it is possible to accurately predict the static stiffness of all significant

From this information it can be determined whether or not deflections will
take place such that the tolerances specified in the corresponding standard test

If any aspect of the structure is determined to have a compliance value such
that the tolerances cannot be met then subsequent redesign of the structure or
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4.3 Data required for FEM

To carry out succesful FEM structural information is needed on all major
elements of the machine through from the sub-soil. concrete foundation,
foundation connectors, grout material, casting material, guide-way linear
bearing stiffness values, journal bearings stiffness for the main spindle ete.

However, this analyis is stiffness based and unlike stress analysis, in this
case, certain details such as fillets and bolt holes etc can be ignored since they
have a second order effect on the resulting deflections and distortions.

To achieve sufficient accuracy with the FEA it is not only necessary to have
the manufacturing drawings of all major structural members in order to provide
dimensional information as well as Young’s Modulus etc but also such data as
the Coefficient of Uniform Elastic Compression for the sub-soil and the “E”
value for the concrete appropriate for the level of steel re-enforcement.

4.4 Finite Element Model of machine and component
A full model of a typical gantry machine. see figure 5, based upon work carried

out [4] [5] [6]. has been developed using Pro/e 3D CAD [7].to specifically
analyse static distortions.

F150000 F20
'<:~.'." wy;u Mzl

SUBSOIL CONSTRAINTS WORKPIECE

Figure 5: FEA model required for full analysis of static alignment conditions
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Relevant dimensional detail taken from manufacturing drawings was used to
construct the model which included all major structural members, sub-soil,
concrete foundation, foundation connectors, beds, guide-way linear bearings,
gantry beam, headstock. ram and spindle.

4.5 Finite Element Analysis of machine

Using Pro/e Mechanica [7] the model was analysed to evalutate the distortions
and deflections which would occur due to the machine traversing through its full
“X™ axis travel and the loading of various simulated components onto a range of
positions on the work-plates.

5 FEA Results

5.1 Deflections due to machine moving weight

Movement of the gantry (35 Tonnes) along the “X™ axis was simulated and the
deflected shape of the machine beds were computed to show the error in
straightness that would result from the machine overall structural compliance. as
shown in figures 6 and 7 below.

The machine gantry was moved in a number of discrete increments and the
bed shape determuned for each position. From this a resulting profile for the
machine straightness of movment in the vertical planeent could be determined.

Figure 6: Loading simulation of the machine as traversed along “X” axis
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Figure 7: Deflection of the machine beds with gantry at mid X traverse
5.2 Deflections due to work-piece weight at various positions
5.2.1 Work-piece at minimum X traverse position
Figures 8. 9 and 10 show the workplate, foundation and subsoil distortion

resulting from the heaviest component, equal to a uniformly distributed load of
30 Tonne over a 4m by 1m area of the workplate.

Figure 8: Deflection of the workplates due to workpiece at X minimum

The resultant absolute vertical deflection of the foundation was computed for a
range of positions of the maximum anticipated component placed onto the
workplates.
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5.2.2 Work-piece at quarter X traverse position

Figure 9: Deflection of workplates due to workpiece at quarter X axis

5.2.3 Work-piece at middle of X traverse position

Figure 10: Deflection of workplates due to workpiece at quarter X axis

&3 Comparison of tolerances

The most critical tolerances are for “X” axis straightness and pitch were
compared with measured and predicted wvalues for moving gantry and
workpiece loadings as shown in tables 1 and 2.

Tablel: Comparision of ISO, FEA and measured values

MOVING GANTRY MACHINE

Test No. Test type ISO tests I FEA I Measured
Tolerance (microns / metre)
G2a Pitch 100 140 130
Workplate Pitch N/A 60 70
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Table2: Comparision of ISO, FEA and measured values

MOVING COLUMN MACHINE I
Test No. Type ISO tests Measured
G3a Straightness 50 microns 70 microns
G4a Pitch 60 microns / metre 80 microns / metre |
6 Discussion of Results

FEA and actual machine measurements confirm that the tolerances specified in
official standards can be difficult to achieve under certain circumstances. When
this 1s the case remedial work 1s almost always extremely expensive and not
always successful. It was noted that no tests are specified for checking the
adverse effect of the weight of heavy workpieces on the alignments.
Remedial actions can mnvolve:-

1. Underpinning of the concrete foundation by use of ring beams.

2. Deliberate re-working of the relevant structural members to produce

cambering effects to correct for non-rigid body distortions [8].

3. Compensation techniques [9] in the control circuits

4. All these solutions are generally costly additions to the original price
FEA shows that the main aspects of concern are:-

1. Sub-soil

2. Concrete foundation

3. Me structural design

4. Foundation connectors

5. Traverse beds
Techniques available to prevent problems:-

1. FEM and analysis to predict non rigid behaviour and to modify the

structural design appropriately prior to manufacture.

2. Specification of the concrete foundation:
FEM shows that the stiffness of a typical gantry machine bed can be less than
5% of that of the concrete foundation emphasising the fact that correct
foundation design [10] [11] is absolutely critical.

Traditionally, machine tool builders apply limited attention to the detail of
the foundation and often are restricted to specifying only the minimum depth of
concrete to be used.

A much more successful method is to specify the necessary stiffness at the
surface of the concrete based on analysis of the tolerances required by the
appropriate standard.

Due to the unpredictable nature of subsoil. in order to achieve the correct
specification it is necessary not only to take bore hole samples of the subsoil,
but also to carry out soil surface plate tests to determine the coefficient of
uniform elastic compression for the actual site conditions.
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6 Conclusions

The paper has attempted to identify weaknesses associated with machine tool
design and build which can cause considerable unanticipated costs due to
difficulties in achieving the necessary high levels of alignment tolerances
which are required for manufacturing high precision components.

These issues not only apply to the large machine tools described in detail in
this paper but similarly to any other machine tools that are dependent upon a
concrete foundation in order to function correctly in order to meet the ever
more demanding accuracy tolerances found on modem engineering parts.

By adopting certain planned procedures as outlined above. it is now possible
to take advantage of modem technology to avoid many alignment related issues
that can be so costly when constructing and installing large machine tools.
Future work will involve a full FEM analysis of the moving column machines.
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Abstract. This paper describes a novel method to measure straightness error of an axis of motion with
a system utilizing taut wire, optical sensor and reference error cancellation technique. In contrast to
commonly used taut wire, straightedge or laser-based methods it combines simplicity of setup and low
cost with high levels of automation, accuracy and repeatability. An error cancellation technique based
on two-point method is applied for the first time to a versatile reference object which can be mounted
at any place of machine’s working volume allowing direct measurement of motion straightness of a
tool point. Experimental results on a typical machine tool validate performance of the proposed taut
wire system with a commercial laser interferometer operating in the same conditions is used as a
reference. The proposed method shows highly repeatable results of better than £0.25um over the
range of 0.48m and measurement accuracy comparable to the interferometer of £0.5um.

Keywords. Straightness. error separation. two-point method. taut wire. slotted optical sensors. low
cOSt measurement. motion error.

Abstract. This paper describes a novel method to measure straightness error of an axis of motion with a
system utilizing taut wire, optical sensor and reference error cancellation technique. In contrast to commonly
used taut wire, straightedge or laser-based methods it combines simplicity of setup and low cost with high
levels of automation, accuracy and repeatability. An error cancellation technique based on two-point method
1s applied for the first time to a versatile reference object which can be mounted at any place of machine’s
working volume allowing direct measurement of motion straightness of a tool point. Experimental results on
a typical machine tool validate performance of the proposed taut wire system with a commercial laser
interferometer operating in the same conditions 1s used as a reference. The proposed method shows highly
repeatable results of better than £0.25um over the range of 0.48m and measurement accuracy comparable to
the interferometer of £0.5um,

1. Introduction

The performance characterisation of machine tools is prevalent in modern manufacturing industry where
component accuracy is crucial, Straightness in two orthogonal planes, along with positioning error and three
angular deviations, often referred to as roll, pitch and yaw, represents six components of error of any
nominally linear motion system [1]. On machine tools having multiple axes, those geometric errors combine
and affect the accuracy of produced components. It is important, therefore, that all geometric errors including
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highest accuracy of machining.

a horizontal reference for angular displacements to be converted to the lateral ones.

reduction in accuracy which is highly dependent on the number of overlaps and overlapped length.

way to numerous alternatives and advancements aiming to overcome those well-known disadvantages.

over 200mm.

laboratory conditions.

remains sensitive to measurement distance,

the arca of measuring system repeatability of 20pum.

challenge.

physical setup but its accuracy and efficiency issues are yet to be addressed.

[

straightness are known (measured) to understand capability and ideally reduced to a minimum to maintain

Unlike other geometric errors, straightness error measurement involves detection of lateral displacements
along the direction of axis travel. Most direct straightness-measurement systems consist of a strai ghtness
reference and a displacement indicator [2]. There is always a great difference in values of straightness emor
compared to the distance along which they are measured. It is approximately 10” and so the straightness
reference should be — long and flat at the same time. Here lies the main problem of straightness measurement
in space — finding a suitable reference object. Measurement of straightness typically involves material
artefacts (straightedges) or various optics (from telescopes to lasers) or even levels using carth gravitation as

Because straightness measurement cannot be split over the distance along the axis, straightedges are limited
by their own dimensions allowing measurements within their lengths only. An attempt to solve this issue by
Pahk relies on multiple measurements with partial overlapping [3]. Increased range comes at a cost of

Telescopes and autocollimators, which have been the first optical methods [4]. with time advanced to
numerous laser-based techniques where a highly coherent laser beam was used as a straightness reference [5-
7]. Conventional Helium-Neon laser interferometers manufactured by companies such as Agilent and
Renishaw have set a high level of measurement accuracy (Agilent 55283A 1£0.2% of measured value.
Renishaw XL-80 £0.5%) but did not put an end to research in the straightness arca. Being relatively
expensive. slow, complicated and susceptible to disturbances over longer ranges. laser interferometers gave

Fan and Zhao introduce a simple laser test for measuring straightness using a four-quadrant photo
detector [8]. The method does not depend on expensive matched optics and uses a shorter laser beam to
improve its stability, demonstrating 0.5um repeatability on a 100mm range. This result is not validated
against other methods: the system is only calibrated with a laser interferometer which can still leave
systematic errors of the system unknown. To increase sensitivity of a conventional laser (HP5518A) using
more sophisticated optics, Lin [9] shows a possible advancement in accuracy achieving repeatability of Tum

A solution to avoid using more stable (and more expensive) dual-frequency lasers is described by Feng [10]
and Kuang [11]. A single-mode fibre-coupled laser produces a beam which strikes into a corner reflector
mounted on the moving spindle and reflects back to a photodetector. Like all laser-based methods. this one
suffers from beam pointing stability issues which get worse with distance. Morcover. the method involves a
laser interferometer for calibration and relies on quality of the beam which leads to further expense related to
a powerful laser emitter. Intemal setup of the measuring unit requires space. numerous adjustments and

Measuring angular displacements instead of linear ones using a different optic setup is presented by
Zhu [12]. Similar to previous laser method in terms of setting up. this one claims to provide a higher
accuracy once again taking advantage of improved and more complicated optics. The same time the system

Chen et al [13] describe a dual-frequency laser with two Wollaston prisms to compensate air disturbances
over a very long range of 16m. An experiment, carried out in laboratory conditions, claims to show high
measurement stability of 3.6um. This. however, not necessarily means the corresponding level of accuracy
because only overall 230um-high V-shape of the measured profile was reproduced when its details fell into

All the improvements mentioned above might not be sufficient to solve the issue with lasers where accuracy
is compromised over the measuring range as it is affected by the refraction index of air turbulence and. for
some systems. beam pointing stability. Estler [14] in his comprehensive review of long range measurements.
where he describes all the factors affecting a laser beam propagating in the air. shows that the beam actually
bends and this happens rather randomly which can make modelling and compensation of such error a

To overcome the limitations of methods using a beam of light or solid artefacts a different physical reference
object together with a different measurement setup is required. The first one needs to be flexible in length yet
solid which mean range flexibility and low environmental susceptibility. The second one needs to be range-
independent and non-contact to maintain high measurement accuracy over the range. A technique that would
fit into those requirements is straightness measurement using a taut wire. It provides the overall desired
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2. Method

The taut wire is a known reference for measuring straightness [1. 14, 15]. A length of the wire. stretched
between two points. gives a straight line assuming catenary effects are negligible. eliminated or subtracted.
The wire can have long lengths (The wire may begin to sway with lengths greater than [5m) and any
orientation in space needed to make it nominally parallel to an axis of motion. such as on a machine tool.
Step by step misalignment comparison of wire and axis nominal travel trajectory allows calculation of
straightness of one relative to another. The main reasons why this method is not widely used at present are its
low accuracy and inefficient data gathering methods. The accuracy is compromised by both variability of the
wire reference and typical wire detection methods such as microscope or electrical contact. Even commercial
non-contact implementation with the use of laser diode [16] has stated precision of £5 um. All of those
methods require manual intervention leading to a time-consuming process and involve relatively high levels
of measurement uncertainty. Figure | shows the proposed solution to overcome those issues:

Available, easy mountable Fast, simple wire positioning

Low cost, fast
and accurate
straightness
measurement

1 Taut wire as areference > < Fine adjustment carriages | 3

2 | Slotted optical sensors > < Wire error cancellation | 4

Low cost, sensitive, simple data capture Elimination of the wire error

Figure 1. Mecasurement principle.

Each of the key features of the method is described below:

I. Nvlon fishing wire is readily available in any length: it is lightweight, portable and casily-mountable. Its
diameter variation depends on wire quality, stretching force and settling time and normally lies within 2-
20um between the lowest and highest point. A wire made of steel. like string on a musical instrument is
successfully used in fixed-length straightedges [15]. but it is less suitable for long ranges because of its
limited availability and poor dimensional quality. Thin wires provide low sensitivity when using an optical
detector and require more effort when choosing the right stretching force (to get the wire as straight as
possible while avoiding breakage).

2. Slotted optical sensors like those manufactured by Omron are primarily designed for automation
applications to detect the presence of a non-transparent object between the fixed wavelength emitter and
receiver. Bench testing has proved that they have sensitivity and stability enough for detection of objects
even on a sub-micron level. For this work an Omron sensor. shown in figure 2. is used as it provides good
balance between sensitivity and range and can be casily mounted. These are low cost. portable. and mass-
manufactured so are readily available and have provided an excellent solution for measuring lateral
displacements of a stretched wire passing through the sensing arca.

4.4
43 AN
> 42
2
§ a1 Left and right
g . working zones
5
w
§ 39
w
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Powerinpuy B e e B
_Output .~ SARARIBETLR I
Wire travel within the sensor, pm

Figure 2. Omron photomicrosensor and its sensitivity graph.
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3. Fine adjustment carriages are used for precise alignment of the wire with the measured axis within a travel
range of several millimetres. Adjustment of the carriages can be checked very quickly using feedback from
the sensors without the need of additional equipment. Removal of slope between the wire and 0.5m axis
typically takes 5 minutes while alignment of the laser beam can take 7-10 minutes.,

4. The technique of the reference error cancelation during step by step straightness measurements (also
refemred as “two-point method™) was first published in 1979, applied to a machined steel plate [ 17-18]. Error
in the reference was taken out of calculation by using data from an additional displacement sensor. If the
distance between a pair of sensors is equal to the increment of axis travel. they both can be used together to
measure relative displacement at every point. Adding cach value to the sum of the previous reading. starting
from zero. gives a separated lateral error of measured axis.

This approach was successfully tested on a 7m long boring machine. when the error was measured along Sm
range with 100 or 200mm increments [15] showing its high potential. Gap sensors (sensitivity Sum/'mV)
provided good correlation with a laser interferometer measuring an error of 40um.

The improvements that followed [19-20] still rely on a solid 3-dimensional straightness reference. requiring
consideration of its pitch error which had to be measured separately. Another issue is a large accumulated
error — negligible on the first step. its amount soon exceed the measured value. To prevent that. a larger step
size and calculation of intermediate values have been proposed [20]. More recent applications of two-point
method (even expanded to three-point) are in topography and surface profile measurements [21-23] where
the reference error of a moving stage is separated achieving sub-micron accuracy levels using capacitive
SCNSOrs,

All those developed methods represent a good use of error cancellation principle applied to straightness
measurement of machined parts whether it is a precision guide. cylinder or a flat surface. Application of
those methods to machine tool’s axes can be challenging because the straightness reference needs to be
specially positioned and have a variable length if it is to be useful on a wide range of machines.

On the other side. straightness of an axis guide way can be very different from the straightness of motion of
the tool or workpiece point due to the error magnification by other axes forming a kinematic chain between
them. Therefore it is not sufficient to measure the guide or attached artefact (for example. using capacitive
sensors), a direct measurement between the tool'workpiece interface is necessary to ensure high accuracy.
Here we introduce an altemative use of the error cancelation technique when the straightness reference is a
stretched wire, Unlike a straightedge. the wire can be considered to be a 2-dimensional reference as its cross-
section is round. This means only one wire error, its change in diameter, needs to be eliminated and the only
measured lines are axis and wire surfaces belonging to the same plane. The wire is a simple object which can
be casily placed at any part of machine’s working volume to measure straightness of corresponding axes
directly. without estimation which can be a source of measurement error like it is the case with laser
interferometry.

Counterweight Optical sensor

Double adjustable carriages

Saddle

1

Measured
distance

/77777 77A

Figure 3. Taut wire measurement system mounted on a machine tool.
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The taut wire setup shown in figure 3 consists of? two stands. the distance between which covers the full
measured axis: the wire itself stretched between them: the new optical sensing head mounted on the moving
component of the machine using a post having the same length as a typical tool so that systematic and
random (vibrational) effects from linear and rotational error components will be representative of those in
operation. Position of the wire can be adjusted using the aforementioned dual axis carriage. Measurement of
the axis straightness is based on the following conditions:

I. Both the wire and the measured machine axis have time-invariant (at least for the duration of the test)
surface profiles (straightness values over the range) ie. repeatable systematic errors dominate over non-
repeatable and random errors.

2. Straightness error of the first point of the measured surface has zero value. Upon completion of the
measurement. least-squares fitting eliminates any residual slope while not changing its shape.

3. Measurement time is sufficiently short so that no change in straightness of the machine axis can occur,
These conditions enable separation of the wire surface profile from the profile of measured axis. In case of
single sensor measurement they both combine and the total reading at every point represents the sum of both
crrors, If wire error greatly dominates the straightness error of the axis. measurement fails,

Along with wire error caused by deviation of its diameter, there are random errors caused by wire movement
due to airflow, vibration and stretching force.

Taut wire

Readings taken
by two sensors
in the same axis
position

Measured
axis

Figure 4. Dual sensor measurement.

Figure 4 shows the order of measuring: every time the machine stops. current axis error combined with error
of the wire on current and the subsequent steps are measured. This way every time readings are taken from
both sensors. Because the distance between the sensors matches the axial increment (the method to achieve
that is described at the end of this section). the first sensor takes position of the second one on the previous
step and measures the same error on the wire but combined with different error of the axis. On the figure it is
shown by pairs of rectangles (pairs of readings): 1. 2. 3... The following subtraction of second reading of the
first pair from the first reading of second pair (both have the same amount of wire error) gives the difference
between axis ermors which is between the first and the second steps. Accumulation of those numbers obtained
from full number of steps (starting from 0) gives the straightness error of the axis on every step.

When two sensors are used simultancously and readings are taken at every two adjacent points of the wire,
and the distance between those points is the same as the machine movement increment. the following
calculation [17] separates axis and wire errors (including some random ones) from ¢ach other:

i
X, =X +8,—C = Z(Sf —C ) (1)
!

Where v —axis error on step i,
¢ —combined (measured) error from the first sensor.
s —combined error from the second sensor,

According to the first condition x;, = @, all the other values of x are calculated using equation 1.

This equation confirms that the calculated axis error is not influenced by the wire error (including slope) at
all as long as it and the machine positioning is repeatable. This error separation enhances the accuracy of
straightness measurement regardless of the distance and error amount. though importance of the wire and
machine repeatability increases with the length of measured axis and number of sampling points as the

5
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positioning ¢rror accumulates. To control the accumulation, all tests were camried out as multiple bi-
directional runs and the difference between corresponding results has proven to be very small, typically less
than one tenth of @ micron during all of the validation tests,

Error cancellation reduces only the systematic part of measurement error: random contributors like emrors in
the sensors themselves. including electrical fluctuations. remain. Because those measurement errors are
cumulative, even such small effects could become problematic over longer axes. The method can therefore
be expanded to a third sensor to provide averaging at cach measurement point. Due to the cost and
availability of the sensors. this does not degrade the practicality of the solution at all.

Separation of the sensors in the measuring head is determined once by using a piece of opaque tape attached
to the wire. Detection of the edge of the tape while slowly moving the machine axis gives cach sensor aclear
change in readings taken and the difference in machine coordinates of both points gives the measured step
size. Uncertainty using this simple method comes from accuracy of the axis, shape of the tape, speed of
motion. etc. It is generally in order of 10um which is sufficient because rate of change in diameter of the
fishing wire is very small. typically stays within a tolerance of 0.1 um/Imm (i.c. just 0.001 um over 10um).

3. Measurement error

The proposed combination of taut wire and multiple optical sensors used together cancelling the reference
error, is subject to certain systematic errors limiting the method’s accuracy. The two-point method itself, as a
basic principle is perfect and the error appears on the stage of its practical implementation, In case of profile
measurements with capacitive sensors, the main error factors reported are zero-difference [20] and pitch
error [22] which need to be measured separately and the system calibrated accordingly.,

This system uses multiple optical sensors which have different and non-linear outputs but this difference is
relatively small and the output is fairly linear in the range of 200um (figure 2). After simple calibration
described in section 3 all outputs are lincarized into one straight line with a permanent sensitivity value for
all sensors.

Rotational components of a measured axis of motion have a negligible effect on the optical sensors because
rotation of the wire within the sensing arca does not change the amount of light blocked by the wire and
consequently the sensor output is not affected:

Taut wire

Sensing area

Sensor body

Roll Pitch Yaw

Figure 5. Rotational components of motion affecting the system.

The sensors are sensitive to linear displacements in one direction only. i.e. errors in the transverse directions
resulting from the machine’s kinematic chain and length of the post consisting of both linear and rotational
components do not contaminate the reading. Similarly. change in the relative orientation of the sensor to the
wire does not affect the reading because the result is negligible change in the amount of light blocked by the
SCNSor,

6
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4. Physical system

A system diagram and the new measurement device itself are shown on figure 6. Raw voltage from the
optical sensors passes through low pass (=3Hz) filters before undergoing analogue to digital conversion for
calculation of the measured error using equation 1.

Reference wire

- Measurement
—[ Optical sensors ]

unit
:[ Low-pass filters ]
| 24bit a-channel ADC | } NI 9239

Data logger ]

Data processor ] PC

-—[ Reporter ]

Figure 6. The system dataflow diagram and measurement device.

The device is assembled on a steel plate carrying optical sensors. stabilized power circuit and individual
sensitivity controls for every sensor, Possible potentiometer drifting proved to have a negligible effect on the
measurement accuracy because only power going to light emitting diodes can change and therefore does not
change sensitivity of the sensors. Manual adjustment moves the working zone vertically within the sensing
arca (shown on figure 2) allowing better intersection between sensors to increase straightness measuring
range.

The present design has three sensors mounted horizontally. This works in several different measurement
schemes: using first and second sensors as a pair for error cancelation: using second and third in the same
way: using both pairs simultancously and taking the average of them to reduce the total uncertainty: take the
first and third pair when longer step size is required (to reduce the time of long range measurements): use the
first. second and third separately or all three separately (for single sensor measurement with averaging when
the reference error is negligible compared to the axis error). Orientation of the device determines the
straightness error to be measured. Spare space is available for a set of vertically mounted sensors for
simultancous straightness measurement in both perpendicular planes,

Dynamic data capture. when the machine moves continuously, is also possible with axis feed rate not
exceeding 150mm/min (in the current implementation of the sensing head). This speed depends on the
maximum speed of sensor power circuit and can be determined experimentally finding a maximum feed rate
value which does not change the measured straightness value compared to the one obtained with a lower
speed.

5. Validation

The system was validated on a machine tool axis that was 0.5m long and horizontally orientated.
Straightness in the vertical plane was measured using a Renishaw XL-80 laser interferometer having stated
straightness measuring accuracy of £0.5um over 0.48m. Shortly after. measurement was done using the
proposed taut wire (DAIWA Sensor Monofil 0.26mm diameter) with minimal Abbe offset to eliminate
effects of angular errors on the axis. In both cases the straightness profile was obtained with step size of
19.956mm. equal to the actual distance between two optical sensors, All data readings were taken with four
seccond dwell interval to allow the long term averaging of the interferometer system to stabilise, For new
system, the same dwell time was used during which averaging of 40 readings was used to reduce the amount
of noise and small random errors. Every test run was bi-directional to ensure random error detection. Slope
errors on both planes were eliminated prior to measurement using double adjustable carriages (figure 3).

-
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Both optical sensors were calibrated using a high accuracy (<3um over full 12mm range) digital dial test
indicator so that the lincar sensitivity was established with a magnitude of I.6mV/um.

In the case of the laser. an average of three sequential bi-directional tests was obtained for comparison with
the wire. To include in the validation consideration for the fact that every picce of wire has its own unique
surface profile. three different pieces were tested and on cach of those three runs were also completed. Prior
to measuring, the wire was left to settle forapproximately five minutes. Normally such time period is enough
for good quality fishing wire to stabilize: during that time it is continuously changing its diameter becoming
thinner as it stretches. Stabilization time is individual for every wire material. thickness and stretching force.
Finding the minimal period while the wire cannot be used for measurements is a simple procedure of logging
measurement data while the machine is not moving, assuming relatively stable thermal conditions.,

Figure 7 shows averaged (here and after — least square fitted to remove residual slope) results of measuring
straightness using the same piece of wire. Three bidirectional tests performed one after another show
repeatability within 0.2 um.
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Axis travel, mm Run 1 m—===Run 2 == Run3

7

Figure 7. Repeatability within one piece ofthe wire,
After three tests were completed. the wire was replaced. a new wire piece left to settle and measured. Then
again replaced, settled, measured. The results are shown in figure 8. with non-repeatability across all nine

measurements never CXCCdil]j__’ 0. Sum.

2

Straightness error, um

Wireg 1 =====Wireg2 == Wire3

Axis travel, mm

Figure 8. Wire repeatability within three pieces.
Figure 9 contains results of a single-sensor measurement of three wire pieces for comparison. It is clearly
visible that without error cancellation the taut wire is poor as a straightness reference giving a non-
repeatability of up to 4um and no obvious common profile which can not be obtained by averaging.
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Straightness error, um

Wire 1 - ———\ire 2 - = Wire 3

Axis travel, mm
Figure 9. Wire repeatability within three pieces (single-sensor test).
Figure 10 confirms a good correlation to within [um between averaged laser and average of three wires

measurement results, Taking into account a very low value of measured error and fundamenal differences
between measuring methods, certain output discrepancy should be considered normal.
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Figure 10. Wire against the laser.

To find out the actual measurement capability of both methods in terms of random error, idle mode (the
machine is nominally stationary) tests were carried out. The laser was set to long term averaging mode. all
tests were sequential, with a few minutes time between them. all in normal workshop conditions including
airflow and vibrations. The results. shown in figures 11 and 12 demonstrate one order of magnitude
difference. The stability of the wire setup output is significantly higher than that of laser at less than 0.1um
over the duration representing typical measurement tests, This is particularly important because the test was
done under representative manufacturing conditions including working machinery in close proximity,
airflow from people moving around. temperature gradients. vibration, dust and dirt. Two positions of the
reader head were tested for stability: the middle of the wire and close to the end where the wire is mounted.
No noticeable difference was detected.

Deviation from zero, um

Run 1 m————Run 2

Time, s
Figure 11. Laser interferometer idle stability,

9

DEGREE OF DOCTOR OF PHILOSOPHY (PhD) 114



THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

08 T
E o6+
€ oal
N
¥ 3
s 02+
“ i
§ 0 ittt
29 8
3 02+
o 4
04 L

Run 1 ———==Run 2

Figure 12, Wire idle stability.

environmental effects. which gives reason to expect good results from measuring longer axes.

6. Conclusions

the time and cost of straightness measurements.

time without any appreciable increase of associated costs.
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ARTICLE INFO ABSTRACT
Articie histary: This paper describes evaluation of a method of measuring the straightness of motion of machine tool
Received 24 May 2013 axes using a taut wire and an optical sensor head mounted at the tool point location. In contrast to com-
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monly used taut wire instruments, straightedges or laser-based methods, this solution combines low
cost, simplicity of setup and automated data capture while achieving state of the art accuracy suitable for
application on precision machine tools. A series of tests are discussed which examine the performance
of the new sensing head and different wires which highlight the suitability of the taut wire properties as

,S(mr:‘;e 3 a straightness reference. Expcrimentzil‘results obtainedona productiqn machine tool are prpvidcd with
Taut wire respect to the accuracy and repeatability of both the proposed taut wire system and a laser interferom-
Optical sensors eter operated under the same conditions. The reference errors of wires made of different materials are
compared and the wire catenary is separated from the measurement results. The uncertainty budget for
taut wire and laser systems is presented and expanded uncertainty of 4 pm obtained for both. During
the experiment, the method showed excellent repeatability with two standard deviations of 1.5 pm over
a measuring range of 1.5 m; this performance matches that of a commercial laser interferometer-based

straightness reference to within 0.1 pm,
@ 2014 Elsevier Inc. All rights reserved.
1. Introduction machine tool has moving axes and those machines with long axes,

required to increase the machine tool's functional capability, are

Straightness errors, along with positioning and angular errors,
are present in every linear motion system |1]. According to the
international standard ISO230 part 1 |2], the straightness of a mov-
ing stage can be determined by measuring lateral displacements of
the stage while it moves. In order to do this, a straightness reference
and a displacement indicator are required. In practice, this gives
rise to avariety of straightness methods utilizing straightedges, taut
wires or laser interferometers. Each method has its own advantages
and disadvantages depending on such factors as required accuracy,
measuring range, ease of use, speed and cost.

Straightness measuring methods using a straightness refer-
ence intrinsically depend on the straightness of the reference and
how this changes under different measuring conditions. While the
effects of support, temperature variation, vibration, etc. must all be
taken into consideration, the effects are generally exacerbated by
increase in axial range. This is particularly important since every
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amyers@hud.ac.uk (A. Myers),
! Tel.: +44 01484 472413.
2 Tel.: +44 01484 473660.

0141-6359/5 - see front matter © 2014 Elsevier Inc. All rights reserved.
http//dx.doi.org/10.1016/j precisioneng.2014.01.003

often susceptible to higher levels of errors. Thus, the error needs to
be measured over longer distances where straightness-measuring
solutions become less accurate.

The reason for such a dependency is the physical contradiction
between different requirements of the straightness reference: it
must be long, stable and straight, ideally two-dimensional and,
which is particularly important, capable of being placed at any
area of the machine’s workspace to represent the desired tool
point path. Finding such an artefact presents a significant chal-
lenge that ultimately leads to a compromise between the factors.
At present, material artefacts like straightedges or optical devices
(mostly lasers) are used to create a reference line from a solid struc-
ture or a light beam against which the axis straightness should be
measured.

Being simple and easy to use straightedges are limited by
theirowndimensions, allowing measurements within their lengths
only. Partial overlapping introduced by Pahk et al. [2] extends the
potential measuring range but the speed of process, accuracy and
uncertainty of measurement can be compromised by the size and
quantity of overlaps.

Another approach utilizes laser-based techniques relying on a
highly coherent light beam, having long axial ranges suitable for
most machine tools and a high quoted level of accuracy. The Ren-
ishaw XL-80, a popular measurement instrument, has a stated
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accuracy for measurement of straightness on short (up to 4m)
axes of £0.5% +0.5 +0.15M? pm (where M=measured distance
in metres). The accuracy decreases to +2.5% +5 +0.015M? pm
when using long range optics over lengths exceeding 4 m. This is
because the angle of the reflecting optic, called a Wollaston prism,
is smaller for the long-range kit, making the system more sensitive
to inhomogeneity of the air. Estler et al. [4] in their review of long
range measurements showed that the beam unpredictably bends
while passing through the air. Magalini and Vetturi [5] carried out
experiments which also demonstrated a high level of uncertainty
due to the environment, using a Hewlett Packard laser interfer-
ometer. Measuring the straightness of a centre lathe axis, they
calculated an uncertainty of 4 um rising up to 16 pm {calculated on
the basis of a 95% confidence interval) over 8.5 m when laboratory
conditions are changed to a productive department. Comparing
a precision level and taut wire microscope combination with an
HP5519A laser interferometer, the authors concluded that laser
interferometry did not enable lower uncertainties than that caused
by the first two methods.

Other optical methods not employing interferometry have also
been developed, aiming to address the issues of cost, speed and
environmental effects. Most of them concentrate on consideration
of cost and simplicity of setup. Fan and Zhao | 6] used a different lay-
out of the measurement system where the laser beam emitted at
one end of the measured axis faces a four quadrant photo detector
instead of a mirror. That principle halved the beam length com-
pared to conventional interferometers and was found to have an
accuracy of 0.3 pm within a =100 p.m measuring range and 0.5 pm
repeatability on 100 mm axial range. While not setting a new level
of accuracy, the method is potentially lower in cost since it does
not require any matched optics (prisms, reflectors).

Lin |7] integrated a double straightness reflector, Wollaston
prism and a traditional reflected layout to achieve repeatability
of 1 um over the range of 200 mm. The same reflected layout but
with a single-mode fibre-coupled laser was tested by Feng et al.
[8] and Kuang et al. [9]. In that case a longer axis of 1.35m is mea-
sured against a dual frequency laser interferometer with the result
of matching to within a few micrometres for a straightness error
having a magnitude of 160 pm.

Chen et al. [10] combined a dual-frequency laser with two Wol-
laston prisms, aiming to compensate air disturbances on the range
of 16 m in laboratory conditions. The system was stated to provide
a high measurement stability of 3.6 pm while the actual compari-
son test result did not show a value lower than 20 pm. Also, it was
admitted that the two alternative methods have very large uncer-
tainty making it difficult to quantify the accuracy of the proposed
system.

The aforementioned approaches successfully reduce the effect
of environmental stability of the laser beam but do not eliminate
it completely and in some cases require optical arrangements that
may not be practical or economical. The stability remains propor-
tional to the propagation distance as it has been proved by Magalini
and Vetturi [5]. Alternative straightness references do exist and in
particular physical references are successfully applied, using rever-
sal techniques to improve accuracy, but these are generally limited
in their measuring range.

In this paper, a taut wire and specially designed sensing head
is proposed as an effective solution. The combination of the
wire's availability, flexibility, lightweight and proximity to two-
dimensional structure gives an excellent example of a physical
straight line. As it will be shown, diameter inconsistency and grav-
itational sag of the wire, affecting its own straightness, do not
significantly change its reference property because the former is
shown not to be significant and does not increase with wire length,
and the latter can be predicted and compensated at the calcula-
tion stage. The findings in this paper are considered novel because,

Fig. 1. Taut wire system and laser interferometer used for evaluation setup on the
machine.

despite being a well-known reference for measuring straightness
[1.4,11], adetailed analysis of the taut wire measurement for long-
range measurement has not been the subject of published research.

2. Method

This paper describes performance evaluation of a sensor head
[12] applied to the measurement of 1.5m long machine tool axis.
The main attention paid to the effects of measuring length, dynam-
ics of the machine and overall uncertainty budgeting.

The system includes taut wire mounted on two vertical stands
along the measured axis (Fig. 1). One end of the wire is fixed on
the first column while the other end is passed through a hole on
the second column, over a wheel and attached to a freely sus-
pended counterweight which provides a constant stretching force.
The moving stage has the measuring head attached to it so that the
wire passes through its optical sensors capturing lateral displace-
ments of the head at every point of axis travel. The signals from the
sensors are fed into an analogue to digital converter where they are
transformed into straightness measurement data.

The measuring head (Fig. 2) has four sensors, two each in the
vertical and horizontal orientations. The vertical sensors provide
data for the straightness measurement while one horizontal sensor
enables fine positioning of the head relative to the wire for slope
error removal. In case of measuring straightness in horizontal plane,
signal from one of the vertical sensors provides positioning data and
combined signal from horizontally orientated sensors — measured
error.

Precise alignment of the wire and the axis can be achieved
through manual operation of fine adjustment carriages attached
to the right column. Adjustment is only required at one end of the
wire, making the process very simple and efficient.

Apart from sensors, the head carries electronic circuits for pow-
ering the sensors and regulation unit with four potentiometers for
fine adjustment of sensor sensitivity. Everything is mounted on an
angled plate which can be attached to the moving carriage oraspin-
dle either directly or using a magnetic base. The assembly plate
holds a plastic cover with slotted holes to allow the wire to pass
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Fig. 2. Measuring head without cover.

through it. The cover is important because it protects the compo-
nents and also blocks ambient light that can affect the sensors.

The basic principle of device operation consists of light beam
emitted and received within each sensor. When the wire enters
the working area of each, it reduces the amount of light received
which changes electric output of the sensor. This change is moni-
tored in real time, transformed into digital form and converted to
micrometres of lateral displacement of the head relative to the wire
fixed on the machine table.

3. Test setup

The system was set up on a 5-axis milling machine to measure
the straightness of its longest horizontal axis in the vertical plane.
Both wire support columns were mounted on the machine's table
with a distance of 2.2 m between them. The counterweight was
chosen so that the stretching force was as close to the maximum
the wire could withstand according to its specification, ensuring the
wire remained as stable and straight as possible. The sensor head
was mounted on the spindle carrier together with optical splitter
from Renishaw XL-80 laser interferometer kit, both representing
desired tool point location. The laser itself was set up at a position
to measure the same axis without any movement of the machine
except along the measured axis. The separation between the laser
beam and the wire was approximately 100 mm.

The catenary, or sagging of the wire, becomes significant on ver-
tical measurements on horizontal axes when a distance between
the wire mounting points is 1.5 m or greater, resulting in 1-2 pm
of systematic error. This effect can be estimated as a parabolic
[ 13] deflection depending on the tension, wire weight and length
(Fig. 3). It was automatically subtracted from the measurement
data. The associated uncertainty in is provided in Section 6.

4. Test conditions

The machine is located in a workshop having no special envi-
ronmental control and is therefore susceptible to the usual airflow,
temperature gradients, etc. caused by open workshop doors (the
doors of the machine itself were shut), neighbouring working
machinery, operators moving around, etc.

Both measurement systems were left idle for 20 min to com-
plete the warm up stabilization stage. Bi-directional tests were
performed at least three times to reduce the effects of random error
sources. Axis movement speed was set to 5mms-! for all mea-
surement runs. Each measurement was taken with the machine
nominally stationary at a discrete step of 20 mm. The laser was set
to long term averaging mode (rolling average with 4 second win-
dow); the wire system output had a two sample rolling average
applied.

The progressive slope, common to straightness measurements
due to misalignment of the straightedge with the axis under test
was always reduced to less than 3 um and therefore did not affect
the measurement. In the case of the taut wire, this slope was mini-
mized in both planes. The wire chosen was DAIWA Sensor Monofil
026 mm diameter which is a high quality fishing wire and was
found by experimentation to be most suitable for measurement
purposes.

Fig. 4 shows some measurement results for different wire mate-
rials. Variation in the material used and the manufacturing process
for metallic wires introduces different reference errors. However,
the specified type of fishing wire was found to perform repeatably
without strict limitation of size and quality.

5. Performance evaluation

The X-axis of the 5-axis machine tool used for evaluation had
horizontal (EYX) and vertical (EZX) straightness errors of 4 um and
5 wm respectively over a 1.5m travel range, as measured using a
Renishaw XL-80 laser system. The first test aimed to ensure the
taut-wire system does not suffer from any “crosstalk” effect which
could be the case when using the optical sensors. Two EYX measure-
ments were completed with different misalignment (slope error)
of 150 pm and 5 pm in the vertical direction. The result, presented
in Fig. 5, shows a very low effect on measured straightness.

The next step was to measure the axis with the same laser inter-
ferometer and short range straightness optics to determine the
repeatability in such strict conditions of low straightness error, low
slope error (which could affect the interferometer) and 1.5 m axis.
Six tests were performed sequentially (Fig. 6).

Analysis of the result obtained from the laser had a calculated
spread of two standard deviations of better than 2 um in opti-
mal test conditions. In order to reduce the random influences,
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Fig. 3. Estimated catenary effect caused by gravity.
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Aodstravel /mm

averaging of multiple runs was required to get the best reference
data against which the new sensor could be compared. This took
additional time during which the thermal distortion of the machine
could begin to have an effect. The machine’s repeatability can be
visually estimated from Fig. 7 (combined with the repeatability of
the wire) and is considerably higher than the one of the laser setup.

Considering the taut wire system, the repeatability is affected by
the systematic error of the reference (installed wire piece). Fig. 8
illustrates the difference between different pieces of the same type
of wire. In this case straightness references are different but their
results still close to each other. However, this is the largest con-
tribution to measurement uncertainty for the system as described
in Section 6. Due to the efficiency of the system, it is feasible to

Straightness error /um
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Fig. 5. Vertical straightness error dependency on horizontal error of the same axis using the wire.

complete additional tests to enable averaging of the results from
different wire pieces for wire error reduction.

As suggested, an average of these three different pieces of wire
was used to provide the measurement shown in Fig. 9 for com-
parison with the average from the laser system. There is a good
correlation in magnitude and shape, confirming that the system-
atic error of the wire is either significantly lower than the measured
error or/and can be reduced by increasing the number of measure-
ments.

In addition to standard measuring tests, static tests were also
carried out to confirm the stability of both measurement meth-
ods independently of the machine. This eliminated any variability
introduced by the machine’s drives and axes to isolate the stability

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1500

- Run 6

----- Rn3 —--—Rund ———RunS§ -

Fig. 6. Straightness error measured six times using the laser.
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of each method in typical environmental conditions with respect
to axial range. 1S0230 part 1, section 6.3.3 [2] recommends that
the sampled data should not exceed 10% of the tolerance of the
specified test.

According to the same standard laser interferometer and optical
sensor head were positioned in the middle of the normal axis travel
range; this is theoretically the least stable position along the taut
wire. Readings were taken every four seconds during a five-minute
interval, similar to the capture pattern for the pseudo-static test
described above. Each sample was subject to the averaging methods
used for the other tests.

Fig. 10 shows more than one order of magnitude difference
in output stability between both methods (standard deviations
0.43 pm and 0.04 pm, respectively). This suggests the combination
of taut wire and non-contact optical measuring system is suitable
for typical machine axis measurement.

— laser

Fig. 9. Straightness error measured using the laser and the taut wire.

....... Average of 3wires

6. Uncertainty analysis

Measurement uncertainty U was determined according to the
method presented in the technical report 1SO230 Part 9 [ 14}, using
basic equations applied to uncertainty budget contributors listed in
Table 1. The conditions included a 1.5 m axis, measured for straight-
ness in vertical plane over a 15-minute period using the wire
specified earlier (Section 4). All contributors were deemed to be
uncorrelated. Their distribution was assumed rectangular because
no specific knowledge of them is available and therefore possible
overestimation of corresponding uncertainties was considered rea-
sonable. Standard uncertainty of each contributing component was
given as:

at —a- el

2/3

Uy =
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Fig. 10. Static stabslity of the laser and the taut wire.

where a- and a* are lower and upper limits of distribution, respec-
tively. Combined uncertainty u, was derived as a sum of its
contributors:

u¢=‘/Zu,.2 (2)

And with coverage factor k, derived from total degrees of free-
dom, expanded measurement uncertainty U was calculated as:

U=k-uc (3

The table above describes factors contributing towards mea-
surement uncertainty. The first three represent angular deviations
of the axis during its linear motion. These were measured by
tilting the spindle and then separating the vertical lateral displace-
ment from the measured value. It was necessary to quantify the
sensitivity of the measuring system to the unwanted rotational
movements of the axis during the test runs. All three effects change
the position of the wire within the optical sensor slightly moving
it forward/backwards (pitch and yaw) or left/right (roll). Horizon-
tal alignment is the uncertainty due to slope in the corresponding
plane (Fig. 5). The wire catenary estimation has an error due to
wire length (2.2 m between stands) and weight measurement. Elec-
tronic noise together with drift as measured while the axis was
stopped at its end, minimizing the effect of wire movement. The
next two parameters characterize properties of the wire, measured
during idle tests. The sensor calibration error represents sensor

non-linearity approximation during system calibration when the
axis moves known intervals incrementally in a vertical direction.

Sensitivity coefficients were obtained from the combined sensi-
tivity value of the optical sensors, which was 16 mV/p.m. Degrees of
freedom were estimated as the number of repeated measurements
(n=4) less one.

The total value of degrees of freedom was derived using a
Welch-Satterthwaite equation:

270 y2
U= - (Zui ’"‘) (4)
S/ — 1)) /)

This gives v=3.41 which corresponds to coverage factor k= 3.31.
The resulting Uy =4 wm could not be compared directly with the
accuracy specification of a Renishaw XL-80 laser interferometer,
which is 0.86 wm. Knapp in his paper | 15] provides an uncertainty
budget for laser interferometer, the same contributors were calcu-
lated to obtain combined uncertainty for our laser system (Table 2).

This gives Ujacer =4 pm which is somewhat lower than the value
quoted by Knapp (6 pm) and is similar to the wire system result
mentioned above. The actual results obtained on the machine
(Figs. 6 and 8) have two standard deviations of 1.5pum for both
the laser and taut wire systems. This confirms good performance
correlation between both systems.

Table 1
Uncertainty budget for straightness measurement using taut wire system.
Contributor Average value Unit Sensitivity coefficient Effect, pm Uncertainty, pm Degrees of freedom
a a u
Axis pitch mV/deg 0.063 0.0 0.02 0.003 3
Axis rol mV/deg 0.063 0.10 050 0.115 3
Axis yaw - mV/deg 0.063 0.15 030 0.188 3
Horizontal alignment 30 pm/im 0.01 020 0.60 0.115 3
Catenary estimation ermor 015 pm/m 22 02 04 0.058 3
Electric noise 1.26 mV 0.063 0.07 0.10 0.009 3
Electronic drift 07 mV/h 0.063 0.10 020 0.029 3
Wire profile variation - pm 1 1.00 500 1.155 3
Wire profile drift 1.7 pm/h 025 025 045 0.058 3
Sensor calibration error - wm 1 0.02 050 0.139 3
Table 2
Uncertainty budget for straightness measurement using laser interferometer.
Contributor Average value Unit Sensitivity coefficient Effect, pm Uncertainty, pm Degrees of freedom
a a u
Laser device 25 pm 1 050 450 1.155 3
Thermal drift 12 pm 1 1.00 1.40 0115 3
Air disturbance 06 pm 1 050 070 0.058 3
A surface temperature 2 “C 04 0.40 120 0231 3
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As can be seen from Figs. 4 and 8, the main contributor to the
taut wire system uncertainty was the unique profile of each piece of
wire installed. Consequently, the straightness value depends on the
quality of the wire, which normally does not exceed 4 pm and does
not depend on wire length being limited by its diameter inconsis-
tency. This allows high stability of the system installed on longer
axes to be assumed despite environmental effects normally having
a pre-emptive contribution to the uncertainty of other methods. As
shown before (Figs. 8 and 9), taut wire system uncertainty can be
further decreased by the averaging of different wire results in the
same conditions at the expense of additional time spent on wire
reinstallation and repeated measurement runs.

7. Conclusions

The performance of a new measuring system has been evalu-
ated for measurement of machine tool axis straightness. It is based
on an existing taut wire reference, which has been implemented
using new materials, precise optical sensors and new measure-
ment methodology. The system was tested in real manufacturing
workshop conditions and compared to a typical alternative com-
mercial system, namely a laser interferometer system. The profile
of the machine axis was reproduced by both systems with just 1 pm
difference. A detailed analysis of factors affecting measurement
uncertainty has been performed with an expanded uncertainty of
4pm and good correlation between both systems. Additionally,
statistical analysis on various data sets showed two standard devi-
ations of 1.5 um.

Stability and repeatability were tested with respect to the mea-
sured axis length. Experiments proved excellent stability of the taut
wire and optical sensor head when compared to the interferometer
system during typical measurement durations. This shows the high
potential of the method in terms of stability.

The first practical advantage of the taut wire system is its suit-
ability for long range measurements. Environmental effects have
very little random influence with correct tension in the wire, while
systematic error due to wire diameter inconsistency is not signif-
icant and was not found to depend on the length of the wire and
therefore on the length of the axis being measured. According to
six different wires tested, DAIWA Sensor fishing wire is considered
to be the most suitable for straightness measurement. The cate-
nary effects on the wire can be calculated and removed from the
systematic error by subtraction of a parabolic curve.

From these results, the system developed is shown to provide an
efficient solution for measuring axes up to 1.5m. Due to the char-
acteristics, it is anticipated that advantages in stability will benefit
longer axes as well where the performance of alternative methods
degrades substantially.
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Abstract

It is well known that thermal distortions are a significant contributor to machine
tool inaccuracy and compensation of thermal errors on CNC machine tools is
becoming more popular with some machine tool builders incorporating
temperature sensors on the machine at the build stage. Significant research in the
field has produced a number of sophisticated techniques for modelling thermal
errors from FE techniques to Neural Networks.

In this paper. new development based on a previously published [1]
modelling technique is described with emphasis on new measurement methods
and compensation implementation methodology. New software has been created
to run in a popular modern windows based open architecture controller enabling
low cost and efficient implementation of compensation for geometric and
thermal errors.

The software exists in two levels, the first being a real-time part in the NC
enabling fast compensation of rapidly changing errors such as geometric errors
and position dependent thermal error. The second level is an advanced graphical
user interface integrated into the existing controller interface facilitating
improved human - machine interface and increased functionality.

This paper will concentrate on the thermal compensation part of the software
with results presented for air cutting tests and cutting trials. The results show
accuracy improvements of greater than 70% for position independent and
position dependent thermal errors including compensation for environmental
fluctuations.
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1 Introduction

within the company.

many of the systems to date impractical for industrial application.

2 Measurement

cause significant errors between the toll and the workpiece.

The accuracy of CNC machine tools is important in modern manufacturing
industries where tolerances continually tighten. It is well known thermal
distortions are a significant contributor to machine tool inaccuracy and
compensation of thermal errors on CNC machine tools is being implemented by
some machine tool builders. These systems are invariably controller based
utilizing a few discrete temperature sensors incorporated on the machine at the
build stage. The systems are usually specific to a machine or range of machines

The last decade has seen significant research into highly sophisticated
compensation systems that effectively model the thermal errors. Some examples
are given from three different authors [2. 3, 4. 5, 6] that have done significant
fvork in the field for a number of years. The majority of these systems employ
advanced models such as neural networks or regression analyses that require
training to effectively predict the machine behaviour under various operating
conditions and determine optimum positions of the temperature sensors. These
are serious limitations for a system that is to be industrially applicable. Ramesh
[4. 5] provides results showing the wide ranging errors associated with varying
operational conditions and overcomes some of the training by using on machine
inspection to continually update and retrain a neural network. Although this
improves the model robustness. it does not retract from the complex nature of
most of these systems either in terms of implementation or testing. This makes

Research at the University of Huddersfield has produced a flexible thermal
compensation system [1, 7] that has been implemented on many machine tools
including machines within manufacturing industry. This paper describes the
error measurement and modelling methodology which includes techniques
implemented to facilitate model development and improve model accuracy
offline and thermal imaging is an important part of this process. Hardware
modification for permanent application of temperature sensors can then be
implemented with confidence, requiring fewer machine tests for final model
parameter modification and model validation. And as stated previously, such
savings in downtime are of paramount importance in most industrial situations.

The majority of CNC machine tools have high speed rotating components such
as spindles and therefore many internal heat sources. A basic study of the
machine highlights where the major heat sources are and thermal imaging is used
to facilitate this process by efficiently scanning the entire machine in its
operating state. On the small Vertical Milling Machine (VMC) used for most of
this work. the spindle motor and spindle bearings are the main internal heat
sources associated with cutting. In addition rapid Y-axis movement (parallel to
the head) causes heating of the ballscrew axial support bearing causing a scale
offset error. This internally generated heat and changes in the environrment can

DEGREE OF DOCTOR OF PHILOSOPHY (PhD)

126




THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

Most error measurements are based on the ISO standard 230 part 3 which
specifies methods of test for most thermal errors. Measurement for compensation
however has different requirements often requiring variations to the tests to
maximise the information that can be obtained. A variety of results are reported
by Longstaff [8].

2.1 Temperature

Acquiring as much temperature information from the machine during the initial
testing phase is critical for making efficient use of the machine availability.

211 Spindle running

Thermal imaging is very simple and rapid to set-up and is used extensively to
record temperature of large surface areas at regular intervals, usually every
minute during a measurement test. Figure 3-1 shows one image taken from a
sequence of the headslide during a spindle heating phase.

It is important to measure the temperature of as many of the other structural
elements as possible that may contribute to the error being measured to avoid
repeating tests. Low cost, accurate and compact digital temperature sensors are
used to measure those parts of the structure that cannot easily be thermally
imaged or that are expected/shown to have small thermal gradients. This is the
case with the column on this machine. 3 discrete sensors were surface mounted
on each side of the column spanning its height and equally spaced. Because the
sensors are digital. any number of sensors can communicate down a single
communications wire, significantly reducing the number of wires required. This
advantage is emphasised in section 3.

212 Axis running

radial support and as expected did not generate any significant heat.

The nut is mounted on the underside of the Y axis and does not contribute to
Y-axis error. Experience has shown however that all the heat generating
will generate the same temperature profile (providing no other direct influence
such as artificial cooling). Although the nut profile will have a much higher
magnitude than the bearings and the bed. it can be used to get high resolution
information that is more immune to external influence such as ambient
temperature change. Two sensors were therefore surface mounted on the nut.

3 Model development

The model flexibility comes from a novel programming language that comprises
calculations and functions dedicated to typical machine tool structural element
distortions. A model definition system uses this language and defines the
temperature sensors to be used. structure. distortions and finally the
compensation values. This system is reported in detail by White [1, 9]. New
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these are discussed in this section.

calculations of complex structural distortions.

3.1 Spindle movement

thermal imaging. as shown in figure 3-1 (b).
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Figure 3-1. Spindle movement and thermal image of headslide

as well as expansion. Figure 3-2 shows the headslide errors.

B. B, = Z/Y errorresulting from

bending o

E: E, = Expansion of front and : |
rear of the head E. L‘? 3 E
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e.e, = Z/Yerror from head . bﬁ\féliii head
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h, = Sensor line distance - s e,= E ;- B,

physical design.

techniques and software have been created to facilitate model development and

The flexibility of the model is further enhanced by the high density of digital
temperatures sensors used on the machine enabling reliable and accurate

A heating and cooling cycle is run during which we measure movement of the
spindle and temperature of the structure. Figure 3-1 (a) shows the movement of
the spindle relative to the workpiece during a two hour spindle heating and
cooling cycle. A detailed study of the temperature distribution within the
identified elements is achieved using discreet digital temperature sensors and

The thermal model is initially created using the basic mechanical design of the
machine and the temperature gradients. At least two temperature sensing lines
are required to determine the temperature gradients for calculation of distortion

Spacing between the lines needs to be sufficiently large to gain resolution in the
calculation of angles and the lines need also to be located where the temperature
gradients are prominent. Location of the lines may also be restricted by the
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3.1.1 Model definition

resulting from temperature gradients identified by the two lines of sensors [1].

Model definition is simplified through the use of a variety of functions that carry
out specific calculations for typical structural element distortions. In this
example we use the ‘BEND’ function to calculate the transverse distortion

B, =BEND(999. 12_s31.11_s31.31, C;», C11, 15, b, B, 0)

that the fundamental model design or location of the temperature measurement
inadequate.

thermal errors contribute, we get:

Where the 274, 314 and 4t arguments specify the range of sensors previously
defined in the model. C;, and C;, are correction parameters and E_,, is the
expansion coefficient of the material. Correction values are applied to
compensate for the inaccuracy of surface measurement so each sensor line or
group of sensors will have one. The parameters should be within the bounds 1 =<
C, <=2. Generally, if parameters are less than 1 or greater than two. it suggests

is

The final X, Y and Z compensation values are a combination expansions,
distortions etc. For this Y axis model, which is the direction in which most

B ) A e i P o P i, et A e

3.1.2 Model simulation

R AR,

simulated and compensation results compared with the measured data.

applied to the machine.

This value is then used by VCS to modify the axis position. The workpiece entry
is related to new work that is being undertaken to compensate for workpiece
temperature variation with some initial results mentioned briefly in section 3.3.

Thermal image sequence information is used to produce virtual temperature
sensing lines with, if required, high resolution. The software shown in Figure 3-3
extracts temperature from every image providing very detailed gradient
information over time as shown in the graph on the right. This data is fed back
into the thermal model which can be run in a Matlab based offline development
environment. The environment simulates exactly the operation of the thermal
model in VCS therefore the effectiveness of the initial model can be tested very
easily and thoroughly using data similar to that which will be finally available on
the machine. Different positions of the lines and even discrete sensors can be

The obvious advantage of the above methodology is that the temperature
sensor placement can be optimised accurately through the use of very similar
temperature data provided by the thermal image sequence. Thus the final
hardware integration is more accurate. In addition, the virtual sensing lines can
be tuned to a suitable resolution to indicate the sensor density of the strips being
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Fioure 3-3. Temperature extraction from thermal imaging

3.1.3 Hardware installation

achieved because all the sensors communicate down the same wire.

designed such that they are protected from coolant, swarf etc.

Fioure 3-4_ Application of sensor strips on the headslide

Permanent temperature measurement is usually achieved using unique
temperature sensing strips as shown in Figure 3-4. The strips are physically
flexible for modest surface undulations and have a low profile to fit under
guarding or between structural elements etc. Strips can contain many sensors; in
the case below each line has 30 individual sensors at 15mm intervals. As well as
resolution, this provides redundancy, creating a more robust system for industrial
applications. If a sensor reports a failure or a reading cannot be obtained, the
specific sensor can be identified and the software then interpolates between the
two adjacent sensors until a maximum failure limit is met. This density can be

If discrete or pairs of sensors are to be used then they are either surface
mounted or embedded in the machine structure. The latter is preferred as the
temperature readings are more accurate because they are less affected by the
ambient temperature. The small size of the sensors also lends itself well to this
type of application. Generally the sensors are very reliable and strips are
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3.2 Axis heating

Figure 4-1 shows the PITE and PDTE associated with movement of the Y axis.
The PDTE requires knowledge of the Y axis position and the temperature of the
linear scale relative to a reference, usually 20°C. Special variables within the
model are used to get the axis positions from the VCS system. The scale
temperature is determined by measuring the air temperature close to the scale.
The PITE results from internally generated heat as mentioned previously. The
scale is fixed to the bed with a defined pinned position which is the thermal
datum for the scale. The scale offset error is calculated using this position
relative to the column. which is the reference for the head calculations in the
same direction. and the temperature of the bed measured near the bearings.

3.3 Workpiece

Workpiece temperature compensation can only be achieved if its temperature
and thermal datums are known. Controller based compensation as described in
section 4 enables this information to be passed to the model. A predictable datum
is determined by consideration of the clamping arrangement. The flexible model
system allows a simple calculation to be performed using the available

information similar to that shown below for the Y axis.

yWorkPos = PosnY/1000 - YWorkDatum

4 Software implementation

The VCS software can currently be applied either through a PC. through an Osai
Series 10 controller and more recently through a Siemens 840D controller
(SinVCS) and it is this version that has been used for applying the compensation
shown in this paper. The controller based integrations have the important
advantage of requiring no additional hardware except for temperature sensors.
We can communicate with the sensors via a serial port which already exist on
this, and most controllers. The simplified integration onto the machine
significantly reduces machine downtime and improves robustness of the system.

41  SinVCS

The software exists in two levels, the first being a real-time part in the NC
enabling fast compensation of rapidly changing errors such as geometric errors
and position dependent thermal error. The second level is an advanced graphical
user interface integrated into the existing controller interface facilitating
improved human - machine interface and increased functionality. Longstaff [10]
describes the system in more detail.

4.2 Thermal logging and model validation

Once the sensors are attached to the machine a random duty cycle is usually
performed to show the effectiveness of the model under conditions different to
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the initial testing. VCS enables logging of all the temperatures and any variables,
specified in model for saving. to a file. The detailed model and real temperature
information in the log file can be run through the offline simulation again and
compared with new compensated error data. Results from manual tweaking (if
required) of the model can be immediately tested offline. The software also
enables automatic adjustment of correction factors using a least squares
optimisation procedure using the difference between the model output and the
measured data as the control element. Figure 4-1 shows the modelling results for
the spindle heating (left graph) and the axis heating tests.
15
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Fioure 4-1. Y axis pre and post compensation results

S Results

A number of additional validation tests extending the operating conditions of the
machine and cutting trial were run with the results presented in this section.

51 Spindle movement

In order to further validate the compensation an extended random duty cycle
spindle heating test was run which includes spindle speed variations and spindle
stoppages. Figure 5-1 shows the uncompensated and compensated error in the Y
and Z directions. Position independent thermal error in Y-axis direction reduced
from 71pm to 7.5um (290%) and Z axis error reduced from 14 to 3.5 (&75%).
This improvement would be seen in short-term machining operations or where
the machine was in a temperature controlled environment.
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Figure 5-1. Compensation results for random spindle duty cycle
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Monitoring the spindle movement over days rather than hours means that the
daily cyclic environmental temperature fluctuations and associated errors will
occur. Compensation results show a reduction in the magnitude of the errors by
more than 50% to just £7um over a 65 hour test.

5.2 Axis heating

Two axis heating and cooling tests separated by an overnight cool-down were
run without temperature control. Figure 5-2 shows Position Independent Thermal
Error (PITE) reduction of approximately 60%. The span of the traces in the
graph is the Position Dependent Thermal Error (PDTE) and this has been
reduced by 65%. Variation in PDTE was reduced by approximately 75%.

25 30

Time (hours)

Fioure 5-2.Y axis heating test compensation results

53 Workpiece cutting and results

In order to validate the performance of the compensation system under cutting
conditions, three NAS 979 circle-diamond-square aluminium test pieces have
been machined 1) Uncompensated. 2) Geometric compensation, and 3)
Geometric and thermal compensation. After manufacture. the test pieces were
measured on a CMM in a temperature controlled environment. The errors for
some representative dimensions showed that compensation has been very
successful. The average geometric improvement is approximately 30% and the
average improvement resulting from thermal and geometric compensation is
approximately 94%. These significant improvements in accuracy can be
expected when machining occurs with the workpiece at a different temperature
This situation is often the case when a temperature controlled environment is not
used and without strict control of the temperature of the coolant.

6 Conclusions

Temperature measurement using thermal imaging and offline model
development techniques have been implemented to reduce machine downtime
and improve model accuracy before application of hardware on the machine.
Compensation for the main sources of thermal error on a small vertical
milling machine has been successfully implemented through a modern open
architecture controller, namely a Siemens 840D controller. The main errors
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include PITE in the Y and Z directions caused by both internally generated heat
and environmental temperature change. and PDTE caused by column bending
and temperature variation between the linear scale and workpiece.

The typical magnitude of error reduction can be seen in the bar chart shown
in figure 6-1. The average percentage reduction is 70% and the greatest 90% for
Y axis error caused by internal heat generated from a random duty heating and
cooling cycle. The error was reduced from 71um to 7.5um over a 4 hour period.

A series of cutting trials were carried out that showed the effectiveness of
workpiece temperature compensation.
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Figure 6-1. Bar chart of typical thermal compensation results
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1 Introduction

Geometric errors on CNC machine tools have reduced significantly over the past few decades and compensation
either through the controller or with retrofit systems have helped improve accuracy even further. This move is
driven by a trend of ever tightening tolerances on components manufactured on these machines, especially where
simplified assembly is required such as the Aerospace industries. Thermal errors have affected the accuracy of
production machines for a long time but now for many industries with large machines and small error budgets, they
are the dominant source of inaccuracy and are often the most difficult to reduce. Many solutions exist for the
machine tool builder to reduce the errors that can be applied at the design stage including symmetric structures, low
coefficient materials, liquid cooling systems etc. Design effort and cooling svstems can add significant cost and
usually cannot eliminate the errors but only helpreduce them. Active and pre-calibrated compensation can be an
important and effective altenative with some machine tool builders incorporating temperature sensors on the
machine at the build stage. These systems are invariably controller-based using a simple model to estimate error at
the tool and they are usually specific to a machine or range of machines within the company. These systems can
produce good results for linear repeatable thermal errors and they work best in conjunction with good design [1].

Generally most thermal errors measured between the tool and workpiece are caused by a complex interaction of
structural distortions having different heat sources, thermal time constants and expansion coefficients. Because of
these causes the errors are time-varying and non-linear and are therefore difficult to model accurately. Significant
research in the field of thermal error compensation has produced a number of sophisticated retrofit techniques for
modelling thermal errors that employ techniques such as Neural Networks and multiple linear regression analyses
[2, 3. 4, 5]. These systems can produce excellent results but often require complicated hardware and software
systems and testing regimes to train the models or optimise temperature sensor positions for the particular machine
or application.

This paper discusses new compensation capabilities and model development techniques that build on work by
White [6, 7] to enhance the efficiency of application and machine accuracy. The philosophy relies on comprehensive
measurement of temperature and a flexible compensation system that uses a novel programming language dedicated
to modelling non-rigid behaviour of machine structural elements. The system practicality has been proven through
industrial application.

Machine downtime, although undesirable, is required for completion of most phases of a thermal compensation
system particularly the measurement of machine thermal behaviour, hardware implementation of temperatures
sensors and compensation system and finally validation testing. It has already been mentioned that many successful
modelling techniquesrequire long testing regimes to provide sufficient information for robust model creation. The
techniques described in this paper are designed to minimise this requirement in all areas.

2 Machine measurement

Acquiring as much temperature information from the machine during the initial testing phase is critical for making
efficient use of the machine availability. Most machine heat sources are easilyidentified but thermal imaging can be
used to enhance this process or determine the magnitude of heat generation during normal production. Once the
main heat sources areidentified a detailed study of the temperature distribution is required during a strategic test
while measuring error. A thermal imaging systemis set-up to capture images on a time basis while the heat sources
are excited. This information is ideal for efficient determination of the cormrect compensation methodology.,
particularly temperature sensor density and placement. Itis important to measure all other structural elements and
environment that may contribute to the measured error. Low cost, accurate and compact digital temperature sensors
are used extensively for this purpose.

Emror between the tool and workpiece is measured using a spindle analyser or laser similar to that described by
the ISO Standard 230 part 3. Most methods are based on this standard, however, measurement for compensation has

DEGREE OF DOCTOR OF PHILOSOPHY (PhD) 136



THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

different requirements often resulting in variations to the tests to maximise the information that can be obtained. A
variety of results are reported by Longstaff [8].

3 Model development

Detail about the modelling methodology is described by White [6]. Generally, the machine elements are analysed in
there simplest form as faras possible. This enables reliable calculations of distortion such as bending and expansion
using knowledge of the relevant structural dimensions and detailed temperature data. Small models of structures
affected by running the spindle, the axes and changesin the environment or workpiece are combined to produce a
comprehensive model with final compensation values for each axis direction.

3.1 Temperature

Figure 1 shows a saddle structure from a gantry machine that has a ballnut mounted at the rear. The image is part of
sequence that can be analysed using the MatLab software shown. Virtual sensors and sensor strips are placed on the
image from which detailed temperature gradient information can then be extracted and used in the development
model as shown by the graphin figure 1. This simulation of the individual temperature sensors and sensor strips that
will finally be applied to the machine enables accurate determination of the hardware requirements.
comparison with the measured data captured during the initial testing phase. Manual or automatic adjustment of the
model including trving different positions and resolutions for the temperature sensors can be tested offline easily.
Through offline model optimization, a high level of confidence can be realized for the location of the temperature
sensors for permanent installation. This minimizes the machine downtime and labor involved with sensor
application, many of which may be embedded in the machine structure to enhance material temperature
measurement accuracy.
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Figure 1. Virtual temperature sensor placement for model and hardware optimisation

4 Software implementation

The latest version of the University of Huddersfield compensation software VCS runs in the popular Siemens open
architecture 840D controller. Many advantages are obtained by integrating into the controller both for geometric [9]
and thermal compensation. Significant advantagesinclude low cost and efficient implementation of compensation
for geometric and thermal errors and having access to information about the current machining process such as
workpiece offsets, materials, tool offsets and much more. This information enables compensation for differential
expansion caused by inevitable variations in temperature of the feedback system and the workpiece.
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5 Results sample

This section contains a sample of the results obtained from compensation on a small vertical milling machine.
51
Model validation usuallyinvolves a random duty cycle. In this example a random duty spindle running cycle was
used. Figure 2 shows the uncompensated and compensated error in the Y and Z directions. Position independent
thermal error in Y-axis direction reduced from 71um to 7.5um (*90%) and Z axis error reduced from 14 to 3.5

(x75%). This improvement would be seen in short-term machining operations or where the machine was in a
temperature controlled environment.

Spindle movement
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Figure 2. Compensation results for random spindle duty cvcle
Monitoring the spindle movement over days rather than hours enables daily cyclic environmental temperature
fluctuations and associated errors to be measured. Compensation results show a reduction in the magnitude of the
environmental errors by more than 50% to just =7um over a 65 hour test. This is obviously time consuming and
would therefore be carried out onlyif significant errors were being experienced, for example if machining times are
long combined with environmental fluctuations [8].

52 Position dependent thermal error (PDTE)

PDTE can become dominant where cycle times for finishing cuts are small compared to the often slow changing
Position Independent Thermal Errors (PITE), especially on large workpieces or where the workpiece coefficient of
thermal expansion does not match that of the machine feedback system. For scale and workpiece errors we need the
respective expansion coefficients, temperatures and a thermal datum. Most of these parameters change depending on
workpiece so the flexible thermal modelling system can obtain this information from the NC as on offset such as

G54 or as a parameter in the part program. With this information the workpiece error can be calculated using:

xWorkError = work TempAboveRef * (PosnX/1000 - XWorkDatum) * work CoeffExp

Combined with similar calculations for scale error and using a reference temperature such as 20°C, the error in the
scale and workpiece can be compensated. Figure 3 (a) shows position error before and after compensation using a
laser interferometer measuring with reference to 20°C. Both the PITE (scale offset) and PDTE (scale expansion)
constituents are significantly reduced.

15 = 248
(a) 10 - _1\.:.3 (b) S — Y scale sirtemp ]
sonui 583 o it I TR Workpiece temp
gl [ B . > 5 244 E
£ / & | s s sesmeses [
3 - g 24p s, & 7T e e N
3 =
& 2 A T
- £
= 238 ]
226 _\_’_V_/_,_nn_r—\_/v—v—’_“’_’ 4
20 40 60 80 1@ 120 140 160 180 200 T R TR T Y
Time (mins) Time (mins)
Figure 3. PDTE compensation and temperature of workpiece and scale during finishing operations
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Further PITE validation was achieved during cutting trials using NAS979 test pieces machined in a non-temperature
controlled environment. Temperature of the scale and workpiece as shown in Figure 3 (b) were used. Pre thermal
compensation, the mean error from 5 representative dimensions of approximately 200mm was 27um. With thermal
compensation active, the mean error is 2um which is a reduction of 91%. These significant improvements in
accuracy can be expected when machining occurs with the workpiece at a different temperature to that of the
position feedback system.

6 Conclusions

A flexible thermal compensation system has been devised that can compensate for all significant thermal errors on
machine tools including many non-themmally related non-rigid errors. The system has been implemented on a PC
and in two standard controllers [9, 10] for improved efficiency of application and reduced cost.

An error measurement and modelling methodology is briefly described whichincludes techniques implemented
to facilitate model development and improve model accuracy offline and thermal imaging is an important part of this
process. Hardware modification for permanent application of temperature sensors can then be implemented with
confidence, requiring fewer validation tests and saving downtime. This is important for industrial applications.

A sample of results is presented for tests similar to those found in the ISO 230-3 standard and cutting trials.
Typical accuracy improvements of greater than 70% are achieved for position independent and position dependent
thermal errors including compensation for errors caused by environmental fluctuations.
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1 INTRODUCTION

temperature control is required.

machine downtime to ensure a robust model.

of the feedback system and the workpiece.

requires fewer machine tests for final model parameter modification and model validation.

Abstract: Thermal errors continue to be a major source of machine tool inaccuracy
within the precision manufacturing industry. This paper describes a generally applicable,
practical and flexible thermal error compensation system for the reduction of most
systematic thermal errors. A new implementation of the system in a modern open
architecture controller minimises hardware requirements and provides access fo
information such as workpiece offsets enabling compensation for differential expansion
between the feedback system and workpiece. Results from standard metrology tests
show an average reduction of 70% for position independent and position dependent
thermal errors. Cutting results in a non-temperature controlled environment show 90%

Tolerances within the precision manufacturing industry continue to challenge machine tool builders and
often require costly design effort to overcome the errors within the machine. The ability to compensate for
many geometric errors using modern controllers or for all errors using the UoH Volumetric Compensation
System (VCS) ([1], [2]) provides a proven and cost effective solution for the reduction of geometric errors.
The contribution of thermal errors to the machine inaccuracy is significant especially in precision machining
and on large fast machines. Significant effort is required, usually at the design stage, to reduce these errors
resulting in a difficult non-linear relationship between accuracy and cost particularly where environmental

Compensation of thermal errors on CNC machine tools can be an effective solution with some machine
tool builders incorporating temperature sensors on the machine at the build stage. These systems are
usually specific to a machine or group of similar machines and can produce good results for linear
repeatable thermal errors and they work best in conjunction with good design [3]. Generally applicable
compensation is difficult due to the complexity of thermal errors and those systems that have been
developed invariably involve complicated modelling techniques such as Neural Networks ([4],[5],[6]) or
Regression analyses [7]. Such systems require training but suffer in accuracy if conditions change from
those tested. Ramesh [8] incorporates machining parameters during the Neural Network training to improve
accuracy. Although good results are often presented, most systems require significant testing and therefore

This paper describes a generally applicable thermal error compensation system that uses a unique
flexible thermal modelling technique enabling reduction of most systematic thermal errors. This is combined
with a measurement and model development strategy that is practical and has been applied to industrial
applications. Model flexibility comes from a novel programming language that comprises calculations and
functions dedicated to typical machine tool structural element distortions. A new implementation of the
system in a modern open architecture controller is described which provides the significant advantage of
having access to information about the current machining process such as workpiece offsets. This
information enables compensation for differential expansion caused by inevitable variations in temperature

Minimising machine downtime is important for an industrial retrofit system and this paper describes a
machine measurement and modelling methodology to facilitate model development and improve model
accuracy offline before permanent application of temperature sensors. This increases confidence and
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Significant thermal errors include the wide range of errors found on a wide variety of machines tested
[9], ranging from cam grinders to 30m long gantry systems.

1.1 Position dependent thermal errors (PDTE)
PDTEs can be the most significant thermal errors depending on the operating conditions and design of

expansion can be an order of magnitude larger than the other errors. The following list describes these
significant errors.
1. Variation in environmental temperature causing differential expansion between the position
feedback device and the workpiece.
e Variation in coefficient of thermal expansion of the position feedback device and
workpiece.
o Variation in thermal time constant of the position feedback device and workpiece.
e Vertical temperature gradients resulting in temperature variation of feedback device high
above the floor and workpiece near the floor.
2. Variation in workpiece temperature causing differential expansion
e Swarf build up conducting heat into the workpiece and fixture.
e Temperature controlled flood cooling maintaining workpiece temperature stability while the
machine and feedback device changes
¢ Non-temperature controlled flood cooling changing the workpiece temperature.
3. Distortion of machine guideways causing changes in angular and straightness errors
e Bending of a column causing change in position error with position of an axis on the
column.

1.2 Position independent thermal errors

Some PITE can occur fast such as those caused by rapid changes in spindle speeds, while others may
change gradually throughout the day caused by structure distortion resulting from environmental
fluctuations.

1. Structural deformation causing movement of the tool relative to the workpiece
o [nternally generated heat particularly from spindles and spindle bearings.
e Environmental temperature fluctuations and absorption of radiated heat.
2. Internally generated heat affects the structural loop between the scale thermal datum and the fool
or workpiece.
e High feedrates from tool changing or high speed machining etc induces heat in ballscrews
and support bearings.
e Hydrostatic guideways generate heat through internal fluid friction.

2 SYSTEMIMPLEMENTATION

Generally, the procedure for implementing the thermal compensation system is as shown in Figure 1.
The methodologies developed are designed to maximise the retrieval of temperature and error information
to enable more offline work thereby reducing machine downtime.

Thermal investization:

e Thermal imaging Data analysis Offline modal Hardwarz Random duty Paramater
o Structoral analysis and reposting davalopmant implementation cycle validation optimization
e T parature me 2 t

e Error measuremant

2.1 Thermal investigation

Typically, this is a series of tests designed to capture thermal error while monitoring temperature. To
maximise this information, thermal imaging is used extensively from full structure scans while the machine
is in normal operations to detailed sequences of images of a particular structure such as a headslide or bed
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section similar to that shown in figure 2. Error between tool and workpiece is usually measured using a nest
of Non-contact displacement transducers (PITE) or a laser interferometer (PDTE).

2.2 Offline model development

Figure 2 shows thermal analysis of a sequence of images of a headslide from a small vertical machining
centre (VMC1). Virtual sensors and sensor strips are placed on the image from which detailed temperature
gradient information can then be extracted and used in the development model as shown by the 3D graph.
This simulation of the individual temperature sensors and sensor strips that will finally be applied to the
machine enables accurate determination of the hardware requirements.

) Figure No, 1: Thermol image Anolysis

J Figure No. 2: Controls panel

Figure 2. Example of temperature extraction from thermal image sequence

Ramesh [10] discusses variation in error even with similar structure temperature depending on the
operating parameters. In this case, model accuracy is maintained through measurement of gradients
across a structure not just single point or low resolution measurements.

A thermal model is created using the basic mechanical design of the machine and the temperature
gradients. In this example two temperature sensing lines are required to determine the temperature
gradients for calculation of distortion as well as expansion. Figure 3 shows the headslide errors.

Where:- i

B..B, = Z/Y error resulting from r‘ Nut
bending :

E;, E; = Expansion of front and eE:—h;I—» ]E
rear of the head Es ‘

E, = Expansion ofthe head . B w-u’\l_marswle
e.,8, = Z/Yerror from head 1 o reader head
distortion A |lee, e=Ei+B,-E

hs = Sensor line distance 6 ey=E-B,

Figure 3. Headslide detail

Model definition is simplified through the use of a variety of functions that carry out specialist
calculations for typical structural element distortions. For example, the ‘BEND' function [[11]] is used to
calculate the transverse distortion resulting from temperature gradients identified by the two sensor lines.

B: = BEND(SensorLine1, SensorLine2, LineDisplacement, Ens. CorrectionFactors) J
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Where Eq:.is the expansion coefficient of the material. The correction values are applied to compensate
for the inaccuracy of surface measurement. Embedding the sensors into the structure where possible can
improve the accuracy significantly. Generally, if correction factors are less than one or greater than two, it
suggests that the fundamental model design or location of temperature measurement is inadequate. The
final X, Y and Z compensation values are a combination of such expansions, distortions etc. For the Y axis
model of VMC1, which is the direction in which most thermal errors manifest, we get:

TotalY = f(Head(Expansion, Bending), Column(Expansion, Bending), Y(Offset, Scale), WarkpieceEffect)

This value is then used by VCS to modify the axis position. White [11] describes in more detail the
modelling language and structure.

2.3 Hardware implementation

A combination of unique sensor strips and discrete sensors are attached to/embedded into the structure
at those positions identified from the offline modelling work or through experience. The strips are physically
flexible for modest surface undulations and have a low profile to fit under guarding or between structural
elements etc. Figure 4 shows a series of strips held to the surface using aluminium brackets. The strips can
contain many sensors with the smallest interval being 15mm. As well as resolution, this provides
redundancy, creating a more robust system for industrial applications. If a sensor reports a failure or a
reading cannot be obtained, the specific sensor can be identified and the software then interpolates
between the two adjacent sensors until a maximum failure limit is met. This density can be achieved
because all the sensors communicate down the same wire. Figure 5 shows heat flow from the spindle and
motor to the guideway via the friction pads. This flow is dependent on the location of the spindle axis and
causes non-uniform distortion or bulging of the guideway resulting in both PDTE and PITE.

. Sensor strips

Sensor strips ——_ |

Guidedway

Heat flow from spindle —
and motor

Figure 5, Sensor and machine layout
The latest version of the University of Huddersfield compensation software VCS runs in the popular

Siemens open architecture 840D controller. Many advantages are obtained by integrating into the controller
both for geometric [2] and thermal compensation. Significant advantages include low cost and efficient
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implementation of compensation for geometric and thermal errors and having access to information about
the current machining process such as workpiece offsets, materials, tool offsets and much more. This
information enables compensation for differential expansion caused by inevitable variations in temperature
of the feedback system and the workpiece (section 3).

2.4 Validation and optimisation

Random duty cycle tests are used to validate the created model. The thermal model has a section for
specifying temperatures and variables for recording to file. This information can be applied through the
offline model development software to compare the results with the remaining error measuring during the
tests. Final optimisation can then be applied easily if required with the results of the changes simulated
instantly for the entire test. Typically, correction factors are applied to the temperature readings as it is here
where differences can occur between actual machine temperatures and that measured on the structure
surface. Figure 6 shows the compensation result for the machine shown in section 2.3. The Zand Y errors
have been reduced by 75% and 50% respectively.

15
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Figure 6, Validation test data

3 COMPENSATION RESULTS
These results are for recent work on the small vertical machining centre VMC1 using VCS incorporated into

3.1 Axis PDTE and PITE

The PDTE and PITE described in section 2.3 and compensation in section 2.4 are caused by heat
generated through running the spindle. The PITE error in figure 7 is caused by heat in the axis support
bearing generated from running the axis. Heat in the bearing conducts into the bed causing expansion
producing a scale offset as the position of the scale attached to the bed is changing relative to the tool. The
after compensation are significantly reduced. The temperaiﬁFé of the scale is estimated from air

temperature measurement very close to the scale and has, therefore, some inaccuracy which accounts for
the residual variation.
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Figure 7. PDTE and PITE compensation result.

3.2 Workpiece expansion

Compensation for PDTE of the feedback device can create more error if the part temperature is varying.
For scale and workpiece error compensation we need the respective expansion coefficients, temperatures
and a thermal datum. In this case the expansion coefficients were approximately 10.7um/m/°C and
23um/m/°C for the glass scales and aluminium test piece respectively. Parameters that change depending
on workpiece such as thermal datum can be obtained from the NC as on offset such as G54 or as a
parameter in the part program. The temperature of the workpiece was measured using two sensors
embedded into the underside of the workpiece. With this information the workpiece error can be calculated
using:

xWarkError = workTempAboyeRef * (PosnX/1000 - XWorkDatum) * workGoeffExp

This workpiece and scale are both compensated with reference to 20°C removing the need for a
differential calculation.

Validation of the workpiece compensation was achieved with cutting trials using NAS979 test pieces
machined in a non-temperature controlled environment. Figure 8 (a) and (b) show the scale and workpiece
temperature during roughing and finishing respectively. Without thermal compensation, the mean error
from 5 representative dimensions of approximately 200mm was 27pum. With thermal compensation active,
the mean error is 3um which is a reduction of 89%. These significant improvements in accuracy can be
expected when machining occurs with the workpiece at a different temperature to that of the position
feedback system.
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Figure 8. PDTE compensation and temperature of workpiece and scale during finishing operations
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3.3 Environmental error

The time taken to measure environmental effects can be prohibitive within industry. However, if
compensation is necessary then an extended test period is required to include the daily cyclic
environmental temperature fluctuations. Figure 9 shows environmental error reduced to just +7pm over a
65 hour test. The residual errors are due to air temperature affecting the surface measurement of the
material temperature. Embedding the sensors into the structure will improve the results especially where
the air temperature changes rapidly, in this case towards the end of the test when the factory heating
started on a Monday morning.

Error (pm)

0 1C 2C 3C 40 5C 60 70
Time (hours)

Figure 9. Compensation results for extended environmental test

3.4 Spindle heating

This usually involves a random duty cycle spindle heating test including spindle speed variations and
spindle stoppages. Figure 9 shows the uncompensated and compensated error in the Y and Z directions.
Position independent thermal error is reduced from 71um to 7.5um (x90%) and from 14 to 3.5 (x75%)
respectively. This improvement would be seen in short-term machining operations or where the machine
was in a temperature controlled environment.
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Figure 10. Compensation result for spindle induced PITE

4 CONCLUSIONS

A thermal compensation system and compensation methodology is shown that is practical and can
compensate for all significant thermal errors on machine tools.

Results from standard metrology tests show an average reduction of 70% for position independent and
position dependent thermal errors.
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Abstract

Radically improving the accuracy of modern precision machine tools through design
and build practices is generally considered cost ineffective compared with electronic
compensation. For the geometric errors in a machine tool, compensation is becoming
standard practice and most modern controllers provide this ability albeit at varying
levels of sophistication. Thermal compensation features, either within controllers or
problems such as spindle growth on high speed spindles or scale length. Various
sophisticated systems based on learning algorithms such as regression or Neural
network techniques have been shown to be very effective for modelling much more of
the machine non-linear thermal behaviour. Despite this capability, the systems can
remain out of reach of general industrial application due to their complexity and
requirement for significant on-machine testing to train the models. This paper discusses
methods for obtaining the temperature information required for offline model
development and on-line compensation associated with a novel, extremely flexible
modelling technique.

Thermal imaginghas been shownto be an important temperature assessment tool but
radiative measurement accuracy is usually in the orderof +/-2°C. This paper shows test
results with cross image relative accuracy and linearly optimised absolute accuracy of
within +/-0.15°C. The comprehensive temperature information is used for model
development, optimisation and simulated hardware location compatible with discreet

sensor placement and unique, low cost, temperature sensing strips. These provide high

spatial resolution for detailed on-line measurement of any significant thermal gradients
for compensation of complex distortions. Significant reductions have been achieved
using the modelling technique, typically between 70 and 90% of machine tool position-
independent and position-dependent thermal errors under various validation
conditions,, The methodology does not use training methods thus machine downtime is
reduced while flexibility and accuracy are retained for compensating all systematic
thermal errors. The on-line software is incorporated into a complete compensation
system both PC based and incorporated into a modern open-architecture controller.
1 Introduction
The method of modelling based on temperature measurement is often the most practical
for compensating the thermal errors of precision machine tools, particularly for a
generic system designed to be applicable to a wide variety of machine types and
configurations. Efficiency and practicality means that there are different requirements
for the measurement tasks associated with thermal assessment and on-line
compensation. These tasks have been addressed using thermal imaging, temperature
sensing strips and embedded workpiece sensors. This paper concentrates on using
thermal imaging and describing the sensor strips for efficient and robust model
development and on-line compensation applied using a flexible modelling technique
and advanced thermal compensation system [1].
2 Thermal imaging
Non-contact temperature measurement using thermal imaging solves many practical
problems associated with rotating parts, non-interference on workpieces and coverage
of large surface areas as well as providing much greater detail of thermal gradients.
This section looks at obtaining improved accuracy beyond the usual specifications for
A small aluminium component was used into which a 100mm long thermister with
0.002°C accuracy was embedded with complete interference ensured using thermally
conductive paste. During a natural cooling cycle, image sequences at S0Hz for 2s were

taken periodically.
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Figure 1 shows an analysis on the noise level of the camera which showed between

0.3°C and 0.7°C variation across pixels.

High tack masking tape

Embedded thermister location

Figure 1. Test component analysis and closeup view of pixel noise

Averaging of 400 images was used to create one low noise image per measurement
eycle. The variation in temperature between the thermal images and the reference
thermister is shown in figure 2. The underestimation equatesto just 0.04°C/°C using an
emissivity of0.92 and is highly linear. A simple least square correction produces an
extremely accurate measurement within +/-0.15°C over a 30°C range and variable

environment of more than 2°C. This was repeatable to within 1% of the reading.

04
02 ;
" J
A A/\#/‘\f\/\/\/ Pl mand®™
C & YA
2402 15 E
& By == Image eror
2 04 T -- LS
3 ¥ M — Corrected
@ N
= 06 N
3 A TR A
£ 08 ‘\\ g
[ sy
1 S
Temperature (°C) M
12 I L | 1 I I

2 2% 30 ki) 4 4 50 5
Figure 2. Thermal imaging accuracyresult
2 Surface measurement
Thermal imaging is seldom a practical solution for on-line measurement for

compensation and can even be impractical during the testing phase because of the

requirement for an unobstructed view of the structure. Accurate elongated platinum
resistance thermometers can obtain an average temperature over a large area but they
donot provide information about gradients and therefore complex distortions. Many
structural elements on machine tools have rough surfaces or surfaces that exhibit
changes in level and angle to meet the requirements of the designer. Attaching
temperature sensors to such surfaces requires great flexibility. A unique sensing strip
that employs a special flexible circuit board allows convenent application of many
sensors at a spatial resolution of 1 5mm while handling surface irregularities with bend
tadi as little as 1mm. Figure 3 shows the sensor strip and example mounting
arrangement using the mounting holes provided in the strip.

Insulating Alminium  M3x§

Plastic
sleeve

Figure 3. Sensor stripand mounting example on machine surface
Any number of digital temperature sensors can be mounted in a line on the surface of a
machine tool with onlya single 3-core cable betweenall devices and to the computer or
controller for compensation. This system eliminates the need for large numbers of
wires and junction boxes, leading to a relatively simple and rapid application. For
protection, a silicon based conformal coating spray or thin-walled heat shrink tubing
can be used, both if which have proven long term resistance to coolant ingress.

3 Modelling

Thermal gradients can cause distortions such as bending that can produce fast moving
errors amplified by the large structural elements [2]. Tests on several vertical
machining centres have shown rapid bending of the headslide causing error in two

directions whose magnitudes are dependent on tool length. Robust and efficient
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modellingis achieved usingthe detail from thermal imaging to simulate and optimise
the location of the sensingstrips. Temperature data is extracted and loaded directly into
the modelling functions, the basics of which are described in more detail by White [3].
The images also enable rapid determination of simple correlations between structural
temperatures and measured error from limited machine assessment time. Discrete
sensors are placed where imaging is not possible such as inside structures.

4 Application example

Figure 4 shows an application, using aluminium brackets formounting and protection,

of the sensorson a vertical machining centre headslide. In this example, tests were run

with and without spindle cooling which, as expected, showed significant variation in

error magnitude and profile caused by changes in the thermal gradients as shown by the

images in Figure 5.

Figure 5. Variation in thermal gradients with spindle chiller unit on and off
The strips enable the same model to predict both errors to better than 85% highlighting
the robust nature of the model. Figure 6 shows the error reduction in the Y axis
direction from 18um to just 4pum duting a random duty validation cycle. Similar results

were obtained in the Z direction with negligible error in X due to structural symmetry.

18 —Machine Movement
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Figure 6. Result of compensation in Y direction for random duty cycle

For complete compensation of the position dependent thermal errors, the differential
expansion between the linear scale feedback and workpiece is modelled using
embedded workpiece sensors. Machining results show 80% reduction in etror in an
uncontrolled environment of 25°C.
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Abstract

As thermal emor modelling methods becomes more sophisticated, so the models they
generate become more complex. Once the basic elements such as linear expansion and
element bending have been addressed, more complex features related to the machine-
component interface begin to dominate. The thermal model therefore includes a greater
number of variables which can be not only machine, but also process specific.

A single piece of software has been created that is able to compensate the rigid-
body geometric erors for any three-axis machine tool, or machine with a fork head. It
is possible to generate such a system because the geometric models remain constant
over all machine configurations, with only the error profile changing on each machine.

To be able to include a universal compensation package for themal emor
comection requires a more flexible approach. This paper describes a unique
compensation language that has been created that runs as a visual basic script in the
machine controller. The software reads temperatures, axis positions and other
parameters and passes calculated compensation values to the main compensating
routines which run at a much lower level in the system.

The advantage of this system is that the compensation model can be modified on
error checking is built into the scripting language, which picks up syntax erors,
mistyped variable names, etc. before the algorithm is run.

Important machine parameters such as tool length, coolant flow status, part
program information, etc. can be read directly from the machine data tables and used in

the compensation model.

This paper describes some of the issues involved in the design of the system and
discusses the results of applying the software on a small production machine, where it

has yielded an average improvement of 80%.

1 Introduction

Compensation for the errors in precision systems can broadly be achieved in two ways.
The first, largely adopted for compensation produced by machine manufacturers,
employ specific hard-coded algorithms for each machine design that they produce,
optimised to the level they perceive to be suitable for their target industry. The second
strategy provides a single compensation system that can be flexibly configured during
the integration process to run for many different machine types. This approach has
direct benefits for end-users who have machines from different manufacturers, since a
single “compensation system™ can be supported actoss all machines, thus reducing
training costs. This paper discusses such a system that describes the machine-specific

compensation model using a visual basic scripting language.

2 Description of the compensation system
The compensation system described in this paper has been integrated into a Siemens
840D controller. Figure 1 shows the interaction of the various parts of the

compensation system.

ActiveX Thermal

(Read temperature,
provide diagnostics)

VBScript
(Run the model, calculate
comp valug)

Compensation HMI
(HumanMachine Interface)

1

NC-level compensation
(Kenel software)

Figure 1: Schematic of compensation system
The human machine interface, or “Compensation HMI", is used for specifying and
editing the compensation script file during integration and acts as a supervisory process

during nomal operation. In this package geometric and other compensations are
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handled in addition to thermal compensation. The HMI is empowered to take action if
any part of the system s not correctly operating. The HMI can prohibit compensation,
produce operator wamings o instigate machine alamms, feedhold, emergency stop, etc.
The temperatures are read cyclically with a visual basic “ActiveX Thermal®
component. The sample rateis dictated by the compensation script, reducing overheads
on parts of the system where themal changes are slower, or have less significance. The
ActiveX also provides diagnostics for the sensors. Sensor redundancy should be
provided in harsh environments - diagnostics can be used to predict sensor failure.
The VBScript part of the package is run as a component within the HMI. It
executes the user script with system constants being loaded once at start-up and the
remainder of the code being processed cyclically line-by-line. The user-defined script,
based on that by Fletcher [1], uses standard VB function calls, arithmetic operations,
memory mapping, etc. It has been expanded upon to pemit user-defined functions for

calculations such as sensor averaging, thermal bending, bulging, etc.

: Compensation: Enabled and Active
[Pounx Jooo 000 307997
Posay Jooo oo ]
IPosn? Joon o0 ;

[WorkTampAbiovi ot | | 1

[Totalx/1000 Joou o 000006
TololY/1000 Jooo ooo I
TotlZ/1000 Jooo oo

Figure 2: Variable monitoring window

VBScript was chosen to run the thermal compensation for a number of reasons. Some
of the main advantages arise from the need for a robust system that is sufficiently
flexible that can be built up on-line during installation. For example, the use of the VB

“Option Explicit” syntax forces variable declaration, helping to avoid run-time errors.

Svntax checking is also handled by the windows software, removing the need for large
amounts of pre-compiler code within the compensation software.

The accessibility of the scripting also allows useful functions such as the ability
to check values of the thermal model while a test is running. Figure 2 shows a model
debugging window, in which the value of any model constants or variables or any valid
expression can be displayed at each iteration of the model.

Once compensation has been calculated and validated it is passed to the “NC-

level compensation”, which issues compensation commands to each axis.

11 Process-specific information
Because of the system design, important operation-specific infomation can be
transfemed from the machine operator to the compensation system. A link to a dynamic
data exchange (DDE) server can be used to monitor, in real time, many system
variables such as workpiece offset (G34), coolant flow, etc.

Other information can be transferred through implementation of a novel scheme
where the parameters are framed in compensation-system specific syntax and
incorporated in the part program. The compensation system can intercept the part
program block being executed and optimise performance by interpreting the process-
specific information. Table | shows the relevant syntax, where:
¢ the comment label prevents the controller from attempting to process the line,

o the SoftwarelD is used by the HMI interpreter to direct the instruction to the
comect part of the package. In this case “T indicates themnl,

o the VariableID) can be any recognised variable within the compensation script,

¢ the value s that which should be assigned to the designated variable.

The first example in the table tells the software the coefficient of expansion of the

workpiece, while Example 2 indicates the themal datum of the workpiece in X.

Table 1: Example Part Program code used for process-specific compensation

Syntax | Comment label | SoftwarelD | VairablelD) | Value
Example | % VCST  WorkPieceEC  24.000
Example 2 % VST WorkTDatumX 294111
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3 System validation

The compensation system has been validated by metrology and by machining test
pieces based upon the NAS-979 test piece. Three 300mm aluminium pieces were
manufactured on a test machine; one on the uncompensated machine; with geometric
compensation [2]; and with geometric and thermal compensation. After manufacture,
the test pieces were measured on a CMM, with some dimensions shown in figure 3.

45
40

.

£ a0

-

525—:;

|ﬂNo comp B Geometric comp OGeometric and thermal comp

D1 D2 D3 D4 Circle
Feature

Figure 3: Compensation results

All pieces were machined in similar conditions at around 25°C. The effectiveness of the

compensation system can be clearly seen, with the average accuracy of the features

being improved by 80% by thermal compensation, and 92% overall.
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Abstract

Thermally induced errors have a major significance on the positional accuracy of a machine
tool. Heat generated during the machining process produces thermal gradients that flow
through the machine structure causing linear and nonlinear thermal expansions and distortions
of associated complex discrete structures, producing deformations that adversely affect
structural stability. The heat passes through structural linkages and mechanical joints where
interfacial parameters such as the roughness and form of the contacting surfaces affect the
thermal resistance and thus the heat transfer coefficients. This paper presents a novel offline
technique using finite element analysis (FEA) to simulate the effects of the major internal heat
sources such as bearings, motors and belt drives of a small vertical milling machine (VMC)
and the effects of ambient temperature pockets that build up during the machine operation.
Simplified models of the machine have been created offline using FEA software and evaluated
experimental results applied for offline thermal behaviour simulation of the full machine
structure. The FEA simulated results are in close agreement with the experimental results
ranging from 65% to 90% for a variety of testing regimes and revealed a maximum error range

of 70 pm reduced to less than 10 gm.

Keywords: thermal error. finite element analysis, FEA, thermal compensation. offline thermal

error prediction. ambient air pockets

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Thermal deformations of machine tool structural elements
have been a major problem for precision engineering
industries. It has been reported that thermal errors can
represent 70% of the total volumetric error [1]. Complex
interaction of structural components having different heat
sources, thermal time constants and thermal expansions is
generally the cause of nonlinear structural deformations. hence
the thermal errors [2]. This has driven extensive industrial and
research effort to compensate thermally induced errors which
lead to dimensional inaccuracies in parts. Significant research
methods and retrofit techniques such as the linear/multiple
regression technique [3-5], neural networks and sensor
systems [6-9] have proved their capabilities with excellent
thermal prediction and compensation results but they are
subjected to their own constraints for complexity, robustness,
cost and time consumption. Thermal machine testing is a

0957-0233/11/085107+10833.00

major obstacle for the implementation of many such methods
for industries where production machine availability cannot
be compromised. Numerical techniques for model training,
data collection and computation methods to predict thermal
errors generate uncertainties in terms of time requirements,
complicated hardware and associated costs. In some cases,
finite element analysis (FEA) has been uvsed as part of the
research as a validation tool on discrete structural elements.
but not on a full CNC machine for thermal compensation.
However, it has proved its significance in predicting thermal
errors and reduced time scales which in turn leads to reduced
machine downtime [ 10, 11]. The FEA method is also widely
used on systems other than CNC machines. Kim et al [12]
have proved a well-matched comparison between FEA and
other experiments for temperature distributions in the warm
hydroforming process for aluminium alloy. On the CNC side,
Jedrzejewski eral [ 13] and Zhou et al | 14] have proved the FEA
method’s great potential to investigate specific structures and

© 2011 10P Publishing 1td  Printed in the UK & the USA
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the behaviour of CNC machines to achieve desired optimal
high accuracy of the workpiece by means of compensating
dimensional errors. Haitao et al [ 15] investigated the thermal
behaviour of machine tool spindle using FEA and suggested
that experiments could be replaced by the FEA simulations.
Ratchev ef al [16] showed useful results for compensating
cutting forced induced error using FEA simulation techniques.
These set good examples of using the FEA method towards
predicting thermal behaviour of a full CNC machine tool.

This paper will present the offline FEA simulations of
the full machine by first using the data extracted from short-
term intermnal heat/cool testing with its validations and then the
procedure repeated in reverse order where the simulation was
run for an extended complex duty cycle and later validated on
the machine. For offline simulations, Abaqus CAE 6.7-1 [17]
FEA software was used.

2. Thermal contact resistance

Thermal contact resistance (TCR) [18, 19] is the resistance
to heat flowing through structural joints (thermal contact
conductance). This results in nonlinear thermal behaviour
which adversely produces nonlinear thermal deformations
across mechanical joints and other complex discrete structures
within the machine. For accuracy of results. experiments
were conducted to obtain thermal contact conductance values
experimentally for their use at joining surfaces in the ABAQUS
machine assembly model. The experiments were conducted
on two rectangular steel plates of similar dimensions with
average surface finish of 2 um. Surface flatness was measured
at 14 pum which is easily eliminated with standard clamping
force and therefore has negligible effect on the heat flow. Four
digital thermal sensors in sets of two were embedded into
the plates to ensure high accuracy measurement of the core
temperatures.

Prior to the thermal contact conductance experiments, the
influence of convective heat transfer on the surface of the
body was calculated by heating up one of the steel plates and
suspended horizontally to cool to room temperature of 20 °C
in a free convection mode. The convection coefficient value
obtained was 6 W m™2 “C~". Thermal contact conductance
experiments were carried out in two phases, first with cleaned
dry plates and then with oiled plates. In the first phase, plate-|
was heated to approximately 52 °C and plate-2 clamped
immediately onto the heated plate-1 uvsing four M14 bolts.
Contact pressure at the joint was varied by using torque values
ranging from 35 to 85 N m, typical for machine tool joints,
applied to the fastening bolts to evaluate the effect of increasing
contact pressure or clamping force on the thermal contact
conductance value across the joint. Since both rectangular
plates were of similar material and dimensions, the thermal
contact conductance was calculated using equation (1) [20]:

Q'
AKAT —20Q'AL
where A is the thermal contact conductance and k is the
thermal conductivity of steel. Clamping forces were calculated
using equation (2) [21]:

Pi=T/KD
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Figure 1. Clamping force and thermal contact conductance values
in cleaned dry and oiled conditions.

where Pi is the clamping force, T is the torque applied. Kis the
torque coefficient and D is the bolt nominal diameter. Here. K
can be calculated using equation (3) [21]:

K =([05p/7]+[05ut(D —0.75psina)/sina]

+ [0.625ucD])/ D, 3)
where
D isthe bolt nominal shank diameter,
P is the thread pitch (bolt longitudinal distance per
thread).
o« s the thread profile angle = 60°/2,
wut  is the thread coefficient of friction and
e is the collar coefficient of friction.

In phase 2. the same test was repeated with oil applied to
the plate’s contacting surfaces and bolt threads to change the
condition from dry to wet or from clean to contaminated. As
expected. an increased trend of thermal contact conductance
was observed with increasing torque and from dry to oiled
conditions. The values were applied to the FEA models to
predict the structural thermal behaviour. Figure | shows the
clamping force and thermal contact conductance profiles in
dry cleaned and oiled conditions.

From machine manufacturer data the spindle is clamped to
the carrier using six bolts tightened to 70 N m in dry conditions.
A thermal contact conductance value of 2520 Wm=2<C~! was
extrapolated using the exponential curve fitting technigue on
the above data and used at the carrier/spindle interface.

3. Machine FEA modelling setup

For quick and optimized analyses. idealized models of small
VMC CNC machine structural elements such as spindle,
carrier, tool (test mandrel), bearings, column, base, saddle
and table were created and assembled in Abagus 6.7-1.
The model is further simplified by the symmetrical design
of the machine. Small details such as fillets and chamfers
were neglected. The bearings. belt drive and motor supporting
structures were represented as major heat generation sources.
Figure 2 shows the created model of the assembly.
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Figure 3. Meshed model of the machine.

3.1. Boundary conditions applied to the machine model

3.1.1.  Meshing and applied constraints. The model
was meshed using tetrahedral. hexahedron and hexahedron
dominated (hexahedron/wedge) elements where applicable
using Abaqus default meshing technique. A higher density
mesh was chosen for the structures neighbouring the heat
sources compared to the rest of the structure to ensure sufficient
nodes for accuracy and data extractions. Meshing revealed the
total of 49 919 elements and 20 418 nodes. Figure 3 shows
the meshed assembly of the machine.

The machine model was applied with the symmetry
constraint at surfaces from where the machine was halved.
The base was fixed from the bottom of the supports using
displacement constraint. Boundary conditions were applied
with the measured initial and ambient temperatures explained
in section 5. Figures 4 and 5 show the information about

structure e

Spindle —

=
Column —

- Z axis motor

e Belt drive structure
_____ - Carrier
== Bearings
__—Tool
(Test mandrel)

——Tahle

—— Saddle
Base

s

Figure 2. Generated CAD model of the machine assembly.

the applied symmetry and displacement constraint position
respectively.

Material properties The machine under research has three
major materials, i.e. steel. cast iron and an invar test mandrel.
These material properties were assigned to their respective
structures in the FEA software. Cast iron was applied to
the Carrier head: steel was applied to the spindle, bearings.
column, guide ways, carriages. base. saddle and table: and
invar was applied to the test mandrel. The material properties
of steel, cast iron and invar are presented in table 1.

All simulations were performed as transient thermal
simulations.

4. Machine testing

For determining the accuracy of the results, it was necessary
to devise an efficient strategy to calculate the convective heat
transfer coefficient (h) due to airflow across test mandrels or
generic tooling. A thermal imaging camera was set up to view
the heat sources and temperature variation around the spindle
housing and test mandrel.

4.1. Determination of the convective heat transfer
coefficient (h)

4.1.1. Testing procedure. The Flir Thermacam S65 thermal
imaging camera was placed at a position where the test
mandrel, spindle housing and carrier head were visible. A
temperature sensor was positioned adjacent to the test mandrel
to measure ambient temperature change during the heating
and cooling phases. The spindle was rotated at 8000 rpm
(see section 5 for speed selection) for | h and stopped for a
cool-down period. The heating and cooling cycle data were
recorded with thermal imaging (1 Hz).

Figure 6 shows the temperature obtained from the
surface of the test mandrel. The plot shows that when
the spindle started. the heat was continuously being
convected during the tool rotation which causes the test
mandrel temperature increase with slow progression: however.
the temperature started to increase after spindle stop.
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Figure 4. Location of the applicd symmetry constraint.

Figure 5. Location of the applied displacement constraint.

Table 1. Properties of stecl. cast iron and invar.

Steel Cast iron Invar Units (mm)
Conductivity (k) 519 52329 15 mJ (mm=C) !
Density 7805 x 107 72x10? 820x10® tonne mm™
Specific heat capacity (Cp) 473 x 10*¢ 506 x 10*% 525 x 10**  mJ (tonne °C) !
Modulus of clasticity 205000 124000 145 000 N mm?
Coefficient of lincar expansion  11.7 x 10 0 x10°% 12x10° m(m=C)!
Poisson’s ratio 03 0.24 03

This explains that the cooling effect present during the
tool rotation was stopped and the energy from the spindle
started to flow inside the mandrel causing its temperature
to rise. The convection coefficient A was calculated as
92 W m~2 “C-'. This value was applied to the test
mandrel during the heating cycle simulations. Similarly,
the convection values for the spindle (9 W m=2 *C™1),
carrier head (2 W m™2 °C~1), table (12 W m~2 “C~), base
(0.1 W m™? °C™") and column (5.7 W m™* °C™") were
obtained and a rounded average of 6 W m™ “C™' was
used in simulations.

5. Machine testing at 8000 rpm (online test)

5.1. Thermal testing

Initially, 3 h testing was conducted; the first hour was
monitored to determine the thermal behaviour for the machine
structure after deactivating the E-Stop. Deactivating the E-
Stop causes some motors and drives to activate which are
used to hold structural parts in place. The activation of the
drives causes some motors to heat up. For example, the
Z-axis motor holds the Z-axis in position causing heat flow
into the column. This procedure was performed in order to
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Figure 6. Temperature measured at the test mandrel upper surface.

achieve stabilized initial conditions before the actual testing
to reduce uncertainties. The | h machine stabilization period
was followed by a | h heating and 1 h cooling cycle. The
machine spindle was tested at its highest spindle speed of
8000 rpm to assure maximum thermal behaviour. The thermal
data were recorded using 65 temperature sensors located in
unique strips [22] at the surface of the carrier and spindle boss
considered as thermal key points. explained by White er al [23]
along with six other temperature sensors positioned around the
machine to measure ambient temperatures. Figure 7 shows the
positions of surface sensor strips and ambient sensors around
the machine. Thermal imaging was also used to capture data
every 10 s to observe the spatial and temporal temperature
distribution and location of the heat sources.

Heat drawn from the machine often creates air pockets
which reduce the cooling rate of the machine. The heat that
stays within air pockets causes the temperature magnitude
to remain relatively higher than the normal ambient which
effectively causes associated structures to respond often
significantly after spindle stops when cooling takes place. The
observation of the machine revealed that one side of the column
was very close to the fitted electrical cabinet, the front of the
column was close to the carrier head and the gap between the
column and the carrier head serves to be a potential air pocket.

The column itself is a hollow structure used to route machine
cables which also generate a localized heat source. Therefore,
three out of six ambient sensors were placed in proximity to
the air pockets.

5.2. Displacement testing

Five non-contact displacement transducers (NCDTs) were
placed around a test mandrel to monitor the displacements
of the tool in the X, Y and Z axes due to the thermal effect
produced during the | h spindle heating and cooling test.
The stabilization period revealed the machine displacement
error range of approximately 3 um in Z and | pm in ¥
(figures 9 and 10) which is suspected to be caused by the
column bending due to the Z-axis motor-generated heat.
During the heating and cooling test. the machine was observed
to exhibit a displacement error of approximately 70 pm in ¥
and approximately 23 um in Z (results in section 8). The
errors in the X-axis are considered negligible because of the
symmetry of the machine.

6. Offilne simulatlons and assessments

Thermal data obtained from | h heating were analysed and
applied to the FEA simulation model for offline thermal
assessment.  The data obtained from experiments was
converted into thermal loads and applied as body heat
fluxes generated by the heat sources in the simulation.
This methodology was validated through benchmark tests to
simulate heat distribution originating from those complex or
rotating structures where thermal sensors are hard to install.
For example, the temperature from the bearings housed in
the spindle could not be measured directly therefore the data
were obtained from the spindle surface. Since bearings are the
main heat sources in the rotating spindle, surface temperature
was converted into thermal load and applied to the bearing by
calculating the energy required for the temperature change
provided with the specific heat capacity of the associated
material. To accurately calculate the heat flux, the temperature

Carrier/Column ambséent sensor

Ambient sensor at {air pocket)
side of the column
(air pocket) Surface
sensor strips
Ambsent sensor
inside the column - Inside ambient
(air pocket) sensor
Base ambient
/ sensor
~
Column E ¢
ambient sensoc
®  Surface sensors
@ Ambient seasors

Figure 7. Position of the ambient sensors around the machine.
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Figure 8. Deformations in the machine due to temperature distribution (NT1 I = temperature (°C)).
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Figure 9. Z-axis movement during the stabilization period.

rise of the top of the test mandrel was also measured using
thermal imaging. This temperature rise is due to the heat
energy entering into the test mandrel, i.e. the energy loss from
the spindle. This energy was accounted for when obtaining the
heat flux value and added to the obtained heat flux value for the
lower bearing. Similarly, the surface temperature data from
thermal image and carrier mounted sensors were analysed and
converted into body heat fluxes for the belt drive and spindle
motor housing area. Ambient conditions were applied as sink
temperatures in the software. Those areas of the machine
which were considered as air pockets were separately selected
within the machine CAD model and applied with the ambient
temperatures measured by the temperature sensors placed in
the air pockets (figure 7).

6.1. Calculations

Equation (4) was used to obtain the total energy (). i.e. the
energy generated by the heat source and the energy loss from
the body housing that heat source. The (' was then divided
by the volume of concemed heat source to obtain the body
heat flux value to be applied in the simulations. Short test
periods of up to | h should be sufficient to obtain a measurable

10
9
a 4
7
]
2 |
3
2}
g 3 12
g3 ‘
w .
-5
-6
-7 — Measured movement in ¥
:g 1 - Simulated moverment in ¥
10 Time (hours)
Figure 10. Y-axis movement during the stabilization period.
Table 2. The calculated body heat flux values for 4000 and
8000 rpm spindle speeds.
Body heat flux (mW mm—*)
4000 rpm 8000 rpm
Lower bearings 0.06 034
Upper bearing 0.11 049
Carrier belt drive 037 1
Spindle belt 033 0.56
Z-axis motor 023 023
Spindle motor mounts 0.08 0.137

increase in surface temperature for the calculations. Radiation
is negligible due to the low working temperatures:

Q' =mCpAT/t + hRAAT. 4

Body heat flux values obtained at 8000 rpm and are shown in
table 2. The values shown for the 4000 rpm spindle speed will
be discussed in section 9.

These heat flux values were applied to the respective heat
sources and the simulation was set for 3 h: | h stabilization,
| h heating followed by | h cooling.

Figure 8 shows the simulated temperature gradient
distribution in the column, spindle. carrier and test mandrel
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after a | h heating cycle: and the thermal deformation of the
machine.

7. Temperature and displacement simulation results
(offline assessment)

7.1. Result agreements (1 h heating/1 h cooling)

The first step was to check the agreement of the simulated
stabilization period result and the experimental stabilization
period result. The simulated data were extracted from the
nodes located at the actual displacement sensor locations used
to monitor ¥ and Z axes. The error difference range between
the measured and the simulated profiles in figures 9 and 10
was observed to be less than a micron and therefore considered
negligible. The axis scale was increased to observe the profile
shape.

The agreements of heating and cooling cycles are shown
in figures 11 and 12. The black profile in the plot shows the
magnitude of the difference between measured and simulated
profiles.

— Measured movement inY
===« Simulated movamentiny
- « = Error difference

15 2 2.5

‘Time [hours)

Figure 11. Y-displacement profiles agreement (high spindle speed test).
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Figure 12. Z-displacement profiles agreement (high spindle speed test).

Very good agreement was found between the measured
and simulated displacement profiles of 87% for the Y-axis
and 63% for the Z-axis. The Z-axis plot also shows the
comparison of profiles with and without air pockets revealing
improved agreement after their consideration. The simulation
took approximately 30 min (the computer used to perform the
simulation had an AMD Phenom 9950 Quadcore 2.60 GHz
processor, 4 GB of RAM, NVIDIA GeForce 9400 GT graphics
card and Windows XP 32 bit operating system). The residual
error in the agreement remained under 10 um for both axes.
The drift of the simulated Y-axis error from the measured error
is suspected to be due to the slow rate of change of the structural
temperature due to local environmental changes. The heat
convected during the heating cycle is confined within structural
pockets which effectively increases local associated ambient
temperatures and therefore reduce the cooling rate. The
measured ambient temperatures were applied as single values
to each structure and those values were kept constant during
both heating and cooling cycle simulations and therefore
underestimated the slow rate of change of the actual ambient
temperature around local structure vicinities and resulted in
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Figure 13. Y-displacement profiles agreement (step heat and cool cycle).

Table 3. Agreement ranges obtained for more tests conducted at 4000 rpm.

Agreement ranges (%) Agreement ranges (5)
Short term test Residual Long term test Residual
4000 rpm (1 h heating/1 h cooling)  erors (um) (3 h heating/2 h cooling)  errors (um)
Y-axis 3% 6 um 81% 6 pm
Z-axis 1% 2um 71% 4 um

a higher simulated cooling rate compared with the measured
result. This elaborates the importance of considering the rate
of change of ambient temperatures during and after machining
operations.

8. Machline testing at 4000 rpm

The technique of calculating heat fluxes from the surface
temperatures and predicting the thermal displacement
behaviour offline was further validated at a different spindle
speed of 4000 rpm for the VMC used. The 3 h test was
repeated. Thermal data from the heat sources were collected
to calculate the new values for the heat fluxes at this speed
listed in table 2 and a new convection value i of 58 W m~2
©C~" for the rotating test mandrel. The calculated information
is used in the next section.

8.1. Step heating and cooling test (4000 rpm)

Extended thermal trials on production machine tools
necessitate expensive or impractical machine downtime:
therefore, one of the greatest advantages of improving offline
simulation capability is to enable characterization of the
machine to a reasonable accuracy over such medium- and long-
term periods. This section is specifically targeted towards
obtaining good agreements for a long-term complex duty
cycle. Thistime, the task was to use the established coefficients
in an FEA simulation and validate on the experimental results
from a complex duty cycle. The duty cycle was composed of
9 h with 1 h stabilization, two 2 h heating cycles with 1 h
cooling gap and 3 hcooling in the end. The simulation used the
same body heat flux values listed in table 2. After simulations,

the machine was then tested for the same duty cycle at the
spindle speed of 4000 rpm.

8.1.1. Profile agreements. Figure 13 shows the results and
again very good agreement of 82% was obtained for the
displacement error profiles in the Y-axis direction; whereas,
the Z-axis was 70%. The residual error remained under 7 um
for both Y and Z axes.

More tests conducted at 4000 rpm with short- and long-
term duty cycles also revealed very good agreement. Table 3
summarizes the results.

9. Discusslon

The simulated results were revealed to be in good agreement
with the measured results: however, further improvements
may be possible to reduce the drifting of the simulated
profiles from the measured. Since a single value of the
ambient temperature was used during simulations, defining
ambient temperatures as a transient function in the software
may increase the agreement percentage especially during the
cooling cycle. Also, vertical temperature gradients around the
machine are suspected to have a contribution on the overall
thermal behaviour of the machine especially during long-
term simulations. It is proposed to increase the number
of temperature sensors and place them vertically on and
around the machine to measure the vertical temperature
gradients (surface and ambient): and sectioning the CAD
model vertically for applying the measured initial temperature
conditions and long-term ambient conditions accordingly
to the sectioned structural elements (figure 14). Detailed

DEGREE OF DOCTOR OF PHILOSOPHY (PhD)

163




THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

Meas. Sci. Technol. 22 (2011) 085107

N S Mian et al

@ Temperature sensors|
—= Sections

Figure 14. Proposed temperature measurement and simulation
technique.

assessments of isotherms in the machine structural elements
neighbouring heat sources could improve the calculated body
heat flux values and therefore the simulated results.

10. Conclusion

Thermal distribution and its associated error in a small VMC
CNC machine tool were studied and analysed experimentally
and predicted offline using FEA. Heat transfer experiments
between contacting surfaces in assemblies and structural
linkages were given high importance to obtain accuracy in
FEA results. In-depth experimental work has been carried
out to obtain the thermal behaviour in the machine structure
by running the machine. extracting detailed temperature
and displacement data to calculate relevant heat fluxes for
offline analyses. The machine was tested for its thermal
characteristics at 8000 rpm spindle operating speed. The
temperature data obtained from the testing were used to
simulate the behaviour of the machine and the results were
well correlated. The technique was further validated by
operating the machine at 4000 rpm spindle speed for a
variety of duty cycles. All simulated results (4000 rpm and
8000 rpm) obtained were in close agreement ranging between
65% and 90% when compared with the measured movements.
The residual error remained under just 10 um. The body
heat flux methodology and FEA simulation enable quick and
efficient offline assessments of temperature distribution and
displacement in machine tool structures; this results in a
significant reduction in machine non-productive downtime and
can provide significantly more thermal data for the creation and
validation of robust long-term error compensation models or
design changes

Since machine downtime is a dominant issue within
manufacturing industries. the technique discussed provides
a method where the machine downtime can be reduced using
offline simulation technigues for extended and complex real-
world machine operations. Rapid CAD model development,
testing of the machine for a relatively small time period, the
use of the calculated heat loads at a particular spindle speed for
extended simulations without testing the machine. and FEA,
which itself is a quick computational technigue in terms of
computer resource usage, are well-achieved advantages of this
work.
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Abstract. Whether from internal sources or arising from
environmental sources, thermal error in most machine tools is
inexorable. Out of several thermal error control methods, electronic
compensation can be an easy-to-implement and cost effective
solution. However, analytically locating the optimal thermally
sensitive points within the machine structure for compensation has
been a challenging task. This is especially true when complex
structural deformations arising from the heat generated internally as
well as long term environmental emperature fluctuations can only
be controlled with a limited number of temperature inputs. This
paper presents some case study results confirming the sensitivity to
sensor location and a new efficient offline method for determining
localized thermally sensitive points within the machine structure
using finite element method (FEA) and Matlab software. Compared
to the empirical and complex analytical methods. this software based
method allows efficient and rapid optimization for detecting the
most effective location(s) including practicality of installation.
These sensitive points will contribute to the development and
enhancement of new and existing thermal error compensation
models respectively by updating them with the location information.
The method is shown to provide significant benefits in the
correlation of a simple thermal control model and comments are
made on the efficiency with which this method could be practically
applied.

Keywords: Finite element analysis. FEA, Matlab, Thermal error.
Thermal error compensation, Thermally sensitive locations

1.1 Introduction

Thermal errors have been identified as a major
contributor to the overall volumetric error of a machine
tool, in many cases up to 70% [1]. Several techniques
based on analytical, empirical and numerical methods
have been established to control the effect of thermal
errors. These techniques are widely used and applied with
a basic ideology to establish a thermal model based on
relationships between the measured temperature of the
machine from various locations, used as temperature
inputs and the displacement at the tool [2]. The
temperature inputs however in some cases may be
difficult to identify if propagation of the temperature
gradients is complex due to the combined effect of
internal and external heat sources and perhaps due to the

complexity of the machine structure. These ambiguities
therefore add complexities to identify sensitive locations
within the structure and stands out to be a challenging
task with a limited number of temperature inputs. It has
been observed that the performance of the conventional
empirical and statistical approaches such as Artificial
Neural Network (ANN) and Linear Regression [3, 4]
heavily rely on the data from sensitive location within the
machine structure for effective and robust thermal
compensation such as varying environmental conditions.
Kang et al [5] used a hybrid model consisting of
regression and NN techniques to estimate thermal
deformation in a machine tool. The total of 28
temperature sensors were placed on (18) and around (10)
the machine to acquire internal heating and
environmental data. The training time for the model was
3 hours. Yang et al [6] tested a INDEX-G200 turning
centre to model thermal errors. Temperature variables
were selected wusing engineering judgement as
temperature sensors were placed on or near the possible
heat sources and Multiple Linear Regression technique
was used to model thermal errors. Training time for the
thermal model however was not mentioned. Krulewich
[7] used the Gaussian integration method using
polynomial fit to identify the optimum thermal points on
the machine spindle. The spindle was put through heating
and cooling cycles providing 3.5 hours of training data to
locate three optimum measurement points where the
results correlated to 96%. The author compared this
method with a statistical technique and found that the
Gaussian integration method requires significantly less
training data

It has been observed that a significant amount of data is
generally required to identify sensor locations and train
models which inevitably requires machine downtime
therefore such methodologies can be impractical for
general application. It is also the fact that machine
structures are sensitive to environmental changes which
means that the training data acquired in the first instance
may not respond well to the new conditions and therefore
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a new set of training data may be required [7]. This paper
presents an offline technique based on FEA. The
technique provides the ability to identify optimised
sensitive locations within the machine structure offline
for any set of data either from internal heating or external
environmental conditions. Being software based, using
the Graphical User Interface (GUI) of the FEA software,
this technique integrates the visual aspect to aid
reviewing the location of the sensitive areas and the
practicality for sensor installations. The application of
this technique requires minimal machine downtime as
any set of the measured thermal conditions can be
assessed offline to obtain the thermal behaviour of the
machine. This means that new sensitive areas inside the
machine structure may be located according to the new
thermal conditions. Satisfactory correlations between the
measured and the FEA simulated results are a pre-
requisite to the application of this technique. In this
paper, this technique is applied on the results from
simulation case study previously conducted.

1.2 Case Study

This study was conducted on a 3 axis Vertical Machining
Centre (VMC) located on the shop floor with
uncontrolled environmental temperature. The machine
FEA model was created in Abaqus/Standard 6.7-1 FEA
software [10] using manufacturer provided engineering
drawings. Fig 1.1 shows the generated CAD model of the
machine. The model of the machine was simplified by
cutting into half because of the symmetry in the X axis
direction and complex structures such as fillets and
chamfers were simplified and represented using simple
corners to avoid complexity of meshing and nodes.

-2 axis motor

Belt drive ssucture
' - Cartier
== Bearlngs
~~Tool {Test mandel)
. Table

— Saddle
, Base
z

N .

Fig 1.1 Generated CAD model of the machine assembly

Mian et al [8, 9] conducted tests to exploit the thermal
behaviour of the VMC when subjected to the spindie
heating and varying environmental conditions. Mian [8,
9] proposed a technique in which only one short term data
set obtained during one hour internal heating is required
to obtain thermal parameters and simulate the heat
transfer within structures. This short term data set is used
to create the FEA thermal model to simulate the machine
for a variety of real world testing regimes. The results
showed good correlation between the experimental results
and the FEA simulated results typically between 70% and
80%. Mian [9] also conducted environmental tests where

the machine was tested for three continuous days in two
seasons (winter and summer). The aim was to achieve
good correlation in results from one season test and
validate the methodology with good correlation results in
different environmental conditions i.e. in a different
season. Both tests successfully validated the FEA
environmental thermal model with good correlations
typically above 60%. This technique in effect can
remarkably reduce the machine downtime by creating the
CAD model of the machine in the FEA software and
simulate it to create an environmental thermal model that
is able to simulae the effect of any set of varying
environmental conditions.

This method therefore provides a platform to use FEA
modelling as an offline tool to determine not only
machine behaviour, but also help with the development of
compensation models by determining the location of
sensitive nodes/areas. The case study by Mian [8, 9] was
therefore used for differentiating between areas sensitive
to internal heating and environmental temperature
fluctuations.

The remainder of the paper details a method and the
developed software for the offline assessment of the FEA
data and help determine the temperature-displacement
sensitive nodes based on search parameters and their
physical locations within the FEA model. The
information can be used to retrofit sensors for
compensation; however there can be practical limitations
to their attachment.

1.3 Nodal data extraction

The Abaqus simulation software provides the facility to
extract surface and sub-surface nodal data within the FEA
model. Since the model has to be meshed for FEA
analysis, the nodes from the mesh can be used to
represent individual points on the structure. Therefore
using this facility, the nodal data was extracted to find
nodes of interest. The predicted error is obtained as the
difference in displacement between a node on the table
and a node on the tool. In this case the dependant
parameters are slope and hysteresis.

The slope is simply the magnitude of displacement for
any given change in temperature (°C/um). Hysteresis is
caused by the time lag involved with typical surface
temperature measurement which is related to the distance
between the temperature sensor and the true effective
temperature which is causing the distortion. A node
location with high slope sensitivity will require lower
resolution in the measurement of temperature and induce
less noise when applied in models as described later. The
lowest hysteresis will represent that area that relates well
to thermal displacement and responds in a linear fashion
whether the machine is being heated or cooled. The nodal
date is extracted from Abaqus and the files are converted
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and imported into Matlab software. Matlab functions
were wrilten to calculate the slope and hysteresis for each
node and return the best ones with respect Lo an axis.

1.3.1  Matlab program routines
The function imports the nodal data from the FEA
software and extracts the error between the tool and
workpiece in each direction, and the temperature of all
the nodes. Then it calculates the slope (°C/um) using a
linear least square fit and hysteresis (um), using deviation
from the straight line, for all nodes. These are compared
against a predefined set of ranges to filter out the best
nodes. The range may be set based on the resolution of
the temperature sensors and required accuracy for
compensation. There can be thousands of nodes
depending on the mesh density of the machine model. If
no nodes are found then the range must be widened. The
nodes are filtered for slope and hysteresis separately to
maintain flexibility so that different nodes can be used for
different jobs, not always both. The final node numbers
satisfying both filters are then used to locate their
positions in the CAD model of the relevant structure. Fig
1.2 shows the function calls where comparison takes
place using a specified range, in this case the range for
the slope sensitivity is from 0.17 °C/pm (min) to 0.20
°C/um (max) and 5.44 um (min) to 8 um (max) for the
hysteresis. The first and second lines filter out node
numbers for the slope sensitivity and hysteresis
respectively using the range. The third line is then used to
match node numbers in both arrays and obtain the
matched nodes numbers. Fig 1.3 shows the Matlab array
editor displaying 8 nodes filtered out from the total of
4113 from the carrier (Fig 1.6) structure mesh. The first
column shows node number, the second column shows
slope sensitivities and the third column shows the
hysteresis values. These 8 nodes have shown to have the
highest slope sensitivities (Fig 1.4) and the lowest
hysteresis values and will effectively be used to place
permanent temperature  sensors for use in error
compensation systems. It can also be observed that nodes
738 and 739 possess the highest slope sensitivity among
the other filtered nodes and a slightly higher hysteresis
values relative to other filtered nodes, however an
agreement can be obtained to prioritize the selection of
nodes that were located at the surface for practical
installation of temperature sensors. This priority may not
be the case if slope sensitivities and hysteresis values are
significant at node positions inside the structure.

Minimum hysteresis Maximum slope

sensitivity sensitivity <

cnxslopa=:11:_s}bn<:‘,:_[.:{g.?fi7l T1it_slopyg,2(30.20D
chiHyst=filt hyst(: We5.44) £ilt hysti:, N >80

¢hk= bitor (chkslope, chiHyst|: <__>Range

Fig 1.2 Part of Matlab program code for assigning range
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J Array Editor: filtered
Fle Edt Vew ‘Weh Window Mep
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819 0.17104 6.345
2 7377‘717). 1799175 |
3 ‘)38‘ 0.20L
4 739 0.20224
s 903 0.1713
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7 2689 0,17452
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Fig 1.3 Filtered nodes
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Flg 1.4 Slope and hysteresis plot

1.4 Internal heating test — Carrier sensitivity
against the Y axis and Z axis displacement

Since the carrier holds the spindle in place, it is the most
affected structure as the heat from the spindie flows
directly into it. Therefore this structure was analysed to
locate the temperature-displacement sensitive nodes for
internal heating. Fig 1.5 shows the visual representation
of the simulated deformation of the machine.

Original Distorted
machine machine
structure structure

Fig 1.5 Simulated visual representation of deformation of the
machine due to internal heating
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Fig 1.6 shows the best surface nodes found using the
Matlab search routine. Other visible nodes are inside the
structure.

Best surface
node in Z axis

Best surface
nodes in Y axis

Fig 1.6 Nodes sensitive to spindle heating on the carrier

1.5 Validations

Using the similar approach shown in section 1.3.1, the
best identified surface node (Fig 1.6) was checked which
give the sensitivity of 0.20°C / pm and hysteresis of 7um.
This linear fit gives a simple model for the Y axis of
5At,, - 106.5. This was applied to measured temperature
data from a sensor fitted to the machine surface close to
the identified node position, with correlation to measured
displacement of 84% as shown in Fig 1.7.

e e N B 1

— a1k e

——FRoddual error

o
=1

Error {microns)

v 0o 1 o 3 25
Time (hours)

Fig 1.7 Validation of the FEA mode] against measured error due to
internal heating

1.5.1 Environmental sensitive nodes inside the full

machine structure

Using the similar procedure the nodes sensitive to the
varying environmental conditions, including different
seasons, were found in the machine structure. During this
preliminary work, each structure was analysed
individually for efficiency to locate sensitive nodes with
the higher slope and lowest hysteresis approach. Future to
consider the full machine structure as one component to
locate the set of sensitive nodes. Fig 1.8 shows the full
machine FEA model with highlighted environmental
sensitive nodes individually located on components.

Column node, C_zu_‘rier_ node )
sensitive inZ sensitive in Z axis
axis '
Carrier node
sensitive in Y axis
Column node
sensitive in
ylms Table node
sensitive in Z axis
Table node
sensitive in Y axis
Base node
sens‘|m"e inz P
axis X

Fig 1.8 Environmental sensitive nodes within the full machine

1.6  Conclusions

It has been observed that the simulation of thermal
behaviour of complex machine structures using FEA can
provide a solid platform for offline assessment of the
machine error and model identification. FEA results from
previously conducted case studies were used to locate
nodes in the structural elements of a 3 axis VMC that
were sensitive to temperature change and movement of
the machine structure in Y and Z axes. Matlab functions
were used to manipulate the extracted data from the FEA
software, calculate the hysteresis and slope for any given
node and filter out the best node locations by using a
range of highest slope sensitivity and lowest hysteresis
value. The location of the filtered nodes were analysed
using the Abaqus GUL The priority is given to surface
nodes rather than the internal nodes for practical
temperature sensor installation on the machine. The
validation result showed the predicted sensitive nodal
location correlated to better than 84%. By determining
the best linear relationships, simple models are available
and compatible with the common thermal compensation
methods available in most modern NC controllers.
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Abstract

which deteriorates the prediction capability of many thermal models.
This paper presents a case study where FEA (Finite Element Analysis)
used for the thermal modelling of a machine tool and the i1ssue of air pockets

significance of air pockets with regard to the thermal modelling and 1t

performance of any thermal model.

The significance of air pockets for modelling

It is well known. especially with the prevalence of compensation for geometric
errors. that thermal error represents the most significant proportion of the total
volumetric error of the machine tool. Thermal error in machine tools originates
from changes to internal and external heat sources that vary the structural
temperature of the machine tool resulting in the non-linear deformation of the
machine structure. The ambient conditions inside and around the machine
vicinity are varied not only by the external heat sources but. equally importantly
but less well understood. by the machine| itself when local air pockets are
warmed inside the voids of the machine during the machining process. Air
pockets are areas within the machine structure where the localized heat
convection rate 1s reduced by the heat confined within them causing the
temperature to vary slowly relative to the other places of the machine. This
results in a relatively slower response of the associated structure. Consideration
for this effect 1s an important, yet often ignored element of thermal modelling

15
15

addressed by measuring and considering the temperature i voids. It was found
that the consideration of the most significant air pockets improved the prediction
capability of the FEA thermal model in the Z-axis direction from 50% to 62%
when compared with the experimental results Z-axis. This paper highlights the

1s

believed that the consideration of the temperature measurement inside voids of
the machine structure and inclusion of their effect may significantly improve the
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1 Introduction

Thermal errors in machine tools are caused by temperature changes in the
structure. which arise from internal and external heat sources. Non-uniform
distribution of the temperature gradients leads to non-linear thermal expansion
of structural elements. deteriorating the relation between the tool and workpiece
positioning. There has been significant focus towards the development of error
compensation models for thermal errors due to internal heat sources but
relatively little on compensating for the effect of environmental temperature
variations, although these are known to be significant. perhaps due in part to the
associated machine downtime to measure the machine response. Predictive
methods. such as finite element modelling (FEM) can be used to simulate such
effects. but inaccuracy occurs with simplifications and uncertainties in the
boundary conditions. This paper focuses on the effect of the localised heat
confinement inside non-continuum solid areas 1.e. structural voids within the
machine tool containing pockets of air where the flow of heat to the surrounding
environment is restricted. The surrounding structure typically responds slower to
natural cooling relative to other assembly structures exacerbating the complexity
of the machine distortion.

Several methods have been introduced to control thermal errors in machine
tools from which the electronic compensation method can be considered as a
cost effective and simple-to-implement solution which uses analytical. empirical
and numerical approaches to create a relationship between the induced overall
displacement between the tool and workpiece and the temperature change in
order to compensate the error. Thermal error due to internally generated heat in
machine tools has been the major focus among researchers. Hao [1] used a
genetic algorithm-based back propagation neural network (GA-BPN) method
using 16 thermistors placed at various location of a turning machine tool. The
spindle. headstock. axis leadscrew and the bed were selected for temperature
measurement to compensate dynamic and highly nonlinear thermal error. but
only one ambient temperature sensor was used. The reported thermal error
compensation improvement was 63% Du et al [2] applied an orthogonal
regression technique to more than 100 turning centres of the same type and
specifications. It was found that the technique was able to reduce the cutting
diameter thermal error from 35um to 12um. The technique was stated as robust
due to its year-round repeatable improvement in accuracy. The accuracy is
expected to increase if long term shop floor environmental temperatures
fluctuations were considered. Kim et al [3] analysed a ballscrew system for two
dimensional temperature distributions both in real time and steady state using
FEM. The proposed FEM model was based on the assumption that the screw
shaft and the nut are solid and hollow cylinders respectively. The convective
coefficient was also assumed to be constant. Huo et al [4] carried out an FEM
analysis on a grinding machine aimed to integrate the effects of thermal
deformation of the machine structure and the heat produced by the machining
process. At first. the temperature distribution was simulated followed by
validations by the on-machine measurements. The temperature information was
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then used to estimate the thermal deformation. The machining process was also
simulated to obtain the temperature distribution within the cutting zone and its
effect on the machine. This temperature information was used as an mput heat
source to the FEM. The preliminary results for simulated temperature
distribution and displacements in the Z-axis direction are shown for 3.6 minutes
and quoted as. “promising”. Environmental effects around the machine were not
considered. A review conducted by Mayr et al [5] details the importance of
measuring the effect of thermal errors in machine tools where. besides other
important thermal error contributors such as coefficients of thermal expansions
and conductivity of associated materials, attention is drawn towards the
importance of taking into account the varying ambient conditions. Similarly.
research from Longstaff et al [6] and Fletcher et al [7] also drew attention
towards the effect of environmental fluctuations by conducting case studies on a
variety of machines. In an attempt to monitor the environmental thermal error on
machine tools. Mian et al [8] conducted research on a small 3 axis Vertical
Machining Centre (VMC) production machine tool in order to model thermal
errors using FEA. Two environmental thermal error tests, conducted in summer
and winter. were reported to show variable overall temperature fluctuations. In
summer the overall temperature fluctuated by 4°C, resulting in a deflection of
12pum in the Y axis and 28um in the Z-axis whereas 5°C fluctuation in winter
revealed 18um in the Y axis and 35um in the Z axis. The correlation between
the measured and simulated results was shown to be better than 60% for both
tests. Mian et al [9] analysed the machine deformation due to the effect of
internal heat sources during spindle heating tests while the ambient conditions
were measured. Comparison with simulated results using FEA showed that the
correlations had an improvement from 50% to 62% by considering the effect of
a few observed air pockets inside the machine structure.

FEA has therefore been shown to be an important tool for model
development and error compensation. However. improvement in accuracy can
be gained by reducing assumptions and including in the model important
aspects. This paper secks to include in the model. with justification.
consideration of the thermal behaviour of air pockets. which may be categorized
as internal ambient sources. Air pockets are common due to the many structural
voids required to make the structure both rigid and lightweight. The size and
location of these air pockets may result in a varying influence producing
asymmetry and non-linearity in the overall thermal behaviour of the machine
tool.

This paper provides a case study which highlights the significance of air
pockets with regard to their nature of existence and their contribution towards
the overall performance of the machine. The paper is structured in two stages.
The first stage provides the modelling and experimental methods required to
include the thermal behaviour of air pockets in the thermal model and cites the
accuracy improvement achievable presented by Mian [9] of the Z-axis
displacement with when considering air pockets in the thermal model. In the
second stage. these air pockets are simulated and analysed individually and
compared with the measured results in essence to relate their nature of existence
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such as their geometry. location and size with their significance on the overall
thermal performance of the machine. All simulations include the analysis of the
full machine and the improvements in the correlation with the vertical Z
direction. being the most significant [9] are presented.

2 Case Study

Mian et al [9] showed a method of using FEA for the thermal modelling of
machine tools. The work revealed that consideration of air pockets is required to
improve accuracy. The test comprised of 1 hour stabilization period. to attempt
to provide a stable initial condition, followed by one hour heating and one hour
cooling phases.

2.1 Air pockets

Air pockets are voids and gaps either inside the structure or in the immediate
vicinity of the machine where the heat from either the machining process or
external sources is confined due to restricted air flow. which consequently
reduce the natural cooling rate of the associated structure. The location, size and
geometry of an air pocket can be critical to the overall thermal performance of
the machine. In this case study. three air pockets were analysed individually to
observe their significance on the overall thermal performance of the machine:

e One side of the column was very close to the attached electrical cabinet
(termed as column/elect) and is an “open™ air pocket

e The front of the column was close to the carrier head (termed as
column/carrier)

e The column itself is a hollow structure used to route machine cables
which also generate a localized heat source (termed as
column/hollow).

Each air pocket analysed had a different nature and geometry such as the
column/elect air pocket which is outside the machine 1.e. 1t is a gap between the
electrical cabinet and the column with the size of 140mm x 461mm x 1537mm.
This gap behaves. thermally, as an air pocket due to restricted airflow. which
traps the radiation from the electrical cabinet and from the heat of electrical
cables passing from the cabinet into the column. The column/hollow air pocket
is a tall hollow geometrical air pocket inside the column with the size of 236mm
x 418mm x 1198mm having a relatively small aperture size of 236mm x 210mm
which restricts the air flow. The column/carrier air pocket is a gap between the
carrier head of the machine and the column to house the ball serew with the size
of 289mm x 125mm x 960mm. The exterior ballscrew guard is a flexible.
hinged metal plate, whose nature and therefore effect on the airflow. changes
with axis position.
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2.1.1 Application of ambient temperatures to the FEA model

Figure 1 show the temperature measured by the base ambient sensor. column
ambient sensor, and internal ambient sensor. These three sensors were originally
placed on the machine prior to the experimentation with air pockets. The result
shows that the internal sensor is affected by being inside the enclosed machine
guarding.

—Hat arbient

e Co lurrn ambiant

Insade i

Temperature {“C}

[N as 1 15 2 FA ] LS
Time (hours)

Figure 1: Ambient temperature measured around the machine (8000rpm — By
originally placed sensors)

In the first stage simulation, ambient temperatures from the three temperature
sensors were applied in the FEA model. Since the variations in the ambient
temperatures measured were not significant. it was decided to use single
averaged values to define sink temperatures (Abaqus film condition) in the
software. This simplifies simulation setup and helps reduce simulation times.
The temperature data from the inside ambient sensor was applied to the
column/carrier face with 25.5°C. The temperature data from the column ambient
sensor was applied to the column with 24.25°C. The temperature data from the
base ambient sensor was applied to the base/table face with 24.5°C. The
obtained convection value of 6W/m>/°C was applied to the full machine
structure during simulations apart from the test mandrel which was applied with
92W/m’/°C during the 8000rpm heating cycle and 6W/m?/°C during the cooling
cycle [9].

The correlation between FEA and experimental testing, shown in Figure 7
(where a comparison can be made between the profiles with and without
considerations to air pockets), Z-axis was be around 45%. The low correlation
and lack of profile convergence in the Z-axis direction was examined. The
experimental results show a faster Z-axis response, especially in the cooling
phase, which could be a result of additional carrier and column bending caused
by non-uniform ambient temperatures due to the aforementioned air pockets.

2:1.2 Re-testing the machine

The number of ambient temperature sensors was increased and placed in
proximity to the main identified air pockets. Figure 2 shows the positions of six
temperature sensors placed around the machine. three ambient sensors (in bold)
placed originally and the additional three ambient sensors which were placed
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later inside the suspected air pockets

Ambient sensor ar

(in italies). Figure 3, Figure 4 and Figure 5

show, in blue. the local ambient changes detected by these new temperature
sensors. The original measured column ambient temperature is also plotted. in
red, to show the differences between ambient temperatures.
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Figure 2: Position of the ambient sensors around the machine
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Figure 3: Ambient temperature
inside column/carrier air pocket

Temperature [*C)

Figure 4: Ambient temperature
inside column’/hollow air pocket

s fpribme it (cobumin/ele ct s pocket)

Cotamn ambent

Time (hours)

Figure 5: Ambient temperature inside column/elect air pocket

The column/carrier air pocket showed a linear temperature increase during the
heating cycle whereas the column/hollow air pocket showed a gradual
temperature increase throughout the test span which is suspected to be due to the
heating of cabling inside. Relatively. a rapid and significant temperature
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mcrease can be observed inside the column/elect air pocket during the
stabilization period which 1s suspected to be the heat from the electrical cabinet
and the cables being confined when the drives were energised during the
machine stabilization phase (first hour). It can also be observed that the initial
temperature had a large magnitude difference compared to the initial
temperatures of other air pockets and the outside column environment.

Previously the whole column was simulated with a constant ambient (sink)
temperature in Abaqus. However. the above plots confirm that ambient
temperature around the column is not constant. The local temperature change
was selected from each plot and applied to the respective column sides as sink
temperature. The column/carrier face was simulated with a temperature of
25.35°C considering that approximately 1.6°C temperature change occurred at
that face from the start of the test (23.75°C surface temperature measured at the
column). Similarly the inside face of the column was simulated with 25.25°C
considering approximately 1.5°C temperature change and the column/Electrical
cabinet face was applied with 27.25°C considering approximately 3.5°C
temperature change. Figure 6 show the column faces where ambient magnitudes
obtained from the new test were applied.

AT AT AT AT
1.6°C 1.5°C 35%C 0.5°C

column/carrier column’hollow column/elect Column back face
mnterface air pocket air pocket cabinet air pocket  (column ambient)
Figure 6: Measured temperatures applied to the faces of the machine column to
represent potential air pockets in Abaqus

The simulation was repeated and Figure 7 show the correlation results for the Z-
axis where a comparison can be made between the profiles with and without
considerations to air pockets. Importantly. in the Z -axis direction an improved
correlation of 62% was achieved compared to around 45% for the simpler
model. The residual error remained i1s less than 10um in magnitude. Figure 8 is
the visual representation of the simulated deformation of the machine.
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Figure 8: Simulated visual representation of deformation of the machine due to
internal heating

2.2 Analysis of individual air pockets

This section details simulation-based analysis for each air pocket. The aim is to
distinguish between the nature of the existence of air pockets with respect to
their significance toward affecting the overall thermal performance of the
machine. In this case study, all air pockets were considered as rectangular areas,
although this is a justifiable simplification. Since the consideration of all air
pockets in the FEA model improved the correlations of the Z-axis [9], at this
stage it is important to note the distinction of each air pocket towards overall
improvement of results for which each air pocket is now individually analysed.
This 1s important analysis when undertaking error avoidance. to design out the
cause of the error. or during development of thermal compensation to ensure the
correct locations are monitored. Simple methods, such as improving ventilation.
can be inherently more stable than implementing sophisticated and specialized
compensation.
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Figure 9: Individual air pocket towards the overall correlation improvement

The results shows that without the consideration of air pockets in the FEA,
the model results showed excessive displacements during the heating cycle
compared to the measured results. To a lesser extent, the cooling cycle results in
the FEA also show deviation in amplitude. It is obvious from results that the
column/carrier air pocket had the most effect and caused excessive bending in
the column. which in effect created an angle, or out-of-squareness of the whole
spindle-carrier structure. This effect better matched the measured cooling cycle
profile but also brought the overall magnitude of the Z displacement closer to
the measured. In comparison. the rest of air pockets individually improved the
overall performance to a lesser extent. Table 1 shows the correlation
improvement from inclusion of air pockets.

Table 1: Correlation improvements

Air pocket Correlation improvement
No air pocket 45%
column/elect 47%

column/hollow 46%
column/carrier 54%
All pockets 62%

It can be observed that the most significant air pocket is the gap between the
column and the carrier. which is not a structural void. and which apparently
experiences the most heat build-up during the heating cycle and fails to release it
during the cooling cycle. The resultant heat inside the gap is suspected to be the
combination of heat radiation from the carrier structure and the ball screw
motor: and from the air flow around the spindle and test mandrel consequently
turning that gap into a virtual heat source. Careful investigation of this area
revealed that the lack of ventilation was due to the ballscrew motor restricting
the airflow by effectively sealing the top of the void. The effects from air
pockets may be reduced by improving the ventilation system by considering the
size of apertures and creating airflow by installing small fans.
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3 Conclusions

This paper explains the behaviour of air pockets inside the structure of a
machine tool and their effect on the overall machine thermal performance. An
improvement in the correlation of results between the measured and the FEA
simulated results was achieved by including the effect of air pockets in the FEA
model. Correlation result from a spindle heating test was improved from less
than 45% to 62% in the Z-axis with spindle running at 8000rpm. Later. each air
pocket was analysed individually to understand their significance on the overall
correlation improvement. Perhaps counter intuitively. the most significant
pocket was between the column and the carrier.

It can be stated that error avoidance by good design to counter the effect of
air pockets is recommended where convenient. However. in cases where
avoidance is not possible. air pocket behaviour must be considered during the
development of any thermal compensation model to improve their predictability.
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Abstract

Thermal errors can have significant effects on CNC machine tool accuracy. The
errors usually come from thermal deformations of the machine elements
created by heat sources within the machine structure or from ambient change.
The performance of a thermal error compensation system inherently depends
on the accuracy and robustness of the thermal error model. In this paper,
Adaptive Neuro Fuzzy Inference System (ANFIS), Artificial Neural Network
(ANN) and Particle Swarm Optimization (PSO) techniques were employed to
design four thermal prediction models: ANFIS by dividing the data space into
rule patches (ANFIS-Scatter partition model); ANFIS by dividing the data
space into rectangular sub-spaces (ANFIS-Grid partition model); ANN with a
back-propagation algorithm (ANN-BP model) and ANN with a PSO algorithm
(ANN-PSO model). Grey system theory was also used to obtain the influence
ranking of the input sensors on the thermal drift of the machine structure. Four
different models were designed, based on the higher-ranked sensors on thermal
drift of the spindle. According to the results, the ANFIS models are superior in
terms of the accuracy of their predictive ability; the results also show ANN-BP
to have a relatively good level of accuracy. In all the models used in this study,
the accuracy of the results produced by the ANFIS models was higher than that
produced by the ANN models.

1. Introduction

Errors due to the changes in the temperature of the machine tool elements
create relative movement between the tool and the workpiece during the
machining process, which affects the accuracy of the part being produced, these
are known as the thermal errors [1]. According to various publications [2-4],
thermal errors represent approximately 70% of the total positioning error of the
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CNC machine tool. With improvements of machine tool positioning accuracy,
tooling, and enhanced machining performance improved, thermal errors have
become more significant. As a result, a reduction of thermal errors is needed
for high-precision manufacturing systems [5].

Two different ways have been used to reduce the thermal errors of machine
tools: Thermal error avoidance and thermal error compensation [1]. In thermal
error avoidance, heat-source isolation, structural improvement and materials
that have a low thermal expansion coefficient are used to reduce the thermal
errors. Although, this can improve basic machine accuracy, it is neither cost-
effective nor applicable to the renewal of existing machine tools [1]. Thermal
error compensation attempts to forecast the thermal errors and then compensate
for them with software. Extensive research has been carried out in the area of
thermal error compensation [2]. There are two main research areas in relation
to this: Numerical analysis techniques such as the finite-element method [6]
and the Newton-Raphson method [7] are utilized for thermal error
compensation. These methods are restricted to qualitative analysis because of
the complexity of machine tool structures, such as geometrical dimensions and
machine joints. The second area uses empirical modelling, which is based on
the measurement of temperature changes and thermal drift of the machine tools.
Examples include multiple regression analysis [8], types of Artificial Neural
Networks [9], fuzzy logic [10], adaptive network fuzzy inference system [11]
and a combination of several different modelling methods [2].

Among these error compensation methods, the Adaptive Neuro-Fuzzy
Inference System and Artificial Neural Network models were the most
promising methods: They showed satisfactory predictive accuracy in many
real-world applications. These models have their own advantages, and
disadvantages. Experiments show that neither of them needs a proper selection
of thermal sensors and their locations, in order to ensure the prediction
accuracy and robustness of these models. Further exploration regarding the
selection of thermal sensors for thermal error compensation models is needed.

The motivations behind this paper are to develop a method competent in
determining the key temperature sensors for modelling using grey system
theory and also to determine the empirical relationships for the estimation of
thermal errors. Adaptive Neuro Fuzzy Inference System (ANFIS) and
traditional Artificial Neural Network (ANN) techniques were used to design
four thermal prediction models: ANFIS by dividing the data space into rule
patches (ANFIS-Scatter partition model); ANFIS by dividing the data space
into rectangular sub-spaces (ANFIS-Grid partition model); ANN with a back-
propagation algorithm (ANN-BP model) and ANN with a PSO algorithm
(ANN-PSO model), and compare the versatility, the robustness and their
prediction accuracy.

2. Material and methods

An artificial intelligence system is a system that can make decisions which
would be considered intelligent if they were made by a human being. They
adjust themselves using some conditions (input data), and they improve
decisions automatically for future conditions. Artificial Neural Networks, fuzzy
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logic systems, particle swarm optimisation, and neuro-fuzzy systems are the
most common artificial intelligence system types. In this part of the paper, the
theory behind and structures for artificial intelligence systems will be
described. Furthermore, proper selection of thermal sensors and their locations
will be introduced using the grey system theory.

2.1 Artificial Neural Networks (ANNSs)

Artificial Neural Networks, especially the Multi-Layer Perceptron networks
(MLP) are an extension of perceptron neural networks, which have one or more
hidden layers. A group of the neurons which are connected with each other
through the environment form the whole ANN. Figure 1 shows the basic
structure of the ANN. The learning algorithm is defined as a mathematical tool
that sketches the methodology and the speed for the network, to obtain the
steady state of network parameters successfully. There are many optimization
methods which can be used to train the ANN, such as the back-propagation
algorithm (BP) and particle swarm optimization (PSO). The choice of the error
function and the optimization techniques are significant, because they may
increase the stability of the ANN. The back-propagation algorithm is the basic
learning mechanism: In this algorithm, the ANN output on presentation of input
data is matched with the desired output to obtain the error. The error is used to
incrementally adjust appropriate weights in the connection matrices to reduce
it. Following many presentations of training data, the error value of the ANN is
expected to be decreased to a satisfactory level, and the ANN will have then
learned how to resolve the task modelled by training data. Particle swarm
optimization (proposed by Eberhart and Kennedy [12]) is also an optimization
technique. Researchers have applied it to train ANN and have found that ANN
with PSO has a good training performance, a faster convergence rate and a
better predicting ability than ANN with BP [13]. In this paper, in order to
enhance the ability of ANN to make predictions it is adjusted with the PSO
technique.

Hidden Layer

Sensor-1
Sensor-2

Sensor-3

Sensor-n

Figure 1: Basic structure of ANN model.
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22 The Adaptive Neuro-Fuzzy System (ANFIS)

The architecture and learning procedure of the Adaptive Neuro-Fuzzy System
(ANFIS), have both been described by Jang [14]. According to Jang, the
ANFIS is a neural network that is functionally the same as a Takagi-Sugeno
type inference model. The ANFIS is a hybrid intelligent system that takes the
advantages of ANN and the fuzzy logic theory into a single system. By
employing the ANN technique to update the parameters of the Takagi-Sugeno
type inference model, the ANFIS is given the ability to learn from given
training data, the same as ANN. The solutions mapped out onto the Takagi-
Sugeno type inference model can therefore be described in linguistic terms.

The efficiency of any ANFIS model depends on the success in partitioning
the input and output variables space correctly. This can be achieved by using a
number of methods such as grid partitioning (ANFIS-Grid partition model), the
subtractive clustering method (ANFIS-Scatter partition model) and fuzzy c-
means clustering [15]. The equivalent ANFIS network with two variables is
shown in Figure 2:The first layer implements a fuzzification, the second layer
executes the T-norm of the antecedent part of the fuzzy rules, the third layer
normalizes the membership functions (MF), the fourth layer computes the
consequent parameters, and finally the last layer calculates the overall output as
the summation of all incoming signals [14].
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|
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Senmn-? ( | ) 8 I
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MFs
Layer | Layer 2 Layer 3 Layer 4 Layer 5

Figure 2: Basic structure of ANFIS.

2.3 GM (h, N) Model

In grey system theory, the main function of the GM (h, N) model is a way to
acquire a calculation of the measurement between the discrete sequences and to
compensate the shortcomings in the traditional methodology [16]. Assume that
the original data with a number of samples (N) is described in sequences
220k, i=12,......N.

(0) (0) (0)

xim(k), and sequences X, (k),xéu)(k),x__, (k), ....xy (k) are the influential
factors of the system, then the GM (h, N) model is described as [16]:
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h (1) N

Z i Zb x (k) 1)
Lodt®

i=0
Where, (i) a:ls lhe devclopmg coefficient. (ii) b: Is defined as the grey input.
(1)

(iii) x;""(k): The major sequence. (iv) The accumulation generating operation
AGO r“” = x“’
n

—lz k), Zx‘“'(k) Zx“’(k) Z © k)

Accordm0 to lhe prev1ous deﬁmtlon of GM (h, N), the GM (0, N) is a zero
order grey s yqtem which can be described as follows:

azy” (k) = ¥Y_, byx;" (k) = boxy” (k) + baxy (k) + -+ b\,r(”(k) )

Where, z{’”(k) = 05x " (k — 1) + 0.5x P (l)k = 2,34, ...,
The analytical steps are shown below.

1-  Substituting the AGO value, we can write.
az{"(2) = b,xiV(2) +- +b\x“’(2)
az,"”(3) = byx;(3) + - + byxy ' (3)

azi“(n) = bzxgl'(n) + e+ bh.x_,(vl')(n) (3)
2- Dividing a; in both sides, then the equations (3) can be written as
0.5r“’(1) +05x72) 1 [£P@ - xP@)1[F]
b,
0.5x! (2) +05x7(3) |- U)(3) “’(3) o @)
0.5x{" (n - 1) +0.5x () ‘”(n) ‘“(n) e
Assume 0, = :, where m=2.3,..,N, then equation(4) can be rearranged into:
0.5x7(1) +05x @) |1 [P - x’ @]y,
0.5x7(2) + 0.5x P (3) |_ x.,”(3) “’(3) o 5)
-0.5xi”(n -1)+ 0.5x§1)(rt)_ m(n) xN ') 1™
3- The coefficients of the model can be obtained by solving this equation:
6 = (B"TB)"'BTY (6)
Where,
0.5x V(1) + 0.5xV(2) 222 = xyi@) 6,
y=| 050 @+054"(3) | p- “’(3) - 03| g%
0.5x."(n — 1) + 0.5x " (n) le)(n) e x () On

Therefore, the influence ranking of the major sequences (thermal sensors) on
the output sequences (thermal drift) can be known by comparing the model
values of (0,~0y).
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3. Experimental work

In this study, experiments were performed on a small vertical milling centre
(VMC). Three non-contact displacement transducers (NCDTs) were used to
measure the drift of the tool in the X, Y and Z axes. The thermal data was
measured using 58 temperature sensors placed in strips at the carrier and
spindle boss surfaces as explained by White et al [3], other eleven ambient
temperature sensors were placed around the machine to pick up the ambient
temperature [6]. A general overview of the experimental setup is shown in
Figure 3.

Strip 1 (T8-T32)

i

"
Io' ] T69 O \( DT\

T3 T4
= =11 T63-T6S "*M \/

166 “
T6T Base ambient

T()\
a o

O Ambient sensors

2 Surface sensors

7 7
Figure 3: A general overview of the experimental setup.

The machine was examined by running the spindle at its highest speed of 8000
rpm for 60 minutes to excite the largest thermal behaviour. It was then stopped
for 60 minutes for cooling. The temperature sensors at the selected points on
the machine tool and the thermal drift of the spindle were measured
simultaneously; the thermal drift of the machine is shown in Figure 4. The
maximum drift of the X-axis is 2 pm, the Y-axis is 60 um, and the Z-axis is 22
um. In this paper, the X-axis thermal drift is much smaller than that of Y-axis
and Z-axis due to mechanical symmetry and therefore can be ignored [3]: Only
the Y-axis and Z-axis are considered.

Tharmal dsplacernent

Time (Mirnstes)

Figure 4: Thermal drift of the machine spindle.
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The influence coefficient between the thermal error in the Y direction and the
temperature sensors are calculated using the GM (0, N) model. The
representative temperature sensors for modelling are selected from each group
(Surface sensors and ambient sensors) according to their influence coefficient
value. The representative thermal sensors T2, T16, T29, TS5, T63 and T71
(which are located on the column, carrier, spindle boss, and base) are used as
the thermal key sensors for modelling.

3.1 ANN Models

Six temperature sensors (T2, T16, T29, T55, T63 and T71) were selected as
input for models, and the thermal drift in Y direction was chosen as a target
variable. Usually ANN models have three layers: Input, hidden and output
layers. Although, for common engineering problems, one hidden layer is
sufficient for model training, two or more hidden layers may be needed for very
complex phenomena. An ANN models with three layers was used in this study.
According to ANN models, the input layer has six sensors and the output layer
has one sensor (the thermal drift in Y direction). The test (60 minutes heating
and 60 minutes cooling) was used for training the models.

In order to examine the performance of the ANN models on non-training
data, another test was carried out on the same machine in an operational cycle
as follows: It was allowed to run at spindle speed 4000 rpm for 120 minutes,
and then paused for 60 minutes before running for another 120 minutes; and
then stopped for 180 minutes. During the experiment, the thermal errors were
measured by the NCDTs, and the predicted displacements were obtained using
ANN models. A validation test on the ANN-PB model and ANN-PSO model
for thermal error prediction have shown satisfactory results (see Figure 5).

T ¥ T . T
1 1 —&— ANN bp Output
RO PR b __ ¥~ ~ 7| —8— Themal Error

8

- I -

Thamal dritt
Thamal displacemant

Tima (Minutas) Time (Mintas)

a b
Figure 5: (a) ANN-BP model output vs. the actual thermal drift. (b) ANN-PSO
model output vs. the actual thermal drift.

3.2 ANFIS Models

Similar procedures (ANN models) were carried out on the ANFIS models. The
construction of two models (ANFIS-Grid and ANFIS-Scatter) is described as
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follows: The number of the membership function is (2x3x2x2x3x2 and
Sx5x5x5%x5%35) and in total (144 and 5) rules can be obtained to define their
relationship with thermal displacement. The same test (60 minutes heating and
60 minutes cooling) was used for training the models. The Gaussian functions
were used to describe the membership degree of these variables. After setting
the initial parameter values in the ANFIS models, the input membership
functions were adjusted using a hybrid learning scheme. The error between the
output and expected values can be computed.

Simulation results show that the ANFIS models can provide a good prediction
result with the validation data. Figure 6 presents the comparison between
thermal drift from the actual measured data and the output of the models.

Theanal dift
&

Figure 6: (a) ANFIS-Grid model output vs. the actual thermal drift. (b) ANFIS-
Scatter model output vs. the actual thermal drift.

3.3 Results

The results of the GM (0, N) model can determine which sensors on the
machine structure contribute most significantly to the total thermal drift. The
models of ANFIS and ANN for the prediction of thermal drift were then
constructed using six selected inputs and one output.

The results of this paper are as follows:

e The ANFIS models for the prediction of thermal drift revealed a more
reliable prediction when compared with ANN models.

e The model prediction of thermal drift showed that the ANFIS-Grid
partition model has a high prediction performance. The residual value of
the model is smaller than £ 5 num.

Three performance criteria including root mean square error (RMSE), Nash-

Sutcliffe efficiency coefficient (E) and correlation coefficient (R) were used to

judge the most optimum model. From the Table 1 (as a result of the comparison

of RMSE, E and R indices for predicting thermal drift) it was revealed that the
prediction performance of the ANFIS-Grid model is higher than those of

ANFIS-Scatter, ANN-BP and ANN-PSO models, respectively. Thus, the

accuracy of outputs decreases gradually from the ANFIS to the ANN models.
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Table 1: Performance calculation of the used models.

Model Training stage Validation stage
E RMSE E RMSE R

ANFIS-Grid partition | (990 0.225 0.89 2.8125 | 0.9530

ANFIS-Scatter partition | 0990 | 0.213 0.86 | 3.2057 | 0.9343

-

[

ANN-BP 0990 | 03578 | 08098 | 3.7684 | 0.9287
ANN-PSO 0.980 0.4207 | 0.6158 | 5.3557 | 0.7567
4. Conclusions
In this paper, various traditional ANN and hybrid ANFIS models were

proposed for the prediction of the thermal errors on a CNC machine tool, and
the following conclusions can be drawn:

The new technique GM (0, N) model is able to find the optimal
temperature sensors for thermal error modelling. The advantage of using
key temperature sensors is greater economic efficiency and reduces
modelling time. In addition, the robustness of the models can be increased
and the predicting precision of the models using the optimal combination
of the temperature sensors are enhanced.

Experimental results show that the thermal error in the Y direction can be
significantly reduced to less than £5 pm using ANFIS models with
validation data (different conditions of rotational speeds on the machine
tool). The results also show that the ANN models can reduce the thermal
error to less than £10 um. However, BP algorithms are limited during the
training procedure, in that they are sensitive to the weight's initial values. If
the weights are not correctly chosen, the training process might be
cornered in a local minimum or maximum. In contrast, while a PSO
algorithm gives unsatisfying results, further investigation is necessary in
order to overcome some of the limitations of BP. A PSO algorithm also
gives fast convergence during the training stage.
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ABSTRACT

Machine tools are susceptible to exogenous influences, which mainly derive from varying environmental
conditions such as the day and night or seasonal transitions during which large temperature swings can
occur, Thermal gradients cause heat to flow through the machine structure and results in non-linear
structural deformation whether the machine is in operation or in a static mode, These environmen-
tally stimulated deformations combine with the effects of any internally generated heat and can result
in significant error increase if a machine tool is operated for long term regimes. In most engineering
industries, environmental testing is often avoided due to the associated extensive machine downtime
required to map empirically the thermal relationship and the associated cost to production. This paper
presents a novel offline thermal error modelling methodology using finite element analysis (FEA) which
significantly reduces the machine downtime required to establish the thermal response, It also describes
the strategies required to calibrate the model using efficient on-machine measurement strategies. The
technigue is to create an FEA model of the machine followed by the application of the proposed method-
ology in which initial thermal states of the real machine and the simulated machine model are matched.
An added benefit is that the method determines the minimum experimental testing time required on a
machine; production management is then fully informed of the cost-to-production of establishing this
important accuracy parameter. The most significant contribution of this work is presented in a typical
case study: thermal model calibration is reduced from a fortnight to a few hours, The validation work has
been carried out over a period of over a year to establish robustness to overall seasonal changes and the
distinctly different daily changes at varying times of year. Samples of this data are presented that show
that the FEA-based method correlated well with the experimental results resulting in the residual errors
of less than 12 pm.

© 2012 Elsevier Inc. All rights reserved,

1. Introduction

solving the effect of internally generated heat, particularly from the
main spindle and during the machining processes. For example,

The shop floor environment where a CNC machine is located
can be of paramount importance for accuracy of manufacturing.
Temperature controlled environments require high capital invest-
ments and running costs, which are undesirable and sometimes
impractical. In environments where the temperature is not con-
trolled, the changing day and night cyclic transitions and myriad
other sources [1,2] can cause ambient temperatures to vary sig-
nificantly both in magnitude and rate-of-change. These temporal
fluctuations can cause spatial thermal gradients in a machine tool;
the heat flow through the structure over time causes non-linear
thermal deformations. Several research projects have been con-
ducted to identify, predict and compensate the overall effect of the
thermal distribution in a machine tool but with main emphasis on

+ Corresponding author.
E-mail address: nshaukat80@hotmail.com (N.S. Mian).

0141-6359/§ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.precisioneng 2012.10.006

Hao [3] used a genetic algorithm-based back propagation neural
network (GA-BPN) method using 16 thermistors placed at the spin-
dle, headstock, axis leadscrew and on the bed of a turning machine
to compensate dynamic and highly nonlinear thermal error. Only
one ambient temperature sensor was used which may not be suf-
ficient to capture detailed environmental behaviour around the
machine vicinity. The author reported the thermal error compen-
sation improvement of 63%. Further reduction could be possible if
detailed external environmental temperature swings were consid-
ered. Similarly, research from Yang et al. [4] tested an INDEX-G200
turning centre and used MRA technique to predict its thermal accu-
racy. The analysis result showed that the thermal error range for
radius direction on that machine was approximately 18 jum, higher
than expected. 14 thermal sensors were installed in groups and
only one ambient sensor was used. While modelling, six temper-
ature groups with variables were constructed and the model was
assumed to be a linear function for the environmental temperature
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rise. The predicted thermal error between the spindle and the cutter
revealed aresidual error of 5 pm from a maximum error of approx-
imately 18 um for a test length of 4h. Modelling time was not
mentioned. Tseng and Chen [5] proposed a thermal error prediction
model derived from the neural-fuzzy theory. IC-type temperature
sensors and a Renishaw MP4 probe system were used to measure
the temperature changes and thermal deformations respectively.
Sensors were attached to the spindle motor, spindle sleeve side
with one sensor measuring environmental variations. The predic-
tion model improved the machining accuracy from 80 umto 3 pm.
The prediction model was further compared with MRA revealing
accuracy improvements of +10 um to +3 wm. However, the model
training times and machine downtime are accountable issues with
this research. One of the regression techniques known as ortho-
gonal regression technique was employed by Du et al. [6]. This
technique was applied to more than 100 turning centres of the same
type and specifications. It was found that the technique was able to
reduce the cutting diameter thermal error from 35 um to 12 um.
The technique was stated as robust due to its year round repeat-
able improvement in accuracy. The accuracy is expected to increase
if long term shop floor environmental temperatures fluctuations
were considered.

Many researchers drew attention towards the environmen-
tal thermal drifts in machine tools which arise from a variety of
sources while they emphasised the machine downtime required
for detailed environmental testing as well as analysing the mod-
elling methods and modelling time. Rakuff and Beaudet [7] drew
attention to the importance and effect of the environmental tem-
perature variation error (ETVE) while conducting a cutting test of
24h on a diamond turning machine. The research suggested the
provision of temperature controlled enclosures for the machine to
avoid external thermal drifts to improve the accuracy of the process
control. Fletcher et al. [8] provided useful information about cyclic
environmental fluctuations and drifts with 50% reduction in error
over a 65 h test, but drew attention to the detrimental amount of
machine downtime for the thermal characterisation tests. Longstaff
et al. [2] showed several tests conducted for the thermal error mea-
surements produced by the environmental fluctuations combined
with long term machining. The authors also highlighted some unex-
pected, rapid fluctuations of the environment with its effect on the
accuracy of the machine. They also highlighted the machine down-
time issues related with the measurements. Jedrzejewski et al. [9]
discusses the complexities involved with improving the design of
a machine tool when considerations of reducing thermal error are
in focus. A highly accurate thermal model of the machine is pre-
sented and consideration of various parameters contributing to
the thermal behaviour. For example, the design criteria considered
the effects of environmental variations for 2.5 days, thermal effects
arose due to the presence of guarding and bearing sets of high speed
spindles. Quartz straight edges were modelled for environmental
effect after mounting on the machine centre support beam. It was
found that the straight edge fixed on the left side produced the
lowest error of the other three locations tested. The information
related to the FEA such as the modelling time was not clear and the
operating conditions were not clearly stated. A concern shown by
Bringmann and Knapp [10] about the effect of thermal drift while
showing how increasing the number of measurement points (from
4 to 60) can lead to reduced uncertainties and higher accuracy for
identified location errors of the rotary C-axis. The author reported
that the further increase in the measurement points only leads to
limited improvements as it can lead to extra time for measurement
which increases the uncertainty of the thermal effect arising from
environmental or ambient temperature changes until the measure-
ment is complete.

Itis apparent from the discussion that a great emphasis has been
given to control the thermal effects mainly arising due to internal

heating. As a result, most existing commercial error compensation
systemsdeal with axis growth and spindle heating while neglecting
ambient effects on the remainder of the structure. It is also appar-
ent that a significant amount of machine downtime is associated
with environmental testing particularly when the dominant cycles
are daily or even weekly; Longstaff et al. [2] reported a significant
issue for machines that experience a weekend shutdown. In most
cases environmental testing to establish a relationship between
temperature and response is avoided due to the cost to production
associated with machine downtime. However, this omission can be
critical when striving for the best possible accuracy of the machine
tool. The problem is exacerbated since the scope of conditions dur-
ing which test data can be acquired is very limited compared to
true variation over facility operations and natural seasons.

This paper presents a novel offline environmental thermal error
modelling method based on FEA that significantly reduces the
machine downtime required for effective thermal characterisation.
The proposed modelling method was tested and successfully vali-
dated on a production machine tool over a year period and found
to be very robust (in this paper, samples of data measured during
two seasons are presented). The validation confirmed the potential
of this method to reduce the machine downtime normally required
for the environmental testing from a fortnight to a few hours. The
paper also highlights the effects of seasonal environmental tem-
perature changes in a machine tool and the presence of vertical
temperature gradients within a shop floor environment. The paper
also describes on-machine measurement methods to acquire the
required data efficiently using strategically placed temperature
sensors during any convenient maintenance schedule period.

2. Proposed method

In general, environmental temperature changes are not as rapid
as those from internally generated sources such as spindles. Addi-
tionally, there can be several different structural responses which
require different metrology equipment to measure that cannot
be used concurrently. Therefore, environmental testing normally
takes from two days to several weeks to acquire sufficient data
to establish the various relationships between varying tempera-
ture profiles and the response of the machine. To overcome the
machine downtime issue, a novel modelling methodology based
on a two-stage FEA is proposed in this paper where a Computer
Aided Drawing (CAD) model of the machine is created in the FEA
software (in this study Abaqus 6.7-1/Standard was used) [11]. This
is followed by a determination of the initial thermal state for the
FEA model, a key method developed in this research, which will
establish a close match of the real initial thermal condition of the
machine before conducting environmental simulations.

2.1. FEA modelling

A machine tool is, in practice, rarely at thermal equilibrium.
Consequently, establishing the initial conditions for the FEA sim-
ulation of environmental change presents a significant problem
as it adversely affects the comparison of the FEA and experimen-
tal results. To represent the realistic initial thermal state of the
machine structure is a challenging task if the real temperature
gradients are to be measured and applied to the model. Experi-
mentally, the application of the individual temperature sensors at
locations within the machine structural loop is laborious and prone
to uncertainty in locating sensitive areas. In contrast to thermal
error from running the machine where the heat sources are easy
to identify for application of the sensors, environmental changes
affect the whole structure. However, even if this is achieved, mod-
elling the initial thermal state of the machine in the FEA software
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remains challenging. Sectioning the modelled parts in the software
and applying individual temperatures to them may represent the
initial thermal state but it is a strenuous task and may cause incor-
rect temperature gradients due to section joints. This problem is
solved by the proposed novel method which determines the initial
thermal state for the machine model and also provides an esti-
mate of the minimum time required for an environmental test on
a machine (Section 2.3).

2.1.1. Machine model

A model of the machine is required. For the case study machine,
a model described by the authors [1] with respect to internally
generated heat was used to estimate the long-term environmental
response. The machine was a precision 3-axis Vertical Machining
Centre (VMC) with accuracy up to 3 pm; tested by manufactur-
ing a NAS-979 component [12]. Simplified models of the machine
were used to carry out offline simulations of the environmental
behaviour of the machine, details of which are shown in Fig. 1.

The model was meshed using tetrahedral, hexahedron and
hexahedron dominated (hexahedron/wedge) elements where
applicable using Abaqus default meshing technique which revealed
the total of 49,919 elements and 20,418 nodes. Fig. 2 shows the
meshed assembly of the machine. All simulations are performed
as transient thermal simulations where changing data from the
temperatures sensors is applied in the software using the tabular
amplitude technique.

2.2. Estimation of initial thermal state of the machine

Generally, prior to the start of any test, the machine elements
exhibit variations in temperature due to the existence of temporal
and spatial thermal gradients. In particular, vertical temperature

solve this problem. The first stage simulation in effect will esti-
mate the time span required by a machine FEA model to ‘absorb’
the globally applied temperature for a temperature change rep-
resenting the maximum variation likely to occur on the machine
structure. This time span is termed as the ‘settling time' and repre-
sents the temperature rise time for the steady state machine model
when ‘absorbing’ the applied temperatures. The settling timeis also
representative of the minimum time required for on-machine test-
ing which is explained in Section 2.3. This is followed by the second
stage of normal environmental simulation that can be used forerror
meodelling and compared with experiment for validation.

gradients have been found to be significant [2,13]. As a result, it KPR
is unfeasible to accurately set initial temperatures of the compo- :
nents in the FEA software to match reality. A new technique of a ;
two-stage simulation in Abaqus has been devised and applied to I,

Fig. 1. Generated CAD model of the machine assembly with Z axis head moved up compared to [ 1] in essence to present a newer model corresponding to new test conditions.

To set up the simulation, a standard shop floor temperature
of 20+C was applied as a uniform parameter to the full model
of the machine as a ‘Predefined Field' in the Abaqus software.
Since this paper focuses on an attempt to prove the methodol-
ogy and maintain relative simplicity in the FEA process, the entire
model was applied with the convective heat transfer coefficient of
6Wm-2°C-! [1] which is an averaged value of the various heat
transfer coefficients calculated experimentally [1]. It is acknowl-
edged that more detailed application of surface specific coefficients
could improve simulation accuracy (see Section 4.2). To estimate
the time, the model was simulated until it achieved a tempera-
ture change indicative of the variation between the global assumed
20°C and the applied temperature. A simulation was carried out
with 1°C temperature change to estimate the temperature rise
time.

P VaaVaar

] 2

Fig 2. Meshed model of the machine.
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Fig. 3. Settling time of 12.5 h was revealed for this machine's FEA model.

At the end of the simulation the temperature throughout the
machine model was uniform; this ensured the selection of arandom
node to plot the settling time. The simulated result revealed that
the machine model achieved 99.99% of the 1 “C temperature change
from its initial temperature of 20+C in 12.5h as shown in Fig. 3.
This settling time suggests that because the machine initial ther-
mal state is unknown at the start of the simulation, this machine
FEA modelrequires this settling time to absorb the applied recorded
environmental temperature data at the end of which the temper-
ature distribution should be synchronised with the real machine
thermal state.

2.3. Model calibration

The model calibration sequences with the determination of the
settling time at the first place. The settling time suggests the min-
imum environmental testing time required for this machine tool
which is an important parameter for both; the production man-
agement to estimate the cost-to-production and for the accuracy
of FEA results especially when achieving the initial thermal state
of the machine FEA model before conducting environmental sim-
ulations. Therefore the environmental test to be conducted on the
machine must ensure that the settling time is covered. The test then
must be continued over a long period such as two or three days to
establish the relationship between the machine thermal behaviour
and environmental fluctuations occurring within the shop floor
during the second stage simulation. The ambient sensors used to
record data must be left situated in order to record continuously
while the machine is in or off production. Since the determination
of the settling time is an offline process therefore practically no

machine downtime is required during the model calibration and
for the application of this modelling methodology. The tempera-
ture sensors can be situated on the machine during any convenient
maintenance schedule.

3. Validation of the method

The case study machine, described in 2.1.1, was modelled and
calibrated as described. Standard environmental temperature vari-
ation error (ETVE) [ 14] tests were conducted on the 3-axis VMC over
a period of a full year not only to validate but to confirm the robust-
ness of the proposed methodology: however samples of data from
two seasons (summer and winter) are presented. Three-day (con-
secutive) testing period was selected to ensure the setting time
(125 h) data recording as well as to highlight thermal behaviour
during normal 24 h periods on a nominally static machine tool. This
means that the machine drives were inactive to avoid feedback cor-
rection from the position encoders; in essence to obtain the true
deformation of machine structure. The model of the machine was
not modified in any way during this validation phase.

3.1. Temperature and displacement sensor locations

The machine was already equipped with 65 temperature sur-
face sensors in unique strips [15] for measuring detailed thermal
gradients caused by the internal heat sources. Additionally seven
surface sensors were placed on the column to track the environ-
mental temperature gradients distribution in this tall structure and
one surface sensor on the base. Three ambient sensors were placed
inside the machine, at the machine column and adjacent to the
base to measure environmental temperature variations. Five non-
contact displacement transducers (NCDTs) were placed around a
test mandrel to monitor the displacements and tilt of the test man-
drel in the X, Y and Z axis directions. A 400mm post made of
invar was used to support the NCDTs. Invar is a steel alloy with a
very low coefficient of thermal expansion (1.2 pumm~' K-') which
reduces the effects of changing environmental temperature. Sen-
sor placements are shown in Fig. 4. With reference to the Base
sensor, the inside ambient sensor was displaced by approximately
1 m vertically and 0.5 m horizontally while the column sensor was
approximately 1.2 m vertically and 2 m horizontally apart.

Carrier head susface
ICMPEIAIIIG SCRsOr Sanps

| ettt Spindle Boss surfice emperature

SEASOE SUIp

"_’/ Invar post for NCDTs

Hase amblen

. -
||
2. & tnd riegenid Eatuiett
Coluwn ambient b Distnce
sensar appeos. 0.2m | NCDTs
A
il S valale il el
- -
Dstance
approx. Im
4

____________ e o senor

A Base surface lemperalune seesor
B Colurm surface temperature seasors

Fig 4. Temperature and displacement measurement locations.

DEGREE OF DOCTOR OF PHILOSOPHY (PhD)

198




THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE
ACCURACY OF LARGE MACHINE TOOLS

376 N.S. Mtan et al./ Prectsion Engtneering 37 (2013) 372-379
» wdh- Spindie Boss Suface Seniar =
~@-Baxie Ambiest NT11
» 8- Coturen Ambivnt 24008
< b e Ambient 3‘:0‘,
g 24,097
® 24,020
25 24,004 3
: B
g 5 23955 =
: §
- 2 23907
2 235891
nl
) as 1 15 2 25 3 Measqremem
Days points

Fig. 5. Temperature profiles obtained over 3 days period (summer test).

3.2. Summer test

The temperature information obtained from the surface sensor
on the Spindle Boss and the ambient sensors for a 3 day period
are shown in the Fig. 5. At the start of the test, the existence of
a vertical temperature gradient around the machine of 1°C was
measured between the base ambient sensor and the column ambi-
ent sensor which creates the aforementioned complex initial state.
It may also be of interest that the vertical temperature difference
between the column ambient sensor and the base ambient sensor
fluctuated to approximately 2.5°C range over the test span which
is further evidence of temperature instability within the shop floor
environmental temperature arising from various sources such as
the day and night transitions. Temperature fluctuations also occur
when opening and closing workshop doors.

Fig. 6 shows the measured inside air temperature and the dis-
placement of the mandrel in the Y-axis and Z-axis. The Y-axis
displacement followed the temperature variation quite closely
whereas the Z-axis displacement lagged the temperature by up to
3.6 h at some places. The analysis on the Y axis results (using the
top and bottom NCDTs) revealed a 30 pum/m tilt present which is
likely to have been caused by non-uniform distortions in the com-
plex geometry of the structure resulting in the rapid response to
the temperature variation; compared with the slow response of
the Z-axis which is possibly contributed from pure expansion. The
overall displacement range was approximately 12 um for the Y-
axis and approx. 28 pm for the Z-axis with the overall temperature
swing of approximately 4°C over 3 days. The X-axis results were
negligible, due to the symmetry of the machine in this direction,
and therefore not presented.

This test validates the hypothesis that environmental fluctua-
tion causes thermal distortions in machine structure and proves
the deterioration in the accuracy of a machine tool. It was also iden-
tified that vertical temperature gradients in a shop floor vary with
height which can be critical to large and/or tall machines.

® laside arbient sersce
s Measured displacement in ¥
- Measured displacement in 7

— S Do »
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. ":
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Fig. 6. Y and Z axes displacements and the environmental temperature measured
inside the machine {summer test).

Fig 7. Temperature gradients across the structure after the first stage (12.5h) that
represent the actual initial thermal state (summer test) - {(NT11 - nodal tempera-
tures - “C).

3.3. Validating settling time methodology

The settling time for this machine model was determined to be
12.5 h therefore data covering this time span was selected from the
measured ambient data and used in the first stage simulation. As
mentioned previously, the temperature data was applied as atran-
sient function in the software using tabular amplitude technique
for both simulation stages. Temperature data from the base sensor
was applied to the base, information from the inside environmen-
tal sensor was applied to the carrier/spindle/tool and the table
and temperature information obtained from the column ambient
sensor was applied to the column. The result from the first stage
simulation must provide not only the correct temperature profile
but also the correct thermal memory to match the starting con-
dition of the real machine. It must be noted that the simulations
were carried out using only the ambient data which can be captured
without machine downtime, the surface sensors are only used to
compare and correlate the simulated results. Fig. 7 shows the sim-
ulated temperature gradients across the structure after the settling
time which should represent the real surface temperature gradi-
ents after the 12.5 h span was lapsed. The predicted initial thermal
state was revealed to be within +0.2°C range measured at points
where surface sensors were placed and shown in Table 1

After the settling time simulation, a normal environmental sim-
ulation is then run in the second stage using the remainder of
the recorded environmental temperature data. The measured and
simulated profile results were plotted for the main second stage
simulation. The simulated error is obtained as the difference in dis-
placement between the table and the tool (test mandrel). Compared

Table 1
Comparison of d and simulated surface peratures after 12.5h (summer
test)
Structure Measured Simulated
temperature temperature
- -0
Spindle boss surface 241 24
Column surface 24 239
Carrier head surface 242 240
Base surface 239 24
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Fig. 8. Correlation between the measured and simulated Y axis displacement with
settling time remaved.
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Fig. 9. Correlation between the measured and simulated Z axis displacement with
settling time removed.

to the measured results, the correlations were 60% for the Y dis-
placement profiles (Fig. 8) and 63% for the Z displacement profiles
(Fig. 9). The residual errors were less than 5 pm for the Y axis and
less than 11 pm for the Z axis. Including the settling time, separate
simulations for temperature and displacement took approximately
30and 40 minrespectively (70 minin total). The computer used had
typical PC specifications: AMD Phenom 9950 Quadcore 2.60 GHz
processor, 4GB RAM, NVIDIA GeForce 9400 GT graphics card and
Windows XP 32bit operating system

4. Winter test

To further validate the robustness of this modelling methodol-
ogy, another three-day test was carried out to observe the machine
behaviour in the winter season. The workshop experienced typ-
ical single shift workshop heating patterns often encountered to
maintain comfortable environmental temperature for the machine
operators. The machine and measurement test conditions were the
same as for the summer environment test.

The temperature information obtained from the ambient sen-
sors and the spindle boss surface sensor are shown in Fig. 10.
This time the vertical temperature difference between the col-
umn ambient sensor and the base ambient sensor fluctuated to

Temeprature ("C)

A spinie Boss Swlace Sensor

A voide Ambien
2 M Calumn Ambiest
Base Amient
19
0 s 1 15 2 25 3
Days

Fig. 10. Temperature data obtained over 3 days period (winter test).
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*Measumd movement in ¥ {miaoes)
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~Shours Zauis lag to -~ 25
the temperatyre 0

C —
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4
5
i 23
D -
% 27 5 g
=
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<15
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Fig. 11. Y and Z axes displacements and the environmental temperature measured
inside the machine.

approximately 3 “C range over the test span which elaborates that
even vertical temperature difference changes within similar verti-
cal distances in different seasons. The spikes are suspected to be
from the short periods for opening of workshop doors for deliv-
eries which caused the shop floor environmental temperature to
decrease.

Fig. 11 shows the measured inside air temperature and defor-
mation of the machine in the Y axis and Z axis directions. The
movement of both axes followed the temperature variation while
the Z axis displacement followed but with approximately 5h lag
this time. The overall movement is 18 wm in the Y axis and 35 pm
in the Z axis for an overall temperature swing of approximately
5°C over the 3 days. This increase was expected because of the
exaggerated day and nights heating transitions.

Measurement points

Fig. 12. Temperature gradients across the structure after the first stage( 12.5 h} that
represent the actual initial thermal state (winter tst).

Table 2
Comparison of measured and simulated surface temperatures after 12.5h (winter
test).

Structure Measured Simulated
temperature (<C) temperature {“C)

Spindle boss surface 217 21.7

Column surface 21 209

Carrier head surface 216 216

Base surface 219 219
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Fig. 13. Correlation between the measured and simulated Y axis displacement with
settling time removed.

4.1. FEA simulations (offline assessments — winter test)

A similar procedure was followed for simulating the model. For
the first stage, 12.5 h of the recorded data was used for the settling
time as before, followed by the environmental simulation in the
second stage. Fig. 12 shows the simulated temperature gradients
across the structure after the settling time which represents the
real surface temperature gradients after the 12.5 h span was lapsed.
The predicted initial thermal state was revealed to be within £0.2C
range measured at points where surface sensors were placed and
shown in Table 2.

4.1.1. Winter test correlations

The simulated results correlate well with the measured profile
being 63% for the Y movement profiles (Fig. 13) and 67% for the
Z movement profiles (Fig. 14). The residual errors were less than
7pminYand lessthan 12pminZ.

The winter test not only validated the capability of the modelling
methodology but also confirmed its robustness. Development of
the CAD model, obtaining the settling time and FEA environmen-
tal simulations are conducted offline. The temperature sensors can
be installed in any convenient maintenance schedule and envi-
ronmental temperature data can be recorded while the machine
in production therefore is non-invasive to production and cost
effective as generally no machine downtime is involved. It is also
highlighted that 12.5h of settling time can be representative of a
minimum time required for temperature data acquisition which
can be recorded while the machine is in production.

20 ~dhe- Mcasured displacessent in 7
5 @ Strulated displacement in 2
=i~ Erroc dElerance

Error {micrors)

M Days

Fig. 14. Correlation between the measured and simulated Z axis displacement with
settling time removed.

Y drift (um) Y model error {m) Y improvement (%) Z drift (um) Z model error (um) Z improvement (%)
Summer 12 46 60 28 10 63
Winter 18 6.3 63 35 nz 67
B A s delacementiny 4.2, Summary of results
54 @  ——Smulated daplacomest in ¥
m T Erorddeence An FEA-derived thermal model of the machine was created in

the summer using a 12.5 h settling time methodology. This method-
ology has been validated over a year period, with results from two
Three-day tests (summer and winter) presented here. Table 3 sum-
marises the results.

It can be observed that compared to good temperature corre-
lations (>90%), the predicted positioning of the machine matched
within 60-67% range with the measured movement. This is sus-
pected to be due to the averaged heat transfer coefficient values
used in this case study for the FEA model. It is anticipated that
the positioning results can correlate better when the FEA model
is applied with surface specific heat transfer coefficients that vary
around enclosed voids creating air pockets that will vary in tem-
perature independent to the bulk ambient temperature [1].

5. Conclusions

Environmental thermal testing is often avoided inindustries due
to the costs and inconvenience associated with machine downtime.
This paper presented a novel offline environmental thermal error
modelling method based on FEA that successfully deals with the
machine downtime issue using a two-stage simulation method,
short on-line testing period and non-disruptive offline tempera-
ture monitoring. The sequence of the method is to create a CAD
model of the machine, determine the settling time of that machine
model and create initial conditions in the first stage followed by
the environmental simulation in the second stage. The settling time
ensures the minimum time is spent on data acquisition. Tempera-
ture sensors can be installed on the machine during any convenient
scheduled machine maintenance and the simulations can be done
within an hour or two, so it is highly efficient. The methodology
was successfully validated on a 3 axis vertical milling machine tool
over a year period; samples of data from two ETVE tests during
two seasons (summer and winter) are presented where the critical
nature of the fluctuating shop floor environment and its effect on
machine tool precision were also highlighted. The results revealed
good correlations between the experimental and FEA simulated
results typically between 60% and 70%. The modelling methodology
has significantly reduced the machine downtime required for a typ-
ical environmental testing from a fortnight to only hours. Practically
no machine downtime is associated with the application of this
modelling methodology except for short validations (if required).
Additional useful information can be obtained for predicting the
effects of speculative conditions.
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ABSTRACT

Thermal errors are often quoted as being the largest contributor to inaccuracy of
CNC machine tools, but they can be effectively reduced using ervor compensation.
Success in obtaining a reliable and robust model depends heavily on the choice of
system variables involved as well as the available input-output data pairs and the
domain used for fraining purposes. In this paper, a new prediction model “Grey
Neural Network model with Convolution Integral (GNNMCI(1, N))" is proposed,
which makes full use of the similarities and complementarity between Grey system
models and Artificial Neural Networks (ANNs) to overcome the disadvantage of
applying a Grey model and an artificial neural network individually. A Particle
Swarm Optimization (PS0) algorithm is also employed fo optimize the Grey neural
network. The proposed model is able to extract realistic governing laws of the
system using only limited data pairs, in order to design the thermal compensation
model, thereby reducing the complexity and duration of the testing regime. This
makes the proposed method more practical, cost-¢ffective and so more attractive to
CNC machine tool manufacturers and especially end-users.

KEYWORDS: Machine tool. Thermal error, Modelling. Grey neural network.

1. INTRODUCTION

Thermal errors of machine tools, caused by external and internal heat sources, are one of
the main factors affecting CNC machine tool accuracy. A significant amount of research work
has been devoted to the effects of intermally generated heat from, for example, spindle motors,
friction in beanngs. etc. [1]. External heat sources are attributed to the environment in which
the machine is located, such as neighbouring machines, opening/closing of machine shop
doors, vanation of the environmental temperature during the day and night cycle and differing
behaviour between seasons. The complex thermal behaviour of a machine 1s created by
interaction between these different heat sources. Ambient effects are arguably one of the most
important, but most neglected in thermal error compensation systems [2]. An integrated model
can be used in machine tool error compensation. taking into account the different heat sources
[1]. An example of such a model for a CNC machine tool is given by White er al. [3].
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Longstaff et al. [2] presented several Environmental Temperature Variation Error
(ETVE) tests conducted on a wide range of machine tools and discussed the implications for
produced parts. The authors also described a number of interesting phenomena when the
machines were subjected to a wide variety of environmental conditions. Attention was also
drawn to the prohibitive downtime required to conduct the ETVE test. Modification of the
machine shop conditions is possible and can effectively reduce thermal errors on a number of
machines at once. but may be difficult and costly to achieve. Fletcher ef al. [4] provided useful
information about daily cyclic environmental temperature fluctuations and associated drifts.
Experimental results indicated. through error compensation, a reduction of the environmental
errors by more than 50% to just =7um over a 65 hour test, but also drew attention to the
detrimental amount of machine downtime for the thermal characterisation tests. Rakuff and
Beaudet [5] measured and modelled the ETVE of a machine tool over 23 h with no traffic in
the workshop. They show how certain process variables, such as opening and closing of doors
around the machine. affect the ETVE. Mian et al. [6] proposed a novel offline environmental
thermal error modelling approach based on a finite element analysis (FEA) model that reduces
the machine downtime usually needed for the ETVE test from a fortnight to 12.5 hours. Their
modelling approach was tested and validated on a production machine tool over a one-year
period and found to be very robust. However, building a numerical model can be a great
challenge due to problems of establishing the boundary conditions and accurately obtaining
the characteristic of heat transfer.

Research on thermal error compensation for machine tools by both academic institutions
and industry has been rapidly accelerated recently in response to the growing demand of
product quality. Effective compensation depends on the accuracy of the prediction model
Thermal error modelling and compensation techniques introduced to date have been found to
suffer from a number of drawbacks that make their application in practical machining
environments time consuming. Different structures of empirical models have been used to
predict thermal errors in machine tools such as multiple regression analysis [7]. artificial
neural networks [7]. adaptive neuro-fuzzy inference system [8, 9], Grey system theory [10]
and a combination of several different modelling methods [11].

Whilst empirical models can be good at predicting thermal errors, they require a large
amount of data with different working conditions to determine the governing laws of the
original data. However. a realistic governing law may not exist even when a large amount of
data has been measured. Furthermore, the process of obtaining such data can take several
hours for internal heating tests and several days or more for the environmental test.

This paper aims to develop an effective and simple method to predict the Environmental
Temperature Variation Error (ETVE) of machine tools. The work proposes a novel Grey
Neural Network model with Convolution Integral GNNMCI(1.N). combining the Grey
prediction model with convolution integral GMC(1.N) and PSO neural network model, and
also adopting the GMC(1.N) model when selecting the inputs. The proposed model is a type
of dynamic model described by a PSO neural network to extract realistic governing laws of
the system using only a limited number of data pairs. The dynamic characteristic of the
GNNMCI(1.N) model results from introducing the Grey accumulated generating operation
(AGQO) into the neural network The benefits and novelty of this work are that a thermal model
can be efficiently built with the minimum amount of temperature data in a very short time
scale.

2. MODELLING THE THERMAL ERROR USING A GREY
NEURALNETWORK
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The Grey systems theory. established by Deng in 1982 [12]. is a methodology that
focuses on solving problems involving incomplete information or small samples. The
technique works on uncertain systems with partially known information by generating.
mining. and extracting useful information from available data. So. system behaviours and their
hidden laws of evolution can be accurately described. GM(1, N) is the most widely used
implementation in literature [13], which can establish a first-order differential equation
featured by comprehensive and dynamic analysis of the relationship between system
parameters. The accumulated generating operation (AGO) is the most important characteristic
of the Grey system theory. and its benefit is to increase the linear characters and reduce the
randommess of the samples. Based on the existing GM(1.N) model, Tzu-Li Ties [14] proposed
a GMC(1.N) model. which is an improved grey prediction model The modelling values by
GM(1.n) are corrected by including a convolution integral. However. Grey models lack the
ability to self-learn. self-adapt or otherwise considering a feedback value.

Compared with other empirical models, artificial neural networks (ANNs) have a strong
capacity for processing information parallel processing, and self-learning. However, they
have some disadvantages such as the need for a large number of leaming samples. thus
needing a long framning computation time. and the non-interpretable problem of such “black
box™ systems. In addition. the working conditions of machine tools are in general complex and
susceptible to unexpected noises. Therefore. ANN models in isolation have significant
drawbacks as a modelling approach for thermal error compensation [3].

Because the way of presenting information for neural network and Grey models have
some commonality in format. the two methods can be fused. Two levels can be added: an
initial Grey level will process the input information and a whitening level after to process the
output information to obtain good results [15]. Therefore. the Grey meaning is contained in
the neural network. The advantages of both can be used to build a high-performance neural
network model with a minimum amount of training data.

2.1. GNNMCI(1, N) Prediction Model

The fusion model of Grey system and neural network is employed in the modelling of the
ETVE of machine tools. The model can reveal the long-term trend of data and. by driving the
model by the AGO. rather than raw data. can munimize the effect of some of the random
occurrences. Therefore, the first step for building GNNMCI(1.N) is to carry out 1-AGO (first-
order Accumulated Generating Operation) to the data, so as to increase the linear
characteristics and reduce the randommness from the measuring samples. Then the
GNNMCI(1.N) model is trained with a PSO algorithm to generate the desired GNNMCI(1.N)
model. Finally an IAGO (inverse Accumulated Generating Operation) is performed to predict
the ETVE and generate the final compensation values. The model fully takes the advantages
of neural networks and Grey models. and overcomes the disadvantages of them.  achieving the
goal of effective. efficient and accurate modelling. The modelling details are described as
follows:

The Grey prediction model with convolution integral GMC(1, n) [14] 1s:

axt
dt

F 5. XD = b X5V 4+ b XV 4+ XS’ +u (1)

where b, is the development coefficient. b;(i = 2,3, ..., N) the driving coefficient. and u
1s the Grey control parameter. Therefore. time response sequences can be obtained.
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Where u(t — 1) is the unit step function [14]; £(r) = XL, BiX V() +u k=12,.._.n

To calculate the coefficients b; and u. the neural network method can be used to map
equation (2) to a forward neural network. Then, the neural network model is trained until the
performance is satisfactory. Finally, the optimal corresponding weights are used as the Grey
neural network weights to predict ETVE.

We can process equation (2) more. Let

k

G=ut-1x Y fe ¢ + £ — 1)) 3)

=1

We can rewrite equation (2) as:
2Pk + 1) =(xP@)e >  +6 )

Then equation (4) can be converted into equation (5) as follows:
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Map equation (5) into a neural network, and the mapping structure is shown in Fig. 1.

[upul\

2 (k+1)
Thermal drift

Layer A Laver B Layer C Layer D

Fig. 1. The mapping structure of GNNMCI(1. N).
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Where k 1s the serial number of input parameters:

In this study, xin(k + 1) 1is chosen as the thermal displacement data series (network output)
and x,_gl)(k + 1). xél)(k )z x,g,l_)l(k + 1). as a data seies of temprature sensores (N is
the number of network 1nputs):

Wiy, Way, Was, .. Wap, Wiy, Was ... Wa, are the weights of the network:

Layer A. layer B. layer C. and layer D are the four layers of the network, respectively.

Where. the corresponding neural network weights can be assigned as follows:

Let us assume that d; = f(b,), 2 = f(B3), ... dy—2=f(b_p), dy—_y =)
wyy = by, wyy = _x§1)(1)' Wiz = dy, Wa3z = dz, cee veeeo, Woy—y = dy—2, Woy = dy—3
Wiy = W3z = W3z = = = Way = 1 + e 22¥

The bias © value of xl(l)(k + 1) 1s:

0 = (—xP(k + 1)) (1 +e2:¥) (6)

The transfer function of Layer B is a sigmoid function f(x) = #

of other layer’s neuron are adopted as a linear function f(x) = x.

. the transfer functions

2.2. GNNMCI(1, N) learning algorithm
The learning algorithm of GNNMCI(1. N) can be summarised as follows:

Step 1: For each input series. (k, X}")(k)), (k = 2,3,..N), the output of each layer is
calculated.

Layer A: a = w1 k;

Layer B: b = f(wy,t) = ﬁ;

Layer C: ¢; = bwsy , 65 = x5(k)bwas, c3 = x3(k)bWag, ... Cpy = X (K)DWap_q, € = bWoy;
Layer D:d = way6; + wasca+ . . W3, _4Cp—q + W36, — ©

Step 2: A PSO algorithm [16] 1s adopted to train the GNNMCI(1. N) model. Each weight of
model 1s encoded to each component of particle position. which means that each particle
represents a specific group of weights. In the course of training. the model is repeatedly
presented with training pairs. The model parameters are then adjusted until the errors between
the predicted output and real output meet a tolerance criterion. or a pre-determined number of
epochs has passed (1n this work. ten training epochs are determined as the stopping criteria).

Step 3: export the optimal solution. (Wyy, Way, Was, Wan, .. , W3y, Was, .. , Way).
3. EXPERIMENTS

In this study, an ETVE test was performed on a small vertical milling centre (VMC).
This test was conducted to reveal the effects of ambient temperature changes on the machine
and to predict the thermal displacement during other performance measurements [2]. In order
to obtain the temperature data of the machine tool. a total of 27 temperature sensors were
placed on the machine. Thirteen temperature sensors were attached on the spindle carrier. six
on the column, and one on each axis ballscrew nut. Another six temperature sensors were
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placed around the machine to detect the ambient temperature. Four non-contact displacement
transducers (NCDTs) were used to measure the displacement of a test bar (used to represent
the tool) while the spindle remained stationary. Three were used to measure displacement of
the test bar in each axis direction. A fourth directly monitored displacement of the casting next
to the spindle in the Z-axis direction to differentiate expansion of the tool from the machine. A
general overview of the experimental setup is shown in Fig. 2.

L
oy
fa

[

g. 2. A general overview of the experimental sep.

Results of an ETVE test are shown in Fig. 3. This test was carried out over a five-day
period during spring bank holiday, with no significant activity in the workshop. followed by
approximately three normal working days (160 hours). This data was sampled once every
minute. The environmental temperature conditions for machine shop change due to the day
/night cycle, where the temperature fluctuates by about 5 “C throughout the day. with lower
temperatures in the morning and higher temperatures in the late afternoon and evening. The
strongest response to the ambient change from the machine is in the Z-axis direction. There is
a clear relation between the fluctuation in the environmental temperature and the resulting
displacement. For example, the anomaly at the beginning of the test can be attributed to a
short period (30 minutes) of the workshop door being opened. Externally, the conditions were
snowy, which caused a drop in workshop temperature to below 11°C. The overall movement
caused by this phenomenon i1s 35 pum in the Z-axis and 25 um in the Y- axis for an overall
temperature swing of approximately 9 *C over the 30 muinutes. Two similar events can be seen
between 120 and 140 minutes. The magnitude of the environmental error can be compared to
that from two hours spindle-heating test conducted according to ISO-230:3 which only
produced 30pum of error in the Z-axis.

To demonstrate the modelling of ETVE using the Grey neural network approach. four
temperature sensors were selected based on our work in [9]. Temperature sensors T1. T2, T3,
and T9. which are located on the carrier, column ambient near spindle. and ambient near the
column. were selected according to their influence coefficient value using the GMC(1. N)
model. They were used as the input vaniables for the GNNMCI(1, 5) model and the thermal
drift in Z direction was used as a target variable.
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Fig. 3. Temperature measurements and machine movement due to environment.

For this study, a GNNMCI(1, 5) with a structure of 1-1-6-1was chosen. The details are:
layer A has one node, the input time series k; layer B has one node; layer C has six nodes, the
input variables nodes are from two to five, respectively; T1, T2, TS5, and T9 are the input
variable data. Layer D has an output variable node, which is the thermal displacement in Z-
axis direction. The GNNMCI(1, 5) structure 1s shown in Fig. 1. The MATLAB software was
used to realize the model.

Two compensation methods can be used to predict ETVE. The first is an off-line, pre-
calibrated method. This means to obtain the GNNMCI(1, 5) model according to the thermal
displacement and the temperature change during a short test. and then to use this model to
predict the thermal displacement of other processes. The second method is to obtain the
GNNMCI(1. N) model at the first stage of the manufacturing process, and then to use this
model to predict the machine movement during the rest of the process. This uses additional
measurement effort before the process begins.

To apply the first method, another test was camied out for 80 minutes on the same
machine during a normal working day. During the experiment, the thermal errors were
measured by the NCDTs and the temperature data was measured using the same selected
sensors, sampling every ten seconds. The training samples were obtained from the first 5
readings (less than one minute) after the test had been started. All raw data was converted to
AGO series, as discussed in section 2.1. Ten training epochs are adapted as the stopping
criteria. In the PSO neural network, the number of population was set to be 90 whilst the
maximum and mininmm velocity values were 1.5 and -1.5, respectively. These values were
obtained by optimization.

After finishing the training of the model, there were two ways to obtain the prediction
values: directly obtaining the prediction values from the trained model; or taking out the Grey
differential equation parameters from the trained model to equation (2) and then solving the
equation to obtain the prediction values. Although both methods are similar theoretically, a
large number of experiments have found that the first method needs less computation. Fig. 4
shows simulation results for 80 munutes.
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Fig_ 4: Simulation results for 80 minutes.

The process was repeated to create a GNNMCI (1. 5) model for the Y-axis direction To
validate the robustness of these proposed models on non-training data. a normal environmental
simulation was run using the temperature data presented in Fig. 3. The measwred and
simulated profile results were plotted for the Z-axis and Y-axis. Compared to the measured
results. the correlations were 97% for the Z displacement profiles Fig. 5. and 98% for the Y
displacement profiles Fig. 6. The residual errors were less than = 10 um for the Z axis and less
than = 6 wm for the Y axis even when considering the rapid changes due to the opened
workshop door. Under more predictable conditions, which could be achieved by befter
management of the environment, =3um would be achieved in each axis. Thus, the proposed
GNNMCI (1. 5) model can predict the normal daily cyclic error accurately and also can track
sudden changes of thermal error from a relatively small training sample.

A
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Tre (h)

Fig. 5.Correlation between the measured and simulated Z-axis displacement.
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2. CONCLUSIONS

Temperature-induced effects on machine tools are a significant part of the error budget.
Changes in ambient conditions are an often overlooked effect that can be difficult to model.
especially in unpredictable environments.

In this paper. a novel thermal error modelling method based on Grey system theory and
neural networks was developed to predict the environmental temperature variation error
(ETVE) of a machine tool. The proposed model has been found to be flexible, simple to
design and rapid to train.

The model is trained using data obtained from a short test of less than ninety minutes,
which is desirable for minimising machine downtime. The accuracy of the model has not been
compromised by restricting the training data. ETVE results in the Z-axis direction over a 160
hour test showed a reduction in error from over 20um to better than =3pum considering the
normal daily cycles. When also considering unexpected phenomena, such as the rapid change
in temperature when a workshop door was opened. the model still performs well. with an
improvement from 40um to less than =10pm.

Similar results were achieved in the Y-axis direction. with this study not considering the
X-axis direction due to symmetry of the machine.

It is anticipated that further improvement in correlation could be achieved by including
rapid changes as part of the training data. However, this would compromise the aim of this
work which is to train the model with “normal™ data. but validate across a range of conditions.

The proposed method is a significant advantage over other models based on a single
technique that have been used by many previous scholars where the data used to build the
models 1s obtained from very long tests. The proposed model has significantly reduced the
machine downtime required for a typical environmental testing from howrs to only few
minutes. According to experimental work. little machine downtime is needed to apply this
modelling approach except to re-establish the model if needed.

The thermal error compensation model using GNNMCI(1, N) introduced in this study
can be applied to any CNC machine tool because the model does not rely on a parametric
model of the thermal error behaviour. In addition. this method is open to extension of other
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different physical inputs meaning that alternative sensors can be deployed with munimal
retraiing required.
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is shown to compare favourably against an Artificial Neural Network (ANN) model.

ARTICLE INFO ABSTRACT

Artide histary: Thermal errors are often quoted as being the largest contributor to CNC machine tool
Recelved 17 Janisary 2013 emors, but they can be effectively reduced using error compensation. The performance of
Received in revised form 10 July 2014 a thermal error compensation system depends on the accuracy and robustness of the ther-

mal emror model and the quality of the inputs to the model. The location of temperature
measurement must provide a representative measurement of the change in temperature
that will affect the machine structure. The number of sensors and their locations are not
always intuitive and the time required to identify the optimallocations is often prohibitive,

Fuzzy ¢ means clustering In this paper, a new intelligent compensation system for reducing thermal errors of
Grey system theory machine tools using data obtained from a thermal imaging camena is introduced. Different
groups of key temperature points were identified from thermal images using a novel
schema based on a Grey model GM (O,N) and fuzzy c-means (RCM) clustering method.
An Adaptive Neuro-Fuzzy Inference System with fuzzy c-means clustering (FCM-ANFIS)
was employed to design the thermal prediction model In order to optimise the approach,
a parametric study was carried out by changing the number of inputs and number of mem-
bership functions to the FCM-ANRAS model, and comparing the relative robustness of the
designs. According to the results, the EM-ANRS model with four inputs and six member-
ship functions achieves the best performance in terms of the accuracy of its predictive abil-
ity. The residual value of the model is smaller than +2 um, which represents a 95%
reduction in the thermally-induced error on the machine. Finally, the proposed method

©2014The Authors. Published by Elsevier Inc. This is an open access article under
the CC BY license (http://creativecommons.ong/licenses/by/3.0().

1. Introduction

+ Comresponding author.

hitp: [ [dxdoiog 101016/ Lapm 2014.10.016
0307-904X [ 2014 The Authors. Published by Ebevier Inc
This is an open access article under the CC BY license (hip:/joreativecommons. og/licenses by 3.0/

Thermal errors can have significant effeats on CNC machine tool accuracy. They arise from thermal deformations of the
machine elements created by external heat/cooling sources or those that exist within the structure (i.e. bearings, motors, belt
drives, the flow of coolant and the environment temperature } According to various publications [1,2], thermal errors repre-
sent approximately 70% of the total positioning error of the CNC machine tool. Spindle drift is often considered to be the
major error component among them [1]. Thermal errors can be reduced by amending a machine tool's structure using
advanced design and manufacture procedures, such as structural symmetry or cooling jackets. However, an error compen-
sation system is often considered to be a less restrictive and more economical method of deaeasing thermal errors. An
extensive study has been carried out in the area of thermal error compensation [3]. There are two general schools of thought
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related to thermal error compensation. The first uses numerical analysis techniques such as the finite-element method [4]
and finite-difference method [5]. These methods are limited to qualitative analysis because of the problems of establishing
the boundary conditions and accurately obtaining the characteristics of heat transfer. The second approach uses empirical
modelling, which is based on correlation between the measured temperature changes and the resultant displacement of
the functional point of the machine tool, which is the change in relative location between the tool and workpiece. Although
this method can provide reasonable results for some tests, the thermal displacement usually changes with variation in the
machining process. An accurate, robust thermal error prediction model is the most significant part of any thermal compen-
sation system. In recent years, it has been shown that thermal errors can be successfully predicted by empirical modelling
techniques such as multiple regression analysis [6], types of Artifidal Neural Networks | 7], fuzzy logic [8], an Adaptive
Neuro-Fuzzy Inference System [9,10], Grey system theory [11] and a combination of several different modelling methods
[12.13].

Chenet al. [6] used a multiple regression analysis (MRA) model for thermal error compensation of a horizontal machining
centre. With their experimental results, the thermal error was reduced from 196 to 8 pm. Yang et al. | 14] also used the MRA
model to form an error synthesis model which merges both the thermal and geometric errors of a lathe. With their exper-
imental results, the error could be reduced from 60 to 14 pm. However, the thermal displacement usually changes with var-
iation in the machining process and the environment; it is difficult to apply MRA to a multiple output variable model. In
order to overcome the drawbacks of MRA models, more attention has subsequently been given to the Artificial Intelligence
(Al) techniques such as Artifiaal Neural Networks (ANNs). Chen et al. | 7] proposed an ANN model structured with 15 nodes
in the input layer, 15 nodes in the hidden layer, and six nodes in the output layer in order to drive a thermal error compen-
sation of the spindle and lead-screws of a vertical machining centre. The ANN model was trained with 540 training data pairs
and tested with a new cutting condition, which was not induded within the training pairs. Test results showed that the ther-
mal errors could be reduced from 40 to 5 pm after applying the compensation model, but no justification for the number of
nodes or length of training data was provided Wang [13] used a neural network trained by a hierarchy-genetic-algorithm
(HGA) in order to map the temperature variation against the thermal drift of the machine tool. Wang [10] also proposed a
thermal model merging Grey system theory GM{1,m) and an Adaptive Neuro-Fuzzy Inference System (ANFIS). A hybrid
learning method, which is a combination of both steepest descent and least-squares estimator methods, was used in the
learning algorithms. Experimental results indicated that the thermal error compensation model could reduce the thermal
error to less than 9.2 pm under real cutting conditions. He used six inputs with three fuzzy sets per input, producing a com-
plete rule set of 729 (3%) rules in order to build an ANFIS model. Clearly, Wang's model is practically limited to low dimen-
sional modelling. Eskandari et al. [15] presented a method to compensate for positional, geometric, and thermally induced
errors of three-axis CNC milling machine using an offline technique. Thermal errors were modelled by three empirical meth-
ods: MRA, ANN, and ANFIS. To build their models, the experimental data was collected every 10 min while the machine was
running for 120 min The experimental data was divided into training and checdking sets. They found that ANFIS was a more
accurate modelling method in comparison with ANN and MRA. Their test results on a free form shape show average
improvement of 41% of the uncompensated errors. A common omission in the published research is discussion or saentific
rigour regarding the selection of the number and location of thermal sensors.

Other researchers have shown that a precise selection of thermal sensors and their position is needed to ensure the pre-
diction accuracy and robustness of compensation models. Poor location and a small number of thermal sensors will lead to
poor prediction accuracy. However, a large number of thermal sensors may have a negative influence on a model's robust-
ness because each thermal sensor may bring noise to the model as well as bringing useful information. Additionally, issuesof
sensor reliability are commercially sensitive; the fewer sensors installed the fewer potential failures. Engineering judgment,
thermal mode analysis, stepwise regression and correlation coeffident have been used to seled the location of temperature
sensors for thermal error compensation models [3]. Yan et al. [ 14] proposed an MRA model combing two methods, namely
the direct criterion method and indirect grouping method; both methods are based on the synthetic Grey correlation. Using
this method, the number of temperature sensors was reduced from sixteen to four sensors and the best combination of tem-
perature sensors was selected Jan Han et al. [16] proposed a correlation coefficient analysis and fuzzy c-means dustering for
selecting temperature sensors both in their robust regression thermal error model and ANN model [17]; the number of ther-
mal sensors was reduced from thirty-two to five. However, these methods suffer from the following drawbacks: a large
amount of data is needed in order to selea proper sensors; and the available data must satisfy a typical distribution such
as normal (or Gaussian)distribution. Therefore, a systematic approach is still needed to minimise the number of temperature
sensors and select their locations so that the downtime and resources can be reduced while robustness is increased It is
notable that most publications deal only with the reduction in sensors, but not the means by which the original set were
determined. As a result the system is only shown for situations where the possible solutions are a subset of all potential loca-
tions, which requires non-trivial preconditioning of the problem. This is a situation where some aspects of the machine spa-
tial temperature gradients might already have been missed and is typical when a machine model is being adapted, rather
than evaluated from a new perspedive.

In order to overcome the drawbacks of traditional Artificial Intelligence techniques such as ANNs and fuzzy logic, more
attention has been focussed on hybrid models. For instance, in the fuzzy system’s applications, the membership functions
(MFs) typically have to be manually adjusted by trial and error. The fuzzy model performs like a2 white box, meaning that
the model designers can explicitly understand how the model achieved its goal. However, such models that are based only
on expert knowledge may suffer from a loss of accuracy due to engineering assumptions |8]. Conversely, ANNS can learn
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from the data provided without preconceptions and assumptions. However, they perform as a “black box,” which means that
there is no information regarding the method by which the goal is achieved and so the achieved optimal solution can exhibit
unrealistic physical characteristics that do not extrapolate to other situations. Applying the ANN technique to optimise the
parameters of a fuzzy model allows the model to learn from a given set of training samples. At the same time, the solution is
mapped out into a Fuzzy Inference System (FIS) that can be evaluated by the model designer as to produce a realistic rep-
resentation of the physical system. The Adaptive Neuro Fuzzy Inference System (ANFIS) is such a neuro-fuzzy technique. It
combines fuzzy logic and neural network techniques in a single system.

Construction of the ANFIS model using a data-driven approach usually requires division of the input/output data into rule
patches. This can be achieved by using a number of methods such as grid partitioning or the subtractive clustering method
[18]. However, one limitation of standard ANFIS is that the number of rules rises rapidly as the number of inputs increases
(number of input sensors). For instance, if the number of input variables is n, and M is the partitioned fuzzy subset for each
input variable, then the number of possible fuzzy rules is M®, As the number of variables rises, so the number of fuzzy rules
increases exponentially, increasing the load on the computer processor and increasing memory requirements. Thus, a reli-
able and reproducible procedure to be applied in a practical manner in ordinary workshop conditions was not proposed. It is
important to note that an effective partition of the input space can decrease the number of rules and thus increase the speed
in both learning and application phases. A fuzzy rule generation technique that integrates ANFIS with FCM clustering is
applied in order to minimise the number of fuzzy rules. The FCM is used to systematically aeate the fuzzy MFs and fuzzy
rule base for ANFIS.

In this paper, a thermal imaging camera was used to record temperature distributions acoss the machine structure dur-
ing the experiments. The thermal images were saved as a matrix of temperatures with a specific resolution of one pixel, each
of which can be considered as a possible temperature measure ment point. The size of a temperature sensor means that, in a
practical compensation system, sensing could not be physically applied at that spatial resolution. However, the locations can
be centred on the optimal position and it is possible to use localised averaging of pixels toreduce any noise across the image.
The Grey system theory and fuzzy c-means dustering are applied to minimise the number of temperature points and select
the most suitable ones for a given target accuracy. ANFIS using FCM was implemented to derive a thermal prediction
model. Temperature measurement points were chosen as inputs and thermal drift data was synchronously measured by
non-contact displacement transducers (NCDTSs) as the output. The ANFIS with FCM uses these inputfoutput pairs to create
a fuzzy inference system whose membership functions (MFs) are tuned using either the back-propagation (BP) or
least-squares estimator learning algorithm. Using the rule base of FCM can increase the speed of the learning process and
improve results, Finally, the performance of the proposed ANFIS model was compared with a traditional ANN model.

2. Thermal imaging camera

A thermal imaging camera provides a visible image of otherwise invisible infrared light that is emitted by all bodies due
to their thermal state. The thermal imaging camera has become a powerful tool for researchers and has applications in var-
ious fields such as medicine, biometrics, computer vision, building maintenance and so on. In this paper, a high-specification
thermal imaging camera, namely a FLIR ThermaCAM™S65, was used to record a sequence of thermal images of temperature
distributions across the spindle carrier structure. This camera provides a sensitivity of 0.08 °C, and an absolute accuracy
of £ 2%, Full camera specifications are provided in Table 1. The thermal imaging camera offers a continuous picture of the
temperature distribution in the image field-of-view. This is important as it provides the distribution of heat during heating
and woling cycles across the whole machine structure. This allows the machine’s structural elements to be measured online
during the test As well as the camera providing live continuous thermal images, they can also be recorded for further

Table 1

Thermal imaging camer a specification (Source: RIR Systems-2004).
Fiekd of view/min fcus distance 24“x18*JQ3m Thermal imaging camera
Spatial resalution (IFOV) 1.5 mrad -

Thermal sensitivity @ 50/60 Hz
Electronic zoom function
Focus

Digital image enhancement

0.08 “Cat 30%C
2,48, inter polating
Automatic or mamual
Normal and enhanced

Detectar type Focal plane array (FPA ) uncoaled
microbolometer; 320 x 240 pixels
Spectral range 35-13um
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analysis. The thermal images are saved as a matrix of temperatures with a specific resolution of one pixel (equivalent to
225 mm?), which equates to over 76000 temperature measurement points for this 320 « 240 resolution camera. These
thermal images can be transferred to a personal computer for analysis.

In this work, the data has been analysed using MATLAB. One disadvantage of thermal imaging is it can have low absolute
accuracy, usually in the order of £2 °C. A number of MATLAB functions have been developed to enhance this accuracy,
including averaging the images to reduce pixel noise, alignment of images and extraction from the temperature data by
averaging groups of pixels at a specific point [19].

The radiation measured by the thermal camera depends on the temperature of the machine tool structure, but is also
affected by the emissivity of the machine surfaces. Additionally, radiation reflects from shiny surfaces (ball screw, test man-
drel, etc.), and is directly captured by the thermal camera and appearing as very hot areas. In order to measure the temper-
ature of the machine structure precisely it is therefore necessary to know the emissivity accurately, for which the application
of masking tape with a known emissivity (0.95) is a common and effective solution. The camera parameters are then set
according to the measurement conditions considering the emissivity of the machine tool material, the distance between
the machine and the camera, the relative humidity and the ambient temperature, as shown in Table 2.

3. Adaptive Neuro-Fuzzy Inference System (ANFIS)

The Adaptive Neuro Fuzzy Inference System (ANFIS ), was first introduced by Jang, in 1993 [20]. According to Jang, the
ANFIS is a neural network that is functionally the same as a Takagi-Sugeno type inference model. The ANFIS is a hybrid intel-
ligent system that takes advantages of both ANN and fuzzy logic theory in a single system. By employing the ANN technique
to update the parameters of the Takagi-Sugeno type inference model, the ANFIS is given the ability to learn from training
data, the same as ANN. The solutions mapped out onto a Fuzzy Inference System (FIS) can therefore be described in linguistic
terms. In order to explain the concept of ANFIS structure, five distinct layers are used to describe the structure of an ANFIS
model. The first layer in the ANFIS structure is the fuzzification layer; the second layer performs the rule base layer; the third
layer performs the normalisation of membership functions (MFs); the fourth and fifth layers are the defuzzification and sum-
mation layers, respectively. More information about the ANFIS network structure is given in [20].

ANFIS model design consists of two sections: constructing and training. In the construdtion section, the number and type
of MFs are defined. Construction of the ANFIS model requires the division of the input/output data into rule patches. This can
be achieved by using a number of methods such as grid partitioning, subtractive clustering method and fuzzy c-means (FCM)
| 18]. In order to obtain a small number of fuzzy rules, a fuzzy rule generation technique that integrates ANFIS with FCM clus-
tering will be applied in this paper, where the FCM is used to systematically aeate the fuzzy MFs and fuzzy rule base for
ANFIS. Fig. 1 shows basic structure of the ANFIS with FCM dustering.

In the training section, training data pairs should first be generated to train an ANFIS model. These data pairs consist of
the ANFIS model inputs and the corresponding output. The membership fundtion parameters are able to change through the
learning process. The adjustment of these parameters is assisted by a supervised learning of the input/output dataset that are
given to the model as training data. Different learning techniques can be used, such as a hybrid-learning algorithm combin-
ing the least squares method and the gradient descent method is adopted to solve this training problem.

3.1. Fuzzy c-means clustering

Fuzzy c-means (FCM) is a data dustering method in which each data point belongs to a duster, with a degree speafied by
a membership grade. Dunn introduced this algorithm in 1973 [21] and it was improved by Bezdek in 1981 [22] FCM par-
titions a collection of n vectors x,i = 1,2,... ninto fuzzy groups, and determines a duster centre for each group such that
the objective function of dissimilarity measure is reduced.
i=1,2,...,care arbitrarily selected from the n points. The steps of the FCM method are, explained in brief: Firstly, the
centres of each dusterc, i = 1,2,. .., c are randomly selected from the n data patterns {x,, X3, ;. ... .x, }. Secondly, the mem-
bership matrix () is computed with the following equation:
1
M= —~=T (1)
YL

where, yi;: The degree of membership of object j in duster ; m: is the degree of fuzziness (m > 1); and dy = ||¢; — x;||: The
Euclidean distance between ¢; and x;.

Table 2

Thermal imaging camera parameters.
Distance 15m
Emissivity ass
Ambient tem perature 23%C
Relative humidity: 0%
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Fig 1. Basic structure of ANFIS with FCM clustering.
Thirdly, the objective function is calculated with the following equation:
€ LI S
JU.e6.....e)=3_ L= .Y jid;. (2)
=1 =1 =1
The process is stopped if it falls below a certain threshold.
Finally, the new ¢ fuzzy cluster centres ¢,i = 1,2,.. . ¢ are alculated using the following equation:
.\:;-lﬂg"l -
=g (3)
T
fj=1y

In this paper, the FCM algorithm will be used to separate whole training data pairs into several subsets (membership
functions) with different centres. Each subset will be trained by the ANFIS, as proposed by Park et al. [23]. Furthermore,
the FCM algorithm will be used to find the optimal temperature data clusters for thermal error compensation models.

4. Grey model GM (0O,N)

The interaction between different temperature sources and sinks creates a complex non-linear thermal behaviour for a
machine tool. The model designers often want to know which sources have a dominant effect and which exert less influence
on thermal response of the machine tool. The Grey systems theory, introduced by Deng in 1982 [24], is a methodology that
focuses on studying the Grey systems by using mathematical methods with a only few data sets and poor information. The
technique works on uncertain systems that have partial known and partial unknown information. It is maost significant
advantage is that it needs a small amount of experimental data for accurate prediction, and the requirement for the data
distribution is also low [25]. The Grey model GM (h,N) is based on the Grey system theory, where his the order of the dif-
ference equation and N is the number of variables [26]. The GM (h,N) model is defined as follows:

If in sequences x”' (k)i = 1,2,....N.x{" (k),is the main factor in the system, and sequences x5 (k) x5 (k) x{" (k), .. X k)
are the influence factors of the same system, then the GM (b N) model is described as [ 26,25]:

L] (AN N
}:a,d 2 Nl k), (4)
=0 dr =)

where, a; and b; are determined coefficients; b is defined as the Grey input; x| (k): The major sequence; X" (k): The influence
sequences; and
The accumulation generating operation (AGO) x® = x!¥

1 2 3 n |
= N2 (k. N Xk, N KOk, ... N X0k (5)
[i=1 = = =

Acoording to the previous definition of GM (h,N), the GM (0,N) is a zero-order Grey system, which can be desaibed as
follows:
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r N‘ y ’ I} r
2 (k) = 3"V (k) = b (k) + baxy (k) + - - + bax k), (6)
=

where,
(k) =0.5x" (k- 1) +05¢"(k), k=2,34,...n
From Eq. (4), we @an write:
0,21 (2) =b(2) + ... + b (2),
a,;2(3) = boxi"(3) + ... + b} (3),

(7)
az)'(n) = baxi"(n) + ... + baxy'(n).
Dividing Eq. (5) by a, in both sides, then transfer into matrix form as follows:
0.5¢"(1) + 05x"(2) D2y - )[R
0.5¢"(2) +0.5x(3) D3y - ADEy | |2 i
= - l
1056 n-1)+05¢"(n) | |[&'(n) -~ x'(n) ff-J
Assume ‘5.-= B, where m=23, . N, then Eq. (6) can be simplified as follows:
0.56"(1) + 0.5x"(2) &B2) - A2)] e
0.5¢"(2)+054"(3) | |4'3) --- '3 |6 %
10.5%"(n—1)+0.5x"(n) | Xy .. KHn) ) Lo
The coefficients of the model can then be estimated from the following equation:
b= (B"BBY, (10)
where,
0.5¢"(1) +0.5x"(2) W2 - B2 8
| 0@ +osx) il %3 - R03) : §a 9.;
10.5¢"(n - 1) +05x"(n) x5 .- 2 Lby

Therefore, the influence ranking of the major sequences {input sensors ) on the influendng sequence (thermal drift) can be
known by comparing the model values of (8; ~ 8y).

The whole block diagram of the proposed system is shown in Fig. 2, where spots 1 to N represent the virtual temperature
sensor data captured from the thermal imaging camera, and the thermal drift obtained from non-contact displacement
transducers (NCDTs ).

5. Experimental setup

In this study, experiments were performed on a small vertical milling centre (VMC). The thermal imaging camera was
used to record a sequence of temperature distributions across the spindle-carrier structure of the machine tool. Three NCDTs
were used to measure the resultant displacement of a solid test bar, used to represent the tool Two sensors, vertically
displaced by 100 mm, measure both displacement and tilt in the Y-axis direction and a third measures displacement in
the Z-axis direction (see Fig. 3). Distortions in the X-axis direction were not measured during this study, since experience
has shown that the symmetry of the machine structure renders this effect negligible. A general overview of the experimental
setup is shown in Fig. 4.

The use of masking tape on the machine provides areas of known emissivity. In particular, in some locations such as on
the rotating test bar, the tape is required to provide a temperature measurement, which would be difficult to achieve by
other means.

The VMC was examined by running the spindle at its highest speed of 9000 rpm for 120 min to excite the thermal behav-
iour. The spindle was then stopped for approximately 50 min for cooling. The thermal imaging camera was positioned
approximately 1500 mm from the spindle carrier to ensure that the parts of the machine of interest were within the field
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Ag 2 Block diagram of the proposed system.
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Fg 1 Measurement of the thermal effect using a test bar and NCDTs.

of view. Images were captured and stored to the camera’s memory card during the experiment at 10 s intervals. The thermal
displacement at the spindle was measured simultaneously and is shown in Fig. 5. The maximum displacement for the ¥
top-axis is 20 pm, the Y bottom-axis is 23 pm, and the Z-axis is 35 pm.

MATLAB functions were developed to enhance and analyse the temperature data [19]. These functions indude image
averaging (to reduce noise from individual pixels), image alignment and the ability to extrad a discrete point precisely
by averaging groups of pixels. In addition, efficient methods of creating virtual sensors were created, induding the ability
to draw “lines” of temperature sensor spots representing strips [ 19]. This is important in order to obtain sufficgent temper-
ature data readings across the carrier structure. A Grey model was applied to the measured temperature data to quantify the
influence of each spot across the carrier structure. Fig. 6 shows thermal images with 525 discrete spots on the carrier and
Fig. 7 shows some extracted readings from these spots taken over the duration of the whole test.

5.1. Application of GM (0, N) model

The machine was run through a test-cycle of 120 min heating and approximately 70 min cooling. The temperature change
and displacement of the spindle relative to the table in the Z-axis was captured throughout the test. This was used in the GM
(0,N) model to determine which parts within the machine structure contribute most significantly to the total thermal
displacement. Further analysis then concentrated on the influence ceffident of discrete points using the FCM method.
The process is as follows:
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Fig. 5 Thermal drift of the spindle.

FAg 6. Thermal images captured during the experiment with 525 selected spats.
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Fig. 7. Thermal data extracted from images wing MATLAB.

nose in the Z-axis.
sors are the target variable (output) x?’. The norm values of the influence coefficient matrix # can be obtained using Eq.
as |@:| ~ |f=s|, indicating the influence weighting of the input data against the output data, respectively. The greater

influence weight, the greater the impact on the thermal error, and the more likely it is that the temperature variable
be regarded as a possible modelling variable. Fig. 8 shows a 3D plot of the influence coefficient matrix.

caused by the expansion of the test bar itself; the localised heat from the motor and spindle bearings flow into the

in the Z direction as the tool continues to expand after the spindle has stopped. An investigation of the source of this gro
of the test bar was carried out by extracting ten spots during the same heating and oling test as show in Fig. 9. The

on the test bar are the most important factors, while spot 7 is the most significant location on the machine structure, The

Spindle side

Motor side

Infbance mnking

5
Number of sensors for sach line 00 Number of linas

Fg 8. Surface of Influence ranking of temperature data using CM (ON)

First, the GM (0, N) model of Grey system theory is calculated using the temperature changes and displacement of spindle

Suppose that Spot-1~Spot-525 represents the major variables (inputs) x? ~ x{3; and the measurement of the NCDT sen-

From Fig. 8, the flow of heat across the carrier can be clearly seen. Different points have different influence on thermal
error in the Z direction; the points near the motor are the highest factors. During the cooling cyde, it can be seen (Fig. 5)
that the test bar shows some movement occurred immediately after the spindle was stopped This movement is probably

and there is no cooling effect from air turbulence. This flow of heat into the test bar is a significant contributor to the drift
(0,N) model of the Grey system theory was applied again on a specific period “snapshot™ of the test as shown in Fig. 10.
Fig. 11 shows the GM (0,N) model output for the selected period. It can be observed that the temperature change of dif-

ferent selected spots on the carrier has different influence on the thermal error in the Z-axis direction and the spots 9 and 10

(0,N) model provides a method to analyse systems where traditional methods such as the correlation coefficient do not seem
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appropriate. It is applicable irrespective of the size of data sets and independent of requirement for a specific distribution.
The results of this investigation indicate that the GM (0,N) model is a good optimisation tool for finding the proper selection
of thermal sensors and their location.
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Table 3
The duster results

No of groups Representative spots

Group 1 (ane cluster) Spat-50

Group 2 (two dusters) Spot-50, Spot-214

Group 3 (there disters) Spot-50, Spot-84, Spot-398

Growp 4 (Pour clusters) Spot-5Q, Spot-107, Spat-249, Spot-493

Group 5 (five clusters) Spot-50, Spot-140, Spot-225, Spot-263, Spat-283

Group 6 (six dusters) Spot-5Q, Spot-109, Spot-204Q, Spot-240, Spat-348, Spot-407

Group 7 (seven clusters) Spot-50, Spot-96, Spot-136, Spot- 305, Spot-335, Spat-443, Spat-47

Group 8 (eight clusters) Spot-5Q, Spot-70, Spot-114, Spot-134 Spot-196, Spat- 262, Spat-320, Spat-352

5.2 Thermal emror modelling and discussion

The temperature sensors were clustered into a different number of groups using FCM as described in Section 5, starting
with one cluster for group 1 up to eight dusters for group 8. Then, one sensor from each cluster was selected according to its
correlation with the thermal drift to represent the temperature sensor of the same category (see Table 3); eight ANFIS mod-
els were constructed from these representative spots for evaluation. An example of the dustering procedure for four dusters
is shown in Fig. 12.

It is important to understand any uncertainty that is created by variation of the model design. A parametric study was
conducted by testing the accuracy of the models with variation in number of inputs and in number of membe rship functions.
Eight models were developed as follows: representative temperature sensors from Table 3 were selected as input variables
and the thermal drift in the Z-direction was considered as a target variable. The same test (120 min heating and 70 min cool-
ing) was used for training and validation the models: experimental data are divided into training and checking datasets. The
training dataset is used to train (or tune) a fuzzy model, while the checking dataset was used for over-fitting model valida-
tion. The Gaussian functions are used to describe the membership degree of these inputs, due to their advantages of being
smooth and non-zero at each point [9]. After setting the initial parameter values in the FCM-ANFIS models, the models were
adjusted using & hybrid learning scheme.

Extensive simulations were conducted to select the optimal number of MFs (clusters) and number of iterations (epoch
number) for each model. The performance of the model depends on the combination of these different parameters. Too

Four clusters Four representative sensors
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Fg. 12. An example of clistering proaxure for four clusters.
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Table 4

Performunce of FOM-ANFIS madels with various numbers of MFs.
Maodels Number of MFs Convergence epochs RMSE of the validation data RMSE of the testing data
1 2 200 a8314 38456
2 3 200 Q6064 20052
3 1 200 05380 24614
Rl 5 100 05793 2053
5 6 100 05327 13275
6 7 100 03494 41113
7 8 100 03232 48818
8 9 100 Q3058 50802

Tablke 5

The cluracteristics of the FOM-ANFE models.
Maodel Na of inputs  Na of MFs for exchinput  Na of iterations  Training stage Testing stage

NSE RMSE NSE RMSE R Residual

FOMA-ANFIST 1 6 200 Q6780 44835 04070 58847 Q7636 140963
FOM-ANAS2 2 6 200 Q9838 10071 04929 55618 (8302 117686
FOM-ANFIS3 3 6 1" 09541 06223 09585 15183 (9904 33979
FOM-ANFIS4 4 6 9 09939 06068 09764 14139 09912 29521
FOM-ANFIS5 5 6 12 09941 06254 09351 18381 09%06 45397
FOM-ANFIS6 6 3 2 19881 08634 07154 39754 09385 a0m
FOM-ANAIS7 7 3 2 09830 0868 07352 3836 09635 82159
FOM-ANFIS8 8 3 10 09847 097839 0643 4443 09332 104211

few MFs do not allow the FCM-ANFIS models to be mapped well. However, too many MFs increase the difficulty of training
and lead to over-fitting or memorising undesirable inputs such as noise. The prediction errors were measured separately for
each model using the root mean square error (RMSE ) index. By varying the simulations, it was determined that the optimal
solution was six MFs in the first five models, and three MFs for the remaining models. Different numbers of epochs were
selected for each model because the training process only needs to be carried out until the errors to converge. An example
of selecting MFs with four inputs is presented in Table 4.

Inorder to examine the performance of all the FCM-ANFIS models on non-training data, another test was crried out on
the same machine in an operational cycle as follows. The machine was programmed to run at spindle speed of 8000 rpm for
60 min and then 40 min with the spindle stopped. It was then run again at spindle speeds of 4000 rpm and 9000 rpm for
30 min and 40 min respectively. Finally, measurement continued for another 40 min with the spindle stopped. During the
experiment, the thermal errors were measured by the NCDTs, and the predicted displacements were obtained using FCM-
ANFIS models.

The performances of the models used in this study were computed using four performance criteria: root mean square
error (RMSE), Nash-Sutcliffe effidgency coefficient (NSE), correlation coefficient (R) and also residual value. The equations
of first two are defined as:

2 2

RMSE = | 2amlZ-Py -
Niz-p)?
Niz-2y

where, Z: Thermal drift; P: The predicted thermal drift; Z: Average of the thermal drift; and n: The number of measured data.

In Table 5, the prediction performance of eight FCM-ANFIS models was compared for training and non-training data
respectively.

Table 5 illustrates the obtained results from all eight developed models. From these results, it can be observed that both
NSE and RMSE have promising values during the training stage for all the models. However, during the testing stage the
models with one and two input variables gave low efficiency, low correlation coeffident and high residual value due toinsuf-
fident data regarding the system behaviour. In addition, the seven and eight inputs models did not give as good resultsasthe
other models due to redundancy of input data. The FCM-ANFIS model with four inputs gives the best estimation, taking into
account the performance indices (higher effiaency coefficient NSE = 0.97 higher correlation coeffigent R= 09912, and lower
mean square error RMSE = 1.4139) and lowest residual value amongst others as shown in Fig. 13.

The structure of the FCM-ANFIS model with four inputs is shown in Fig. 14. There are four input neurons, corresponding to
the four selected representative sensors. In the second layer, six neurons are connected to each input neuron (in total 24
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Fig. 13. Residual values for all eight models.
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neurons), which correspond to six Gaussian membership functions for each input sensor as shown in Fig. 15. The next layer
contains six neurons equivalentto six fuzzy “if-then” rules. The result of the prediction process is presented by six neurons in
the output layer. A weighted average method is used for the defuzzification stage in order to obtain the final predicted ther-
mal drift.

Fig. 16 desaibes the temperature rise during the testing experiment. It can be seen that the temperature extracted from
the representative sensors fluctuated due to change of the spindle speed, which causes sudden change in the resultant dis-
placement in the Z-axis direction. The simulation result shows that the proposed FCM -ANFIS model can predict the error
accurately and can also track the rapid changes of thermal error precisely (the maximum residual is approximately £ 2 pm).
Thus, a model with four representative temperature sensors is therefore a powerful and predse predictor of the thermal
errors of the machine tool (see Fig. 17).

The prediction of the FCM-ANFIS model with four selected key temperature points can significantly reduce the thermal
error from an independent test under different conditions of varying rotational spindle speeds and dwells on the machine
tool. To emphasise the importance of correctly finding the optimal sensor locations, one of the virtual sensors was arbitrarily
moved from the location determined by this method to another location that could have been selected intuitively, ie. with
some engineering justification. It is noticeable that by changing just one temperature point from the key temperature points
gives unsatisfactory prediction ability (residual value + 9 pm), which implies that the proposed methods (GM (0, N) and FCM)
are a valid and important combination to build an accurate model.

53 Comparison with other models

In order to assess the ability of FCM-ANFIS model relative to that of a neural network model an ANN model was con-
structed using the same input variables to the ANFIS with four inputs. Usually ANN model have three layers: Input, hidden
and output layer. Although, for common engineering problems, one hidden laver is sufficient for model training, two or more
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Fig. 18 A Comparison of ANFIS and ANN for the prediction of thermal drift.

Table 6
Performance of ANFIS and ANN in modelling the thermal drift in Z direction.
Model Testing stage
NSE RMSE R Residual
ANFIS 09764 1413 09912 29521
ANN asm2 2607 ass07 70210

hidden layers may be needed for very complex phenomena (9] An ANN model with three layers was used in this study: the
input layer has four input variables and the output layer has one neuron (the thermal drift in the Z-axis direction).

The same test (120 min heating and 70 min cooling) was used for training the model; the experimental data are divided
into training and validation datasets. After a series of experiments to find the best architecture, an ANN model with 10 neu-
rons in the hidden layer was constructed to predict the thermal drift in the Z-axis direction. Prediction results using ANFIS
and ANN are shown in Fig. 18, where the two models were trained using the same training dataset and tested by the same
testing dataset. The same four performance criteria of root mean square error (RMSE), Nash-Sutcliffe efficiency coeflicient
(NSE) and correlation coefficient (R) were used to judge the optimal model. According to the results in Fig. 18 and the eval-
uation criteria in Table 6 it is very dear that the ANFIS model has smaller RMSE and higher NSE compared to the ANN model.
Therefore, the ANFIS model is shown to be a good modelling choice to predict the thermal error of machine tools. Moreover,
the ANN model is a black box in nature and its relationships between inputs and outputs are difficult to interpret, while
ANFIS i$ transparent and its “if-then™ rules are easy to understand and interpret.

6. Conclusion

In this paper, a thermal imaging camera has been used to record temperature distributions across the spindle carrier
structure during the experiments. The thermal images are saved as a matrix of temperatures with a specific resolution of
one pixel {equivalent to 2.25 mm?). This system equates to over 76,000 possible temperature measurement points, Averag-
ing, which is used todecrease noise, reduces the number of temperature locations to the equivalent of 525 points, depending
upon the field of view. This richness of data is exploited to find the optimal location for temperature measurement when
designing a thermal error control model.

With the use of GM (0,N) and FCM methods, the influence rankings of recorded temperature data has been found to be
applicable to determine which parts within the machine strudure contribute most significantly to the total thermal dis-
placement. This eliminates the need for intuitive locating of sensors and significantly reduces implementation time. The
principal advantage of this novel technique is to use thermal imaging to assess a machine's thermal behaviour and to build
compensation models with different numbers and configurations of sensors. An Adaptive Neuro-Fuzzy Inference System
with FCM (FCM-ANFIS) has been employed for the prediction of the thermal error in machine tools. The models are built
using data obtained from short heating and cooling test, with a wide variety of models being able to be assessed using multi-
ple simulations.

The results on this machine indicate that FCM-ANFIS mode| with four inputs and six rules has the optimal capability to
map the input-output data pairs; it can predia thermal displacement under different operational conditions depending on
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the availability of the empirical data. Perhaps counter-intuitively, the ANFIS model is less well conditioned when additional
sensors are included. Minimal effort is then required for practical application of discrete contact sensors that are used for
on-line compensation.

The method was further tested by observing that the optimally-found model could compensate the thermal errors
derived from the heat induced by running the spindle of the machine to better than £ 2 pm for an arbitrary duty cycle.
However, by varying the location of one sensor to another “intuitive™ node, the accuracy of the model fell o £9 pm.

In addition to the better absolute accuracy, the FCM-ANFIS has been shown to have the advantage of requiring fewer
rules, in this case requiring only six rules as opposed to the standard ANFIS model. This is a significant benefit, since the latter
method is significantly more laborious to construct.

Finally, an ANN model was trained using the same sensor locations and same training dataset. The FCM-ANFIS model was
shown to give better performance that the ANN model. In summary, the proposed FCM -ANFIS model is a valid and
promising alternative for predicting thermal error of machine tools without increasing computation overheads.
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111 CONCLUSIONS AND FUTURE
PERSPECTIVES

1 FOUNDATION CONCLUSIONS

1.1 Specific foundation conclusions from the papers

1.1.1 Conclusions paper 2005-01

Measurement techniques for determining the static stiffness of foundations for

machine tools.

Using conventional metrology equipment in a novel way it is was shown that the

stiffness at the surface of a foundation can be measured and the results used to

determine whether or not the foundations is able to support a large machine tool such

that the machine will be capable to meeting its accuracy requirements

1.1.2 Conclusions paper 2005-06

Finite element analysis of the static stiffness of a foundation for large machine tool

This paper verified that FEA can be used to accurately predict foundation stiffness if the

sub-soil stiffness is determined by use of bore holes or plate tests.

1.1.3 Conclusions paper 2007-02

Structural Analysis of a large Moving Gantry Milling Machine including its Work

Support System and Foundation.

This paper clearly demonstrates that it is now possible to comprehensively analyse the

static characteristics of large machine tools structures, their concrete foundations and

the supporting subsoil to obtain a comprehensive understanding of their behaviour.
1.1.4 Conclusions paper 2009-04

Evaluation and Comparison of a Large Machine Tool Structure with

Standard Alignment tests

ISO

The paper describes how the information required to ensure foundations can be

designed correctly can be drawn from the appropriate 1ISO and BSI machine tool

accuracy standards.
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1.1.5 Conclusions paper 2013-09

New low cost sensing head and taut wire method for automated straightness
measurement of machine tool axes

The paper describes how a low cost, effective method has been developed for measuring
the accuracy of machine tools traverse straightness, thereby enabling verification that
the foundation supporting the machine is suitable or not

1.1.6 Conclusions paper 2014-06

Performance evaluation of a new taut wire system for straightness measurement of
machine tools.

The paper shows that the taut wire with optical sensor method developed for measuring
machine tool straightness is as accurate as the equivalent laser based equipment yet

considerably less expensive and much easier to setup when used on large machine tools.

2. THERMAL CONCLUSIONS

2.1 Specific thermal conclusions from the papers
2.1.1 Conclusions paper 2005-07

Compensation of thermal errors on a small vertical milling machine
Use of thermal imaging for temperature measurement and offline model development
was applied to a small vertical milling machine which gave reduced machine

downtime and improved accuracy prediction.

2.1.2 Conclusions paper 2005-10

Flexible modelling and compensation of machine tool thermal errors
A flexible thermal compensation system was created and installed on two controllers
and a PC. Machining trials were carried out in accordance with the 1ISO230 Part 3

standard and showed reductions of 70% for thermal errors.

2.1.3 Conclusions paper 2005-12

Practical compensation of all significant thermal errors in machine tools
Practical compensation system was implemented on a machine which subsequent

machining trials resulted in workpiece errors of less than 5 micron.
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2.1.4 Conclusions paper 2007-04

Measurement methods for efficient thermal assessment and error compensation
This paper describes measurement procedures for efficient assessment of thermal
errors using strip sensors to measure thermal gradients. This resulted in error
predication greater than 85% emphasising the benefits of this sensor technology

development.

2.1.5 Conclusions paper 2007-05

Flexible compensation of thermal errors.
The performance of machine thermal compensation system was validated by tests and
measurements of a machined NAS979 artefact which showed an 80% improvement of

accuracy of machined features.

2.1.6 Conclusions paper 2011-05

Efficient thermal error prediction in a machine tool using finite element analysis
Studies showed significant reductions in machine downtime could be made by use of

FEA to predict thermal errors rather than physical machine testing.

2.1.7 Conclusions paper 2012-06

An efficient offline method for determining the thermally sensitive points of a
machine tool structure
FEA provides a very good assessment of machine thermal errors and prediction of

sensitive nodal locations for efficient installation of sensors

2.1.8 Conclusions paper 2013-02

The significance of air pockets for modelling thermal errors of machine tools Air
pockets in machine structures have significant effects and should be avoided by good
design but where this is not possible they should be taken into account during

development of predictive models.
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2.1.9 Conclusions paper 2013-05

Comparative study of ANN and ANFIS prediction models for thermal error
compensation on CNC machine tools
ANN and ANFIS models for error prediction were compared showing a range of

advantages and disadvantages depending on circumstances

2.1.10 Conclusions paper 2013-06

Efficient estimation by FEA of machine tool distortion due to environmental
temperature perturbations
Use of FEA has produced good environmental thermal error models and reduced

machine downtime.

2.1.11 Conclusions paper 2013-13
Application of GNNMCI (1, N) to environmental thermal modelling of CNC

machine tools

The Grey Neural Network model with Convolution Integral GNNMC Al is was used
with a Particle Swarm Optimisation (PSO) algorithm and was shown to be capable of
producing superior prediction results for thermal errors whilst being more practical

and cost effective.

2.1.12 Conclusions paper 2015-03

Thermal error modelling on machine tools based on ANFIS with fuzzy c-means
clustering using a thermal imaging camera

ANFIS is proving to give very good results for prediction of thermal errors
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3. SUMMARY CONCLUSIONS

Research by the Centre for Precision Technologies (CPT) at The University of Huddersfield
has produced an in-depth understanding of the factors that contribute to machine tool
inaccuracy.

The research presented here discusses what are potentially the two main causes of
inaccuracies of machine tools namely the concrete foundation that support them and their
response to temperature changes caused by both their environment and self-induced heat

Sources.

3.1 FOUNDATIONS

The six “Foundation™ papers presented in this thesis describe how the specification, design
and testing of concrete foundations for large machine tools can be achieved in a manner such

that process will ensure that the foundation will meet the functional needs of the machine.

The research describes how the uncertain nature of foundation subsoil can be overcome by
following a specific testing protocol.

Additionally the development and testing of instrumentation that has been successfully
developed to support the above mentioned protocols is described in the final two
“Foundation” publications. The instrumentation is inexpensive, extremely accurate and will

reduce testing time from days to hours.

Adherence to the procedures described, would ensure that the possibility of anyone of a large

number of potential problems occurring will be avoided.

3.2 THERMAL EFFECTS

The reduction of thermal errors of machine tools has until recently been in the order of 70%.
The culmination of the research and development that is described in the twelve thermal

papers presented in this thesis is error reduction values of 95% are now being achieved. This
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is due to the accumulated effect of the planned research activities which has led to the final

papers associated with the research and development of Artificial Intelligence methods.

The thermal compensation research was key to the CPT becoming a participant in the FP7
ADAMOD european project. The project needed a thermal compensation system with higher
levels of accuracy than achievalbe in any literature in the public domain. The CPT
successfully completed the project by data fusion of on-machine strain measurement into the
thermal compensation system. This led to a further FP7 grant EASE-R3.

This research has led to the design and development of a new machine tool compensation
system unit with all the capability of volumetric compensation and affordable bespoke
hardware for universal integration onto new and existing machine tools. This system has been
shown to reduce geometric errors by 90% and with recent developments thermal errors by
95% giving the capability for more accurate parts, with better functionality, less wear, longer
life, less re-work, fewer scrapped parts and lower unit costs which in turn reduce the need for

inspection, significantly lowered assembly times and enhanced inter-changeability of parts.

The underpinning technology of rapid geometric calibration and high accuracy temperature
measurement using thermal imaging and unique flexible temperature sensing strips, combined
with physics based algorithms enabled thermal errors to be reduced by 80%. Specialist
software, TempSpy was written to calibrate sensors and record large amounts of data along
with Virmach which evolved to simulate and communicate machine errors for customer

reports and became a further key tool for the compensation.

Finite Element Analysis (FEA) has played a significant role in more recent research, using
new techniques to model more accurately the thermal behaviour of complex structures. This
reduces the amount of empirical work require to optimise model variables. FEA has also been

used to understand the often ignored elastic effects when traversing the machines.

The final papers describe how the use of artificial intelligence (Al) based models of machine
tools have enabled thermal errors to be reduced by 95%.
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3.3 OVERALL SUMMARY

The accuracy of machine tools is fundamental to the quality of the products they make. A
better understanding of why errors occur and how to minimise them is vital to ensuring higher
standards of manufacturing and increased productivity. The work described in this thesis has
delivered significant improvements in measuring and compensation for machine tool

inaccuracies and therefore the components that are manufactured by them.

This has led to predictive methods for assessing the capability of machines to produce specific
components and the development of a low-cost electronic VVolumetric Compensation System
that can increase machine tool volumetric accuracy by a factor of 10, with significant cost
savings for factory temperature control. A contract has been signed to market this system
globally. Rapid calibration techniques have been developed, in collaboration with a UK
world-leading aerospace manufacturer, reducing timescales for days to less than one hour.

4. FUTURE PERSPECTIVES
4.1 FOUNDATIONS

Research and development is currently being carried out on the use of hydraulic levelling
units with capacitive sensors for determining horizontality, height variation and vertical
deflection.

It is envisaged this research is will produce the extremely high orders of accuracy needed for

modern large machine tools and their foundations.

It is thought that the surface stiffness of concrete foundations and also the sub-soil could be
more easily and efficiently measured by use of Laser trackers. The current technology is such
that they are not sufficiently accurate and that they are considerably more expensive than the

equipment described in this thesis.

However it is envisaged that both of these problems will be overcome and although there are
considerable uncertainties associated with the process, the benefits will fully warrant further

research and development which would form the basis of a significant project.
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4.2 THERMAL EFFECTS

"With such high reductions in thermal error of 95% the future concentration will be focused
on improving the efficiency of installation of compensation systems, reducing machine

downtime and the cost of hardware associated with sensors.

Attention will move towards focus on work-piece thermal errors and the use of telemetry for

communication with sensors.

4.3 OVERALL PERSPECTIVE

Current machine tool industrial technology uses individual feedback encoders systems which
are axis specific. Future systems are envisaged which will be based on direct measurement of
the cutting tool position relative to datums on the workpiece. Such systems will in principle
be machine based equivalent of GPS and capable of eliminating all machine positional errors.
To overcome problems of line of sight due to swarf, coolant and workpiece size and shape,
they might involve the use of aerial drone reference units.
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