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Development of modular machine tool structural monitoring
system
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ABSTRACT

Although designed to be structurally stiff, machine tool deformation takes place
due to the various sources of errors such as shifting mass, component weight,
temperature etc. In order to facilitate research activities and acquire further
scientific insight on the deformation process, a compbdsed orline monitoring
system has been developed. A variety of sensors can be used to daufer
numerous parameters like temperature, displacement, strain etc.

This paper presents the design and implementation of a LabVIEW based multi
sensor data acquisition program. It was designed in a three layer modular structure.
In addition to data acquisition, the program is also capable of data processing
logging and implementing various error reduction techniquesusing online
communication between LabVIEW aniie MATLAB runtime engine for
computation purpose. Thesalculatedcompensation values are then transferred to
the machine controller via EtherneThis paper also describes an example of
application of such a system for ea%is CNC machine tool

KEYWORDS: Machine tool structural monitoring system, Mgdénsor data
acquisition systeniModular structure, LabVIEW

1. INTRODUCTION

The primary goal of the machine tool is to automatecthitngprocess to achieve higher
accuracy to meet the greater quality requirements. Several factors play arolecglch as
machining conditions, cuttin tool, type of workpiece etc. Various sources of error like
shifting mass, component weight, temperature etc., hinderabsibility of achieving strict
accuracy demands for the manufacturing process. Earises during building ofhe machine
or occurover the time[1, 2]. Error reduction requires greater understanding of the machine
tool capabilities and error sources. This results in the need foachine tool structural
monitoring system. Studies have been carried out on monitoring techtiqiese based on
the application of single or multiple sens@8s 4]. Application of differentsensorgprovides
the ability to detech wide range of system parameters like temperature, displacermait, st
etc.
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Sensor fusion culminates inraore holistic view of the process and turn the state of
the machingl]. For example by observintpe change irthe stain of the structure with
respect to variation in temperatupeovides theresponse of the system, which would be
difficult to obtain by simply monitoring either strain or temperatuitgange in strain ca
derive from several causes whigplicit prediction of distribution from temperature is a
major challenge. Synergetic combination of data available from multiple rseisszalled
sensorfusion [5]. It can provide more reliable andceurate information. Varieties of
techniques areised for sensor fusiosuch asKalman filter, algebraic functionsyeighted
average, Bayesian estimation .€ts, 6]. For high perforrance operational systenngural
network[7, 8] andfuzzy logic[9, 10] techniquesre applied for fusion purpose

Developing data acquisition softwal2AQ) for machine tool monitoringensor fusion
is a majo challenge. At the momendny commerciakensorin the markethas either some
application provided by manufacturer or open source softfeareapturing and/or analysing
data. Thereis no generaDAQ software available for this purpose. Software provided by
manufactures hasrestrcted usagéor researctapplication.They oftenlack theflexibility and
extensibilty required for research.

The motivation for this work came from a practical applicationafenodularmachine
tool structuralmonitoring and compensatiosystemrequiring the development o& multi-
sensor data capture system. This DAQ system can capture data from sewoed Hke
digital temperature sensor, laser position sensor and Fibre Bragimd>(FBG) sensor for
measuring temperature, displacement and strain respectively. Data caigeduk ilfogformat
that can be usedff-line by third party applicationsuch as MATLABor Microsdt Excel.
Apart from these tasks, this application is programmed to implemengestsation techniques
during the processising parametericmodels and artificial intelligence techniques such as
Artificial Neural Network (ANN) and Adaptive Neuro Fuzzy Inferencest8yn (ANFIS)
Obtained compensation values are then transferrée tnachine controller using Ethernet.

The Objectivesof this paper are to design a simple, reliable and flexible DAQ system,
implement this program to integrate differesgnsors and test the application on a real
machine application.

2. SYSTEM OVERVIEW

In this papem computer based eline monitoring gstem has been developei block
diagramof this system is as shown iigf 1. The system hardwareonsists of a numbeof
sensors and computerThe system communicates wighCNC mahine toolSiemens 840D
interface TheSensors used are:

The digital temperature sensors used arel-wire protocoland have programmable
resolution of 12 bi{0.0625°C) with response time of 750m$§hey havea temperature range
of -55°C to +12%5C. To communicate witta computer it additionally requiresan adapter
either USB or serial port.

The laser position sensors used are Riftek RF603. They are used for measuring
displacementThey work on the principle of laser trianguion and have base distance of
10mm with measurement range of 2 mm. Resolution of this seissd@.01% of its
measurementrange. This sensor uses serial port interface to communicate withe
computer which in some cases requires a RSREB converter.

The Fibre Bragg Grating (FBG) sensors are used for strain measurement purfibHe
They aresupplied bySMARTEC. They use FabryPerot Tuneable filter technology. Multiple
FBG sensors are used in thewekength range of 1510 to 157nFBG sensors have their
own reading unitoy Micron Optics which can read at 2 Hz ariths 4 opticalchannels
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expandable up to 16éhannelsThe reading unit communicates withe computer usinghe
Ethernet protocol.

| - 4

Computation of
compensationalues

Communication Computer  via Ethernet Data Computer

Fig. 1. System Overview

FBG sensors and temperature sensors leamsed for structural monitoringf the
machine tool for offine and oHine research purposeStrain values obtained from FBG and
temperature values from temperature sensors can be captured and recerdibe desired
time period. Logged data can be usedfdiother offline analysispurpose

The softwaréanstalled on the Data Computer@pperforms all the major tasks like data
acquisition, logging angrocessing To make advanced dme analysis and computation
more efficientthe software includes a live interface with the MATLABN timeengine This
program computes thecompensation valuewhich are transferredo another LabVIEW
programon the CommunicationComputer(CC). This communication is realized through the
Ethernetprotocol.

The Program on th€C usesa Dynamic Data Exchange (DDE) link to communicate
with the machinecontroller via Ethernet.Finally compensation values are appliedthe
machining process by updating values in the part progidis rudimentary method of
compensation is suitable for research purpose, but would be replaced bsomasttmethods
in a commercial implementation.
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3. SOFTWARE DESIGN

This section discusses the different criteria that were kept in the while designing
the software. It alstalksabout the software architecture.

3.1. Design Criteria

The software was designed to providesimple machine tool structural monitoring
systemfor researcherasing LabVIEW based multi sensor data acquisition program. Several
aspects that were considered are mentioned as follows:

Usability: All the functions of the program can be performed underréugired
conditions reliablyFlexibility: It should be flexible enough to modify various paramedeis
configurations for different sensors. Reusability: Modulesgihesl in this program should be
able to be usedl by other programs withut any modification or with trivial changes.
Extensibilty: Additional features can be easiigorporatedvithout any substantial alterations
to the program structure. Cessfficiency: Cost involved in the development and maintenance
of the program should not be high.

Numerous factors need to be considered while selecting the prograramiugde, such
as programming skills of the developer, availability of the dsivfer various sensors, time
required for the development of the program, parallel programming capaleitise of
debugging etc]12, 13] Considering the ab@vmentioned factors and due to the several other
advantages of LabVIEW over other text based languages, it was seledegdlmping a data
acquisition progranml4, 15].

3.2. Software structure

For any softwarewell designed architecture is crucial for its success. This program was
designed in a modular fashion to offer independent as well as intertethneantrol of
various signals and the three tier structure was implemented for thiepi@ent.

The bp layer consists of graphical user interface developed using a LabVIEW user
interface controlThe bbw level tier is designed for the communication by means of hardware
drivers and LabVIEW I/O commands to send and receive data from sensorardnérke
devices. The mddle tier connects top and bottom layer and provides platform for the
development. It performs many tasks and is made up of some of the odudesa FBG
Module, Temperature sensor module, laser position sensor module, @ontroll
communication, LabVI®/ and MATLAB online communication, data logging and error
handling module. Each of these key modules are discussed inhiédder sections. All the
principle modules are programmed in independent loops to improve the ligusebihe
program. The ttae tier structure is as shown in fig2.

A modular structure inthe software allows integrath of new type of sensos or
additional sensarwithout making considerable modifications to the system architecture to
easily achieve the desirexktensibilty. Apart from sensorgxtensibility permitshe addtion
of new feature# the software as per the requirement in the later stages of research.
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Graphical User Interface

]

Sensoata posprocessing (Temperature, FBG etc.)

Top Layer

l R 4 -
Controller ' LabVIEW and Data logging and
Communication MATLAB Error handling
communication

NI-DAQMX Other
Hardware

| LabVIEW ek TCP Toolkit

VISA Toolkit

LABVIEW

Fig. 2. Three tier structure of the program
3.3. Data acquisition process.

A typical data acquisition process is as illustrateBign 3. The system is first initialised
to establish a communication between computer and different sehlsdhg second step
depending on the type of the senstite program either reads the raw data or sends
configuration command. For exampla case of laser position sensor, it reffie raw data;
for temperature sensaa,convert command is sent for tematire conversion and for FBG
sensors, channels are configured. Subsequent steps in thehdtbware based on the
parameters set by the user. Data acquisition process is started from gaptidata form the
sensors Sampling rate of each type of sensan be controlled individuallyRaw data is
processed to obtain engineering values before displaysmgisaving itto a file if required
After data is read from all the configured sensors, program completes thesitauy
operation

4. IMPLEMENTATION OF MAIN MODULES

4.1. Sensor data acquisition Module

Different modules are created for different sensors to maintain tualarity of the
structure. Software Development kit (SDK) for programming thessas is provided by
their manufactures. These SDK'’s contain sample LabVIEW suls (Virtual Instrumentjand
drivers necessary to perform fundamental operations
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Laser position sensor Temperature sensor| FBG sensor
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Fig. 3. Flowchart for datacquisition system
4.2. LabVIEW and MATLAB interface module

This LabVIEW DAQ program is designed to implement various machine tool error
compensation algorithms based on ASFANN and physical modelsviodelling, training
and analysis of thesmmpensatiotechniques was carried ot MATLAB. Due to this many
complexinherent functions of the MATLAB were utilized during the desphase. It was
observed that direct conversion of MATLAB code into the LabVIEWS wme consuming
andprone to erroduring transltion which potentially could generate different output for the
same input Thusan interface between LabVIEW and MATLAB was used to simplify the
adoption of offline optimised model with reduced uncertainties that would be invatvéte
codeconversion

This interface was achieved using LabVIEW’SANLAB Script module. It uses
Microsoft ActiveX technology for communicatiorilhus .m file generated by MATLAB can
be directly imported into the LabVIEW eliminating the need for code csimrerSome of the
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off-line models such as ANFIS generate files in “.fis” format. Sudles ¢an be called in the
LabVIEW code without any recqguilation.

Data capturedrom various sensors by LabVIEW is passethe MATLAB Script code
containing compensation model, which in turn generates the corresgandput. This output
is returned backed to LabVIEW which is passed to the machine controller.

4.3. Controller communication module

The purpose of this module is to establish adbectional communication between the
machine tool controller and the CC. Tlesismmunication linkis established in two steps. In
the first stepcalculatedcompensation value is transferred from the DC to CC using Ethernet.
StandardTCP (Transmission Contr@rotocol)toolkit is used for this purpose. In the second
step the DDE link using Ethernet is used to communicate with the controllbese
compensation values are then used to modify the parameters in thelleonthich are
subsequently used by theNC code to modify thevalues of Machine Cordinate System
(MCS) during the machining proced8ICSvalues can be transferred from the controller back
to the LabVIEW progranfor analysis

4.4. Datalogging module

Data capturedrom all the sensors as well as M@8lueswith absolute time can be
logged using this module. This is achieved with the help of LabVfite I/O functions. Data
is saved in “.CSV” (comma separated values) format. This formath@sen because it can
be easily imported in otheapplicationsfor further analysis purpose. Data logging time is
programmable.

5. DEMONSTRATION OF THE SOFTWARE

5.1. Program overview

In this sectiona brief introduction to the developed LabVIEW program is provided.
Screenshots of the front panel of the software are illustrated irbFigpr each individual
modulesuch as for different sensors, compensation, communication and dgiteglegparate
tab & created. This way modularity of the sture is maintaineéh the front panel as well.

The font user interface contair’skey segmerg: FBG spectrum, strain, temperature,
lasersensor compensation, communication and data Mgrious configuration ettings and
sampling time for each type of sensor is programmable. Data for each sendmr plntted
live. Different compensation models can be configured as per the required pssaamgter
their output can be plotted and observed in continuous manner.

5.2. Example of the software application

In this section threbrief examples of the software application are mentioned. Ifirhe
two examples tests were performed@a®-axis Geiss machine todrhird example discusses
about the performance evaluation test of the laser tracker (LT).

Test 1 was performed for the period of 14 days and machine was not inapdtatng
this period. The purpose of this test was to monitor the themesponse of the crossbheam
structure of the machine tool with change ivionmental temperature. FBG sensors were
mounted on the crossbeam structireder fig 1)with digital temperature sensor to observe the
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thermal response. Datar all the sensors was loggedery minute. All the measured data was
used for the post analgspurposeTest result is shown in figl.

Geiss FBG strain and Temperature test over Christmas Holiday(14days)

100 T 24
FBG1(1m)
FBG2(0.5m) A
50 FBG3(0.5m) frooe| 23
FBG4(1m)
Temperature ambient M /
2 0 V 22
5 &
= NS | :
T s N NN o 2
K] A o
: \ vyl
9 X g
L 100 N 20
-150 ¥ Vi y i 19
-200 18
0 5 10 15
Time (days)

Fig. 4 Test resultgor environmental thermal response of crossbeam

The primary motive of the"2test was to observe the deformation taking place in the
ram of the machine alonfpe Z-axis direction due to the heating of t@eaxis motor during
prolonged operatioand to compensate it during the running process itself.

FBG sensors were mounted on each side of the ram strijataefig 1) Output of the
FBG sensors was used by tABIFIS compensation model. Calculated compensation values
were used to modify the CNC code to maintain the position of the ramr p@siBon sensors
were used for the validation purpose. Data for all the sensors ggediat every 1 second.
On-line sceenshots of the output of the compensationehadd laser sensor are showrdign
5 and test results are shown in @gResidual error in the rangé 10 pm was observed during
the test.
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Fig. 5 Compensation model output during the @ien
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Fig. 6. Test Resultfor thermal displacement of-&xis

In the third example only temperature measurement module of theasoftvas used for
performance evolution of the laser tracker. This test was carried obefpetiod of 14 hours
and data was logged at every 25 sec. Data acquisition for temperatur€ wag carried out
using different softwares. Fig 7 illustrates test results showfegtedf temperature variation
on reparability of LT.

_Deviation in XY and Z direction of co-ordinates of point 1 for overnight test LT repeatability test
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Fig. 7. Test results for thermal response of laser tracker
In addition his software was usdefor several other similar tests for structural

monitoring of the Geiss machine tool. &8s program can be used for data acquisition from
various types of sensgiig haswide range of applications

6. CONCLUSION

Using the LabVIEW environment a machine tool structural monitasjmglication was
developed offering researchers the prospect of using computer based data processing to
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expedite the development pafthis program was created in the modular structureduige
user friendly software and to allow desired fledilly and extensibility. Various modules
prepared in this program can be easily used for other applisatith minimal or no
alterations.

This paper also describes an example of application of suchstensyfor data
monitoring, logging, control model calculation and communicat@ncompensation values
for a 5axis CNC machine toolThe system is now being used to facilitate data fusion and
assist with improving performance of the machining. The extengilifitthe design is of
paramount importance to efficient development.
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