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Foreword

Recent digitalization developments and the ever-increasing global competitiveness
have made the utilization of virtual simulation tools and the collaboration between
the physical world and the virtual world a key enabler for quality assurance as well
as productivity.

European economy is relying on a strong industrial base. Europe cannot compete
with low price and low-quality product due to scarce natural and energy resources
as well as ambitious social and environmental goals. European-based industries
need to focus on innovation, productivity and resource efficiency criterions to create
added value on global markets. The competitive advantage, which is essential for
any global player, falls on high value-added goods and services when it comes to
the European industry. To maintain the advantage, European industry needs to rely
on innovation and technological advancement as its main source of
competitiveness.

Twin-Control is a EUR 5.6 million industrial project funded by the Public–
Private Partnership (PPP) for Factories of the Future (FoF) within the European
Framework Programme for Research and Innovation, Horizon 2020 supported
under the European Commission’s over the last 36 months. It has aimed at utilizing
the digital world for better controlling the real-world manufacturing processes.
Twin-Control has investigated the development of a simulation and control system
that integrates the different aspects that affect machine tool and machining per-
formance. This holistic approach allows a better estimation of machining perfor-
mance than single featured simulation packages.

Apart from the regular model-based simulation and assessment purposes, the
developed tool can be installed within machine tool CNCs and allows a direct
control of the process through monitoring. The monitored data combined by the
model-based estimations allows an improved performance of the manufacturing
process. These are achieved by controlling component degradation and optimizing
maintenance actions, increasing energy efficiency and modifying process parame-
ters to both increase productivity to protect a degraded component until the next
planned maintenance.
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The Twin-Control approach developed in this project was mainly tested and
implemented within two of the key industries for European economy: aerospace
and automotive. The integrated concept adopted by Twin-Control enhances the
necessary collaboration between machine tool builders and part manufacturers to
improve the productivity of the manufacturing processes.

The project focuses on several smaller developments and tests to incrementally
achieve the complete radical goal of monitoring and controlling CNC machines
with virtual predictive models. It has shown itself to be a successful set-up for
development work in a project such as Twin-Control.

The project outcomes are promising as it can show increased control and per-
formance of the CNCs operations. I recommend the study of the material contained
in this book.

Gothenburg, Sweden
July 2018

Dr. Björn Johansson
Division of Production Systems

Chalmers University of Technology
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Introduction

This book presents developments, research results and industrial applications that
were achieved in the European Twin-Control project. This book serves as the public
report of the project and lies within the dissemination activities that have been
carried out by project partners in the last three years.

Twin-Control project has developed ICT applications in the field of machine tool
industry. Project developments have been split into two main workflows. Firstly,
different simulation models were developed with the aim to create a digital twin
of the machine tool. Secondly, a data monitoring and management infrastructure
were defined and implemented in several use cases (industrial and research envi-
ronments). These two workflows have, then, been combined to implement
model-based control features in the form of cyber-physical systems. One of the
highlights of Twin-Control project is the complete industrial validation stage,
consisting in two scenarios from the most demanding industrials sectors: aerospace
and automotive.

The structure of this book is based on the one applied in Twin-Control project.
The book is separated into five main parts that are composed of several chapters.
Each chapter deals with an independent feature developed in the project and begins
with an abstract which briefly describes its contents. At the end of each chapter, the
conclusions and future steps related to the presented feature are presented. Finally,
related references are presented to allow further study of the subjects.

Part I provides a technical introduction to the project contents. Firstly, a
state-of-the-art related to ICT applications in machine tool industry is presented.
Secondly, the general approach followed in Twin-Control project is presented,
including the defined architecture and basic features.

Part II deals with different simulation models developed in the project towards
creation of a complete digital twin of a machine tool. Different chapters describe
models linked with machine tool dynamics, machining process models, energy
efficiency and end of life of critical components.

Part III presents the activities done in the field of machine tool and process
monitoring and the management of this data. Firstly, the monitoring infrastructure
designed and implemented in a total of 12 machine use cases is presented. This

xv



infrastructure basically consists of a local monitoring system that uploads data to a
cloud-based data management platform where data is managed at fleet level.
Secondly, two different chapters dealing with the application of energy monitoring
capabilities are presented.

Part IV deals with the integration of different features developed in the previous
two parts. Firstly, a state-of-the-art model of the machine tool that integrates
complete machine tool dynamics and machining process is presented. Secondly,
different model-based control actions developed in the project with the aim of
improving the control of the machining processes are presented. This model-based
control features include process monitoring, energy monitoring, collision avoid-
ance. The third chapter presents the fleet-wide proactive maintenance platform
developed in Twin-Control. The part is closed with the presentation of machining
process-related visualization features to enhance users experience.

Part V presents the implementation and validation of the different Twin-Control
developments in two industrial scenarios. In the first one which is from aerospace
sector, three Gepro machines located at MASA (Logroño, Spain) have been
selected. In the second one which is from the automotive industry, three Comau
machines located at Renault plant in Cleon (France) have been used. Most of the
features have been successfully applied in both use cases, although, due to different
impacts in each use case, some activities have been focused in one of them. This
part presents the functional evaluation of Twin-Control project features, as well as
the impact caused by their application in the industrial end users. To improve this
analysis, the evaluation of Twin-Control has been separated in five Scenarios of
Use (SoU)

– Scenario of Use 1: Machine tool design
– Scenario of Use 2: Machining process design
– Scenario of Use 3: Process control
– Scenario of Use 4: Maintenance
– Scenario of Use 5: Quality

After the five main parts are presented, the book is closed with the general
conclusions and next steps.

Mikel Armendia
Mani Ghassempouri

Erdem Ozturk
Flavien Peysson
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Chapter 1
Machine Tool: From the Digital Twin
to the Cyber-Physical Systems

Mikel Armendia, Aitor Alzaga, Flavien Peysson, Tobias Fuertjes,
Frédéric Cugnon, Erdem Ozturk and Dominik Flum

1.1 Introduction

Europe is the world’s largest manufacturer of machine tools, but this position is
threatened by the emergence of Asian countries. However, Europe has world-class
capabilities in the manufacture of high-value parts for such competitive sectors like
aerospace and automotive , and this has led to the creation of a high-technology, and
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high-skill industry. European machine tool builders, part manufacturers and other
agents must work together to increase the competitiveness of European manufactur-
ing industry.

To fulfil this objective, machine tool industry needs to meet current trends in
manufacturing industry, linked to initiatives like Industry 4.0 and englobing ICT
advances such as cyber-physical systems (CPS) [1], Internet of things (IoT) [2] and
cloud computing [3]. In this line, Liu andXu [4] propose a newgeneration ofmachine
tools, cyber-physical machine tools that, apart from the CNCmachine tool, englobes
data acquisition devices, smart human–machine interfaces and a cyber twin of the
machine tool.

This cyber twin, better known as digital twin, is a digitalization of the machine
tool. Some partial versions of this virtual representation of the machine are currently
well known by machine tool builders, like computer-aided design (CAD), computer-
aided manufacturing (CAM) and finite element modelling (FEM). These tools are
very useful to optimize machine tool designs and reduce design and mechanical set-
up stages. However, most available software packages deal with isolated features of
the machine tools and/or manufacturing processes, and a lack of integration of the
different key features exists [5]. In the last years, a new application of the digital
twin has been spreading, called “virtual commissioning” [6, 7]. In this case, a virtual
representation of the machine is used to design, program and validate the controller.

Another key principle of Industry 4.0 is to increase the knowledge of the process
obtained through monitoring [8]. This knowledge can be applied, for example, for
process control [9], maintenance actions optimization [10] and even to create digital
twins. The combination of models and process monitoring will be useful not only in
the development and design stages, but mainly during the production stage to check
that production is running smoothly, detect wear and tear without needing to halt
production or predict component failure and other disruptions.

Combining these new features, the overall equipment efficiency (OEE) [11] can
be increased by affecting the different stages of the life cycle of the machine and
process (Fig. 1.1): (1) accelerating the ramp-up process with a time reduction of the
machine and/or process set-up; (2) optimized productivity, for example predicting
and avoiding quality problems; (3) unavailability reduction thanks to the faster new
process set-up and a proactive maintenance strategy, driven by root cause analysis
and “predict and prevent” policies; (4) increase the production system life-time base
on the reuse and refurbishment of machines and components.

This first chapter of the book presents the current state of the art regarding ICT-
related technologies applied in machine tool industry. After this introduction, the
concept of machine tool digital twin and its application in different stages of machine
tool and process design and set-up is presented. Next, the monitoring and manage-
ment of data, from local monitoring to cloud-based fleet level data management, is
reviewed. In the following section, the concept of cyber-physical system forMachine
Tools is defined, and some examples used to improve the adaptability and productiv-
ity of machine tools are presented. Finally, the conclusions and the future steps are
presented.
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Fig. 1.1 Increase of the overall equipment efficiency (OEE) in the different stages of the life cycle
of a process

1.2 Machine Tool Digital Twin

Simulation tools are currently a key complement to European machine tool industry
expertise to increase competitiveness. In fact, according to Industry 4.0 [3],modelling
plays a key role in managing the increasing complexity of technological systems. A
holistic engineering approach is required that spans different technical disciplines
and providing an end-to-end engineering across the entire value chain. In addition,
more andmore important life cycle concepts like energy consumption and component
end-life and degradation are not always present in machine tool builders and part
manufacturer’s calculations.

The digital twin concept covers this holistic approach for machine tool and
machining process modelling. Apart from that the digital twin provides the pos-
sibility to interact with the real representation of the machine [12]. The possibility to
combine the real datawith the simulationmodels provides a new range of applications
with clear benefits:

– Digital twins can be evaluated with real data by feeding monitored inputs as in
the real representation of the machine. This way, models can be tuned to improve
their performance [13].

– Simulation models can be used for the so-called virtual commissioning [7, 14]
which consists in the usage of the digital twin of a physical system to set-up the
controller even before the physical system is ready for that. Inputs and outputs of
the controller are connected to the digital twin as they would be connected to the
real twin. This feature allows the reduction of the overall production stage of a
product.

– Digital twins can be also used to improve health monitoring capacities. Simulation
models can be used to determine nominal conditions of the studied systems and,
hence, improve the detection of anomalous performance [15].
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– Models can be used to be integrated in controller systems and optimize their
performance [16].

Next, an overviewof different types of digital twin formachine tool andmachining
process is presented. As mentioned, there is a lack of simulation environments that
provide integrated features [5] and, hence, independent functionalities are presented.

1.2.1 Virtual Machining

The state of the art in virtual machining is presented in a recent keynote paper by
Altintas [17]. It summarizes the research outputs on prediction of cutting forces,
torque, power, stability and vibrations. Although there are many important results in
this paper, there is not one system that can integrate all the solutions proposed. For
example, for milling and turning processes, surface roughness, dynamic tool position
and inclusion of the spindle dynamics nonlinearities in predictions are not available
in existing tool path simulation capabilities.

For surface roughness prediction, Biermann [18] and Breitensprecher [19] pre-
sented surface texture predictions using time domain models which correlate well
with experimental measurements for specific processes. Altintas et al. [17] high-
lighted the importance of tool/workpiece engagement evaluation along the tool path.
This can be done by using various approaches (voxel, dexel, CSG, B-rep geometries,
etc.).

The accuracy of virtual machining is directly related to the identification of the
engagement conditions. However, there must be a trade-off between accuracy of
engagement predictions and simulation times that is acceptable by the industry. Fur-
ther research is needed to improve both the accuracy and computational efficiency
of tool/workpiece engagement conditions.

There are two types of tool path simulation software available in the market for
machining. Geometry-based simulation tools (Volumill [20] and Vericut Optipath
[21]) can only calculate material removal rate and uncut chip thickness variation
along a given tool path, but they cannot simulate process mechanics and dynamics,
and hence, they cannot predict problems such as tool breakages due to high cutting
forces, form errors and vibrations. The second type includes process physics into
the simulations. Vericut provides the so-called force module that includes cutting
force for the tool path optimization procedure. In this line, Machpro [22] can let the
user about stability issues in addition to simulation of cutting forces, allowing an
optimization of the machining process. However, no software can predict the surface
roughness and thermal errors.

For simulation of effect of certain process parameters, there are analytical andFEA
analysis-based simulation software available on the market. Cutpro [23] software
runs analytical model for calculation of cutting forces and stability for a given set of
parameters. Deform [24] and Advantedge [25] are FEA packages for simulation of
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cutting forces and temperatures in machining. These software packages cannot be
used in simulation of the complete tool path for a given part.

Depending on the spindle used in the machine tool, nonlinear behaviour of the
spindle may lead to inaccuracies in stability predictions. For example, Ozturk et al.
[26] demonstrated the effect of including the effect variable preload in stability of
a milling operation. Hence, such potential effects need to be included in stability
predictions for improved accuracy.

1.2.2 Virtual Machine Tool

In 2005,Altintas summarized the research performedonvirtualmachine tool technol-
ogy [27]. Main developments in the field consist of machine tool structure kinematic
(rigid body) [28] and dynamic (FEM) [29] analysis. For geometric error modelling,
data-driven models have been used [30]. The different software packages available
to analyse machine tool or machining performance are focused in a single feature.

Commercial simulation packages used for machine tool structural analysis can
be classified into two categories. Rigid-body simulation software (MSC ADAMS
[31], LMS Virtual.Lab [32]) is fast but does not consider all the deformation and
vibrational characteristics of the structural parts of complexmachines. This approach
is not valid for lightweightmodernmachine toolswith higher dynamics requirements.
The finite element method packages (MSC Nastran [33], ABAQUS [34], SAMCEF
[35]) are more appropriate to analyse complex compliant systems. The drawback of
this approach is that simulations are time prohibitive.

For the coupling of structural dynamics and control loops, there are two main
approaches (Fig. 1.2): replacing models, where simplified structure models are
included in the control loop simulation [36]; and co-simulation, where two simu-
lation environments are coupled via interfaces [37].

Nowadays, both rigid-body tools and FEA packages are combined to simulate
complex mechatronic systems like machine tools. As those codes are usually well
interfaced to block simulation tools as MATLAB Simulink [38], Dymola [39] or
Simcenter Amesim [40] mechatronic models of machine tools can be achieved. The
weak point of such approach is that it does not allow accounting properly for dis-
tributed flexibility in the couplings. The alternative is to use FEA solvers that have
implemented joint capabilities as ANSYS, ABAQUS or SAMCEF Mecano. How-
ever, many FEA packages have only weak capabilities to integrate digital blocks
to simulate control loops. During the two last decades, SAMCEF Mecano [41] has
been successfully used to model flexible multi-body systems with detailed local
nonlinear FE models of critical components for many applications in space, aero-
nautic and automotive domains. In addition, SAMCEF Mecano is well positioned
as it can be interfaced with codes like MATLAB Simulink and Imagine Lab. There
is no commercial package in which machining process is integrated with machine
tool structure. Abdul-Kadir et al. [5] presented an extensive state of the art about
virtual manufacturing. They group the different virtual models in two main groups:
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Fig. 1.2 Virtual machine tool: coupling alternatives for machine structure and control [27]

virtual machine tool and virtual machining. They also call virtual manufacturing to
the combination of the previous and more. They concluded that there are lots of
tools analysing different aspects of machine tools and machining, but they felt a lack
of integration, “The developed tools are still not capable of supporting an inclusive
simulation package”.

According to process integration in virtual machine tool, most NC tool path
and machining simulation systems consider only the rigid-body kinematics of the
machine tool. Altintas et al. [27] proposed a possible architecture for the coupled
simulation of cutting process (Fig. 1.3). Brecher andWitt [41] presented an approach
to simulate a machining process, including interactions between a machine tool and
a cutting process. They argued in favour of better quality predictions relating to pro-
cess forces and stability boundaries. Bartelt et al. [42] developed a new software
architecture to synchronize concurrent simulations performed in different environ-
ments. Though it is a flexible approach, it is not the most efficient with respect to
calculation time and industrial application.

In the last years, so-called virtual machine tool packages have appeared that
offer similar solutions based on the interpretation of G-code to check machine tool
movements according to the programmed tool path and kinematics with the purposes
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Fig. 1.3 Environment for the coupled simulation of machine tool and process [27]

of training and process checking, including collision avoidance [43, 44]. However,
none of these packages deals with aspects like dynamics, machining processes or
life cycle estimation.

1.2.3 Life Cycle Features

1.2.3.1 Energy Consumption

Even though simple energy optimization measures of machines tool are usually prof-
itablewithin a time period of twoyears [45], energy efficiency in investment decisions
usually attracts minor interest due to a multitude of reasons. In the car manufactur-
ing industry, some companies (BMW, Daimler) included energy efficiency criteria
in the machine tool specification sheet during machine acquisition but, based on a
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deducted expert consultation, not often are rechecked after the machine is set up at
the car manufacturers’ site. Simulation tools can help to evaluate energy efficiency
measures on machine tools, but no industrial software solutions do exist for doing it
so far.

Dietmair [46] developed an empirical model to predict the energy consumption of
machine tools. Everymachine component is linked to a certain electric power demand
corresponding to the actual machine mode. By providing a temporal sequence of
machinemodes, the energy demand of each component, aswell as the entiremachine,
can be evaluated. Based on the research of Dietmair [46], Bittencourt [47] enlarges
the existing model by connecting trajectories between different machine modes to a
certain power and time demand. Both models’ common point is that dynamic effects
are neglected. Each machine mode is associated to a single power demand. Using
empirical data gained from datasheet information in combination with mathematical
models, Eisele [48] developed a simulation library within the simulation environ-
ment MATLAB Simulink/SimScape®. The library enables the user to build machine
tool models for estimating the energy demand using the actual NC program as input.
In addition, Heinemann et al. [49] included a basic cutting force model based on
Kienzle [50] to calculate torque and forces on the spindle and feed drives. Following
a similar approach, Schrems [51] developed a dynamic simulation approach to assess
the energy demand of process chains within the widely used spreadsheet application
Microsoft Excel®.Within the research project ECOMATION, simulation models are
developed to calculate the electric power demand of machine tools on component
level. The focus lies especially on real-time capable models for monitoring applica-
tion. Besides electric energy, no further energy is regarded [52]. Within the research
project “ESTOMAD—Energy Software Tools for Sustainable Machine Design”
funded under European Union Seventh Framework Programme (FP7/2007-2013)
software tool was developed using the commercial simulation software AMESim to
model, simulate and analyse the energy flow in machines [53].

1.2.3.2 Component End of Life

For end-of-life estimation of the components, machine tool builders use a calculation
procedure defined in component technical brochures or directly apply estimations
from their suppliers. Generally, these procedures are based in a rough estimation of
machine tool component loads. Due to the common ignorance of load of components
through machine tool life, very conservative estimations are obtained resulting in
inaccurate (low) estimations of component life.

Numerous methods and tools can be used to predict the end of life of machine
tool components [54]. Thesemethods can be classified into two principal approaches:
model-based prognostics (also called physics of failure prognostics) and data-driven
prognostics. Model-based prognostics [55] deals with the prediction of the end of
life of critical physical components by using mathematical or physical models of the
degradation phenomenon (crack by fatigue, wear, corrosion, etc.). The main advan-
tage of model-based approaches is their ability to incorporate physical understand-
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Fig. 1.4 Overview of a typical data monitoring and management architecture

ing of the monitored system [56]. However, this approach supposes a very complex
modelling activity, and it can be difficult, if not impossible, to catch the system’s
behaviour. Component users do not trust in this approach to estimate component end
life. The data-driven prognostics [55] is currently receiving extensive research and
aims at transforming the data provided by the sensors into relevant models (which
can be parametric or nonparametric) of the degradation’s behaviour. Since they are
based on real monitored data, current component degradation condition can be esti-
mated. In practice, however, it is not easy to apply data-driven techniques due to the
lack of efficient procedures to obtain training data and specific knowledge [56].

1.3 Monitoring and Data Management

Figure 1.4 shows a schema of a typical architecture for monitoring and data man-
agement for manufacturing. Three main sections are observed: (1) the local moni-
toring of the physical systems (machines and process); (2) the platform (normally
cloud-based) where the data will be managed; (3) the network through which the
information will be collected and transferred between the previous systems.
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1.3.1 Local Monitoring and Data Management

Machine tool and process monitoring systems in general must deal with the two
fields of data acquisition and data processing. The selection of the sensors for data
acquisition is dependent on the type of machine tool, mounting options, process
influences, signal amplitudes and process disturbances. They can be classified into
three types:

– Internal sensors: they are already available in the machine tool. The data of the
internal sensors, like axis position or motor consumption, is normally retrieved via
a field-bus like PROFIBUS from the machine control (PLC and/or CNC). CNC
manufacturers are providing more and more tools to share this internal data with
third-party applications [57]. This approach is fast to install and fail-safe, but they
cannot be used in every field of application [58, 59].

– External sensors: they are used to obtain further information of the process and
high-frequency information. Typical examples are accelerometers (for process
control [60] and condition monitoring [61]) and force sensors embedded in tool
holders [62]. Transferring all the high-frequency data generated by these sensors
would be a non-sense, so local processing is performed to generate indicators.
The drawback of this approach is that additional hardware (sensor and processing
hardware) must still be installed.

– Virtual sensors: it consists in an indirect measurement of some feature. For exam-
ple, tool wear is a very difficult feature to be measured in process. To solve this
problem, spindle power consumption is used to qualitatively estimate the tool wear
[63, 64].

There exists a wide variety of monitoring hardware to collect this data. This
hardware provides high connectivity features (Ethernet, CANOpen, Profibus, etc.)
and, in some cases, the integration of some intelligence in the system and even the
feedback to the machine controller.

Kaever [65] classified the state of the art of local process monitoring strategies
into two categories. The strategies of the first category rely on a teach-in phase in
which tolerances or characteristic values for the individual process are determined.
The strategies of the second category do not have the possibility to access to teach-
in data which is the case of single-piece production. Current research trends in the
context of process monitoring focus on the integration of machine positions into the
monitoring or even to use process simulation approaches. In [66], Klocke, Kratz and
Veselovac presented a position-oriented monitoring by utilising all position encoder
signals from a 5-axis milling machine for an in-depth analysis of a freeform milling
operation. In [59], Yohannes presented a monitoring strategy based on a material
removal simulation. By integrating a simulation into the monitoring, the teach-in
phase can be eliminated.
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1.3.2 Network

About the data collection and communication, there are two relevant issues to be
considered, the communication protocol and security aspects.

OPCUA is a machine to machine communication protocol developed by the OPC
Foundation. It has been standardized by the International Electrotechnical Commis-
sion as the IEC62541 standard [67]. Its goal is to allowcommunicatingwithmachines
from different vendors without having to buy specific hardware or software. Contrar-
ily to its ancestor OPC DA, it is based on standard Internet protocols and is not tied
to a specific platform or operating system. Therefore, it is well suited for complex
network infrastructure and can be easily processed by firewalls.

Several services are defined in the specification. The main service is data access
that describes data flow of values such as sensor signals. There are also services
transmitting alarms, history data, aggregates or programs. All these services are
using a structured information model that can be expanded to describe complex data.

Transport can be made using binary streams or HTTP requests. Security uses
standard TLS protocol, using public key infrastructure (PKI) with certificates, for
signature and encryption and authentication.

There are several implementations of OPC UA. The OPC Foundation provides a
C# full implementation and a C++ stack. Several vendors provide other languages
implementation and embedded software. Currently, most CNC/PLC manufacturers
provide data access through OPC as standard or complimentary functionality.

MTConnect is a manufacturing technical standard to retrieve process informa-
tion from numerically controlled machine tools. The MTConnect standard offers a
semantic vocabulary for manufacturing equipment to provide structured, contextual-
ized data with no proprietary format [68]. In contrast, MTConnect requires someone
to develop the MTConnect adapter, which is the software that collects the data from
the machine and formats it for the MTConnect agent. Recently, in order to compete
to the MTConnect standard, the OPC Foundation, in collaboration with the German
Association of Machine Tool builders, is working in an OPC UA Information Model
for CNC Systems [69].

Cyber security is an important part of a modern IT architecture design. Several
rules can strengthen the resistance to cyber-attacks. Firstly, the principle of least
privilege that describes that every part of an architecture must only be able to access
resources needed for legitimate purpose. Secondly, defence in-depth principle builds
several layers against attacks, so an attack compromising one layer would not com-
promise the others. Finally, intrusion detection systems and audit trails can detect
intrusion attempts and warn administrators.

One of themost important aspects in cyber-security is encryption. By using secure
protocols, full disc encryption and public key infrastructure (PKI), data encryption
can be used on the whole data life cycle. Moreover, modern microprocessors have
built-in hardware encryption and the performance penalty of using encrypted data is
negligible even for hardware embedded inside machine tools.
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1.3.3 Data Analytics

Big data is defined as datawhere one ormore of the following characteristics are high:
volume, velocity, variety. Machine tool industry encounters big data in the following
sense: firstly, machine tools produce data of high rate such as axes movements that
must be acquired with millisecond precision. Secondly, machine tools related data
has a variety of types, such as time series, spectral data, production data, and quality
control data. Finally, data volume generated by a machine tool has a considerable
daily volume. Each machine can generate several gigabytes of data per day.

Traditional software is not designed to handle this massive amount of data. New
technologies based on distributed computing are now developed, such as NoSQL
databases. These solutions use horizontal scalability: extending storage and compu-
tation capabilities by adding newnodes to the system, based on commodity hardware.
With algorithms such asMapReduce, a computing problem can be split across several
machines running in parallel, and then aggregated in a single result.

In addition to big data technology, virtualization (running several environments
on a physical machine), containerization (a lightweight version of virtualization for
stateless computing jobs) and software-defined networking (changing network con-
figuration without using dedicated appliances) allow rapid deployment of solutions
without dedicated hardware management. These technologies serve as the basis for
cloud-oriented architecture.

Cloud offerings ranges from infrastructure as a service, to software as a service.
Infrastructure as a service (IaaS) provides vendor-managed networking, storage and
servers. Platform as a service (PaaS) adds API, middleware and managed services.
Software as a service (SaaS) is a completely managed environment.

The combination of cloud-based environments and big data software enables the
development of new kind of monitoring algorithms targeting fleets of machine tools.
A fleet can be viewed as a population consisting of a finite set of units (individu-
als). Fleet’s units must share some characteristics that enable to group them together
according to a specific purpose. By considering domain-specific attributes, fleet-wide
approach of data management allows to analyse data and information through com-
parison according to different point of view of heterogeneous units (e.g. compare
condition index of similar equipment in the different location, compare different sys-
tem health trend for the same operation). Fleet-wide approach provides a consistent
framework that enables coupling data and models to support diagnosis, prognos-
tics and expertise through a global and structured view of the system and enhances
understanding of abnormal situations. Fleet-management raises issues such as how
to process large amount of heterogeneous monitored data (i.e. interpretable health
indicator assessment), how to facilitate diagnostics and prognostics of heterogeneous
fleet of equipment (i.e. several technologies and usage) or how to provide key users
with an efficient support to decision-making throughout the whole asset life cycle.
Towards this end, a complete guide (model, method and tool) is needed to support
such processes (i.e. monitoring, diagnostics, prognostics) at the scale of the fleet.
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Fleet-wide diagnosis, prognostic and knowledge management has gained signif-
icant interest across different industries and is at different maturity level depending
on the industry. Sensory data is becoming more and more accessible from supervi-
sory control and/or low-cost embedded acquisition system that drives the need of
more advanced, structured data management strategy [70]. As a result, several fleet-
management systems have been developed in military, energy and mining sectors.
In most of those systems, the fleet concept mainly addresses only centralized and
remote access to “n” system (individually). Even if a large amount of data can be
managed, they are lacking enough structuring in order to benefit from the knowl-
edge arising from the fleet dimension. Moreover, the data processing in such system
is rather limited where aggregated synthesis and comparison of “n” systems is not
addressed.

From the previous industrial statement, further research is actively conducted to
overcome these limitations. In machine tool domain, one can refer to [71] where
the fleet dimension aims at providing indicators on the state of a machine or of a
fleet (of machines or components). Moreover, data can be stored and comparisons
about the evolution of indicators along the time could be also performed. In addition,
some recent research intends to work on knowledge formalization in order to better
manage heterogeneous data and information in order to take into account system and
process, technical and operational specificities and working conditions [72, 73].

The knowledge of machines fleet state is a high value-added information for
both maintenance and production managers to optimize their planning activities by
considering real machine’s health estimation.

From maintenance point of view, intervention dates can be adjusted and antic-
ipated according to the evolution of machine’s health and so machine production
stops to perform the preventive actions only when it is necessary. Control of the
risks failures allows a better management of the spare part stock, the reduction of
the number of available spare parts while supplying the right parts at the right time.

From production point of view, there is almost no more unexpected produc-
tion stop and machine’s availability is increased. Part production repartition over
machines can be adjusted according to part quality specifications and machine’s
health.

1.4 Cyber-Physical Systems in Machine Tools

Cyber-physical system (CPS) is a term supported by important initiatives, like indus-
try 4.0 [3], that is gaining relevance in the manufacturing community. Although sev-
eral interpretations of CPSs exist, they can be defined as physical and engineered
systems whose operations are monitored, coordinated, controlled and integrated by
a computing and communication core [1]. Cyber-physical systems are considered as
one of the main enablers for flexibility and productivity in manufacturing processes
in the future [74].
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Fig. 1.5 Communication architecture of the intelligent milling machine [75]

Berger et al. [75] presented an overview about the application of CPSs in machine
tools. In this work, CPSs are observed as smart device that interacts with the machine
(through sensors and actuators) to increase its performance. Berger et al. present
examples like an intelligent chuck for a turning machine that controls and regulates
the clamping force based on sensor data [76] and an intelligent milling tool with
integrated chatter compensation and adaptive control system (Fig. 1.5).

EU-funded MC-Suite project presents relevant developments in the field of CPS
application inMachine Tools. Mancisidor et al. [77] present an active damper system
to suppress chatter effects during machining. In addition, Beudaert et al. [78] devel-
oped a chip breaking system to control chip length and, hence, make the automation
of the processes possible.

Another example of the application of CPSs in machine tools is the intelligent
fixtures. Möhring et al. [79] present an overview of the work done in this field within
the EUproject INTEFIX. Fixtures provided by sensors and actuators that were able to
adapt to theworkpieces and process have been developed in this project. For example,
Gonzalo et al. [80] presented an intelligent fixture for turning low pressure turbine
castings. This fixture was provided with special actuators which apply forces in
specific areas of the workpiece to modify its dynamic behaviour to reduce vibrations.

The CNC of the machine can also be regarded as a CPS. It has a powerful pro-
cessing power and the possibility to use actuators and sensors of the machine. In this
line, new CNC models present a wide variety of compensation tools (thermal [81]
and geometric [82]). There are many researchers following this approach. Indeed,
Liu and Xu [4] present the expression cyber-physical machine tool (CPMT). For the
authors the CPMT is the integration of machine tool, machining processes, compu-
tation and networking, where embedded computers and networks can monitor and
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Fig. 1.6 Cyber-physical machine tool concept as defined by Liu and Xu [4]

control the machining processes, with feedback loops in which machining processes
can affect computations and vice versa (Fig. 1.6).

1.5 Conclusions

This chapter presents an overview of the possibilities that ICT provide to increase
the performance of machine tools. This overview covers features like digital twins of
machine tools, monitoring and data management and the concept of CPS to improve
machine’s performance. Some of these technologies are currently applied, and others
need further development to be used in industrial environment. Indeed, currently, the
main problem of this technology is that it is applied in controlled environment,
for research purposes. Further efforts are needed to take all this technology to the
industry.

One of the main objectives of twin control project is to develop this type of
technologies for machine tools and make them a scalable, easy to apply and use
in an industrial environment. To do that different activities have been carried out
by developing a state-of-the-art digital twin for machine tools; that integrates most
relevant features to simulate machining processes; a CPS based on a monitoring
device that includes simulation models to optimize process control and a machine
tool specific fleet knowledge system.
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Chapter 2
Twin-Control Approach

Mikel Armendia, Aitor Alzaga, Flavien Peysson and Dirk Euhus

2.1 Introduction

Twin-Control (http://twincontrol.eu/) is a novel concept formachine tool andmachin-
ing process performance optimization. It combines several features in the field of
ICTs in manufacturing towards a better performance of machine tools [1]. A holis-
tic simulation model, a so-called Digital Twin [2] of the machine tool, integrating
most important features of machine tools and machining process, is combined with
monitoring and data management capabilities.

Twin-Control will use a Digital Twin concept for the development of the simu-
lation tool (Fig. 2.1). The Digital Twin is based on a combined application of the
Cyber and Physical worlds, following the cyber-physical system (CPS) concept. The
Cyber world consists in the computation, communication and control systems. The
Physical world is composed by the natural and human-made systems governed by
the laws of physics.

ADigital Twin of the machine tool resulting from the combination of the different
theoretical models that cover different aspects of the manufacturing process corre-
sponds to the Cyber world, together with the cloud-based data management part,
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where machine fleet data is managed. The Physical world corresponds to the real
machine that performs the real manufacturing process.

Both Physical and Cyber worlds will be interconnected. The Cyber world will
make use of real machine tool and process data through all its life cycle. The Digital
Twin of the manufacturing system has been created by combining the correspondent
theoretical models according to machine tool design and process specifications. Dur-
ing part manufacturing, the holistic simulation model can be updated according to
machine tool real condition using data obtained through monitoring and additional
characterization tests designed for this purpose. This way, the virtual manufacturing
system will be able to predict current machine/process performance in an accurate
way.

In the same way, the simulation outputs obtained with the new Twin-Control
tool will be useful through all machine tool life cycle. In the machine tool design
stage, Twin-Control will be an extraordinary tool to predict the performance of pro-
jected machine tools. The same occurs with the process design, providing accurate
estimation of cycle times and resultant part accuracy allowing a quick optimization
procedure. By applying Twin-Control, machine tool and machining process set-up
stage will be considerably reduced.

Finally, during machine tool usage period, process will be under control by the
monitoring of the most important variables and the possibility to include simplified
versions of the Digital Twin of the machine tool to perform model-based control
actions [3]. According to machine tool health management, both local and fleet-level
taskswill be implemented.On the one hand, variables like spindle temperature, power
consumption and vibrations are monitored on machine level to control spindle’s
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condition. On the other hand, additional variables of the most important components
of the machines will be also monitored and managed at fleet level.

The following pages provide an overview of the Twin-Control concept and its
architecture and serve as introduction of the rest of the book, where developments
are presented in detail. The first chapter introduces the Twin-Control concept. The
second one presents an overview of the technical solution architecture of Twin-
Control. Next, one of the highlights of the project, the industrial evaluation of Twin-
Control is introduced. Finally, the conclusions are presented.

2.2 Twin-Control Architecture

Two separate application environments have been clearly defined: simulation, linked
to a theoretical representation of the machine tool and the process; monitoring and
control, linked to a real representation of the machine tool and the process. The fleet-
based knowledge acts as a link between both representations by managing the real
machine data (machine tool state, usage conditions, etc.) at a fleet level and using
it to improve the accuracy of the simulation models. In the same way, simplified
versions of the simulation part and results will be used in the real part to enhance
monitoring and control activities (Fig. 2.2).

The results of the project have been grouped using the same structure. This way,
three main results have been obtained.

2.2.1 Integrated Simulation Tool

The application of complex theoretical models leads to very accurate estimations of
process performance, allowing its optimization. A holistic simulation tool has been

Simulation Monitoring and 
Control

Fleet-based
knowledge

Fig. 2.2 Main application environments of Twin-Control
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developed in the project to support machine tool and machining process design and
optimization stages.

The core of the developed Digital Twin is a Virtual Machine Tool module based
on SAMCEF Mecano [4] finite element (FE) software that is able to integrate the
toolpath simulation and process effects (Fig. 2.3). This integration leads to a com-
plete understanding of machine tool dynamic performance during real machining
processes and will allow the prediction of the most important features like surface
roughness and form errors. The integrated process models include features like cut-
ting force estimation, stability analysis and even surface roughness estimation. The
usage of ModuleWorks libraries provides advanced capabilities for tool-workpiece
engagement calculation and also the possibility to visualize process results over
workpiece geometry, improving user experience.

By using the results of this Virtual Machine Tool, some complementary features
are studied through additional models. This way, energy efficiency of the simulated
machine tool and/or process and end-of-life estimations of the most critical elements
can be also provided by the developed Digital Twin.

End-of-Life module estimates the end-of-life of typically problematic machine
tool components like bearings, linear guidelines and screw drivers. Based on the
predictions of the integrated Virtual Machine Tool model, which will be able to
estimate operating conditions of these elements, an accurate prediction of their end-
of-life will be made based on the methods defined in the well-established standards
defined by the International Standard Organization [5].

Fig. 2.3 General overview
of the simulation operation
mode architecture

Machine tool

Tool-path

Process 

End-Of-
Life

Energy
Efficiency

Virtual Machine 
Tool



2 Twin-Control Approach 27

The energy efficiency module provides the energy consumption of machine tools.
To gain a most wide transparency, the energy consumption is observed on a com-
ponent level. This leads to the possibility to design energy efficient machine tools
and processes. The Simscape model library to be developed will be the basis for
the configurator. The physical input parameters are obtained from data sheets: if
detailed characteristic curves are available, they are directly used for simulation; if
less information is available, the behaviour will be modelled.

The link with the real world is obtained, in one direction, by the usage of the
fleet-level knowledge stored in the cloud for validation (inputs and outputs for the
simulations) and, in the other direction, by uploading simplified models or simulated
results and parameters to the cloud (“reference” machine values).

By using the estimations provided by its different modules, Twin-Control will
provide the chance to optimize the process by adapting the toolpath and/or cutting
conditions. In addition, the analysis of the results provided by Twin-Control could
be used to make changes at machine tool level. In addition, simplified versions of
this Digital Twin will be integrated in the real world to improve machine tool and
process performance.

Due to computational costs, this operation mode is oriented to offline simulations
executed in a conventional PC. In the project, a simplified version based on the
process models module has been also developed. This alternative version provides
limited results, since does not include machine tool kinematics and dynamics, but
allows faster configuration and simulation. Depending on the application, one of the
two alternatives could be used.

2.2.2 Local Monitoring and Control System

The most important variables of the machine tool and machining process perfor-
mance will be monitored and managed at machine and fleet level. For monitoring
purposes, ARTIS Genior Modular is installed in the machines. This device allows
direct exchange of CNC data at high real-time rate. Depending on the CNC model
installed in the machine, CANOpen or Profibus communication protocol can be
applied.

Additionally, an ARTIS OPR unit—Offline Process Recorder—will be used and
connected via Ethernet to the Genior Modular to store the real-time data capturing
and also to receive OPC data in non-real-time as a second data source. The OPR will
act as a gateway by pushing real-time and OPC data to the remote or local service
hosting the fleet-based database, in this case, KASEM® (Fig. 2.4).

The real-time local data management does not only monitor data, it allows imple-
menting some intelligence that can be used to detect anomalous performance or
even directly act on the machine controller to optimize its behaviour. For example,
ARTIS process monitoring capabilities are used to safeguard production [6]. Spindle
torque monitoring on all machines will be used to detect abnormal behaviour during
processing. This could be a sudden action in case of tool breakage, delayed stop in
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Fig. 2.4 Conceptual diagram of the monitoring architecture used in Twin-Control

the case of tool breakage during tapping operation or tool wear events. Currently,
process monitoring is done based on a learning stage and, hence, can be only applied
to medium-to-large batch sizes.

Within Twin-Control, the application of parts of the developed Digital Twin in the
real world is proposed. The proposed monitoring hardware is the best environment
to do this integration. For example, the integration of process models with real mon-
itored data could be used for process monitoring [3], replacing the learning stage
when it is not feasible, for example, in aerospace applications where batches are
normally small.

A new energy monitoring system that avoids the extensive use of hardware (hall)
sensors has been also implemented, leading to a drastic reduction in investment costs
for an energy monitoring solution on component level. Using CNC and PLC data,
the module will be able to determine energy consumption per component.

Other similar features like the integration of CNC simulation capabilities have
been developed in the project and will be covered in specific chapters of this book.
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Fig. 2.5 Conceptual design of the ARTIS HMI including Twin-Control PlugIns

The different features are visualized in a central HMI solution (Fig. 2.5). HMIwill
be enhanced by including PlugIns of additional features like fleet-level knowledge
reports or graphical representation of simulation results. This machine tool control-
based HMI could be also made available on a tablet, external PC, or smartphone,
since Genior HMI product is available as Windows DLL. This way, operators that
are not in front of the machines can receive information, including alarm signals.

2.2.3 Fleet-Based Knowledge System

From Twin-Control point of view, fleet refers to a set of machine tools of different
owners and builders. In addition to individual modelling and health monitoring, it is
necessary to provide fleet-wide facilities. Towards this end, the platform integrates
semantic modelling that allows gathering and sharing data, models and expertise
from the different systems and equipments, using a fleet-wide approach. The fleet-
based data management, depicted in Fig. 2.6, is built around a global methodology
that allows guiding the proactive strategy definition all along the asset life cycle.
It provides a consistent framework that enables coupling data and models to sup-
port diagnostics, prognostics and expertise through a global and structured view of
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Fig. 2.6 Hierarchical approach of the proactive fleet management [7]

the system and enhances understanding of abnormal situation (i.e. system health
monitoring level).

Starting from the definition of the system functioning in relation to its environ-
ment, the formalization of the system malfunctioning analysis is then considered.
The corresponding knowledge (i.e. functioning and malfunctioning models) is incre-
mentally built within a knowledge-based system that supports a structured and hierar-
chical description of the fleet. This formalization enables to reduce the effort for data
consolidation within system health management as well as for knowledge aggrega-
tion within fleet health management, since it enhances understanding of the impacts
between and within levels.

The fleet-level data management platform proposed for the Twin-Control project
is based on KASEM® (Knowledge and Advanced Service for E-Maintenance)
[8]. It is a collaborative e-maintenance platform, integrating engineering, proactive
maintenance, decision-making and expertise tools [9] and used in former Power-OM
project [10].

2.2.3.1 Data Exchanges with Machine Tools

Twin-Control’s fleet platform is in the “cloud”, i.e. on the Internet, and hosted to a
predict secure server. Machine tools push data to the server to feed the knowledge
base. Details of the proposed monitoring and data management architecture are
presented in Sect. 3.1 of this book.
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Fig. 2.8 Architecture of Twin-Control fleet data management

The concept of fleet data management is presented in Fig. 2.7. The different
machines are monitored using the correspondent. A detailed architecture for each of
the use cases of the project will be presented in Sect. 3.1.

Figure 2.8 summarizes presents the architecture proposed for Twin-Control fleet
datamanagement. All collected, computed and extracted information by the platform
will be stored in the knowledge base. For each machine tool, expected inputs of the
fleet platform can be classified in two groups:

– Automatic inputs that are regularly pushed to the fleet platform. The automatic
inputs are:
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• Collected data: raw data acquired directly from the machine tools with high and
low sampling rate according to data dynamics.

• Local processing information: locally computed information (in ARTIS), such
as energy monitoring information.

• Alarms: warnings generated by both CNC of the machines tools and monitoring
hardware.

– Manual inputs that are entered or uploaded by users. The manual inputs are:

• Characterization tests: test results file and/or additional collected data from
mobile equipment can be uploaded on the platform via a specific HMI repre-
sented by the bloc “Data importation”.

• Machine references:Todetect behavioural drifts, it is necessary to have reference
behaviours, the fleet platform can learn references but also to use references
extracted from the simulation environment.

Fleet platform will be powered by the KASEM® platform of predict. KASEM®

will also providegeneric and standardHMI that couldbeupdated tofit project require-
ments. KASEM® is a Web platform with a service-oriented architecture (SOA).
Following sub-sections explain main functions deployed in the fleet platform once
machine tools knowledge will be formalized.

2.2.3.2 Health Assessment

Health assessment functionality consists of the correlation of various information
computed by the fleet platform to evaluate the health status of onemachine and health
status of machines set. Health assessment is mainly based on a rating principle of
different features:

• Key performance indicators (KPIs): These indicators allow users to have a syn-
thetic view of an equipment, a machine or a fleet of machines. They are computed
at the equipment, and then they are aggregated to build higher-level indicators.
Aggregation of equipment KPI gives machine KPI, and aggregation of machine
KPI gives the fleet KPI.

• Drift detection: this functionality is necessary to have early detections of machine
non-nominal behaviours. Early detection is based on residual analysis of the dif-
ference between observed behaviour and reference behaviour. Early detection
allows generating proactive alerts to anticipate fault occurrences and then to avoid
machine tool down-time. Detection can be done on operating points but also on
transient behaviours. Figure 2.9 depicts an early detection of a temperature tran-
sient drift according to spindle speed level. In this case, detection is based on a
thermal model learned by the fleet platform.

• Machine references: To detect behaviour drifts, it is necessary to have some ref-
erence behaviours. The fleet platform can learn references from the monitored
data, but can also use simulation models to create these references. In this line,
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Fig. 2.9 Example of drift detection on temperature measurement

the fleet platform will take advantage of the simulation models developed within
Twin-Control project.

• Machine tool characterization tests: The periodic execution of the test procedure
will allow obtaining a good source of information that reflects the condition of the
different components of the machine tool without process effects.

A score is assigned to each component of the health status, and then scores are
merged to compute the health status. This principle allows a graphical representation
of machine’s health status on radar plot. Several machines can be overlaid to make
a fleet comparison as depicted in Fig. 2.10.

2.2.3.3 Event’s Sequence Analysis

Events include both alarms from localmonitoring and alerts fromfleet drift detection.
This module will oversee the interpretation of event sequences, i.e. the interpretation
of frequency and order of the events. Information about event types and the time
stamps of their occurrencewill be used to analyse the time series data and thus finding
dependencies between different alarms. Generic causal models, i.e. models shared by
all machines of the fleet, will be used during the analysis. A causal model represents
the relationship between the different event types. These causal relationships can
be used to recognize an event sequence on a given period. Once the sequence is
identified, causal models allow to identify the sequence root cause (diagnosis) but
also to know what could be the next event (prognostic) of the sequence.



34 M. Armendia et al.

Fig. 2.10 Graphical representation of machine health status in KASEM®

This module will use event sequences as signatures of machine situations. For
each machine, past situations will be stored in the knowledge base with generic label
to build the fleet experience feedback and thus to improve event’s sequence analysis.

2.2.3.4 Platform Portal and Outputs

For accessibility, all the functions of the platform are available through a Web por-
tal. Results can also be made available directly on site by means of report, for
instance, that can be sent (e.g. bymail) to the users and/or displayed onmachine local
HMI through ARTIS PlugIn. The platform Web portal will provide HMI to support
decision-making for diagnosis activities, to visualize knowledge-based information
with dynamics dashboards and static reports.

In addition, a functionality of data and knowledge extraction will be developed for
both manually and automatically download information from platform to simulation
environment and local monitoring environment.
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2.3 Twin-Control Validation and Evaluation

The different Twin-Control features have been tested, first, at laboratory level, allow-
ing a proper tuning, when needed, and validating their functionalities. Apart from
that, one of the highlights of the project has been the evaluation of Twin-Control in
industrial environment.

Different demonstrator scenarios have been implemented in two of the key indus-
tries for European economy: automotive and aerospace. These two sectors are very
dependent on machine tool industry but show several differences with respect to the
process types and requirements. Automotive sector typically deals with large batches
of moderate cycle-time parts. Current major concerns are (1) to ensure part quality
over time, (2) reduction of breakdowns and (3) energy efficiency. In aerospace,
smaller batches are usually manufactured, but parts are normally bigger and with
a complex geometry. There, new process set-up times and quality requirements are
most important concerns.

The different requirements of such important industries have been taken as a
reference to determine the Twin-Control concept and architecture. Apart from that,
both use cases will be used for the evaluation of the different features of Twin-
Control, not only at technical level, but also by studying the impact caused by the
features in the end-users. For each automotive and aerospace sector, a tandem of end-
users composed by a part manufacturer and one of its machine tool providers will be
involved in this industrial validation (Fig. 2.11). Three machines will be monitored
on each end-user installation to apply fleet-based knowledge management.

• For aerospace, Twin-Control will be implemented in several Gepro system
machines in MASA Aerospace installations, in Logroño (Spain). Gepro system
develops big-sized gantry type multi-spindle machine tools with which MASA
aerospace machines medium-to-big size aircraft parts.

• For automotive, Twin-Control will be implemented in several COMAU machine
tools located in Renault plant at Cleon (France). In the manufacturing line selected
for the automotive demonstration scenario,COMAUmachine tools (medium-sized
high-speed machining centres) are applied by Renault to machine housings of
gearboxes.

The threemain results of the project, presented in this chapter, have been evaluated
in both validation scenarios, following a specific approach defined for Twin-Control
project. Different Scenarios of Use have been defined by end-users, and the different
functionalities that affect each scenario are independently evaluated. For each sce-
nario, key performance indicators (KPIs) are defined to evaluate the impact of each
Twin-Control feature implementation. The proposed scenarios are:

– Scenario of Use 1: Machine tool design. The simulation capabilities developed
in Twin-Control can improve the product development process of machine tool
builders.

– Scenario of Use 2: Machining process design. Twin-Control process simulation
feature provides the chance to optimize process definitions of part manufacturers
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Fig. 2.11 Industrial validation and demonstration in two industries: aerospace and automotive

at design stage and, hence, minimize set-up times and reduce scrap parts in this
process.

– Scenario of Use 3: Process control. Suited for operator level in part manufacturer’s
workshop, theTwin-Controlmonitoring and control device enhancedby embedded
simulation models allow a better control of the manufacturing process.

– Scenario of Use 4: Maintenance. Fleet knowledge system developed in Twin-
Control will lead to a better maintenance strategy for end-users.

– Scenario of Use 5: Quality. The combination of process and quality monitoring
leads to a better control of part quality by reducing the amount of time spent in
measurements.

Apart from that, three additional use cases have been defined this time for dis-
semination purposes. Twin-Control has been implemented in three pilot lines at
reference-manufacturing research locations: The Advance Manufacturing Research
Centre with Boing (AMRC) at Sheffield, UnitedKingdom, The Eta-Factory at Darm-
stadt, Germany, and the CFAA at Bilbao, Spain. Twin-Control can be presented to
industrial partners in these relevant environments. Indeed, during the project, work-
shops have been organized at each pilot line (Fig. 2.12).
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Fig. 2.12 Twin-Control dissemination activities in relevant pilot lines: a Johannes Sossenhiemer
(Technical University of Darmstadt) presents Twin-Control features linked with energy efficiency
at the ETA-Factory (Darmstadt, Germany). b Luke Berglind (University of Sheffield) presents a
demonstration of the integration of process models with monitored data at the Advanced Manufac-
turing Research Centre with Boing (Sheffield, UK)

2.4 Conclusions

Twin-Control (http://twincontrol.eu/) is a new concept for machining process per-
formance optimization, covering ICT-related features like Digital Twin, condition
monitoring, fleet data management and model-based control. This section presents
the concept behind Twin-Control and the proposed architecture, defined after gath-
ering requirements from end-users involved in the project. In addition, the industrial
evaluation approach is also introduced. In the next chapters of the book, the presented
features will be defined in detail.
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Chapter 3
Virtualization of Machine Tools

Frédéric Cugnon, Mani Ghassempouri and Patxi Etxeberria

3.1 Introduction

The virtual prototype of a machine tool is a computer simulation model of the phys-
ical product that can be presented, analysed and tested like a real machine. The
technology included in such a virtual prototype covers several engineering fields
and tools depending on the stage of the design process or the studied manufacturing
process. A complete review of Virtual Machine Tool technology is available in [1].

Modern machine tools are very complex mechatronic systems. The capability
and efficiency of a machine tool are mainly determined by its kinematics, struc-
tural dynamics, computer numerical control system and the machining process. The
kinematics is usually analysed by means of rigid multibody simulation tools (MBS)
based on a 3D CAD model of the machine [2]. The finite element analysis (FEA) is
used to calculate static stiffness or dynamic characteristics of the machine tool, e.g.
natural frequencies and mode shapes [3]. 1D-CAE functional tools are efficiently
used for computer numerical control systems [4] and actuation, while very dedicated
commercial and research tools are used for cutting processes [5].

New highly dynamic machine requires high static and dynamic stiffness to ensure
machining accuracy and high dynamic properties of the feed drive to decrease the
manufacturing time. This is achieved by employing small moving masses with suffi-
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cient stiffness of the structural parts and high adjustable controller parameters of the
drives. This leads to interactions between structural dynamics and feed drive con-
trols, which have to be considered in the simulations [6, 7]. Natural frequencies of
the feed drives are coupled with lower natural frequencies of the machine structure.
To avoid instabilities, the control parameters have to be reduced, which leads to a
limitation of the productivity of the machine tool.

Themethodology proposed inTwin-Control is considering these interactions from
the early design stage of the machine to the virtual prototyping verifications. The
best method to couple structural dynamic and control loops is the flexible multi-
body approach. In this case, the components of the machine tool can represent the
static as well as the dynamic behaviour. Those flexible components are introduced
in flexible multibody system (MBS) simulation tool as super-elements created by
modal reduction of detailed FEA models. The different elements which are used to
connect the structural components, such as guiding systems, mounting devices or
ball screw drives, are modelled as a combination of flexible connectors and flexible
joints depending on the specific configuration.

The coupling with the control loops is achieved by co-simulation with 1D-CAE
functional models. Most of 1D-CAE tools offer the possibility to embed the model of
the control loop in some dynamic libraries (DLL). On the other side, MBS tools have
interfaces or special elements that can use such DLL as a slave process and close
the control loop providing velocities and displacements of the axes and receiving
driving forces.

In the Twin-Control system, all this is achieved using the SAMCEF Mecano
solver coupled with MATLAB/Simulink. As SAMCEF Mecano [8] is an implicit
nonlinear FEA solver with MBS capabilities [9], this solution can be used from
early concept design (machine kinematic) to virtual prototyping, including all FEA
analyses made for components design and verification. Moreover, the finite element
approach of MBS simulation is more efficient when many flexible components are
considered within a large frequency range. In this case, because of extensive use
of super-elements, the flexible MBS system can become unusually large for MBS
solvers, but are still quite small for a FEA solver.

3.2 The Virtual Machine Tool Concept

Within the scope of the Twin-Control project, the VMT concept was used to model
two machines, a high-speed 4 axes box-in-box machine from Comau and a large 3
spindles five axes machine from Gepro (Fig. 3.1).
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Fig. 3.1 Virtual machine tool models developed in Twin-Control project: a Comau Urane 25V3
machine, b Gepro 502 machine

3.2.1 Structural Model

To fully model the dynamic behaviour of a machine tool when operating, the follow-
ing objectives are followed:

• Fully account for the flexibility of all structural components, connections and feed
drive to obtain a model that can represent vibrations inside the machine.

• Limit the number of degrees of freedom to as few as possible to allow for effi-
cient time domain simulation (small time step imposed mainly by the machining
simulation module and the controller model).

Usually, a machine is made of several main structural frames, which are modelled
using the super-element technique.The selectedmodal contains of the super-elements
allow considering vibrations up to a desired frequency range. Non-structural masses
are added to the moving frames to properly account for all moving components
as motors, lubrication and cooling systems, etc., which are not considered in the
mechanical model. Figure 3.2 shows the mesh used to create the super-element
corresponding to one of the “support leg” of the Gepro machine. Ones can see the
spider connections that link the retained nodes to the structure.

The guiding system for translational motion between two frames is based on
sliders. Modelling such devices requires a flexible slider element, which constrains
a node to move along a deformable trajectory represented by a beam element. As
the track is part of the structural frame model, fictive beams are used to connect the
slider nodes to the retained node of the super-element, considering its stiffness inside
the slider element. The skates are idealized by the sliding node and an associated
bushing that characterizes its stiffness and damping.
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Fig. 3.2 FE model for
super-element creation (leg
of the Gepro machine)

3.2.2 Drive Train

If themachine is driven by pairs of linearmotors as in the case ofComaumachine, it is
modelled by pairs of flexible sliders defined from the frame super-elements retained
nodes. As the role of those sliders is to transfer axial forces, and not to contribute
to the guiding function, the bushing associated with the sliding node has only axial
stiffness. For those sliders, the sliding DOF can be force-driven by the controller
model.

For drive systems including conventional motors, screw, rack–pinions, or other
transmission systems, like in the Gepro machine, a library of simplified components
models is used. An example is given for the driving system of the X-axis of Gepro’s
machine (highlighted in Fig. 3.1), which is made of four rack–pinion connections
individually driven by a rotational motor and a gearbox.

Figure 3.3 shows a schematic view of this model, where blue nodes are structural
components, green arrows kinematical dofs, orange cylinders represents masses and
inertia, CNLI boxes are kinematical constraints, K boxes local stiffness, and red
points belongs to the table (slider).

The green box is the motor model, it is a “scalar model” with only one rotation
dof per node; flexible coupling is considered as part of the motor. The torsional
stiffness K1 is introduced between input and output nodes, while all rotating inertias
associated with the motor shaft are applied on the output node. The motor mass
is reported to a structural node of the gearbox model. The red box represents the
gearbox. The CNLI constraint account for the reduction factor, it relates the motor
shaft dof to the output shaft of the gearbox. The gearbox output shaft is modelled by
two coincident nodes connected to the “leg” structure by two hinge joints of y-axis.
Those two nodes are also linked by the K2 torsional stiffness of the gearbox with
respect to the output shaft. The torsional inertia associated with the output shaft of
the gearbox is defined in the mass and inertia element associated with node named
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Fig. 3.3 Schematic view of the feed drive model (X-axis of the Gepro machine)

“Pinion shaft”, which also include the mass of the whole system. The rotational
dof of the gearbox output shaft is driven from the linear constraint (CNLI box) that
imposes the reduction factor, while pinion rotational dof is used to constraint the
sliding dof on the rack (red nodes) with the second linear constraint. This is done in
the blue box that manages the rack–pinion interaction. The coefficient of the linear
constraint is the primitive radius of the pinion. This model is repeated for each of the
four motors associated with this X-axis.
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3.2.3 Spindle Model

The spindle is a crucial component of the machine, which should be accounted in the
mechanical model. From the structural point of view, it is made of housing, a shaft
and a set of bearings (see Fig. 3.4).

In the VMT approach, the shaft is not rotating, and tool spinning is considered in
the machining module. In our models, the spindle rotor is idealized by a set of beam
elements. Those are connected to the structure (super-element) by a set of bearing
elements. The integrated model is shown in Fig. 3.5.

Fig. 3.4 Spindle CAD model

Fig. 3.5 Spindle beam model in the Comau machine
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3.2.4 Modelling Principle

To summarize, the modelling process based on the CADmodel of the machine is the
following:

• Create/import the CADmodel of the machine in the modelling environment (Sim-
center).

• Create FE models of the structural components.
• Create super-elements from those models retaining the nodes needed for the con-
nections.

• Import super-elements in the simulation environment (SAMCEF Mecano used as
MBS solver) as shown in Fig. 3.6. If CADmodels of the components are extracted
from the global CADmodel of the machine, the super-element created from those
are at correct positions.

• Connect the structural components with flexible joints.
• Model drive trains, sensing systems, motors, etc.
• IncludeCNCmodel (Simulinkmodel imported as aDLL in themechanicalmodel),
and link to the CNC the axes position set point, which are the boundary conditions
of the model.

• Use the dedicated TOOL element of Mecano to couple the VMTwith the machin-
ing force module.

Fig. 3.6 Definition of a machine tool in Simcenter for Samcef
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3.2.5 Control

For each axis, there are one or two rulers measuring the relative motion between two
successive frames. These measurements are used as inputs to the controller and to
compare against nominal axis motions. The rulers are represented in the model by
sensor elements that associate measures in the model to some nodal DOF that can
be connected to the controller model.

Most of CNC (Siemens 840D for the Comau machine and Fagor 8070 for the
Gepro machine) have a similar architecture, and the main components of controller
model are:

– Position, velocity and current feedback control loops;
– Velocity and acceleration feedforward;
– Power stage and motor models;
– Filters;
– Current set-point filters.

A simplified version of the control model was developed [10], disregarding the
effect of current control loop and filters. Proper inputs and outputs are added to
connect the mechanical model. Also, specific systems such as the pre-load loop
are integrated to adapt to specific machine axes. This adapted Simulink model (see
Fig. 3.7) is translated into a dynamic library and associated with a specific control
element of SAMCEFMecano that is used to manage the coupling between 1Dmodel
(control) and the full flexible 3D model (machine).

3.3 Validation of the VMT

The validation test procedure is presented focusing on the Comau machine. Mod-
els are validated considering two types of tests. First, hammer tests are done in six
machine configurations (see Fig. 3.8). Obtained frequency response function (FRF)
at the spindle tip position in the three main directions is checked to verify modal
frequencies of the structure and to tune the structural damping. Secondly, the model
driven by its controller is used to impose quick uniaxial motion. Model results are
compared with experimental data obtained in real machines from the CNC mon-
itoring. Some validation examples are shown in the next section for the Comau
box-in-box machine.

3.3.1 Hammer Test (Comau Machine)

Most of the tests are done hitting the extremity of the spindle frame, having the
accelerometer at the same localization. For some configurations, tests have been per-
formed hitting also on a tool holder, while measuring acceleration on it. This allows
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Fig. 3.8 Machine configurations

exciting not only the structure modes, but also the spindle modes. In the models,
excited nodes are located either on the frame super-element or at the extremity of
the spindle beam (see Figs. 3.5 and 3.9).

The modelling of a hammer test can be performed either in the frequency or the
time domain. In the first approach, the flexible MBS model is used to position the
machine in the desired configuration, and the solver exports its linearized matrices
that are used to perform a harmonic response on the frequency range of interest.
For this analysis, a unitary force is applied on the hammer impact position, result-
ing acceleration at the measurement point is monitored to obtain the desired FRF
function. Modal damping is introduced to tune the magnitude of the excited modes.
For the time domain simulation, the machine is positioned in the test configuration,
and a constant force impact is applied during 1 ms. The one-second interval after the
impact is simulated, and the acceleration signal is stored. The FRF is then obtained
by dividing the fast Fourier transform (FFT) of the measured acceleration by the FFT
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Fig. 3.9 Hammer test on z-frame and tool (spindle tip)
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Fig. 3.10 FRF (X-direction magnitude in g/N) computed by harmonic response, by time domain
simulation and measured values

of the applied force. Some simulation results are compared to the test measurements
for configuration 1, which is representative of all other configurations (Fig. 3.10).

Both numerical models exhibit two main peaks close to 110 and 260 Hz that
corresponds to the measurement within a 10% error margin. Frequency and time
domain responses show small discrepancies in resonance locations because of differ-
ent representations of the CNC, damping models are also different in both modelling
approaches. The experimental curve presents “noise” in the frequency range above
300 Hz, and this behaviour is approached by the model. For harmonic response, the
magnitudes at the resonances are easily tuned from the definition of modal damping.
The management of damping in time domain simulation is less flexible. However, it
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Table 3.1 Validation of the spindle model

Model Test measures

Frequency (kHz) Magnitude (g/N) Frequency (kHz) Magnitude (g/N)

Mode 1 (x_test) 0.8 0.05 0.85 0.18

Mode 1 (y_test) 0.8 0.05 0.85 0.27

Mode 2 (x_test) 1.3 0.17 1.4 0.48

Mode 2 (y_test) 1.3 0.17 1.42 0.37

Mode 1 (z_test) 0.65 0.11 0.65–0.8 0.027

was possible to approach resonance magnitudes by adjusting structural damping in
the super-elements and inside the ground fixations.

Higher natural frequencies related to the spindle dynamics are observed depending
on the direction of the impact and the measure. Results from the model are compared
to the validation test data in Table 3.1.

The simulated frequencies match quite well the experimental results. Resonance
magnitudes show less agreement, probably due to the FRF computation process and
a lack of damping characterization in the spindle model. Notice that modes simulated
for the test in the transverse directions (x and y) are perfectly symmetric, which is
not in the case in real machine.

3.3.2 Fast 1 Axis Motion (Comau Machine)

The purpose of this second type of test is to validate the simulation while themachine
and its controller interact. Considering real machine dynamic restrictions (maximum
jerk, acceleration and velocity), the quickest 100 mm displacement along the Y-axis
is generated and fed as a time function to the controller model, which also gets
from the machine model the position and velocity along the ruler of the considered
machine axis. The controller model of Fig. 3.7 is, then, able to impose forces on the
dof of the sliders representing the two linear motors driven by this control loop. CNC
model provides also positioning and velocity errors.

Figures 3.11 and 3.12 show axis motion (position, velocity and positioning error)
resulting from the force applied by the linear motors. Themachine is almost perfectly
driven by the CNC, with maximal positioning error limited to 28 microns during
acceleration phases. This is the same as the data recorded by the physical CNC
during the manoeuver (Fig. 3.13). Computed axis velocity is also in close agreement
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Fig. 3.11 Y-axis position and positioning error during simulation of the positioning test

Fig. 3.12 Y-axis velocity and motor force during simulation of the positioning test

with experimental measures. Because the simplified CNC model does not include
the current loop, current is not available from the model. However, the force applied
in the linear motor has the same shape as the current curve of Fig. 3.13.

The upper graph recorded by the CNC (Fig. 3.13) presents the requested position
and the associated positioning error. The bottom graph presents the velocity and
applied current inside the linear motor, which is proportional to the generated force.
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Fig. 3.13 Record of the CNC during real positioning test

3.4 Conclusions

In this section, a methodology for virtual prototyping of machine tool is presented.
The proposed technology has been applied to build mechatronic flexible multibody
models of severalmachines. The virtualmachine tool can be coupled to a cutting force
module. This modelling approach is of key importance to provide comprehensive
simulations capabilities for virtual machine tool prototyping in working conditions.
The resulting Twin-Control simulation package, which includes the VMT concept, is
intended for both machine tool builders for design activities and machine tool users
to improve their processes. In both cases, this virtual model can be used to avoid
performing costly physical tests.
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Chapter 4
Modelling of Machining Processes

Luke Berglind and Erdem Ozturk

4.1 Introduction

Interactions between cutting tool and workpiece are critical in any machining opera-
tion. As the tool moves through a workpiece, cutting process induces forces on both
the tool and the workpiece. These forces in turn have an effect on the process and can
have a detrimental effect on the machine, tool and resulting part under certain con-
ditions. It is critical then to understand these interactions before a part is machined
to avoid scrapped parts or damage to the tool or machine. This chapter first covers
the development of process models used to predict cutting forces for specific part
programs. The cutting force model is then used for dynamic analysis to determine
the effects of tool vibration on the final part outcome.

4.2 Discrete Cutting Force Model

The 5-axis machining operations bring new challenges for predicting cutting forces,
where complex tool-workpiece engagements and tool orientations make it difficult to
adapt 3-axis process models for 5-axis operations. A model is developed here to pre-
dict cutting forces with arbitrary tool/workpiece engagement and tool feed direction.
A discrete force model is used, in which the tool is composed of multiple cutting ele-
ments. Each element is processed to determine its effect on cutting forces, and global
forces are determined by combining the effects of multiple engaged elements. The
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cutting force model is combined with ModuleWorks software which predicts tool-
workpiece engagement regions (TWE) based on tool motion through the workpiece
geometry. Cutting forces are predicted throughout complex operations by applying
TWE data to the elements of the force model. The force model is validated through
cutting trials in which themeasured forces are comparedwith predicted forces during
5-axis milling.

4.2.1 Introduction

Cutting forces depend on the tool and workpiece material, cutting tool geometry
and cutting conditions. In 5-axis milling, cutting conditions can vary considerably
in process, and the varying cutting conditions can result in complex tool-workpiece
engagements (TWE). Ozturk and Budak calculated TWE analytically for 5-axis ball
end milling [1] and simulated cutting forces throughout a toolpath after calculating
the cutting parameters at discrete intervals [2]. Although this method gives accurate
results for smooth machining operations, the analytical engagement model loses
accuracy when the uncut surface is more complex.

More detailed engagement calculation methods have been developed to better
simulate more complex machining operations. These models operate by creating a
virtual workpiece and removing any material that interferes with the geometry of a
tool moved along a path. For each tool motion, the surface patches of the tool that
remove material are the TWE region. In the solid model-based material removal
simulation, the engagement area is derived from finding intersections between the
solid models of both the tool and the workpiece [3–5]. Taner et al. used a planar
projection strategy to determine TWE for constant feed and constant lead and tilt
operations [6]. Others have represented the workpiece as a Z-map, also known as
height map, a matrix/manifold of lines which are virtually cut when they interfere
with the tool mesh [7]. A more advanced version of Z-map is the dexel approach [8]
that can model overhangs in the geometry, thus supporting 5-axis milling. The dexel
approach may be improved to so-called tri-dexel model by introducing virtual grid
lines in three directions to reduce dependence on grid directionality in the geometry
accuracy for any cut direction [8–10].

In the current model, ModuleWorks software which applies the tri-dexel model is
used to determine TWE data for every cutter location (CL) point of a part program
(see Fig. 4.1a). This TWE data determines which elements of a discretized tool
mesh are engaged in the cut during that move. The cutting force contribution of
each engaged element is then combined to determine the global cutting force for that
move.
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Fig. 4.1 a Illustration of TWE calculation fromModuleWorks software, b the resulting TWE data
shown on the tool geometry, with element forces and tool forces shown, and c, d illustration of the
true chip area and the discrete approximation of chip area used by the current cutting force model

4.2.2 Discretized Force Model

In order to predict cutting forces for arbitrary feed direction with arbitrary TWE,
a discrete cutting force model is used. The model concept is shown in Fig. 4.1b,
where cutting forces on a bull nose end mill act in different directions based on the
cutter position and orientation. An example of the local cutting forces is shown at one
section of the cutting edge, where the local radial force Fr , acts inward, normal to the
cut surface, the tangent force, Ft , acts in the opposite direction of the cutter motion,
and the axial force, Fa, acts tangent to the cut surface along to the tool profile.

The complex cut area from Fig. 4.1c is discretized into multiple elements in
Fig. 4.1d. Each element has an effective cut width, bel, along the tool profile, and
thickness, hel, normal to the tool profile. The global tool force is determined by
combining the effects of all active cutting elements.

This section outlines the processes to determine the effects each tool element have
on global cutting force.

4.2.2.1 Tool Discretization

The tool is discretized circumferentially into elements, dθ , and along the tool profile,
L, into elements bel. Discretization along the tool profile and circumferentially allows
the TWE of the tool to be defined by a single 2Dmatrix. Elements along L are created
with equal length, bel, regardless of the orientation of the elements, and the element
size circumferentially is dependent on the radial position of the element, rel. An
example mesh for a bullnose end mill with diameter, D, corner radius, Rc, and a
maximum axial length of Zmax, is shown in Fig. 4.2a. The mesh is created to follow
the helical curve to match the shape of the cutting edge, as shown in Fig. 4.2b for
zero helix angle and 30° helix tools.
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Fig. 4.2 Tool discretization along the tool profile, L, with increments, bel , at angle, θ , in increments
of dθ

The tool is discretized along the tool profile, L, into NL elements, and circum-
ferentially into Nc. The mesh structure is shown in Fig. 4.2c, with L mesh indices
representing concentric circles radiating from the tooltip center and extending up the
side of the tool. The element cut width, bel, is the distance between two adjacent L
elements. The � indices indicate the circumferential position of the elements. The
elements are positioned with lag angles to follow the helical curve of the cutting
edge, as shown in Fig. 4.2c. By creating the mesh along the helical curve, the indices
of the TWE map always correspond directly to the cutting edge, and each � index
corresponds to the elements of one flute at one rotational position.

Each element of the mesh has the indices, el(�,L), and is defined by a set of
position coordinates in Cartesian (Xel, Yel, Zel) and polar (rel, θ el, Zel) coordinates
and by an orientation angle, κel (see Fig. 4.2a).

4.2.2.2 Tool Coordinate Systems

Three coordinate systems (CS) are used in the cutting force analysis for each element
of the cutting edge; {rta}, {RTA} and {XYZ}. {XYZ} is the tool global CS, in which
tool motions and cutting forces are determined. {R T A} is the tool global polar CS,
describing radial, tangent, and axial directions. {rta} is the local element CS and is
used to account for the orientation of the cutting elements. The rta directions corre-
spond to the force directions associated with the cutting force coefficients (CFCs),
Ke,rta and Kc,rta, which are fixed relative to the orientation of the cutting element, but
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Fig. 4.3 Local and global coordinate systems

change direction based on the element orientation along a cutting edge (i.e., side or
bottom of the tool profile).

Forces in these three coordinate systems are shown for a single element in Fig. 4.5.
Ultimately, forces in the XYZ direction are required based on tool feed in the XYZ
direction, but the cutting forces must first be determined in {rta} in which the CFCs
are defined. Operations required to transform forces from {rta} to {XYZ}, as shown
in Fig. 4.3, are discussed in this section.

4.2.2.3 Element Cutting Forces

Each tool element will contribute to the global cutting force if it is engaged in the
cut. In this section, the element cutting forces are first calculated in the local {rta}
CS and then transformed to the global tool {XYZ} CS.

4.2.2.4 Element Local Cutting Force

Element cutting forces are calculated in {rta} using Eq. (4.1). To determine these
element forces for any feed direction, chip thickness, hel, in Eq. (4.1) is defined
based on the relative feed of that element in the local rta directions, f rta (feed per
tooth vector in the rta directions). By defining the element uncut chip thickness, hel,
as a function of the feed vector, it is possible to calculate element forces for any
feed direction from a single cutting force matrix for that element. This feature is
especially convenient in 5-axis machining where the tool continually changes feed
direction.
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Fig. 4.4 Uncut chip
thickness, hel , for a tool
element based on the tool
feed, f rta, relative to the prior
tooth pass
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The relationship between the uncut chip thickness and the relative feed of the
element, f rta, is illustrated in Fig. 4.4, where hel is equal to the distance that the
element is fed in the negative r-direction, f r (the local r-direction vector always
points inward, normal to the cut surface). Defining the uncut chip thickness for each
element in Eq. (4.2) and combining with Eq. (4.1), the resulting expression for the
cutting force for each element is given in Eq. (4.3).
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Equation (4.3) gives cutting forces in {rta} based on the element feed in the rta
directions using the cutting force matrix, Fc,rta,el/frta, or Qrta,el . The use of Qrta,el is
not a significant improvement on Eq. (4.1) in {rta}, however, though transformation
of Qrta,el , the same force to feed relationship can be applied in any CS.
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Fig. 4.5 Transformation of the cutting force directions for a single cutting edge element

4.2.2.5 Cutting Force Transformations

Cutting forces from Eq. (4.3) must be transformed from {rta} to {XYZ}, as shown
in Fig. 4.5. Two coordinate transformations are required. The first transformation
accounts for the local orientation of the cutting edge which is defined by the tool
profile angle, κel. The transformation matrix, T κel, in Eq. (4.4) transforms from {rta}
to the tool {R T A}.

Tκel �
⎡

⎢
⎣

− sin κel 0 − cos κel

0 1 0
cos κel 0 − sin κel

⎤

⎥
⎦ (4.4)

The second transformation accounts for the angular position of the element around
the tool. The transformation matrix, T θel in Eq. (4.5) transforms from {R T A} to
{XYZ}.

Tθel �
⎡

⎢
⎣

cos θel − sin θel 0

sin θel cos θel 0

0 0 1

⎤

⎥
⎦ (4.5)

Combining (4.4) and (4.5), the transformation matrix to transform from {rta} to
{XYZ} is shown in Eq. (4.6).

Tel � Tθel Tκel (4.6)

Forces in {XYZ} are found by performing a coordinate transformation to the edge
force vector in (4.7), and the vector field rotation on the cutting force matrix in (4.8).

{
Fe,XYZ,el

} � Tel
{
Fe,rta,el

}
(4.7)

[
QXYZ,el

] � Tel
[
Qrta,el

]
TT
el (4.8)
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The resulting element force vectors, Fe,XYZ ,el, and matrices, QXYZ ,el, can then be
applied in Eq. (4.9) to determine element forces in XYZ based on feed in XYZ .

{
Fe,XYZ,el

} � {
Fe,XYZ,el

}
+

[
QXYZ,el

]{fXYZ} (4.9)

4.2.3 Tool Cutting Forces

After transforming in Eqs. (4.7) and (4.8), all of the element force vectors, Fe,XYZ ,el,
and matrices, QXYZ ,el, share a common CS. Also, at any instant in time (or at any
flute position, �), all elements of the tool share a common feed, f XYZ . As a result,
the global effect of a flute at each position, �, can be determined by combining
Fe,XYZ,el andQXYZ,el of active elements at each� position. The total cutting force for
each angular position is calculated in Eq. (4.10), where the outer inner summation
considers all active cutting elements along a single cutting edge, and the outer sum-
mation combines the effects of multiple cutting flutes, where Nf is the total number
of flutes, NL is the number of elements along the tool profile, and Nc is the number
or circumferential elements.
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The term, g(�,L), in Eq. (4.10) is a matrix of ones and zeros defining which
tool mesh elements along the tool profile, L, are engaged in the workpiece at each
flute position, �. g(�,L) is illustrated in Fig. 4.6, for example, TWE for a 30° helix
tool mesh with 30 angular positions, �, and 30 elements along the tool profile, L.
As the tool rotates, the flute position shifts to different angular positions, and only
the elements corresponding to those angular position are engaged at that time. For
example, at position �1 in Fig. 4.6 the flute is not in the cut, and g(�,L) � 0 for
all elements at that position. When the flute is at �26, elements 10 through 20 are
engaged and their effects are combined using Eq. (4.10).

The global cutting force on the tool for each flute position is determined using
Eq. (4.11). Note if multiple flutes are engaged in the cut at once, the effects of all
engaged flutes can also be combined.

{FXYZ(�)} � {
Fe,XYZ(�)

}
+

[
QXYZ(�)

]{fXYZ} (4.11)

Cutting forces are determined by evaluating Eq. (4.11) for each flute position. As
the tool rotates through the different positions, the components of Eq. (4.11) change
to reflect the engaged elements in that section.
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The example in Fig. 4.7 shows the calculated cutting forces for a two-fluted, 12-
mm-diameter ball end mill with full radial immersion at 10,000 RPM with a cutting
depth of 3 mm. For this cut, the tool is fed in the negative Y -direction at a rate
of 0.1 mm per tooth, so the feed vector is constant at fXYZ � {0,−0.1, 0}T. Equa-
tion (4.11) is then evaluated at each position (only positions 1 through 7 are shown),
to obtain the changing cutting forces as the tool rotates through the engagement
region.

4.2.4 Part Cutting Forces

In 5-axis machining, the orientation of the tool can change continually with respect to
the workpiece. So far cutting forces have been determined in the tool CS. However,
cutting forces in the part CS, XYZP, based on tool feed in XYZP are often more con-
venient as tool motions are programed in the part CS. After transforming Fe,XYZ(�)

and QXYZ(�) in Eq. (4.12) based on the coordinate transformation from the tool CS
to the part CS, TT2P, cutting forces are obtained in the part CS using Eq. (4.13).

{
FXYZP (�)

} � TT2P
{
Fe,XYZ(�)

}

[
QXYZP (�)

] � TT2P
[
QXYZ(�)

]
TT
T2P (4.12)

{
FXYZP (�)

} � {
Fe,XYZP (�)

}
+

[
QXYZP (�)

]{
fXYZP

}
(4.13)

4.2.5 Cutting Trials

Two cutting tests are performed to compare simulated and measured cutting forces.
The tool for both tests is a 12-mm-diameter ball end mill with two flutes and helix

Fig. 4.6 Mesh and TWE indices for a 30° helix cutter
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Fig. 4.7 Calculation of cutting forces with a single operation for each global rotation angle by
combining all active cutting elements at that angle

angle of 30° (SandvikR216.42-12030-AK22AH10F). Themachine used for the tests
is aMAGFTV5-2500, and forcemeasurements are collected using aKistler 9139AA
dynamometer. The CFCs used for the AL7075-T6 workpiece are found experimen-
tally using a ball end mill mechanistic model [11], to be:Ke,r � 13.9,Ke,t � 7.1,Ke,a

� −1.3 N/mm, and Kc,r � 619.9, Kc,t � 1014.2, and Kc,a � 58.2 N/mm2. Note that
average CFC values identified experimentally are used for all elements regardless of
local oblique and rake angles. A summary of CFCs for this set of trials (“M”machin-
ing tests) alongwith the CFCs for other trials in this chapter are provided in Table 4.1.

The first test is a stair step test where the axial depth increases from 1 to 3 mm
in increments of 0.25 mm, with full radial immersion and zero lead and tilt. For this
test, the spindle speed is 10,000 RPM with a feed rate of 0.1 mm per tooth in the
−XP direction. The force measurements in the part CS, FXYZ ,P, are shown in Fig. 4.8,
along with the maximum and minimum simulated forces. A detailed comparison of
the simulated and measured cutting forces is also shown in Fig. 4.8 for the minimum
depth of 1 mm and maximum depth of 3 mm. It can be seen from these results that
the simulated results closely match the experiment for this simple operation.

The second test is on the “M” part shown in Fig. 4.9, which is machined at
12,250 RPM using approximately 2000 CL points. During this test, the A and C axes
of the machine are fixed at 21.1° and −134°, respectively, resulting in a lead and tilt

Table 4.1 Summary of CFCs used during cutting trials throughout this chapter

Test Ke,r
(N/mm)

Ke,t
(N/mm)

Ke,a
(N/mm)

Kc,r
(N/mm2)

Kc,t
(N/mm2)

Kc,a
(N/mm2)

“M”
machining
tests

13.9 7.1 −1.3 619.9 1014.2 58.2

Corner cut
test

9.3 0.4 0.6 452.4 955.9 235.7

SLE groove
tests

7.4 −3 −2.7 128.4 965.5 85.34
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Fig. 4.8 Step cutting force test results for Test 1 (zero lead and tilt) showing detailed comparison
of the simulated force results for (A) 1 mm depth and (B) 3 mm depth

Fig. 4.9 Test cut “M” character with varying cut depth

of 15° when feeding in the –XP feed direction on the XpYP plane. The rotary axes are
fixed to reduce tracking errors between the simulation and the true machine motions.
This part is machined over a dome-shaped base which results in varying depth over
the “M” profile. Further, the fixed tool orientation results in a fixed transformation,
TT2P , but variable lead and tilt angle as the tool changes direction.

Prior to the start of the simulation, the toolmesh is created, andFe,XYZ,el andQXYZ,el

are determined for each tool mesh element (these only need to be calculated once
for a given tool mesh and fixed set of cutting force coefficients). Then, for each CL
point, the TWE is obtained for that move using ModuleWorks Software. Figure 4.9
shows examples of how the TWE maps obtained change throughout the operation.
The TWE data for each move is then applied to obtain Fe,XYZ(�) and QXYZ(�), and
the cutting forces are calculated using Eq. (4.11) at each angular position.

Note that the transformation between the tool CS and part CS is dependent on
how the tool CS is defined in the part CS. In the step example shown in Fig. 4.8,
the tool CS is the same as the part CS, so no transformation is needed (except to
reverse the sign of the forces to represent forces acting on the part, where forces are
calculated as acting on the tool). The transformation, TT2P , for the 5-axis example
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Fig. 4.10 aMeasured forces in workpiece CSwithmaximum andminimum simulated force values
at each corresponding location. b Comparison of simulated and measured force data at one location
of the “M” part

in Fig. 4.9, is more complex because it is a function of both the tool orientation and
the feed direction of the tool.

Due to tracking errors in the tool feed velocity (despite fixing the A and C axes),
the total machining time is measured as approximately 20% longer than expected.
To account for this in the simulation, the feed per tooth was reduced to 0.078 mm
per tooth to match the actual and simulation machine time (this effectively reduced
the simulated average tool feed speed, and hence feed per tooth).

The resulting forces are plotted in Fig. 4.10a along with the maximum and min-
imum simulated force values at those locations in time. The results show that the
simulated maximum and minimum forces closely follow the force profile through-
out the operation. Further, the simulated rotation dependent forces in Fig. 4.10b also
closely match the measured forces. The only places where large deviations occur are
in locations where chatter occurs. While the current force model does not predict
forces during chatter, this model can be used to predict whether chatter will occur.
This stability prediction approach is discussed in the following section.

4.2.6 Cutting Force Model Summary

The cutting force model developed here was created to predict forces for complex
machining operations where the tool/workpiece engagement is complex and highly
variable throughout. The key feature of this model is that it treats the elements of a
discretized tool as individual entities which have predetermined force characteristics
(Fe,XYZ,el andQXYZ,el) which are independent of the feed rate and feed direction of the
tool. When coupled with ModuleWorks TWE software to capture effect of changing
cutting conditions on the TWE, it is possible to efficiently obtain complex cutting
force predictions for 5-axis milling operations.
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The experiments discussed here have shown that this model is capable of pre-
dicting cutting force for a ball end mill in 3- and 5-axis operations. The stair test
resulted in accurate predictions of cutting force at varying cut depths. The “M” test
demonstrated that this model is able to pair with Moduleworks TWE software and
accounts for a high variation of cutting conditions effectively. The predictions from
this test showed close agreement between simulated and measured forces.

4.3 Stability Roadmap

Chatter is one of themajor limitations tomachining processes that affects part quality
and productivity. It has been extensively studied [12], and different approaches have
been developed to predict and mitigate chatter. Several modelling techniques such as
frequency domain solution [13], semi-discretization [14] and temporal finite element
[15], and time domain solution [16] have been applied to predict stability in 3-axis
milling operations. These methods are used to create stability lobe diagrams (SLDs)
which show the stable and unstable depths of cut at different spindle speeds.

The frequency domain solutions for flat end mills were later extended to general
milling tools [17] and 5-axis ball end milling operations [18]. Additional degrees of
freedoms in 5-axis milling complicate the calculation of tool and workpiece engage-
ment which is a required input in modelling the mechanics and dynamics of the
process. Ozturk and Budak [18] simulated the stability of 5-axis ball end milling
operation using both single and multifrequency solution. They used an analytical
cutter workpiece engagement boundary definition [1]. In some complex toolpaths in
5-axis milling, the definition of tool and process parameters such as cutting depth,
step over, lead and tilt angles may not be enough to define the tool and workpiece
engagements. For such cases, numerical geometric engagement calculation methods
are required [19]. Ozkirimli et al. [20] calculated the SLDs by using a numerical
engagement method employing the frequency domain solution.

In order to simulate stability of a complex toolpath, Budak et al. simulated stability
lobe diagrams for different points along the toolpath [21] and generated 3D stability
lobe diagrams. This approach is applicable for parameter selection while designing
toolpath. By looking to the 3D stability lobe diagram, the most conservative cutting
depth and spindle speed can be selected for the process to have a chatter-free process.
On the other hand, there are practical issues with using 3D stability lobe diagrams.

In complex cutting cases, definition of cutting depth can be vague. Even if the
process planner has the 3D stability lobe diagram for a given process, it will be
difficult for the process planner to identify whether the process is stable at a given
point. First, they need to determine the cutting depths at each point in the toolpath
and spindle speed and compare them with the 3D stability lobe diagram. Moreover,
once the toolpath is generated it is not possible to change the cutting depth without
generating the toolpath again. For these reasons stability lobe diagrams are less
practical for the visualization of the stability and changing the cutting depth without
changing the toolpath. In order to visualize the stability of a given process, the
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stability roadmap (SRM) is proposed. It plots the stable speeds for a given part
program considering the changing cutting conditions.

The purpose of the SRM is to efficiently obtain and represent stability information
for complex 5-axis operations. Once a part program is created, the TWE is assumed to
be fixed for each cutter location (CL) point of the program. Apart from regenerating
the part program, the most effective way to reduce chatter is through spindle speed
control. The SRM, thus, can be used by process planners to identify the best spindle
speeds throughout the program.

The force and stability formulation required to generate SRMs are presented in
this section, along with validation tests in which the model predictions are compared
with measured results.

4.3.1 Dynamic Force Model

The cutting force matrices developed in Sect. 4.2.2 to predict cutting forces for
any tool/workpiece engagement, and feed direction can also be applied to predict
stability for the same operations. To simulate dynamic effects, Eq. (4.11) is modified
by including dynamic effects in the tool displacement vector, �XYZ . The dynamic
feed vector is shown in (4.14), where f XYZ is the nominal feed per tooth vector, and
XYZ and XYZτ are tool displacements from the nominal position at the current time
and at the previous tooth pass.

{�XYZ} � {fXYZ + XYZ − XYZτ } (4.14)

The cutting force matrices,Qxyz(�), are also applied for stability prediction using
the zeroth order stability model developed in [13]. For the zeroth order linear milling
stability formulation, the nonlinear relation between force and feed is not included in
the model. The variable component of the cutting force is expressed in the frequency
domain in Eq. (4.15) [13].

{FXYZ(ω)} � [
QXYZ(�)

]{�XYZ(ω)} (4.15)

The dynamic force in Eq. (4.15) has time-varying coefficients due to the tool rota-
tion angle dependence ofQxyz(�) (each rotation angle can be expressed as a function
of time as the tool rotates). Equation (4.15) is made time-invariant by approximat-
ing the time-varying term as an average value [12]. Averaging the Qxyz(�) over the
tooth passing period, or over the range of rotation angles, �, is analogous to the
approximation of time-varying coefficients through the zeroth order Fourier series
term in [12]. The average Q matrixes over one tool revolution, Q0, are calculated
in Eq. (4.16), where Nc is the total number of circumferential elements in the tool
mesh.

After averaging to obtainQ0 and defining �XYZ(ω) as a function of the frequency
response function, FRF(ω), in Eq. (4.17), the resulting time-invariant dynamic force
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equation is obtained as Eq. (4.18). Note here thatQxyz andQ0 are the forcematrices in
the tool CS, which should correspond to the FRF measurements taken at the tooltip.

[
Q0

] � 1

Nc

Nc∑

��1

[
QXYZ(�)

]
(4.16)

{�XYZ(ω)} � (
1 − e−iωτ

)
[FRF(ω)]{FXYZ(ω)} (4.17)

{FXYZ(ω)} � (
1 − e−iωτ

)[
Q0

]
[FRF(ω)]{FXYZ(ω)} (4.18)

The dynamic stability is determined through the determinant of the characteristic
equation in Eq. (4.19), which defines the condition at the limit of stability [12].

det
(
[I ] − (

1 − e−iωτ
)[[

Q0
]
[FRF(ω)]

]) � 0 (4.19)

For calculation, Eq. (4.19) is rearranged to the form used by the eig function in
MATLAB in Eq. (4.20), as done in [22].

det

(
[
Q0

]
[FRF(ω)] − 1

(
1 − e−iωτ

) [I ]

)

� 0;

λ � eig
([
Q0

]
[FRF(ω)]

) � 1
(
1 − e−iωτ

) (4.20)

Following the steps of reduction in [13, 22], the condition of Eq. (4.20) is satisfied
in Eq. (4.21), when the real component of eig

([
Q0

]
[FRF(ω)]

)
is equal to 0.5.

0.5 �
(
λ2
Re(ω) + λ2

Im(ω)
)

λRe(ω)
(
1 + λ2

Im(ω)/λ2
Re(ω)

) � λRe(ω) (4.21)

Equation (4.21) defines the conditions when the system is at the limit of stability.
Because the current system is basedon adiscretemodel, there is no additional variable
which can be solved to satisfy Eqs. (4.20) and (4.21) (such as depth of cut in [13]). As
a result, stability is predicted for each newQ0 matrix, whereQ0 changes throughout a
program based on changing TWE data. For each new Q0 matrix, the eigenvalues are
found over a range of frequencies using Eq. (4.20), and the conditions of Eq. (4.22)
are used to determine at which frequencies the system is stable or unstable.

λmax(ω) � max(λRe(ω))

⎧
⎪⎨

⎪⎩

> 0.5,

� 0.5,

< 0.5,

Unstable
Stabiltity Limit

Stable

(4.22)

λmax(ω) is the maximum real eigenvalue component in Eq. (4.20) for each
frequency of [FRF(ω)] (there are multiple eigenvalues at each frequency). Any
frequency, ω, at which λmax(ω) > 0.5 is considered a chatter frequency, ωc.
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Equation (4.23) is then used to determine spindle speeds at which chatter will occur,
Ωc, based on the chatter frequencies. The chatter frequency is used to calculate
unstable spindle speeds for multiple integers of the chatter frequency (similar to
the multiple lobes of a stability lobe diagram) in Eq. (4.23). The following section
describes this process in more detail.

Ωc � 60ωc

Nf (ε(ωc) + 2π j)
; ε(ωc) � π + 2 tan−1

(
λIm(ωc)

λRe(ωc)

)

(4.23)

4.3.2 Stability Roadmap Generation

The process used to produce a SRM from the system eigenvalues is shown for
three example engagements in Fig. 4.11. For each engagement, the maximum real
eigenvalues are identified over a range of frequencies, and values greater than 0.5
are considered chatter frequencies, ωc, as indicated for the third engagement in
Fig. 4.11a. The chatter frequencies correspond to spindle speeds, �c, which repeat
for each jth lobe, according to (4.23). Here, start and end chatter frequencies, ωc,(1,2),
are identified at location where the eigenvalues cross 0.5, and these values are used to
calculate start and end chatter speeds,�c,(1,2), for each jth lobe for each engagement,
as shown in Eq. (4.24) and for the third engagement in Fig. 4.11b.

�c,(1,2) � 60ωc,(1,2)

Nf
(∈ (

ωc,(1,2)
)
+ 2π j

) (4.24)

Fig. 4.11 Generation of stability roadmap from system eigenvalues
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4.3.3 Stability Roadmap Trials

Stability roadmaps are generated for two example part programs and cutting trials
are performed to compare the stability predictions with stability measurements. The
first trial is a 5-axis ball end milling of a 3D “M” character in which the A and C
axes are fixed, and the second is a continuously varying lead and tilt corner cut. The
stability predictions from both examples are tested experimentally.

4.3.3.1 Stability Roadmap Trial 1

The “M” cutting trials used to test force predictions in Sect. 4.2.5 are also used here
for stability prediction. The only new information required is the FRF data of the tool,
which is plotted for the tool mounted on the FTV-5 in Fig. 4.12a. Figure 4.12a shows
that this tool has significant dynamic asymmetry between X- and Y -directions, with
significant magnitudes in the cross FRF measurements at the tooltip. As such, cross
FRFs are considered in stability predictions. The resulting SRM for this operation,
shown in Fig. 4.12b, is generated by following the steps shown in Fig. 4.11, using
measured tool FRF data and the TWE data from each CL move.

Cutting trials are run at 12,250 and 10,850 RPM. After each test, a spectrogram of
the microphone signal is generated to identify tooth passing and chatter frequencies
throughout the cut. Dominant frequencies, excluding tooth passing harmonics, are
considered to be a result of chatter.

The results of both tests are shown in Fig. 4.13. The SRM color map indicates
the predicted chatter frequency at that location, where the chatter frequency with the
highest real eigenvalue, λmax, is represented for each spindle speed (there can be
multiple chatter frequencies at the same speed). The results from the 12,250 RPM
test (Fig. 4.13a) show that two frequencies are predicted to be dominant, at 1500 and
2300 Hz. The spectrogram results show high amplitudes at both frequencies when
unstable during the first 850 CL points.

Fig. 4.12 Measured tool FRFs and resulting stability roadmap for “M” machining tests
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Fig. 4.13 “M” part stability roadmap, experimental sound spectrograms and part photos for 12,250
and 10,850 RPM

The 10,850 RPM test results (Fig. 4.13b) match the predicted chatter frequen-
cies near 2300 Hz, and no chatter is observed near 1500 Hz. Predictions from the
10,850 rpm test are again most accurate for the first 850 CL points.

Both machined “M” parts are shown in Fig. 4.13 with locations of visible chatter
on the part surface labelled. The CL points corresponding to the chatter locations
are indicated both on the SRM and on the photos of the part for sections A1 and
A2 at 12,250 RPM and B1 and B2 at 10,850 RPM. It can be seen that these chatter
locations agree with the spectrogram measurements and SRM predictions for the
first 850 points.

In both tests, the tool motion path begins at point P1 in Fig. 4.13 and follows
the “M” path until it reaches point P2 (P2 corresponds the CL point 850). As the
A and C axes positions are constant, the lead angle on the tool becomes negative
from P2 to P3 and tip of the tool is engaged with the workpiece. One potential
cause of chatter prediction errors starting at P2 is the indentation effects caused
by tooltip engagement start at this point. This indentation effect, which results in
underprediction of the stability, is not considered in this model.

4.3.3.2 Stability Roadmap Trial 2

The “M” stability trials presented some challenges for demonstrating the SRM con-
cept, primarily due to tooltip engagement, and tracking errors in the feed speed of
the machine tool which made it difficult to correlate simulated predictions to mea-
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Fig. 4.14 Edge machining trial setup with no tip engagement, and continuously varying lead, tilt,
and engagement

sured data. A second trial is designed in which a ball end mill machines the edge
of the workpiece without engaging the tooltip, as shown Fig. 4.14a, b. As to the
tool moves along the edge, the tool pivots about the tooltip, causing lead and tilt
vary continuously (lead between 0° and 20°, tilt between −10° and 10°) as shown in
Fig. 4.14c. The pivoting motion about the tooltip also creates continuous variation
in the tool-workpiece engagement throughout the cut.

The second trial is conducted on a Starrag Ecospeed with data logging capability
for the collection of true axis positions and spindle speeds throughout the cut. During
the edge cutting trials, force measurements are collected using a Kistler 9139AA
dynamometer. During the tests, the logged machine data and measured force data
are synced so that force results can be tracked based on tool position. Further, the
measured position data is applied directly to the stability model so that the stability
predictions can be directly correlated to the measured force data. Note that the use of
measured tool motion data does not change the SLM and is only used here to more
easily compare simulation and measurement.

The CFCs used for the AL7075-T6 workpiece and the two-fluted 30° ball endmill
with 6mm radius (Sandvik R216.42-12030-AK22AH10F) are found experimentally
to be: Ke,r � 9.3, Ke,t � 0.4, Ke,a � 0.6 N/mm, and Kc,r � 452.4, Kc,t � 955.9, and
Kc,a � 235.7 N/mm2 (also see “corner cut tests” in Table 4.1). Note that the CFC
trials were repeated on the EcoSpeed with a new tool. Note that the tool used here
is the same type but not the same tool used in the previous tests. New CFC tests are
conducted with the current tool which better reflects the region of the tool used in
the edge cutting trials, resulting in values which differ from the prior CFC tests.

Tool FRF measurements on the EcoSpeed showed symmetric dynamic behavior
at the tooltip, with negligible cross FRFs at the tip compared with the same tool
mounted to the FTV5 spindle. As such, only direct FRF measurements are used for
stability prediction. However, some variation is observed in the FRF measurements
before machining (but after spindle warm-up cycle) and after machining, as shown
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Fig. 4.15 Tool FRF measurements take a before the trials and b after the trials

in Fig. 4.15. These measurements were taken on the same day, with the same equip-
ment and setup, but several hours apart. The primary difference is the reduction
in amplitude of the 2700 Hz mode by approximately 20% in the post machining
measurement. A result of this reduction is that the SRM predictions will change
depending on which FRF is used. To account for this variability, SRMs are created
using both FRFs and compared with the stability trial results.

During the trials, the edge machining operation is repeated 26 times at different
spindle speeds. For each test, machine axis positions, spindle speeds, and measured
force data are collected throughout the operation. The measured machine data is then
applied directly to the simulation model to simulate the average forces and stability
at each measurement step. The measured force data is used to verify the simulated
average force data, as seen in Fig. 4.16a, and to determine the regions of chatter. A
spectrogram of the Z-force data is used to determine stability, where peak amplitudes
at the chatter frequency are compared with peak amplitudes of the tooth passing
frequency. As shown in Fig. 4.16b, the system is considered unstable whenever the
chatter frequency amplitude is greater than the tooth passing frequency amplitude,
and stable otherwise. Note that Z-force data is used here because it has the smallest
tooth passing frequency amplitude throughout the operation, making the distinction
between chatter and stability more easily recognized using the current approach.

The process for determining stability in Fig. 4.16 is repeated for all machining
trials, and the results are shown in Fig. 4.17 along with the predicted SRM using both
sets of FRF measurements. The predicted and measured stability results are plotted
based on the position of the tool. Tool position is used here because the cycle time
of each test varies due to variations in feed rate to maintain a constant feed per tooth.

The results from Fig. 4.17 show that the stability regions do not line up exactly,
as there is a shift in RPM between the predicted and measured stability regions.
The cause of this shift is not known for certain; however, it is possible that this
shift is a result of changes in the spindle dynamic parameters as a result of spindle
speed. Despite these differences and the highly transient nature of this operation,
the measured regions of stability of the corner machining example closely follow
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Fig. 4.16 Edgemachining trial results: a simulated andmeasured average cutting forces throughout
the operation and b use of force data to determine regions of chatter along the cut

Fig. 4.17 SRM showing measured and simulated stability regions a using FRF measurements
before the trials and b FRF measurements after the trials

the stability roadmap, and the chatter vibration amplitudes follow the qualitative
predictions of the system eigenvalues.

Whereas the SRMwas colored to represent predicted chatter frequency in the pre-
vious example, here, the SRM colors show the predicted maximum real eigenvalues
of the system, λmax(ω). The use of λmax(ω) is useful for showing the predicted
severity of the chatter. This is seen in Fig. 4.18 where the experimental chatter data
is plotted with a third dimension, showing the ratio of the measured maximum chat-
ter frequency amplitude, max(Amp(ωc)), to the tooth pass frequency amplitude,
max(Amp(ωt)). It can be seen that the amplitudes of the chatter vibrations qualita-
tively follow the form of the eigenvalues, λmax(ω).
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Fig. 4.18 Use of maximum eigenvalues, λmax(ω), to represent chatter severity compared with the
measured tooth passing and chatter frequency ratios

4.3.4 Stability Roadmap Summary

The SRM provides an effective means of representing stability information for com-
plex machining operations. Application of the zero-order approximation method to
a discretized cutting force model allows for efficient stability prediction regardless
of the engagement or the tool feed direction. When coupled with TWE simulation
software, this approach can be used to represent the entire process virtually for a
specific part program with a specific tool.

The experiments from this paper show that the SRM can accurately predict chatter
locations, evenwith a toolwith nonsymmetric direct FRFs and significant cross FRFs.
However, the experimental results have shown that the current model is only effective
when the tooltip center is not engaged in the cut.

Moving forward, the current SRM model can be expanded to include additional
machining considerations, such as surface finish, surface location error, and work-
piece dynamics.

4.4 Surface Location Error Model

During machining processes, cutting forces cause the tool to displace relative to the
workpiece due to flexibility in the tool and/or workpiece. These relative displace-
ments result in form errors in the part geometry, known as surface location errors
(SLE). SLEs differ from chatter in that they are a result of periodic cutting forces
(the forces calculated in the static cutting force module) and not regenerative effects.
As such, SLEs are prevalent for both stable and unstable cutting conditions.
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The prediction of surface location error has been made using various techniques
in prior research. In these works, the motion of the tool in response to the cutting
force is predicted, and this motion is imposed onto the rotating cutting edge to predict
the true surface left behind. A closed form solution to predict SLE as a function of
the tool FRF and forcing function is developed in [23]. Time domain simulations
have also been used to predict tool motions in more complex cases, such as run-out
[24], or 2-DOF milling dynamics [25]. Others used a truncated Fourier solution to
determine tool motions based on modal parameters [26]. They then simulated the
full 3D “morphed” cutting edge path, which then used to model the final machined
surface.

Ozturk et al. [1] developed an approach for predicting form error for 5-axis ball
end milling operations. Their approach predicts form error based simulation of static
tool deflections, and these predictions were shown to closely agree with single point
measurements in machining trials.

In this section, the strategy used to approximate SLE based on the discrete tool
model is developed. Thismodel is able to predict 5-axis SLE for complex tool geome-
tries, tool/workpiece engagements, based on dynamic displacement and rotation of
the tool. Cutting trials are conducted to compare predicted and measure SLE for a
5-axis ball end mill operation.

4.4.1 Form Error Prediction

Surface location error is predicted by first simulating tool displacements based on
the cutting force profile and the system dynamic parameters. These displacements
are combined with the rotary motion of the tool to model the true path of the cutting
edge (helical or straight). The true cutting edge locations are compared with nominal
(with no relative displacement) edge locations to determine the edge position error
at each location of the tool.

These steps are shown in Fig. 4.19 for an example case. In Fig. 4.19a, the simulated
tool displacements are shown which is based on the cutting force for the current
operation and the frequency response function (FRF) of the tooltip.

Once the tool displacements are known, they are combined with the rotary motion
of the cutting edge, as shown in Fig. 4.19b. With no tool displacements, the helical
cutting edges nominally follow a path that forms a cylindrical shape. The addition
of the tool vibrations causes the helical cutting edges to form a new shape, which
represents the actual profile of the tool. By following the shape traced by the cut-
ting edges, which is plotted with green points, the deviation of each point can be
determined and the surface location error identified at each point of the tool. In the
example in Fig. 4.19b right, the tool edge trace is oriented so that the tool is feeding
out of the page, and the machined surface left behind is the leftmost side of the tool
profile. Nominally, the tool removes material along the cylindrical shape, leaving
behind the straight, blue edge. When vibrations are included, the resulting machined
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surface is curved, resulting in overcut along the upper surface, and undercut at the
lower surface.

In the currentmodel, dynamic displacements are derivedusing a frequencydomain
solution. Compared with time domain simulation, the frequency domain approach
is intended to be more efficient and robust. Further, this approach can be applied
using system FRFs directly without the need to identify modal parameters, which
is a requirement for time domain models. The frequency domain solution does not
account for regenerative force effects which lead to chatter, so it is run under the
assumption of stability (chatter is considered using a Stability Roadmap).

The process of determining the frequency domain solution is shown in Eqs. (4.25)
through (4.27). The predicted force signal (F(t) in Fig. 4.19) is first transformed to
the frequency domain using the fast Fourier transform (fft in MATLAB) as shown
in (4.25).
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Equation (4.26) is then used to solve for position in the frequency domain using
the tool dynamic data (FRF(ω) in Fig. 4.19). The 3×3 FRF matrix in (4.26) allows
for all direct and cross FRFs to be usedwhen determining the tool response, although,
typically only the diagonal, direct FRFs are nonzero. However, cross FRFs were used
in the validation tests presented here due to their significant magnitudes.

Fig. 4.19 a Cutting forces, tooltip FRFs, and resulting simulated tool displacements and b exag-
gerated depiction of surface location error prediction through cutting edge trace with superimposed
rotation and vibration



4 Modelling of Machining Processes 81

Fig. 4.20 Comparison of
tool position prediction using
both time domain simulation
and frequency domain
solution
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Finally, the resulting time response of the tool is obtained in (4.27) using the
inverse fast Fourier transform (IFFT in MATLAB).
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The resulting time response obtained using the frequency solution is compared
with time domain simulation results in Fig. 4.20. It can be seen that even though
regenerative effects are ignored, the results are nearly identical using either method.
The advantage of the frequency domain solution is that solutions are obtained more
quickly, and determination of modal parameters it is not required. Note that this pro-
cess is only valid for stable cutting conditions, and the results will differ if unstable.
As such, this approach should be used in combination with the stability roadmap to
ensure that the process is stable.

4.4.2 Surface Location Error Calculation

The tool position response is simulated overmultiple cycles to increase the likelihood
that the vibrations are in steady state. Once in steady state, the motions from a
single tooth passing period are needed to model the tool motion. At each step of
the tooth period, the instantaneous displacement of the tool is used to determine the



82 L. Berglind and E. Ozturk

Fig. 4.21 Process of calculating SLE from tool displacements

error at the cutting edge location at that rotation angle. The process is illustrated
in Fig. 4.21, starting with a single period of the tool motion. Each point in time of
the tools’ motion corresponds to a tool rotation position, and this displacement is
applied to the cutting edge at that angle. As SLE is measured from the normal of
the part surface, the SLE of each element along the cutting edge is determined by
projecting the displacement vector, uXYZ , onto an edge normal vector, Vn, as shown
in Eq. (4.28). The resulting SLE is then recorded for that element on the cutting edge
in that rotational position. This process is then repeated for each point of the tool
rotation cycle. Once completed, the SLE data is represented tool mesh element using
a color scale, as shown in Fig. 4.21.

SLEel(�,L) � Vn,el(�,L) · uxyz(�) (4.28)

The full SLE map in Fig. 4.21 shows the SLE of each element of the tool mesh;
however, we are only concerned with tool elements which are both engaged in the
workpiece and are also located along the section of the tool which leaves behind a
machined surface. These requirements are shown in Eq. (4.29), where engagement is
determinedwith g(�,L), and “surface forming” elements are identified by projecting
the feed vector, f XYZ , onto the surface normal vector. This projection gives a value
proportional to the chip thickness, and it is assumed that engaged elements which
have zero chip thickness are machining at locations where a machined surface is
left behind. Since the tool mesh is discrete, it is unlikely to find a calculated chip
thickness of exactly zero, so a minimum value is set to identify elements close to the
surface formation region. A summary of the process used to identify surface forming
elements for predicting SLE of the machined surface is shown in Fig. 4.22.

Surface Element if: g(�,L) � 1 & Vn,el(�,L) · fxyz < MinVal (4.29)
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Fig. 4.22 Process of identifying surface forming elements of the tool mesh used to predict SLE on
the machined surface

4.4.3 Surface Location Error Trials

The SLE model is tested using a grooving operation with a ball end mill with a
constant lead and tilt. The trials are run at different spindle speeds and depths of cut,
and the resulting measured groove surfaces are compared with simulated surface
shapes. For each set of cutting conditions, the machined surface is simulated by
predicting the path of the tool cutting edges as they rotate and vibrate simultaneously,
as shown in Fig. 4.23a. Note that only elements that are both engaged in the cut, and
are on the edge of the tool profile when looked at in the feed direction, are used to
predict the surface left behind (see elements indicated in Fig. 4.23a).

Figure 4.23b shows both the nominal surface (with no vibrations) and the sim-
ulated surface with vibrations. From this view, the simulated surface is offset from
the nominal surface by the surface location error (SLE) values which are predicted
for each element based on the cutting edge trace.

Since we are comparing error results at many points along the simulated part
surface, a best fit error approach is used to characterize surface errors. As the nominal
shape of the ball end mill machined grooves is circular, circular fit errors are used.

Once a simulated surface is obtained, a circle is fitted to the simulated surface
points (see best fit circle in Fig. 4.23b), and best fit errors are determined for each
point (see in Fig. 4.23c). Even though SLE errors from the nominal surface are
simulated directly, the best fit error approach allows for the simulated surface shape
to be evaluated independently of a known reference (i.e., the nominal surface). This
is useful for comparing simulated surface errors to the measured surface errors,
which do not have an easily obtainable absolute reference. Both the simulated and
experimental surfaces are evaluated using the same process based on a best fit circle.

A 12-mm-diameter ball end mill with two flutes and helix angle of 30° (Sandvik
R216.42-12030-AK22A H10F) is used for this trial. The tool is mounted using a
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Fig. 4.23 Process used to measure simulated surface errors with tool vibrations

Bilz ThermoGrip T1200/HSKA63 tool holder with a tool overhang of 67.2 mm.
The machine used for the tests is a MAG FTV5-2500, and force measurements
are collected using a Kistler 9139AA dynamometer. The workpiece material is AL
7075 T6 and PTFE nylon. The CFCs used for the AL7075-T6 workpiece are found
experimentally using a ball end mill mechanistic model [11], to be: Ke,r � 7.43,
Ke,t � −2.98, Ke,a � −2.7 N/mm, and Kc,r � 128.35, Kc,t � 965.49, and Kc,a �
85.34 N/mm2 (also see “corner cut tests” in Table 4.1). Note that average CFC values
identified experimentally are used for all elements regardless of local oblique and
rake angles.

During the trials, the ball end mill machines straight grooves on an aluminum
and nylon workpiece. Two materials are used which have very different cutting force
coefficient (CFC) values so that the resulting surface can be compared with equal
cutting conditions, but different forces. Each test cut is run with a fixed feed, spindle
speed, lead, tilt, and cut depth. A summary of the test conditions is shown inTable 4.2,
and an image of the test block is shown in Fig. 4.24a.

After the tests, an Alicona Infinite Focus G5 is used to measure the shape of the
machined grooves. This machine and an example of a surface produced during the
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Table 4.2 Summary of cutting conditions for SLE experiments

Test # Feed/tooth
(mm)

Spindle speed
(RPM)

Lead
(Degrees)

Tilt (Degrees) Cut depth
(mm)

1 0.15 13,050 15 15 0.5

2 0.1 13,050 15 15 0.5

3 0.15 20,800 15 15 0.5

4 0.1 20,800 15 15 0.5

5 0.15 13,050 15 −15 0.5

6 0.1 13,050 15 −15 0.5

7 0.15 20,800 15 −15 0.5

8 0.1 20,800 15 −15 0.5

9 0.15 13,050 15 15 1

10 0.1 13,050 15 15 1

11 0.15 20,800 15 15 1

12 0.1 20,800 15 15 1

13 0.15 13,050 15 −15 1

14 0.1 13,050 15 −15 1

Fig. 4.24 Alicona Infinite Focus G5 and an example groove surface measurement

measurement are shown in Fig. 4.24b, c. Surface data generated in these measure-
ments are used to characterize the true form of the grooves. As they are all machined
with a 6 mm radius ball end mill, the nominal surface generated should also have a
circular form with a radius of 6 mm.

To measure the true form, virtual traces are taken on the surface data measured
on the Alicona. This process is shown in Fig. 4.25, where two traces are collected,
providing the true formof the groove at two locations. The trace data is then compared
with a simulated surface produced by simulating the tool vibrations as it cuts.

The measured and simulated surfaces are analyzed using the same process to
determine the SLE in each. First, a circle is fitted to the measured and simulated
surfaces, each circle having a best fit center point and radius. In Fig. 4.26, the resulting
best fit radii are shown for the simulated and measured surfaces for all 14 tests. Note
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Fig. 4.25 Process of extracting surface profile traces from Alicona measurements, which are then
compared with simulated surface traces

Fig. 4.26 Best fit radii of simulated and measured aluminum surfaces

that the fitting routine only considers points along machine groove, which represent
only a small portion of the full 12 mm diameter circle, causing the best fit radii to be
sensitive. Despite this, the resulting best fit radii closely follow the same trend for
both the simulated and measured surfaces, although the measured surfaces appear to
consistently have a larger radius, approximately 50 µm greater than the simulated
surface. This difference may be due to errors in the actual tool geometry, such as
run-out, errors in the measurement, part vibrations, or other machine errors which
are out of scope of the current simulation model.
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Fig. 4.27 Illustration of how profile errors are measured from a best fit circle for both the simulated
and measured aluminum surfaces

One challenge for SLE experiments is determining an absolute reference from
which to measure the errors in the true surface. For example, it is difficult to define
the nominal center of the tool fromwhich to compare the measured surfaces. For this
reason, the best fit circles are used as a reference to measure errors for both simulated
and measured surface data.

Once best fit circles are found for the simulated and measured surfaces, the devia-
tion of each point along the surface from its respective best fit circle is set as the best
fit error for that point. In Fig. 4.27a, the points of both surfaces are plotted along with
the best fit circles. The errors are recorded along the trace direction, resulting in the
best fit error plots shown in Fig. 4.27a. The best fit errors can then be exaggerated to
represent the shape of the machined surfaces, as shown in Fig. 4.27c. It can be seen
in this exaggerated view that both the simulated and measured surfaces deviate from
the best fit circle in roughly the same general form for this current example.

This process is followed for each test, and the resulting errors are shown in
Fig. 4.28. It can be seen that errors in the simulated surface closely trend with the
errors on the measured surface, especially in the 13,050 RPM, 0.5 mm depth tests
(Tests 1–5). Chatter also had an effect on the results (chatter is not considered in
the simulated surfaces). When chatter is severe (Tests 9 and 10) the surface errors
deviate greatly, however, for light chatter (Tests 11 through 14), the errors still trend
closely, although there is additional waviness in the measured surface.

Both aluminum and nylon are machined during the tests. The purpose of this is to
compare the surfaces when there is a significant difference in the cutting forces acting
on the tool. For these tests, the mean forces acting on the tool are approximately 10
times greater during the aluminum sections. As a result, the steady-state vibration
amplitudes which lead to SLE are expected to reduce by a factor of 10 while cutting
nylon. Due to the inability to generate full measurements for the nylon surfaces (the
Alicona could not measure the full sample due to surface lighting issues), we do not
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Fig. 4.28 Comparison between best form errors for measured and simulated surfaces

Fig. 4.29 Comparison of measured form errors for the aluminum and nylon sections

have analysis on all nylon surfaces yet. In Fig. 4.29, the partial data from the nylon
samples is analyzed, and the errors are compared with the aluminum surface errors.
These results indicate a significant decrease in error in the nylon surface, as would be
expected with reduced cutting force. However, this result is only an indication, and
data from more complete nylon measurements should be analyzed to fully validate
this result.
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The results from these tests show that the SLEmodel can provide a good indication
of surface error for simple 5-axis operations using a ball end mill.

4.5 Process Model Simulation Interface

The process models discussed in this chapter have been developed in MATLAB. In
order to make use of these models accessible to Twin-Control partners, a MATLAB
graphical user interface (GUI) has been developed. The GUI contains all of the
process models, and the interface allows users to execute any or all of the models
from a single setup. This section describes the basic features of the Twin-Control
process model GUI.

4.5.1 Process Model GUI Layout, Inputs and Options

An image of the process model GUI is shown in Fig. 4.30 with all of the key sections
labelled. Upon launch, the user is first prompted to select a project folder which
contains all of the process data for the current application. This project folder should
contain the following items:

Fig. 4.30 Process model GUI developed to run process model code in MATLAB
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• A database of tool geometries used (*.csv file),
• A database of cutting force coefficients used (*.csv file),
• An *.stl file of the stock part geometry (must be geometry before machining
operation),

• A part program file containing tool motion and tool number data.

Once a project folder is selected, the data is processed and the tool geometry and
programmed toolpath are shown in the GUI environment. At this point, the user has
several options to control the simulation. The following lists show the function of
each section of the GUI as labelled in

A. Users can select FRF files for up to ten tools used in the part program. The FRF
data for all tools is plotted when the user selects “Show FRF Data”.

B. The user selects which models to run during the simulation.
C. The user can control the resolution of the tool mesh and the tool path resolution

at which all analysis is performed (analysis is performed at fixed distance points
along the toolpath, and not an every CL point). The user can also select which
section of the part program to analyze based onCLmove number usingMax/Min
Move.

D. Once options are set, the user selects “StartAnalysis” to start the simulation.Dur-
ing simulation, the status of the simulation is updated in the “Status” box. Once
the simulation is complete, the user has the option to view all tool/workpiece
engagements along the toolpath by selecting “Check Engagements”.

E. After simulation, the results can be plotted based on the selections in the box.
Forces and torques can be plotted as tool rotation angle dependent, or as average
values over one revolution. They can be plotted against simulated time or against
CL move number. Finally, the type of analysis results can be selected.

F. Selections in this box show the results rendered against the toolpath instead of
time (see next section for examples).

G. Shows a plot of the tool mesh resolution and geometry.
H. Plot of simulation results against toolpath.
I. Main display window used during simulation setup and to show simulation

results.

4.5.2 Process Model GUI Outputs

When the simulation analysis is completed, the results are stored in an output file
for analysis. An example of the data stored and replotted for one simulation is shown
in Fig. 4.31. The average forces and torques are first shown against the simulated
time. The remaining results are plotted along the toolpath so that results correspond
to specific locations on the part geometry. The average force magnitudes and torques
are plotted first, where the color scales correspond to the simulated values. From
this example, peak force and torque loads occur at the outer corners of the “M”
structure. The results for chatter and SLE are also plotted along the toolpath. These
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Fig. 4.31 Outputs of AMRC process model GUI, showing simulated force, torque, chatter, and
surface location errors graphically on the part geometry

results are represented by both a color scale and dot size. For chatter results, the
color indicates the predicted chatter frequency along the toolpath, and the dot size
indicates the system eigenvalue along the toolpath, which correlates to the severity of
chatter predicted (no dot indicates no predicted chatter). The color scale of the SLE
data represents the maximum SLE value calculated within the surface generation
section of the tool, and the dot size represents the range of SLE values over the
surface generation section.

The method of display for the results in Fig. 4.31 is intended to allow process
planners to quickly and easily interpret simulation data for a specific process. These
results concisely show what issues may appear during the part program, and where
they will occur on the part geometry.
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4.6 Conclusions

The process models developed to model interactions between the tool, and the work-
piece provide important predictions about the final outcome of an operation. The
models developed here are all based on a discrete tool cutting force model which
provides flexible and efficient solutions for complex machining operations. It has
been shown through validation testing that these models are capable of predicting
force and torque, as well as chatter and surface location error. By combining all of
these separate model components into a single environment, we can efficiently sim-
ulate and view results for complex operations in a concise format. We will see in the
following chapters how this system has been used to improve example machining
operations from both the automotive and aerospace industries.
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Chapter 5
Towards Energy-Efficient Machine
Tools Through the Development
of the Twin-Control Energy
Efficiency Module

Dominik Flum, Johannes Sossenheimer, Christian Stück
and Eberhard Abele

5.1 Introduction

Energy efficiency issues have played an increasingly important role in society, busi-
ness and politics in recent years. Above all, noticeable environmental impacts are one
reason for this. This increases customer awareness and introduces additional legal
regulations. As a very large proportion of global primary energy demand is caused by
the manufacturing industry, this represents a great lever for reducing energy demand
and the associated emissions [1]. Furthermore, energy is an increasingly important
cost factor. This results in high customer demand for energy-efficient machines.

Studies have shown that 26% of operating costs of a machine tool are caused by
energy costs for machine tools—excluding labour, tooling and material costs [2].
As energy prices continue to rise in the foreseeable future, the importance of the
energy efficiency factor will play a greater role alongside the classic dimensions of
precision, performance and reliability [3, 4].
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Fig. 5.1 Realized energy-saving measures on a machine tool of the type MAG XS211 [5]

5.1.1 Energy Efficiency of Production Machines

Many different approaches to increasing energy efficiency in production technol-
ogy have already been investigated. One example of this is the research project
“Maxiem—maximizing the energy efficiency of machine tools”. The project results
show the potential and possibilities with regard to energy efficiency optimization in
machine tools. Various measures for component-oriented optimization and evalua-
tion of energy efficiency were carried out using a MAG XS 211 four-axis machining
centre as an example. By analysing the energy consumption of individual compo-
nents, the actual delivery status of the machining centre was determined. Most of the
energy was consumed by the machine cooling system, the cooling lubricant system
and the hydraulic system. Based on the assumption of mass production with a three-
shift operation and six working days per week, 50% of the energy could be saved
through the use of an energy-optimized configuration (Fig. 5.1) [5].

5.1.2 Scope of Investigation

The measures to optimize the energy efficiency of metal-cutting machine tools are
manifold. The optimization measures can generally be classified according to the
overview inFig. 5.2.According to this, an increase in the energy efficiencyofmachine
tools can be achieved by [6]:
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Fig. 5.2 Investigated approaches to increase energy efficiency (marked in blue) (see [3])

• Recovery of the energy used,
• Reuse of energy,
• Reduction of energy demand.

The research activities in the Twin-Control project focused on reducing the energy
demand. This is basically the key step in optimizing energy efficiency, as it also
reduces the energy loss such as waste heat. The measures used are not intended to
influence the productivity of the machining process. Therefore, the optimization of
the machine tool itself was investigated. Starting points in general are [6, 7]:

• Use of efficient components with higher efficiency,
• Implementation a demand-oriented control by (partially) switching off modules
when not in use,

• Design of the machine modules by applying energy-efficient construction
principles.

When considering the design of the assemblies, oversizing and “safety surcharges”
that are frequently encountered, especiallywhendesigning pumps andmotors, should
be avoided. This results in the components no longer running at their optimum
operating point, which in turn has a negative effect on energy efficiency [7].

Standby operation, which means switching off or activating an energy-saving
mode for modules or components when they are not in use, also reduces the energy
consumption of metal-cutting machine tools [8]. This is achieved, for example, by
implementing energymanagement functions on themachine control whereby certain
modules are switched off either after a time defined by the user or after completion
of the part program [9].

Due to different operating states and varying process parameters, such as tool
change, spindle speed and feed rate, different types and frequencies of loads act on
the machine tool assemblies. The operation of the components can be adapted to the
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different performance requirements by process-adapted and demand-oriented control
of motors and pumps by means of speed control using a frequency converter. Often
pumps in machine tools are operated at mostly constant speed whereby the flow rate
is adapted to the current demand by a throttle or bypass control [7, 10]. In load cases
where a component is operated at a constant operating point, speed control is energet-
ically disadvantageous. The efficiency losses of the frequency inverter during speed
control would lead to deterioration in energy efficiency [11]. A further optimization
option is the use of efficient components with improved efficiency. Examples of
components with high energy-saving potential are pumps, electric motors or cooling
units [7].

5.2 Theoretical Background

Existing scientific approaches for both approximation and simulation of the energy
requirements of machines and production processes are presented below.

5.2.1 Machine Simulation and Process Modelling

Reeber [12] developed an approach in the field of cutting machine tools that enables
the calculation of the specific cutting energy. The basis is an empirical model of
cutting force developed by [13]. This makes it possible to determine the cutting force
depending on different material and process parameters [12, 13]. The calculations
only take into account the energy required for the cutting process, not the total energy
consumption of the machine [3].

Degner and Wolfram [14] presented an approach that complements the approach
of [12] to the additional energy demand of the machine tool. For this purpose, electri-
cal measurements of reactive power in the air cut formed the basis (all units enabled,
no tool contact) [3, 14–18].

A first observation of the energy consumption of amachine tool in non-production
times was made by [19]. His assumption was constant power consumption with
stationary machine axes [19].

Another similar approach was developed by Gutowski et al. [20]. This is based
on electrical power measurements on various machine tools. The energy demand of
the process-specific component is calculated from a base load and the process load.
The machining load was determined by various milling tests with different removal
rates, while the base load is assumed to be constant [20, 21].

Draganescu et al. [22] evaluate the energy efficiency ofmachine tools by analysing
the energy effectiveness, which is defined as the ratio of theoretical cutting energy to
total energy demand. Using statistical methods and empirical data, a mathematical
model was developed that maps the ratio of different operating parameters, such
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as torque, feed rate and spindle speed in order to approximate the specific power
consumption of a machine tool [22, 23].

Dietmair et al. [24] used an empirical model based on graph theory to predict the
energy demand of cutting machine tools. A specific electrical power demand was set
for each machine component according to the current machine mode. If the duration
and the order of the individual machine modes are specified, the power consumption
and the energy demand of the individual components can be determined. The result
is the energy demand of the entire machine [3, 24–27].

The approach of [24] was extended by [28]. He assigned a certain power and
time demand to the transition between different machine modes. However, both
approaches neglect dynamic effects. Each machine mode is assigned to a single
power consumption [28].

Schrems [29] developed an approach based on a dynamic simulation to predict
the energy demand of various production processes and machines. For this purpose,
productionmachines contained in a process chain are represented by generic models.
Datasheet information is used to parameterizing the models that can be used to deter-
mine the energy demand of certain configurations. Eventually, the energy demand
can be taken into account when planning process chains and selecting alternative
production machines [29].

5.2.2 Energy Demand Approximation of Production
Machines

Kuhrke [7] developed a methodology for a prospective assessment of the medium
and energy demand that can already be used in the offer phase of machine tools.
Therefore, a foundation for machine tool manufacturers, as well as for operators for a
coherent evaluation of the energy andmedium demand, is provided. The basis for this
is the analysis of a sample machine, in which he developed calculation rules for each
energy-relevant component. This was based on information from datasheets and data
gained bymeasurements if the required information in the datasheetswas insufficient.
Finally, by aggregating the individual demands, the total energy consumption of the
machine tool can be calculated [7].

Another approach emerges fromBittencourt [30].Hepresented a predictionmodel
for the energy demand of machine tools. Electrical power measurements on different
modules under different operating conditions of the production machine serve as a
basis. For modules with process-dependent power consumption, further test series
were carried out under various load conditions. Subsequently, a characteristic curve
model was developed using spline curves, which enables the calculation of energy
consumption depending on the production task [30].
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5.2.3 Summary

In contrast to many of the previous work, the approach presented below is not depen-
dent on energy measurements on existing production machines. On the one hand,
electrical power measurements are often unsuitable in a production environment
because they are associated with increased effort and high costs, as the execution
of the measurements is time-consuming, and production may have to be stopped. In
addition, measurements cannot usually be used in the planning phase of a product or
production due to a lack of physical components. The energy efficiency module of
Twin-Control, however, supports the machine design by dimensioning and selecting
components according to the prevailing needs using mainly datasheet information.

5.3 The Energy Efficiency Module

The energy efficiency module of Twin-Control aims to support machine tool builders
within the machine design phase to choose an energetically optimal machine con-
figuration. In addition, the simulation tool enables part manufacturers to guarantee
an energy-efficient part production considering different NC Code alternatives. For
establishing energy efficiency measures, a machine tool builder or user needs, in the
first place, information about the possible energy efficiency measures. Secondly, a
systematic and transparent decision-making process is necessary to evaluate several
energy efficiency measures. These prerequisites will be accomplished by the energy
efficiency module.

5.3.1 Framework

The energy efficiencymodule is intended to act as a platform between developers and
users in order to promote the implementation of energy efficiency solutions through
increased transparency of the energy demand.

The core of the energy efficiency module is the simulation models. Those models
are established in the simulation software MATLAB/Simscape and will be discussed
in Chap. 4. For parameterizing the simulation models, input from machine tool user
and machine tool builder is employed. Hardware information needs to be provided,
especially by the machine tool builder. This information is used to parameterize
the developed component simulation models to a specific machine tool. The energy
demand of a machine tool, however, is not only determined by its hardware but also
by its production task. The production task can be divided into three dimensions
(Fig. 5.3).
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Fig. 5.3 Framework of the energy efficiency module

• Workpiece information: the component information includes the part to be pro-
duced, which is described by the NC program and related information, such as
material and tool parameters.

• Technical conditions: this includes a variety of technical information.

– Production environment: ambient conditions (temperature, vibration, etc.).
– Technological requirements: required production processes, flexibility of
machine, quality requirements.

– Infrastructure: options to subscribe for compressed air, existing cooling/filtration
systems, energy networks in buildings and other production machines and chip
removal.

• Organizational data: The organizational data include company-specific informa-
tion to the parent production environment, which go beyond the technical informa-
tion. These include, inter alia, production hours per year, the price of electricity and
the basic proportions of the machine conditions (production, standby, off). These
data form the basis of the balance between energy efficiency and cost aspects.

The design of the energy efficiency module follows a tripartite model–view—
controller (MVC) approach with the following features.

• Module database: the modules are held in the form of strategies for energy effi-
ciency measures.
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• Configuration algorithm: the algorithm creates configurations based on modules.
The creation and review are automated.

• Input and output mask: visualization supports the configuration process.

5.3.2 Key Elements

The key elements of the energy efficiency module are briefly described below. Since
the energy simulationmodelsmake up the essential part, they are discussed separately
in this chapter.

• Energy efficiency measure pool: the basic approaches to energy efficiency
improvements are collected in a measure pool. These approaches represent tem-
plates for energy efficiency measures that can be taken into account for the con-
figuration.

• Measure creation: To apply an energy efficiency measure, it must first be created
or configured. Since measures can only be performed on the basis of an existing
basic configuration, it is important to create them if they do not exist as intended.
During measure creation, the templates from the energy efficiency measure pool
are linked to the conditions and requirements defined by the machine tool user.
For individual measures, components are pre-selected from a database, which then
represent configuration alternatives. This enables the optimization algorithm to
perform an action automatically. If a measure is to be applied to several machine
assemblies, it is created separately for each assembly. Assemblies that are not
considered are initially treated as black boxes, which can be detailed by additional
measures.

• Component database: the component database includes a plurality of components
of different types. For each component, the required information such as datasheet
specifications and list prices are stored. Since the creation of the database is associ-
ated with a comparatively high cost, it is created project and machine independent
and is permanently available.

• Optimization algorithm: the optimization algorithm performs a measure by using
mathematical optimization methods and a system of rules for an automated selec-
tion of a suitable configuration. An essential component is the quantitative review
of alternatives as a guide for the selection. The alternative with the best value is
then added to the project.

• Energy efficiency project: the project is a collection of already defined measures
and thus shows the current configuration status. In order to offer the user control
and modification possibilities of the optimization algorithm, there is a detailed
view of existing measures.

• Configuration result: The generated configuration is a collection of measures.
To make them available outside the platform, they must first be prepared. This
includes, e.g. a collection of parts lists or datasheets based on the selected alter-
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Fig. 5.4 Exemplary results of the configuration platform

natives. There should be an additional check of the configuration by an expert
staff.

• Graphical user interface (GUI): a graphical user interface guides the operator
in using the configuration platform. The elements, such as measure creation and
solution selection are providedwith dialogues, throughwhich the user can perform
inputs.

An exemplary application of the configuration platform is shown in Fig. 5.4, in
which three different configuration options for a hydraulic system are compared.
Basically, the three marketable variants are a pressure control valve (PCV), a speed
controlled pump (SCP) and a pressure reduced circulation (PRC).Using an optimized
configuration allows possible cost savings of up to 6648 e under the assumption of
an investigation period of 6 years and a two-shift operation.

5.4 Energy Simulation of Machine Tools

A popular approach in order to predict the behaviour of production machines is the
use of simulation models. According to [31], simulation can generally be applied
for technical systems within every lifecycle phase: during product development, the
predicted system behaviour can be verified; in the use phase, potential changes to
the utilization profile or retrofit measures can be evaluated in advance [23, 31]. In
order to forecast and simulate the energy consumption of machine tools, dynamic
models of various components were set up. Those models represent the core of the
configuration platform (Fig. 5.3). Through modelling all components relevant to
the energy demand and the energetic interconnectivity, all functional modules of a
production machine are set up. Besides electrical energy, all other energy types are
taken into account influencing the electric behaviour (e.g. hydraulic and mechanical
energy). The simulation model is implemented within the software environment
MATLAB/Simscape.
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5.4.1 Basic Principle

The presented simulation approach covers the relevant mechanisms for calculating
the energy demand of production machines. In general, the simulation structure
distinguishes between three model layers (compare to Fig. 5.5) [3]:

Process Layer (NC Code Interpreter)

Within the process layer, the interaction between the workpiece and the tool is
mapped. Cutting force calculations, as well as tool engagement estimations, are
performed in this part of the simulation model. Through transforming the calculated
cutting forces into torque on the main spindle as well as forces on the feed drives,
the load on the drive system of the production machine can be predicted.

Machine Layer (Machine Simulation)

Every functional module relevant to the energy demand of a production machine
is mapped in the machine layer. Depending on the available datasheet information
of the component manufacturer, physical/mathematical interrelationships and char-
acteristic curves/maps are used for setting up the simulation models. Besides fixed
component parameters, the model behaviour depends on dynamic interactions on
functional module level, process-dependent loads from the process layer and control
commands generated by the control layer.

Control Layer (Model Control)

The control layer represents the physical machine control of a production machine.
Using input data of the process layer, speed for feed and spindle drives, as well as
switching information of peripheral systems, are provided for the machine layer.
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Fig. 5.5 Basic concept of the (physical) energy simulation models (see [3])
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5.4.2 Modelling the Machine Tool Components

The simulation models are implemented within the software environment MAT-
LAB/Simscape. It is an extension for Simulink, which makes an object-oriented
modelling of physical systems possible. Unlike Simulink, physical components can
be modelled using a Simscape-specific programming language. There are already
some libraries of basic building blocks, such as electrical resistors. Since they can
only be used to a limited extent for the purpose of the project, own components have
been developed.

With the help of this library, machine assemblies can be easily mapped. Manu-
facturer information such as fluid or electrical plans is used for this purpose. The
parameterization of the component models is carried out via datasheets. This results
in a simple adaptability to different applications (Fig. 5.6).

A concrete model is built up from the individual components, which are taken
from the Twin-Control library and then linked to each other. It is possible to orientate

Hydraulic plan

M

Electric drive Pump

Cylinder

Relief 
valve

4/ 3-way-valve

Tank

Data sheets

Parameters of componentsArrangement  of components
Technical operat ing dat a (operating pressure etc.)

Simulation model

Asynchronous motorVoltage source

Power consumption (W)

Fixed displacement 
pump

Signal valve

4/ 3-way-control valve

Pressure

Tank
Solver 
Configuration

Cylinder

Relief valve

Fig. 5.6 Method of modelling using the example of a hydraulic system (schematic)
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(Twin-Control library) 

Physical connection 
(rotatoty mechanical)

Physical Connection 
(hydraulic)

Directed connection
(Power demand)

Solver

Asynchrounosmotor
Constant pump

Hydraulic 
Accumulator

Fig. 5.7 Elements of a model with the methodology used by the example of a hydraulic system

oneself on the “real” machine, e.g. using the fluid diagram of the machine to be
mapped. Generally, all required input data can be obtained from datasheets and the
NC program. Measurements are not required.

The individual blocks are interconnected by means of non-directional physical
connections to a network.The connections are in a physical domain (e.g.mechanics or
hydraulics),which can also be recognized by the colour of the connection. In addition,
there are directed physical connections (signals) which are used, for example, to
reuse individual physical quantities outside the network. Each network also contains
a solver block. In addition, all Simulink blocks can be used in the same model. For a
connection with the Simscape blocks, their signal must be converted using a special
“converter” block (Fig. 5.7).

Using this modelling approach, the level of detail is particularly high and allows
the technical behaviour to be checked down to individual parts (valves, pumps,
etc.). All energy-relevant assemblies can be modelled, including the drivetrain with
dynamic effects.

5.5 Implementation on EMAG VLC100Y Turning Machine

As an exemplary application, the modelling and simulation of an EMAG VLC100Y
turningmachine are presented in this chapter. Themachine is part of theTwin-Control
pilot line ETA Factory. To validate the models, the electrical power consumption was
measured and compared with the simulated values (Fig. 5.8).

For themeasurements, a mobile measurement device was used. It consists of three
measuring cases which are either connected via LAN or WiFi. With each case, it is
possible to measure four consumers. The machining process of the use case consists
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Fig. 5.8 Electric PowerMeasurement with mobile measurements device on the EMAGVLC 100Y
turning machine

Fig. 5.9 Simulation models with energy-relevant subsystems of EMAG VLC100Y

of two sub-processes (OP10 and OP20). Further, the power consumption in standby
and operational was considered (Fig. 5.9).

For a comparison of measurement and simulation data see Table 5.1. Here, the
average power consumption in the different machine states is displayed. Especially
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Table 5.1 Comparison of measurement and simulation data

Standby
measure-
ment Ø
[W]

Standby
simulation
Ø [W]

Ready mea-
surement Ø
[W]

Ready
simulation
Ø [W]

Work mea-
surement Ø
[W]

Work
simulation
Ø [W]

Main
connection
(machine)

443 438 3292 3283 6069 5911

Drive units 0 0 485 472 1669 1509

Cooling
unit

0 0 1560 1405 1560 1405

Hydraulic
pump

0 0 411 430 433 475

CL pump 0 0 0 0 1313 1461

Chip
Conveyor

0 0 0 0 82 80

Suction 0 0 0 0 99 105

Others 443 438 836 876 913 876

for consumers with a more constant power consumption (e.g. chip conveyor and suc-
tion), the predicted values are quite close to the measurement data. For components
with a more dynamic behaviour like the drive units, the deviation is a bit higher.
However, the maximum deviation for the average power consumption is less than
10%. As a result, the applicability of the simulation models for predicting the energy
consumption in planning phases could be demonstrated.

5.6 Conclusions

The energy demand ofmachine tools is largely determined in the development phase.
This is why the largest levers for increasing energy efficiency are located here.
The energy efficiency module of Twin-Control was developed as a planning tool
for implementing energy-efficient machine tool configurations. The development of
simulation models of all energy-relevant components creates the necessary trans-
parency regarding the energy demand. By coupling with an optimization algorithm,
the module automatically searches for the cost optimal configuration under the spec-
ified boundary conditions and restrictions. In addition to the investment costs of the
components used, the energy costs for the prevailing electricity price are determined
from the simulation. A graphical user interface ensures a high user friendliness by
allowing user input to be made and results to be evaluated without having to go
deeper into the simulation models.

The implementation of the simulation in the pilot line ETA Factory showed that
a forecast of the energy demand is feasible with the presented approach.
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Chapter 6
New Approach for Bearing Life Cycle
Estimation and Control

Eneko Olabarrieta, Egoitz Konde, Enrique Guruceta
and Mikel Armendia

6.1 Introduction

Machine tools are usually composed by several main elements with relative move-
ments among them. In order to minimize friction losses, different types of bearing
technologies have been applied: sliding contact, rolling, hydrostatic, aerostatic and
magnetic. Among them, rolling technology has the leading position due to the best
combination of performance, cost and reliability [1]. However, these elements are
meant to be worn and, indeed, their failure is one of the most critical issues for
machine tool reliability [2].

Rolling technology can be applied for both rotational (bearings) and linear (guide-
ways) movements. It can be even applied to rotational-to-translational movement
conversion elements like rolling screw drives. Since the first patent related to bear-
ings was published in the eighteenth century, these mechanical components have
been widely used in almost every engineering field and they continue being a proper
mechanical solution to a vast variety of design challenges. Thus, the improvements
in engineering theoretical and experimental tools and more efficient industry pro-
cesses have led to the need to perform exhaustive research on bearing life prediction
methodologies.
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Bearing life estimation theories started on nineteenth century with the testing of
rolling bearings performed by Stribeck [3]. Goodman [4] and Palmgren [5] continued
the work on the twentieth century by introducing the important concept of fatigue
limit in rolling bearing life. A newmilestonewas set byWeibull [6]with his statistical
theory of the strength of materials and, in the 60s, Lundberg and Palmgren [7, 8]
presented their life theory of rolling bearings. This was the basis for the current
L10 formula [9] for the basic rating life of rolling bearing. Moreover, more accurate
testing methods and complex analysis tools have let the researchers improve the
rating life estimations, and the modified rating life [9] has become a powerful tool
for better life predictions, taking into account aspects like oil condition or fatigue
load.

Anyway, the deterministic prediction of the initiation of a failure in a specific
bearing is impossible. For fatigue damages, bearing diagnostics is a powerful tool
for avoiding undesired failures. Furthermore, if a bearing presents some evidence
of wear instead of rolling contact fatigue, the lifetime cannot be mathematically
predicted on a statistical basis [10].

The presented activity does not pretend the development of a new wear model
that improves the performance of well-known references like the ones presented in
the ISO 281 [9], but to present an approach that can facilitate the analysis to the end
user and can be combined with other data sources to improve end-of-life estimations.
The work is focused on bearings performance, but it can be easily extrapolated with
other rolling-based elements like guideways and screw drives.

This work is composed of five sections. The first one presents the introduction
and context of this research. The second one presents the background of the pro-
posed approach. The third chapter introduces the developed calculation module and
proposes a new approach for bearings lifecycle study. Next, a summary of the results
obtained in experimental tests is provided. Finally, the conclusions are presented.

6.2 Theoretical Background

As mentioned, the aim of this work is not to determine a new model for bearing end-
of-life calculation, but to use the existing theoretical standardized background [9] to
implement it in a more efficient way. The objective is to avoid doing conservative
estimations of the loads and replace them by more accurate estimations based on the
results provided by a powerful simulation tool [11].

Whena specificbearing (or bearing combination) is selected for an application, life
must be estimated in order to analyze its suitability regarding the load characteristics
of the whole system. Thus, preliminarily, the basic rating life (L10h) is used. The fol-
lowing simple and well-known formula represents the life of the bearing in hours [9]:

L10h � 106

60 · n
(
C

P

)p

(6.1)
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where n is the rotating speed, C is the dynamic radial load capacity of the bearing
with a 90% of reliability, P is the equivalent load and p is an exponent defined by
the bearing type.

This simple operation gives to the designer a general idea of the performance of
the bearing, but it has been shown that it is a quite conservative estimation. A more
accurate estimation can be obtained by applying the modified life rating (Lnmh),
which includes bearing operating conditions (lubrication, temperature, etc.) in the
estimations.

Lnmh � a1 · aISO · L10h (6.2)

where a1 is the reliability factor and aISO is the life modification factor, which depend
on the usage conditions (oil contamination level and viscosity) and the limit load
regarding fatigue.

The load capacity C is determined both experimentally and analytically and is
always provided by the manufacturer. However, the equivalent load P is more com-
plex to calculate. The following basic formulation is used for that purpose in indi-
vidual bearings:

P � X · Fr + Y · Fa (6.3)

whereX is the radial load factor,Y is the axial load factor andFr andFa are the average
radial and axial loads actuating on the bearing. The factors are given by the bearing
characteristics, and the average loads must be estimated from the correspondent
application through calculations or measurements.

In most applications, load and speed conditions vary in time. To take into account,
these time-dependent effects, equivalent rotating speed and loadsmust be considered.
Thus, the equivalent values are computed as follows:

• Speed:

ne �
N∑
1

ni · �ti
100

(6.4)

• Load:

Fre, Fae �
N∑
1

Fi · ni
ne

· �ti
100

(6.5)

where N is the number of samples of the vector, �ti the sampling rate, ni and Fi the
speed and load, respectively, at sample i, ne the equivalent speed and Fre and Fae,
the equivalent radial and axial loads, respectively.
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6.3 End-of-Life Calculation Module

Considering the previous formulation (Eqs. 6.1–6.5), a rating life calculation module
has been set-up in MATLAB environment. Currently, the module calculates an end-
of-life value based on bearing characteristics (type, load capacity and dimensions),
applied loads and operating conditions (reliability, cleanliness, temperature and oil
type). In order to facilitate the configuration to the end user, the module includes a
bearing database. By selecting the bearing references, required bearing character-
istics are automatically loaded in the module. With the defined inputs, the module
provides both the basic rating life (in revolutions and hours) and the modified rat-
ing life (in hours) that considers the operating conditions. The proposed calculation
module can enhance bearing analysis at two stages (Fig. 6.1).

In the machine tool design stage, the module can calculate end-of-life based on
loads provided by a machine tool simulation module [11–13] that can provide very
accurate component loads. The possibility to use an accurate input to the end-of-
life module will, of course, enhance the life predictions and, hence, machine tool
designers will be able to select more suitable bearing. Figure 6.2 presents the module
integrated in the Twin-Control application, with two interfaces for the configuration
and results visualization.

In the machine tool usage stage, thanks to the current NCmonitoring capabilities,
real component loads can be derived, without the need of expensive and complex
bearing monitoring sensors. This allows the estimations of the remaining useful
life of the studied component. In Twin-Control project, the end-of-life module has
been integrated in KASEM, the fleet management system provided by PREDICT
(Fig. 6.3). Remaining useful data is calculated periodically using real usage condi-
tionsmonitored and uploaded thanks to theARTIS hardware installed in themachine.

Equations defined in the ISO 281 standard [9] are based on ideal usage conditions,
the ones used for the calculation. However, the real usage of a machine is not ideal
and the results provided by the module may not be valid after certain uncontrolled
events (e.g., collisions). Because of this, remaining useful life estimations should be
combined with condition monitoring using vibration sensors to detect performance
change in the bearings.

End-of-Life 
module

Virtual 
Machine Tool

Real 
Machine 

End-of-life

Remaining 
useful life

Es mated loads

Measured loads

Fig. 6.1 Bearing lifecycle analysis approach
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Fig. 6.2 Screenshots of the end-of-life module implemented in the main Twin-Control simulation
application: a Configuration tab; b Results tab

6.4 Validation Tests

6.4.1 Experimental Set-up

For validation purposes, trials in a special test bench for testing rolling bearings that
is available at IK4-TEKNIKER will be used (Fig. 6.4). This test bench provides the
possibility to apply axial loads to the bearings while they are rolling at a certain
speed.
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End-of-life
module

(a)

(b)

Fig. 6.3 Remaining useful lifemodule: aApproach followed inTwin-Control;bExample of results
of the front spindle of a GEPRO 502 machine

The FALEX test bench has a complete monitoring infrastructure, including force,
speed, temperature and vibration sensors and a National Instruments cDAQ acquisi-
tion system.

Bearing wear is normally a long duration phenomenon. To adapt test duration and
be able to analyze results in an affordable period, accelerated wear tests have been
performed by selecting a bearing that provides an end-of-life below 24 h with the
loads that can be applied by the test bench (10 kN axial static force at 10,000 rpm).

A SKF 71908CB/HCP4AL angular contact ball bearingwill be used for the accel-
erated tests, which is a smaller version of the bearings typically used in machine tool
spindles. A special-purpose fixture has been specifically designed and manufactured
to host this bearing (Fig. 6.5). The fixture allows internal water cooling and the
application of different lubrication types: dry, air/oil, grease and oil. The fixture also
permits the installation of embedded temperature and vibration sensors.

A total of 6 bearings have been tested. For the proposed bearing, the calculation
module estimated a nominal end-of-life of 7 h, while the modified end-of-life, apply-
ing the test conditions, is 15 h. The conditions used in the tests were 4 kN of static
axial load and 6200 rpm of rotation speed.
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Fig. 6.4 FALEX test bench available at IK4-TEKNIKER installations

Temperature

Vibrations

Oil condition

Force 

Fig. 6.5 Cross section of the design of the special fixture manufactured for the accelerated tests of
the selected bearings (in red)
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Table 6.1 Summary of the experimental tests (4 kN of static axial load and 6200 rpm of rotation
speed)

# Test stop time (h) Failure Comments

1 22 Greasing –

2 34 Pitting Regreasing after 20 h

3 20 – Good condition

4 23 Greasing –

5 18 Severe pitting –

6 35 Micro-pitting Regreasing every 5 h

Fig. 6.6 Microscope images showing outer rings of the bearings: a #5 with severe pitting after
18 h; b #6 with micro-pitting after 35 h (with a regreasing every 5 h)

6.4.2 Results

Table 6.1 summarizes the results of the experimental tests. A big variance of end-of-
life is observed, but always above the value determined by the calculation using the
ISO 281 standard [9].

When analyzing the wear mechanism, lack of grease seemed to be the main
problem, leading to pitting (Fig. 6.6) in the outer ring of the bearings. For these
reasons, some of the tests were stopped after some time for a regreasing. By doing
this, an extension of the end-of-life was observed.

6.4.3 Vibration Measurements

Figure 6.7 shows the evolution of the root mean square (RMS) in the whole studied
frequency range (10–2000 kHz) of the vibration signal acquired during test #5.
A sudden increase of vibration is observed at around 14 h, clear indicator that the
bearing started to fail. The test continued until 18 h, showing a totally worn condition
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Fig. 6.7 RMS of the global vibration signal measured during test #5. Theoretical RUL evolution
is plotted in dotted line

(Fig. 6.6a). The evolution of the theoretical remaining useful life (RUL) calculated
for this bearing using the simulation module based on the ISO 281 standard is also
presented.

The analysis of the frequency bands of interest for the selected bearing provides
additional knowledge. An envelope analysis is applied in the frequency bands cor-
responding to the outer (1333 Hz) and inner rings (1560 Hz). Looking at the results
obtained in test #5 again, bearing wear initiation can be detected where the vibration
level at these bands increases (Fig. 6.8). In addition, it can be observed that higher
vibration levels are measured in the frequency band corresponding to the outer ring,
the one showing higher wear after visual inspection (Fig. 6.6).

6.5 Conclusions

A new approach for the study of bearing lifecycle performance is presented. The
proposed approach is based on thewell-known ISO281 for end-of-life determination.
The work is focused on bearings performance, but it can be easily extrapolated with
other rolling-based elements like guideways and screw drives.

A specific tool has been developed that calculates the end-of-life of a specific
bearing for a defined load cycle (forces and speeds in time). This tool allows bearing
analysis through all its lifecycle. On the one hand, the module can be used in machin-
ery design stage by providing an improved estimation of end-of-life by using load
variation in time during the manufacturing cycle. This will allow a better selection
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Fig. 6.8 Vibration level obtained applying envelope analysis to the frequency ranges corresponding
to the outer and inner rings of the selected bearing (test #5). Theoretical RUL evolution is plotted
in dotted line

of the critical components. On the other hand, the tool is prepared to be fed by real
machine usage data (monitored). This way, remaining useful life of a component
can be provided. In parallel, the usage of a condition monitoring system based on
vibration measurement can be used to detect anomalous performance (out of the
nominal behavior, like collisions).

Some preliminary validation tests have been done in a test bench available in IK4-
TEKNIKER installations. The tests showed that the ISO standard underestimates the
end-of-life of components. In addition, results provided by the vibration measure-
ments showed the possibility to detect component failure in an early stage. This early
detection will allow more efficient maintenance actions in industrial applications.

The proposed approach is aligned with some concepts aligned with current trends
in ICT technologies: combination of different simulation models to improve estima-
tions and integration of simulation models with monitored data to control system
performance.
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Chapter 7
Data Monitoring and Management
for Machine Tools

Tobias Fuertjes, Christophe Mozzati, Flavien Peysson,
Aitor Alzaga and Mikel Armendia

7.1 Introduction

Twin-Control concept combines the development of holistic simulation models with
the knowledge of the performance of the real machines and processes. To deal
with this second part, a data monitoring infrastructure must be implemented so that
required information is acquired, managed and analyzed properly.

The approach used in Twin-Control consists in the installation of a local mon-
itoring hardware that acquires internal variables of the machine, collects data of
additional sensors and uploads all data to a cloud platform [1]. ARTIS Genior mod-
ular is used for the local monitoring, and PREDICT’s KASEM® is used as cloud
platform for data analysis. A fleet-level data analysis will be performed by integrating
all the information coming from the different machines.

This chapter is structured as follows. After a brief introduction, an overview of
the equipment to be monitored and integrated in Twin-Control is presented. The
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Fig. 7.1 Map of Twin-Control monitored and connected machine tools

third-section presents the different architectures proposed to cover all the use cases.
Finally, the conclusions are presented.

7.2 Monitored Equipment

Figure 7.1 presents all the machine use cases monitored in Twin-Control project.
As it can be observed, a total of 12 machine tools have been monitored. Each of
the industrial validation scenarios includes three machines. For the aerospace val-
idation scenario, located at MASA aerospace structural manufacturer installations
(Agoncillo, Spain), three GEPRO machines were selected as use cases, named as
Use cases 1–3. The machines present a similar architecture, but they differ in the
number of axes and spindles. For the automotive validation scenario, located at
RENAULT automotive component manufacturer (Cleon, France), three COMAU
Urane machines were selected, named as Use cases 4–6.

Three more use cases have been monitored to test and validate Twin-Control
developments during the project:

– Use case 7: CHIRON milling machine, located at ARTIS (Egestorf, Germany), to
validate monitoring tools and test new features (NC Simulation).

– Use case 8: GORATU 5 axis milling machine, located at TEKNIKER (Eibar,
Spain), to validate machine tool characterization procedure.
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– Use case 9: EMAG machine, located at the ETA-FACTORY (Darmstadt, Ger-
many), to test and validate energy efficiency models.

Finally, three additional machines, located at relevant research locations, have
been taken to implement Twin-Control features and present them to the scientific
and industrial community:

– Use case 10: Starrag EcoSpeed milling machine, located at the AMRC (Sheffield,
UK), to disseminate process models and monitoring developments.

– Use case 11: GMTK vertical lathe, located at the recently opened Basque Advance
Manufacturing Centre (Zamudio, Spain), to show Machine Tool characterization
procedure, among other features.

– Use case 12: a secondEMAGmachine, located at the ETA-FACTORY (Darmstadt,
Germany), to promote energy efficiency features.

The different use cases show a heterogeneous mixture of CNC models and
communication-field buses, which represent the typical state for machine tool users.
With this variety, it is difficult to determine a unique local monitoring architecture.
In the next section, the different implemented architectures are detailed.

7.3 Implemented Monitoring Architecture

In each use case, monitoring hardware has been installed. Figure 7.2 presents a
diagram showing the generic monitoring architecture used in Twin-Control project.
However, depending on use case specifications and requirements, this generic archi-
tecture is adapted.

The modular configuration provided by ARTIS is perfectly suited to cover the
heterogeneous applications. Figure 7.3 shows the integrated hardware in two of the
industrial use cases.

ARTIS Genior modular (GEM) is the data acquisition module that can get real-
time CNC/PLC data (around 100 Hz sampling, depending on the application). Also,
anHMI visualizationwith any PCwhich is connected to the plant network is possible.
For the real-time connection with the CNC, two different protocols are available. For
the aerospace use cases, with FAGOR 8065 CNCs, an ARTIS FAGOR-CANopen
protocol has been developed. This protocol allows a real-timemonitoring of 32 bytes
per sample. For the Twin-Control project, 28 bytes have been used to process data
and 4 bytes have been reserved to identification and process information. To increase
the number of possible real-time monitored signals, the CANopen sample rate was
reduced to 4 ms. By combining two CANopen channels, real-time monitoring of 56
bytes (24 variables) with a sample rate of 8 ms is provided. For the machines located
at the automotive validation scenario, mounting SIEMENS 840D CNC, PROFIBUS
protocol is used to connect ARTIS GEM with machines PLC. This protocol enables
system to exchange up to 16CNC sensor signals in parallel. For some other use cases,
as GORATU machine located at TEKNIKER, two of these devices are installed to
increase the real-time monitoring variables up to 32.
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Fig. 7.2 Generic monitoring architecture applied in Twin-Control project

Fig. 7.3 Monitoring hardware installations in Twin-Control: aCOMAUUranemachine from auto-
motive validation scenario; b GEPRO 502 machine from aerospace validation scenario

Depending on the use case and its requirements, different variables have been
configured to be monitored. Also, for each variable, it has been defined if real-time
information is needed. As a sample, the real-time variables monitored in the two
industrial validation scenarios are presented in Table 7.1.

Using the ARTIS GEM device, visualization of monitored data in machine tool
HMI (Fig. 7.4) is possible for Windows XP-based controllers, using Ethernet con-
nection and the GEM-Visu software.

ARTIS Online Process Recorder (OPR) is connected to the GEM for data storage
purposes (240GB capacity). It is also capable ofmonitoring non-real-time data using
OPC, as a second data source. In addition, GEM and OPR could exchange real-
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Table 7.1 Example of real-time (10ms sampling) variables monitored inmachines from aerospace
and automotive validation scenarios

Aerospace validation scenario Gepro 502 Automotive validation scenario COMAU
Urane

Target position X Target position X

Target position Xb Target position Y

Target position Y Target position Z

Target position Z Target position B

Target position A Real position X

Target position B1 Real position Y

Real position X Real position Z

Real position Xb Real position B

Real position Y Real power X

Real position Z Real power Y

Real position A Real power Z

Real position B1 Real power B

Real position B2 Spindle torque S

Real position B3 Torque X

Real power X Velocity Y

Real power Y Machine true power

Real power Z ACC X

Real power A

Real power B1

Spindle torque S1

Spindle torque S2

Spindle torque S3

Spindle speed S2

Machine true power

time information using CANopen, for example, in case of critical alarm information
remotely detected inside the data management system (KASEM®).

ARTIS OPR shows a special feature in the EMAG machines located at the ETA-
Factory (Darmstadt, Germany). Since the energy models are based on ON-OFF
switching signals of the Bosch Rexroth control and the machine power aggregates,
an OPC-UA interface has been developed. The energy efficiency models, developed
in MATLAB/Simulink, are running at the OPR, and the signals are read from the
control via OPC-UA. By usingARTISGEMas additional software, it is also possible
tomonitor the energymodel results in the GEM and visualize the results in the GEM-
Visu (Fig. 7.5).

As an example, Table 7.2 presents the non-real-time variables monitored by the
OPR devices installed in the industrial validation scenarios.
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Fig. 7.4 GEM-Visu for visualization of monitored signals

Fig. 7.5 Monitoring installation at the EMAG machine (ETA-Factory): hardware installation and
screenshot of ARTIS HMI displaying energy consumption results

ARTIS True Power (TP) module sends power measurements from installed hall
sensors to the GEM. CANopen protocol is used to make sure that the signals could
be transferred under real-time conditions. The hall sensors are equipped directly at
the main power supply of each machine (Fig. 7.6). Through the measuring of all
three phases of the main power supply based on the TP module, it is possible to get
the machine true power under real-time conditions.

ARTIS Vibration Measurement (VM) module has been also installed in different
use cases. Processes accelerometer measurements real-time (internal sample rate
of 25 kHz) and sends indicators (e.g. RMS) to GEM through CANopen protocol.
For example, automotive use cases were provided with a vibration monitoring with
sample frequencies of 25 kHz. To allow a vibration monitoring with sample rates
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Table 7.2 Example of non-real-time (1 s sampling) variables monitored in machines from
aerospace and automotive validation scenarios

Aerospace validation scenario Gepro 502 Automotive validation scenario COMAU
Urane

Time Time

Spindle speed S1 Process mode (G 00/G 01)

Spindle speed S2 Hydraulic system status

Spindle speed S3 High pressure cooling status

Hydraulic system status Low pressure cooling status

Spindle temperature S1 Workpiece counter

Spindle temperature S2 FMD signals

Spindle temperature S3 Part info for RENAULT

Backlash X RMS (15–1000 Hz)

Backlash X1 RMS (15–5000 Hz)

Backlash Y RMS (5% around RPM tool 4)

Backlash Z RMS (5% around RPM tool 12)

Backlash B1 RMS (5% around RPM tool 15)

Backlash B2

Backlash B3

Fig. 7.6 Hall sensors installed in the main electrical input for energy monitoring purposes in
GEPRO 502 machine from aerospace validation scenario

of 25 kHz, a new firmware for the VM module was developed and installed. This
firmware stored the vibration data with a sample frequency of 25 kHz at the OPR.
Inside the OPR, an automatic analyzing function was developed, which calculate the
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Fig. 7.7 ARTIS
DDU-4 K-Wisy wireless
force monitoring device
from MARPOSS monitoring
solutions

RMS values for five frequency bands and send the result continuously via GEM to
the GEM module (Table 7.2).

ARTIS DDU-4K-Wisy (Fig. 7.7) is a new device from MARPOSS Monitoring
Solutions that has been installed in the Starrag EcoSpeed machine, located at the
AMRC (Sheffield, UK). It consists in a tool holder with embedded force and tem-
perature measurement capabilities that is used for in-process force monitoring. The
DDU 4K-Wisy is based on a HSK 32 tool holder which is equipped with eight strain
gage rosettes each containing two mutually perpendicular grids. Via this measure-
ment configuration four different measuring values are captured: torque, axial force
and the axial tool holder deflection in two directions (perpendicular). To acquire
temperature-compensated signals, each pair of strain gages is interconnected to four
separate Wheatstone bridges. To log the generated data, a wireless transmission on
the ISM radio band (around 2,4 GHz) is used along with a corresponding radio
receiver which either can be connected to ARTIS monitoring devices via CAN bus
or to a standard PC via USB.

7.4 Cloud Data Management

Fleet-wide proactivemaintenance functionalities consist of the construction ofmodel
coupling data analytics and expert knowledge.Rawdata andmachine-level computed
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information are therefore a major input of the cloud platform which is powered by
PREDICT’sKASEM® solution.Theplatform is accessible via the Internet andhosted
on a secure server.

Data transfer frommachine to the platform requires some flexibility to match with
IT and production constraints. Indeed, in factories, machine tools are connected a
production Ethernet which is used to exchange synchronization information between
machines, gantry, robots and various management and control systems. Depending
on the size and the age of the factory, networks can be close to saturation and a
continuous transfer of high sampling rate data could impact the network availability
and introduce losses of information packets. In addition, from cyber-security point
of view, IT department is often reluctant to “connect” production network to the
Internet because bad-intentioned people could get into the network and take control
of equipment for instance.

In view of theses constraints, various data transfer architectures have been applied
according to use cases. In case of laboratory and pilotmachine tools, OPR has a direct
connection to the cloud platform. For the industrial use cases, intermediate servers
have been used, and these servers are connected to the production network and
enable local data storage and edge computing. For the aerospace scenario, data from
the OPR is automatically uploaded to the local KASEM® platform inside MASA
facilities through MASA network; then this server, also connected to the Internet,
manages the data transfer to the cloud as depicted in Fig. 7.8. In this case, local server
also acted as a partition between machine network and Internet.

For the automotive scenario, IT constraints were more important, and to enable
the data transfer a specific architecture has been developed in collaboration with
the IT architects. This architecture is also based on a local platform hosted in a
RENAULT data centre in the Renault Technocentre (Guyancourt, France) and con-
nected to the production network as shown in Fig. 7.9. Server S1 hosts KASEM®

solution, and knowledge base is hosted by server S2. Server S3 is a file storage
server used for binary files. Finally, an intermediate Renault/Nissan system is used
for secure transfers between the local and fleet platforms. In this case, architecture
management—installation, configuration and update—can be made only from user
connected to Renault network.

Internet

…
 

Local pla orm

Ethernet Fleet pla orm

Fig. 7.8 Data exchange configuration for the aerospace validation use case
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Fig. 7.9 Data exchange architecture for automotive use case

About every 10 min, each machine—OPR module—sends and receives real-time
data from/to the local or fleet platform which represents around 5 MB transferred in
batch mode. About every 60 min, each machine—OPRmodule—sends and receives
non-real-time data from/to the local or fleet platform which represents around 6 MB
in batchmode. The total amount of data stored permachine could be 600GBper year.
Inside KASEM® platform, there is a specific service able to index, read and archive
binary with a life cycle management of acquisition channels. Regarding transfer
protocols, WebDAV and FTP are the default options for upload stream. Once the
Internet connection is set up and running, it is possible to download and see a report
generated by KASEM® with the Genior modular HMI Plug-in.

Cloud platform is accessible at https://twincontrol.kasem.fr, with restricted access
to authorized users. A screenshot of the home page of KASEM® platform is shown
in Fig. 7.10. This interface provides the chance to visualize collected time series,
computed information and stored reports, download data, and even advanced tasks
like indicator generation via algorithm implementation.

https://twincontrol.kasem.fr
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Fig. 7.10 Home page of KASEM server showing the connected use cases in the data management
system

7.5 Conclusions

This chapter presents the monitoring infrastructure installed in a total of 12machines
used for implementation of Twin-Control at different levels: industrial evaluation,
scientific validation and dissemination.

At local level, the monitoring architecture is based on a modular configuration.
ARTIS devices are used and configured according to each use case specifications and
requirements. Themodular system can synchronously acquire internal variables from
the CNC/PLC (real-time and non-real-time data), as well as signals from additional
sensors like accelerometers, hall sensors and force transducers. This flexible approach
provides the opportunity to include a wide range of equipment in the monitored fleet
and is perfectly adapted to the usual configuration of end-users, with very different
machines in their installations.

The data monitored at local level is uploaded from ARTIS OPR modules to a
cloud platform. The PREDICT’s KASEM® platform has been storing information
from most of the use cases during almost two years in Twin-Control project. Hence,
the proposed architecture has been validated and has provided an excellent source
of real data used as a basis for the rest of developments of Twin-Control.

The capabilities of the installed infrastructure are not limited to data monitoring
and storage. In following chapters, other capabilities like advance indicator calcula-
tion, fleet analytics and even the possibility to integrate model-based control actions
in the machine will be covered.
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Chapter 8
Behaviours Indicators of Machine Tools

Flavien Peysson, David Leon, Quentin Lafuste, Mikel Armendia,
Unai Mutilba, Enrique Guruceta and Gorka Kortaberria

8.1 Introduction

The behaviour of a machine tool is the set of actions and operations made by the
machine sub-systems in conjunction with themselves and the machine environment.
The expected behaviour can be defined as the capacity of a machine tool to achieve
its objective: to produce parts with specified quality at high production rates [1].

These concepts can be monitored through sensor measurements. The characteris-
tics of the sub-systems allow to interpret the expected behaviour from the machine.
However, raw data are highly influenced by external and internal conditions. The
behaviour of the sub-system can influence the one of another sub-system from the
machine tool. By computing contextualized, and comparable over the time, indica-
tors, from sensors measurement and machine operating conditions, it is possible to
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monitor the machine behaviour and highlight its changes. The quality of the indi-
cators and, consequently, of the monitoring requires a consistent acquisition that is
representative of the system dynamics.

Behaviour indicators extraction of a machine tool can be done continuously by
the exploitation of the workpiece program and existing machine sensors, or with
specific characterization programs using existing sensors and/or additional sensors.
Behaviour continuous monitoring using raw measurements is discussed in Sect. 8.2.
The characterization tests of machine tools processed occasionally are discussed in
Sect. 8.3. Finally, the conclusions are summarized in Sect. 8.4.

8.2 Extraction from Machining Raw Measurements

To continuously monitor the machine behaviour, it is possible to extract indicators
from the raw existing sensors measurement during the machine workpiece produc-
tion. Given the available collected data, it is possible to compute indicators represen-
tative of the machine and its sub-systems status. To give a sufficient representation
of machine tool behaviour, it is recommended to have a minimal set of information
that is synthesized in Table 8.1.

A machine is composed by a set of linear and rotating axes, at least one spindle
and a set of auxiliary systems to ensure good machining conditions such as lubricant
system, cooling system, air system, machining coolant system and hydraulic group.
An overview of the machine behaviour is given by merging the results of its sub-
systems. Therefore, information about each of them is required. The axis behaviour
indicators can be built based on real position, drive current and temperature. In some
cases, such as vertical axis, it can be equipped with a compensation system. The
axis balance pressure has then to be considered. Behaviour indicators for spindle can
be based on speed, current and temperature. The auxiliary systems can be mainly

Table 8.1 Minimal raw measurement set for behaviour monitoring

System Sensor Operating condition

Workshop Temperature

Machine tool Cycle tool change

Axis Real position

Current

Temperature

Spindle Speed Tool Number

Current

Temperature

Pumps/tanks Pressure
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described by the actions of their pumps and tanks where output pressure analysis
gives a good representation.

Indicators should be computed from specific operating conditions. The knowl-
edge of workpiece cycle start/end, tool changes and tools in use are then highly
recommended for a more accurate analysis. The knowledge of the machine tool
environment conditions, such as the workshop inner temperature, is a plus, espe-
cially for temperature- and current-based indicators.

8.2.1 Indicator Extraction Process

When it is working, a machine tool and its sub-systems are solicited from various
ways and with intensive efforts to produce a part. The solicitations depend on the
different machine tool operating conditions. To observe machine behaviour, it is con-
venient to isolate and observe sensors measurements according to these conditions.
The observation is available by extracting business indicators from isolated sensors
measurement as depicted in Fig. 8.1.

Collected raw sensors data are, first, consolidated and made reliable, and then, the
operating conditions of the machine tool are computed as explained in Sect. 8.1.1.
Indicator extraction process from these conditions is detailed in Sect. 8.1.2.

8.2.2 Machine Operating Conditions

Amachine tool operates in a workshop and aims at performing successive operations
to a rawmaterial to produce a finishedworkpiece. Each operationmay involve the use
of a specific tool and axis movements with optimized machining parameters, such
as spindle speed or feed rate, for instance. The structuration of machine operating
conditions is illustrated in Fig. 8.2, containing the following layers: production, cycle,
step, tool change (TC) and move (M).

Compute
operating 
conditions

Extract
business 
indicatorsse

ns
or

s

Raw

measurements

Operating

conditions

Business

Indicators
Data

reliability

Fig. 8.1 From raw sensors’ measurements to indicator extraction
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Step j TCj+1TCjStep j-1TCj-1 Stepj+1 … … 

Mu+1 Mu Mu-1 … … 

Produc on i Produc on i-1 Produc on i+1… … 

TC = Tool Change
M = Move

Fig. 8.2 Machine operating conditions

At the top level, the production phase characterizes uninterrupted sequences of
machining cycles where the machine tool can produce from one to multiple work-
pieces of, possibly, different types. A machining cycle is the production of one
workpiece. It is composed of successive steps, i.e. an operation such as drilling, bor-
ing, finishing with a specific tool and tool changes. For a specific workpiece type,
the number of steps and the length of cycles remains constant if the program param-
eters remain unchanged. Within each step, several moves are performed, such as
linear or circular motion, fast or slow, machining or not. Each move can be associ-
ated to a single G-Code line of the machining program. Such decomposition allows
the observation of specific behaviour and to monitor weak signals. The example in
Fig. 8.3 illustrates conditionmonitoring necessity. In this example, the spindle torque
reproduces the effects of a tool change (in blue).

The different operating conditions can be collected directly from the machine
numerical command. If it is not the case, they should be inferred from the raw sensors
measurements such as axis positions. It is suitable to prioritize the first solution as it
contains more reliable information describing the machine state. Algorithms based
on raw sensors measurement depend on the relevance, the sampling rate and the
synchronicity of the crossed data.

The machine tool efforts are different from one condition to another; to study the
behaviour of the machine or a specific sub-system, it is recommended to observe
sensor measurement independently from one condition to another. Moreover, the
behaviour analysis is possible by extracting indicators from the dataset of sensors’
measurements collected in each specific condition as explained in the next section.



8 Behaviours Indicators of Machine Tools 141

Spindle torque

Tool number

Computed tool 
change

Fig. 8.3 Example of tool change detection for step decomposition

8.2.3 Indicator Processing

Rather than using the overall dataset to understand the behaviour, indicators based
on descriptive statistics are computed to summarize the dataset. The indicators com-
monly used to describe a data collection distribution are (Fig. 8.4).

– The central tendency or centre of the distribution given by themean and themedian.
– The dispersion given by the percentiles, extreme values and standard deviation. A
percentile is a value below which a given percentage of the data collection falls.
The most frequently used percentiles are:

• The median or 50th percentile.
• The lower and upper box, respectively, the 25th and 75th percentile.
• The lower and upper whisker, respectively, the 5th and 95th percentile.

8.2.4 Example of Indicators

In this section, two examples of indicator extraction are presented. The first one is
focused on tool behaviour, based on spindle torque observed in a specific machining
step. The second one aims at monitoring axis dynamic behaviour.
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Fig. 8.4 Descriptive statistics: representation of distribution and box plot data

Fig. 8.5 Example of machining step decomposition. In blue, Z-axis position; in red, the tool
changes; and in green, axis moving conditions

8.2.4.1 Spindle Torque When Machining at a Specific Step—Tool
Behaviour

To observe a tool behaviour, one should focus on a specific step and extract indicators
from spindle torque sensors when machining. A specific step is depicted in Fig. 8.5,
where the red curves correspond to the tool change phases and the cyan curve shows
phases where Z-axis is moving. The blue curve represents the Z-axis position.

As shown by the Z-axis position, this step consists of successive drilling oper-
ations. In Fig. 8.6, the spindle torque associated to this step is represented by the



8 Behaviours Indicators of Machine Tools 143

Drilling

Fig. 8.6 Spindle torque behaviour in drilling operation: full drilling step (back) and zoom in spindle
torque behaviour in a specific drill (front)

Part type 1
Part type 2

Fig. 8.7 Spindle torque drilling upper box indicator for a specific tool

black curve. To capture the tool usage behaviour within this step, the drilling oper-
ation should be analysed only when the tool is cutting the workpiece. These phases
are marked by the yellow areas.

As shown in the detailed view of Fig. 8.7, the upper box data is a good represen-
tation of tool behaviour drilling. The evolution of this indicator with time is plotted
in Fig. 8.7.
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This example shows the evolution of tool behaviour, characterized by spindle
torque upper box, for a machine programmed to produce two types of workpieces,
part 1 and part 2. Each data on the graph represent the spindle torque upper box.
Thanks to this indicator, it can be observed:

– Tool changes: ruptures are visible each time the tool is replaced.
– Tool wearing: for each new tool, the indicator’s value is around 3Nm and increases
with use.

8.2.4.2 Axis Thrust When Axis Is Moving Linear—Axis Dynamic
Behaviour

An axis linear move is composed of three phases: acceleration, linear displacement
and deceleration. These steps are visible observing the axis position as illustrated in
Fig. 8.8. The monitoring of axis thrust, illustrated by the black curve, during accel-
eration and deceleration phases gives an overview of the dynamic efforts required
by an axis to move.

Hence, the following indicators may be extracted:

– Lower whisker characterizes X-axis thrust required to accelerate.
– Upper whisker characterizes X-axis thrust required to decelerate.
– Mean gives an indicator of axis balance.

In Fig. 8.9, the evolution of X-axis dynamic behaviour is represented, charac-
terized by the mean thrust. A specific move for each processed part type has been
defined. The exact same conditions could not be found between the two parts types’

X Posi on

X moving condi on

X Thrust

Accelera on Decelera on

Fig. 8.8 X-axis moving thrust behaviour
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Part type 1
Part type 2

Fig. 8.9 X-axis moving mean thrust

operations, leading to different values for the same indicator depending on the part
being operated. For each move, the indicator analysis gives the same observation:
with the use of the machine, X-axis thrust centre drifts until a certain point and then
resets to the initial value. The breaking point is in fact due to amaintenance operation,
leading to the conclusion that the value decrease was due to the axis degradation.

8.3 Machine Tool Characterization Tests

The analysis of indicators obtained from raw measurements during conventional
machining operation is sometimes difficult, especially when trying to determine the
condition of the machine tool. Perturbations, like the machining process itself, can
hide the real performance of the machine tool. In addition, it is sometimes difficult
to get repetitive movements from which comparable indicators can be obtained,
especially in small batch sectors like aerospace.

In this line, a characterization procedure for machine tools has been defined,
validated and implemented in Twin-Control project. The objective is to provide the
opportunity to the end-user to perform a very simple and fast characterization of the
machine tool, under controlled conditions. This way, a periodic checking is possible,
leading to a better track of machine tool condition over time.

Next, the different proposed tests are presented.
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8.3.1 Diagonal Positioning Error Measurement

The aim of this test is to determine the volumetric performance of a machine tool
through a fast and reduced procedure. To achieve a volumetric performance indicator,
diagonal positioning measurement is done in two diagonals of the machine tool. This
way, it can be known ifmachine continues under specifications or not. Themeasuring
procedure is based on an indirect method; it means that not just positioning error of
each of the three linear axes is achieved, but perpendicular error between each pair
of axes too.

This measuring procedure is suitable for three axes machine tools without moving
table (bed type, column type, gantry type) or rotary axis. Moreover, the considered
range is between 400 and 20,000 mm for the largest axis length of a machine tool.

As a reference, fourmeasurements per year are suggested, one every threemonths.
However, depending on the results of the volumetric performance indicator, archi-
tecture of the machine and workshop ambient conditions, the frequency of the tests
could be varied and adapted on each case.

Diagonal positioning measurement in medium-large machine tools requires from
an interferometry laser-based measuring system with the capacity to do the tracking
of a mirror/retroreflector placed on the machine tool spindle. Either laser tracer or
laser tracker measures the relative movement/displacement of a retroreflector from
the initial point, based on their interferometry laser-based system. Both measuring
devices can track a retroreflector placed on the machine tool´s spindle, allowing the
measurement of machine tools movement in a fast and easy way, without special
set-ups or fixing tools. This is the main advantage compared with common laser
interferometry, which requires a tricky set-up process for this kind of measuring
procedures where several axes of the machine tool are interpolated to create a special
diagonal.

The measuring procedure is based in the ISO 230-6 [2] and consists of measuring
two opposite diagonals carried out by the machine, such as B1-E1 and G1-D1 in
Fig. 8.10. A diagonal positioning machine cycle needs to be programmed with stops
at, at least, four equidistant points per metre. If the measuring range is short, the
number of points should be higher. Indeed, not only the spatial position of themachine
is measured, but also the distance between predefined (objective) points.

ETALONAG provides the most suitable software to manage this measure, Track-
check [3]. If it is connected to themachine tool andmeasuring device, it automatically
detects machine stops to perform a measurement. When the measurement has been
successfully completed, the software calculates the mean bi-directional positional
deviation which is graphically represented. A report summarizing the results is also
provided.

This test provides a quick view of the geometric condition of the machine tool, but
its aim is not to provide quantitative data. If the results show deviation with respect to
reference values, a complete volumetric measurement should be performed to map
the geometric errors of the machine tool and to be able to compensate them.
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Fig. 8.10 Two opposite diagonal measurements [2]

0 1000 2000 3000 4000 5000 6000 7000 8000
0

2000

4000
0

1000

2000

(a) (b)

Fig. 8.11 Validation of diagonal error measurement test: a laser tracker installed in GEPRO 502
machine; b example showing the measurement points needed for the complete volumetric charac-
terization (blue) and the diagonal measurement (red)

This procedure has been validated in differentmachines. Next, the results obtained
in one of the use cases from the aerospace validation scenario, GEPRO 502 machine
(Fig. 8.11a), are presented. As indicator, maximum value of the mean bi-directional
positional deviation (xi) is obtained from the measured diagonal, according to [1],
for each measured point. In all cases, results obtained in a complete volumetric error
characterization, with a test time of around 10 h, are compared against an error
measurement in a machine diagonal, with a duration of around 30 min (Fig. 8.11b).

Figure 8.12 shows the results obtained for the GEPRO 502machine with the com-
plete volumetric characterization and the diagonal measurement. A direct correlation
between both measurements exists since the machine tool’s maximum volumetric
positioning error is between250and300µmfor both cases.Whenvalidatingdiagonal
measurement against the volumetric mapping of each machine, it can be concluded
that positioning error correlates properly between results, but perpendicularity does
not. It seems that the model that converts diagonals into positioning and perpendicu-
larity errors does not fit to the model of the volumetric error modelling. Anyway, for
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Fig. 8.12 Error measurements obtained in the GEPRO 502 machine: a complete volumetric char-
acterization—YZ-plane; b space diagonal

a qualitative detection of machine geometric performance’s deviation, the proposed
test is valid.

8.3.2 Artefact Measurement Using Touch Probe

The main objective is to carry out a fast and reliable “health check” of the machine
geometric performance, verifying whether the relative position/orientation between
the machine tool coordinate system and the working volume is within the expected
tolerances, using an artefact as a reference for the measurements.

The procedure consists ofmeasuring the centre or position of several features (e.g.
spheres) of an artefact located in the working volume with the touch probe and the
corresponding software that allows doing themeasurement. The proposedmeasuring
process is automatic (using a CNC macro) and suitable to have the chance to export
the results from the CNC.

A KONDIAMAXIMmachine tool, located at IK4-TEKNIKER (Fig. 8.13a), has
been used to validate this test. This machine has a moving table where the artefact is
mounted and fixed during the measurements (Fig. 8.13b). In addition, the KONDIA
machineprovides thepossibility to use aRenishaw touchprobewith external software
(Power Inspect) [4].

As cited above, a calibrated artefact located and fixed on the machine tool volume
is measured to analyse the geometrical stability of the machine tool. The artefact is
comprised of four spheres, and these geometries are measured each time to assess
their position according to machine tool coordinate system and thermal environmen-
tal conditions. During the measurements, temperature is monitored to establish a
relationship between the dimensional measurements and thermal ones.

For the validation, the measurements have been repeated over a certain period
(24 h) to study the effect of thermal variations. After the tests, data are processed
to correlate the geometrical instability with the thermal environmental condition
variation. The result depicted in Fig. 8.14 shows the deviation of the position of the
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Fig. 8.13 a KONDIA MAXIM machine tool; b artefact mounted in the machine

four spheres of the artefact during part of the validation process. It can be observed
that the positions of the sphere centres measured by the machine and the touch probe
are not stable according to temperature variations. The measurements registered for
9 h clearly prove that the coordinate system of the machine tool and therefore its
kinematics are not constant against thermal influences.

For an increase in Tª of approximately 5 °C (comparing to the starting state), the
maximum drift of the machine is established in Z-direction (inverse to gravity direc-
tion) and is around 60µm.Moreover, as all the centres present the same behaviour, a
lack of stability of the artefact is discarded. The drift in X- and Y -directions is lower
than in Z-direction for this kind of machine tool.

With these results, it can be concluded that the indicator, maximum deviation in
X–Y–Z of any of the spheres for a certain temperature will be enough to determine
the thermal stability of the machine. If the obtained indicator is above the determined
threshold, to be characterized before, the machine will need to be examined in deep.

8.3.3 Dynamic Stiffness Measurement of Tool/Part

The objective of this test is to control the dynamics stiffness of the machine tool. A
hammer test is proposed to evaluate the dynamic performance of themachine tool [5].

On the one hand, the force sensor at the hammer serves to provide a measurement
of the amplitude and frequency content of the energy stimulus that is applied to a
test object. On the other hand, accelerometers are used to measure the machine’s
structural response due to the hammer force. A single triaxial accelerometers located
at the spindle will be used. A multichannel Fast Fourier Transform (FFT) analyser is
needed to carry out the signal acquisition, sensor conditioning and FFT processing.

If possible, both excitation and measurement will be carried at the machine tool
spindle. Different resonant frequencies must be identified and characterized with the
following indicators: frequency, dynamic compliance, damping ratio and direction
of excitation.
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Fig. 8.14 Results of sphere positioning variation and temperature variation

A complete modal analysis has been carried out on the GORATU D-Dynamic
machine located in IK4-TEKNIKER. Modal analysis consists of the experimental
identification of vibration mode frequencies and the correspondent mode shapes.
To do that, the machine is hit by a hammer and the vibrations are measured by
accelerometers located in all the structure of the machine as depicted in Fig. 8.15.

Figure 8.16 presents the frequency response of the different points of the machine
in X-direction when the disturbance, i.e. hammer force, is also done in X-direction.
Twomain resonance frequencies are identified, at 82 and 124Hz.When using a single
accelerometer at the tool tip, which is the aim of the proposed test, the frequencies
will be accurately identified, since the obtained curve is part of the bunch of curves
presented in the previous part. However, the measurement of a single point will not
be enough to represent vibration mode shapes, but this is not the aim of the proposed
periodic measurement.
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Fig. 8.15 Validation of dynamic stiffness characterization in the GORATUG-Dynamic: a diagram
showing structural components; b points where accelerometers were located

Fig. 8.16 Frequency response diagram showing vibrations of the different points of the GORATU
machine in X-axis when excited in X-axis

8.3.4 Feed Drive and Spindle Auto-Characterization

In this case, a very fast characterization of the dynamic response of the feed drives
and spindles of the machine tool is proposed. The idea is to execute very simple
movements under controlled conditions while monitoring internal variables of the
machine tool. The proposed sequence of movements is:

1. Back and forth displacement of each linear axis.
2. Circular interpolation of each pair of axes.
3. Spindle rotation at constant speed.

Each movement is a simplification of a more complicated test. For example, cir-
cular interpolation and the monitoring of internal position sensors is a simplification
of the ball-bar test [6], which is commonly applied for machine tool geometric eval-
uation. Ball-bar test requires a specific hardware to track the position of the spindle
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Fig. 8.17 Validation of the circular interpolation test from the feed drive auto-characterization
procedure. Results obtained in a circular interpolation of the X- and Y -axes of the GORATU G-
Dynamic machine: a results from the report available after the ball-bar test; b results obtained by
using internal sensors for measurement

Table 8.2 Comparison of the indicators obtained in the circularity tests

Ball-bar (µm) CNC (linear scales) (µm)

Reversal peaks 2.5 2

Backlash 0.5 4

Circularity 8.3 10

during a circular interpolation. In Fig. 8.17, a report generated by a ball-bar device
during a circular interpolation is compared with the results obtained in the same test
by using linear scale position.

Table 8.2 summarizes the most important indicators obtained with both
approaches to analyse circular interpolation performance. Although the simplified
approach does not provide a quantitative estimation of the desired indicators, it pro-
vides an approximate idea and can be used for a qualitative analysis. The internal
control variable measurement approach is not aimed to replace the ball-bar test to
determine interpolation performance of the machine tool, but to provide the chance
to quickly evaluate changes in the performance of a machine tool without installing
the required hardware.

The complete sequence of movements is programmed in ISO code and is fed to
themachine. Bymaking use ofmonitoring capabilities implemented in Twin-Control
project [7], data are continuously acquired during the test. The monitored data are
uploaded to the fleet server, where it is processed to obtain relevant indicators like
friction, backlash, inversion peaks and maximum power in feed drives, and power
consumption in spindles. If an accelerometer is installed in the spindle, vibration
analysis can be performed, providing relevant indicators to estimate its condition [8].
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Fig. 8.18 Sample of the machine tool characterization test report generated on KASEM® after the
auto-characterization: a linear translation of the Z-axis; b Circular interpolation of X- and Z-axes

The results of the tests are available in the cloud platform, KASEM®, just after
tests execution. Indicators are managed together with the rest of indicators coming
from the normal operating condition of the machine and, in case a deviation from
nominal conditions of the machine tool is detected, a warning is generated. Apart
from that, after each test execution a report is generatedwhere the obtained indicators
are summarized, and the user can analyse in detail the performance of each test as
shown in Fig. 8.18.

The proposed test is totally automated and does not require special skills to
machine tool operator nor special equipment. Test duration can vary depending on
machine size, number of axis and dynamics, but it is always below 5 min.

Although the proposed procedure is not aimed for a quantitative characterization
of the machine, it is very well suited for a qualitative analysis of machine tool
condition. In addition, the short duration and its simplicity make it suitable for a
periodic execution, leading to a better control of machine condition during its life
cycle.

8.4 Conclusions

The behaviour of a machine tool is observable by computing contextualized infor-
mation from sensors measurements. Two indicator extraction methodologies were
described in this section. The first one exploits the in-production sensors’ measure-
ments to extract statistical features from specific machine operating conditions, and
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the second one exploits the results of specific tests, called characterization tests,
performed by the machine.

Both methodologies are based on known machine context exploitation. To have a
full overview of the machining process and capacities, it is recommended to analyse
indicators from both methodologies:

– The raw sensors’measurements indicator extraction offers high volume of data and
is performed in parallel of the production. Nevertheless, the machine capabilities
observed depends on the program performed such as indicators that illustrate only
a part of the machine capabilities.

– The characterization test approach allows to observe the overall machine tool
capacities as entire axis moves are performed under controlled conditions. Never-
theless, it requires to perform a specific program interrupting the production for
about five minutes.
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Chapter 9
Non-intrusive Load Monitoring
on Component Level of a Machine Tool
Using a Kalman Filter-Based
Disaggregation Approach

Johannes Sossenheimer, Thomas Weber, Dominik Flum,
Niklas Panten, Eberhard Abele and Tobias Fuertjes

9.1 Introduction and Motivation

Today’s society is increasingly concerned with ecological awareness in order to
protect the environment. The political and social discussions focus on greenhouse
gas emissions and rising global average temperatures. Furthermore, the total world
consumption of primary energy is estimated to increase by 28% between 2015 and
2040 [1]. For that reason, the EU climate strategy aims to gradually reduce green-
house gas emissions and increase the share of renewable energies, combined with
improvements in energy efficiency [2].

As almost half of the global primary energy demand in 2017 will be caused by the
industrial sector [3], there is considerable room for action to achieve the mentioned
EU climate goals [2]. Progressive digitalization plays a major role here, as it offers
the potential to make production processes more energy efficient. Furthermore, opti-
mization approaches can be identified by transparent energy flows [4]. Within the
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Twin-Control project, which develops new concepts for simulatingmachine tools and
the machining processes, the presented work was developed. These models, which
are developed within this project, show both, the possibilities of making production
processes more energy efficient and also take other life cycle characteristics such as
the optimization of maintenance into account [5].

Measuring energy1 values is an essential prerequisite for implementing energy
efficiency measures through

• comparisons with other plants, departments, assembly lines, machines, compo-
nents over time,

• defining adequate control measures to react early on to deviations/inefficiencies,
• setting and pursuing realistic targets and
• providing information on energy or power demands, costs, emissions and trends.

One way to obtain measured values is by applying temporary mobile measure-
ments. Mobile measurements give an overview of the energetic status quo of a
machine tool. Nevertheless, for comprehensive analyses of the machine’s compo-
nents, the use of stationary, permanent in-depth monitoring is better suited. In order
to obtain performance data for the individual components, a distinction can be made
between two methods:

(1) Hardware-based measurements (intrusive)
(2) Non-intrusive measurement techniques.

Hardware-based measurements of power and energy at component level require
high investments in sensors and the associated devices. Non-intrusive measurement
methods such as non-intrusive load monitoring (NILM) or non-intrusive appliance
load monitoring (NIALM) [6] can be a cost-effective solution for obtaining detailed
energy data using a power disaggregation. The NILM measurement method can
detect individual devices within the performance data by analysing voltages and cur-
rents from a higher-level single point of measurement. Since the individual devices
have different properties for steady-state and transition states in both reactive and
active power, these so-called energy signatures can be used to assign the measured
power to an individual component. At the point of common coupling (PCC), the
loads of the devices are superimposed and then the individual curves are extracted
from the aggregated data by pattern detection algorithms. In addition, control data of
inferior components can be used to estimate the individual load using system identi-
fication approaches [7]. In this way, the Kalman filter-based disaggregation approach
presented in this chapter allows a continuous energy monitoring at component level
of machine tools with only one sensor needed at the machine tool’s electric PCC.

1In this chapter, the electrical energy and electrical power are meant, when energy and power are
mentioned.
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9.2 Related Work

Several NILM solutions have already been developed in recent years within the
residential sector [6, 8–11]. They are used to derive the energy demand of home
applications such as refrigerators, lamps, vacuum cleaners, televisions and toasters.
The energy data calculated by the NILM method may not be as accurate as the mea-
sured data, but it is sufficient in most cases for energy monitoring applications. For
industrial applications, there are no comparable approaches of energy disaggregation
and only few publications exist [7, 12–14]. Furthermore, in typical production envi-
ronments, there are many sources of interference for NILM systems, such as basic
electrical appliances and highly dynamic devices. One example is a speed-controlled
motor with inverters, which may inhibit the deployment of disaggregation systems
[12]. Tominimize disturbances in industrial applications and to improve the accuracy
of the algorithm, the machine states can be correlated to the aggregated power curves
as proposed in [7, 13]. Since machine data acquisition (MDA) in modern produc-
tion manufacturing facilities is already frequently used to calculate key performance
indicators (KPIs) or to plan maintenance cycles, this strategy is particularly helpful.
Thus, available industrial big data helps to provide better insight into the machine’s
energetic performance by applying power disaggregation algorithms.

9.3 Kalman Filter-Based Disaggregation Approach

The goal of the Kalman filter is to determine system states as accurately as possible,
which can only be calculated and measured with an uncertainty. The Kalman filter
works with a prediction step and a correction step. In the prediction step, the desired
states of a system are calculated using a state-space model. In the meantime, the
uncertainty of the result is calculated from the initial uncertainty (covariance) and
an estimation error representing the inaccuracy of the calculation. In the correction
step, the estimated value and themeasured value are compared, while both contain an
inaccuracy. The estimated value and the uncertainty can be set using R. E. Kalman’s
algorithm as shown in [15].

9.3.1 NILM Through Kalman Filter-Based Power
Disaggregation

For the application of the Kalman filter to the energy disaggregation problem of a
machine tool, the electrical power consumption of each auxiliary unit is defined as
a condition to be determined. There is no state-space model with which the electri-
cal power can be estimated. Furthermore, the individual states cannot be measured
directly. Only the total power (Ptotal) consumed by the machine tool is measured by
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Fig. 9.1 Information flow chart of the applied Kalman filter

an external sensor. In addition, PLC data such as the power of each drive (Pdrive) and
the switching states (on/off) of the individual auxiliary units is used.

The states are updated according to the equations of R. E. Kalman via the so-
called Kalman gain by comparing the sum of the power of all switched-on auxiliary
units with the total power consumption subtracted by the accumulated power of the
drives. The updated states are now used as the basis for a new comparison with the
total output of the auxiliary units. Following this procedure, the states are updated
successively. An overview of theKalman filter-based power disaggregation approach
is schematically displayed in Fig. 9.1.

9.3.2 Differentiation of Dynamic and Constant Electrical
Power Consumers

There are two different consumption patterns for the auxiliary units. On the one hand,
there are systems, which are also referred to constant consumers, and on the other
hand, there are dynamic consumers. Constant consumers have a uniformperformance
plateau, which can be determined relatively accurately with the presented approach.
In contrast, the power consumption of dynamic consumers, like speed-controlled
motors, fluctuates evenwithout a change of state. Other than consumerswith constant
power consumption, dynamic consumers are assumed to have an uncertainty within
the measurements, whereby the inaccuracy (covariance) of the respective state is
maintained. For constant loads, the uncertainty of the static loads converges towards
zero as time progresses. This means that the performance allocated to the system is
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increasingly less affected by fluctuations in the measured total power, while dynamic
loads continue to allow performance adjustments.

9.3.3 Extension of the Kalman Filter Using Peak Shaving
and Damping Factors

The algorithm for this application case has been extended to counteract undesirable
developments. To improve the convergence for constant loads during the teach-in
process, a damping factor and a peak shaving factor were introduced.

A single damping factor has been assigned to all auxiliary units with constant
consumption behaviour, which artificially reduces the uncertainty of the respective
states. Negative consumption, i.e. the generation of energy, is excluded in the model
due to the unlikely occurrence. On this account, the Kalman gain must not lead to
a negative state. By implementing a nonnegative condition in the filter, the resulting
deviation of measured total power and the sum of the switched-on aggregates is
distributed to other aggregates. In the case that the approximate power consumption
of the auxiliary units or their dynamics is known, this information can be taken into
account.

The peak load factor was introduced to neglect peak loads that occur when the
ancillary units are started up from the disaggregated power. For this purpose, the
initial condition is held for a few seconds after the component has been switched
on, before the actual teach-in process begins. Otherwise, the load peak would falsify
the teach-in process. Errors in the teach-in phase due to peak loads can thereby
be avoided. Apart from the distinction between dynamic and statistical loads, and
if available the average consumption of the components, no further user input is
required for the presented approach.

9.4 Implementation and Validation of the Presented NILM
Approach

The online monitoring is implemented by integrating the disaggregation algorithm
into an existing process and tool monitoring system called Genior Modular of MAR-
POSS Monitoring Solutions GmbH. This monitoring system can be supplemented
with additional sensors by adding additional transmitters. In this case, a transmitter
for measuring the total power consumption of the machine is connected to the Genior
Modular via CANopen communication. The integration of embedded software, like
in this case the disaggregation algorithm, is realised by an additional OPR device of
MARPOSS Monitoring Solutions GmbH. Because an existing data acquisition and
analysis architecture can be used, the effort for the user and costs are reduced. In this
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way, the Kalman filter-based disaggregation approach can be simply retrofitted on
existing machine tools.

An exemplary application on the EMAG VLC100Y CNC turning machine is
presented in this chapter. This machine is located in the model factory for energy
efficiency (ETA-Factory) on the campus of the Technische Universität Darmstadt in
Germany. The turning machine is controlled by a programmable logic control (PLC)
from Bosch Rexroth, which records the required switching states of the units and the
power consumption of the drive units via OPC-UA communication. The modelled
power consumption can be visualized locally on a HMI or transferred to a higher-
level platform. In addition to power consumption modelling at the component level,
an analysis of the available data is also included.

The turning machine contains the following auxiliary units:

• hydraulic pump
• chip conveyor
• cooling lubricant pump
• suction
• electric control cabinet
• combined other consumers.

The hydraulic pump, the suction and the electric control cabinet are classified as
a constant consumer, while the cooling lubricant pump is a dynamic consumer. Both
consumer types are constantly switched on during machining. The chip conveyor is a
constant consumer which is switched on or off sequentially during themanufacturing
process. All other dynamic and constant auxiliary units of the machine tool are
summarized under combined other consumers. These combined other consumers
are attributed with higher measurement uncertainties than normal consumers. In
addition, the measurement uncertainty is increased or, respectively, decreased with
each switch-on or switch-off process in order to absorb the load peak that occurs.

For the validation of the presented non-intrusive load monitoring approach with
a Kalman filter-based disaggregation, a temporary mobile measurement was con-
ducted. The results of the disaggregation are compared to measured mean power
signals of the listed auxiliary units in Fig. 9.2. The corresponding evaluation results
are discussed in the following sections and are shown in Table 9.1. Besides the mea-
sured mean power consumption, the mean disaggregated power consumption, the
corresponding root mean square deviation as well as the relative error are listed for
all auxiliary units. The root mean square deviation and the relative error are calcu-
lated according to Eqs. (9.1) and (9.2), respectively. The relative error is the quotient
of root mean square deviation and the measured power at switched-on component
state.

rootmean square error �
√∑N

i�1

(
Pmeasured i − Pdisaggregated i

)2
N

(9.1)

relative error � rootmean square error

Pmeasured (when switched on)
(9.2)
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Fig. 9.2 Comparison of disaggregated and measured power for the auxiliary units with the corre-
sponding switching states
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Table 9.1 Evaluation results of the Kalman filter-based disaggregation approach on the EMAG
VLC100Y turning machine

Auxiliary unit
of the
machine tool

Consumer
type

Mean
measured
power
consumptiona

[W]

Mean
disaggregated
power
consumptiona

[W]

Root mean
square
deviation [W]

Relative error
[%]

Hydraulic
pump

Constant 448.5 328.29 114.2 25.5

Cooling
lubricant
pump

Dynamic 1288.0 847.7 439.4 34.1

Chip conveyor Constant 201.0 229.47 12.1 6.0

Suction Constant 535.3 551.8 49.8 42.2

Electrical
control
cabinet

Constant 546.3 551.8 16.9 3.1

Combined
other
consumers

Dynamic Not
measureable

1368.1 – –

aThe mean includes only power signals at switched-on component state

Since the hydraulic control of the turning machine is an accumulator charging
control, the measuring signal (first diagram in Fig. 9.2) has large peak loads that can
be attributed to the reloading of the hydraulic accumulator. Since the hydraulic unit is
defined as a constant load, these load peaks are not transmitted to the disaggregated
signal. Even when defining the hydraulic pump as a dynamic consumer, these sudden
peaks cannot be assigned to a single component without additional information about
the hydraulic recharging process. Instead, these load peaks are nowdistributed among
the dynamic consumers, but the major part of the peak is attributed to the combined
other consumers due to its higher measurement inaccuracy. In order to integrate the
hydraulic load peaks into the disaggregated power, an additional model input signal
would be necessary which describes the state of the hydraulic accumulator charging
process. These inaccuracies explain the high relative error, but when neglecting the
load peaks in the measured signal, the base load of the hydraulic pump was met very
well with the disaggregation.

The example of the chip conveyor clearly shows how the sensitivity of the algo-
rithmdecreases over the time inwhich the component is switched on (second diagram
in Fig. 9.2). While the disaggregation is initially falsified by other disturbances dur-
ing the first switch-on process, the required power of the chip conveyor is better met
during the subsequent switching processes and is ultimately properly trained. The
teach-in phase can be better used with sequentially switched consumers, since the
individual switching processes are each accompanied by the interference of varying
intensity, which is why the actual power requirement is met more accurately.
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The measurement data of the cooling lubricant pump (third diagram in Fig. 9.2)
shows an example of a component that requires several energy levels within one
manufacturing cycle. This is because the cooling lubricant is fed through nozzles
of different sizes, depending on the tool used and the current machining process. In
this case, a higher power level is reached after about 240 s. From this time on, the
cooling lubricant is sprayed in large quantities and at high pressure to rinse away
chips from the workpiece during the milling process. Different power levels could
be differentiated by taking into account the nozzles switching signals. In this case,
the classification of the cooling lubricant pump as a constant consumer would be
recommended.

The disaggregated power curve of the suction (fourth diagram in Fig. 9.2) shows
how the load peak factor prevents a falsified training due to the initial load peak,
which is almost twice as high as the later power consumption. Nevertheless, the
further disaggregated power curve is subject to strong fluctuations, and the trained-
in disaggregated power is far too low, which primarily results from the load peaks of
the hydraulic accumulator charging circuit. For this reason, the disaggregated power
consumption of the suction has a high relative error.

The constant energy requirement of the electrical control cabinet can only be
trained at the beginning of the measurement. Here, the machine is in an energy-
reduced standby mode, which is why all auxiliary units are switched off and only
the control cabinet is supplied with power. After about 55 s, the machine is switched
to the machining mode and the auxiliary units are turned on successively. At this
point in time, the algorithm has already trained the power of the electrical control
cabinet due to the damping factor. The disaggregated power and the measured power
correlate well (fifth diagram in Fig. 9.2), which is also visible in the low relative error
of the component.

In general, the accuracy of disaggregation increases if the individual components
are switched on one after the other and have enough time for the teach-in process.
However, this is not always possible due to the technical restrictions and the request
for short cycle times. The delay of the switching processes of the auxiliary units
during the examined turning process is shown in Fig. 9.3. To obtain more precise
results, the individual components could be switched on and off one after the other,
starting from the standby state of the machine, in which they are initially all switched
off. As this is rarely possible in industrial environments and because the goal was to
find an automated procedure, which does not require a manual teach-in process, this
method has been dispensed within this series of tests.

9.5 Conclusion and Outlook

The presented cost-effective disaggregation approach to monitor the energy con-
sumption at component level is possible through the use of a Kalman filter with the
information of the component’s switching states and the overall power consump-
tion. The approach was tested on a laboratory machine tool and validated with a
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Fig. 9.3 Illustration of the switching states of the auxiliary units over one production cycle

temporal measurement of the component’s power consumption. Based on the eval-
uation results, the limitations of the concept are shown. For example, load peaks,
which often arise in hydraulic accumulator charging circuits due to recharging of the
accumulator, need further input signals related to the hydraulic recharging process
in order to obtain more precise disaggregation results. The distribution of these load
peaks to other components can distort the disaggregation results. The advantages of
the disaggregation of cyclical loads are discussed, as well as the relevance of the
switching state correlation of the individual auxiliary units.

Even if an exact power disaggregation of industrial components is difficult, the
presented approach offers a cost-effective and simple possibility to estimate the
energy demand on component level. Further investigations are necessary to decrease
the influence of the limitations in order to increase the accuracy of the power disag-
gregation.
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Chapter 10
Utilizing PLC Data for Workpiece Flaw
Detection in Machine Tools

Johannes Sossenheimer, Christoph J. H. Bauerdick,
Mark Helfert, Lars Petruschke and Eberhard Abele

10.1 Introduction

Digitization is rapidly changing our entire economy and our society. The number
of connected devices, like IT infrastructural connected objects, sensors and pro-
grammable logic controllers (PLCs) [1], is currently increasing rapidly [2]. Thus,
until 2020 the number of devices connected to the Internet is expected to rise to
eight billion [3]. This applies not only to the areas of household, traffic and mobility,
infrastructure and buildings, but also to the industry. Data is currently considered the
most valuable resource [4] and is even called “gold of the future” [5].

Larger industrial companies have recognized the value of their own production
data and are using different analytic methods to improve the production process.
Despite this, small- and medium-sized enterprises still have great difficulties in col-
lecting and utilizing production data.

Internal machine data such as PLC and bus data can be used not only for process
control, as is usually the case, but also for condition and qualitymonitoring, as well as
energy efficiency [1]. In addition, data analysis can prevent high economic losses due
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to late detection of workpiece flaws. A diagnosis of insufficient workpiece quality
on a machine tool can be categorized into the following five groups [6]:

• Observations by the user of the machine,
• Diagnosis by measuring and testing equipment,
• Diagnosis by testing workpieces,
• Diagnosis by additional sensors,
• Model based or signal analytical diagnosis.

Conventional quality control systems can only be applied to randomly chosen
samples and are cost-intensive and error-prone. As a consequence, monitoring sys-
tems aremore andmore automated. For thesemonitoring systems, only the diagnosis
with additional sensors as well as model based or signal analytical diagnosis is uti-
lizable [6]. These types of diagnosis allow an early detection of workpiece flaws as
well as an identification of their causes [7]. As scrap is reduced, the safety, reliability
and profitability of products are improved as well [8].

As described in [9], monitoring systems are divided into direct and indirect mea-
suring systems, depending on whether the parameters to be monitored are observed
directly (e.g. cutting force in machine tools) or indirectly via correlated data. For
example, measurements of the spindle’s power consumption can be correlated to the
cutting forces [9–11]. Because the environmental influences and the usage of cooling
lubricant impedes direct measurements in machine tools, indirect monitoring sys-
tems are usually used. As the costs for additional sensors have to be minimized [12],
this article focuses on signal analysis diagnostics using machine internal sensors,
such as those which are used within the drives.

Furthermore, there are some model-based prediction methods for surface rough-
ness in machining processes [13, 14], but there are no knownmethods for identifying
typical workpiece flaws from pre-processing like moulding or forging. Typical flaws
of these pre-processes are listed in [15, 16]. Based on previous work, which showed
that workpiece flaws can be detected through drive-based PLC data [1], this chapter
outlines an automatedmethod formonitoringworkpiece quality usingmachine drive-
based signals inmachine tools.Because the analysed signals are sensitive to toolwear,
this aspect is examined in the second part of this chapter.

10.2 Automated Quality Monitoring Using Drive-Based
Data

In order to show the automated workpiece flaw detection method, a test series, which
is subdivided into preliminary and main tests, is examined in this chapter. The pre-
liminary tests investigate the face turning of a solid cylinder for various cutting
parameters and are used to develop a statistical concept for automated flaw diag-
nosis. Within the main tests, the developed concept is applied to a real production
process, in which different machining steps of a control disc for a hydraulic pump,
which is manufactured at the ETA Factory, a model factory for energy and resource
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Table 10.1 Relevant processing steps with the appendant machining parameters of the main tests

Processing step Cutting velocity vc Cutting depth ap Feed rate f

[m/min] [mm] [mm/rev]

Exterior scrubbing 180 2.0 0.3

Face scrubbing 180 2.0 0.3

Exterior finishing 300 0.2 0.25

Face finishing 300 0.2 0.25

efficient production at the Technische Universität Darmstadt, is analysed. The solid
cylinder is made of 42CrMoS4 and the forged brute of the control disc of 8CrMo16.

Workpiece flaws like for example blow holes, shrink holes and incorrectly placed
boreholes are simulated in the tests by boreholes of different sizes. The machine
tool on which the tests are undertaken is a vertical turning machine of type EMAG
VLC100Y with a Bosch Rexroth PLC of the type Motion Transfer Extreme (MTX).
Table 10.1 shows the relevant processing steps and parameters of the control disc
manufacturing process which is examined in the main tests.

10.2.1 Information Flow and Evaluation Process

To control the movements of the axis, the actual values of the machine drives are
constantly measured at the frequency inverter and transmitted to the PLC via the fast
automation bus Sercos. The signal flow and the evaluation workflow are shown in
Fig. 10.1.

Fig. 10.1 Signal flow and the evaluation workflow



170 J. Sossenheimer et al.

The drive-based signals are read out at a sampling rate of 2 ms with a soft-
ware called MTX efficiency workbench (EWB). This data is buffered until the end
of the measurement. In parallel, the Data Analytic Server (DAS, formerly Generic
Data Server), a workflow-based software framework by Bosch Rexroth introduced
in [1], detects the end of the recording with a filewatch trigger and executes a work-
flow consisting of the CNC-DataProvider and a computational activity. The CNC-
DataProvider imports the buffered EWB data into the database used by the DAS
called MongoDB. In the next step, the calculate activity evaluates this data using
a precompiled MATLAB DLL which contains the necessary MATLAB functions
for workpiece flaw diagnosis and writes the diagnostic results back into the Mon-
goDB. This workflow-based evaluation method enables fully automated workpiece
flaw analysis in parallel to the production.

10.2.2 Sensitivity Analysis and Signal Processing Steps

A sensitivity analysis was carried out to select appropriate drive-based signals for
evaluation. Available signals include the current values of position, speed, power,
force and momentum of each axis. In addition to the actual position of the spindle,
which is needed to locate the flaw on the workpiece, the following five signals form
a feature vector that represents the input for the analysis:

• The current position value of the x-axis
• The current position value of the y-axis
• The current position value of the z-axis
• The current spindle power value
• The process force of the x-axis, which is the only feed axis during the tests.

While the current position of the axis is measured directly at the engine encoder
and the process force is derived fromamodel, the actual power of the axis is calculated
by measuring the DC link voltage and current at the frequency inverter [17]. As a
result, it was found that the interference caused by the flaw can be detected in a better
way in the five signals by analysing the difference between the averaged last three
signals and the currently measured signal. This formula is represented in Eq. 10.1,
where i is the number of the currently measured signal. The resulting calculated
signal calc.signal oscillates about zero and is not affected by the scale of the signal’s
trend.

calc.signali �
∑3

j�1 signali− j

3
− signali (10.1)

The peaks of the signals caused by the flaws can be easily detected in the cal-
culated signal, as depicted in Fig. 10.2. The calculated signal for the five analysed
characteristics is plotted over the radius of the workpiece for the facing process of
the full cylinder, whose bores have a diameter of 2.0, 1.5 and 1.0 mm, respectively,
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at a distance of 9, 18 and 27 mm to the workpiece centre. Three empirically chosen
tolerance bands, which are divided into multiple sections, mark a certain standard
deviation to themean value of the currently measured signal. The advantage of divid-
ing the tolerance bands into equidistant sections is the ability to detect small flaws
even if the noise’s amplitude varies over the workpiece radius.

10.2.3 Workpiece Flaw Detection

A diagnosis of workpiece flaws includes an identification of the flaw, a localization
on the workpiece and a quantification of the flaw.

Possible workpiece flaws are detected if the calculated signal exceeds the narrow-
est tolerance bands. With the corresponding actual position information of the feed
and spindle axis, the potential workpiece flaws are localized in the next step. In order
to quantify the potential workpiece flaw, a new parameter called intensity of diagno-
sis IoD was introduced. The IoD indicates the accuracy of the flaw diagnosis and the
distribution of the IoD over the workpiece’s surface can give more detailed insight
into the flaw’s size. According to Eq. (10.2), the IoD is the quotient of the number
of features F that simultaneously manifest a trespass of the smallest tolerance band
and the total number of features Ftot multiplied by the quotient of the number of the
largest tolerance band T of all features that was trespassed and the total number of
tolerance bands Ttot times one hundred. If the workpiece shows frequent and locally
concentrated of measurements with a high IoD,

IoD � F

Ftot
∗ T

Ttot
∗ 100 (10.2)

After the evaluation of the drive-based data, the results of the workpiece flaw
analysis, their position and quantification are combined and transferred onto a vir-
tual image of the workpiece, which is displayed in Fig. 10.3. If a potential flaw is
identified, because its corresponding data points trespass one of the tolerance bands,
the information of its location and its intensity of the diagnosis is mapped on the vir-
tual workpiece image. Areas on the workpiece that show both a locally concentrated
high frequency of flaw identifications and an IoD above 75% are thus caused by
strong variations between the currently measured and previously measured signals,
which clearly indicates a potential workpiece flaw. Areas on the workpiece surface
with IoDs below 20% can be correlated to noise in the signal. High IoDs on the outer
boards of the workpiece are due to deviations from a perfectly circular workpiece
rotation, which is explained in greater detail in the following paragraphs. The virtual
image is later transmitted to the machine operator and supports the quality control
and source inspection process. As shown in a close-up view of the repartition of the
IoD on the virtual image of the workpiece in Fig. 10.4, it is even possible to derive
the diameter of the boreholes.
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Fig. 10.2 Graphof the difference between the averaged last three signals and the currentlymeasured
signal of a full cylinder with three bores for the face turning process (in blue) over the workpiece
radius. Additionally, tolerance bands in green, yellow and red which are divided into four sections
surround the calculated signal
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Fig. 10.3 Repartition of the intensity of the diagnosis IoD over the virtual image of the full cylinder
end side, which is bordered by the blue line, during the face turning process. The green, magenta
and cyan line mark the radial position of the three boreholes on the full cylinder

10.2.4 Evaluation and Limits of the Presented Concept

A diagnosis is considered to be accurate if the displayed intensities of the diagnosis
at the corresponding locations of the virtual workpiece image match well with the
size and position of the actual borehole. As explained in this section, the choice of
the analysed process steps impacts whether the diagnosis delivers accurate results
or not. A high-precision diagnosis was achieved both for the examined face turning
process of the full cylinder and for the face scrubbing of the forged unmachined
part of the control disc. The analysis of the face finishing process and the exterior
scrubbing of the unmachined part resulted in an inaccurate diagnosis.

These differences in the accuracy of the diagnosis for the different process steps
result from the great influence of the relation between the selected cutting parameters
and the accuracy of the diagnosis. The diagnosis becomes less accurate at high cutting
speeds and feed rates because less data is recorded over the workpiece surface. In
addition, the quality of the diagnosis deteriorates at cutting depth of less than 1 mm
because the plastic deformation of previous cutting steps reduces the effective size
of boreholes.

The face scrubbing of the unmachined workpiece is characterized by moderate
cutting speeds and feed rates with simultaneously high cutting depths. Therefore, the
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Fig. 10.5 Ratio between the actual spindle position in degree and the actual spindle power (sc-axis)
over the height of the distance covered by the exterior scrubbing process

accuracy of the diagnosis proved to be better than with the finishing steps, which use
high cutting speeds, low feed rates and very small cutting depths.

Flaws on the side surface of the unmachined part were not detected during the
exterior scrubbing, because the flaw’s influence on the signal is negligible compared
to that of the initially not perfectly round rotating unmachined part.At each revolution
of the workpiece, the signals of the five features show large oscillations due to the
fact that the flaw, which is located at a covered distance of 7.7 mm form the exterior
scrubbing process, cannot be identified. This is seen in Fig. 10.5, which shows the
relation between the actual position and the power of the spindle. The flaw could
have been detected in the second turning step if the exterior scrubbing process of
the unmachined part was divided into two steps each with half of the current cutting
depth.

Although the tool wear influence is reduced by focusing on the calculated signals
based on the average of the last three cutting processes, noise from progressive tool
wear is added to the signal. The noise increases the standard deviation of the signal
and thus the size of the tolerance bands. This makes it more difficult to detect flaws
in the workpiece.

10.3 Influence of Tool Wear on Machine Drive-Based
Signals

In order to investigate the influence of the process parameters on the tool wear and to
better understand the resulting surface roughness, further experimental series were
executed. A face turning process is, therefore, conducted multiple times with differ-
ent combinations of cutting parameters and analysed for their influence on tool wear,
surface roughness and specific energy consumption. The investigated cylinder con-
sists of 42CrMoS4 andGARANTCNMG120408-SGHB7035 inserts are usedwith a
PCLNR 2525M12AFR231 tool holder. In these experiments, the alreadymentioned
EMAGVLC100Y machine tool is used, and the surface roughness is measured after
each test run with a mobile MarSurf Perthometer M2 measuring device. The process
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parameters are selected with regard to the face scrubbing process of the hydraulic
control disc in order to examine ten different cutting parameter combinations. Based
on the basic process parameters listed in Table 10.1, one parameter is modifiedwithin
a certain range, and the other two parameters are maintained constant (Table 10.2).
Considering the differences between the material of the cylinder and the hydraulic
control disc, a cutting depth (ap) of 1.5 mm is used as basis.

As also [18, 19] describe, the main influence on tool wear results from an increas-
ing cutting speed. An increase of the feed rate leads to an increase of the surface
roughness but has no essential impact on the tool wear, which corresponds with the
results of [18, 20]. By increasing the cutting depth neither the surface roughness nor
the tool wear is affected significantly, as is also the case with [18, 21]. In accor-
dance with [21, 22] an increase in each of the analysed cutting parameters leads to
a reduction in specific energy consumption by increasing the material removal rate.

Furthermore, the impact of tool wear on the power consumption of the spindle is
compared for two different combinations of cutting parameters. For this purpose, the
cutting parameter combination A with a cutting speed of 180 m/min, a cutting depth
of 1.5 mm and a feed rate of 0.3 mm/rev plus the cutting parameter combination
B with a cutting speed of 220 m/min, a cutting depth of 1.5 mm and a feed rate of
0.3 mm/rev are chosen. For cutting parameter combination A, representative data
rows of the face turning process after a different number of cuts of an insert are
shown in Fig. 10.6. It is observable that the spindle power increases with increasing
material removal due to tool wear.

In Fig. 10.6, the corresponding spindle power consumption for cutting parameter
combination B is displayed. It is obvious that the power consumption varies between
the first and 56th cut. Also, this cut represents the last cut for the tool before the test
is completed. The latter is associated with a clearly higher power consumption, and
the pattern shows irregularities which do not occur with an unworn cutting edge.
Figure 10.6 also indicates that the processes with the cutting parameter combination
B are shorter because of the higher cutting speed, but also have a higher power
consumption because of the higher required spindle speed.

Besides the signals analysed in Sect. 2.2, the power consumption of the axis
drives was evaluated for tool wear analysis. It is visible that a change is detected in
the power consumption of the x-axis, y-axis and z-axis with increasing tool wear. The
corresponding power consumption of the drives of these axes is shown in Fig. 10.7
for cutting parameter combination B. A significant deviation can be determined for

Table 10.2 Range of cutting
velocity, cutting depth and
feed rate

Cutting velocity vc Cutting depth ap Feed rate f

[m/min] [mm] [mm/rev]

160 0.5 0.15

180 1.0 0.2

200 1.5 0.25

220 2.0 0.3
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Fig. 10.6 Actual spindle power (sc-axis) with cutting parameter combination A (upper figure) and
B (lower figure) according to different numbers of cuts

Fig. 10.7 Actual power of x-axis, y-axis and z-axiswith cutting parameter combinationB according
to different numbers of cuts

the last cut of the x-axis. The curve shows both deviating and a higher level of the
characteristic curves with a peak at the beginning of the process. Additionally, the
power consumption curve of the y-axis changes with increasing tool wear. There is
a shift to the right and when the tool wear is higher, the curve is at a higher level of
power consumption. In contrast, the z-axis does not have higher power consumption,
but in that case higher fluctuations in power consumption occur with increasing tool
wear.
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The data is collected in one measurement and is available both for improving the
flaw detection algorithm by automatically adjusting the barriers as tool wear and
with it signal noise increases, and for automatic and proactive identification of worn
inserts.

10.4 Conclusions

This paper presents an automated approach to component failure diagnosis. For this,
drive-based data are measured at high frequency and evaluated after completion of
the recording.Workpiece flaws, like shrink holes, which are represented by boreholes
of different diameters, can, therefore, be reliably detected, located and quantified.
Following diagnosis, quality assurance is supported by purposefully prepared data
as the display of a virtual image of the workpiece with the intensity of the diagnosis
plotted at the corresponding position. In addition, investigations of cutting parameter
combinations have shown that the cutting speed has a significant impact on tool
wear. The increasing tool wear is clearly identifiable in the power consumption of
the axis drives and the main spindle power. This information is useful for both,
automated proactive tool replacement and improved flaw detection. The limitations
of the concept, like the influence of process parameters and tool wear have been
pointed out and offer starting points for future research.
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Chapter 11
Simulation of Machining Operations
Based on the VMT Concept

Frédéric Cugnon and Jean-Pierre Delsemme

11.1 Introduction

The simulation of machining operations in close interaction with the machine tool
dynamic behaviour requires two main modelling components. First, to accurately
simulate the dynamics of modern high-speed machine tools, a mechanical model
that represents the flexibility of all components and their interactions is needed [1].
To create this mechatronic model of a machine tool (virtual machine tool), 3D MBS
and FEA methods are used for mechanical aspects and 1D modelling for the CNC.
As described in Chap. 2, an integrated methodology is proposed for the mechani-
cal aspects, and it combines MBS capabilities in a nonlinear FEA [2] solver called
SAMCEF Mecano [3]. It enables accurate modelling of the machine by considering
FEA models of the components connected by a set of flexible kinematical joints.
Additional models are implemented to deal with drive-trains and motors dynamics.
Furthermore, an integrated cutting force model is used to capture force interac-
tions between the tool and the workpiece to fully capture the dynamic behaviour of
the machine tool. Within the scope of the Twin-Control project, the VMT concept
was used to model two machines, a high-speed four-axes box-in-box machine from
Comau and a large three-spindle five-axes machine from Gepro. The two models are
shown in Fig. 11.1.

Furthermore, an integrated cutting forcemodel is used to capture force interactions
between the tool and the workpiece to fully capture the dynamic behaviour of the
machine tool during themachining operations. This chapter dealswith the integration
of this cutting force model with the developed VMT module.
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Fig. 11.1 Virtual machine tool models developed in Twin-Control project: a Gepro 502 machine;
b Comau Urane 25V3 machine

11.2 Machining Module

The considered cutting simulation approach is compatible with the virtual machining
paradigm. Derivation of the forces acting on the cutting edges of the milling tool is
a two-step procedure. First, the geometric and volumetric properties of the removed
material are computed. Second, process dependent heuristic is applied on the tool
move spatial data to compute cutting force components. The process for obtaining
cutting forces is illustrated in Fig. 11.2. This method is widely described in Chap. 3
of the book. This section focusses only on its integration in the Mecano software.

The cutting force module [4], originally developed in MATLAB, is converted to
a single DLL to be called in the SAMCEF simulation. An overview of the cutting
force module structure is shown in Fig. 11.3. The cutting force module is composed
of three primary sections (labelled a–c in Fig. 11.3) which execute the key functions
of the cutting force model. These sections are combined into a single module, and
the different sections are only called as necessary using the desired RunFlag input
value. The first step of the cutting force module, Fig. 11.3a, generates the discretized
tool mesh based on the tool dimensions and mesh resolution data. The constant edge

Fig. 11.2 Cutting force estimation approach
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Fig. 11.3 General set-up of the cutting force module

effect vectors, Fe,XY Z ,el , the cutting force matrices, Qc,XY Z ,el , are also generated in
this first step. This first step is only called once at the beginning of the simulation
and at each tool change. The second step, Fig. 11.3b, updates the TWE tool mesh
and determines average cutting forces based on the nominal feed direction and feed
per tooth. The second step of the module is called when the TWE obtained from
the ModuleWorks module is updated. The third step, Fig. 11.3c, determines the
instantaneous, angle-dependent cutting force based on the tool rotational speed and
the current simulation time. Step three is called during for each SAMCEF iteration
to access required instantaneous forces.

11.3 Coupling Architecture

The mechanical model of the machine tool is coupled with three additional simula-
tion modules (Fig. 11.4). For the CNC modelling, a MATLAB Simulink model that
is converted to C-code is used and included in a dynamic library thanks to MATLAB
Coder capabilities. As the cutting force module is also based on MATLAB pro-
gramming, the same approach of creating a dynamic library from C-code generated
by MATLAB Coder is selected. The simulation C++program for tool-workpiece
engagement (TWE) computation is also converted to a dynamic library that can be
called from C-code functions.
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In SAMCEF Mecano, two specific elements have been developed to manage
these dynamics libraries. The first one, called DIGI element, allows coupling the
mechanical model to any Simulink model and, in particular, control systems. The
implemented staggered method is a fixed time step sampling, where both codes will
exchange data (positions, forces…). Both codes manage their own time step and can
compute several instants between two sampling times without updating exchanged
data. Thisweak coupling is usually stable thanks to the small sampling times imposed
by the control loops, which imposes passing times to the Mecano solver.

A strong coupling between the mechatronic model of the machine tool and the
machining simulation tool is implemented. Practically, a specific cutting force ele-
ment, called TOOL element, has been developed. It considers the dynamics of the
tooltip combinedwith the tool-workpiece engagement (TWE) determined fromMod-
uleWorks toolpath generation and simulation libraries. The resulting relative motion
of the tool with respect to the workpiece (TP) is used as input to generate cutting
forces (CF). These are applied on the machine model at the spindle tip and generate
some excitation to the model. To fulfil equilibrium at each step of the time inte-
gration process a Newton–Raphson iterative scheme is used, where cutting forces
are updated, and the associated iteration matrix is generated at each iteration. As
explained in Sect. 2.1 of this book, the computation of cutting forces is done in a
single module that can be called in three different ways. Before starting the time
integration (or when the tool is replaced/changed for the considered spindle), the
module is initialized. Once the process starts, the TWE is computed for each current
individual cut, and the machining module is updated. Finally, the module is called
every time that force evaluation is required. Cut definition is obtained from the tool

Fig. 11.4 Coupling scheme for the integrated simulation model
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computed kinematics projected in the workpiece reference frame. According to a
user-defined cut length, TWE is updated as soon as (Tc time) the tool as moved of
this characteristic length since previous update. For accurate TWE computation, the
cut length should be chosen significantly bigger than the spatial discretization used
in ModuleWorks software. As TWE computation changes the workpiece geometry
when a cut is performed, the corresponding DLL can only be called once during the
considered cut. The flow chart of Fig. 11.5 has been implemented to combine this
constraint with the need of having a strong coupling between the machine model and
the cutting forces.

Fig. 11.5 Computational flow chart of the integrated simulation model
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11.4 Simulation of Machining Sequences

11.4.1 Simple Machining Process with the High-Speed
Box-in-Box Machine

The model of an Urane 25V3 machine from Comau is used to demonstrate that
the VMT concept allows simulating a machining process, considering the virtual
machine tool in its real conditions, accounting for all interactions between mechani-
cal, control and machining [5, 6]. Thanks to the dedicated TOOL element, the inter-
action between the tool and theworkpiece (rigidly attached to themachine plate—see
Fig. 11.6) is defined.

The simulated machining process is the following:

• Move z-axis forward to have a cutting depth of 4 mm.
• Move y-axis up to simulate one cutting pass (milling with an end-milling cutter)
as shown in the zoom of Fig. 11.6. The nominal tool y-velocity is 1.9 m/min.

• Tool spinning velocity is 12,250 rpm.
• Technological parameters correspond to two cutters end-milling tool thatmachines
an aluminium holed workpiece.

Some simulation results are shown below. Figure 11.7 shows forces generated by
the linear motors to realize the manufacturing process. It can be noticed that these
forces are mainly caused by both machining and inertia forces. Figure 11.8 shows
the position of the tooltip along the three-axes of the machine with three different
scales corresponding to the min-max range of eachmeasure, the magnitude of X-axis
vibration is no more than a few microns, while Y -axis magnitude is 110 mm.

Fig. 11.6 Simple machining process application: sample workpiece on Comau Urane machine
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Fig. 11.7 Forces in linear motors calculated in the simulations done in the high-speed box-in-box
machine

Fig. 11.8 Tool positions calculated in the simulations done in the high-speed box-in-box machine
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Fig. 11.9 Influence of cutting forces on positioning error in the simulations done in the high-speed
box-in-box machine

To highlight the influence of the cutting forces on themachine dynamics, Fig. 11.9
shows the positioning error along the moving axis, if they are considered (red curve)
or not (blue curve) in the model. Figure 11.10 shows the same kind of comparison
for the tool velocity along Y -axis, vibrations induced by the machining forces are
observed.

Finally, some sensitivity analyses highlighted the influence of the manufac-
turing conditions on the cutting forces. Figure 11.11 compares the cutting force
along the move direction in 3 different cases: nominal (red), faster move (v �
3.8 mmin−1—blue) and deeper cut (7 mm—green). Shown results are average force
computed as post-processing results from the TOOL element.

11.4.2 Machining Process with Tool Change
on a Multi-spindle Machine

The Gepro 502 machine, another use case of Twin-Control project, is now con-
sidered to present another simple machining process. It also considers all interac-
tions between mechanical, control and machining models. Thanks to the dedicated
TOOL element, the interaction between the tool and the workpiece (attached to
the table—see Fig. 11.12) is defined. In this simulation, tool changes and multiple
spindles are considered. The simulated machining process is the following:
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Fig. 11.10 Influence of cutting forces on tool velocity in the simulations done in the high-speed
box-in-box machine

Fig. 11.11 Influence of machining conditions on cutting forces
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Fig. 11.12 Machining with tool change (Gepro 502 machine)

• Spindle 1 (right) is equipped by an end-milling tool (Diameter 10 mm–three cut-
ters–corner radius 2 mm).

• Spindle 2 (centre) is equipped by an end-milling tool (Diameter 12 mm–two cut-
ters–corner radius 6 mm).

• Z-axis is moved down to have a 4 mm cutting depth.
• X-axis ismoved forward to simulate afirst cutting pass. Thenominal tool x-velocity
is 3 m min−1.

• Set spindle speed to 12,250 rpm.
• Once first pass is done, tools get out of the workpiece, and the machine gets back
to its initial configuration. Tools are exchanged between both spindles, machine
is shifted in the Y -direction and the operation is repeated.

During the simulation, theCAD representation of theworkpiece is updated at each
evaluation of the TWE. At the end of the simulation, this STL file is made available
to the user for evaluation of the final workpiece geometry, including the effects of
errors in the tool motion. The final workpiece configuration is shown on the machine
CAD model, the effect of the tool change (zoomed area) is clearly observed.



11 Simulation of Machining Operations Based on the VMT Concept 193

Fig. 11.13 Machining a complex piece with a five-axes machine (GEPRO 502)

11.4.3 Industrial Machining Process

In this chapter, the Gepro’s five-axes machine is considered. It is used to manufacture
an aluminium workpiece defined as Twin-Control target project application, which
includes all type of machining operations done with this machine [7, 8].

Figure 11.13 shows how the workpiece is positioned on the machine to realize
the central machining operation. The final geometry is shown in the bottom left of
figure. This three-axes machining operation is realized by the central spindle of the
machine, using a 3 cutters end-milling tool rotating at 15,000 rpm. Figure 11.14
shows the machined workpiece. This CAD representation (STL format) is an output
of the simulation. It is made available to the user for evaluation of the final workpiece
geometry, including the effects of errors in the tool motion. On the zoomed area, one
can clearly see the footprint of the tool, and the upper left part of the figure shows
the executed tool trajectory.

Figure 11.15 shows the evolution of the cutting forces at the tool level (upper
graph) during themachining process, and the associated spindle torque (lower graph).
Figure 11.16 shows tooltip position, where successive zooms highlight mechanical
vibration at both structural natural frequencies of the structure and cutting frequency.



194 F. Cugnon and J.-P. Delsemme

Fig. 11.14 STL CAD representation of the machined piece

Fig. 11.15 X , Y and Z cutting forces—Spindle torque

This machining sequence of about 1min is simulated in about 2 h on a normal lap-
top. Even if far away from real time, this is acceptable for this kind of accurate model
(142,000 time—steps–4176 degree of freedom) used for designing new machine or
preparing machining sequence, but not for on-line monitoring.
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Fig. 11.16 Tooltip position (X , Y and Z)

11.5 Conclusions

The VMT concept is used for virtual prototyping of machine tools in working con-
ditions. The proposed technology has been applied to build mechatronic flexible
multibody models of several machines. This virtual machine tool is fully coupled
to a cutting force module. This approach provides comprehensive simulations capa-
bilities for virtual machine tool prototyping in machining conditions. The resulting
Twin-Control simulation package is intended for both machine tool builders for
design activities and machine tool users to improve their processes. In both cases,
this virtual model can be used to avoid performing many costly physical tests.
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Chapter 12
Cyber-Physical System to Improve
Machining Process Performance

Mikel Armendia, Tobias Fuertjes, Denys Plakhotnik,
Johaness Sossenheimer and Dominik Flum

12.1 Introduction

There are several tools to optimize machining processes in the design stage [1–3].
After the correct set-up of the designed process, it is run in the machine tool by an
operator in production conditions.

Under ideal conditions, the operator should only run the process every time a
new part is clamped in the fixture. However, different events can take the process
from these ideal conditions: Tool wear or breakage, machine tool condition variation,
excess/absence of material in raw surfaces, variation of workpiecematerial, variation
in cooling conditions, etc.

In addition, there is always somemargin to improve the performance of a designed
process once it is in production, for example, feed rate increase to increase productiv-
ity or feed rate reduction when process does not go as expected (e.g. chatter occurs)
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Twin-Control aims to overcome these effects by the application of CPSs based on
model-based control techniques. CPSs are defined as smart devices that interact with
the machine (through sensors and actuators) to increase its performance [4]. In this
case, different developments of Twin-Control project in modelling are embedded in
the monitoring hardware or the control of the machines to affect its performance.

After this introduction, Chaps. 2–7 present the different CPS-based control strate-
gies in Twin-Control. Finally, the conclusions are presented.

12.2 Process Monitoring

Process monitoring using ARTIS hardware can be split into two different applica-
tions. First, process monitoring by learning. Second, process monitoring by simula-
tion.

Learning-based process monitoring is a key feature of ARTIS process monitoring
systems. The process monitoring is based on process signals of the machine control.
Furthermore, the process monitoring could be based on additional sensor signals
(e.g. vibration and force). Genior Modular is the main module of ARTIS hardware.
In this module, the interface to the machine control as well as the HMI is provided.
The process monitoring algorithm and the determination of the limits and parameters
are calculated on the Genior Modular device, as well. For the user, the QNX-based
GeniorModular provides an intuitiveHMI to configurate the processmonitoring task.
The system determines all limits and parameters automatically. Additional input keys
provide the possibility of making certain adjustments. In detail view display mode,
these input keys are immediately visible. In multi-view display mode, it is necessary
to first select one of the windows in order to make the keys visible. The user has
the possibility to manually adjust the limit, being less or more sensitive to process
changes.

For the learning process, some reference processes must be executed in advance.
The system calculates automatically howmany learn steps must be performed. Apart
from that, a manual adjustment of the learning process repetitions is possible.

Once the learning is complete, the process monitoring can be started. Figure 12.1
shows a visualization software GEM-Visu. Next, the most important indicators of
this visualization are listed.

• Line graphics:

– Green curve: learned signal curve
– Grey curve: signal curves of the last 10 processes are displayed
– Blue curve: current signal curve
– Red curve (1): lower breakage limit
– Red curve (2): upper breakage limit

• Bar graphics:

– Red line (3): missing limit (indicates that a tool is not installed)
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Fig. 12.1 Genior modular visualization for process monitoring

– Red line (4): wear limit
– Green bar: area value of the learned process
– Grey bar: area value of the previous ten processes
– Blue bar: area value of the current process.

The alarm reaction could be configured by the user. So, the system could send
just a warning or fully stop the machine.

Process monitoring by learning is suitable for large batch manufacturing, where
stable conditions are present for the learning stage and the processmonitoring strategy
can be applied for a long time. However, for small to medium batch size sectors, like
aerospace, this approach is not useful.

For this case, Twin-Control proposes a simulation-based process monitoring. As a
first step, process models are run in a PC which is connected, via CAP-Logger, to the
control of the Starrag EcoSpeed located in theAMRC installations. The CAP-Logger
is a small client program that connects to the GEM-CNC server via TCP and stores
the requested data in CSV format. The GEM-CNC server is a service running on
Siemens Solution LineHMIs. It forwards the TCP requests to the Siemens CAP-API,
and it sends the response back to the CAP-Logger via TCP.

Measured axis positions and spindle speed are used as input of the models which
provide spindle torque estimations. These estimations can be compared to spindle
torque measurements that are also done by the ARTIS equipment (Fig. 12.2).
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Fig. 12.2 System architecture of the pilot line set-up at the AMRC, showing the flow of data
between the real and simulated operations

This strategy could be used to implement a simulation-based process monitoring.
For that, process models need to be integrated into the ARTIS hardware and run in
parallel to the real process (Fig. 12.3). Simulation results will provide the nominal
conditions instantaneously, equivalent to the learned reference values used in the
learning-based process monitoring, and could be used to fix the thresholds for a
simulation-based process monitoring approach.

12.3 MT Operating Condition Adaptation for Life Increase

The knowledge of machine tool condition is very useful for maintenance activity
planning. Early detection of (possible) problems in the machine tool allows more
efficient maintenance actions, maximizing machine uptime.

Early detection of future anomalous situations with the machine tool avoids unde-
sirable machine tool breakage, and consequent unforeseen production stops.

Two approaches, both based on feedback generated by models implemented by
TEKNIKER in KASEM, are defined towards this end. Both models, although using
different approaches, can identify or estimate that the machine tool is going to have
a problem. Thanks to this feedback, ARTIS hardware can adapt, normally smooth,
working conditions of the machine tool to extend machine tool life and wait for the
next planned maintenance action.

The first approach is the integration of end-of-life models developed in Twin-
Control project in the monitoring architecture. This feature provides the chance to
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Fig. 12.3 Screenshot showing the Twin-Control process models GUI, fed with real input data
coming from the machine. The estimations are directly compared with measurements of the real
process, presented in lower right corner

estimate the remaining useful life (RUL) of the critical components of a machine
tool by accounting for the real usage (monitored) conditions. The end-of-life models
could be integrated at local or fleet level. For Twin-Control, KASEM has been the
choice for this implementation. When the RUL estimated by the end-of-life model
falls below a predefined limit, KASEM generates a warning towards the planning of
a maintenance action (change of bearing or spindle).

A second approach is based on the results coming from the machine tool charac-
terization tests that consist in a series of quick tests that allow a good characterization
of machine tool condition. The indicators calculated from these tests are compared
to the ones obtained in nominal conditions and, in case deviations occur, anomalous
condition of the machine is determined. Again, even if this procedure can be imple-
mented at local or cloud level, KASEM has been chosen as platform in Twin-Control
project.

As in the case of a problematic RUL value, when any indicator of the MT charac-
terization test gets over the defined threshold, KASEM generates a warning towards
the planning of a maintenance action.

Apart from this warning at maintenance management level, Twin-Control can
automatically adapt machine tool performance to its condition. According to the
next planned maintenance stop and the RUL value, ARTIS Genior device system
can smoothen machining conditions (reduce feed rate and/or spindle speed) to avoid
component breakage. The ARTIS GEM-CNC server, installed in the machine con-
trol, receives the commands from the ARTIS GEM-OA (Genior Modular with Open
Architecture) to change the current value of R-parameters that define cutting condi-
tions (feed rate and/or spindle speed).
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As an alternative to the automatic modification of machining conditions, since
manufacturers do not want to decrease productivity automatically, a warning showed
by the ARTIS HMI or the ARTIS telegram remote control will suggest the operator
with some new cutting conditions.

12.4 Energy Monitoring System on Component Level

A cost-effective approach to monitor the energy consumption at component level
has been developed by using a Kalman filter and the information of the component’s
switching states, which has been explained in greater detail in Sect. 3.3.

The ARTIS OPR device records the required switching states of the different
components (via OPC UA) and the power consumption of the drive (via internal
signal monitoring). Additionally, the total power consumption of the machine is
acquired by an ARTIS true power module. The energy disaggregation algorithm,
which is based on the Kalman filter, is embedded in the ARTIS OPR.

An EMAG VLC100Y turning machine, located at the ETA Research Factory
of the Technische Universität Darmstadt, has been used to implement and validate
this development. The disaggregated power consumption at component level can be
visualized locally on the HMI of the machine using ARTIS GEM-Visu (Fig. 12.4) or
transferred to a higher-level platform, like SCADA or MES. This ensures immediate
feedback on energy demand.

Even if an exact power disaggregation of industrial components is difficult, the
algorithmoffers a cost-effective and simple possibility to estimate the energy demand
on component level. Since existing data acquisition and analysis architecture was

Fig. 12.4 Visualization of the component energymonitoring: amachineHMI;bARTISGEM-Visu
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used, the implementation effort and costs could be reduced, compared to hardware-
based energy monitoring on component level. The presented approach can thus be
used for cost-effective energy monitoring.

12.5 Telegram Remote Control

Currently, there is no possibility to interact with the monitoring hardware from out-
side, so that a physical connection to the machine is needed. By using an open-source
chat software for the GEM devices, a PC or a smart device could be connected to
these devices from everywhere in the world.

With this approach, it is possible to get information about the status of each con-
nected device (e.g. serial number, number of alerts, IP address) without a physical
connection to it. Furthermore, it is also possible to interact with the GEM device
(Fig. 12.5). Based on the configuration of the telegram adapter, monitoring configu-
rations could be adapted via smart devices or PCs.

The telegram adapter could be installed in the GEM device or the OPR. Also, it is
possible to install the telegram adapter at a plant server or PC, which has a network
connection to the monitoring hardware. For connecting the monitoring hardware
with a chat group, in the telegram adapter, just the IP address of the target GEM
device must be configured.

For Twin-Control, a chat group was implemented, in which the GEM devices of
the ARTIS, MASA and TEKNIKER use cases are involved.

12.6 Adaptive Feed Rate Control

In complex machining processes, chip flow varies according to the deep of cut, tool
geometry and the programmed spindle speed. To guarantee maximum productivity,
it is interesting to keep continuous chip flow control. To do that, feed rate must be
adapted according to monitored spindle consumption to achieve desired variables.

Adaptive control (AC) is an option for ARTIS Genior Modular systems. This
option controls the programmed feed rate of a cutting cycle to maintain a constant
load on the tool during the entire cutting cycle (Fig. 12.6). This way, feed rate will
be increased when the cutting power, e.g. spindle acceleration, is low (good tool
condition and less chip removal). The software algorithms automatically slow down
feed force if tool condition (wear) ormaterial quality (e.g. texture, hardness) changes.
This function is active during the process monitoring. To provide this feature, ARTIS
GeniorModular uses the real-time connection to themachine control. Byoverwriting,
e.g. R-parameters in themachine control, the feed rate of a cutting cycle is optimized.

Adaptive feed rate control has been implemented in the GEPRO 502 machine of
MASA. This way, when the spindle is underworking, the feed rate is increased; when
the spindle is overworking, the feed rate is reduced. The objective is to maximize
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Fig. 12.5 Screenshots of the telegram adapter feature: a ask_gem chat within telegram app; b
example of the contents of the chat

productivity by keeping the material removal rate high during all the process. To test
this, a scalloped sample part has been used.

12.7 CNC Simulation and Collision Avoidance System
(CAS)

During real machining operations, process visibility is often limited due to small
safety windows or high coolant flow. Apart from that, due to undefined position of
additional equipment (fixture, toolholder, workpiece, etc.) in the machine tool work-
ing volume, collisions are common. Both issues are very critical from the operator’s
point of view. To overcome these problems, the availability of a virtual representation
of the machine tool, replicating the movements that the real machine is executing,
can be very useful.

Material removal simulation is performed within ModuleWorks libraries, for
which the proper simulation environment must be established first. The simulation
models require the following parameters: the initial geometry of the stock material,
geometric definition of the cutting tools, machine tool kinematics and a sequence of
the commandedmachine axismoves. Once the virtualmachining set-up being initial-
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Fig. 12.6 Diagram presenting ARTIS adaptive control optimized feed rate strategy

ized, ModuleWorks simulation can retrieve input signals to change and add cutting
tools, execute new cutting tool moves. During the simulation steps, the internal data
structure representing the shape of in-process stock material has been continuously
updating to reflect the changes made by cutting tools. For each simulated move, the
output is a set of results showing the status of the tool–workpiece interaction during
the move (whether material has been cut, a collision between machine tool element
or cutting tool and stock material has been detected, etc.) Optionally, a tessellated
(triangulated) 3D surface of the simulated workpiece can be computed for further
visualization and analysis. The analysis is supported due to applying of different
colorization options (coloured by tool indices, feed or another measured data). The
simulation libraries are designed to be integrated on the level of the HMI or CNC
unit (as shown in Fig. 12.7) to retrieve actual positions of the machine tool axes for
exact computation of the relative positions of the tools and workpiece in the sim-
ulation environment. Such an approach reduces integration efforts to visualize the
results and provides both verification and clash detection during different processes
maintain time responsiveness.
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Fig. 12.7 Integration of ModuleWorks simulation

Since ModuleWorks libraries use the tri-dexel model for material shape represen-
tation, that is capable of staying memory and time consistent over machining time,
this approach leads to efficient computation with a low response time that satisfies
real-time conditions for machining applications.

ModuleWorks CAS takes the real axis positions, machine geometries and work-
piece position and uses the same motion data as the real servos to provide a fully
integrated and visually realistic simulation of the machine kinematics, tools, jaws,
clamps and fixtures as well as the material removal process. The real-time collision
avoidance is based on the look-ahead functionality provided by CNCs. The look-
ahead is a method for trajectory planning, for which a CNC precomputes several
future moves. If ModuleWorks simulation runs on the “future” moves, a message of
a reported collision may be passed to the machine control before the actual collision
occurs. The communication can basically bemaintained through a variety of standard
APIs and protocols (Focas, EtherCAT, Profinet, etc.). Collision detection and avoid-
ance are available in both auto and jog modes using this look-ahead motion data.
CAS implementation is based on the access to OPC/UA interface of the machine
tool to retrieve different data via the interface along with internal processing of the
geometries of the in-process stock and set-up components, as shown in Fig. 12.8.

The new functionality foresees collisions that may happen in the future. In addi-
tion to in-time simulation, simultaneous computation threads consider machine tool
positions at some time upfront. The predicted position is examined towards potential
collisions and may signal to halt the machine, and colliding machine tool elements
are highlighted in red in Fig. 12.9.

CAS integration has been proved to be an efficient solution to withstand colli-
sion risk with different operational modes in machining critical components. Huron,
a leading French manufacturer of very high-performance 5-axis machining cen-
tres for continuous machining of complex parts, has integrated CAS into Huron’s
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Fig. 12.8 Design of the collision avoidance system for Siemens 840D CNC

Fig. 12.9 ModuleWorks CAS in action: a look-ahead position (transparent); b CAS alarm on HMI
to stop the machine

high-performance product lines, including KX 50 L, a high-performance double
column machining centre, and K3X 8 FIVE, a machine from the range of very high-
performance 5-axis bridge-type machining centres.

12.8 Conclusions

This document presents an overview of the model-based control strategies devel-
oped in Twin-Control project and applied using the CPS approach. Part of the
modelling activities carried out in Twin-Control project has been implemented at
workshop level. This way, virtual representation of the machine is linked to the real
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representation and can modify its performance to improve productivity (adaptive
control), increase machine uptime (collision avoidance system), optimize tool life
(process monitoring), improve maintenance actions (automatic machining condi-
tion smoothening) and even to improve the communication with operators (telegram
adapter). Most of the applications are based on a standard monitoring equipment,
like ARTIS devices used in Twin-Control project, and hence, high costs are avoided.
The different features have been validated at both laboratory and industrial level.
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Chapter 13
Fleet-Wide Proactive Maintenance
of Machine Tools

Flavien Peysson, Christophe Mozzati, David Leon,
Quentin Lafuste and Jean-Baptiste Leger

13.1 Introduction

From the capacity of production depending onmachine tool availability, it becomes a
day-to-day concern for maintenance operator and production manager. Each stop in
production constitutes a loss of earning that should be anticipated to allow an efficient
planning of maintenance operation and to avoid unscheduled production downtime.
Condition-based maintenance solutions at a machine level provide the operator with
tools that support monitoring of the machine’s behaviour and highlight behaviour
changes. However, machine tools as large engineering systems have multiple sub-
systems and equipment of different natures (electrical, mechanical, hydraulics, elec-
tronics, etc.) following different fault rates and modes in which behaviour may differ
from specific phases of their life cycle due to events and maintenance history. Sup-
porting proactive maintenance at a fleet level provides summarized information and
means of comparison and investigation for decision-making.
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13.1.1 Fleet-Wide Approach and Industrial Challenges

Originally referred to a group of ships or aircrafts [1], the term fleet is used in the
industrial domain to refer to a set of machines, generally the whole of an owner’s
system. Technically, the fleet is considered as set of entities composed of similar sub-
systems which behaviours are comparable [2]. From the capacity to process a work-
piece being the objective of a machine tool, the objective of a fleet of machine tools
is considered as its capacity to process a batch of workpieces. Fleet-wide approach
of objectives is then twofold: to provide augmented and synthetized information at
a fleet level and to provide higher diagnostics and prognostics capacities.

The condition-based monitoring allows to monitor the global behaviour of the
fleet, i.e. its capacity to achieve its objectives, by providing indications of the health
state of each sub-system. Monitoring the behaviour at a fleet level aims at inform-
ing maintenance operators and managers about the health and availability of each
machine, as well as the global fleet by merging and extracting information from
indicators.

In addition to the benefits for maintenance management, the fleet-wide approach
provides tools to improve and capitalize failure analysis and investigation. Indeed, it
allows machine behaviours’ comparison and experience feedback sharing at a fleet
level allowing better fault detection and isolation. Both objectives require a well
formalized and structured knowledge.

13.1.2 Building the Fleet-Wide Approach

At the bottom of the fleet, the sub-systems attached to a machine tool such as axis,
spindle and auxiliary systems such as hydraulic group, coolant, system, cooling
system, could be monitored independently from each other. Using condition-based
monitoring, it is possible to build behaviour indicators not biased by the character-
istics of other sub-systems, thus being able to respond in real time considering the
state of each sub-system. Despite being a powerful tool for maintenance operator
to ensure a correct and quick diagnosis, the combinatory explosion caused by each
indicator with its own dynamic could lead to a deteriorated legibility. The number
of alarms and information on the fleet-wide level would exceed human abilities. It
is then recommended to build bottom-up fleet-wide approach [3] by monitoring the
machine’s sub-system health, to provide information to monitor the machine’s health
and, then, the fleet’s health.

The fleet-wide approach allows maintenance operators and management to get a
general view of the state of the fleet and support the decision-making to ensure the
fleet mission. This approach also allows to compare sub-systems at different levels
and uses the results of maintenance and events history to be reused for upcoming
events. The challenge of fleet-wide approach is to build tools that support monitoring
health states for each level: fleet, machine and sub-systems, and allow the compar-



13 Fleet-Wide Proactive Maintenance of Machine Tools 211

isons while not being invasive for users. A knowledge base uniting semantic and
systemic approach of the fleet must be considered.

13.2 Fleet-Wide Knowledge Base Architecture

Health assessment provides relevant information highlighting abnormal health in the
monitored component, sub-system or system, but it does not provide the necessary
information to identify the root causes to fix the degradation process. For this pur-
pose, a global modelling of the fleet is required at different levels to formalize both
the maintenance knowledge and the processes, mainly monitoring, diagnostic and
prognostics, to achieve proactive fleet management.

Knowledge modelling rely, first, on the machinery domain-specific concepts for-
malization, leading to machine tool fleet detailed description and second, to the
structuration of the different concepts by the description of both vertical, i.e. between
level, and horizontal, i.e. in a specific level, interactions.

13.2.1 Machine Tool and Related Concepts Definition

In the process of modelling the fleet level using a semantic approach, each level is
defined in a vertical approachwhile clearing the concepts that allow health status def-
initions and horizontal comparison of the different levels of the fleet. First, different
levels are identified, from each a set of definitions and concepts arises, as depicted
in Fig. 13.1.

Focussing first on the machine tools level, its definition is given by “a machine
driven by power that cuts, shapes or finishes metals or other materials” [4]. As a large
number of machines and concepts could be included in this definition, this work is
focused on the general concepts emerging frommodernmachines tools poweredwith
electrical power and composed of at least one electro-spindle and at least three axes.
At this level, the availability of the machine will be consolidated with information
concerning the health status of the sub-systems to describe the general status of the
machine [5].

The sub-system level describes the functions of the machine tools that are neces-
sary tomanufacture theworkpiece. This example focusses on the axis unit sub-system
that represents the moving parts of the machine necessary for the positioning of the
spindle or the workpiece. The axis unit, depending on machine design, can be com-
posed of at least three linear axis and rotational axes. The technologies and features
used for conception can be different depending on the designer choice. Considering
the diversity of possibility for the components of this sub-system, it is necessary to
define a set of rules based on ontology that eases the horizontal level comparison and
expertise sharing between equivalent sub-system of other machine tools and their
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Fig. 13.1 Machine tool fleet representation of the semantic modelling

equipment (axis in this example). Four levels to classify the contextual information
are discussed in [6] to provide comparison facilities:

• Technical context is the description of a system in terms of technical features.
For instance, the three linear axes are composed of linear motor, sliding system,
guideline, cooling system associated, etc. Even if the design and dimensions of
the component are different, this description allows comparisons of the features
of the linear axis to be considered.

• The service context and operational context are complementary to the technical
context.

– The service context aims at describing the solicitations that the system endures.
For example, considering the axes of the same machine, the three linear axes
are designed for different purpose. As a common nomenclature, the Z axis is
parallel to the spindle, while the X and Y axes form the plane perpendicular to
the spindle direction; X being defined as the longest of X and Y . The solicitation
will be different depending on machining executed along Z axis (e.g. drilling)
or executed along X and Y axes (e.g. boring).

– The operational context defines the operating condition of a system. Using
knowledge and information related to the operational context helps to go through
the interactions of the systems and build the approach that isolates the equipment
characteristics. The operational context could be used to isolate a comparable
behaviour of the axes and overlook the interactions between, for example, one
axis moving while the other are maintaining their position.
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Fig. 13.2 Functions of a sub-system and interactions with its environment

• The performance context is the description of the ability of the systemor equipment
to accomplish its mission. Mainly depending of the expected performances of the
machine itself, the performances of a sub-system are to be used as complementary
information to model the knowledge.

At the equipment level, a general approach knowledge modelling and behaviour
indicator can be defined using the descriptions associated with the sub-system and
the equipment itself given by the semantic study. However, the information about
each equipment is visible only through data, making the data acquisition the key for
the study of the equipment. The semantic approach aims here at defining the inputs
to build the algorithms that compute the indicators combining both sensor measure-
ments, such as current, temperature and the internal control variables such as spindle
machining, not machining, targeted position, targeted speed. It is recommended to
anticipate the monitoring plan of the behaviour before defining data collection plan.

The semantic definition, while being indispensable to the fleet description, is
not sufficient by itself to describe properly the interactions occurring between the
sub-systems at different levels, especially for diagnostic purpose. The representation
on Fig. 13.2 summarizes the interactions of an equipment with its environment. The
input flowcoming fromother sub-systems can influence the functions associatedwith
the equipment as the output flows depending of the function influence the functions
depending on them. A systemic approach describing for each machine, depending
on its conception, the functioning and malfunctioning as well as the interactions
between the flows is presented below.
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13.2.2 Functional and Dysfunctional Analysis

Once the knowledge of machine tool domain is defined, these concepts are then
integrated and structured in a knowledge base to describe each level of the fleet.
A systemic approach [7] is being considered to build a description of the machine
and its components by its functions (what the components are supposed to do), their
consumed or produced flows (how the components interoperate) and anticipate how
they could malfunction. Although the malfunction modelling tends to be sufficient
to help the process of decision-making, the functional modelling is the start point to
structure the root cause analysis.

The functional modelling describes the interoperability of the components and
provides tools to identify the probable root causes of the events. Figure 13.3 shows
a simplified example of the functional modelling of the three-dimensional axis unit
using KASEM® knowledge modelling tool. The whole view shows how the function
“to move the spindle along the X, Y and Z axes”. Hence, the function of the axis unit
is operated. This function is refined in three sub-functions representing the three-axis
sub-systems as shown by the green arrows. Each of them could then be refined in sub-
levels describing the components of the axis such as linear motor, cooling system,
guiding system, etc. The arrows represent the flows consumed and produced by the
function. In this example, the main purpose of each axis is to produce a mechanical
movement, while consuming electrical energy provided by the plant. Each flow here
is defined by characteristics, shown with the colour code. The yellow and black
arrows represent electrical energy and the red arrows mechanical energy.

Fig. 13.3 KASEM® knowledge modelling tool—functional analysis of the three-dimensional axis
unit
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Fig. 13.4 KASEM® knowledge modelling tool—HazOp view of the axis current while machining
flow

The malfunction of the system is studied using the HazOp—Hazard and Oper-
ability—analysis that identifies the possible deviations of the flows in combination
with the study of the possible degradations and criticality of the functions provided
by FMECA—Failure Modes, Effects and Criticality Analysis. Each flow deviation
and function degradation can be associated with a probable cause and/or effect. The
causes can be external, such as human intervention, plant conditions degradation,
or internal. Using the same logic, the internal causes could be from another flow
deviation or function degradation from another sub-system of the same machine.
Following this principle, the interoperability between the sub-systems leads to build
a root cause analysis of potential malfunctions. For instance, Fig. 13.4 shows the
HazOp of the possible deviations of the flow: “adapted electrical energy entering the
motor of the Z axis” of the machine tool. Two possible causes were identified here
for the deviation “more current while machining”. None of these causes could be
identified as root cause in case of a deviation of the flow. Using the causal chain as
depicted in Fig. 13.5, some root causes appear at level 2. Using associatedmonitoring
of the possible root causes and manual procedures, the operator then determines the
real cause of the detected flow deviation.

The functioning and malfunctioning of modelling is implemented in the knowl-
edge base of the platform to structure its inference engine. Each event can lead to
supply a common feedback of the fleet that helps diagnostic and decision-making by
providing the most common cause and root cause for each event type encountered.

13.2.3 Combination of the General Concepts and Analysis
to Build Fleet-Wide Architecture

The systemic approach is combined with a semantic approach, both providing tools
that help the fleet management purpose [3]. The semantic approach aims at defining
the general concepts related to each level of the fleet. The ontology-based definitions
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Fig. 13.5 KASEM® knowledgemodelling tool—root cause analysis viewof currentwhilemachin-
ing deviation

support the characterization of intrinsic rules for a generic monitoring of machines
different regarding the design and the components. It also defines the concepts that
are necessary to build the root cause analysis that profits from the feedback provided
by the fleet-widemanagement. The systemicmodelling is built using definitions from
the semantic modelling. The functional analysis is designed for any specific machine
design, using only generic functions and flows to represent its equipment and their
interactions. The dysfunctional modelling then profits from the generic deviations
and degradations commonly associated with the flows and function. Finally, the root
cause diagrams can be automatically generated using the information provided by
the systemic modelling and profits from the feedback on functions and equipment
regarding their definitions.

13.3 Maintenance Platform Services

To offer support to maintenance personnel, a set of maintenance-related services
must be integrated into a dedicated maintenance platform. KASEM®—Knowledge
and Advanced Services for E-maintenance—which is developed, maintained and
improved by PREDICT, is a platform that offers such services and is dedicated to
proactive and predictive maintenance to help operators and experts to take the right
decision at the right time. The efficiency, flexibility and operability of the platform
are mainly based on its service-oriented architecture, as depicted in Fig. 13.6.

KASEM® platform integrates mandatory services such as data storage, as well as
administration services that regroup all aspects relative to user management (profile
definition, user authentication, user rights). In addition, the platform integrates the
following services:

• Data Visualization gathers all the tools and ways to communicate a clear and
efficient information to the users (statistical graphics, plots, information graphics,
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Fig. 13.6 KASEM®, service-oriented architecture (SOA) platform

tables, and charts) and to help users to analyse data by providing tools adapted to
the type of information to be investigated. It aims at making complex information
more accessible, understandable and usable.

• Event management gathers all the tools and ways to generate events relative to
systems’ status (fault detection, prognostics, health) and to manage these events
(validation, cancellation).

• Analysis and Investigation gathers all the tools andways to analyse and understand
events and to take the right decision. It regroups all the possible actions that help
to identify the causes of an event.

• Knowledge sharing gathers all the ways to create and consult system’s documen-
tation and information.

In the following, these four main services are discussed.

13.3.1 Data Visualization Services

To visualize its data, an end-user has three kinds of tools according to the type of
information to be checked, the level of details needed or the profile of the user and
its expectations:

• Dynamic time series for the visualization of historical raw and computed data set
as well as real-time information.

• Custom reports that show specific view of the data set on a specific period.
• Dashboard that shows specific dynamic views based on real-time data information.

Dynamic time series visualization is available into the KASEM® platform thanks
to its integrated E-Visualization tool, which user interface is represented in Fig. 13.7.
This tool aims at performing a detailed expertise on systems by analysing systems’
data. It offers from simplest to more advanced capabilities such as:
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Fig. 13.7 KASEM® data visualization: (left) e-visualization tool, (right) built-in charts

• Collected data visualization as time series. Variable curves can be loaded into a
graphical display area. Multiple variables can be loaded into a same view, they can
be easily scaled (manual configuration of axis, attached to another variable axis)
and manipulated (colour, stroke and point types, display type).

• Reusable contexts creation. Indeed, the tool allows to save all the loaded variables
of a graphical display area and their custom setup into a context that is reuseable.
By this way, it is possible to load a memorized context into different periods to
compare situations.

• Built-in tools to analyse situations such zooming, filtering or comparing variables.
Moreover, user can perform histograms and XY graphs.

Hence, KASEM® e-Visualization offers to a user the capacity to easilymanipulate
and analyse systems’ historical or real-time data set. It fits well for performing expert
analysis on a system but has limited capacity of synthesization.

To this purpose, report or dashboard definition is required. Reports and dashboards
allow to visualize information in an organized way and to perform further analysis
or point out advanced information built from raw variables. They both aim at having
a focus on specific aspects of a dataset, yet they differ from several aspects.

A report is defined as a document that contains information organized in a narra-
tive, graphic or tabular form and aims at being communicated or presented in oral or
written form. On the other hand, a dashboard characterizes “a visual display of the
most important information needed to achieve one or more objectives”. Table 13.1
summarizes the main differences.

Examples of specific views that can be extracted from knowledge base data are
presented in Fig. 13.8. On the left, a radar chart that is sent each week to specific
user is shown. This chart displays an overview of the amount of data collected from
its machine tool’s fleet. On the right, an example of dashboard displaying machine
tool system usage data.

Data visualization service is one the most important features for Operation and
Maintenance, allowing to create specific static or highly dynamic views per user core
business and user level of knowledge about the system. Today, in addition to be user-
adaptive, this service must also be device-adaptive to fit all displaying technologies:
desktop, laptop, tablet, smartphone and smart watches.
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Table 13.1 Report and dashboard differentiation

Report Dashboard

Static: historical information defined by date
ranges

Dynamic: automatically updated real-time
information

To be shared: structured information for the
audience

Specific to user: for the user of a system and
system management purpose

Singular: any modification to it will be seen
by each person of the audience

Exclusive: modification on a user’s dashboard
does not affect any other dashboard

Generated as a file: more often PDF files Interactive Web pages: based on technologies
such as D3.js (JavaScript library for
manipulation documents based on
heterogeneous data)

Fig. 13.8 Examples of advanced data visualizations: collected data report sent periodically by
e-mail (left), system usage Web dashboard (right)

13.3.2 Event Management Services

An event is a message indicating that something has happened on the monitored
system. From Prognostics and Health Management (PHM) point of view, an event
can, for example, symbolize that the system behaviour has changed or that there is a
high risk of faults [8]. Event management service has, thus, several roles: to generate
events and notify users that event occurs, as well as to provide tool to follow event
life cycle.

Event generation is the part of the service in charge of running data analysis
algorithms on new collected data from monitored systems. Elementary services of
datamanipulation are orchestrated to build up the platformknowledge and to generate
alert as illustrated in Fig. 13.9. In this figure, algorithms are depicted in grey, collected
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Fig. 13.9 An example of an algorithm chain for event generation, from raw data to proactive event

data in green, and white elements represent part of the computed knowledge. The
event, illustrated in blue, is generated at the end of the algorithmic chain.

For a given event, once the sequence is computed and if the event is active, it is
necessary to prevent the right users. According to the application, these users can be
defined within event level and location. User is alerted that a new event has occurred
by e-mail, SMS or thanks to notifications that can be pushed up on a smart mobile
device. Then, the users need to have tools to follow-up all events which they are
responsible of.

PHM events are mainly linked to degradation anticipation and degradation detec-
tion. Events represent state changes in the spatial discretization of the faults metrics.
They can, hence, evolve when metrics increase and decrease, but also disappear.
Generally, for a given event, its level is represented by an integer number between 1
and 10 (the highest the level is, the closer of the degradation it is). To follow the status
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Fig. 13.10 KASEM® event console

of active events, the KASEM® events console, reproduced in Fig. 13.10, summarizes
all details about the last evolution of each active events:

• Event occurrence and last state dates;
• Location of the equipment (component, sub-system or fleet) attached to the event;
• Description and type of the event;
• Level of the event;
• Additional buttons to visualize event data.

13.3.3 Analysis and Investigation Service

An event occurs when an abnormal behaviour has been detected. Analysis and inves-
tigation service is then necessary to explain what the causes are—diagnostic—and
the consequences—prognostic—of this event. This analysis and investigation pro-
cess is organized in a workflow and results in event analysis and capitalization that
improves event feedback.

The KASEM® workflow process is schematized in Fig. 13.11. It consists in a
sequence of interactions and actions between the platform, the system and operators.
The different steps are:

• Preliminary analysis: In this step, the event veracity is checked by a user. If a true
event has occurred, a diagnostic can be performed for this event. In other cases,
the event is rejected.

• Diagnostic: In the field of investigation, this step aims at identifying the potential
causes of the event and it can potentially result in consequences identification.
This step can be completed by performing analysis to refine the diagnostics. When
the diagnostics are accepted, i.e. when the causes have been identified, the event
analysis can be finalized.
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Fig. 13.11 KASEM® event analysis and investigation workflow

• Analysis: This phase aims at refining the potential causes by querying complemen-
tary analysis. After an analysis, further diagnostic may be performed if needed or
the event may be finalized or rejected.

• Finalization: In this step, the most probable cause is selected, event is closed,
and the overall analysis is stored into the knowledge base to expand available
experience feedback.

The experience feedback is all the accumulated information about causes and
consequences that have been held on the different events of a system. It aims, on
the one hand, at optimizing the decision-making process when an event appears;
and on the other hand, at pointing out recurrent problems towards the objective of
continuous improvement of the system.

Experience feedback is improved with fleet dimension as it is shared by all its
individuals. Hence, the bigger is the fleet, the greater is the feedback. Nevertheless, to
cope with individuals’ heterogeneity a knowledge model based on ontology should
be used for better reuse of data, like maintenance history, reliability analysis, failure
analysis, data analysis at fleet level to provide knowledge from similar but non-
identical systems [6].
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13.3.4 Knowledge and Information Sharing Service

From a system context, the knowledge defines all the documentation, analysis,
schemes and any element that make a system more comprehensive. Through
KASEM®, the knowledge storage as well as the knowledge creation is made avail-
able. Indeed, it is possible to add documentation relative to a system, a sub-system or
a component. Moreover, it is possible to perform and store advanced system analysis
like functional and dysfunctional analysis.

Sharing service includes ways to exchange information from the plat-
form. KASEM® Representational State Transfer—REST—API enables automatic
exchange of information with other platforms or tools. The API provides a secure
and accredited access to the business-oriented Web services. Information can thus
be read or written by executing a simple HTTP request. This offers a high level of
interoperability with all conventional languages such as .Net, Java and Python.

Hence, the platform enables to:

• centralize and provide easy-to-access documentation and information for all the
users;

• share up-to-date information to all the users by providing direct access to newly
created information.

13.4 Conclusion

This chapter presents advanced services that are required for a fleet-wide proactive
maintenance platform to provide the right information at the right time to the right
person and to assist this person in decision-making. For this purpose, advanced oper-
ation and maintenance services like data visualization service, event management
service, analyse and investigation service and knowledge sharing service must be
provided. Within Twin-Control project, the platform KASEM®, developed by PRE-
DICT, has been deployed to centralize data and knowledge on twelve machine tools
and several generic algorithms have been developed to evaluate machine health and
generate early detection events to anticipate machine failure.

Flexibility is a key point in the SOA platform for operation and maintenance
services [9], and there are two levels of flexibility. Service-oriented architecture is
the first level with the possibility to only use needed services and thus only pay for
the used services. The second level of flexibility corresponds to service itself that
must fit with the application constraints.
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Chapter 14
Visualization of Simulated and Measured
Process Data

Denys Plakhotnik, Luke Berglind, Marc Stautner, Dirk Euhus,
Erdem Ozturk, Tobias Fuertjes and Yavuz Murtezaoglu

14.1 Introduction

Over the last century, companies and research institutions have put significant efforts
into improving the performance of machining operations. The progress was achieved
in improving tool life through optimization of cutting tool geometry, cutting mate-
rial, coolants, and coatings. Nowadays, these advances can be considered traditional
and, to a large extent, this area seems to be over-researched, resulting in marginal
output from research. In order to push back the frontiers of industrial practice, more
sophisticated tools and approaches must be used to address process monitoring and
controlling the conditions of the machine and tool [1].
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Fig. 14.1 Visualization of
the process parameters is
plotted as a set of charts

Since computer numerical controls (CNCs) are used in almost all kinds of produc-
tion processes, there is a way to improve CNCs such that the entire production chain
may benefit from such an improvement. Because CNCs depend on the production
cycles of the hardware to which they are connected, CNC implementations need to
assure a certain level of interoperability. The technological standards of current CNC
user interfaces do not provide the rich user experience expected of today’s HMIs. In
addition, not all available information is connected and provided to the user. Infor-
mation such as the current axis values and machining program are displayed as text,
and only experienced users are able to use the information directly. When new data
is introduced into these systems, either by exchanging the CNC, by adding hardware
to the system or by adding simulation software, it is difficult to connect this new data
to the information currently in the system.

Although many researchers and commercial entities are involved into the devel-
opment of software and hardware solutions for process monitoring, one of the most
comprehensive studies in the field [2] reveals marginal exposure of the development
in the area of visualization of the process monitoring. In general, the review papers
in monitoring of machining operations [2, 3] do not emphasize the importance of
visualization. Measurements from additional hardware can be displayed as plots,
as shown in Fig. 14.1, but it is difficult to correlate a position on the plot with the
programmed toolpath and the machine values at that instance in time.

Moreover, it seems that most of the publications target visualization of simulation
results only. Apparently, computing of cutting forces and other process parameters
can become an important issue for the industry, because it may facilitate reduction
in ramp-up time and associated costs for batch production. Process monitoring data
are often used to tune process parameters for batch production. Several parts are
machined before the batch production in order to define the specification of a stable
process. In contrast, a fully fledged virtual machining environment will result in
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reliable prediction of cutting conditions without performing real trials. It is likely
that postprocessing and analysis of the data acquired after actual machining will
become nearly obsolete after virtual manufacturing paradigm becomes an industry
standard. Simulation approaches will avoid performing expensive trials. Creating a
strategy that combinesmeasurement and simulation data sources has a high potential.

Based on the preliminary studies, several gaps between process monitoring and
visualization have been identified. The following list highlights approaches that may
bring benefits in the manned analysis of the process monitoring data:

• Geometric simulation/verification based on the measured machine axis positions;
• Colorization of the simulated workpiece geometry based on the simu-
lated/measured process parameters (spindle torque, cutting forces, etc.);

• Comparison of the simulated and measured process parameters.

On the software side, the aim is to replace the standard data display methods
(tables, graphs, etc.) with a graphical interface that shows the current shape of the
workpiece and the machine to enable users to immediately see what is currently
happening. This directly connects the real world of the process, the machine, and the
workpiece with the data at a certain instant in time. This allows users to directly find
correlations and problems and apply the needed modifications to the process.

This chapter presents visualization functionalities provided by ModuleWorks to
Twin-Control. This includes explanation of the principles of the underlying 3D sim-
ulation methods along with the description of the developed visualization features
providing advanced visualization of measured and simulated cutting force values
that are mapped on the predicted shape of the workpiece.

14.2 3D Volumetric Simulation

There exist several techniques which have been developed to model virtual work-
pieces and removing any material that interferes with the geometry of a tool moved
along a path (solidmodeling [4, 5], Z-map [6], and Dexel approach [7]). In this paper,
a discrete modeling method based on tri-Dexel volume representation [8] is used,
which is an improved version of the Dexel model. The tri-Dexel model represents
a volume as a manifold of evenly distributed linear segments, or Dexels, in three
orthogonal directions, as depicted in Fig. 14.2a. In the current paper, geometric soft-
ware which applies the tri-Dexel model is used because tri-Dexel model has proved
to be an efficient data structure with reliable performance and precision, which is
very important for a computation routine running in an iterative loop. The mate-
rial removal has been simulated using ModuleWorks engine that calculates discrete
intervals intersecting with the swept volume of a moving tool. The start and end
points of all subtracted intervals indicate the boundary of the removed volume and
hold information about their spatial position and inverted normal vectors of the tool
sweep envelop. Dexel spatial positions, surface normal vectors, and signatures of the
intersecting tools are sufficient to reconstruct the part surface, as shown in Fig. 14.2b.
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Fig. 14.2 Use of the tri-Dexel model: a tri-Dexel model (red, green, and blue segments are the
Dexels in X , Y , and Z directions); b triangulation and triangle coloring derived from the Dexel
points and normal vectors

14.3 3D Simulation and Interfaces Combined

To connect the real-world shapes, a virtual representation of the machine and the
current shape of the workpiece need to be maintained throughout the entire process.
ModuleWorks uses its industry-provenMachSim (themachine and its kinematic) and
CutSim (actual shape of the workpiece during the manufacturing process) software
to create the 3D representation of the workpiece geometry and machine that can then
be integrated into the CNC user interface.

For the Twin-Control project, this methodology has been extended and optimized.
It has developed an interface to exchange internal simulation data for processing
analytic modules that allow the prediction of process behavior such as stability and
cutting forces. To display this information to the user at the machine, a second
interface connects this data with the workpiece shape that was calculated in parallel.
The other interfaces take real-world measurement data and integrate it into the same
representation of the workpiece shape. The virtual system is completed by a system
that delivers warnings to users and delivers additional security to the machine. Users
can directly correlate data with the current shape of the workpiece. On the machine,
this system can stop the process to avoid crashes and other unwanted process errors.

As shown in Fig. 14.3, the processmonitoring data are split into spatial data related
to the cutter position and a process parameter, whichwill be visualized. Themeasured
machine axis positions are used to re-simulate material removal in CAM software.
The workpiece simulation holds only geometry data describing the material left after
the simulation. Finally, the workpiece geometry is enriched with the measurement
values. In this particular case, the Genior Modular system provides spindle torque.

To demonstrate developed software features, a simple pocketing operation (four-
pocket milling) is used (as shown in Fig. 14.4). In order to improve usability and
ergonomics of visual inspection, colorization of milling tool, toolpath, and machined
surface has been implemented. However, visualization is only one aspect of part
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Fig. 14.3 Workflow to combine simulation of measured machine movements and process data

Fig. 14.4 Visualization of pocket milling machine: a colorization of cutting/rapid moves; b col-
orization of spindle torques

quality inspection. Figure 14.5 depicts a Chiron milling machine equipped with the
developed software–hardware functionality. The simulation screen shows the actual
status of the workpiece shape, in which material removal simulation is performed
considering measured axes positions. Online inspection of the process is always
available regardless of the workpiece visibility (for instance, due to coolant mist).
Closer look on a single pocket is shown in Fig. 14.4b. The spindle torque (%) was
measured every 0.06 mm for constant feed. The length of a pocket toolpath is about
73 mm.

Another visualization feature, which may not be extremely useful in the industrial
settings, ismapping of the difference betweenmeasured and expected/simulated data.
As an example, researchers or scientists are allowed to depict the relative error of
their force models and the measurements of the actual machining. Figure 14.6 shows
how two sets of data can be represented on a 3D surface of the simulated part. This
approach should ease finding typical machining case scenarios (corner machining,
pocket machining, etc.) at which simulation models fail more often by highlighting
them.
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Fig. 14.5 Observation of the milling process on a Chiron machine: a through the machine housing;
b on the simulation screen

Fig. 14.6 Visualization of the difference between measured and simulated data: a input data;
b mapping of the difference on the 3D surface

Additionally, one experimental visualization feature for advanced simulation has
been developed. In generic simulation, all cut points are painted with one uniform
color. However, some tool properties, like tool deflection, wear, depend on the point
on the tool that removesmaterial. Applying the simulation data alongwith the feature
yields a surface depicting proper input values for the parts of the cutting tool that
are in contact in machining time, as shown in Fig. 14.7. Calculation of the contact
points considers five-axis motions via quaternion interpolation.

14.4 Additional Visualization Features

Besides, there have been developed another several visualization methods that can
facilitate to optimize machining operations:

• Visualization of the tool–workpiece engagement. Figure 14.8 shows the contact
area between a tool and the workpiece. This functionality is useful to analyze how
cutting forces change along a part program.
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Fig. 14.7 Non-uniform colorization: a tool data set at one tool position; bmapping of all tool data
sets onto the machined surface

Fig. 14.8 Visualization of the tool-workpiece engagement: a tool-workpiece setup; b engagement
area

• Visualization of the cutting marks on the machined surface. Figure 14.9a shows
which surface outlook can be expected after grinding. This feature is expected to
be necessary for aesthetic applications.

• Visualization of future shape and position of machine components. Figure 14.9b
shows two tools and spindles. The transparent ones are attributed to the future
positions acquired from the CNC as the output of the look-ahead functionality.
The real axis positions, machine geometries, and workpiece position are taken
into account. The predicted position is examined toward potential collisions and
may signal to halt the machine before the actual collision occurs.
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Fig. 14.9 Additional visualization features: a grinding textures using the shader technology; b
visualization of the future machine position (transparent)

14.5 Conclusions

Integration of the processmonitoring data into CAMsimulation is a tangible progress
in the evolution of the CAx chain. Previously, the analysis of the cutting process
measurements could not be performed in the CAM environment. In an extended
CAM, immediate access to stored process parameters allowsmore robust verification
and modification of NC programs. Three-dimensional machined surface colored
according to the measurement can be analyzed more intuitively than graph plots.
Also, it can be detected whether the extreme or unfavorable cutting conditions do
really affect themachined surface. In a case of an actual or foreseeable failure, results
of cutting force simulation can be exploited for operation re-planning to avoid tool
and workpiece damage.
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From Theory to Practice



Chapter 15
Twin-Control Evaluation in Industrial
Environment: Aerospace Use Case

Mikel Armendia, Mani Ghassempouri, Guillermo Gil,
Carlos Mozas, Jose A. Sanchez, Frédéric Cugnon,
Luke Berglind, Flavien Peysson and Tobias Fuertjes

15.1 Introduction

Within Twin-Control project several features have been developed and validated at
research level, showing promising results, as presented in the previous chapters of
the book. However, since its gestation, Twin-Control project has aimed to provide
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the required industrial validation. In this line, two validation use cases are presented
in the project, from two of the more demanding sectors in European industry and
with very different requirements: aerospace and automotive. This chapter presents
the results obtained in the application of Twin-Control in the aerospace use case.

Section 15.2 of this chapter provides a summary of the validation use case. In
Sect. 15.3, the applied industrial evaluation approach is presented. Section 15.4
deals with the implementation activities and the obtained results, including the
impact caused by these features in the end-users. Finally, the last section covers the
conclusions.

15.2 Use Case Description

The aerospace validation scenario is located at Mecanizaciones Aeronáuticas S.A.
(MASA) plant in Agoncillo, near Logroño in Spain. For the evaluation, GEPRO 502,
512 and 304machine tools are used. The architecture of the threemachines is similar,
but they differ in the number of axes, dynamic capabilities, spindle type, etc. Even
of the three machines have been monitored, the GEPRO 502, depicted in Fig. 15.1,
has been used as the main reference to implement Twin-Control features.

For the aerospace use case, a new machining process, illustrated in Fig. 15.2, has
been used. This process has been defined for the project and combines features of
different test pieces usually applied by MASA for internal validations. The part is a

Fig. 15.1 General view of the GEPRO 502 machine, available in MASA installations, used in the
aerospace validation scenario
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Fig. 15.2 Part used in the aerospace validation use case

Fig. 15.3 Validation part machined at MASA

large plate of aluminium that is manufactured using 3- and 5-axis milling, as well as
drilling operations. Its dimensions are 2000×600×65 mm.

The evaluation is mainly focused in the triangular pocket region in the middle,
represented by purple region in Fig. 15.2. This geometry requiresmovements aligned
in the X- and Y -axes, as well as interpolated movements of these two axes. Through
this test the machine tool precision in the linear axis, X and Y , can be evaluated, both
when they work individually and interpolated. During the corner machining of the
triangular pockets, the machine performs feed rate, acceleration, cutting direction
and chip thickness that allow evaluating the dynamic performance of the machine
(speed, acceleration and jerk) and the quality of this type of operation.

The validation part has been machined several times (Fig. 15.3) to acquire data
through the monitoring system and use it for the validation of the different Twin-
Control features. The machined validation part is shown in Fig. 15.3.

15.3 Evaluation Strategy

The evaluation strategy will be linked to the different scenarios of use (SOU) defined
by the aerospace end-users at the beginning of the project:
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– Scenario of Use 1: Machine tool design
– Scenario of Use 2: Process design
– Scenario of Use 3: In-line operation
– Scenario of Use 4: Maintenance

For each scenario of use, results obtained with Twin-Control are presented, and
the impact on end-users is evaluated.

15.4 Scenario of Use 1: Machine Tool Design

The tools and capabilities developed in Twin-Control create a new design environ-
ment for machine tool builders which allow to optimize the machine design through
simulations. Since in aerospace, process performance overcomes energy efficiency
in importance, and the work has been focused in the first feature.

15.4.1 Virtual Machine Tool with Integrated Process Models

15.4.1.1 Implementation and Results

A FEM-based kinematic and dynamic model of the GEPRO 502 machine has been
done using SAMCEFMecano software. The model, represented in Fig. 15.4, covers
machine structure, feed drives and integrates control. Specific validation of this sim-
ulation model was performed by using hammer tests and positioning movements.
The results are presented in Sect. 2.1 of this book.

The machining module has been configured for the three machines of the
aerospace use case. For that, characteristics of the cutting tools applied in the vali-
dation use case have been collected and stored in a table shape database, reproduced
in Table 15. 1, to be used by the simulation tool.

The integrated simulation tool developed in the Twin-Control project is validated
by comparing simulated data with data measured during the real process shown in
Fig. 15.3.

Once theCADmodel of the validationworkpiece, shown inFig. 15.2, is positioned
properly on the CAD model of the machine, it is translated to STL format in order
to be used in the VMT model depicted in Fig. 15.5.

Validation consists of simulating four machining sequences as shown in Fig. 15.6:
a roughing operation of the external groove (blue path), a roughing operation of one
triangular pocket (red path), a finishing operation of the vertex of the pocket (black
path) and finishing operation of the walls of the pocket (green path). Position target
functions replicated from the ISO code executed in the machine are used to feed the
Virtual Machine Tool model.
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Fig. 15.4 CAD model of the GEPRO 502 machine used for the its Virtual Machine Tool model

The blue machining sequence in Fig. 15.6a, defined as external groove, can be
decomposed in 9 equivalent trajectories at different heights defined by the axial depth

Table 15.1 Characteristics of the tools needed in aerospace use case

Tool # D Rc Beta Lam Nflut ToolDir Zmax

1 50 4 0 0.610865 3 0 15

2 25 4 0 0.610865 3 0 30

3 5 – 0 0.610865 2 0 20

4 40 4 0 0.610865 3 0 15

5 25 5 0 0.610865 3 0 30

6 20 5 0 0.610865 3 0 20

7 20 0 0 0.610865 3 0 20

8 20 4 0 0.610865 3 0 20

9 16 4 0 0.610865 3 0 20

10 30 15 0 0.5236 2 0 10

D Tool Diameter [mm]; Rc nose radius of tool [mm]; Beta taper angle of tool [rad]; Lam Helix
angle [rad]; Nflut Number of flutes [−]; ToolDir cut rotation direction [−]; Zmax max Z value for
virtual tool [mm])
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Fig. 15.5 CAD model of the workpiece positioned on the machine model

Fig. 15.6 Machining sequences for the validation of machining performance in the aerospace
validation scenario

of cut of 5 mm. For each pass, the workpiece STL file generated from the previous
one is used, replicating the real machining procedure. In Fig. 15.7, the evolution of
the groove machining using the simulation tool is presented graphically.

After the external groove, the triangular pocket roughing is simulated, corre-
sponding to the red machining sequence of Fig. 15.6a. Again, the roughing process
is separated in different phases which are simulated taking into account the work-
piece geometry of the previous pass. After the roughing operation, triangular pockets
are finished by applying two steps. The first one consists in the corner finishing and
corresponds to the black machining sequence of Fig. 15.6a. Each vertex is machined
by performing three passes at different heights. The second finishing step consists
in the wall finishing of the triangle pockets and corresponds to the green machining
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Fig. 15.7 CAD (STL) evolution during the simulation of the external groove machining in the
aerospace use case

Fig. 15.8 Triangular pocket machining simulation sequence (from left to right): roughing, corner
finishing and wall finishing

sequence of Fig. 15.6a. In this case, two passes at different heights are performed.
Figure 15.8 presents the complete sequence to machine the triangular pockets.

Figures 15.9 and 15.10 show the simulation results for the pocket roughing and
wall finishing operations, respectively, comparing them to the monitored data during
real machining at MASA. Although some errors can be observed for some steps
of the process, surely due to tool-workpiece engagement estimation inaccuracy, the
obtained results match quite well, specially, for roughing operations where higher
forces are present.

15.4.1.2 Impact

GEPRO is not a general-purpose machine tool manufacturer. Each GEPROmachine
is developed to machine a specific part or part family, always from aerospace sector.
In some cases, due to the big size of the machines and the high costs, GEPRO works
in the retrofitting of older machines to use the big structural components.

Due to small size of the company and the presented features, GEPRO does not
fabricate prototypes for the new machine tool models. Indeed, as each machine is
taken as a new development, all GEPRO machines can be taken as prototypes, but
they must be completely functional in production.

The current product development stages reproduced in the top of Fig. 15.11, and
the correspondent average duration, for GEPRO are:
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Fig. 15.9 Comparison of the simulation results obtained with the integrated simulation tool and
real monitored data for the triangular pocket roughing operation

Fig. 15.10 Comparison of the simulation results obtained with the integrated simulation tool and
real monitored data for the triangular corner finishing operation

– Conceptual design of the new machine (0.5 months)
– Detailed design (3–4 months)
– Design review and modifications (0.5 months)
– Component fabrication and purchasing (3.5 months)
– Assembly (2–3 months)
– Commissioning (2–3 months)
– Validation and optimization tests (0.5 months).

The application of Twin-Control in the product development of a company like
GEPRO will have a direct effect in the commissioning stage, as shown in the bottom
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Fig. 15.11 Comparison of the current product development process for GEPRO and the proposed
one with the application of Twin-Control

of Fig. 15.11. Indeed, if Twin-Control models are used in the design stage, the
developed machine design will be optimized against the required manufacturing
process. A reduction of a 10% in the total development time is expected. Contrary
to COMAU case, this reduction affects all the machines manufactured.

15.5 Scenario of Use 2: Process Design

For this scenario of use, the integrated simulation tool and the process models devel-
oped in the project are of special interest. The possibility to simulate in advance
the manufacturing processes provides a great chance to reduce design time and to
define optimized processes, leading to a minimization of the set-up time and a better
performance of the process.

15.5.1 Virtual Machine Tool with Integrated Process Models

15.5.1.1 Implementation and Results

The same implementation presented in scenario of use 1, machine tool design, is
applied in this scenario. Apart from that, for the simulations carried out with the
GUI containing the process models, additional hammer tests have been performed at
the GEPRO machine to get the FRF of the tooltip with all the used tools Fig. 15.12
shows an example of FRF.

The collected machine data is applied directly in the process model’s GUI, so
that the simulated tool path follows the measured tool path. The resulting simulated
spindle power is then compared with the measured spindle power. The simulated
and measured spindle power data is shown for the external grooving, blue machining
sequence in Fig. 15.6a with a previous facing operation, in Fig. 15.13.

A closer look at the external grooving operation shows that the measured data fol-
lows the same path as the measured data and that the results closely agree, especially
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Fig. 15.12 Tool FRFs in the GEPRO 502: aHammer tests. b Example of FRF for the tool #1 (from
Table 15.1)

Fig. 15.13 External grooving operation of MASA process: simulated and measured spindle power

at the lower power levels. In Fig. 15.14, the different regions of the operation are
identified, showing the amount of power required for each feature of the geometry.

The simulated and measured power results for the triangle pocketing are shown
in Fig. 15.15. This operation is composed of a triangular roughing pass, a corner
roughing pass and a finishing pass, and required two separate tools in the simulation.
The results for the triangle feature also show close agreement between the simulated
and measured power values, even at low power rates for the corner roughing and
finishing passes.
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Fig. 15.14 External grooving operation of MASA process: detailed view of the simulated and
measured spindle power for a single pass

Fig. 15.15 Triangular pocket milling at MASA use case: simulated and measured spindle power

It can be concluded that the application including process models is a very useful
tool for machine tool designers. Of course, it does not provide such a complete
range of results as the integrated simulation model based on machine tool FEM, but
simulations are faster to configure and run. Figure 15.16 shows a comparison of the
results obtained for the triangular pocket roughing using the integrated simulation
tool, the process model’s GUI and the monitored data during real machining. It can
be observed that both models’ results are very similar and are close to experimental
data.

A key aim of the Twin-Control concept is to improve process efficiency through
integration of simulation and measurement. As a demonstration, the process simula-
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Fig. 15.16 Comparison of the results obtained with the integrated simulation tool (Mecano), pro-
cess models (AMRC) and monitored values for

tion and measurements results from Fig. 15.15 have been applied to identify process
improvements. Different strategies are tested on three triangular pockets, where each
pocket is broken down into three operations (roughing, vertex finishing and wall fin-
ishing), and each operation is broken down, again, in three steps where machining
conditions vary. A summary of the process parameters is provided in Table 15.2. For
the pocket roughing operation (steps 5001–5003), the axial step is varied between 5
and 7mm, so the number of roughing passes can be reduced. For the corner roughing
operation (steps 5004–5006), the feed rate is varied between 6750 and 8100mm/min,
and for thewall finishing operation (steps 5007–5009), the feed rate is varied between
6750 and 8100 mm/min.

Three new triangular pockets have been machined at MASA using the process
parameters from Table 15.2 and test if the new parameters produce an acceptable
part. During machining, measurements of the machine axes and spindle torque are
again collected through the installedmonitoring system. This data provides an oppor-
tunity to verify if the simulations results can capture subtle changes in the process.
Figure 15.17 shows the simulated and measured spindle power results for the three
triangle roughing operations. At this scale, the simulation results closely follow the
measured power results as the depth of cut is increased from 5 to 7 mm.

The results from Fig. 15.18 show the simulated and measured spindle torque for
the vertex finishing operation, using three machining conditions. In this case, again,
the simulation can predict small changes in power as the feed rate is increased,
although the changes are smaller in this case.

The results from Fig. 15.19, that presents the comparison for the wall finishing
operation, indicate that the measurement and simulation results track less accurately
when the power or torque magnitudes are small.

The results from this second phase of trials at MASA have shown that the sim-
ulations are able to be used to improve new and existing processes. The ability to
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Fig. 15.17 Triangle roughing operation of a pocket 1 (operation 5001), b pocket 2 (operation 5002)
and c pocket 3 (operation 5003)

Fig. 15.18 Triangle vertex finishing operation of a pocket 1 (operation 5004),b pocket 2 (operation
5005) and c pocket 3 (operation 5006)

accurately simulate subtle changes to the process allows process planners to first
identify potential areas of improvement and then be able to explore the effect each
parameter will have on the process outcome. Ultimately, this process can be used to
fully test new processes off machine and increase confidence in a process before the
first part is produced.

15.5.1.2 Impact

Table 15.3 shows the phases to implement a new manufacturing process in MASA,
from aerospace sector, including an estimation of the duration of each phase. Since



15 Twin-Control Evaluation in Industrial Environment: Aerospace … 251

Fig. 15.19 Triangle wall finishing operation of a pocket 2 (operation 5008) and b pocket 3 (oper-
ation 5009)

Table 15.3 Average duration of the different stages of the new process design and set-up procedure
for MASA (aerospace validation scenario) and the impact expected with the application of Twin-
Control features

Activities Duration
(days)

Expected duration with
Twin-Control (days)

1 Study of the geometry 5 5

2 Process definition 3 3

3 MT and tool choice 2 1

4 CNC programming and tooling design 21 21

5 Vericut simulation 3 5

6 1st part machining 1

7 Inspection 2

8 Final modification in process 6

Total average duration 45 35

small batches are usually required from customers, and hence, this implementation
is performed with a high frequency.

In the third column, the impact expected by the application of Twin-Control
process simulation capabilities is included. The biggest impact is expected in two
stages:

– Machine Tool selection: MASA has several machines at its workshop, with very
different configurations and characteristics. One of the most important steps for
a successful process implementation is the selection of the best machine tool for
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the specific process. With the implementation of Twin-Control simulations, the
evaluation of the optimal site from MASA’s machine tool park will be possible.
Different simulationswill provide the results (function transfers, vibrations…) and
information to select the best machine tool configuration. With this, the machine
tool selection stage will be reduced by a 25%.

– Process simulation and set-up: With the implementation of Twin-Control sim-
ulations, a comparison between a huge range of different tools and machining
conditions can be done, allowing an optimization. In addition, MASA will be
able to know before the machining in which operations the chattering risk exists,
allowing the modification of machining conditions and the selection of the best
alternative option. A reduction of process design and set-up time of around 60%
is expected.

The average process implementation takes currently 43 days. With Twin-Control,
it is expected to be reduced to 35 days. This is a reduction of the 20% in the devel-
opment of the final process for get a serial production for a part.

15.6 Scenario of Use 3: Process Control

The machining process that is designed end set-up to obtain an optimized perfor-
mance, as presented in scenario of use 2, is then run in themachine tool by an operator
in production conditions.

Under ideal conditions, the operator should only run the process every time a
new part is clamped in the fixture. However, different events can take the process
from these ideal conditions such as tool wear or breakage, machine tool condition
variation and excess/absence of material in raw surfaces.

Apart from this, the operator can usually modify process performance, for exam-
ple, by modifying the feed rate when process does not go as expected (e.g. chatter
occurs).

The application of Twin-Control in this scenario of use leads to a minimization
of the impact of the undesirable events during production.

15.6.1 Local Machine Tool and Process Monitoring
and Control Device

15.6.1.1 Implementation and Results

Themonitoring equipment based on theARTISGeniorModular and updated inTwin-
Control will be able to improve process control and facilitate operator’s activities.
Three new features developed in the project are of special relevance in this scenario.
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Fig. 15.20 Comparison of simulated and monitored results for the validation operation of the
stability roadmap feature of Sect. 2.2 of the book

15.6.1.1.1 Process Monitoring

The well-known learning-based process monitoring feature from ARTIS Genior
Modular is available at the aerospace use case but does not suit the short to medium
batch size faced by MASA.

In this case, the state-of-the-art simulation-based process monitoring approach
introduced in Chap. 12 of this book is of special interest. Preliminary results obtained
in a Starrag EcoSpeed machine, located at the AMRC (Sheffield, UK), present the
possibility to improve process control by embedding process models inside the mon-
itoring hardware, as illustrated in Fig. 15.20.

The estimations done by the process models using real inputs from the machine
can be used to determine the ideal conditions and fix thresholds that define anomalous
performance of the process.

15.6.1.1.2 NC Simulation

TheCNC simulation capabilities ofModuleWorks have been integrated in theARTIS
GEM-Visu HMI during Twin-Control project as depicted in Fig. 15.21. An imple-
mentation of the aerospace use case has been done by developing a simplified design
of the GEPRO 502 machine. The virtual model has been created starting from STL
files provided by GEPRO. By using current axis position data recorded by the OPR
of the GEPRO 502 machine, the virtual representation of the machine replicates the
movements done by the real machine.
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Fig. 15.21 Screenshot of ARTIS HMI showing CNC Simulation feature applied in a simplified
GEPRO 502 machine

In machines where the process is not visible for operators, like the GEPRO 502
machine where an opaque curtain blocks the access to the machining region, this
feature provides the chance to the operator to control the process.

15.6.1.1.3 Adaptive Control

Adaptive feed rate control has been implemented in the GEPRO 502 machine of
MASA. This feature consists in the adaptation of feed rate according to spindle con-
sumption and is performedby theARTISGeniormodular installed in themachine.By
applying this feature, when the spindle is under-working, the feed rate is increased;
and, when the spindle is overworking, the feed rate is reduced. The objective is to
increase productivity by keeping the maximum material removal rate during all the
process. To test this, a scalloped sample part, represented in Fig. 15.22, has been
used.

First, a learning stage was performed by machining the workpiece longitudinally
at a constant feed rate, in this case 4000mm/min, depicted in Fig. 15.23. Thisway, the
target spindle consumption value is defined. This value of the spindle consumption
will serve as a pattern when the adaptive control is activated.

After that, the adaptive control is activated, and a series of longitudinal machin-
ing operations are performed. This time, feed rate is automatically increased in the
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Fig. 15.22 Implementation of adaptive feed rate control in MASA use case: a diagram showing
the adaptive control strategy on scalloped part: blue line shows the learning stage; red line shows
the adapted stage. b Picture showing the real workpiece being machine in MASA case
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Fig. 15.23 Signals monitored during the learning stage of the adaptive control implementation in
MASA use case: a constant feed rate. b Intermittent torque due to scalloped workpiece

regions with no material (Fig. 15.24), trying to reach the learned spindle torque
(Fig. 15.23). In these regions, feed rate increases up to 5200 mm/min, which is the
130% of the programmed feed rate. This increase (130%) is a maximum limit fixed
for safety reasons. Thereby, shorter machining times were achieved than without the
adaptive control.

The differences between the learning stage and the adaptive control stage can be
clearly observed in Figs. 15.23a and 15.24a. In the first case, the feed rate reaches
values around 4000mm/min and, in the second case, with the adaptive control active,
the feed rate reaches values around 5200 mm/min.

15.6.1.2 Impact

The cycle time of the validation part selected for Twin-Control is approximately 24 h.
The application of adaptive feed rate control will provide a reduction of a 10% in the
total cycle time. The long travelling distances, the limitations in cutting conditions
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Fig. 15.24 Signals monitored during the adaptive machining in MASA use case: a constant feed
rate. b Intermittent torque due to scalloped workpiece

caused by difficult-to-cut materials (e.g. titanium), and the intermittent cutting of
typical pocket-type workpieces makes aerospace sector very prone to benefit from
adaptive feed rate control.

MASA produces a total of 6000 parts per month, with approximately 1.20% of
scrap parts. This fact, together with the high cost of the scrap parts (average of 600
and 2400 e for aluminium and titanium parts, respectively), makes any possibility
to increase process reliability very interesting.

Nowadays, the scrap parts due to tool breakage are totally controlled for alu-
minium machining and no scrap parts are produced by this problem. In case of
titaniummachining, tool breakage is a problem and a cause of scrap part production.
The application of Twin-Control simulation-based process monitoring will allow to
predict tool breakage in advance and replace the tool in an early stage.

The average tooling cost for MASA is 6 and 30e per machining hour for alu-
minium and titanium, respectively. By the application of Twin-Control simulation-
based processmonitoring, a reduction of the tooling cost of around 5–10% is expected
in titaniummachining. In the aluminiummachining, itwon’t have a remarkable effect.

Collisions are quite common in the machines of the aerospace validation sce-
nario, with an average of 20 collisions per year, since an opaque safety curtain is
normally blocking the visualization of the machining area and the manufacturing of
short batches that require manual set-up operations. The application of CNC simu-
lation capabilities will allow the reduction of collisions in the machines, leading to
a reduction of scrap parts and maintenance costs.
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15.7 Scenario of Use 4: Maintenance

Preventive maintenance is the most common practice to guarantee machine tools
performance in current industrial end-users. Preventive maintenance consists, most
of the times, in scheduled actions according to machine usage time. Although this
approach reduces machine failures, all the problems cannot be avoided. The proper
analysis of the monitored data can help to anticipate to failures.

15.7.1 Fleet Management System

The cloud-based fleet-wide platform developed in Twin-Control project capitalizes
all the information on all connected machines to support trend analysis of indicators,
which is the first step towards predictive maintenance policy. Sections 3.2 and 4.3 of
the Twin-Control book provide more insights into the fleet-wide platform developed
in Twin-Control project.

15.7.1.1 Implementation and Results

Data from three machines located at MASA is uploaded to the cloud platform
for machine tools hosted on a dedicated server (https://twincontrol.kasem.fr/). As
machine operating data is one main input of the platform, reliability of machine tool
connection is important. Every night, for 1 year and a half, behaviours indicators are
extracted from raw data, operating and characterization test reports are generated.

MASAproduction cycle time is long, and parts are not produced in series. Itmeans
that to have comparable indicators between parts specific moves should be identified
or requested, as done in the characterization tests. Additionally, laws between move
indicator and for instance move length and distance can be characterized.

15.7.1.1.1 Y -Axis Power Consumption Drift

Analysis of power consumption of each Y -axis linear move according to speed
and length shows a gap in the indicators from the 2017/06/22 when data trans-
fer between machine and fleet platform is restored after few days, as depicted in
Fig. 15.25. A maintenance activity report from MASA shows that during the week
of the 2017/06/30 a problemwith a chip accumulation in theY -axis occurred, causing
several components damage and replacement as shown in Fig. 15.26.

In this scenario, data transfer has been lost just before the drift of power. It can
be assumed that the drift will be detected more than 3 days before.

https://twincontrol.kasem.fr/
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Maintenance 

3 days 

Fig. 15.25 Identification of anomalous performance of the Y -axis of GEPRO 502 machine using
power-based indicators

Fig. 15.26 Extract of MASA maintenance report from 2017/06 (in Spanish), indicating a mainte-
nance action due to chip accumulation in Y -axis

15.7.1.1.2 Characterization Tests

Around 30 characterization tests have been made and analysed during the project.
Due to its importance for MASA, this analysis is focused in the backlash indicator
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Fig. 15.27 Comparison of the Y -axis backlash obtained from circularity tests and through direct
measurement

for the Y -axis, which is computed from the circularity tests. The trend of the Y -axis
backlash calculated thanks to the characterization test is presented in Fig. 15.27,
where the experimental measurements done by MASA are also plotted. It can be
observed that the automated test is able to detect the same trend and provide good
quantitative estimation of the backlash.

15.7.1.2 Impact

Asmentioned before,MASAmaintenance activities are based on preventive strategy.
Periodic check of the most critical systems (axes backlash, hydraulic system and
electrical components…) is performed by maintenance experts. This check supposes
machine downtime and does not avoid machine failure.

With the application of a predictive maintenance strategy, MASA will be able to
minimize the possibilities to suffer the failure. Thank to early detection of a drift in
the machine behaviour, maintenance actions can be optimized, minimizing machine
downtime. In addition, part of preventive actions could be eliminated, reducing over-
all maintenance costs and machine downtime.

Backlash of feed drives is one of the most critical aspects to get scrap parts in
MASA. Currently, MASA checks the backlash manually, which is time-consuming.
The implementation of MT characterization tests, where backlash is automatically
determined makes easier the control of this parameter and minimizes the risk of
getting a scrap part due to axis backlash. It is expected a reduction of the 10% in
scrap parts due to this implementation.

Proactive events also contribute to the reduction of energy consumption of the
machine because in most cases abnormal behaviours an equipment will increase its
consumption with factors up to 3 as observed in MASA cases.
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15.8 Conclusions

This chapter presents the implementation and obtained results of the technical devel-
opments done in Twin-Control project in the proposed aerospace industrial validation
scenario. A specific approach for Twin-Control evaluation is defined, based on differ-
ent scenarios of use defined in the project. The results and the impact of Twin-Control
features are structured according to these scenarios of use.

Twin-Control shows a set of features that can help aerospacemachine tool builders
and users to improve their processes. A summary of the impact caused by the appli-
cation of Twin-Control is listed next:

– A reduction of a 10% in the total development time of a new customized machine
tool.

– A reduction of the 20% in the design and set-up of a new process.
– A reduction of 10% in cycle time.
– A reduction of tooling cost of 5–10%, depending on the workpiece.
– Reduction of machine downtime andmaintenance costs thanks to predictive main-
tenance approach.

– A reduction of scrap parts of the 10%.
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Chapter 16
Twin-Control Evaluation in Industrial
Environment: Automotive Case
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16.1 Introduction

The previous chapters of this book have presented the different features developed in
Twin-Control project, including results obtained in research environment. However,
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as this project has aimed to provide insights of industrial applicability and positive
impact on end-users, a special effort has been done in the industrial evaluation.

Automotive sector is well-known for its large batch sizes and tight margin costs.
Manufacturing processes are optimized at high level, and features like energy effi-
ciency and maintenance are very relevant due to the correspondent cost reduction.
In this line, the application of Twin-Control features is, thus, of special interests for
this sector.

The chapter is structured as follows. After this introduction, an overview of the
automotive validation scenario is provided in Sect. 16.2. In Sect. 16.3, the industrial
evaluation approach applied in Twin-Control is presented. Section 16.4 presents
the implementation and results obtained with Twin-Control features, with a special
attention to the impact caused by these features in the end-users. Finally, the last
chapter covers the conclusions.

Section 16.2 of this chapter provides an overview of the automotive validation
scenario. In Sect. 16.3, the industrial evaluation approach is presented. Section 16.4
presents the implementation and results obtained with a special attention to the
impact caused by these features in the end-users. Finally, the last section covers
the conclusions.

16.2 Use Case Description

The automotive validation scenario is located at Cléon plant of RENAULT, in France.
This plant produces gearboxes and engines for the RENAULT–Nissan Alliance car
assembly plants all over the world. For the validation, three machine tools of the
production line “Module 6”, dedicated to the machining of the stator housing of
RENAULT electric motor, were used.

This validation set of machines is composed by two COMAU Urane 25 V2.0
and one COMAU Urane 25 V3.0 machine centres. The three machines have the
same basic characteristics; only versions of scales, tool magazine and control human
machine vary. These machines, illustrated in Fig. 16.1, are composed of one spindle,
four axes (X, Y , Z and B) and a palletizer with two clamping systems. They are
controlled by a SIEMENS Sinumerik 840D CNC.

The process implemented in the presented line consisted in the machining of
an aluminium housing, called CMOT part (Fig. 16.2), used in RENAULT’s elec-
tric motors. Two machining steps are performed: OP110 and OP120. Face milling,
drilling, tapping and boring are the most important machining processes. A complete
description of the machining process was provided by RENAULT to the technical
partners of Twin-Control.

By the end of the project, a new process was being set up for the selectedmanufac-
turing line. In this case, the machining of an aluminium carter illustrated in Fig. 16.3
is called POC part. Twin-Control simulation capabilities have been used to provide
a feedback in the machining process design stage.
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Fig. 16.1 COMAU Urane 25

Fig. 16.2 General view of the CMOT part, used to validate most of Twin-Control features in the
automotive validation scenario
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Fig. 16.3 General view of
the POC part, implemented
in the validation scenario at
the end of the project

16.3 Evaluation Strategy

The evaluation approach defined in Twin-Control project is linked with the different
scenarios of use (SoU) defined by the end-users at the beginning of the project:

– Scenario of Use 1: Machine Tool Design
– Scenario of Use 2: Process Design
– Scenario of Use 3: In-line Operation
– Scenario of Use 4: Maintenance
– Scenario of Use 5: Quality Control.

For each scenario of use, results obtained with Twin-Control are presented and
the impact on end-users is evaluated.

16.4 Scenario of Use 1: Machine Tool Design

The tools and capabilities developed in Twin-Control create a new design environ-
ment for machine tool builders which allow to optimize the machine design through
simulations. Since automotive energy efficiency is very relevant, the application of
the developed energy simulation models is presented, together to the results obtained
with the Virtual Machine Tool.
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Fig. 16.4 CAD model of the COMAU Urane 25 V3.0 used for the its Virtual Machine Tool model

16.4.1 Virtual Machine Tool with Integrated Process Models

16.4.1.1 Implementation and Results

A Finite Element (FE)-based kinematic and dynamic model of the Urane 25 V3.0
machine has been done using SAMCEF Mecano software (Fig. 16.4). The model
covers machine structure, feed drives and motion control loops. Specific validation
of this simulation model was performed by using hammer tests and positioning
movements. The results are presented in Sect. 2.1 of this book.

The virtual machining module has been configured for the automotive validation
scenario. For that, characteristics of the cutting tools applied in the validation use
case have been collected and stored in a table-shape database (Table 16.1) to be used
by the simulation tool.

Results applying a sample part to the integrated simulation tool that combines
machine tool dynamics and machining process are presented in Sect. 4.1 of this
book. The integrated simulation tool has not been used for the validation part. Instead,
within Scenario of Use 2, the process models have been directly applied.
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Table 16.1 Characteristics of the tools needed in automotive use case

Tool # D Rc Beta Lam Nflut ToolDir Zmax

1 8.5 0 0 0 2 0 205

2 8 0 0 0 2 0 182

3 M10 0 0 0 0 215

4 30 0 0 0 6 0 170

5 40 0 0 0 4 0 197

6 249 0 0 0 2 0 150

7 14 0 0 0 4 0 242

8 12 0 0 0 2 0 188

9 30 0 0 0 6 0 235

10 8 0 0 0 2 0 182

11 259 0 0 0 2 0 139

12 62 0 0 0 1 0 159

13 58 0 0 0 5 0 159

14 5 0 0 0 2 0 205

15 M6 0 0 0 0 215

16 10 0 0 0 2 0 160

17 5 0 0 0 2 0 205

D �Tool Diameter (mm); Rc �nose radius of tool (mm); Beta� taper angle of tool (rad); Lam�
Helix angle (rad); Nflut�Number of flutes (−); ToolDir�cut rotation direction (−); Zmax�max
Z value for virtual tool (mm)
Rc, Beta and Lam values for these tools are null since they have straight and plane cutting face

16.4.1.2 Impact

COMAU manufactures a standard family of machine tools for automotive industry.
Each model of COMAU machine tools is manufactured and sold for more than
several thousand units. So, it is necessary that each new machine be validated, tested
and industrialized before being launched on the market and mass production. The
current product development process of COMAU is illustrated in Fig. 16.5, and it
takes an average of three years.

The first step in current product development process is to define, study and
validate the concept of the newproduct. The second step is to study andmanufacture a
first prototypewhichwill be used for internal validation tests. The third step is to study
and manufacture a second “debugged” prototype which includes all improvements
and/or modifications detected with the first prototype. The second prototype is tested
in a real industrial condition (e.g. a customer product line). The last and fourth step
is the product industrialization and adaptation for the serial and mass production.
Usually, the first industrial project made by the new machine will be used for the
industrial validation tests.

The application of Twin-Control in the product development process will have
a direct impact on the prototyping stage, i.e. second and third steps, of the current
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Fig. 16.6 Proposedproduct development process forCOMAUwith the applicationofTwin-Control

process. By using the virtual modules and tools developed by Twin-Control project,
it could be possible to identify the main problems virtually and to solve and debug
them during the study phases; it means that the major part of the product validation
and tests could be done virtually, and the final validation could be done by the first
prototype, as shown in Fig. 16.6. After internal tests and light modification, this first
prototype could be shipped to a customer plant for industrial validation tests. It is
expected a reduction of 10% in time and costs in the product development process
with the application of Twin-Control.
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Table 16.2 Overview of the current power consumption of the COMAU Urane 25 V3.0 during
production and idle time

Component Idle time mode Production mode Ratio between idle
and production
mode (%)Power

consumption
(W)

Ratio related
to main
connection
(%)

Power
consumption
(W)

Ratio related
to main
connection
(%)

Main
connection

9417.1 100 14262.4 100.0 66.0

Drives 27.4 0.3 2502.9 17.5 1.1

Cooling fluid
pump

4338.3 46.1 4315.1 30.3 100.5

Hydraulic
system pump

863.3 9.2 952.0 6.7 90.7

HP-coolant
pump

661.3 7.0 2377.7 16.7 27.8

Cooling
module

1808.2 19.2 1606.3 11.3 112.6

Other
consumers

1718.6 18.2 2508.5 17.6 68.5

16.4.2 Energy Efficiency Models

16.4.2.1 Implementation and Results

The offline energy efficiency models, which are described in Sect. 2.3 of the book,
have been applied in the automotive validation scenario. With the help of the devel-
oped library, COMAU Urane 25 V3.0 machine has been mapped. Manufacturer’s
information such as fluid or electrical plans has been used for this purpose. The
parameterization of the component models is carried out via data sheets, which
allow a simple adaptability to different applications.

To analyse the energy optimization potentials, all energy-relevant aggregates were
measured. Table 16.2 shows themeasurement results of themachine’s current energy
consumption. As described in this chapter, all three machine-related approaches to
increase the energy efficiency (see Fig. 2.2 in Sect. 2.3) are applied to the Urane 25
V3.0 machine tool.

As the Urane 25 V3.0 machines were designed and manufactured about 15 years
ago (2003), the components used at these machines (motors, pump, chiller, etc.) are
less energy efficient compared to the components which are available on the market
in 2018. By applying the offline energy simulation models, which are described in
Sect. 2.3, the following measures and design modifications are proposed:
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Table 16.3 Aggregated savings potential of COMAU Urane 25 V3.0 machine applying efficient
components and design principles

Component Current scenario Scenario with energy-efficient components

Power consumption
(W)

Optimized power
consumption (W)

Reduction (%)

Main connection 14262.4 9309.3 34.7

Drives 2502.9 2439.6 2.5

Cooling fluid pump 4315.1 1227 71.6

Hydraulic system
pump

952.0 289.1 69.6

HP-coolant pump 2377.7 2124.8 10.6

Cooling module 1606.3 720.3 55.2

Other consumers 2508.5 2508.5 0.0

• replacing the current electric drives with more efficient IE4 motors
• implementing a switch-off mode for the hydraulic system pump
• replacing the cooling fluid pump with a better-suited pump
• replacing the current chiller with a more energy-efficient chiller.

16.4.2.2 Impact

Theoverall energy savings potential of theCOMAUUrane 25V3.0machine analysed
in the automotive validation scenario by applying energy-efficient design principles
and by using energy-efficient components is summarized inTable 16.3.A total energy
reduction of the 34.7% can be achieved in the COMAU Urane 25 V2 and V3.0
machine. These components (or similar alternatives) are used in the last generation
of the Urane 25 V8 machines.

16.5 Scenario of Use 2: Process Design

The process models developed in the project provide the possibility to simulate
in advance the manufacturing processes analysing the effect of different process
parameters. This way, end-users have a great chance to reduce design time and to
define optimized processes, leading to a minimization of the set-up time and a better
performance of the process.
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Fig. 16.7 Boring part
operation in the automotive
validation process

16.5.1 Machining Process Models

16.5.1.1 Implementation and Results

The Twin-Control process models have been applied to the boring operation of
RENAULT’smotor case of the automotive validation scenario, illustrated inFig. 16.7.
This operation is the most critical in the validation part.

A depiction of the simulation is shown in Fig. 16.8a, where the two-sided boring
tool is modelled as a large-diameter drilling tool with two flutes.

One challenge for this simulation is that the original stock geometry is not known
with certainty, where the stock ID from the forge set at 253±1 mm is provided.
Furthermore, the large size of the tool relative to the part geometry created issues for
determining tool workpiece engagement with precision. To account for these issues,
the part STL geometry is created with a tapered inner surface, which starts with an
ID of 254 mm at the start of the cut, and 242 mm at the end of the cut. Additionally,
the tool mesh and the engagement precision are set very fine to capture changes to
the TWE due to small changes in the part ID.

The results of the simulation are shown in Fig. 16.8b, where the simulated torque
is compared with the on-machine torque measurements. Both sets of torque data
increase throughout the cut due to higher chip load as the stock ID decreases. The
simulated data shows several locations where the torque drops to zero. These drops
are due to errors in the TWE calculation, which are complicated here due to the large
size of the tool relative to the part geometry. Ignoring these errors, the path of the
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Fig. 16.8 Simulation of the big boring of theCMOTpart: a description of the simulation;b obtained
results

simulated torque indicated by the thick dashed line in Fig. 16.8b closely follows the
measured torque profile throughout the cut.

Accurate torque predictions from the updated process model give process plan-
ners the opportunity to look for issues with a machining operation before a part is
produced. Figure 16.8b shows an example of how this can be used to prevent torque
overload. The spindle used here has a torque limit of 27 Nm at 5000 RPM. It can be
seen from these results that the torque limit is surpassed close to the beginning of the
cut. It is known from the machine measurement that the tool feed slows during the
operation, and it is also possible the torque overload caused a decrease in the spindle
RPM as well. The overall result is an operation which takes longer to complete than
planned and which pushes the spindle to its performance limits.

A second implementation of the process models developed in Twin-Control is
presented next. RENAULT needs to define the machining process to manufacture a
new aluminium automotive part, and the process models are used as support tool.
The part under consideration, which is shown in Fig. 16.3, has a large cantilever
plate section which must be machined. Because of the large overhang, vibration
issues are expected to be the greatest risk at this region. Two machining strategies
will be simulated for this section which will result in different loads on the part,
and the process with the lowest risk of chatter will be recommended. For the current
simulations, the tool is modelled as a 32-mm-diameter, 5-fluted, zero-helix flat-end
mill; the material is modelled as the same aluminium alloy as used in the previous
example, the tool feed rate is fixed to 0.1 mm/tooth, and 2 mm of material is removed
from the face of the part (Fig. 16.9).

Before the Twin-Control simulations are run, FEA analysis is used to predict the
dynamic response of the part geometry when mounted to the machine. As the part
is assumed to be flexible in this case, simulated part FRFs are used during dynamic
analysis, and the tool is assumed to be rigid relative to the part. Considering the
FEA model of Fig. 16.10, FRFs are computed performing harmonic responses on
the desired frequency range with unitary loads on a set of selected nodes, while
measuring the resulting accelerations (magnitude and phase) at the same nodes.
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Fig. 16.9 New automotive part with large overhang region which will be simulated for both face
and side milling

Fig. 16.10 FEA set-up to obtain part dynamic response of the POC part to be manufactured by
RENAULT

The FEA simulations provided FRF data at multiple locations along the cut
regions. To simplify the simulation process, only FRFs at the most flexible region
of the cut are considered. Further, only FRFs in the most critical direction are con-
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sidered for each process. In the current model, only radial cutting forces influence
chatter for a flat-end mill, so the critical FRFs for the facing operation are FRFXX
and FRFYY , and the critical FRF in the side milling operation is FRFZZ , as shown in
Fig. 16.11a.

The resulting stability roadmaps for each simulation are shown in Fig. 16.11b. It
is clear from the stability roadmap results that the two operations, while removing
the same amount of material, differ greatly in terms of chatter risk. From the FRF
data, the part is significantly more flexible in the Z-directions, and this flexibility
increases likelihood of chatter for side milling, where radial forces act primarily in

Fig. 16.11 a FRF data used for the facing and side milling simulations, b the resulting stability
roadmaps from both simulations and c the resulting average simulated torque for both simulations
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the Z-direction. The stability roadmap results for the face milling operation show a
significant reduction in the chatter risk. This is due primarily to higher part stiffness
in the X and Y directions.

Toprovide additionalmeans of comparing the twooperations, torque loads are also
simulated to determine if there is a significant difference in process loads between
the two strategies. The results from Fig. 16.11c show that the resulting process
loads are similar in both strategies, with an approximate 20% difference between the
two strategies throughout the operation. This result indicates the process should be
decided based on the chatter simulations, where the results differ greatly between
the two operations.

From the simulation results in Fig. 16.11, the facing operation is better suited to
this application. While it is predicted that no chatter will occur at 5500 RPM for the
side milling case, the conditions are close to the stability boundaries, and there is
still a potential of chatter. The facing operation shows a larger separation between
the stability boundaries, especially at 5500 RPM. Furthermore, the predicted spindle
torque load is approximately 20% lower throughout the facing operation. As a result,
face milling at 5500 RPM is recommended for this application with the current tool
and part material. Note that these results and recommendations serve as a starting
point for the process design based on the available information. At a later stage in
development, the simulations should be updated with new data, such as actual part
FRF measurements, to further improve the process design.

16.5.1.2 Impact

Table 16.4 presents the average duration of the different stages of the new process
design and set-up procedure for RENAULT. The large batches required for their
processes make this procedure very time-consuming since it requires the preparation
of specific material for the process (fixture, tooling and even the machine).

In the third column, the impact expected by the application of Twin-Control
features is included, which is mainly linked to the reduction of the process design
stage, the reduction in time to select the best machine tool for the process, and a
minimization of trials for process set-up. A reduction of the 11% of the total design
time is expected.

16.6 Scenario of Use 3: Process Control

In Scenario of Use 2, features to optimize the design and reduce the set-up of machin-
ing process are presented. Under ideal conditions, the operator should only run the
designed process each time a new part is required. However, real industrial condi-
tions are far from being controlled and unexpected events can occur: tool breakage,
collisions, variation of material and dimensions of raw parts, etc.
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Table 16.4 Average duration of the different stages of the new process design and set-up procedure
for RENAULT and the impact expected with the application of Twin-Control features

Indicative process steps and durations

Activities Duration
(week(s))

Expected duration with
Twin-Control (week(s))

1 Study of the part geometry 1 1

2 Process design proposal 6 4.8

3 Risk analysis 2 2

4 Trials and simulation for risk avoidance 12 9.6

5 Discussion and iteration with study
department

8 8

6 Validation of the acceptable tolerances 2 2

7 Process drawing generation and machining
tolerances définition

4 4

8 MT and tool supplier RFQ and purchase
order

12 12

9 Tooling and machine purchase order 32 28.8

10 CNC program generation 2 2

11 Quality capabilities by the supplier 8 8

12 Shipment (machine, tooling, raw parts …) 2 2

13 Quality capabilities at the plant 4 4

14 Process certification 1 1

15 Manufacturing agreement 1 1

Total average duration 63 56.2

The application of Twin-Control at machine operator level leads to a minimiza-
tion of the impact of the undesirable events during production and to optimize
productivity.

16.6.1 Local Machine Tool and Process Monitoring
and Control Device

16.6.1.1 Implementation and Results

Themonitoring equipment based on theARTISGeniormodular and updated inTwin-
Control will be able to improve process control and facilitate operator’s activities.
Three new features developed in the project, apart from the process monitoring
available in ARTIS, have been implemented in this industrial scenario.
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Fig. 16.12 Screenshot of the MachineBuilder application showing COMAU Urane 25 model

Collision Avoidance System (CAS)

The newly developed collision avoidance system (CAS), from ModuleWorks, pro-
vides real-time verification and clash detection during the milling process through
CNC controllers. CAS has been implemented in the automotive validation scenario.

Implementation of CAS system is based on geometric computation of spatial
positions of bodies that are involved in the machining process. As a mandatory
prerequisite, a machine tool model must be provided to the CAS kernel. Such models
must include not only the geometric descriptions of themachine tool components, but
also kinematic dependencies and proper coordinate transformations of all machine
elements to be considered.

To simplify the preparation of the machine tool data, MachineBuilder applica-
tion has been developed, as shown in Fig. 16.12. MachineBuilder application has a
dedicated graphic user interface allowing a CNC developer seamless integration of
the existing CAD data of the machine tool into CAS system. The machine model
includes machine elements along with fixture and stock geometry. The kinematic
tree can be created within the application as well.

In addition to kinematics and geometry of the machine model, different collision-
checking options may be applied. This way, the machine model elements to be
considered for potential collisions are defined. For instance, a collision checkbetween
machine tool elements or between cutting tools and machine elements can be done,
as shown in Fig. 16.13. It is also possible to specify any custom rules for machine
elements defined in the kinematic tree.
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Fig. 16.13 Collision-checking options for CAS

Fig. 16.14 CAS integration of COMAU Urane machine in SIEMENS 840D control

Figure 16.14 shows the integration of the CAS model of the COMAU Urane
machine tool in a SIEMENS 840D controller, the same used in the machines located
at the validation scenario.

Collisions on the machines tools are usually result in expensive and lengthy repair
and maintenance procedures. The risk of collisions becomes much higher if a new
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operation is set up or changes in fixtures/tooling applied. Often such seemingly
small changes are overlooked and executed on amachine without proper verification.
CAS system can serve as the last guard to protect the equipment. If a collision is
detected, themachining process is stopped before an actual collision occurs to prevent
expensivemachine damage and downtime. The end-usersmay assure that the human-
factor or inefficient verification software will cause production losses.

Energy-Based Condition Monitoring

In the following paragraphs, the results obtained through the application of the
Kalman-Filter-based disaggregation algorithm in the frame of the automotive use
case of the Twin-Control project are described. The aim is to determine the energy
requirements of the machine tool at component level.

Since the gearbox production has a central coolant treatment system, only the
machine’s auxiliary units are examined. The electric power consumption of the
components was measured during a temporary measurement over several production
cycles. The cooling module could only be measured as one unit, but for the disaggre-
gation it is subdivided into its components, which are a cooling compressor and a fan.
The collective consumer called “other consumers” includes all electrical auxiliary
units of the machine, which are not listed above. As can be seen in Fig. 16.15 most

Fig. 16.15 Overview of the switching states of the auxiliary units of the COMAU Urane 25 V3.0
machine
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Table 16.5 Evaluation results of the Kalman-filter-based disaggregation approach on the COMAU
Urane 25 V3.0 machine tool

Auxiliary unit
of the
machine tool

Consumer
type

Mean
measured
power
consumption
(W)

Mean
disaggregated
power
consumption
(W)

Root mean
square
deviation (W)

Relative error
(%)

Cooling fluid
pump

Constant 4314.9 4200.2 153.5 3.5

Hydraulic
system pump

Constant 2273.9 577.9 363.9 16.0

HP-coolant
pump

Constant 2273.9 1512.2 844.3 37.1

Cooling
module fan

Constant 438.03 238.15 147.3 55.1

Cooling
module
compressor

Constant 4148.7 3941.3 1469.6 35.4

Electric
control
cabinet

Constant – 183.1 – –

Other
consumers

Dynamic – 4428.7 – –

auxiliary units are constantly switched on during the production mode. Only the
compressor of the cooling module is a cyclic consumer, while the fan of the cooling
module is constantly switched on. Therefore, except for the collective component
“other consumers”, all components are regarded as constant consumers.

Figure 16.16 compares the measured and disaggregated power for the production
mode. Table 16.5 compares the average measured values and the average disaggre-
gated power values with the errors, which calculated according to Eqs. 1 and 2 in
Sect. 3.4 of this book.

The accuracy of disaggregation increases if the individual components are
switched on one after the other and have enough time for the teach-in process. How-
ever, this is not always possible due to the technical restrictions and the request for
short cycle times. Since most components of the COMAU Urane 25 V3.0 machine
tool are permanently switched on, the influence of the initial conditions is dominant.
Therefore, a good training process, which requires either stepwise switched com-
ponents or multiple successive switching operations of the same component, is not
possible in this case. The presented disaggregation approach is much better suited,
and will give better approximations of the consumed power, for machines that have
such a training phase.

Since the power consumption of the fan of the cooling module could not be mea-
sured separately, the measured power was determined from the power of the entire
module when the compressor is switched off. According to the electrical circuit dia-
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gram, the nominal power of the fan is 620 kW, which confirms the approximation of
the fan’s actual power consumption. Decisive information to map the load peaks of
the hydraulic pump (second diagram in Fig. 16.16) or the HP-coolant pump (third
diagram in Fig. 16.16) of the COMAU machine is missing. Significantly, more pre-
cise results could be achieved if the corresponding signals were integrated into the
disaggregationmodel. Furthermore, the consequently falsified disaggregation, which
is distributed to all other components, would be lower. Therefore, the accuracy of the
disaggregation of the other components could also be increased. The disaggregation
results of the cooling fluid pump (first diagram in Fig. 16.16), the cooling mod-
ule’s fan and the cooling module’s compressor approximate the measured power
consumption relatively well.

The presented approach can be used for cost-effective energy monitoring. Even
if an exact power disaggregation of industrial components is difficult, the presented
approach offers a cost-effective and simple possibility to estimate the energy demand
on component level.

Implementation of a Demand-Oriented Control

Currently, the Urane 25 V3.0 machine installed at RENAULT is used with two
operating modes, a production mode and an idle mode. The power consumption of
the two operatingmodes is shown in Table 16.2. The axes are notmoved in idlemode,
and therefore have only low power consumption, but no automated switch-off has
been realized. During idle mode, the power consumption of the other auxiliary units
deviates only slightly from the power consumption in production mode. The cooling
module compressor is switched on and off in a timedmanner, which is why the power
consumption is also independent of the operating mode. The HP-coolant pump and
the hydraulic pump have reduced power consumption because the requirements for
these components are reduced in idle mode, but there is no automatic switch-off.

After consultation with COMAU and based on the results provided by the dis-
aggregation approach and the offline measurements, the following operating modes
for the Urane machine tool are proposed. The operating modes are already available
on the Urane 25 V3.0, but currently they are not used by RENAULT.

• Production mode
• Operational mode
• Stand-by mode
• Switched-off mode.

When implementing a demand-oriented control of the auxiliary units, the technical
restrictions and start-up times must be respected. The proposed operation modes
consider the existent restrictions and switch off the modules only when it is safe
for the components and the machine. In production mode, after 1 min of inactivity,
the drives, the hydraulic system pump and the HP-coolant pump are switched off to
operational mode. The breaks of the drives are of course activated during this time.
After 10 min of inactivity, the machine is switched to stand-by mode, which means
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Fig. 16.16 Comparisonof disaggregated andmeasuredpower for the auxiliary units of theCOMAU
Urane machine



282 M. Armendia et al.

Table 16.6 Implementation of a demand-oriented control for the COMAUUrane 25 V3.0 machine

Component Power consumption (W)

Production mode Operational
mode (after
1 min)

Stand-by mode
(after 10 min)

Switched-off
mode (after 1 h)

Main connection 14262.4 7639.9 1718.6 0.0

Drives 2502.9 0.0 0.0 0.0

Cooling fluid
pump

4315.1 4315.1 0.0 0.0

Hydraulic system
pump

952.0 0.0 0.0 0.0

HP-coolant pump 2377.7 0.0 0.0 0.0

Cooling module 1606.3 1606.3 0.0 0.0

Other consumers 2508.5 1718.6 1718.6 0.0

that the cooling fluid pump and the cooling module are additionally switched off. In
the last step, the machine is automatically switched off after 1 h. Table 16.6 gives an
overview of the energy consumption in the energy-optimized scenario.

Figure 16.17 shows the power consumption of the drives and other consumers
of the COMAU Urane 25 V3.0 machine and the correspondent machine state (1 for
producing and 0 for idle time) for a certain period of measurement. Based on these
machine states, the downtime frequency and the duration were calculated, as shown
in Fig. 16.18. Even if most of the idle times have short duration, there are several
events showing long idle times. The reduction of energy consumption during this
stop periods will lead to great reduction in the total energy consumption for each
machine.

To prevent downtime due to waiting periods during the start-up phase of the
machine, theUrane shouldbe automatically started, after longer switched-off periods,
15 min before the first production order is scheduled in the production planning
system.

16.6.1.2 Impact

The cycle time of the validation part selected for Twin-Control is 7.4 min and rep-
resents the typical process carried out by RENAULT. Due to the high level of opti-
mization at process design stage due to its impact in the large batch, there is no big
expectation from the application of adaptive feed rate control and its impact in the
cycle time.

RENAULT can produce up to 7000 parts per month at Cleon plant, with a very
small rate of scrap part production (average of 25 scraps per month). This fact,
together with the limited cost of each scrap part (for the validation part it is around
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Fig. 16.17 Power consumption of Urane’s drives and other consumers (in blue) with the machine
state (1 � producing 0 � idle time) for the period of 1 to 15 of April 2018

Fig. 16.18 Frequency of machine idle time for the period from 1 to 15 of April 2018

119 e), highlights the great automatization and process control of RENAULT and
the limited impact of Twin-Control feature application.

A very small percentage of the total part cost is assigned to tooling. This is mostly
caused by small tool wear in aluminium machining. The tool life is expected to
increase from 5 to 10% with the application of Twin-Control process monitoring.
However, the impact to the overall process is very limited.

For collisions, once the process is set up, machines work in automatic mode and
performing the same process. Hence, no collisions occur in this use case.

Regarding the non-intrusive energymonitoring, the choice of the switching signals
has a high impact on the accuracy of the disaggregation. Table 16.5 compares the
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Fig. 16.19 Energy savings potential of demand-oriented control of the COMAU Urane 25 V3.0
machine tool

averagemeasured values and the average disaggregated power values with the errors.
By applying this approach with additional switching information, good estimations
of the energy consumption on component level will be possible. A survey among
different measuring equipment manufacturers showed that the costs for sensors,
data evaluation modules, their implementation and maintenance for a hardware-
based measurement set-up are between 8.000 and 18.000 e, while the costs for
a non-intrusive measurement are approximately below 3.500 e. At this point, it
must be emphasized that these are common market prices and not the prices of
individual manufacturers. The actual cost savings depend on the number of auxiliary
units, the implemented sensors and power analyser modules, as well as the workload
during commissioning. Therefore, considerable cost savings can be realized on each
machine by implementing a non-intrusive energy monitoring algorithm.

Due to the implementation of a demand-oriented control, the energy consumption
of the Urane 25 V3.0 machine tool can be reduced during idle time, as presented
in Fig. 16.19. Compared to the production mode, the power consumption of the
machine can be reduced by 47% in the operational mode, by 88% in the stand-by
mode and by 100% when it is switched off. When considering the actual production
scenario of the machine, which is shown in Fig. 16.17 for the period 1–15 April
2018, a total energy saving of 35% can be realized through the implementation of a
demand-oriented control.

16.7 Scenario of Use 4: Maintenance

Main activity to ensure good performances of machine tools consists in preven-
tive maintenance intervention. Most of the time these interventions are scheduled
according to machine operating hours or number of produced parts.

Although that systematic preventive maintenance reduces, the number of unex-
pected failures not all is avoided. On the remaining failures, a small percentage is
not predictable, but most of them can be anticipated by analysing behaviour drifts of
the machine tools.
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16.7.1 Fleet Management System

The cloud-based fleet-wide platform for machine tool developed in Twin-Control
project runs performance and health index algorithms on a huge number of machine
tools that automatically upload collected data on the fleet server.

Algorithms are based on amulti-criteria analysis framework. They are parametriz-
able to fit with machine’s specific characteristics and usage. Also, they are robust to
consider real working conditions of machine tools.

The cloud-based fleet-wide platform capitalizes all the information on all con-
nectedmachines to support trend analysis of indicators, which is the first step towards
predictive maintenance policy.

16.7.1.1 Implementation and Results

Within the project, the cloud platform for machine tools is hosted on a dedicated
server and available at https://twincontrol.kasem.fr/. RENAULTmachine’s fleet, used
for the evaluation of the automotive use case, is composed of three machines. For
this industrial use case, fleet-wide platform receives and analyses data in batch flow.

RENAULT produces small parts in series with a short cycle time. It means that, for
each part behaviours, indicators are computed and, then, a trend analysis is performed
for each indicator. Next, some examples of the results obtained in the fleet-wide
platform are presented. These results present the detection and correlation of different
events, which will serve as reference for predictive maintenance actions in the future.

16.7.1.2 Spindle Over-Speed Fault

According to machine program phases, i.e. for a couple tool and operation, several
indicators have been defined mainly based on the spindle torque evolution. One of
them is based on the saturation length during machining. Figure 16.20 compares the
torque rawsignal,whilemachiningwith tool 5504 in twodifferent dates.Graphs show
that at the end of cutting the torque reaches the maximum level. These observations
are linked to the simulation results obtained applying the process models, as depicted
in Fig. 16.8, where it was estimated a required torque for the boring operation that
was very close to the spindle limits. Either tool wear or excessive raw material can
lead to the spindle overload.

By following the trend of the saturation length per cycle, over-speed fault of the
spindle is anticipated as depicted inFig. 16.21. In the presented case, anticipation time
is around 15 h. Fault is confirmed byRENAULT computer maintenancemanagement
system (CMMS), where a replacement of the tool is indicated at the fault time, as
shown in Fig. 16.22.

https://twincontrol.kasem.fr/
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Fig. 16.20 Torque raw signal while machining with tool 5504: a September 2017; b January 2018

Tool Wear

Spindle torque-based indicators can be used to follow the tool wear curves. Several
experimental studies show that the tool wear is given by a characteristic law depicted
in Fig. 16.23. Three zones are considered: the adaptation zone (1), the linear wear
zone (2) and the accelerated wear zone (3). Systematic tool change is based on a
theoretical evaluation of the end on linear wear zone.
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15 h

Fault

Fig. 16.21 Spindle over speed fault anticipation

Fig. 16.22 Extract from RENAULT CMMS, Spindle speed fault on 2018/01/10 (in French)

Figure 16.24 shows an example of the tool wear estimation for tool 5208 based on
spindle torquemeasurement. The accelerated tool wear zone can be clearly identified
in both operations made with this tool for each workpiece. Accelerated wear zone
is detected around 130 parts before is changed. As shown in Fig. 16.25, tool is
replaced by RENAULT based on “frequency”, i.e. maximum parts produced counter
is reached, and not for acceleratedwear.Machiningwith tools in the acceleratedwear
zone increases risks of both tool breakage and quality problems on the workpiece.
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Fig. 16.23 Characteristic law of tool wear

OP110 1331.3

OP120 3010.7

≈ 130 parts

Fig. 16.24 Accelerated tool wear zone detection

Fig. 16.25 Extract from RENAULT Tool replaces tracking system (in French)
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Part 40 Part 40 Part 40Part 41Part 41

Fig. 16.26 Comparison of torque-based indicator and tool replace dates (Tool 5512)

Another example of tool wear is reproduced in Fig. 16.26 and shows the mapping
of the indicator and the tool tracking system according to the two kinds of workpiece.
The comparison highlights the correlation between rupture in torque-based indicators
and replaces dates and shows two accelerated wear events (circled). Indeed, the first
zone caused some grooves on the workpiece.

Workpiece Streaks

Trend analysis of torque-based indicators when not cutting, i.e. when tool comes out
the workpiece, has been correlated to streak failure detection in the machined part.
In this case, the considered behaviour is not an accelerated increase, but an abnormal
decrease as depicted in Fig. 16.27.

Streaks were detected on one workpiece during quality control and caused by a
problem on a valve in antivibration system as shown the extract of the CMMS in
Fig. 16.28.

16.7.1.3 Impact

Main benefit proactive events are that machine tool users do not suffer the failure.
They have time before the drift become a failure to take decision. Indeed, the knowl-
edge of the drift allows to investigate and to identify the root causes in advance and
according to the dynamic of the drift:

1. Wait for the next planned machine stop without stopping production by keeping
drift under control using compensativemaintenance actions. For instance, in case
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Streak detection
by Renault

1 day

Fig. 16.27 Indicator behaviour before streak detection

Fig. 16.28 Extract from RENAULT CMMS, streak detection on 2018/01/30 (in French)

of chip accumulation in one axis motor, a solution could be to clean the affected
area periodically.

2. Find the right time tomake the intervention.By instance, in case of shift-operating
workshop use time between shift change having everything prepared before.

In case of linearmotor failure, used in COMAUmachines, the replace of themotor
takes around 20 h for two experimented maintenance technicians. It means that, in
case of motor failure, it is necessary to call off-duty people which adds extra costs to
the intervention and increases machine downtime. In this scenario, the knowledge of
the risk of failure several days in advance will avoid, at least, these additional costs
and, also, unplanned machine stops. In case of RENAULT, each of these types of
maintenance activities causes a reduction in production of more than 170 parts.

In case of spindle failure or drift, early detections reduce the overall production
costs. Indeed, any abnormal behaviour on the spindle can decrease workpieces qual-
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ity. As quality control is realized according to a random sampling law, once a quality
problem is detected, several workpieces can be degraded. By instance, in RENAULT
cases, spindle abnormal behaviour is detected between 24 and 15 h before alerts. It
means that between 130 and 170 parts may be out of specification and must be geo-
metrically controlled by a specific service with a specific machine. These controls
increase the overall production costs.

Proactive events also contribute to the reduction of energy consumption of the
machine because in most cases abnormal behaviours an equipment will increase its
consumption.

16.8 Scenario of Use 5: Quality Control

RENAULT makes quality monitoring using QDAS quality management system
(www.us.q-das.de/en/applications/). There is currently no interaction between the
quality data stored in QDAS and the manufacturing processes.

Due to short cycle times in automotive use case, it is not possible to measure the
100% of the machined parts. Normally, one part is measured by working turn (every
8 h). If incorrect parts are machined between measurements, they are not detected.

16.8.1 Local Machine Tool and Process Monitoring
and Control Device

By using the monitoring infrastructure of Twin-Control, and integrating QDAS data
inside, a correlation between process parameters and quality measurement can be
done. This should allow 100% scrap detection and reduce measurement work power.

16.8.1.1 Implementation and Results

Figure 16.29 presents the approach followed to integrated quality and process data in
Twin-Control project.On the one hand, process data is collected fromeachmachining
centre through the installed ARTIS monitoring hardware. On the other hand, data
from 3D measurement machines is managed in QDAS.

For each part, all physical process parameters, which are monitored, are retrieved
and identified through the part number. The same part number is used to identify
the quality measurement file (dfq extension) from QDAS. ARTIS has developed a
converter to get process data in QDAS format. This allows the integration in the same
environment (Fig. 16.30).

http://www.us.q-das.de/en/applications/
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Fig. 16.29 QDAS and process data integration approach

A first application covers the big boring machining of the automotive validation
scenario, presented in Fig. 16.8. Figure 16.31 shows the first results of the integration
of process (spindle torque)with quality (cylindricity and diameter) data inKASEM®.

After a long period of analysis by QDAS and ARTIS, it has been observed that a
lot of characteristics could be predictable.More than the half of characteristics have a
correlation ratioR2 between the model and the real values more than 0.8 (Fig. 16.32).

16.8.1.2 Impact

Once the system is implemented and a learning stage is completed, it should allow
detecting all bad quality parts from process monitoring data (faster response time).
This leads to:

– Reduce the measurement work load by 2: The need to measure the part quality
should be reduced because themodelwould be enough robust to predict the quality.

– Improve process robustness and detect quality deviation for process correction and
maintenance. Scrap parts will be reduced.

16.9 Conclusions

This chapter summarizes the evaluation of Twin-Control project in an automotive
validation scenario. A specific evaluation approach is defined, based on different
Scenarios of Use defined in the project. The results and the impact of Twin-Control
features are structured according to these Scenarios of Use.
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Fig. 16.30 Integration of process and quality data: a QDAS data management; b conversion of
process data from ARTIS to QDAS readable files

The application of Twin-Control in an automotive industrial scenario can poten-
tially affect end-users product development:

– A reduction of a 10% in the total development time of a new machine tool.
– The design of machine tools with a 37% lower energy consumption.
– A reduction of the 11% in the design and set-up of a new process
– A reduction of tooling cost of 5–10%, depending on the part.
– Reduction of energy consumption (35%) of a machine in production by analysing
the energy consumption by components.
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Fig. 16.31 Screenshot of KASEM showing process and quality data comparison

Fig. 16.32 Graphs generated in QDAS reports after integration of process data

– Reduction of machine downtime andmaintenance costs thanks to predictive main-
tenance approach.

– Detect quality deviations, minimize scrap parts and reduce part measurement load
by integrating quality and process data.
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Conclusions and Next Steps

This book presents the work carried out in Twin-Control project during three years
through collaboration of relevant research and industrial partners. Applications and
concepts from ICTs have been applied to machine tool industry in all its life cycle,
with the objective of increasing the overall equipment efficiency (OEE).

Each development of the project has been validated at research level, showing
promising results. However, the aim of Twin-Control, from its gestation, was to
provide industrial sense to all this new ICT tools, and hence, a complete industrial
validation and evaluation approach has been designed and executed, based in two
scenarios from two of the most critical manufacturing sectors in Europe: automotive
and aerospace. Twin-Control features have been implemented, validated and
evaluated (analysing its impact) in each of the proposed scenarios. The results have
been very positive and the impact or potential impact, in case of further utilization
of the tools, is very high at all levels: machine tool design, process design, main-
tenance, process control and quality control.

Developments of the project have been grouped according to their application
field and possibilities for joint exploitation:

• A state-of-the-art digital twin of machine tools has been developed. The inte-
grated simulation tool developed in the project is based on a FEA software that
integrates the machine structural analysis with the control and the machining
process. Results at both research and industrial level are very positive. However,
one of the drawbacks is the required long simulation times for some machining
operation simulations, which makes it unsuitable for some applications. Further
work is required in the optimization of this model. The obtained results should
be also used to redefine the digital twin concept proposed in Twin-Control. To
cover this drawback, a simulation tool that focuses on the machining process has
been developed that perform fast machining simulations by, of course, reducing
the available results such as effect of machining process on the structural
components on the machine tool.
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• A local monitoring infrastructure has been developed and implemented. In
addition, new features have been developed to provide “intelligence” to the
monitoring system and use it to control the manufacturing processes. Depending
on the application and/or sector, different features are of interest and can be
applied independently.

• Towards application of proactive maintenance, two main issues need to be
overcome in the future. First one is the reluctance of machine end-users to share
data with third parties. Platform developers and Operations and Maintenance
(O&M) providers need to work together to present data monitoring and ana-
lytics as a safe and very profitable service for them. Second one is the need of
knowledge about the analysed systems before applying a real proactive strategy.
In this line, customer must be aware of the need to implement monitoring and
data management systems a long time before being able to predict failures.
End-users’ experience and collaboration potential are very relevant to reduce
this learning phase. In this project, thanks to the gathering of machine usage data
for almost two years, first correlations of process data with machine tool con-
dition are presented.

The editors of the book, together with all Twin-Control project partners, thank
the European Commission for the funding of the project (GA No.: 680725) within
the H2020 framework and as part of the Factories of the Future initiative. In the
same way, the editors thank all project partners, authors of the book and industrial
partners, for the intensive collaboration that contributed to the success of the pro-
ject, which is represented in this book.
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