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Abstract 

 

Manufacturing, being the backbone of an industrialised country’s economy, is facing 

many challenges through resource shortages, environmental deterioration, and ever-

intensifying global competition. With the widespread adoption of Computer Numerical 

Control (CNC) machine tools, the machining industry has been revolutionised by soaring 

productivity, excellent quality and unbeatable prices. However, from a sustainability 

perspective, this has placed heavy burdens on the eco-system. The need for energy 

consumption efficiency has thus been widely recognised. The energy required by this 

industry will continuously increase with the advancement of CNC machine tools. 

Therefore, sizeable efforts from both industry and academics are being made to improve 

this situation. 

The work presented in this study deals with improving energy-efficient machining 

systems by providing an open, interoperable and holistic solution built upon a 

comprehensive framework of Global Energy-efficient Machining Systems (GEMS), a 

novel energy consumption modelling approach, and integrated energy data models. Four 

activity modules in the framework, namely, energy monitoring, analysis, energy-based 

optimal control and databases, were designed. Three key issues in creating GEMS have 

been identified and carefully studied in this research. 

Firstly, the model-based characteristics of GEMS give rise to an accurate, comprehensive, 

yet practical energy consumption model. The energy model developed here attempts to 

combine specific theoretical and/or empirical models of individual components with 

state-based models of systematic behaviour. The resulting hybrid energy model has 

proved feasible and effective in modelling two different machining systems. 

Subsequently, the function block technique was introduced to model energy consumption 

for the first time, and facilitate model implementation. This supports the idea of creating a 

shared pool of modular energy models for maximum reusability, fast construction and 
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flexibility, so that the machine/process-specific characteristics of energy consumption 

behaviour can be addressed. 

Secondly, to facilitate communication and collaboration between different activities, 

tighter integration of energy data with machining systems is a prerequisite. This energy 

data integration envisages a standardised, unambiguous data representation, exchange and 

maintenance mechanism, which can support various energy-efficient activities. The dated 

but still dominant CNC part programming G-code fails to meet such requirements. Hence, 

energy data models have been developed in compliance with STEP/STEP-NC standards, 

providing an enhanced ability to describe product information through an entire life cycle. 

In this research, four groups of energy data model were proposed to define data structure 

and holders for automated monitoring, energy modelling, online optimisation and energy 

data archiving. Useful information for potentially improving energy performance is 

thereby captured and preserved. 

Thirdly, to implement the aforementioned hybrid energy model and data models, two 

systems were investigated, namely, a unified energy analysis system – iGEMS, and a 

mobile application – GEMS-IIMS. Utilising the latest IT and computing technology, a 

Cloud-based architecture was adopted. It aims to provide a service-oriented and 

practicable energy-efficient machining system, with the intention of improving industrial 

practices. Easily accessible energy monitoring, prescribed energy analysis and online 

energy optimisation, and a comprehensive energy data repository have been provided to 

meet user requirements. An energy analysis and machine tool energy database were 

created to demonstrate that the energy consumption of a machining system can be 

effectively analysed based on high-level production data. 

Furthermore, it was noticed during this research that having an energy evaluation system 

helps users to understand energy consumption data, and guides them in improving energy 

efficiency. Hence, an energy rating schema, taking information at different levels of detail 

into account, is proposed. The schema avoids pointless comparison between different 

types of machine tools, but concentrates on improving actual operations. All in all, the 

importance and necessity of this research lies in the fact that it views energy-efficient 

machining systems as a whole, which paves the way to reducing overall energy 

consumption and the corresponding environmental impact in the future. 
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Chapter 1 

Introduction 

Manufacturing industry has always been a cornerstone of the world’s economy. It is 

critical to have a strong manufacturing base, to stimulate and support all the other sectors 

of any industrialised country. Also, manufacturing remains important to success in the 

global marketplace [1]. These days, people are becoming increasingly conscious of the 

deterioration of the environment. Keywords such as resource depletion, global warming, 

greenhouse emissions, and pollution appear more frequently in news headlines and major 

topics of political or economic reports [2, 3]. Sustainability of the economy, society and 

environment has been widely recognised as a priority in fundamental engineering 

research [4]. 

The manufacturing sector, being the economic backbone, faces these challenges to 

accommodate the issue of sustainability. Gutowski [5] overviewed and synthesised 

divergent viewpoints on sustainability, and suggested that manufacturers should increase 

their boundaries significantly to understand their impact on the global scale. Apparently, 

relying merely on policy or regulation reinforcement is insufficient to achieve this. 

However, this has changed in recent years. Observations from major industrialised 

countries, for example, the United States (US), Japan and Europe, clearly show that 

companies, especially large, international ones, are positioning themselves to take 
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advantage of emerging sustainable trends [6]. Sustainable manufacturing is no longer 

merely a legal requirement, but a vast opportunity to increase the competitiveness of an 

enterprise globally [7]. Competitive sustainable manufacturing is regarded as a prime 

enabler now for its high value-added knowledge base [8]. Many new terminologies, such 

as environmentally conscious manufacturing, green manufacturing, remanufacturing, and 

sustainable life cycle engineering, have been proposed [9]. However, the majority of these 

studies are limited to general discussion of new requirements for next-generation 

manufacturing systems. Corresponding systems for their implementation have not been 

studied systematically. 

Energy, being an indispensable resource for manufacturing, is the focused of this research. 

Addressing such a pivotal issue is believed to consequently improve the causes of 

resource depletion, greenhouse emissions, etcetera, and also to enhance the 

competitiveness of a corporation in terms of lower costs and a greener footprint, which 

eventually produces more benefits. 

This chapter introduces background information plus the importance of conducting this 

research. An entire area of research in this field is portrayed. The issue of sustainability is 

first studied, along with the evolution of manufacturing paradigms, in Section 1.1. A 

definition of sustainable manufacturing is offered. A brief history of Computer Numerical 

Controlled (CNC) manufacturing is then presented in Section 1.2, highlighting energy 

efficiency. Detailed research aims and scope are stated in Section 1.3, followed by a 

structural description of this thesis in Section 1.4. 

1.1 Sustainability in Manufacturing 

For centuries, manufacturing has served as the key to producing goods for human. It may 

refer to a range of human activities, from handicrafts to high technology, but is most 

commonly applied to industrial production. A historical view of manufacturing has been 

presented by Jovane, F., Koren, Y. and Boër, C. R. [10]. As shown in Figure 1.1, the first 

phase of industrial production after the Industrial Revolution was craft production, after 

1850. Until the first mass production system, established at Ford Motor Company’s 

Highland Park plant in 1913, society’s needs for low-cost products led to less product 

variety. The turning point in the mass production phase was triggered by the invention of 

the first Numerical Control (NC) program, a joint effort by the American Air Force, the 
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Parsons Corporation and the Massachusetts Institute of Technology (MIT). More product 

variety at a smaller volume could be produced, while ensuring cost and quality at a 

competitive level. With the abrupt development of information technologies and 

computer-aided production systems, the phase of mass customisation began in 1980. 

These systems combine low unit costs of mass production processes with the flexibility of 

individual customisation.  At its least, it was the mass production of individually 

customised goods and services. At its best, it provided strategic advantages and economic 

value. With modular and reconfigurable architecture it became possible to catch early 

marketing opportunities at a faster pace. 

 

Figure 1.1 A historical view of manufacturing (adapted from [10]) 

Different manufacturing paradigms and business models have been proposed and 

implemented since then, to face the increasing level of globalisation and new challenges 

in the 21st century. Manufacturing systems will meet the emerging needs of customers 

and the manufacturing environment. 
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1.1.1 Shift of Manufacturing Paradigms 

Figure 1.2 summarises the gradually expanding criteria of manufacturing paradigms and 

the principal manufacturing paradigms established. Generally speaking, manufacturing 

systems become more and more complicated, due to the dynamics of the manufacturing 

environment. Today, people are more conscious of the deterioration in the global 

environment and the shortage of natural resources in the near future; manufacturing 

companies are being forced to change their system paradigms to accommodate the need 

for better sustainability [3]. The issue of sustainability is not only included in so-called 

sustainable manufacturing, but also generally accepted as one of the requirements of 

forthcoming manufacturing paradigms, on top of conventional criteria, that is, cost, 

quality, variety and responsiveness. 

 

Figure 1.2 Evolution and criteria of manufacturing paradigms (modified from [3]) 
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1.1.2 Study on Sustainability 

“We all live on the same planet and share a common fate.” This was one of the 

motivations for introducing sustainable development. In 1987, the United Nations (UN) 

released the Brundtland Report [11], which included the definition that, 

“Sustainable development is the development that meets the needs of the 

present without compromising the ability of future generations to meet 

their own needs.” 

Three fundamentals, that is, economy, society and environment, need to be considered 

simultaneously (Figure 1.3). Initially, sustainable development was rather an ideal 

concept than a practical improvement. Until the Kyoto protocol of the UN framework, 

convention, policies, regulations and standards had only been employed in some nations 

[12]. 

 

Figure 1.3 Three fundamentals of sustainability 

There are five typical drivers for sustainability, foreseeable shortage of natural resources, 

dramatic increase of world population, global warming, multiplicative pollution and 

unstoppable global economy [13]. 

 Shortage of natural resources. With the rising price of energy resources, 

manufacturers with energy intensive processes are longing for energy efficiency 

improvement [14] 
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 Increasing population. During the 20th century, the human population increased 

from less than 2 billion to over 6 billion [15]. The trend will continue and the 

question is how we can ensure that the earth can sustain 9.6 billion people by 

2050 [16] 

 Global warming. The UN has declared that the evidence of a warming trend is 

‘‘unequivocal’’ and the human activities have very likely been the driving force 

over the past 50 years [15]. Hence, the cost of energy and other resources in 

production are likely to increase [17] 

 Multiplicative pollution. The world is more polluted, more urbanised, more 

ecologically stressed than ever before. Progressively, legislation commonly 

demands a reduction in the environmental impacts of manufacturing [18] 

 Global economy. Governments around the world are now actively involved in the 

development of products that are not just profitable and add value to society, but 

cause less damage to the global environment [19] 

1.1.3 Definition of Sustainable Manufacturing 

According to the Sustainable Manufacturing Initiative of the US Department of 

Commerce, sustainable manufacturing is defined as 

“Sustainable manufacturing is the creation of manufactured products that 

use processes that minimise negative environmental impacts, conserve 

energy and natural resources, are safe for employees, communities, and 

consumers and are economically sound”  [20]. 

A technical version of this definition is given by the National Institute of Standards and 

Technology (NIST) as follows 

“Sustainable manufacturing is a systems approach for the creation and 

distribution (supply chain) of innovative products and services that: 

minimises resources (inputs such as materials, energy, water, and land); 

eliminates toxic substances; and produces zero waste that in effect reduces 

greenhouse gases, e.g. carbon intensity, across the entire life cycle of 

products and services” [21]. 
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Jawahir and Badurdeen further clarified that sustainable manufacturing is not just the 

manufacturing processes or the manufactured products [22]. To achieve sustainability, 

products, processes, and services should meet the challenges not only related to their 

functions and performance but also to environmental, economic, and social issues. 

Campos et al. tried to explain what is envisaged to be sustainable manufacturing and 

presented three pillars in their research [23]. It appears that addressing each aspect 

individually is a challenging task, not to mention addressing three aspects together. An 

increasing number of publications can, therefore, be found on research topics including 

energy-efficient machining [24, 25], environmentally conscious manufacturing [26], life 

cycle analysis of production [27], and sustainable supply chain management [28] (Figure 

1.4). Although none of them can solve the problem entirely, each individual improvement 

is not negligible, and is considered a green manufacturing step or “technology wedge” 

[29] to eventually achieve sustainable manufacturing. 

 

Figure 1.4 Increasing numbers of publications in sustainable manufacturing 

1.2 CNC Manufacturing and Energy Efficiency 

Since World War II, there has been an increasing need for more sophisticated machine 

tools that can manufacture complex shapes. The manufacturing industry responded to 

these needs by producing the first NC milling machine. Dating back to 1955, a joint effort 

by the American Air Force, the Parsons Corporation and MIT took the lead to 

demonstrate the feasibility of using computers to assist NC part programming. 

Subsequently, in 1957, a programme called Automatically Programmed Tool (APT) was 

developed. It was intended to develop instructions that could understand various NC 

systems. By the early 1960s, APT had become the most adopted software package. 
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Around 1972, the invention of the CNC machine occurred. This advancement allowed the 

full automation of NC machines with the use of affordable computers. In 1982, the APT 

language was adopted by the International Organisation for Standardisation (ISO) as ISO 

6983: Numerical control of machines – Program format and definition of address words 

[30], which is well-known as G-code. It is a collection of low-level machine codes or 

functions that are part of NC programming language. Significant developments in 

machine tool automation since then have led to the modern CNC. 

However, the emergence and advancement of CNC machines keeps making the industry 

more energy-dependent than ever before. Until now, high energy consumption has 

persisted in industrialised countries, with production being responsible for one third of 

primary energy consumption [31]. A variety of methods have been continuously 

developed to focus on productivity and quality improvement with little concern about 

energy consumption, if any. Therefore, resource efficiency and, most importantly, energy 

efficiency, have recently come to the attention of production engineers and enterprises 

worldwide. On one hand, this is due to legislative pressure to increase energy efficiency. 

One example for this is a directive on “Energy using Products” issued by the European 

Union, which is an umbrella legislation process for the energy efficiency classification of 

different products that consume a significant proportion of Europe’s energy. On the other 

hand, fierce global competition leads to threat in manufacturing costs, which drives the 

companies to maximise their energy efficiency in order to stay competitive. 

In addition to increasing energy prices, manufacturers are expected to pay extra costs in 

the future, such as carbon taxes, to ensure they become “sustainable”. The trend towards a 

higher degree of automation in CNC machines will, accordingly, increase the energy cost 

portion of the total cost [32]. At the same time, innovative providers of high-quality 

manufacturing solutions understand economic and ecologic sustainability no longer as 

antagonistic goals. In the particular case in CNC machining, where hundreds of thousands 

of CNC machines in use worldwide, the energy consumption of machining systems has to 

be predicted and methods have to be provided to minimise the amount of energy 

consumed [33]. 

Parallel with CNC advancement, rapid growth of Computer-Aided Design (CAD) and 

Computer-Aided Manufacturing (CAM) technology has fundamentally impacted the 

utility of the CNC system. Although the use of CAD/CAM/CNC has been broadened, 
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programmes generated under the CAM system are often machine-dependent and based on 

G-code. Information flow in the G-code was designed unidirectionally, which is from the 

CAD to the shop-floor, and does not enable feedback of know-how from the shop-floor to 

the designer. As a result, this conventional system is considered a bottleneck. A gradual 

evolution from ISO 6983 to portable, feature-based programming, formally named ISO 

14649, was promoted by the ISO Technical Committee (TC) 184. The scope is 

standardisation in the field of industrial automation and integration concerning discrete 

part-manufacturing and encompassing the application of multiple technologies, that is 

information systems, machines and equipment, and telecommunications. ISO 14649, also 

known as STEP-NC, provides an opportunity to integrate comprehensive manufacturing 

information and enable bidirectional data flow between the designer and the shop-floor. 

STEP-NC is able to work with rich information such as manufacturing features, 

tolerances, multiple operations, machining capability and strategy, cutting tool 

information and workpiece properties. It serves as a means to preserve manufacturing 

know-how for designers, planners and operators. Energy data, for this reason, should be 

supported in this structure so that true energy-efficient machining can be realised. 

So what is energy efficiency? A straightforward and operational definition given by the 

International Energy Agency is “Something is more energy efficient if it delivers more 

products/services for the same energy input, or the same products/services for less energy 

input.” Similarly, the World Energy Council defines it as “Energy efficiency 

improvements refer to a reduction in the energy used for a given service or level of 

activity.” 

In CNC manufacturing particularly, energy efficiency is defined as follows, in this thesis: 

Energy efficiency in manufacturing means using less energy to produce parts at the same 

level of functionality, performance, and convenience. In other words, it maximises the 

percentage of total energy input to a machine or equipment that is consumed in useful, 

value-added production. 

Lately, Cloud computing has emerged as a new generation service-oriented technology to 

support multiple companies in deploying and managing services for accessing and 

exploiting services over the Internet. Based on Cloud computing, Cloud manufacturing 

could provide a cost-effective, flexible and scalable solution by sharing complex 

manufacturing resources, with a lower investment and maintenance cost [34]. As a new 



Chapter 1 – Introduction 

 

10 | P a g e  
 

manufacturing paradigm and an enabler towards better sustainability, Cloud 

manufacturing is gaining attention recently. Several research projects have been funded 

by the European Union 7th Framework Programme to investigate important research 

issues and applications of Cloud manufacturing [35]. It will serve as a vehicle for better 

energy efficiency. Wherever relevant, functional modules with sophisticated technologies 

for resource utilisation tracking, multi-objective decision making, and online 

manufacturing execution control can be activated by a unified Cloud manufacturing 

platform to enhance responsiveness, adaptability, reliability, and optimality in achieving 

first-time-right production. 

1.3 Research Aims and Scope 

Different stages of the CNC Manufacturing industry contribute to different aspects of a 

sustainable environment. Figure 1.5 summarises such complex interactions, spanning 

technical, economic, ecological and societal issues. 

Being a critical aspect, energy efficiency/consumption in CNC machining systems is the 

focus of this research. The main environmental impact of CNC machines is attributed to 

electrical energy consumption during the use stage (i.e. the manufacturing stage of a 

product using a CNC machine), which accounts for more than 95 per cent of the life cycle 

energy usage [36]. Moreover, in this thesis, energy-efficient machining systems consider 

the entire production chain, with emphasis on energy behaviours at a systematic level. An 

energy-efficient machining system includes multiple machining processes, but does not 

equal a particular process. It embodies data monitoring, modelling, process planning and 

scheduling, machining and system integration. 

Figure 1.6 depicts energy-efficient machining and its position in respect to the relevant 

research topics. It defines the scope of this research. Three areas targeting different issues 

are being studied, that is, Green/renewable energy resource, Energy-efficient machining, 

and Waste management. 
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Figure 1.5 Manufacturing contributions to a sustainable environment (adapted from [3]) 
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Figure 1.6 Machining process and energy-related research topics 
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Energy-efficient machining for a sustainable future is gradually being accepted [12]. It is 

an area that has been strongly targeted for energy reduction because of its size and 

importance [37]. Energy consumption in machining systems basically represents a large 

percentage of total cost, generates a significant amount of waste, and transfers value into 

the final product, making this a critical factor. Electricity is the major energy resource, for 

example, in the automotive industry, where electricity accounts for over 50 per cent of 

total energy consumption [38], and generates more than two thirds of greenhouse gas 

emissions and a variety of air pollutants [39]. Although emerging research on green 

energy, including solar photovoltaic, wind, and fuel cells, manages to partially supply 

current machining systems, high energy-efficient machining systems that demand less 

energy remain important and highly desirable. 

The main thrust of the research is to give CNC machining systems more energy 

efficiency, sustainability and competency in a challenging environment. The aim of this 

research is to provide a solution for energy-efficient machining systems that considers 

energy information from a global perspective. There are three main objectives 

1. Modelling the energy consumption behaviour of a machining system in terms of 

accuracy, comprehensiveness and practicability. Development of an energy 

modelling approach that can be applied to different kinds of CNC machining 

systems from both a systematic and specific point of view 

2. Realising tight energy data integration in machining systems via a standardised 

data structure, namely, ISO 14649. The data models can hold the relevant 

information in analysing and managing energy information and bi-directional 

accessibility in CAD/CAM/CNC or other high level applications 

3. Implementing an energy analysis and knowledge sharing system for the future 

machining paradigm – Cloud manufacturing. Cloud-based implementation 

explores new ways to provide energy estimation and maintain energy know-how 

for machining engineers 

Conventional metal cutting processes, that is, milling, turning and drilling, are primarily 

considered, because they still dominate energy consumption in terms of total quantity in 

the present machining industry. 
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1.4 Thesis Organisation 

This thesis is structured into eight chapters and five appendices. Chapter 2 provides a 

comprehensive literature review on energy-efficient machining systems, more specifically 

energy consumption models, energy optimisation, utilisation, and energy data integration. 

The research gaps in realising a true energy-efficient machining system are also identified. 

Chapter 3 explains the proposed framework of global energy-efficient machining systems 

in depth. It outlines the functionality of each module in building a concrete energy-

efficient machining system, tailored to meet the specific needs of an enterprise.  Key 

issues in realising such a system are highlighted and studied in the remaining chapters. 

In Chapter 4, a general description of related technologies that used in this research is 

presented. Five primary methodologies, out of many, are introduced, that is, the Taguchi 

method, state transition diagram, multiple regression analysis, Function blocks and lastly 

STEP/STEP-NC. Why and how each methodology is to be used in the remaining chapters 

is also given. 

Chapter 5 reports the work in developing an effective energy consumption model. To 

support different functionalities in an energy-efficient machining system, two modelling 

approaches, that is, hybrid energy modelling and Function block-based energy modelling 

are proposed and explained. Case studies adopting each approach are reported on, to 

demonstrate the feasibility and reliability of the proposed methods. The features and 

benefits are also stated to highlight the significance of this study. Subsequently, a 

practical confidence-level-associated energy rating system is reported on to translate 

energy consumption values into useful indicators. 

Chapter 6 focuses on the issue of energy data integration. Based on an existing 

internationally accepted standard, that is, STEP-NC, the proposed energy data models can 

benefit a wider range of applications in a standardised manner. Eventually, different 

processes in a machining system could collaborate easily with such an unambiguous data 

format. Case studies are also presented to show how energy data may be represented and 

shared. 

System implementation of energy-efficient machining systems was developed under a 

Cloud-based architecture, in Chapter 7. Two types of application developed are reported 
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as possible solutions, that is, a unified energy analysis system and an application for 

mobile devices. The energy-informed activities are offered as well-defined services to 

various user groups. Two case studies are presented for each type of implementation to 

demonstrate the systems developed. 

Conclusions are drawn and future work and recommendations are given in Chapter 8. 

Finally, a list of references is provided. 

There are five appendices in the thesis. Appendix A collects the technical specifications 

of the equipment used in this research. This includes technical data of the SHERLINE 

2010 mill, EMCO Concept Mill 105, exeron HSC 600, and the Powertek ISW 8300 

wattmeter. Appendix B gives a full summary of experiment data acquired, including 

power consumption, cutting force and torque. A table of the processed experiment data is 

presented. Appendix C describes the complete version of the 

ENERGY_INFORMATION_FOR_MACHINING_SCHEMA proposed. Selective 

EXPRESS-G diagrams are shown for easy understanding. Appendix D lists the main Part 

21 files that were used in this research. They are original Part 21 file of Example 1, ISO 

14649-11, the updated Part 21 file with energy consumption data, the Part 21 files 

developed for EMCO machine tool specification with energy performance and the 

SHERLINE 2010 mill specification with energy performance. Appendix E provides the 

abstracts of the three journal papers, four conference papers and one academic poster that 

the author has produced during the course of this research. These papers constitute the 

basis of this thesis and provide a significant link in the development of the system 

presented here. 
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Chapter 2 

Literature Review 

Preliminary studies have indicated that more than 99 per cent of the environmental impact 

of manufacturing is a result of energy consumption [40]. This is certainly true in the CNC 

machining industry, whose importance persists in the modern manufacturing world. 

Energy is the most fundamental resource for continuous economic growth and prosperity 

in the future, and its consumption is expected to grow over the coming decades. Because 

of this, a great amount of attention has been attracted in the research areas targeting 

higher energy efficiency. 

In this section, research that has been conducted and increasingly promoted over the last 

two decades in the area of energy-efficient machining systems is reviewed. Three 

principal material removal processes, namely, turning, milling, and drilling, are studied. 

The literature reviewed is classified by methods and techniques rather than the types of 

process, because the energy consumption performances of conventional machining 

processes are similar. Hence, the methods and techniques to investigate different 

processes are transferrable. 

A CNC machine tool, the key player in fabrication, covers not only the core cutting 

subsystem with components, such as spindle and axial drive, but also the supporting 

subsystems, such as coolant and hydraulics. However, the CNC machine tool boundaries 
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cannot be absolutely fixed, each specific subsystem’s definition should be considered to 

determine the actual situation. For instance, a raw material conveyer can be included as a 

subsystem for a large-scale machining centre where it is much involved, but should not be 

regarded as a subsystem for a small machine tool where it is used much less often. 

The content presented in this chapter has three parts. Part I: general studies on energy in a 

machining system are summarised in Section 2.1, highlighting the overall picture in this 

area. Part II: the current status of four research areas, namely, energy consumption 

modelling, optimisation of energy consumption, use of energy data and issue of data 

interoperability, are reviewed in Section 2.2, 2.3, 2.4 and 2.5 respectively. Part III: 

identified research gaps are stated in Section 2.6 and future research trends and suggested 

directions in Section 2.7. 

The majority of the research work reported in this chapter is based on a paper submitted 

to the International Journal of Advanced Manufacturing Technology [41], and a paper 

published in Applied Mechanics and Materials [42]. 

2.1 Energy in a Machining System 

Research to explore these energy-related problems began with studying energy 

information in a machining system. In different systems, the pattern of energy 

consumption varies. A clear understanding of how energy is consumed lays a solid 

foundation to building up an energy-efficient machining system. In this section, the 

existing energy analysis of both machine tools and machining systems is reviewed. 

2.1.1 Energy Flow 

First and foremost, studying energy flow is a crucial step to understanding a machining 

system and identifying research problems. An overview of energy flow in a typical 

machining enterprise is presented in Figure 2.1, including three distinct general levels, 

that is, the enterprise, shop-floor, and process levels [43]. A similar three-level factory 

structure was presented in terms of electricity consuming [44]. Researchers tend to agree 

that a comprehensive study to reach overall energy goals is absolutely necessary [45, 46]. 
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Figure 2.1 An overview of energy flow in a three-level structure 

The energy requirements at three different levels are briefly summarised as follows: 

 The top level, namely Enterprise level, receives the total energy input and 

distributes it among different departments, for example, design, production, and 

management. The common share of the energy flows into the lighting and HVAC 

(Heating, Ventilation and Air Conditioning) systems. This portion sometimes 

accounts for a remarkable percentage, for example, 40-65 per cent of the total 

energy consumption during  the use of a machine tool [47]. Electronics in 

contemporary digital enterprises, such as computer workstations, are essential 

equipment across all departments. Energy savings at this level require appropriate 

energy monitoring [44] and specialised energy management systems designed for 

manufacturing plants [48, 49], in order to gain a state of transparency of the 

enterprise’s energy consumption from a holistic perspective. 
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 Regarded as the most significant segment of energy usage, the production 

department is further analysed at the shop-floor level. A typical scenario at this 

level is that the machining workshop needs to fabricate several kinds of product, 

and each one of them can be manufactured by a few production lines. In each line, 

different types of machine tool collaborate with auxiliary devices as well as with 

each other. Besides addressing energy consumption in the infrastructure, the real 

challenges lie in optimising production scheduling [50, 51] between multiple 

products and multiple production lines. For instance, dynamically scheduled and 

balanced operational states, for example, idle, work, and off, of all machine tools 

could minimise non-productive time. 

 

 The bottom level is the process level, where energy is basically consumed in four 

areas, that is, machine tools, auxiliary equipment, cutting tools and material 

supply. More specific analysis is involved because different structures and 

capabilities of machine tools, functionalities of auxiliary equipment, various 

cutting tools and materials properties all have an impact on energy consumption. 

Research has been intensively conducted on the key player – CNC machine tools. 

Meanwhile, attention is being placed on overall energy consumption at this level, 

due to rapidly emerging digital factories and increasing demands for intelligence 

and automation. Existing ways to achieve energy savings include, but are not 

limited to, online optimisation of machining parameters, employment of energy-

efficient components, real-time machine condition monitoring and dynamic 

resource scheduling. 

2.1.2 Cross-level Studies 

In machining systems, studies of the shop-floor and process levels are being reported 

more frequently. Research carried out previously placed an explicit emphasis on typical 

energy consuming components, such as spindles, motors or cutting mechanisms. Saidur 

presented a comprehensive review of the energy consumption of industrial motors [52]. 

Different types of loss that occur in a motor have been identified and ways to overcome 

these losses explained. Cost parameters and payback periods for different energy savings 

strategies were also identified. Abele et al. [53] chose a machine tool spindle as the 
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representative unit to identify the potential improvement in energy efficiency. The 

identified potential improvements were used as a base for the design and realisation of an 

energy-efficient spindle unit. It was concluded that reducing the consumption of the 

peripherals that are independent from the actual machining makes sense. However, 

Kordonowy [54] pointed out that the limited understanding of energy consumption at the 

process level is a problem. An energy breakdown of several types of machine tools was 

reported. As an example, Figure 2.2 depicts an energy breakdown for a milling machine, 

adapted from their work. The researcher assents that not only the material removal 

process itself, but also associated processes should be considered in parallel, to provide a 

complete collection of energy usage data. 

 

Figure 2.2 Machining energy breakdowns for an automated milling machine (adapted 

from Kordonowy [54]) 

Dahmus and Gutowski [45] presented a systematic environmental analysis of a machining 

process. In their work, a material removal process, which was conventionally considered 

to be the main energy consumption portion, was examined considering auxiliary 
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equipment such as coolant pumps, as well as material production and cutting fluid 

preparation (Figure 2.3). It was concluded that cutting energy could be relatively small 

when compared with the total energy required by a machine tool during machining. In 

addition, they discovered future trends towards more energy-intensive machining 

processes. An individual process generally consumes more electricity by operating at a 

lower production rate [55]. 

 

Figure 2.3 System diagram of the machining scenario (adapted from [45]) 

A pertinent study on the fixed energy demands of machine tools was made by Li et al. 

[56], with an investigation of potential savings on six machine tools of three different 

types. The hydraulic, cooling and lubrication systems were identified as the main fixed 

energy consumers. Avram et al. [46] developed a unified methodology of multi-criteria 

decisions for a sustainability assessment of machine tool systems. In their research, a two-

level (i.e. process-level and system-level) analytic hierarchy was presented to evaluate the 

sustainability performance. A consistent set of criteria and an entity relationship diagram 

were produced for each level. Based on this, the energy consumption of dry, MQL 

(Minimum Quantity Lubricant) and wet machining were compared. Following that, they 

proposed a methodology to estimate the total mechanical energy requirements of the 

spindle and feed axes [57]. At the process level, the cutting power required to remove a 

specific amount of material is dependent on the tribological interaction between the 
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workpiece, the cutting tool and cutting fluid. At the system level, the power required to 

run the auxiliary equipment responsible for the delivery of the cutting fluid is the main 

concern. The machine idle power generated the highest energy consumption, while the 

energy required to move the feed axes is negligible. In addition, lower spindle speed 

(11,000 rpm) machining demands approximately one third more energy than the higher 

speed (19,500 rpm). 

Diaz et al. [58] developed a prototype of a “green” machine tool, with an ability of 

parameter optimisation of power consumption, kinetic energy recovery, and 

interoperability, based on MTConnect [59]. The result suggested that specific energy 

decreases when feed-rate increases, because feed-rate increase results in a much shorter 

process time. The proposed recovery system offered an interesting approach. The 

implementation of the system achieves 25 per cent power savings [47]. Kuhrke et al. [60] 

analysed the energy consumption of a machine tool, considering its purchasing and 

development stage, while Diaz et al. [37] presented a life-cycle energy consumption 

analysis of two types of machine tool, covering manufacturing phase, transportation, use 

phase, and end of life. The results showed that compared with manual machines, a 

machining centre consumes much more energy in the manufacturing phase and 66 per 

cent more in its part production phase. They also pointed out the energy required by the 

infrastructure, for example, lighting and HVAC, could be minimised when machine tools 

are installed more closely or a more energy-efficient thermal control system is applied. 

These preliminary studies revealed the need for a real energy-efficient and sustainable 

machining future. Nevertheless, it is worth noting that a well-defined aim for an energy 

consumption analysis is pivotal. The author believes an energy-efficient machining 

system should not only seek minimum energy costs [51], but pursue sustainable solutions 

that are beneficial to the economy, environment, and society [61]. Therefore, setting up a 

machining factory in a place with a low energy price is not optimal in the long-term. 

2.2 Energy Consumption Modelling 

An energy consumption model for a machine tool during machining processes is the key 

to sustainable machining. Energy-efficient or -optimal activities must be performed based 

on an appropriate model. The models reviewed are grouped into four categories; the 
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theoretical, empirical, state-based, and hybrid models. Explained below are the basics of 

energy consumption calculations for machining processes. 

Cutting energy Ecutting can be calculated from the cutting power Pcutting, 

60 1000cutting cutting cE P t                                                                                             (2.1) 

where, 

Ecutting – cutting energy consumption (kWh), 

Pcutting – cutting power (W), 

tc – cutting time (min). 

The cutting power Pcutting can be calculated based on the cutting force, 

60ccutting VFP 
                                                                                                          (2.2) 

where, 

F – cutting force (N), 

Vc – cutting speed (m/min). 

The cutting speed can be expressed as, 

1000

nD
Vc





                                                                                                                (2.3) 

where, 

D – diameter of the cutting tool (milling/drilling) or workpiece (turning) (mm), 

n – spindle speed (rpm). 

In some cases, total energy consumption is also calculated as, 

cutting mE E MRV 
                                                                                                        (2.4) 
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where, 

Em – cutting energy per unit volume of material removed (kWh/mm3), 

MRV – Material Removal Volume (mm3). 

Therefore, energy consumption studies may not be associated solely with energy 

consumption directly, but also with cutting power or cutting force. These mathematical 

equations apply in all following sections. 

2.2.1 Theoretical Models 

In the last two decades, only a few theoretical models have been proposed. Most of the 

studies followed the path of developing an energy consumption model from a cutting 

force or torque model by studying the cutter-workpiece interaction. They mainly 

extended previous models by adding more factors in the model (e.g. tool wear), or 

improved ways to implement the models in practice. 

The energy consumption models developed by Munoz and Sheng [62] may be regarded 

as pioneer work. They examined parameters in both orthogonal and oblique machining, 

that is, depth of cut, speed, feed-rate, and tool rake angle etcetera, in relation to various 

environmental concerns, such as waste stream and system utility. The energy 

consumption model of oblique machining (Figure 2.4) for a wide application is expressed 

as, 

   
  





cossincos

sinsincoscoscoscos MRV
E ss

cutting 












                     (2.5) 

where, 

β – normal friction angle (rad), 

γ – normal rake angle (rad), 

ηs – shear flow angle (rad), 

λ – oblique angle (rad), 

τ – workpiece flow stress (Pa), 
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φ – shear plane angle (rad). 

 1 tan cos tan cos
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                                                                        (2.6) 

where, 

ηc – chip flow angle (rad). 

The research concluded that cutting energy is dependent on the set-up parameters, for 

example, tool rake angle, tool oblique angle, and part geometry, rather than machining 

parameters. 

 

Figure 2.4 Configuration for oblique machining 

Around the same time, Bayoumi et al. [63] derived a specific energy model from a 

previously developed closed-form force model for milling operations. The energy was 

found to be a function of the pressure and friction at both rake and flank surfaces, and the 

chip flow angle at the rake face of a cutter. Friction, flank wear width and chip thickness 

are the most important factors affecting specific cutting energy. One main school of 

cutting energy studies focuses on material deformation. The nature of energy 

consumption is akin to material deformation. 
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In order to consider more factors, a cutting power model in face milling was developed 

based upon an existing cutting force model by Shao et al. [64], where cutting 

environment and average tool flank wear were taken into account. It gave a reasonable 

estimation of the average cutting power as expressed in Equation 2.7, 

     cos cos 2
c

cutting p z in inP ZnDa Kh f HVB    


                                       (2.7) 

where, 

ap – axial depth of cut (mm), 

c – chip thickness constant (mm), 

fz – feed per tooth (mm), 

h – chip thickness (mm), 

H – Brinell hardness (N/mm2), 

K – cutting force constant (MN/m), 

VB – average flank wear width (mm), 

Z – number of teeth, 

μ – coefficient of sliding friction between a workpiece and cutting tool, 

φin – angle of a cutting tooth entering a cutting zone (rad), 

ψ – immersion angle (rad). 

The cutting time tc is expressed as, 

ct MRV MRR                                                                                                              (2.8) 

where, 

MRR – Material Removal Rate (mm3/min). 

MRR is calculated as, 
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f p eMRR V a a                                                                                                            (2.9) 

where, 

ae – radial depth of cut (mm), 

Vf – feed-rate (mm/min). 

Therefore, cutting energy use can be obtained by substituting Equations 2.7, 2.8 and 2.9 

to Equation 2.1. Final expression of the cutting energy is given as, 
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Kishawy et al. [65] suggested an energy-based analytical model for predicting the 

orthogonal cutting force needed for machining composite materials. The specific energy 

consumption was decomposed into three parts, i.e. plastic deformation in the primary 

shear zone, plastic deformation in the secondary shear zone, and debonding the particle 

from the material. Palanisamy et al. [66] developed a dynamic cutting force model for 

end milling, which includes both tangential and normal forces. In their research, the 

thermal effect on the force was studied by means of tool-chip interface temperature in 

different conditions. This valuable knowledge of the cutting force action on the tool-chip 

temperature enables optimisation of machining parameters and reduction of tool wear at 

the same time. 

In the method used by Jerard et al. [67], the cutting tool was discretized into disc 

elements along the periphery, under the assumption that the model was linear, with edge 

forces. A cutting force model was used to calibrate a cutting power model, in that case. It 

neglected the contribution of feed-drive energy consumption, as it was considered 

insignificant compared with spindle power. A detailed version was later presented [68], 

with the experimental verification of the power model under a wide variety of cutting 

conditions, which yielded good agreements between measured and estimated power for 

both flat-end and ball-end milling. 

In short, the theoretical models are reckoned to be powerful tools for energy analysis. It 

establishes a precise mathematical relationship between energy consumption and 
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machining factors. Therefore, it is applicable to similar operations. This said, in today’s 

complex machining environment, theoretical energy consumption models are increasingly 

difficult to obtain, especially where sophisticated machine tools are involved. 

2.2.2 Empirical Models 

It is realised by many that developing a valid theoretical energy consumption model of a 

machining process is a highly complex task. For this reason, the empirical method has 

been adopted, by means of statistics modelling or artificial intelligent (AI) computing, for 

example, multiple regression, RSM (Response Surface Methodology), and NN (Neural 

Network). The design of experiments, such as the Box-Behnken design and Taguchi 

design, has also been proven to be effective. In this group of models, only certain factors 

are selected, to reduce the complexity of the problem. 

Due to the low efficiency and low productivity observed on powerful machine tools, 

Draganescu et al. [69] developed a specific energy consumption model using RSM as a 

function of cutting power, machine tool efficiency and material removal rate. The 

increase of the feed per tooth was reported to generate a quick increase of the material 

removal rate, but the power consumed increased at a much lower rate, drastically 

reducing the overall consumed energy. Radhakrishnan and Nandan [70] employed NN 

and regression methods to develop a cutting force model with parameters such as cutting 

speed, feed-rate, and depth of cut. The comparison study performed indicated that a 

nonlinear model is better than a linear model, and a NN provided better results. 

Combining the two methods by firstly filtering the abnormal data using regression and 

then feeding the experiment data to NN was found to be an effective solution. However, 

tool wear, which may significantly impact energy consumption, was neglected. 

Kadirgama and Abou-El-Hossein [71] built both first- and second-order power prediction 

models using RSM. The models showed that power use increases when cutting speed, 

feed-rate, depth and width of cut increase. The second-order model was more accurate 

than the first-order one. A factorial design was later adopted to find out the influence of 

torque and power on cutting force [72]. The predicted value, considering covariate, was 

reported to be much closer when compared with the prediction not considering the 

covariate. 
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Aggarwal et al. [73] took tool geometry into consideration and selected tool radius as the 

representative parameter. Power consumption in three machining environments, namely, 

dry (Equation 2.11), wet (Equation 2.12), and cryogenic (Equation 2.13), were considered. 

They concluded that the cryogenic environment is the most efficient in minimising 

cutting power consumption. Cutting speed and depth of cut have a secondary impact, and 

feed-rate and tool radius were found to have an insignificant contribution. However, the 

additional energy used to create the cryogenic environment should be considered part of 

energy usage in the entire system. 

2 2

1075.18 10.99 2444.44 1918.52 72.22

            37.5 4.58 0.03 2222.22 1133.33
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Neugebauer et al. [74] focused their research on developing an energy balance in the 

drilling process. The model considered drilling energy, machine efficiency, and tool wear 

to achieve minimum energy output. Energy efficiency increases with an increase of the 

material removal rate. In the case of dry machining, efficiency could be increased, but 

tool wear and resulting tool costs rose significantly. In the study by Al-Hazza et al. [75], 

the Box-Behnken design was reported to be better than NN due to the training data sets. It 

was shown that cutting speed was the most significant factor, while feed-rate and depth of 

cut had less impact. A negative rake angle reduces the load on the cutting tool tip, but 

increases cutting force, which in turn increases power consumption. 

Kara and Li [76] presented an empirical model to characterise the relationship between 

energy consumption and process parameters. The methodology was tested and validated 

on a number of turning and milling machine tools. They also proposed an empirical 

model for predicting energy consumption by manufacturing processes in the turning 

process [77]. Such methodology was elaborated and validated on eight different machine 

tools, considering both dry and wet cutting. 
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Armarego et al. [78] proposed empirical models of exponential form to express the 

relationship of specific power and machining factors such as cutting speed, feed per tooth, 

depth and width of cut in face milling. However, there was no instance of verification to 

prove the validation of the models. 

In recent years, AI-based methods have emerged as a preferred trend and been adopted to 

develop models for near optimal conditions because of being fault-tolerant, approximate, 

uncertain, and meta-heuristic. For instance, Ahilan et al. [79] adopted different kinds of 

ANN models developed for prediction of machining parameters in CNC turning 

processes. Yun-qi et al. [80] proposed a knowledge-based method to estimate energy 

consumption using NN, which is verified by the process of machining a blade. In high-

speed milling, Quintana et al. [81] compared their power consumption model using NN 

with a simple theoretical model. They discovered that total power consumption depends 

mainly on spindle speed, followed by axial depth of cut, radial depth of cut, and feed per 

tooth. Tool radius and lubricant only have a secondary influence on total power 

consumption. 

Lau et al. [82] proposed an energy-consumption-change forecasting system using fuzzy 

logic to reduce the uncertainty, inconvenience and inefficiency resulting from variations 

in production factors. Improved gene expression programming that combined the 

advantages of the Genetic Algorithm (GA) and Genetic Programming (GP) was applied 

to study energy consumption and process parameters [83]. 

The empirical models reviewed are summarised in Table 2.1. Clearly, more factors in 

addition to machining parameters were considered for better estimation. The main 

advantage of the empirical model is its practicality. It requires less theoretical analysis 

and is easy to apply. Also, one can select interesting or controllable factors of an 

individual process to make the model cost-effective. However, the empirical model is 

only an approximation of the real system. A large number of experimental tests are 

required to obtain these models, which make them system-dependent in one sense. 
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Table 2.1 Summary and remarks on empirical models 

Input factor(s) Output 
factor(s) 

Workpiece 
material 

Methodology Concluding remark(s) Reference(s) 

Z, fz, Vc, ap, ae Em, F, η1 Aluminium alloy 
ATSi10Mg 

RSM Vf has greatest influence on Em, followed by ap, Z, ae, Vc. [69] 

n, Vf, ap F, Em Aluminium (2025 
T-351), Mild steel, 
High tensile steel 

Multiple 
regression, NN

F increases with ap, Vf increases, and with n decreases. 
Higher MRR results less energy consumption, dry cut is more 
energy-efficient than wet cut. 

[70, 76, 77] 

Vf, Vc,ap,ae Pcutting 618 stainless steel BB, RSM Pcutting increases when Vf, Vc,ap,ae are increased. Vf has the most 
significant effect on Pcutting. 

[71] 

Vf, Vc,ap,ae F, T2, Pcutting 618 stainless steel BB, RSM, 
factorial design

Vf has most significant effect on F, T followed by ap, ae and Vc. [72] 

Vf, Vc, ap, R3, 
cutting condition 

Ptotal AISI P-20 tool 
steel 

RSM, 
Taguchi’s 

Cryogenic environment is the most significant factor followed 
by Vc, ap. 

[73] 

n, Vf, ap, R Ecutting, 
Pcutting 

1Cr12M0, AISI 
304 SS 

BP-NN, GA-
NN 

The prediction of specific consumed energy by NN is close to 
actual value. 

[79, 80] 

MRR, tool type, 
lubrication 

Ecutting, 
Ptotal

4, η 
Cast iron EN-
GJL-250 

Statistic value 
comparison, 
FES 

Higher Vf and Vc result in a sharp increase in η, E. MRR becomes 
the dominant influence on η. Dry cutting could result energy 
saving. 

[74] 

n, fz, ae, ap, R, 
lubrication 

Ptotal, Pelec
5 AISI H13 steel ANN, 

evolutionary 
NN 

Ptotal mainly depends on n. The other parameters fz, ae, ap, R, and 
lubricant have a secondary influence. 

[81] 

Vf, Vc, ap, rake 
angle 

Ecutting, Ptotal AISI 4340 steel BB, RSM, BP-
NN 

The Ptotal in the process increases with the increase of the Vf, Vc, 
ap, rake angle. Vc is the most significant factor. 

[75] 

Vc, Vf, ap Pcutting Cast Iron ZG55 GP, GEP, 
GGEP 

GGEP is effective compared with ANN, GP and GEP. Vc is a 
dominant parameter, followed by ap and Vf. 

[83] 

                                                            
1 machine tool efficiency, 
2 cutting torque (Nm), 
3 tool radius (mm), 
4 total power consumption (W), 
5 electrical power (W). 
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2.2.3 State-based Models 

To establish the relationship between machining parameters and cutting energy 

consumption in actual cutting, both theoretical and empirical models are useful. However, 

such energy consumption only makes up a small portion of total energy consumed by 

machine tools. Only up to 25 per cent of the entire energy consumption is attributed to 

actual cutting (Figure 2.5). More than 40 per cent is consumed in idle time and system 

losses (Figure 2.6). In recognition of this phenomenon, discrete state-based models have 

been applied. However, very few have attempted to model and optimise the energy 

consumption behaviour of a machine tool that considers how the machine is used. 

 

Figure 2.5 Energy use breakdown for a machining system (redrawn from [6]) 

Dietmair and Verl [84] published an energy consumption model which was later extended 

[31]. The papers introduced a lean, scalable, generic modelling formalism that allows 

predictions of energy consumption depending on design and operation in different 

scenarios. The model was developed based on discrete states and transitions (Figure 2.7). 

The operational states of a typical machining process include, but are not limited to, start-

up, standby, cutting, idle, stop and emergency stop. Each state has an energy usage that is 
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contributed to by different machine tool components, for example, spindle, drive axis and 

coolant pump. Examples of the model to predict energy consumption for monitoring and 

control was presented by Verl A. et al. [85]. 

 

Figure 2.6 Distribution of the power consumed by a machining process (redrawn from 

[84]) 

The proposed model broadens the scope of energy consumption modelling, although it is 

only suitable to serve as a basis for energy-efficient operations. The energy consumption 

rate is considered to be constant in each state. Therefore, the model is appropriate merely 

to estimate energy consumption rather than provide a realistic energy profile. Moreover, 

factors such as tool life and coolant are not considered. 
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Figure 2.7 Structure of a discrete state-transition energy consumption model (modified 

from [31]) 

To support state-based modelling, Frigerio et al. [86] proposed an automata-based 

approach. Their method first divided the machine into functional modules, and modelled 

each module in terms of states and events with automata theory afterwards. The state 

model can be automatically obtained using a synchronisation algorithm that reduces 

modelling time dramatically. Larek et al. [87] also took a discrete-event approach to 

predict power consumption in machining processes. Their approach works under the 

assumption that each component of a machine tool has an ‘on’ or ‘off’ status at any given 

time. Energy consumption characteristics driven by a task flow in a machining system 

were analysed by He et al., and then an event graph methodology was employed [88]. 

The models have the same limitation, in that energy consumption stays constant when a 

component is ‘on’. In addition, a number of factors are not taken into account, especially 

the dynamic mechanical behaviour of a machine tool or the influence of varying 

engagement parameters during cutting. 

Stoldt et al. [89] developed a generic energy enhancement module to assist consumption 

analysis based on discrete state models. Schmitt et al. [90] presented an approach for 

modelling machine tools using a functional state machine. Energy consumption is 

optimised on the usage profile of a machine tool. He et al. proposed a practical method 

for estimating energy consumption by correlating numerical control codes, that is, G&M 

codes, with the energy consumption of machine tool components [91]. A similar concept 
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using therblig-based energy modelling was developed to build the entire energy model on 

of a motion element [92]. Nevertheless, systematic models based on physical structure, 

kinematics and dynamics are extremely challenging, due to the numerous components 

and complex structure of any system. Although one study to model the energy of a 

parallel kinematic machine tool is reported by Bi and Wang [93], further research is still 

urgently required. 

Overall, a state-based approach offers the possibility of modelling overall energy usage, 

which can be employed as a high-level model to connect accurate energy models of each 

component. The discrete state-based model does not aim for detailed estimation of energy 

consumption alone. 

2.2.4 Hybrid Models 

The hybrid model is defined as combining more than one approach in analysing the 

energy consumption of a machining system in order to obtain improved estimation in 

terms of accuracy, scalability and effectiveness. For example, combining theoretical 

models with high-level discrete state models and human expertise knowledge forms a 

hybrid energy model, and it may prove to be effective. 

The hybrid modelling approach was mentioned in Dietmair and Verl’s [94] work. The 

intention there was not to develop a single model to explain the behaviour of all machines, 

but to provide a modelling tool framework that is scalable and adaptable to the 

requirements of each particular case, for optimising machine control and usage. This was 

a hybrid approach to constructing the model. The challenge lies in the integration of 

different approaches. Examples of attempts in this hybrid approach were reported [95, 96].  

However, to simply link the models is not satisfactory. Instead, an experience-based 

heuristic method may be helpful.  

Since this is a new approach in energy consumption modelling, there is a very limited 

amount of research in this category. It can be observed in previous research that no single 

model can address the energy consumption modelling issue in machining systems 

because of their complexity. 
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In summary, it can be concluded that in the development of an energy-efficient 

machining system, the energy consumption model plays an irreplaceable role. The 

literature suggests that research effort is still needed. It is convincing that today one of the 

most important barriers to estimating energy usage in production is the limited knowledge 

and limited capability of energy models. Application of an energy consumption model to 

actually reduce energy usage would be more beneficial. So far, energy data is not 

regarded as an integral part of a machining system [97]. Hence, at the modelling stage, 

attention must be paid to the application or process in which the model would be used. 

2.3 Optimisation of Energy Consumption 

Knowing merely the energy consumption of the machine tool, or even the entire system, 

does not meet the objective of an energy-efficient machining system. Reducing or 

optimising it is the ultimate goal. The limited existing studies in the Computer Aided 

technologies (CAx) chain indicate that energy optimisation concerns are mostly involved 

in a Computer Aided Process Planning (CAPP) process, while others are addressed in the 

control domain. Generally in CAPP, the majority of CAPP processes, heretofore, have 

been performed offline, considering the resources that should be available when the 

actual machining takes place. Online predictive process planning is being studied as being 

the more intelligent method, considering the dynamic environment on the shop-floor. 

However, in either approach, an accurate theoretical model of energy consumption, as a 

powerful tool for energy reduction [24], is critical. In the control domain, two types of 

control strategy apply; open-loop and closed-loop. Machines basically follow the 

programmed instructions, some of which are possibly optimised, to fabricate the part in 

an open-loop control. However, in the closed-loop control, machines get feedback from 

signal collectors, such as position sensor and vibration sensor, and then evaluate the 

current situation so that modification may be made. This is regarded as being smarter. 

Existing efforts focus on providing appropriate machine tool models [98] and energy 

information to controllers [99, 100]. Little has been reported on the energy-efficient 

control strategies, which consider energy as one objective to optimise rather than a 

constraint to meet. In order to effectively optimise energy output, an intelligent 

combination of process planning and control should be considered. The literature found in 

this area reveals more research has been done in process planning than control. 
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2.3.1 Energy-efficient Process Planning 

Process planning is the link between design and manufacturing processes (Figure 2.8), 

and is concerned with determining the sequence of individual operations needed to 

produce a designed part. Currently, process planning is mostly performed before actual 

machining takes place, as it usually takes a significant amount of time and requires 

sufficient information to make a decision. Trade-offs between different manufacturing 

goals is the core means to obtaining the best manufacturing sequence. In energy-efficient 

process planning, energy consumption is taken into consideration, which adds another 

dimension to this problem. 

Sheng et al. stated that in order to fully evaluate the trade-offs in these different 

alternatives, a set of quantifiable dimensions such as energy consumption, production rate, 

mass flow of waste streams and quality parameters needs to be analysed at the planning 

state [101]. Then they comprehensively presented a feature-based two-phase planning 

scheme; micro and macro-planning. In micro-planning, predictive models were used in 

obtaining process energy, machining time, mass of waste streams and quality parameters 

[102]. Specific settings of parameters, tooling, and cutting fluids were determined at this 

stage also. In macro-planning, the interrelationship between intersecting features was 

focused on generating the overall sequence. A three-stage decomposing algorithm was 

proposed and verified in a case study. In addition, micro and macro-planning were 

integrated as an analytical platform [103]. A prototype process planner based on the 

above scheme was proposed as an advisory environmental agent, to interact with a 

conventional planner [104]. 
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Figure 2.8 An example of CAPP system 

The two-phase planning scheme has been widely accepted and subsequent studies seem 

to have an emphasis on micro-planning. The micro-planning stage is often recognised as 

machining parameter selection. Zhu et al. [105] investigated the approaches to determine 

the optimal parameters for grinding processes. Grinding force, specific energy, 

temperature, and surface roughness were taken into consideration in their dynamic 

modelling strategy. 

Kaldos et al. [106] developed a simulation model to calculate machining parameters for 

high-speed milling. Under the proposed model, an optimisation algorithm was developed 

by integrating parameter selection and machining constraints. It is worth mentioning that 

high-speed milling, as one of the emerging cutting processes, has potential in total energy 

saving through its fast material removal rate. A process planning support system for green 

manufacturing was proposed by He et al. [107]. It aims to address optimisation problems, 

including energy-efficient process planning. Also, reduction of material consumption and 

environmental impact is also being pursued. 

Gupta et al. [108] employed a hybrid Taguchi-fuzzy approach for multiple output 

optimisation of high-speed turning. The machining parameters, that is, cutting speed, 

feed-rate, depth of cut, nose radius and cutting environment, are explored and optimised 

with consideration of surface roughness, tool life, cutting force and power consumption, 

separately and together, based on the model proposed by  Kadirgama and Abou-El-
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Hossein [73]. Mori et al. [109] reported three case studies of power consumption change, 

in respect to various cutting conditions, deep hole drilling, and synchronisation of spindle 

speed and rapid traverse. In all these cases, optimal power use could be achieved. They 

also appealed to the machine tool manufacturers to contribute by developing advanced 

functions for machines, for example, synchronising spindle acceleration with rapid 

traverse. 

For drilling, Klocke et al. [110] derived an energy model from cutting force, cutting 

power, and specific cutting energy. A multi-objective nonlinear programming model for 

process planning was developed by Jin et al. [111], aimed at minimising machining cost, 

time and environmental impact. An [112] formulated parameter optimisation in a 

mathematical model for turning processes. Cutting speed, feed-rate, depth of cut, tool life, 

surface roughness, cutting force and cutting power consumption were considered as the 

constraints. Integer, nonlinear programming as well as a genetic algorithm were used to 

solve the problem. Another model developed by Rajemi et al. to optimise energy footprint 

in turning processes was reported on [113]. It highlighted the fact that improvement of 

energy efficiency could be made using existing machines. The philosophy of optimisation 

was to obtain an optimal tool life that satisfies the minimum energy criterion. The results 

suggested that the critical parameters in the tool life equation included the power required 

to start the machine tool and put it in an idle state, the energy for tool manufacture, tool 

change time and cutting speed exponents. 

Calvanese et al. studied the energy consumption by a milling centre during the usage 

phase, showing that selection of the main process parameters, for example, cutting speed 

and feed-rate can lead to energy savings [114]. The optimisation procedure considered 

tool wear and embedded energy to produce the tools. They also exploited a developed and 

experimentally updated analytical model. Taha et al. [115] found a linkage of energy 

consumption with design features in turning processes. The experiments considered 

various combinations of machining parameters, that is, spindle speed and feed-rate, in 

order to obtain energy consumption. It was clearly shown that a selected combination can 

be used to optimise energy consumption. They recommended establishing the relationship 

between design, materials and machining parameters, in such a manner that more a 
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practical system could be developed to assess environmental impact early in the design 

process. 

2.3.2 Energy-efficient Production Scheduling 

Given that more than 40 per cent of the total energy is consumed in system idle and losses 

(Figure 2.6), studies on energy-efficient production scheduling have been conducted to 

effectively manipulate the machine tools. Three primary states have been identified, 

namely, machining, start/stop, and idle. The optimisation methods aim to minimise 

indirect and non-value added energy usage. Although the pattern of production 

scheduling differs from factory to factory, it is deemed a fairly practical means to reduce 

energy consumption. 

Arinez and Biller [49] stated a common trend is to reduce energy consumption during 

non-productive times, as it represents a relatively easy opportunity for improvement. 

Mouzon et al. [50] proposed operational methods using a multi-objective programming 

model. The basic proposal was to decide whether to leave the machine idling or turn it off 

for a pre-determined amount of time. The decision was made by comparison of the 

start/stop energy with idle energy. Also, they applied a neural network to predict the jobs’ 

arrival time. Cannata et al. [116] presented a six-step procedure to effectively support 

energy efficiency analysis, management, and control.  Three scheduling scenarios were 

presented as an application of the procedure. It revealed a similar concept to Mouzon’s 

work. 

Likewise, optimising energy consumption by turning off idle machines is adopted in 

GINSENG [117], one of the European Union’s Framework 7 Program. Yan and Fei [118] 

presented a case study for a batch of seven-gear jobs to demonstrate a practical 

scheduling activity that considers energy consumption. An optimal scheduling scheme 

can save up to 22 per cent of energy consumption for machining just seven jobs. 

Pechmann and Schöler [51] studied the optimisation of energy costs by intelligent 

production scheduling to avoid an energy peak. 

It can be concluded from the literature that very few successful energy consumption 

models (See Section 2.2) have been applied to optimisation. Addressing two major issues 
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could prompt a breakthrough. One is a comprehensive and accurate energy model as 

discussed previously, and the other is adequately and timely monitoring of energy 

information [119]. A brief review of energy monitoring of machining systems is given 

here. Behrendt et al. developed a procedure for monitoring the energy consumption of a 

CNC machine [120] and Hu et al. adopted an online approach and developed a software 

tool to assist similar monitoring tasks [121]. A possible means of timely monitoring is 

adoption of a light-weight standardised protocol, such as MTConnect. It is a relatively 

new standard to facilitate the organised retrieval of process information from CNC 

machines [122]. Studies imply the vast potential of adopting standards to support energy-

efficient machining [123, 124]. A framework to automate the monitoring and analysis of 

energy consumption based on MTConnect, was proposed [125]. However, most of the 

studies reported were conducted based on incomplete data from experiments, or statistical 

data or even assumption. This makes the results hard to apply in daily practice. For 

instance, it was concluded that a combination of middle-level cutting speed and tool 

radius, lower-level feed-rate and depth of cut, and a cryogenic machining environment 

yielded the optimal result [108]. The relationship between optimal energy usage and 

parameters is indicative of optimisation in future operations. Further research is still 

necessary. 

2.4 Use of Energy Data 

Energy data can be used in a number of different applications. In reality however, 

pursuing energy savings is not always the key objective. Manufacturers, who are often 

profit-driven, will consider energy reduction only if it represents a significant portion of 

cost or is compulsory under laws and regulations. Other than the energy modelling and 

optimisation introduced above, energy-efficient machining systems can also provide 

helpful information or feedback on shop-floor data to productively guide operations. 

Preliminary adoption of energy data is reported largely in Tool Condition Monitoring 

(TCM), clean machining and new machine tool design. 

2.4.1 Tool Condition Monitoring 

Tool condition monitoring is a well-established research field. An early review on tool 

condition monitoring in terms of research and industrial application was by Byrne et al. 
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[126]. Contemporary TCM systems have been developed based on AI models [127], 

using advanced techniques [128]. Rehorn et al. [129] summarised monitoring methods for 

different processes. To use the rich feedback data from the TCM, effective control 

strategies can be applied [130]. Hundreds of publications could be based in this area. 

Here, the author describes it as a popular means to incorporate energy information with 

tool condition indicators. In this manner, intensive materials in tool condition monitoring 

methods, techniques and systems are not covered, except the ones that reflect the status of 

energy data in TCM applications. 

From model development, it was noted that an energy model can be derived from models 

of cutting force, torque, or power consumption. This expands the feasibility of employing 

energy information. Lee and Tarng [131] presented an application using the spindle motor 

current to monitor tool failure in end-milling operations. The multi-level signal 

decomposition method they proposed extracted the tool failure feature from the spindle 

motor current using a discrete wavelet transformation. Kim et al. [132] used spindle 

motor power to estimate online tool wear for drilling processes. The model they adopted 

considers the drill wear and the contact friction by integrating the drilling model with the 

spindle drive model. Thus, drilling torque is ready to connect drill wear and spindle 

power. Amer et al. [133] proposed a tooth (cutting edge) rotation energy estimation 

technique. It focused on the average tooth rotation energy and its variations to determine 

tool condition. A pilot system was implemented on a vertical milling machine by 

monitoring the spindle speed and load signals. Al-Sulaiman et al. [134] applied a method 

of online TCM using differential power consumption for drilling processes. In their 

technique, only the power for actual drilling was recorded, neglecting the power for 

running the spindle. The results, considering drill diameter, speed, and feed-rate, showed 

that differential electrical power is a better indicator of tool wear than conventional 

mechanical power. To deal with the emerging use of linear motors in High Speed 

Machining (HSM), Li et al. [135] presented a TCM strategy for this type of motor, 

particularly using the motor current. They confirmed that the dynamic component of 

motor current directly correlates to cutting force, thus can be used to capture the abrupt 

changes which imply tool breakage. 
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The existing TCM research, regardless of using cutting force, power or energy data, 

proves that energy-related information is applicable. Also, by means of motor current or 

power, it is much cheaper as well as more flexible than use of cutting force. It often does 

not require an additional sensor to be installed, thus, is easy to set up [133]. An apparent 

limitation is less accuracy and reliability of current or power data compared with others, 

for example, acoustic emission. As summarised above, energy information currently can 

effectively be used to determine tool breakage or failure, because it is a fatal event during 

a process. The real challenge is how to use the energy information to achieve continuous 

monitoring of system condition. 

2.4.2 Clean Machining 

Clean machining systems aim to minimise environmental impacts to the greatest extent. 

In reducing energy consumption, carbon dioxide emissions have become a strong factor 

[12]. The carbon emission signature was proposed to directly relate the energy usage to 

carbon emissions [136]. At the same time, minimising the cutting fluids used in 

machining also attracts attention. A strategic approach to clean machining processes is 

presented by Byrne et al. [137]. It examined cutting fluids, tool materials and wet chips 

disposal. Dry machining and minimum quantity lubrication (MQL) machining were 

explored as potential solutions. Popke et al. [138] presented experimental results to create 

MQL and dry machining for drilling, boring and reaming processes. However, it is 

controversial to state that with the reduction of cutting fluids, energy consumption 

increases dramatically and tool wear accelerates. These problems indirectly contribute to 

environmental impact. Weinert et al. [139] conducted a comprehensive study on this, 

highlighted the problems encountered, listed and compared different technological 

solutions, and summarised the best application area for each technique. With accurate and 

complete energy information offered by an energy-efficient machining system, an optimal 

balance could be achieved. 

2.4.3 New Machine Tool Design 

It seems there is limited scope to attain energy savings using the traditional machine 

structure. Among the factors impacting on energy consumption, machine tool structure 

seems to be the most significant [42]. With the improvement of machine capability and 
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functionality, this issue remains debatable. Redesigning the machine tool structure is not 

an easy job; it is considered ideal practice to some extent, however. Partial improvement 

can be achieved by employing energy-efficient solutions to some machine tool units, such 

as hydraulics [140]. The literature suggests an interesting research topic, that is, light-

weight design for energy saving, but it is only at the early stage [141, 142]. The concept 

is based on observations of existing machine tools. The use phase of machines accounts 

for 95 per cent of its total ecological impact associated with energy consumption [142]. It 

is foreseen that the large percentage of energy consumed in moving masses and 

maintaining high standby power demand could be reduced by using a light-weight design 

[143]. Nonetheless, light-weight design may lead to reduced stiffness and damping, 

which may compromise productivity and accuracy. This type of research is regarded as 

just the first step in redesigning machine tools. A holistic system that comprises the 

mechanical and electrical systems, control and manufacturing processes could eventually 

achieve reasonable energy savings. 

2.5 Issue of Data Interoperability 

The requirements of modern machining systems to be flexible, reconfigurable, and 

sustainable encourage more collaboration between different companies. The resultant 

business environment is increasingly distributed and complex. Hence, data exchange 

between these companies becomes considerably more frequent than before. Moreover, 

computer-aided systems adopted by each company have their own data format, so the 

same information is entered multiple times into different systems, leading to possible data 

redundancy and error. Accordingly, this time-consuming process contributes a significant 

part of the total cost [144]. There are generally two types of data interoperability issues. 

One is data exchange between stages along the CAx chain, that is, CAD, CAPP, CAM 

and CNC; the other is data exchange between different tools at one particular stage, for 

example, CAM tools from different vendors. Fundamental incompatibilities between 

different product entities greatly complicate exchanging modelling data between the 

CAD/CAPP/CAM/CNC systems. 

In fact, industry vendors and users have long been seeking a common language to be used 

in an integrated environment that can describe and translate the knowledge of each stage 



Chapter 2 – Literature Review 

 

44 | P a g e  
 
 

throughout a product life cycle. Many solutions have been proposed, among which, 

having a neutral format is best-accepted. The aim is to define an open, standardised and 

vendor-independent data format to benefit a wider range of users. Such an approach 

allows the manufacturer to avoid developing and maintaining several system-specific 

translators (Figure 2.9a)  and enables applications and equipment to be driven directly 

from a common and neutral data structure (Figure 2.9b) [145]. 

 

Figure 2.9 Exchanging product data among dissimilar systems using (a) direct translators 

(b) a neutral database (redrawn from [145]) 

G&M code programming [30], which is based on a tool path and machine status 

description, still dominates the output of CAM systems and is extensively used by CNC 

machine tools. It is now considered a bottleneck for making these machines adaptable and 

interoperable. A number of solutions have been proposed towards a standard means of 

data exchange such as SET, Verband der Deutschen Automobilindustrie (VDA) and 

Initial Graphics Exchange Specification (IGES), which were partially successful [146]. 

The STandard for Exchange of Product data model (STEP), being perhaps the most 

successful international standard so far, provides a mechanism that is capable of 

describing product data independent of any specific system. The nature of this description 

makes it suitable not only for neutral file exchange, but also as a basis for implementing, 

sharing and archiving product databases. STEP provides fast, reliable data exchange 
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between partners and suppliers using different systems and extensive STEP capabilities 

have been developed for multiple industries, such as the automotive industry [147]. For 

manufacturing, STEP-compliant Numerical Control, known as STEP-NC, was designed 

for the machining industry. STEP-NC is task-oriented, fully compliant with the STEP 

standard and enables bi-directional information flow. It is standardised in ISO 14649 [148, 

149] and ISO 10303, AP-238 [150]. A more detailed description of STEP standards is 

given in Section 4.5 in Chapter 4. 

Another emerging technology that enhances interoperability is Function block technology. 

It is an IEC standard for distributed industrial processes and control systems. They can be 

used for CNC controls to encapsulate machining data, such as machining features and 

their necessary algorithms [151]. It is based on an explicit event-driven model and also 

provides data flow and finite-state automata-based control. It is thus relevant to 

distributed CNC machining for interoperable manufacturing. Section 4.4 gives a full 

introduction of Function blocks. Research to improve data interoperability has been 

conducted to promote, validate, implement and further extend the standards. It is still on-

going world-wide.  

In an energy-efficient machining system, a holistic view of all processes involved is 

required, so comprehensive data representation is perhaps most important. As discussed 

in previous sections, having an appropriate energy model, designing an energy 

optimisation strategy, and developing an energy monitoring system all have a notable 

contribution. However, the data structure that seamlessly integrates these parts is, in fact, 

the foundation. There is abundant data related to energy data analysis in a machining 

process, such as cutting tools data and materials data. Energy behaviour is normally 

machine- and operation-specific. Data will be frequently visited and consulted for any 

decision-making in an energy-efficient fashion. Representing these energy data in a 

consistent form will certainly reduce ambiguity and information loss during data 

exchange. 

To the best knowledge of the author, there is no standardised way to describe and 

exchange energy data in a machining system. Of all the parts published within STEP-NC 

standards, that is, Part 1 [149], 10 [148], 11 [152], 12 [153], 111 [154], 121 [155], and 

201 [156], very limited energy information is included. Studies on energy consumption 
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modelling and implementation based on Function blocks are also absent. The need to 

address the issue of energy data integration is clearly recognised. Besides the standards 

discussed above, there are many other international standards being developed. For 

example, ISO 14955 envisions establishing a method to evaluate the environmental 

impact of machine tools, including eco-design and testing on metal cutting machines [36]. 

ISO 20140 aims to standardise an evaluation procedure and data model for the 

environmental performance of manufacturing systems [157]. Although both of them are 

still at the draft stage, they may be regarded as good future solutions. 

2.6 Research Gaps 

The author believes that enabling day-to-day energy-efficient activities will be a large 

step towards achieving notable energy savings. The complexity of machining systems, 

such as diverse nature of materials, sophisticated machine tool structure, various types of 

machining operation, makes it not a trivial task. Because of this, it is difficult, if not 

impossible, to find a “panacea” for the system that can solve all problems of producing 

energy-efficient machining systems. The hierarchy structure (Figure 2.1) displays the 

evidence that the more levels are considered in a systematic view, the more complex an 

energy efficiency problem will be. Based on the dispersive literature in the domain of 

energy-efficient machining systems, three noteworthy research gaps are identified as 

follows. 

1. An accurate, comprehensive and yet practical energy model is still missing. 

Energy models under review, believed to be the key to energy-efficient machining, 

were mainly developed for a specific machining process or a particular machine 

tool. Three groups of factors, machine tool structure, set-up conditions, and 

machining parameters, are believed to have impacts on energy consumption, 

among which machine tool structure seems to be the most significant. Newman et 

al. [24] indicated that energy consumption models that are independent of type of 

machine tools or settings, based on the physical or theoretical energy model of a 

machine tool, can provide a powerful tool for reducing the energy consumption. 

However, a single model cannot adequately model energy consumption; it needs 

to be constructed across different levels. Combining the advantages of theoretical 
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and empirical models with high-level discrete state-based models as well as 

human expertise, a hybrid energy model may prove to be effective. The real 

challenge lies in the integration of different models; simply linking the models 

would not be satisfactory. 

 

2. The issue of energy data integration is overlooked. The objectives of energy-

efficient machining systems will not be achieved by barely developing an energy 

model. Applying energy consumption models in applications or systems to 

actually reduce energy usage is more beneficial. Currently, energy data is not 

regarded as an integral part of process planning or optimisation. Studies in energy 

optimisation are conducted mainly in energy-efficient process planning and 

production scheduling. Most research is conducted to address a specific hindrance 

in production, which is sometimes not applicable to another process. This is also 

because limited detailed models have been applied to existing optimisation. There 

exists an integration gap between enterprise information systems and production 

level, which could be bridged by sufficient and timely monitoring of energy 

information. 

 

3. An effective energy analysis and management system should be implemented. To 

deal with energy efficiency in a machining system, one first needs to analyse the 

energy flow a clear and thorough manner. A three-level structure of energy flow 

can be a tool to assist the analysis. By identifying the significance of each 

different component, a well-crafted strategy could be determined as a result. In a 

multi-task production factory, the largest energy share is often consumed during 

machine idle or system loss, which demands research on dynamic scheduling and 

resource planning. In a precise or sophisticated machining process, advanced 

machine tools contribute to the biggest energy usage, most of which is consumed 

by supporting components. This requires particular research on right-sized or 

light-weight components. In a centralised manufacturing enterprise, most energy 

usually flows to infrastructure, for example, HVAC. In this case, the distribution 

of equipment needs to be managed wisely. The complex nature of a machining 

system makes it hard to find a generic and complete remedy for every energy 

efficiency problem. 
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On the whole, it is evident that on the way to energy-efficient machining, intensive efforts 

have been made both by academics and industries. Energy-efficient machining deserves 

significant attention from any organisation that wants to stay competitive in the global 

market. Well-established energy models, rapid and efficacious energy optimisation 

methods and proper employment of the data will surely enhance the energy-efficient 

performance of a machining system. 

2.7 Recap 

In the new era of global competition, energy resources have gained greater attention from 

the machining industry. While renewable and clean energy sources have not been made 

available to the same extent, efforts to improve energy efficiency and reduce 

environmental impact as well as advance competitiveness are still required. 

To have a thorough understand of the research in this area, a comprehensive review has 

been conducted and a collection of literature is presented in this chapter. In different 

machining systems, the pattern of energy consumption varies. A hierarchical structure of 

energy flow was first studied, demonstrating how energy is consumed within an 

enterprise. The preliminary cross-level analysing studies revealed some problems in 

realising truely energy-efficient production. The CNC machining system was then 

focused on and four critical issues investigated, namely, energy consumption modelling, 

optimisation of energy consumption, use of energy data and the issue of data 

interoperability. 

In the research of energy consumption modelling, four types of model are identified 

including theoretical, empirical, state-based, and hybrid models. The theoretical model, 

based on physical principles, such as dynamics, kinematics and thermology, is often 

knowledge-intensive and time-consuming, which is never easily obtained. The empirical 

model has the advantage of statistical analysis and artificial intelligent computing, and is 

commonly applicable to different systems. However, it is less powerful in representing a 

system’s physical reality and relationships. The state-based model initially aims to deal 

with energy modelling for highly sophisticated machine tools, and provides an organising 

framework of integrating different models. By combining theoretical or empirical models 
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with high-level state-based models as well as human expert knowledge, an emerging 

hybrid modelling approach may prove effective. 

The literature suggested that three groups of factors, machine tool structure, set-up 

conditions, and machining parameters, were believed to impact energy consumption, 

among which machine tool structure seems to be most significant. Set-up conditions, 

including lubricant selection, tool rake and oblique angle, and part geometry, were found 

to be more influential than machining parameters. The research outcomes of machining 

parameters appeared to agree that cutting speed and feed-rate make the major contribution, 

followed by depth of cut and width of cut. 

Optimisation of energy consumption deserves to be considered one of the main objectives. 

The existing studies along the CAx chain indicate that energy optimisation concerns are 

mostly involved in a CAPP process, while others are addressed in the control domain. 

Energy-efficient process planning and production scheduling are reviewed more deeply. 

In addition, a considerable reduction in energy consumption is possible through careful 

monitoring and analysis of energy consumption behaviour, and equipment modifications 

are occasionally required. The development of optimal energy control strategies and 

devices seems to be a largely untouched area. 

Tool condition monitoring is the field where energy consumption data is primarily 

applied. The use of current or power meters leads to a less expensive but more flexible 

solution. There is no additional sensor to be installed, thus it is suitable for intermittent 

measurements. An apparent limitation is less accuracy and reliability of current or power 

data compared with others, such as acoustic emissions. Likewise, energy data has a large 

impact on clean machining and is supportive of new machine tool design. 

Data interoperability is an important issue for the modern machining industry, due to the 

wide application of proprietary software tools. The research addressing such issues was 

reviewed. Though many solutions have been proposed and developed over the years, 

energy data is constantly excluded. In an energy-efficient machining system, a holistic 

view of all processes involved is required, thus comprehensive data representation is 

perhaps the most important supplementary. Therefore, the need to enhance energy data 

integration is recognised and highlighted in this chapter. 
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Finally, founded on the dispersive literature in the domain of energy-efficient machining 

systems, three noteworthy research gaps have been identified. They are: the absence of an 

accurate, comprehensive and practical energy model, the neglect of energy data 

integration and the undeveloped implementation of an energy analysis and management 

system. 
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Chapter 3 

System Framework 

This chapter describes the developed framework of a Global Energy-efficient Machining 

System (GEMS). The research motivations presented in Chapter 2 have been used as the 

foundation for outlining a set of requirements for developing the system framework. As 

one of the outcomes of this research, the framework aims to summarise the essential 

elements and provide guidance to realise a true energy-efficient machining. Based on 

existing literature, an energy-efficient machining system should embody four modules, to 

build a concrete energy-efficient machining system, tailored to meet the specific needs of 

an enterprise. They are an advanced energy monitoring system to create adequate 

awareness of the energy-efficient data; comprehensive energy data analysis; an advanced 

CNC controller, and an all-inclusive database. 

The first section of this chapter introduces the basic functional requirements and relevant 

processes. Following that, the system architecture is presented with detailed explanations 

of four constituent modules; energy monitoring and metering module, Energy analysis 

and optimisation module, Energy-based optimal control module and Databases. 

Subsequently, the relationships and information flows between different modules are 

discussed to demonstrate the full advantages, capabilities and functionalities of this 

framework. The core features are summarised as: overall energy efficiency, smart 
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decision making, reliable and adaptive energy analysis, and tight system integration. 

Moreover, key issues in realising a concrete energy-efficient machining system are 

highlighted. Together with research gaps identified in Chapter 2, the research focuses in 

this thesis are given at the end of this chapter. 

The majority of the research work reported in this chapter is based on a paper published 

in the International Journal of Sustainable Engineering [158], and the initial framework 

was presented at the 7th International Conference on Digital Enterprise Technology (DET 

2011) [43]. 

3.1 Elements of an Energy-efficient Machining System 

The issue of energy efficiency in the machining domain has been discussed for many 

years, but it is still challenging and has been difficult to create a true energy-efficient 

machining system until now. This is basically due to the complexity of machining 

systems, and additionally, the real-life constraints. Aiming for overall energy efficiency, 

the existing methods seem to give unsatisfactory outcomes because of their limited scope. 

For example, a real-time monitoring system streams live energy data, such as current 

measurement, but mostly, it is not well connected with an application which can benefit 

from studying and mining the value concealed within the data. Human interference often 

occurs. Either the processed data is not effectively utilised to improve the in-progress 

machining process, or the following processes, as a process re-planning and re-setup is 

usually needed. Though each attempt focused on separate aspects, gradually, the key 

aspects required in developing an energy-efficient machining system became clear. 

This new framework is designed to embody four elements required in the development of 

an energy-efficient machining system. These elements are (1) a suitable energy data 

acquisition system, (2) a truthful energy consumption model, (3) a comprehensive and 

consistent data representation mechanism, and (4) an effective execution system. The 

purpose of each element is explained below: 

1. A suitable energy data acquisition system: 

A data acquisition system is like the “ears” for the machining system, and how 

promptly and accurately it works can greatly affect the value of information it 

receives. In addition, there are a number of sensor or controller signals that may 
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be monitored in a machining system, which makes the design of a suitable energy 

data acquisition system important. The purpose of this element is to “perceive” 

adequate first-hand data from the relevant system, and stream the data according 

to user-specific needs, such as energy consumption modelling 

 

2. A truthful energy consumption model: 

A reliable energy consumption model is the core knowledge in the “brain”, that is, 

a data analysis system. The analysing capabilities developed or “learnt”, based on 

energy consumption models, represent how correctly the acquired data can be 

understood. In the machining domain, energy-related data has been utilised in 

different applications, for example, tool condition monitoring [126, 129] and 

quality control [159, 160]. However, a true energy-efficient machining system 

heavily depends on the energy model functioning beneath. It considers energy 

efficiency one of its major objectives rather than merely a constraint in all 

possible applications, and consequently, full utilises of the energy data. After it is 

processed by the “brain”, energy-related data can either be stored as knowledge or 

be used to guide further actions 

 

3. A comprehensive and standardised data representation mechanism: 

In an energy-efficient machining system, comprehensive data representation is 

perhaps the most important element. As we know, there is abundant data related to 

energy data analysis in a machining process, for example, cutting tools data and 

materials data. Moreover, energy behaviour is normally machine- and operation-

specific. The data will be frequently visited and consulted for any decision making 

in an energy-efficient fashion. Representing these data in a consistent form 

reduces the ambiguity and information loss during data exchange. Also, the 

“knowledge” created by the “brain” of different applications, for example, an 

energy consumption model of a machining system or optimal settings of a process, 

can be maintained in a standardised format 

 

4. An effective execution system: 

The principal execution system is machine control, which can be regarded as the 

“arms and hands”. The reason for using the term “arms and hands” is to 

emphasise the importance of its intelligence and effectiveness, however, it does 
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not imply all the decisions are made by the “brain”. An effective execution system 

is also able to employ and process monitored data directly. A smart energy-based 

control, for example, can execute commands adapted to the actual machining 

situation. Obviously, the purpose of having such an element is to develop an 

execution system that can understand and manage a machine tool’s behaviour 

autonomously during a machining process. 

 

With achieving overall energy efficiency in mind, a machining system should bridge 

these isolated “islands of technology”, to integrate them seamlessly and intelligently. 

“Seamlessly” means the data exchange and transferring between different processes in a 

machining system, such as monitoring and processing, can be done without information 

loss or human interference. “Intelligently” implies the system can select the right data, 

perform a suitable analysis, and put it into execution adaptively and automatically. 

3.2 System Architecture and Functional Modules 

It is now widely acknowledged in the machining domain, that achieving energy efficiency 

not only reduces energy cost and environmental impact, but establishes a sustainable 

strategy for a company and favourable profile for its customers, which brings long-term 

benefits. The development of the system architecture was envisaged as providing an 

overall energy-efficient, intelligent, and integrated machining system. In achieving this 

outcome, CNC machining systems must be made accessible and adaptable, with energy 

efficiency in mind at every point of the product life cycle. 

As such, designated monitoring of energy behaviour, comprehensive energy data analysis, 

ingenious machine control, and an extensive energy knowledge and database were 

embodied, producing the integrated architecture of a Global Energy-efficient Machining 

System (GEMS). The framework is illustrated in Figure 3.1. 

The system architecture is designed to cater for a four-step closed-loop information flow, 

starting from constructing high-level data for energy-efficient process planning (selected 

as the first step in a closed-loop), producing a part program for machine tool control, and 

acquiring genuine data from machining processes as feedback for process planning or 

online machine control. Finally, energy-related knowledge, such as energy consumption 

history and energy ratings and machining resources data, are preserved in databases. A 
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representative example of information flow is explained in Section 3.3. Basically, the four 

steps of information flow occur between four functional modules proposed in the GEMS: 

1. Energy monitoring and metering module: 

The first element presented in Section 3.1 is considered mainly in the design of 

the energy monitoring and metering module. A few aspects of the second and 

third elements are also included 

2. Energy analysis and optimisation module: 

The second and third elements are heavily involved in the development of the 

energy analysis and optimisation module 

3. Energy-based optimal control module: 

The third and fourth elements are tightly incorporated in developing the energy-

based optimal control module 

4. Databases: 

The third element is the major concern and is instrumental in building the 

knowledge and databases 

 

The functionality of each module will be explained in detail in the following sub-sections. 

3.2.1 Energy Monitoring and Metering Module 

Traditionally, energy costs in machining have been considered an overhead cost. 

However, they can no longer be treated as an overhead, but a strategically manageable 

resource, due to a dramatic increase in energy costs in the last decade. This can only be 

achieved by gathering energy consumption data by monitoring and metering. Kara et al. 

[44] summarised critical aspects of energy monitoring and metering in manufacturing 

systems, and laid an emphasis on the importance of a well-designed monitoring and 

metering strategy. The need for this functional module is evident. In the GEMS, an 

energy monitoring and metering module is a critical connection between machining 

equipment (in the form of hardware) and energy analysis and control (in the form of 

software). The use of this module is not limited to streaming online energy data, but also 

provides knowledge on equipment selection and data structuring. Energy flow at the 

different levels in a machining system (Figure 2.1) is reflected in this module. 
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Figure 3.1 Framework of a Global Energy-efficient Machining System
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The major data inputs to this module are energy-related signals captured by a set of 

sensors, and the status of a machine controller. Two sets of data, energy performance 

indicators and monitored data, are output to the energy analysis and optimisation module 

and the energy-based optimal control module respectively. The measuring instruments 

have been designed to cover various energy-related signals, for example, the current 

meter, dynamometer and accelerometer. Some have been developed for highly accurate 

monitoring, such as a dynamometer, while others have been designed to suit a variety of 

tasks, for example, multi-meters. The purpose of monitoring and the required data outputs 

have a significant impact on the selection of equipment. Each piece of the equipment has 

different technical specifications that need to be examined against each task required. 

Selecting the most cost-effective solution requires a clear vision of the anticipated 

outcomes. Zein et al. [161] listed a number of energy-efficient measures for the 

machining industry and also discussed how to select and prioritise the energy efficient 

measures necessary to create adequate awareness. 

After installation of designated sensors, energy-related signals then can be transferred via 

an available network, such as a cable connection or internet. These energy data should be 

appropriately processed and formatted. For example, the vibration signal acquired by an 

accelerometer needs to be filtered, converted into energy-related value and then formatted 

according to the requirements of the requester. Various studies have identified the vast 

potential of adopting standards to support energy-efficient monitoring [123, 124]. As an 

example, MTConnect [59], designed to foster greater interoperability between shop-floor 

and monitoring applications, is one such emerging standard, as is OPC Unified 

Architecture [162]. The standardised data exchange protocol unifies the data format and 

facilitates the dialogue between devices and applications. 

Besides the data organising structure suggested in Figure 2.1, that is, enterprise level, 

shop-floor level and process level, the energy-related data can be grouped into three, 

namely direct, indirect and non-value added energy consumption data. For instance, 

cutting power is regarded as direct energy consumption, while a vibration signal is 

considered non-value-added energy consumption, to be reduced or eliminated, in 

consideration of safety and quality concerns. In this way, data can be easily accessed and 

manipulated for an energy-efficient machining purpose. 
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Some typical characteristics of monitoring at the process level, as the primary focus of 

this research, are summarised below: 

 A single process, machine, or component is being monitored, and the actual 

process monitoring is mostly considered to be short term rather than continuous 

 The investment for equipment at this level is estimated to be high because of 

highly sophisticated monitoring systems 

 This high data volume enables real-time monitoring, but concurrently makes 

logging applications very data intensive 

 Highly dynamic behaviour is likely to be seen in high speed machining processes 

or robotic applications, whereas low dynamic processes can be seen in thermal or 

galvanic processes 

 The source of the harmonic distortion and low power factor can also be found and 

compensated for by using continuous process monitoring as an input for closed 

loop controls 

 

An energy monitoring module comprised of dynamometer, tachometer and wattmeter was 

developed in this research for energy modelling purposes. More details are provided in 

Chapter 5. 

3.2.2 Energy Analysis and Optimisation Module 

It has been acknowledged that energy analysis and optimisation are vital steps towards 

achieving energy efficiency. The literature indicates a great amount of research effort on 

energy-efficient process planning and production scheduling. In GEMS, the applications 

of energy analysis and optimisation are extensive. 

The key features of this module are model-based and knowledge-based. A model-based 

module highlights that an energy consumption model is the basis of performing any 

energy analysis or optimisation task. The use of an energy consumption model ensures 

the consistency, accuracy, and reliability of the analysis results. Also, an entire analysis 

can be done by an autonomous system while considering available machining resources 

and actual constraints. Human interference is minimised. Cutting-edge computing 

technology brings immense benefit and potential, particularly in applications which 

involve heavy computation or complex relationships. For example, multi-objective 
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optimisation in a process planning system can be easily performed by the inclusion of 

additional models, such as a surface finish model or production time model. A 

knowledge-based module is another feature, which means energy consumption behaviour, 

patterns, and historical data are captured when necessary, interpreted into meaningful 

indicators, and maintained as knowledge in the databases. An energy analysis or 

optimisation task can then retrieve this knowledge and use it to directly assist a decision-

making process or refine an energy consumption model. Moreover, this knowledge-based 

module allows expertise and empirical experience from engineers to be represented and 

stored. Thus, valuable human knowledge is retained. 

The main data input to this module is from the energy monitoring and metering module. 

However, it manages what to monitor rather than simply accepting what is monitored. 

Depending on the purpose of an analysis task, this module reads the relevant signals. Two 

types of analysis are intended in this module, online analysis and statistical analysis. 

Online analysis, as the name implies, aims to take real-time signals from a machining 

system and make adjustments during an ongoing process. In an online analysis, 

monitored data is analysed in the loop to support real-time machine control. For example, 

to determine energy-efficient machining parameters, a cutting force or power signal is 

usually selected to be monitored. Typical functionalities, for example, energy-efficient 

process planning, energy-efficient production scheduling and machine condition 

monitoring, are also included. The other data input to this module is from comprehensive 

databases to support different types of analysis. When optimising the machining 

parameters, machine tool information, cutting tool and material properties are 

deterministically influential. Statistical analysis, otherwise, intends to make better use of 

the required data to upgrade a system’s performance. In a statistical analysis, one can 

study the pattern of energy consumption or derive an energy performance indicator based 

on extensive and historical data processing. Energy model revision and energy ratings can 

also be conducted. The results are stored in the databases and provided to other 

applications, such as Computer-aided Design (CAD) and Enterprise Resource Planning 

(ERP) for consultation. 

The two sets of data output of this module are: an energy-efficient process plan for an 

energy-based optimal control module, and energy consumption data and knowledge 

moved to databases. The former is able to be interpreted and executed by a machine tool 
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controller to guide the actual machining, while the latter is archived for future reference. 

As stated in Section 3.1, energy data will be frequently visited and consulted for any 

decision-making considering energy efficiency. This is particularly true in this module; 

standardised data representation and exchange for machine tool controllers and databases 

is therefore studied and presented in Chapter 6. 

3.2.3 Energy-based Optimal Control Module 

In the machining domain, the primary functions of CNC are focused on machine control. 

In spite of the diverse control activities required, all CNC machines are programmed to 

accomplish three major tasks, positioning, motion and miscellaneous machine functions 

[163]. Modern machine tools have capabilities such as multi-axis control, adaptive and 

robust control, error compensation, and multi-tasking. These capabilities have made the 

programming task increasingly difficult, based on conventional machine control, even 

with the assistance of CAD/CAM software. 

The need for open, adaptable, interoperable and intelligent CNC controllers has been 

recognised by both the industry and academia; however, how to form a radical 

transformation from a traditional machine control to a next-generation controller with 

such abilities is unresolved. Earlier research has been conducted by three active industrial 

consortiums, OSACA (Open System Architecture for Controls with Automation system), 

OMAC (Organisation for Machine Automation and Control) and OSEC (Open System 

Environment for Controllers), which have promoted and been engaged in developing an 

open architecture controller. The main common factor is the intention of providing a 

vendor-neutral controller independent of single proprietary interests to ensure wide 

acceptance and utilisation of the controller [164]. 

In developing an energy-based optimal control, the aforementioned initiatives should be 

considered. Existing efforts aimed primarily to provide appropriate machine tool models 

[95, 98] and energy information to controllers in a standardised manner [99, 100]. These 

energy-efficient control strategies, which consider energy an important objective to 

optimise rather than a constraint to meet, are still in demand, as is the implementation of a 

tangible CNC controller. 
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To cater for a wide range of machine tools (from manual operated to highly sophisticated), 

open- and closed-loop control tactics are both supported in an energy-based optimal 

control module. The three sets of data input to this module, energy performance indicator, 

energy-efficient process plan and energy-related data, come from three other modules of 

the GEMS framework respectively. 

In an open-loop scenario, the controller (or human operator) reads an energy-efficient 

process plan or part program generated by the energy analysis and optimisation module 

and executes the machining operations. Databases can supply the control module with 

energy-related data if some machining adjustments are needed. It is similar to the current 

procedure, so that less effort on machine tool modification is required in terms of time 

and cost. However, it requires good knowledge of the actual machining system and leaves 

little flexibility and adaptivity for the operators on the shop-floor. In a closed-loop 

situation, on the other hand, monitored data and feedback from the in-progress machining 

process are considered. The energy performance indicators, which are designated in the 

analysis module, are meaningful values to reflect machining condition. Compared with 

the normal procedure presented as in an open-loop scenario, more freedom and 

intelligence is given to the controller to attempt last-minute changes or real-time 

responses. However, a notable limitation is that some modifications on the existing 

machines are often prerequisite, for example, additional sensors setup or redesigning the 

machine controller. These modifications can be realised by machine tool vendors or 

skilled machinists. 

To enhance the next-generation controller’s performance in achieving global energy 

efficiency, this research work focuses on energy data standardisation and tight integration 

with complete production data. The development of advanced control equipment, cutting-

edge control technology, and effective communication protocols are out of the scope, but 

are important issues to be addressed in this module. 

3.2.4 Databases 

All of the modules introduced above have led to a critical point, that is, the need for a 

comprehensive, standardised and easily accessible database, in order to correctly perform 

all kinds of energy-efficient activities. 
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For this reason, a number of databases are intended to be constructed in the GEMS 

framework, that is, databases for machine tools, cutting tools, materials, and energy 

information. They are organised in a separate module, namely databases as shown in the 

top-right rectangle of Figure 3.1. The data exchange with energy analysis module and 

energy-based optimal control module are both bidirectional. This is where standardised 

data representation and exchange can be beneficial. The functionality of the database is 

straightforward and its relationship with other modules need not be explained again. 

The uniqueness of this module is the inclusion and preservation of energy information. 

The energy reference database developed stores energy consumption profiles of previous 

machining processes, energy-related parameter configurations and technical know-how, 

for example, the energy ratings of a machining process, which can be used to evaluate 

future processes. This database is combined with the machine tool database, because 

energy consumption data is often machine tool dependent, meaning a machine tool’s 

structure, capability and condition all affect actual energy usage. The same part machined 

using different machine tools often yields a different energy consumption rate. Actually, 

acquiring energy data in a machining system, especially in the real industry, is usually 

disregarded and discovering its potential value is somehow neglected. To date, there are 

merely a handful of machining systems that intermittently capture energy data for a 

certain purpose. A well-established and shared database to maintain this useful energy 

information is missing. 

Continuous work done by different standardisation organisations, such as the 

International Organisation for Standardisation (ISO), produces an integrated environment 

to include energy data in production. Several international standards regarding the issues 

of energy efficiency in machining systems are being drafted and reviewed, for example, 

ISO 14955-1 (Environmental evaluation of machine tools – Part 1: Design methodology 

for energy-efficient machine tools) [36] and ISO 20140-1 (Evaluating energy efficiency 

and other factors of manufacturing systems that influence the environment  –  Part 1: 

Overview and general principles) [157]. With the formal publishing of the new ISO 

14649-201 (Data Model for Computerized Numerical Controllers: Part 201 Machine tool 

data for Cutting process) [156], machine tool information can be represented in a 

standardised format. Figure 3.2 depicts the structured data models defined in ISO 14649-

201, and basic environmental evaluation such as power usage is already considered. It is 
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identified as a suitable starting point to integrating energy data models developed in this 

research. Detailed energy data models are presented and explained in Chapter 6, and 

implementation of an energy database can be found in Chapter 7. 

 

Figure 3.2 Structured machine tool data models defined in ISO 14649-201 

To sum up, the GEMS framework is described in four functional modules. In this 

research, it serves as a guideline to developing a concrete energy-efficient machining 

system. Energy analysis and an optimisation module and databases were focused on and 

developed primarily in order to address the key issues identified in Section 3.4. Although 
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it was initially developed for conventional machining processes, such as milling, turning 

and drilling, the concept can easily be applied to other traditional machining processes, 

for example, shaping and grinding, with minor amendments. 

3.3 Information Flow 

In this section, the information flow inside the proposed GEMS framework is discussed, 

with a typical energy-efficient production chain as an example. How the four modules 

would function collaboratively is given, to make the use of the GEMS framework easily 

understood. 

Figure 3.3 shows a detailed GEMS system design, which embodies three activities in a 

production chain; energy-efficient process planning, energy-efficient machining and 

energy knowledge reposition. A closed-loop information flow applies. 

 

Figure 3.3 IDEF0 diagram for an example of a detailed GEMS system design 

Product design information, such as machining features, from the design stage is 

considered the starting point of the information flow. Fixture information, energy 

information, and online information from machining processes, together if it is available, 
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form the inputs for an energy-efficient process planning process. Energy information here 

includes energy consumption references, and energy ratings and the rest, which are 

obtained from the databases module in the GEMS. Online information includes feedbacks 

from machining processes, such as actual machining parameters or monitored signals. In 

a specific energy-efficient process planning, a CAPP/CAM system is usually employed, 

considering standardised machining features and energy models developed in an energy 

analysis and optimisation module. Databases supply the machine tool, cutting tool and 

materials information to generate an energy-efficient process plan and feed it to an 

energy-efficient machining process. 

A detailed closed-loop energy-efficient machining process is illustrated in Figure 3.4. 

Besides the process plan, a machine-tool-specific part program is generated to be 

executed on legacy machine tools that can read only in G-codes. The actual machining 

process to fabricate the required part is controlled by a CNC controller. If an online 

monitoring process is activated, the energy monitoring module will select the right 

sensors based on an appropriate energy model, and pre-condition the signals in the time 

domain. The energy analysis process receives the monitored data and processes these to 

evaluate energy performance, while energy optimisation is conducted to meet the 

production requirements. Machine tool, cutting tool and materials data are required in 

both activities. Optimised parameters are fed back to the actual machining process. 
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Figure 3.4 IDEF0 diagram for a detailed energy-efficient machining process 
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Returning to the energy knowledge repositioning process in Figure 3.3, the energy 

optimisation reports produced are re-evaluated and used to update the energy information 

in the databases module. These data are planned to support other applications, including 

future energy-efficient production. Thus, the information flow of a typical energy-

efficient machining system is completed. 

3.4 Key Issues in the GEMS Framework 

It has become evident that machine tool vendors and users desire to improve energy 

efficiency, both on the machine tool itself and in operation strategies. The comprehensive 

explanation of the GEMS framework presented in this chapter explicitly covers both 

topics. Therefore, it is believed by the author that the framework forms the basis of 

developing a concrete energy-efficient machining system tailored to individual needs. It 

outlines the development of an energy-efficient machining system in response to the drive 

for increased competitiveness, reduced energy consumption, better integration and 

reduced overall cost. 

Moreover, a significant outcome of the description and discussion above is that the 

fundamental and key issues in the GEMS framework are identified. These important but 

unsolved issues are consequently focused on in this research, in order to develop a 

comprehensive yet practicable solution to enhance energy-efficient performance in 

industrial production. Three key issues are recognised as the fundamental and principal 

research topics in the realisation of the GEMS, which are listed and explained as follows: 

 Development of an accurate and effective energy consumption model. The model-

based system, as one of the key features of the GEMS, entails the importance of 

an appropriate energy consumption model. This importance is also perceptible by 

the multiple appearances and involvements of the “Energy models” in Figure 3.3 

and 3.4. In the machining domain, multiple objectives are always intended, as 

energy efficiency needs to be balanced with productivity and cost, while the 

product quality is upheld. The literature suggests that energy consumption models 

are relatively unable to include energy efficiency as one of the main objectives. 

Limited applicable models and the absence of a theoretical model of an entire 

machining system are identified. With this in mind, better knowledge about the 
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relationship between different influential factors and energy consumption is given 

top priority in this research. It is addressed in depth in Chapter 5. 

 

 Integration of energy data in a machining system. Energy consumption data at this 

point is often neglected and not saved or even acquired. Useful information to 

possibly improve energy performance is lost. Therefore, representation and 

maintenance of energy data is a prerequisite for integrating energy data. 

Subsequently, to facilitate data exchange, more specifically energy data exchange, 

between different functional modules in the GEMS, an unambiguous data format 

is needed. This issue is particularly true in a scenario where the different activities 

of a production system, for instance, planning, fabrication and data storage, are 

distributed globally. To include energy data as an integral part, a standardised data 

model is regarded as one of the solutions, as stated in Section 3.2.4. In this 

research, a noteworthy amount of effort has been made to develop energy data 

models and adequately integrate them with existing international standards. The 

proposed energy data models are elaborated in Chapter 6. 

 

 Implementation of a service-oriented and practicable energy-efficient machining 

system. The GEMS system is designed with the intention of improving industrial 

production in real life. It is acknowledged that there is an increasing number of 

applications that demand energy information in the machining area, for example, 

energy-efficient process planning and energy resource management, as discussed 

previously. A wider range of users with different requirements and purposes need 

attention. Therefore, implementation of the GEMS is conceived of as service-

oriented and practicable. Easily accessible online energy monitoring, prescribed 

energy analysis and continuous energy optimisation, and a comprehensive energy 

data repository were implemented to meet user requests. A novel prototype 

system is described in Chapter 7. 

 

Meanwhile, these key issues of the GEMS framework highlight the remarkable 

characteristics of the proposed framework: it is model-based, integrated, interoperable, 

and innovative. These issues are addressed and presented in the succeeding chapters 

respectively. It is believed by the author that the research work presented in this thesis 
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contributes to fundamental theories and methodologies which will inevitably lead to a 

major breakthrough for a truely sustainable machining paradigm. 

Furthermore, the benefits that the GEMS framework aims to offer include but are not 

limited to: 

 Design for Machining. Using energy consumption models, the amount of energy 

consumption can be predicted and considered as early as the design stage 

 Energy-efficient Production Planning. Different machining resources, sequences 

and settings lead to different energy usage. The proposed system can cope with 

last minute changes on the shop-floor to guarantee an energy-efficient process 

 Resource Management. At a higher level, the system allows for the consideration 

of available resources distributed within an organisation. The entire machining 

capability can be maximised and the workload is balanced 

 Enterprise Investment Guidance. The energy profiles of all machine tools offer an 

overview of the entire machining capabilities and energy consumption reference, 

so that key issues or bottlenecks can be identified for future investment 

 

3.5 Recap 

In response to the research gaps identified in the literature review, this chapter concisely 

describes the essential elements for developing an energy-efficient machining system. 

The proposed framework of a Global Energy-efficient Machining System deliberates 

these basic elements and addresses them in relevant functional modules. 

With the aim of improving overall energy efficiency, four modules were proposed and 

explained; the energy monitoring and metering module, energy analysis and optimisation 

module, energy-based optimal control module and associated databases. The core 

principles in designing each module and the interfaces are stated in separate sections. The 

information flow inside the proposed GEMS framework is then exemplified based on a 

typical energy-efficient production chain. How the four modules can collaborate 

effectively is demonstrated, making the use of the GEMS framework straightforward. 

The framework developed here and its envisioned functionalities were gradually unfolded 

for a clear understanding of the key issues that primarily need to be addressed. Without 
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an accurate and effective energy consumption mode, a holistic approach for energy data 

integration, and service-oriented and practicable implementation, instantiation of the 

proposed GEMS will not work successfully. Hence, these fundamental research issues are 

focused on and studied in depth in Chapters 5, 6 and 7, correspondingly. It is strongly 

believed by the author that the research work presented in this thesis contributes to 

fundamental theories and holistic methodologies that will inevitably lead to a major 

breakthrough in reaching a truely energy-efficient machining paradigm. 
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Chapter 4 

Related Methodologies 

In this chapter, the basic theories used in this research are presented. Five primary 

methodologies, out of many, are introduced and discussed here. They contribute to the 

theoretical basis for conducting this research. Why and how each methodology is to be 

used in following chapters is elaborated in its own section. The introductory sequence of 

the methods is in accordance with the sequence of their appearance within the thesis. 

Firstly, this chapter provides a brief explanation of the Taguchi method, and then a state 

transition diagram is introduced. This is followed by an explanation of multiple 

regression analysis and Function blocks (IEC 61499). STEP and STEP-NC, which are 

used and extended to standardise energy data exchange in this research, are presented in 

more detail. 

4.1 Taguchi Method 

The Taguchi method is a statistical method developed by Genichi Taguchi in 1956, 

devised for quality control in manufacturing and more recently in engineering [165]. 

Taguchi built his methods upon W. E. Deming’s observation that 85 per cent of poor 

quality is attributable to the manufacturing process and only 15 per cent to the worker. 

Continuously pursuing variability reduction from the target value in critical quality 

characteristics is the key to achieving high quality and reducing cost. Most designers or 
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engineers are experts in the experimental setup in a shop-floor situation; however, their 

knowledge of appropriate experimental strategy is often limited. The experiments usually 

involve many variables, which makes the approach costly and time-consuming. 

Genichi Taguchi has popularised a robust design (also known as parameter design) 

method which employs the design of experiments (DOE) [166] to help identify the levels 

of factors necessary to improve the quality of products and manufacturing processes. 

Factorial analysis is traditionally used to find the best values [167]. The Taguchi method 

is extremely cost-effective and time-saving for identifying improved factor levels among 

a large number of factors. By applying this, one can significantly reduce the time required 

for experimental investigation, as well as study the influence of individual factors to 

determine which factor has most influence [168]. The main differences between 

traditional and Taguchi experimental designs are their different emphases [169]. 

Traditional methods emphasise: 

 Sequential experimentation to model process behaviour, including modelling the 

effect of noise factors 

 Prediction of future process behaviour, including optimal settings 

 Investigation and isolation of factors that affect mean and variation independently 

 Selection of experimental design considering the trade-offs in running a fraction 

of a full factorial design 

Taguchi method emphasises: 

 Robust design of experiments, searching for the factors to achieve optimal 

behaviour while reducing the required experimental runs 

 Minimisation of loss function due to running in a near-optimal condition 

 Maximisation of the signal-to-noise ratio to achieve the best outcomes under 

“noise condition” 

Taguchi’s success in getting engineers to use DOE techniques is due, at least in large part, 

to his use of orthogonal arrays (OA) and linear graphs that simplify the experiment 

planning process. An orthogonal array is an array of some symbols with a balancing 

property; that is, every pair of columns contains the same number of all possible pairs of 

symbols so that factor levels are weighted equally. The real power in using OA is the 
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ability to accommodate many design factors simultaneously in minimised testing runs. 

There were 18 OAs in the catalogue of Taguchi’s book [170]. Researchers have 

developed additional OAs and constantly enriched the library. OA strength was 

introduced as the number of columns where all the possibilities are guaranteed to be seen 

for an equal number of times [171]. 

Taking a typical Taguchi L8 OA (with 2 levels) of strength 2 as an instance (Table 4.1), it 

can host up to 7 factors (a, b, c, d, e, f and g) in only 8 tests, if one does not investigate 

any interactions. The strength 2 means one would see each of the 4 possibilities (11, 12, 

21 and 22) in any 2 columns. In a full factorial design of the same 7 factors, 27 = 128 tests 

are required. 

Table 4.1 Typical Taguchi L8 OA 

Test no. a b c d e f g 
1 1 1 1 1 1 1 1 
2 1 1 1 2 2 2 2 
3 1 2 2 1 1 2 2 
4 1 2 2 2 2 1 1 
5 2 1 2 1 2 1 2 
6 2 1 2 2 1 2 1 
7 2 2 1 1 2 2 1 
8 2 2 1 2 1 1 2 

Full design factor C B BC A AC AB ABC 
 

Taguchi L8 OA can also be used to study interactions. Triangular tables, which give 

information about the columns of OAs in interaction, are used to assist the design where 

interactions can be estimated. As an interaction between two columns is commutative, the 

triangular table is a symmetric matrix. In Table 4.2, the triangular table for L8 OA is 

defined. If one assumes factor C is assigned to the 1st column and B to the 2nd column, 

then the interaction of column 1 and 2 is shown in column 3, as the triangular table 

suggests [172]. Using such a table, the columns 1, 2 and 4 are selected to assign the 

factors C, B and A respectively, and other columns are identified to represent interactions, 

such as column 3 for BC. For the same purpose, a classical 23 experimental design in 

Table 4.3 is often used to study 3 factors (A, B and C) with 2 levels, considering 

associated interactions between factors. 
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Table 4.2 The triangular table for Taguchi L8 

 Column 
Column 1 2 3 4 5 6 7 

1 (1) 3 2 5 4 7 6 
2  (2) 1 6 7 4 5 
3   (3) 7 6 5 4 
4    (4) 1 2 3 
5     (5) 3 2 
6      (6) 1 
7       (7) 

 

Although it is obvious that the columns in these two tables are different from each other, 

the same components in the classical design are kept in the Taguchi method. The columns 

for the settings of the factors are chosen according to the interactions that the investigator 

assumes to be present, or not, in the process. Unlike the classical method, one gets 

interactions regardless; the experimenter consults a triangular table and/or linear graphs to 

determine which columns to choose. Nevertheless, in the real world, the numbers of 

levels of different factors often varies, therefore, mixed-level or asymmetrical OA need to 

be used, and modifications on standard OAs are essential. 

Table 4.3 Classical 23 array of DOE 

Test no. Factors Interactions 
A B C AB AC BC ABC 

1 1 1 1 2 2 2 1 
2 2 1 1 1 1 2 2 
3 1 2 1 1 2 1 2 
4 2 2 1 2 1 1 1 
5 1 1 2 2 1 1 2 
6 2 1 2 1 2 1 1 
7 1 2 2 1 1 2 1 
8 2 2 2 2 2 2 2 

Taguchi factors d b a f e c g 
 

In the procedure that Taguchi outlined of his design of experiments: 

1. Chose a suitable orthogonal array for the problem of interest from the catalogue 
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2. Make use of linear graphs and triangular tables for the assignment of the factors 

and interactions to be investigated in the experiments to the columns of the 

orthogonal array 

The first step is viewed as the main difficulty, as searching for the right mixed-level 

orthogonal array with the highest number of factors possible for the smallest number of 

runs is not a trivial task. A comprehensive online library of over 200 OAs are maintained 

for user reference [173]. 

Due to the complex relationships between power consumption and a number of possible 

influential machining parameters, the number of experimental tests increases 

exponentially in a full factorial design and make data collection impractical. Therefore, in 

this research, the Taguchi method is adopted in the design of machine tool power 

consumption data collection experiments. The number of testing runs are minimised 

without reducing the relevant factors investigated. This approach improves the feasibility 

of empirical modelling while retaining the reliability and accuracy of the models at a 

satisfactory level. Details on the design and organisation of experiments using the 

Taguchi method are presented in Chapter 5. 

4.2 State Transition Diagram 

An important aspect of many systems, including manufacturing systems, is their dynamic 

behaviour. This is to do with behaviour over time; with how the system responds to 

external events or stimuli. It often involves state-dependent behaviour. State transition 

diagrams (STDs) are used in computer science and related fields to give an abstract 

description of the behaviour of systems. It has been used from the beginning in object-

oriented modelling. The basic concept is to graphically describe a machine that has a 

finite number of states (hence the term finite state machine, which was introduced by C.E. 

Shannon and W. Weaver [174]). 

A classic form of STD describes a finite automaton (FA), a machine that at any given 

time is in one of finitely various states, and whose state changes according to a 

predetermined rule. A formal definition of FA is expressed as a tuple, 

 0, , , ,tuple v in e sM Q s F                                                                                                (4.1) 
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where the components are as follows: 

Qv – a finite non-empty set of states, normally represented by circles and labelled 

with unique designator symbols 

Σin – a finite collection of input symbols or designators 

δe – the transitions from one state to another as caused by the input, Qv × Σin → Qv 

usually drawn as an arrow directed from the current state to the next state 

s0 – the starting state s0 Qv, usually represented by a filled circle 

Fs – the set of accepting states 

A state is an observable mode of behaviour of a system. At any time, a particular STD 

can only stay in one state. Events may be caused by the arrival of some data, or simple 

stimulus, which may be due to human activity or some other part of the system. It also 

can be caused by the passage of time. Transitions are actions in response to internal or 

external events are also known as transition conditions, triggering one-shot actions and 

producing control outputs. “Actions” means what is done in response to an event. 

However, a well-known limitation of STD is that one has to carefully define all the 

possible states of a system. Whilst that is alright for small systems, it soon breaks down in 

larger systems as there is an exponential growth in the number of states. This “state 

explosion” problem leads to STDs becoming far too complex for practical use. To combat 

such a problem, object-oriented modelling defines separate STDs for each class, and a 

system’s behaviour could be described by more than one STD. This almost eliminates the 

explosion problem, since each class is simple enough to have a comprehensive STD. 

Many forms of STDs exist (e.g. sequential machine [175]), which differ slightly and have 

different semantics. The most popular variety, perhaps one of the most powerful and 

flexible forms, is the Harel Statechart [176]. Harel’s work is gaining widespread usage 

since it has become part of the Unified Modelling Language (UML). This was intensively 

introduced by Rumbaugh et al. [177]. A particularly valuable feature of this approach is 

its ability to generalise states, which allows one to factor out common transitions. There 

is also a capability for concurrent STDs, allowing systems to have more than one diagram 

to describe their behaviours. 
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In Figure 4.1, a simple Statechart example of a phone line system is depicted using UML. 

Besides the starting state (filled circle), there are four distinct states in this system, Idle, 

Making Calls, Waiting for Answer, and Receiving Calls. Transitions between different 

states are represented by a solid line with arrowheads, which is triggered by certain events, 

for example, transition from Idle to Making Calls is enabled when the caller starts to dial, 

and transition from Waiting for Answer to Receiving Calls is caused when one lifts the 

receiver and answers the phone. 

 

Figure 4.1 A simple Statechart example of a phoneline system 

In a formal notation, this system is described using automaton and expressed as follow, 

 0, , , ,ph line v in e sM Q s F                                                                                             (4.2) 

where the components are as follows, 

Qv = {‘Start’, ‘Idle’, ‘Making Calls’, ‘Waiting for Answer’, ‘Receiving Calls’}, 

Σin – a finite collection of input symbols or designators, 

s0 = ‘Start’, 

Fs = {‘Idle’, ‘Making Calls’, ‘Waiting for Answer’, ‘Receiving Calls’}, 

δe – the transitions Qv × Σin → Qv is given by Table 4.4. 
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Table 4.4 Transition function 

 Event 

Current state Dials Rings Answers Hangs up

Idle Making Calls Waiting for Answer N/A N/A 

Making Calls N/A N/A N/A Idle 

Waiting for Answer N/A N/A Receiving Calls Idle 

Receiving Calls N/A N/A N/A Idle 

 

The major step forward of using Statechart is to allow nesting of states. This immediately 

introduces hierarchy into diagrams and allows behaviour to be understood at different 

levels. In the same example above, state Making Calls is decomposed into a more 

detailed Statechart (see Figure 4.2). 

 

Figure 4.2 A low-level Statechart example of Making Calls in a phoneline system 

A phone line system in its Making Calls state will be exactly in one of the states; Dialling, 

Connecting, Ringing, or Connected. Normally, a low-level diagram like this would have a 

starting state (filled circle) and an ending state (bullseye). Transition into the state on the 

higher level diagram puts it into the starting state on the lower level one. This happens, in 

this example, when the caller lifts the receiver and dials. Similarly, when the ending state 

is reached, the transition back on the higher diagram takes place.  An additional novelty 

introduced with Statechart is that the sub-states inherit the Hangs up event from the 

super-state; so that the transition back to Idle takes place when Hang up occurs in any of 

Making Calls’ states. However, developing the complete diagrams in form of automaton, 
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the states, events and transitions need to be re-defined explicitly to include the additional 

states in Making Calls. 

A classic STD likewise requires the creation of distinct nodes for every valid combination 

to define a state. This can lead to a very large number of nodes and transitions between 

nodes. This complexity reduces the readability of fully developed STDs. With Statechart, 

it is possible to model multiple cross-functional STDs, and each of them can transit 

internally without affecting the others. It also improves the readability of the resulting 

diagram. 

Drawing a STD as a Harel Statechart, five steps are generally followed: 

1. Identify all observable states of the interested system 

2. Select the states with normal behaviour 

3. Specify the event conditions that mark each transition 

4. Specify the actions to produce the observable behaviour in the destination state for 

each transition 

5. If the system is complex, partition the diagram in several STDs 

Apparently, not all methods adopt Statechart. One of the notable dissenters is the Shlaer-

Mellor method [178], which use a simpler Moore model state diagram. However, it has 

moved to the UML notation as well. 

Machining systems as the focus of this research must be appropriately modelled. In a 

closer study of a machining system, one can observe that there are different states in the 

perspective of energy consumption, in which the machining system can stay. STDs are 

therefore employed to describe the energy behaviour of a machining system, with 

consideration of different machine tool components. Common states and standard events 

to trigger the transitions are defined and generalised to meet various modelling 

requirements. If a complete and detailed description of energy consumption is sought, 

lower-level STDs of relevant components can easily be drawn for each machining state 

using UML Statechart. The concrete employment of STDs in energy consumption 

modelling can be found in Chapter 5. 
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4.3 Multiple Regression Analysis 

In statistics, regression analysis is a practical approach to modelling the relationships. 

Multiple regression analysis attempts to determine the relationship between two or more 

independent (or predictor) variables and a dependent (or criterion) variable [179]. It is 

easier to deploy than other AI techniques, such as NN and RSM. Given a data set 

1 2{ , , , }ny x x x  with certain number m of samples, a multiple regression model assumes 

a linear relationship between the dependent variable y and the independent variables xi. 

This relationship is modelled with a disturbance term or error variable εe, often 

considered an unobserved random variable or noise to the linear relationship. This 

variable captures all other factors that influence the dependent variable, other than the 

predictors. Generally, the model takes the form, 

1 1 2 2e n n ey x x x X                                                                                 (4.3) 

where    1 2 1 2, , , ,
T

n nX x x x                                                                        (4.4) 

The values of β parameter vector are sometimes called regression (or beta) coefficients or 

regression weights. These two terms are synonymous. From Equation 4.3, it may be 

assumed that multiple regression analysis is not good at explaining relationships that are 

not linear. In fact, this assumption is much less restrictive than it may at first seem. 

Because predictor variables can sometimes be treated as fixed values or a nonlinear 

function of another regression model, as in polynomial regression and segmented 

regression, the model remains linear as long as the parameter vector β is linear. The 

predictors themselves can be arbitrarily transformed, and multiple copies of the same 

predictor are allowed, each one transformed differently. This trick is used, for example, in 

polynomial regression, which considers high order or correlations of several predictors. 

This makes multiple regression analysis a powerful inference method; as a result, it can 

be used to investigate relationships with nonlinearity to some degree [180]. 

A second order multiple regression model can be expressed as follows, considering some 

of the interactions between predictor variables. 

2 2 2
1 1 2 2 1,1 1 2,2 2 ,

1,2 1 2 1, 1 1, 1

e n x n n n

n n n n n n

y x x x x x x

x x x x x x

      

    

         

  

 


                                      (4.5) 
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where, 

βa,b is the beta coefficient of xaxb. 

To estimate the regression coefficients in multiple regression studies, a number of 

techniques have been developed. These methods differ in computational simplicity, 

robustness, and desirable statistical properties such as consistency. Ordinary least squares 

(OLS) method is the simplest and thus most common estimator. 

In multiple regression analysis, it is used to analyse both experimental and observational 

data. As implied by its name, the OLS method seeks to minimise the sum of squared 

residuals, and leads to an estimated β parameter vector. The estimator is unbiased and 

consistent if the error variable has finite variance and is uncorrelated with the predictors 

[181]. This condition, that the errors are uncorrelated with the predictor variables, is 

generally satisfied in an experiment, but may not be in the case of observational data. 

Moreover, the performance of the OLS method can be poor if multicollinearity is present, 

which is triggered by having two or more perfectly correlated variables or too little data 

available, compared with the number of parameters to be estimated (e.g. fewer data than 

regression coefficients). Other estimation techniques were and are being developed to 

address the problems or limitations of OLS, such as generalised least squares, percentage 

least squares [182], and maximum-likelihood estimation [183]. 

OLS analysis often includes the use of diagnostic plots designed to detect departures of 

the data from the assumed model. These are some of the common diagnostic plots: 

 Residuals against the explanatory variables in the model 

 Residuals against explanatory variables not in the model 

 Residuals against the fitted values 

 Residuals against the preceding residual. 

After parameter estimation, the interpretation stage of the resulting model is required. A 

fitted multiple regression model can be used to identify the relationship between one 

predictor xi and the criterion variable y when all the other predictor variables are held 

fixed, which is usually called the unique effect. In contrast, the marginal effect of xi on y 

can be assessed using a correlation coefficient. Care must be taken when interpreting 

regression results, as some of the predictors may not allow for marginal changes, while 
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others cannot be held fixed. The meaning of “held fixed” may depend on how the values 

of the predictor variables arise. If the experimenter directly sets the values of the predictor 

variables according to a study design, the comparisons of interest may literally 

correspond to comparisons among units whose predictors variables have been held fixed. 

R2 is the coefficient of determination indicating fitness of the regression. This statistic 

will be equal to 1 if the fit is perfect and to 0 if the predictors have no explanatory power 

whatsoever. Adjusted R2 is a slightly modified version, designed to penalise for the 

excess number of predictors that do not add to the explanatory power of the regression. 

This statistic is always smaller than R2, and can be negative for poorly fitting models. 

Moreover, the analysis of variance (ANOVA) as a way of understanding and structuring 

multi-level models is involved, not as an alternative to regression but as a tool for 

summarising complex high-dimensional inferences. ANOVA is used to support other 

statistical tools. Regression is first used to fit more complex models to data, and then 

ANOVA is used to compare models with the objective of selecting simpler models that 

adequately describe the data. ANOVA tools could then be used to make some sense of 

the fitted models and to test hypotheses about batches of coefficients. 

ANOVA is a particular form of statistical hypothesis testing heavily used in the analysis 

of experimental data. The experimenter adjusts predictor variables and measures response 

variables in an attempt to determine an effect. Predictors are assigned to experimental 

units by a combination of randomisation to ensure the validity of the results. Afterwards, 

the well-known F-test is used for comparing the factors of the total deviation. The one-

way ANOVA F-test statistics are expressed as, 
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                                             (4.6) 

where, 

Kg – the total numbers of groups, 

ni – the number of samples in the ith group, 

Ns – the overall sample size, 
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iY  – the sample mean in the ith group, 

Y  – the overall mean of the data, 

,i jY  – the jth sample data in the ith group. 

This F-tests statistic follows the F-distribution with Kg – 1, Ns – Kg degrees of freedom 

(DOF). Using the F-distribution is a natural candidate because the test is the ratio of two 

scaled sums of squares. The statistical significance of the experiment is determined by the 

ratio too. It is independent of several possible alterations to the experimental observations. 

Adding a constant to all observations or multiplying by a constant does not alter 

significance. A statistically significant result, at a probability named p-value, if less than a 

critical value of Ftest, justifies the rejection of the null hypothesis. The textbook describes 

the critical value of Ftest as a function of the numerator’s DOF, the denominator’s DOF 

and the significance level. 

The steps in a multiple regression analysis are summarised below: 

1. State the research hypothesis and the null hypothesis 

2. Collect the experimental data 

3. Assess each variable separately first 

4. Assess the relationship of each independent variable, one at a time, with the 

dependent variable 

5. Assess the relationships between all of the independent variables with each other; 

6. Calculate the regression model from the data collected 

7. Examine appropriate measures of association and tests of statistical significance 

for each coefficient 

8. Accept or reject the null hypothesis and the research hypothesis 

9. Explain the practical implications of the findings 

In this study, multiple regression models are used to predict the power consumption of 

key consumers in a machining system, considering parameters such as feed-rate, depth of 

cut, width of cut, spindle speed, and cutting tool properties. The combination of some of 

the parameters, for example cutting speed and material removal rate, are considered. 
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Signals of cutting force in different drive axes and torque are also included in the study. 

More details are presented in Chapter 5. 

4.4 IEC 61499 Function Blocks 

The objective of the International Electrotechnical Commission (IEC) is to promote 

global collaboration concerning standardisation in the electrical and electronic areas. It 

works closely with the International Organisation for Standardisation (ISO). The standard 

IEC 61499 is an emerging and open standard, developed by the IEC technical committee 

65 for distributed industrial process measurement, control and automation [184]. 

The need for this standard is concluded from several studies and research projects that 

were conducted in the late 1980s and early 90s [185]. The standard was conceived as a 

response to new challenges in hardware and software, such as distributed networked 

control devices and module-based software architecture. An ever-increasing portion of 

the intellectual property (IP) related to industrial automation is formed as software. New 

engineering technologies were developed to reduce design effort and enable fast and easy 

reconfiguration. 

The standard was published in early 2005 as a result of more than 10 years research. The 

component model proposed in IEC 61499 bears the same name function block as 

introduced in IEC 61131-3 [186], although its meaning is completely different. The 

Function Block (FB) of IEC 61499 is an abstraction that represents a component, which 

can usually be implemented in the form of software but also in the form of hardware 

[187]. It is the basic building block from which an entire application may be built. The 

use of FBs makes the control device openly programmable and easily reconfigurable. IEC 

61499-compliant devices can interface with one another straightforward ways, therefore 

providing seamless distribution of tasks across different devices [188, 189]. The users 

may create their own program using the standard FBs. The concept of event and of event-

driven invocation is the base concept. There are three types of function block defined in 

the standard, basic FBs, complex FBs and service interface FBs. Each FB has a set of 

input and output variables. 

A basic function block is an explicit event-triggered component containing algorithms 

and an Execution Control Chart (ECC), with inputs and outputs of both events and data 
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(see Figure 4.3). Algorithms are executed when certain event inputs are triggered, reading 

data inputs and generating output data. Internal variables can be defined within the 

function block to facilitate the algorithms’ execution. ECC functions as a finite state 

machine to control the execution or scheduling of different algorithms, and creates an 

output event at the end of the execution of the relevant algorithm. 

 

Figure 4.3 Structure and interfaces of basic FBs 

As basic building elements, basic FBs can be combined in a distributed network to create 

complex FBs, as illustrated in Figure 4.4. The functionality of composite FB, accordingly, 

is determined by a network of FBs inside it, with their event/data interfaces 

interconnected. These can be basic FBs, service interface FB, or other composite FBs, 

and therefore, can hierarchically organise the applications [187]. This is very useful in 

defining multi-level structures. In this research, the function block technique was selected 

to model energy behaviour in a multi-level structure and readily be integrated with other 

FB-based processes. One thing to note is that composite FBs have no internal variables. 
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Figure 4.4 The internal structure of composite FBs 

Another basic FB type is service interface FBs, which serve the role of “wrapping” the 

hardware dependencies and allowing the application designer to focus on the application 

logic. Thus, they are not intended to be developed by an application designer, but to be 

provided by vendors of a specific device, such as CNC controllers or intelligent sensors. 

Figure 4.5 shows a service interface FB example, where the input event REQ is mapped 

to a primitive request of the service. It outputs an event CNF once the service is 

confirmed, and data at STA and RD outputs will also be ready. 

 

Figure 4.5 An example of service interface FBs 
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A function performed by the system is specified as an application which may reside in a 

single device or be distributed among several IEC 61499-compliant devices. The 

applications consist of a FB-network with data and events interconnected. The algorithms 

can be written not only in IEC 61131 languages, for example a ladder diagram and 

structured text, but in a high-level programming language such as Java and C#. 

However, adopting the FBs technique in machining systems seems to be limited to low-

level process control. In this, only a few studies reported using FBs in high-level 

machining systems; please refer to Wang et al. [190]  for a complete review. FBs are 

systematically analysed and compared with high-level production data structure to 

enhance the interoperability of machining systems [151]. Later, an adaptable CNC system 

based on FBs was proposed, addressing the issue of porting production data to different 

CNC controllers [191]. A seamless system, comprising distributed process planning and 

adaptive control, enabled by the use of FBs, was proposed by Wang et al. [189]. Their 

approach relies on the ability to embed algorithms in FBs for adaptability.  Minhat et al. 

[192]  developed a layered CNC architecture based on FBs, simplifying the design of 

CNC machine controllers. 

The employment of the FBs technique brings advantages to this research in three ways: 

 Modularity – FBs are designed as boxes with explicit external interfaces to the 

outside. Each component can be connected to the others through data and event 

flows to form complex composite FBs or certain applications 

 Encapsulation – A FB is an independent object that manages its own variables, 

algorithms, event handling and control mechanisms. The complexity of its 

functionalities is hidden and totally invisible to the users. Modifying the 

algorithms or ECC will change the behaviour of a FB, but its interfaces to the 

outside remains 

 Extensibility and Reusability – Due to the true sense of modularity, basic FBs 

defined in a FB library can be configured to fit the required scale of functionality. 

The pre-defined functionalities and decision-making rules can easily be improved 

later by updating existing FBs or adding new FBs. A particular FB can be used in 

different scenarios simply by manipulating its inputs. FB libraries can also be 

applied to similar systems locally or globally, to reduce the time and effort 

required to develop new systems 
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With these merits in mind, an energy model based on function blocks is proposed in 

Chapter 5 to advance the energy modelling to implementation stage. 

4.5 STEP and STEP-NC 

STandard for the Exchange of Product model data (STEP) are a family of international 

standards aiming to specify a neutral form for the unambiguous representation and 

exchange of computer-integrated product development throughout a product life cycle. 

The issue of data interoperability was addressed from the beginning of STEP 

development. STEP-compliant Numerical Control (STEP-NC) was developed to 

standardise data structure specifically for a new breed of intelligent CNC controller. It 

aims to provide a complete description of “what to do” rather than “how to do”, which 

enables smarter decision making and adaptiveness on the controller. 

The initiation of STEP dates to 1984 and the first version of the standard was published in 

1994. This section provides some essential technical details of STEP and STEP-NC 

standards that are highly relevant to this research, including the fundamental principles of 

STEP, description and implementation methods, application protocols and the structure of 

STEP-NC. However, with a history of more than 20 years, there are many more to be 

discussed. One can refer to books [193, 194] and this literature review [146, 195] for 

further information. 

4.5.1 STEP 

STEP is not a single document, and its evolution is divided into two major release phases. 

The first release of STEP documents happened in 1988, when a large set of models was 

assembled into a single Integrated Product Information Model (IPIM). The IPIM 

documents were adopted as primary drafts of ISO standards at a Sub-Committee 4 (SC4) 

meeting in Tokyo in late 1988. The concept of an Application Protocol (AP) as a sub-set 

of STEP was raised, and the architecture for APs was developed in the following few 

years. It was soon realised that the same type of information, particularly geometry and 

topology, was frequently used in different APs. Thus, methods of modularising APs were 

developed. The first version of STEP was formally published as an ISO standard in 1994; 

ISO 10303 [196] with Parts 1, 11, 21, 31, 41, 42, 43, 44, 46, 101, AP-201, and AP-203. 
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The capabilities of STEP had been intensively extended in the second phase. This was 

primarily for product design in the aerospace, automotive, electrical and electronic 

industries. This phase finished with another major release in 2002, including ISO 10303 

APs such as AP-202, AP-209, AP-210, AP-212, AP-214 [147], AP-224  [197], AP-225, 

AP-227, and AP-232. As of May 2013, more than 40 APs have been published as parts of 

STEP, and others are still in development. 

From the beginning, the objectives of the original STEP developers included the creation 

of a single international standard covering all aspects of Computer-Aided Design (CAD), 

Computer-Aided Manufacturing (CAM) data exchange and implementation, and the 

acceptance of this standard by industry in lieu of other methods. Many held a belief that 

support sharing is crucial. The feature-based concept embedded in the STEP standards 

makes the sharing more effective and intuitive.  

 

Figure 4.6 Data transferring mechanism in CAx production chain 

In a traditional scenario in the automotive industry (Figure 4.6), development of a product 

starts from a CAD with the help of a commercial software package. Computer-Aided 

Process Planning (CAPP) is then performed, based on the design information, such as 

geometry and dimensions, or features. The plan can be detailed within a CAM system to 

generate a machining part program. After that, it is possible to execute a program using 

the CNC machine specified. However, this unidirectional data transferring loses critical 

information at each data exchange step and makes little use of feedback. Figure 4.6 also 

shows how different parts of a STEP standard are used now to support CAx in the 

automotive industry. AP-203/AP-214 representation is saved as product design output, 

and can be read by a CAPP system to interpret process plans in the AP-224/AP-240 
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format. AP-238/ISO 14649 can be generated in a CAM system as a part program to guide 

its execution on a CNC machine. In STEP, not only is bidirectional data exchange 

enabled, but communication from design to manufacturing is better facilitated, in a 

standardised manner. 

 

Figure 4.7 Structure of the STEP standard 

A STEP standard is composed of many parts, covering description methods, 

implementation methods, information models, application protocols, and conformance 

tools. They are grouped by type under the structure of STEP. Figure 4.7 illustrates the 

overall structure of a STEP standard. 

4.5.2 Description and Implementation Methods 

The scope of the description methods is that of the languages and methods used to create 

standard and unambiguous representations of product data. In STEP, the description 

methods are defined via the EXPRESS language [198]. EXPRESS is a generic data 

modelling language that is used to represent the structure of data and any constraints that 
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may apply to it. EXPRESS language is completely declarative, implementation-

independent, and well suited to standardised data modelling. The data models contained 

in the STEP APs are defined using EXPRESS. 

EXPRESS supports: 

 the definition of data entities, attributes, and relationships 

 the specification of local and global constraints on these 

 the collection of data definitions and constraints in separate schemas, supporting 

modular development of data models 

EXPRESS data models are organised into schemas, serving as a scoping mechanism for 

sub-dividing large information models. It supports writing functions and various built-in 

operators, such as arithmetic operators and logical operations. Therefore, it may be used 

for computing the values of attributes derived. EXPRSS-G, as a graphical representation, 

is also a standardised notation for information models to structure the data models in a 

more readable and understandable fashion. An EXPRESS-G diagram illustrates: 

 Entities in solid boxes 

 Simple data types in solid boxes with double line on the right end 

 Defined data types in boxes with dashed borders 

 Enumeration data types in boxes with dashed borders and a double line on the 

right end 

 Sub-types as a thick solid line connecting a super-type entity to a sub-type entity 

with a circle at the sub-type end 

 Required attributes as a thin solid line connecting an entity to an attribute of the 

entity, with a circle at the attribute end and the name of the attribute in the text 

next to the line 

 Operational attributes as a thin dashed line connecting an entity to an attribute of 

the entity, with a circle at the attribute end and the name of the attribute in the text 

next to the line 

Figure 4.8 depicts an example of EXPRESS schema which defines four elementary 

entities to be used to create pictures that are made up of points, straight lines, circles, and 

text. The EXPRESS-G diagram for the same schema is shown on the right hand side. 
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EXPRESS and EXPRESS-G are now widely used in other standardisation, research, and 

integration projects. Note that one limitation of EXPRESS-G is that complex constraints 

cannot be formally specified. 

 

Figure 4.8 Example schema for picture creation in EXPRESS and EXPRESS-G 

One of the key differences between STEP and previous standards in production data 

management is the separation of data description from implementation. Thus, within 

STEP the data models defined in the standard are designed to be independent from the 

various ways in which they may be implemented. The implementation forms a class of 

parts that defines standard formats for data instances and values, and the mappings 

between these formats and the EXPRESS language. 

The implementation methods have been allocated part numbers between 21 and 29. Two 

of them are widely implemented: 

 ISO 10303 Part 21 – “Clear text encoding of the exchange structure” defines the 

standard format for encoding data in a file, known as the Part 21 file [199] 
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 ISO 10303 Part 22 – “Standard data access interface” enables access to product 

data within an application  independently of the internal form of data storage 

within the application, commonly referred to as the SDAI [200] 

The Part 21 file, generally referred to as the “physical file”, is part of the initial release of 

STEP. So is Part 22. Several additional parts within the implementation forms class 

define the bindings between the SDAI and specific programming languages including C, 

C++ and Java. Mapping the EXPRESS-defined data into eXtensible Markup Language 

(XML) is described in Part 28 [201]. 

Part 21 is the primary implementation method and aims to provide a method of writing 

EXPRESS/STEP entities and transmitting those entities using normal network 

communication protocols such as File Transfer Protocol (FTP), email and Hyper Text 

Transfer Protocol (HTTP). It does not include any schemas. Figure 4.9 gives an example 

of a Part 21 file. The unique ENTITY ID is a hash symbol, “#”, followed by an integer. 

The names of the instance are always in capital letters as EXPRESS is case insensitive. 

The special “$” token is filled when the value of an object is optional. 

Furthermore, an implementation form is not sufficient to define the complete 

requirements for a conforming implementation of STEP; in addition, a data model is 

required that defines the structure and semantics of the data to be handled by the 

implementation. Within the architecture of STEP, these data models are provided within 

Application Protocols, as described below. 
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Figure 4.9 Example of Part 21 physical file 

4.5.3 Application Protocols 

Within STEP, a logically single conceptual data model has been developed that reflects 

and supports the common requirements of many different application areas. This 

conceptual data model is modular in nature, and is published within Integrated Resources. 

Integrated resources are divided into two separate series of parts: 

1. Integrated generic resources (Parts 41 to 99) define the components of the 

conceptual product data model that are independent of applications 

2. Integrated application resources (Parts 101 to 199) extend the generic resources to 

support the needs of specific groups of applications 
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The Integrated Resources provide the developers of STEP APs with standard definitions 

of product data; they are not themselves intended for direct implementation. Integrated 

Resources define reusable components that are intended to be combined and refined, 

within an AP, to meet a specific need. Each AP is divided into a number of separate, 

interrelated sections. This structure is common to all APs and not only encourages 

consistent development but also eases and aids the processes of review, implementation, 

and use. There are three major components of an Application Protocol. 

1. The scope of the AP specifies the industry processes and data that it is designed to 

support. The scope is described by an Application Activity Model (AAM), a 

graphical model of the industry activities. AAMs are built using Integration 

DEFinition for Function Modelling (IDEF0), where activities are represented as 

boxes, and data, control, mechanism and constraints are represented by arrows. 

 

2. The information requirements that the AP supports: these are specified as 

definitions of application objects and the relationships and constraints that apply 

to application assertions. It is supported by an Application Reference Model 

(ARM), a graphical model of the data entities and relationships within the scope. 

The information requirements are specified using the language and terminology of 

the application area supported, and are therefore designed for understanding and 

review by relevant industry experts. ARMs may be written in EXPRESS or 

Integration DEFinition for Information Modelling (IDEF1x). 

 

3. The Application Interpreted Model (AIM) is an EXPRESS data model that defines 

how the information requirements are satisfied using the STEP Integrated 

Resources. Constructs from the Integrated Resources are selected and constrained 

to create a data model that not only fulfils the specific requirements defined in an 

ARM, but also is consistent with other APs. The AIM is supported by a Mapping 

Table, which defines how each piece of identified information is satisfied. 

The presence of several different models within an Application Protocol can be confusing 

to the reader. The need for each model, and the relationships between them, is briefly 

explained in Figure 4.10. The AAM depicts the industry activities that are to be supported. 

The ARM defines the detailed data requirements for the in-scope information flows 
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defined in the AAM. The AIM fulfils the data requirements specified in the ARM, and is 

created by selecting and constraining elements taken from the Integrated Resources. The 

ARM, AIM, and Integrated Resources are related and cross-referenced through the 

Mapping Table. 

 

Figure 4.10 Relationships between different models in an AP 

4.5.4 STEP-NC 

As shown in Figure 4.6, STEP-NC was developed to provide a data model for the next 

generation of intelligent CNC controllers. It is an extension of STEP specifically for the 

NC area, aiming to standardise the CNC controller and part program code in a smarter 

way. The first set of Parts of ISO 14649, which is the ARM of STEP-NC, was published 

as an international standard in 2004. Several parts of ISO 14649 were later adopted as 

conceptual models when developing the AIM of STEP-NC, that is, ISO 10303 Part 238, 

which was published in 2007. 

As of May 2013, seven parts of ISO 14649 were formally published. They are listed as 

follows: 

 ISO 14649-1: Overview and fundamental principles [149] 

 ISO 14649-10: General process data [148] 
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 ISO 14649-11: Process data for milling [152] 

 ISO 14649-12: Process data for turning [153] 

 ISO 14649-111: Tools for milling [154] 

 ISO 14649-121: Tools for turning [155] 

 ISO 14649-201: Machine tool data for cutting process [156] 

These parts are arranged hierarchically, for example Part 11 uses Part 10 and Part 111. 

Part 10 defines a set of basic capabilities for process planning for machining. Part 11 and 

12 represent the technological capabilities for milling and turning, while other parts for 

technologies (e.g. grinding, electrical discharge machining (EDM) and inspection) are 

under development. 

STEP-NC has the intention of replacing G-code, which is traditionally used and still 

dominates the programming of NC machine tools. Many benefits of using STEP-NC have 

been recognised. A few of many advantages are as follows: 

 STEP-NC provides a complete and structured data model, enriched with 

geometrical and technological information on product development 

 The data model is extendable to further technologies and scalable to match the 

abilities of a specific CAM or NC system 

 Machining time for small and medium-sized jobs can be reduced, through the 

intelligence built into STEP-NC controllers 

 Post-processing mechanisms will be eliminated, as the interface does not require 

machine-specific programs 

 Bi-directional data flow along the CAx chain can be achieved 

The fundamental principle of STEP-NC data models is the object-oriented view in 

programming, in terms of manufacturing features instead of pure coding of axis 

movements and tool functions (G&M codes). As a result, they can be effectively used to 

define neutral data format. As in other STEP applications, STEP-NC files conform to ISO 

10303 Part 21. The structure of a STEP-NC data model is shown in Figure 4.11. Two 

sections marked by the keywords HEADER and DATA divide a STEP-NC part file. In 

the Header section, general information, for example, filename, date, author and 

organisation, and comments, are included. In the Data section, the part program is coded, 

containing all the information regarding the machining tasks. This section follows an 
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object-oriented data structure. A “Project” entity usually serves as the starting point of the 

task, composed of a main “Workplan” that contains sequenced “Executables” or sub 

“Workplan”. There are three types of executables, Workingsteps, NC functions, and 

program structures. 

 

Figure 4.11 Structure of the STEP-NC data model [149] 

In essence, STEP-NC describes “what to do” rather than “how to do”, based on the 

machining features it has defined, so that the part program provides the shop-floor with 

high-level information about machining tasks including technological data, and part 

geometrical and topological data. A machining feature is defined as a form of machining 

contour that consists of a set of parameters. It covers most of the manufacturing features 

defined in ISO 10303-224. For instance, planar_face is defined with two attributes, 

course of travel and removal boundary. Similarly, elementary machining features are 

defined in the standards such as step, closed_pocket, and slot. 

In addition to feature information, STEP-NC also captures machining operations 

information. A machining operation is the abstract class for process-specific data, 

including cutting tool to use, technological parameters and machining strategy. The 

connections of different data are explained in Figure 4.12. 
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Figure 4.12 Geometry, feature, technology and process information in STEP-NC 

The beauty of a STEP-NC data model is that it brings together the design information, 

materials information, planning information and machining process information, enabling 

a seamless and unambiguous data exchange mechanism. Realising this, in this research, 

the newly proposed energy data model for CNC machining systems is intended to be 

integrated with existing STEP-NC data models, which directly benefit from standardised 

description and implementation methods as well as an integrated environment in STEP-

NC. Details of a developed energy data model are stated in Chapter 6. 

4.6 Recap 

The key technologies used in conducting this research were introduced in this chapter. 

Why and how will they benefit this research were discussed briefly in each section. First, 

the Taguchi method was presented, describing two useful tools in design of experiments, 

the Taguchi OA and the triangular table. These minimise the number of experimental 

tests and maintain reliability at a competent level. A state transition diagram was formally 

formulated and the procedure of developing a state transition diagram was also described. 

It was highlighted that STDs are particularly suitable for modelling the systematic 

behaviour of a machining system. Thereafter, a well-known statistical method, namely 

multiple regression analysis, was explained. The basic purpose of multiple regression 

studies is to learn about the relationship between several independent variables and one or 

more dependant variables. It was used in power consumption modelling, considering 
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different machining parameters. Subsequently, two noteworthy international standards 

were introduced. First, IEC 61499 Function block is an emerging open standard for 

distributed industrial process measurement, control and automation. Its critical features, 

such as an event-driven mechanism, modularity and encapsulation of functionality, and 

extensibility all contribute to energy modelling in CNC machining. STEP/STEP-NC was 

then elaborated on and selected to be the international standard to integrate the proposed 

energy data models. The comprehensive and explicit data representation they offer 

facilitated the data model development and brought the resultant energy data models into 

a fully-integrated environment. 
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Chapter 5 

Energy Consumption Modelling 

As one of the key issues identified in Chapter 3, how to model the energy consumption of 

a machining system is focused on in this chapter. The energy model developed aims to 

support the different functionalities envisioned in GEMS, therefore, a number of the 

required attributes of an energy consumption model are first summarised, in Section 5.1. 

Bearing these requirements in mind, two energy modelling approaches are proposed. 

Firstly, a hybrid modelling approach able to model detailed energy consumption of a 

specific component/process and of entire machining system is proposed and developed in 

Section 5.2. A standard modelling procedure is suggested and followed by a description 

of the development of a hybrid model for a 3-axis milling machine through experiments. 

Additionally, a hybrid model was developed for a 5-axis machining centre, based on 

accessible energy consumption data. This demonstrates the feasibility and reliability of 

the proposed method. 

Subsequently, a function block-based approach is introduced and elaborated on to 

implement a hybrid model, because these two approaches share some key attributes, for 

example completeness, practicability, scalability and reusability. Moreover, function 

block-based energy modelling can be readily integrated with extensive function block-
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compliant machining systems, which bring additional value in developing such energy 

models. More details are presented in Section 5.3. 

The levels of reliability and accuracy of the energy estimation depend on energy data at 

different levels of detail. Since both approaches target energy-efficient applications on 

different levels, a useful definition of confidence level is given in Section 5.5. Also, a 

practical energy rating system associated with such confidence levels is proposed, to 

translate energy consumption values into useful indicators. 

The majority of the research work reported in this chapter is based on a paper published 

in the Journal of Manufacturing Systems [202], and a paper presented at the 20th CIRP 

International Conference on Life Cycle Engineering (CIRP LCE 2013) [95]. 

5.1 Necessary Attributes of an Energy Model 

Providing a comprehensive energy model has always been a major concern. However, to 

achieve well-balanced comprehensiveness and practicability is a challenging task. Until 

now, most research work has been devoted to developing accurate models for a specific 

component/process, yet they still lack the ability to zoom and reconfigure. This makes 

reliable energy estimation and optimisation of a machining system unreachable. 

 

Figure 5.1 Necessary attributes of an energy consumption model 



Chapter 5 – Energy Consumption Modelling 

 

102 | P a g e  
 

Imaging energy consumption model as a flower, six petals (primary attributes) should 

appear when it beautifully blossoms (Figure 5.1). The primary attributes are grouped into 

three following explanations: 

 Accuracy and Completeness: 

Accuracy is always the foremost requirement when developing an energy 

consumption model. Performing energy analysis and optimisation without having 

a reliable estimation may produce ambiguous results with misleading suggestions. 

Completeness means the ability of the model to completely describe the energy 

consumption activities within pre-determined parameters. This attribute 

complements accuracy and ensures proper decisions are made 

 Scalability and Effectiveness: 

The attributes scalability and effectiveness imply that an energy model is able to 

accommodate data at various levels of detail. This is important, particularly in 

providing energy consumption data to different users. More specifically, an 

energy model can effectively produce an energy estimation tailored to a specific 

need, such as machining parameters optimisation or production scheduling. This 

reduces unnecessary data processing 

 Extensibility and Reusability: 

Extensibility basically means a previously developed energy model can be 

extended or updated when additional data or knowledge is available, while 

reusability is the likelihood that parts of a model can be used again to develop 

another model, with slight or no modification. Thus, repetitive work and 

development time is reduced. As the energy consumption of a machining system 

is usually machine- and process-dependent, such attributes are bonuses 

5.2 Hybrid Energy Modelling 

To meet the requirements of an energy model as presented above, a hybrid energy model 

is proposed. It is defined as combining low-level component theoretical and empirical 

models with high-level discrete state-based models, plus human expertise. The intention 

here is not to develop a single model to explain the behaviour of all CNC machines, but 

to propose a hybrid modelling method that combines more than one approach to 

analysing the energy consumption of a machining system, in order to obtain an improved 
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estimation in terms of accuracy, scalability, effectiveness and practicability. It effectually 

forms a universal basis for optimising energy usage, which is scalable and adaptable to 

the needs of each particular case. 

The basic principle behind the hybrid approach is to view the entire energy consumption 

profile of a machining system hierarchically, in two stages, and construct an equivalent 

energy consumption model likewise. This is explained concisely with an example as 

shown in Figure 5.2. The corresponding machining operations performed were to produce 

a triple-slot feature on a 3-axis milling machine. 

 

Figure 5.2 A typical energy consumption profile of a machining system 

The complete energy consumption profile is broken in two stages into segments that are 

easier to model. In the first stage, total energy usage is cut vertically, based on different 

operational states, with long dash dot lines. This results in several energy consumption 

slices that labelled with numbers 1, 2, 3 or 4. Basically, in each energy consumption slice, 

the machining system performs at a distinct energy level or follows a certain pattern. In 

the second stage, these energy consumption slices are further divided into energy 

consumption pieces, which are tightly associated with the machine tool components in 

use. Every single piece represents the energy intake of a functional unit, for example a. 

motion control unit, or an exact machine tool component, such as an X-axis drive motor. 
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The golden rule for distinguishing different machine tool components from an energy 

perspective is whether the component involved is independently controllable during a 

machining process. For example, a spindle can be switched on and off whenever needed, 

thus, it occupies one energy consumption segment; a built-in CNC controller that cannot 

be turned off during the entire machining process is included into the base load energy 

segment. Moreover, in each energy consumption slice, consistent power behaviour is 

expected for every working component. This does not necessarily imply exactly the same 

energy usage, but a definite energy consumption rule. 

Mathematically, the two-stage hybrid model is expressed as follows,  

, ,
1 1 1 1 1

60000
i i j i j

n n m n m

total state state component state component i
i i j i j

E E E P t
    

                (5.1) 

where, 

totalE – total energy consumption of a machining system (kWh), 

istateE  – energy consumption in the ith operational state (kWh), 

,i jstate componentE  – energy consumption of the jth machine tool component in the ith 

operational state (kWh), 

n – number of different operational states, 

m – number of different machine tool components, 

,i jstate componentP  – power consumption of the jth machine tool component in the ith 

operational state (W), 

ti – duration of the ith operational state, which can be measured or estimated by 

MRV/MRR (min). 

Here, ,i jstate componentP  can be obtained in three ways, energy consumption model, actual 

measurement or rated power. For instance, a spindle power in the cutting state can be 

calculated from a cutting energy model, or measured directly using a wattmeter. 
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To this point, the basic concept and principles in developing a hybrid energy consumption 

model have been presented. In the following sub-sections, formal definitions of 

terminology used in this research are given, after which a detailed modelling procedure is 

proposed.  Two hybrid energy models were developed to comply with the procedure, for 

a 3-axis milling machine and a 5-axis machining centre respectively, to verify the 

proposed method. 

Furthermore, in order to make the energy value intuitive and meaningful, an energy rating 

system is demanded to interpret the estimated energy consumption. In this way, users can 

easily understand at what level is the planned machining job will be operating. Details on 

rating scheme are given in Section 5.5. 

5.2.1 Definitions in Hybrid Modelling 

To ensure a clear interpretation of the hybrid energy consumption model introduced in 

this research, it is necessary to define the terms in use. The internationally acceptable 

definitions suggested in ISO 14955-1 follow [36]. 

 Machine tool components are defined as a mechanical, electrical, hydraulic, or 

pneumatic device of a machine tool, or a combination thereof, such as a spindle, 

drive axis, or machine cooling unit. From the energy perspective, the combination 

is decided upon whether the components involved are independently controllable. 

 

 Component operating modes mean different mode designs in which a component 

can stay or operate, that is, ‘On’, ‘Hold’ and ‘Off’ or ‘Process’, ‘Idle’ and ‘Stop’. 

In each operating mode, the consistent energy consumption pattern of a 

component is well-maintained. 

 

 Operational states mean predefined combinations of ‘On’, ‘Hold’ and ‘Off’ states 

of components or units, in which a machining system can stay or operate, for 

instance processing and idle. Usually, different operational states reveal dissimilar 

energy consumption value, but not vice versa. 

 

 Machining events are the incidents or changes of component operating mode that 

result in a shift of operational state in a machining process, for example ‘spindle 
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switch on’ or ‘cutter enters workpiece’. Most machining events are predictable 

and controllable, except ‘emergency stop’ or ‘unexpected tool breakage’. 

In addition to this standardised terminology, there are six other expressions proposed and 

employed: 

1. Component energy model refers to an energy consumption model at the machine 

tool component level; more specifically, it is a mathematical expression that 

describes the relationship of energy consumption and its influential factors for a 

particular machine tool component. 

 

2. Reference table in hybrid modelling structures all component energy models of a 

machining system. The number of rows equals the number of machine tool 

components or energy consumers, while the columns are created in accordance 

with component operating modes. Each cell in the table is filled with a suitable 

component energy model so the energy behaviour of a specific machine tool 

component in all of its operating modes is explicit and well-represented. 

 

3. Component-Mode-State matrix (CoMoS matrix) is designed to contain the status 

of component operating modes related to all the operational states of a machining 

system. In the rows, machine tool components are relisted, while the columns 

present operational states. The element of the matrix is the operating mode of a 

certain machine tool component in its associated state. Numbers are used to 

represent the modes, such as 0 (Off), 1 (Hold) and 2 (On). Thus, the matrix can 

easily be interpreted by a CNC controller. 

 

4. State transition diagram is employed to give an abstract description of the 

behaviour of a machining system. The basics of a state transition diagram can be 

found in Section 4.2. Here, the behaviour is represented in a series of machining 

events that could occur in one or more possible operational states, which are 

modelled as vertices/states. In each state, energy consumption data is accessible 

from the reference table. The transitions between different states are described as 

machining events. Moreover, additional transit energy is labelled for each 

transition. 
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5. Transit energy means the amount of energy consumed to complete a transition. It 

is a more realistic way to factor in transition cost, as transit energy is not always 

positive. For example, it can be zero when switching on or off the lighting unit, or 

it can be negative when energy recovery is enabled from a spindle deceleration. 

 

6. Process chain matrix gives an instance of a specific machining process based on 

the CoMoS matrix and state transition diagram. A column of the matrix is an 

operational state representation extracted from CoMoS matrix, and the duration of 

the state by estimation or measurement is inserted into the bottom row. The 

columns are sequenced based on the machining part program or tool path 

generated. The matrix is regarded as a chain of the sequenced columns necessary 

to describe a particular machining procedure. This enables energy optimisation 

and comparison of alternative processes by an intelligent CNC controller. 

5.2.2 Detailed Modelling Procedure 

Having a clear definition of this terminology makes the understanding of a hybrid 

modelling procedure straightforward. The detailed modelling procedure presented here 

aims to give an informative guideline for developing a hybrid energy consumption model 

for any machining system with well-balanced comprehensiveness and practicability. The 

7-step modelling procedure is illustrated in Figure 5.3. 
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Figure 5.3 Proposed hybrid modelling procedure 

 Step 1: Define the modelling scope 

Prerequisite knowledge of what to model and its level of accuracy certainly make 

modelling effort more cost-effective. Also, the hybrid energy consumption 

modelling proposed here is capable of catering for different modelling requests, 

such as energy modelling for cutting process only or an entire machining system. 

This consequently emphasises the importance of definition of the modelling scope. 
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One can determine the extent by answering three typical questions: What is the 

purpose of energy modelling? What are the outputs expected? What happens after 

obtaining the energy model? For instance, we merely want to derive an energy 

model for cutting, expect to get the energy consumption in relationship with 

cutting parameters, and intend to optimise the cutting parameters for lower energy 

usage. These answers play important roles in following steps. 

 

 Step 2: Study the machining system  

Having gone through the first step, one has a general idea on how to plan energy 

modelling. It is then refined and decided upon during the study of the machining 

system concerned. The energy consumers or machine tool components that 

contribute to the desired energy model are identified, as are the operating modes 

of each component and the corresponding operational states of the system. The 

potential factors that influence energy consumption and the means to acquire data 

of the factors involved are determined based on both available resources and 

expected outputs. 

 

 Step 3: Develop the reference table 

By this point, the preparatory work is finished. This step is the most important one 

in terms of providing an accurate and reliable component energy model. This is 

because component energy models are viewed as basic building blocks in hybrid 

modelling. Since energy consumers and their operating modes are recognised in 

the second step, the main task becomes obtaining appropriate component energy 

models for all the cells. Many methods and techniques used to develop theoretical 

or empirical models were summarised in Section 2.2.1 and 2.2.2. They are ready 

to be adopted and modified. As stated there, each method has its own merits and 

drawbacks, thus, selection of the most suitable one is critical. This may result 

from careful evaluation of individual expertise, accessible facilities and 

reasonable cost. For example, to develop a theoretical energy model requires 

specialised knowledge, therefore, when the knowledge is not available, another 

method or outsource for expertise should be considered. If one is only concerned 

with the energy consumption of a specific component or process, go to Step 7. 
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 Step 4: Construct the CoMoS matrix 

This step is straightforward. Matching component operating modes with 

operational states creates the CoMoS matrix. Simply fill the operating mode ‘On’, 

or 2 if using a number, for example, for component ‘main spindle in operational 

state ‘processing’. This matrix can be produced by an engineer/operator who has 

enough knowledge about the machining system, but eventually it is expected to be 

provided by machine tool manufacturers. 

 

 Step 5: Create the STD 

As above, an STD can be modelled by an engineer using UML or prepared by 

machine tool vendors. Each operational state is represented by circles (or round 

rectangles) and labelled with its unique name, and the transitions from one state to 

another are represented by solid lines with arrowheads, which are triggered by 

different machining events. As stated above, shifting from one state to another 

often leads to change in energy consumption; however, not every energy 

consumption change is modelled as a state. One good example is power overshoot 

when the spindle is switched on. Since it merely can be considered a transient 

state and contributes no significant energy consumption due to its short duration, 

this type of change is modelled as “transit energy required”. Hence, one goes to 

Step 7 and a general hybrid model of a machining system is completed. 

 

 Step 6: Generate process chain matrix for a specific task 

The definition of a process chain matrix is to link the sequential operational states 

to perform the required machining task, using a specific machining system. Its 

generation occurs according to a CoMoS matrix, state transition diagram and a 

particular part program. This important step is treated as providing a process-

specific hybrid model and more credible energy estimation. The matrix can be 

created based on a STEP-NC part program or tool path generated, but is not 

equivalent to either of them. For example, to calculate the energy required to 

machine a closed pocket described in a STEP-NC file, one also needs energy in 

the standby and rapid traverse states of the machine tool in use. Likewise, for the 

same closed pocket, energy is not calculated path-by-path but by grouping the 

segmented tool paths in respect to different operational states. Note that, for 
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different configurations, such as a machining strategy or machining setup, the 

process chain matrix needs to be updated. 

 

 Step 7: Complete hybrid modelling process 

The completed hybrid model is evaluated against the requirements defined in Step 

1. If all the requirements are met, the hybrid modelling procedure is finished; 

otherwise, model revision should be performed by repeating these steps. 

5.2.3 Energy Model for a 3-axis Milling Machine 

A hybrid energy model was developed for a 3-axis milling machine following the 

proposed procedure. By answering the three questions in Step 1, the author aimed to 

develop a comprehensive energy consumption model for the entire 3-axis machining 

system. It was hoped to model the energy consumption of all components and the 

systematic energy behaviour. This will support energy analysis at both shop-floor and 

process levels. Furthermore, after making the models, an energy estimation and 

optimisation of a certain machining task could be performed. 

With the scope in mind, a closer study on the machining system was conducted. The pilot 

machining system consists of a 3-axis SHERLINE 2010 Vertical Mill and a PC-based 

controller. The machine tool can be operated in a dry machining condition. Also, tool 

changing, chip cleaning and fixturing can only be done manually. Therefore, the energy 

consumers in such a machining system are the main spindle, three drive motors and the 

PC controller. The rotary speed of the spindle can continuously vary between 70 rpm and 

2800 rpm, and the maximum rotary speed of the motor is 6100 rpm. 3-axis motion control 

is done by the PC controller, while the spindle speed is controlled manually. Complete 

specifications for the SHERLINE 2010 Mill are given in Table A-1 in Appendix A. 

There are two default operating modes for each component, ‘On’ and ‘Off’ or 1 and 0 in 

numbers. All eight possible combinations of operating mode are listed in Table 5.1. 

However, not every one of them is equivalent to a real operational state. For example, 

when the controller is off, the drive motors cannot be activated and rotating the spindle 

seems pointless. The possible combinations are marked as ‘’, otherwise ‘’. 
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Table 5.1 All possible combinations of component operating modes 

 Operating Mode 

PC Controller 0 0 0 0 1 1 1 1 

Spindle 0 1 0 1 0 1 0 1 

Drive Motor 0 0 1 1 0 0 1 1 

Possible State         

 

5.2.3.1 Experimental Setup for Developing the Reference Table 

At this point, all component energy models were to be developed. In this research, the 

empirical modelling approach based on experimental runs was used. There are two main 

reasons to choose such an approach. 

1. With the help of statistical and AI computing and DOE techniques, empirical 

modelling was proven to be effective and practicable. It can be applied widely and 

easily. Such properties of empirical modelling answer the objectives of hybrid 

modelling. In addition, an empirical model can be continuously refined using 

everyday production data, which makes it suitable for actual industrial 

implementation 

2. Empirical modelling can include a number of influential factors but it is not 

necessarily to consider all of them. This allows the engineer/experimenter to 

select certain relevant factors or virtual-controllable parameters. Therefore, the 

effort of developing the models is cost-effective 

Experimentation was planned using Taguchi’s orthogonal array so that a minimum 

number of experiments was needed. As summarised in Chapter 2, the existing literature 

suggested that three groups of factors, machine tool structure, set-up conditions, and 

machining parameters, were believed to have impacts on energy consumption. Due to 

feasibility in the actual experiment environment, four factors were finally chosen, spindle 

speed, feed-rate, depth of cut, diameter of the cutting tool. Equally, three levels of spindle 

speed, feed-rate and depth of cut were decided on as all these been reported as impact 

factors [69, 72, 81]. Two levels of the diameter of the cutter were considered, to bring 

cutting tool properties into consideration. The cutting was done in a full-immersion 

condition. Table 5.2 gives the actual physical parameters at different levels. 
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Table 5.2 Physical parameters for each level of selected factors 

Level Spindle speed Feed-rate Depth of cut Diameter of the cutter 
(rpm) (mm/min) (mm) (mm) 

1 1600 100 0.3 9.525 
2 2100 150 0.6 7.9375 
3 2600 200 1 

 

Since the cutting tool was mounted manually, the diameter of the cutting tool was 

considered separately when designing the Taguchi OA. For each cutting tool, a three-

level, three-factor OA was designed for spindle speed, feed-rate, depth of cut and possible 

interactional effects by a pairing of spindle speed and feed-rate. Table 5.3 shows a 

standard three-level, nine-row OA [173]. With its associated triangular table, spindle 

speed, feed-rate and depth of cut were assigned as column 1, 2 and 4, while column 3 

represents the interaction of column 1 and 2 [172]. The same parameter sets as shown in 

Table 5.3 were experimented on, using both cutting tools. However, random sequences of 

parameter set were determined for both cases, that is, 1-4-9-3-2-7-5-8-6 for cutter one 

(9.525 mm) and 7-2-8-5-6-9-4-1-3 for cutter two (7.9375 mm). Overall, there were 18 

different sets of machining parameters to run. Compared with a full factorial design 

which requires 54 runs, experimental efforts were reduced to one third. 

Table 5.3 L9 Orthogonal array for four three-level factors 

Parameter Spindle speed Feed-rate Depth of cut 
set (Level) (Level)  (Level) 
1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

 

The schematic diagram of the experimental setup is shown in Figure 5.4 (a) and the real 

setup in a laboratory environment is illustrated in Figure 5.4 (b). The machining 

operations were conducted on several 200 mm × 100 mm × 5 mm aluminium 

(AlCu2Mg1.5Ni) plates, to produce a series of triple-slot features. The width of the three 
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parallel slots equals the diameter of the cutting tool, depth equals to the depth of cut and 

length is 45 mm. Two-flute 3/8 inch (9.525 mm) and 5/16 inch (7.9375 mm) High Speed 

Steel (HSS) end-mill cutters were used. The machining process was conducted in a dry 

machining condition as it is energy-saving compared with wet machining [74, 77]. 

 

Figure 5.4 Actual experiment setup: (a) schematic diagram (b) platform in the 

Manufacturing System Laboratory, University of Auckland 
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To acquire the experimental data, a piezoelectric KISTLER type 9273 dynamometer was 

installed to measure the cutting forces along the tool path and the torque about the tool 

axis (Z-axis in this case). A force/torque signal was sensed as voltages, and acquired by a 

National Instruments (NI) Data AcQuisition (DAQ) board after amplification by 

KISTLER 5007. It was converted by the data processing system back to force/torque 

value. A three-phase programmable POWERTEK ISW8300 wattmeter was configured to 

measure the power of spindle, drive motors, PC controller and total power intake. 

Appendix A provides more equipment specifications. Automatic data logging is 

supported in both cases. Also, a hand-held contact SHIMPO DT-205 tachometer was 

used to set the right spindle speed. To ensure experimental data reliability, each parameter 

set was repeated five times. 

5.2.3.2 Experiment Analysis and Model Development 

Three groups of experimental data were recorded, machining parameters, cutting forces 

and torque, and energy consumption. Summarised experimental data are given in Table 

B-1 in Appendix B. Besides machining parameters, cutting speed Vc and MRR were 

calculated based on Equations 2.3 and 2.9. They were involved in developing the 

empirical models. 

The data gathered from the experiments was processed by Matlab R2011b. Matlab 

functions were used to (a) filter the noise and average the signal values of cutting forces, 

torque and power consumption, (b) calculate the signal-to-noise ratio of the data, (c) 

conduct multiple regression analysis and (d) perform ANOVA. Figure 5.5 depicts the 

signals of the third experimental run as an example. In the actual setup, the power of the 

drive motors was supplied by the PC controller, hence, they were grouped together as one 

power measurement. Total energy consumption consists of spindle energy, drive motors 

and controller. The plot suggests no significant changes in torque around the Z-axis 

during the machining process. The data processing results for all experiments are given in 

Figure B-1 to B-18 in Appendix B. 
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Figure 5.5 3rd experimental run with parameters: Vf – 200 mm/min, n – 2623 rpm, ap – 

0.33 mm, D – 9.525 mm 

The PC-based machine controller shows no significant changes in energy usage during 

the whole experiment, once it is switched on. Therefore, average energy consumption was 

recorded as 39 W in the operating mode ‘On’. In contrast, there were two different energy 

consumption patterns observed in rapid traverse and cutting, respectively, for both the 

spindle and drive motor. Therefore, their three operating modes (in total) are ‘Off’, 

‘Traverse’ and ‘Cutting’. In ‘Traverse’ mode, the average energy consumption of the 

drive motors was measured as 11 W, due to their optimised rapid traversing speed, 

whereas, the spindle power required is linear to spindle speed, which is expressed as, 

_ 0.0149 2.0478Spindle traverseP n                                                                                     (5.2) 

To develop energy models of spindle and drive motors under cutting conditions, multiple 

regression analysis was employed. The purpose of the multiple regression analysis was to 

find how these selected parameters are quantifiably related to each component’s energy 

consumption. Actual spindle speed and depth of the machined slots were measured to 

revise the parameters designed for the multiple regression analysis. Equations 4.3 to 4.5 

were applied to find first-order and second-order empirical energy models. The impact of 

spindle speed n, feed-rate Vf, depth of cut ap and diameter of the cutting tool D was then 

studied. The analysis was conducted at a confidence level of 95 per cent and a 

significance level of 5 per cent. From the analysis, the following response functions and 

ANOVA results for both components were obtained: 
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A)  Response function models and ANOVA tables for spindle 

The first-order equation of spindle cutting power Pspindle_cutting is expressed as, 

_ 162.0743 0.1099 0.1525 3.947

4.5173 0.0395 18.6816

spindle cutting f p

c

P n V a

V MRR D

   

  
                                                (5.3) 

The F-statistic and p-value in Table 5.4 suggest that the first-order model satisfied a 5 per 

cent statistical significance level, and R2 indicates an acceptable fit for the function. 

Table 5.4 ANOVA for the first-order regression model of spindle power consumption 

R2 statistic F-statistic P-value Estimate of the error variance 

0.937934 27.704893 0.00000502 61.78227 

 

The second-order equation is expressed as, 

_ 33.2276 0.0213 0.444 16.484 0.558 0.0245

2.0168 0.0001589 0.1216 0.0004957

0.00004663 0.2115 0.00003822

0.0001508 5.2016 0.0151 0.0018

spindle cutting f p c

f p c

f p f c

f p c p c

P n V a V MRR

D nV na nV

nMRR V a V V

V MRR a V a MRR V M

     

   

  

    RR

          (5.4) 

In this function, only the second-order n, Vf, ap and their interactions were considered, 

which were reflected in the products of two factors, for example, 2 1000cnV n D   . 

The ANOVA table shows that the second-order function meets the 5 per cent significance 

level and provides a better fit than the first-order function (Table 5.5). 

Table 5.5 ANOVA for the second-order regression model of spindle power consumption 

R2 statistic F-statistic P-value Estimate of the error variance 

0.999941 1052.2285 0.024212 0.65034478 

 

Moreover, residual intervals were used to diagnose outliers. Residuals have normal 

distributions with zero mean, but with different variances at different values of the 

predicting parameters. To put residuals on a comparable scale, they are divided by an 

estimate of their standard deviation that is independent of their value. Figure 5.6 shows 
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the corresponding residual plot for the second-order regression model, which suggests no 

outliner was identified. 

 

Figure 5.6 Residual plot for the second-order power consumption model of spindle 

Finally, ANOVA was carried out to identify the significance of different parameters that 

impact spindle power consumption during cutting. As listed in Table 5.6, it was observed 

that depth of cut has the most significant impact, followed by diameter of the cutting tool. 

Spindle speed and feed-rate contribute less for this machining system. 

Table 5.6 ANOVA for parameter impacts on spindle power consumption 

Source Sum of squares DOF Mean square F-statistic P-value

Spindle speed 216.6 2 108.3 0.71 0.5136
Feed-rate 111.4 2 55.68 0.37 0.7021

Depth of cut 5380.7 2 2690.35 17.7 0.0005

Cutter diameter 3721.2 1 3721.24 24.49 0.0006

Error 1519.7 10 151.97   

Total 10949.6 17    

 

 



Chapter 5 – Energy Consumption Modelling 

 

119 | P a g e  
 

B) Response function models and ANOVA tables for drive motors 

Same study was conducted for drive motors. As the power supply to PC-based controller 

and drive motors was measured together, the power increase during cutting was focused 

on. The first-order equation is presented as, 

_ 2.6101 0.0011 0.0244 0.4507

0.0389 0.0003766 0.3786

spindle cutting f p

c

P n V a

V MRR D

   

  
                                                  (5.5) 

The F-statistic and p-value in Table 5.7 suggest that the first-order function for drive 

motors satisfies a significance level of 5 per cent, and R2 indicates a good fit. 

Table 5.7 ANOVA for the first-order regression model of motor power consumption 

R2 statistic F-statistic P-value Estimate of the error variance 

0.92715 23.33378 0.0000119 0.153673 

 

Likewise, the second-order equation is derived as, 

_ 11.0384 0.0056 0.1368 42.5497 0.6954 0.0156

2.888 0.0000673 0.019 0.000039 0.0000105

0.0183 0.0022 0.00006766 0.3747

0.008 0.0000629

spindle cutting f p c

f p c

f p f c f p c

p c

P n V a V MRR

D nV na nV nMRR

V a V V V MRR a V

a MRR V MR

      

    

   

  R

(5.6) 

Table 5.8 ANOVA for the second-order regression model of motor power consumption 

R2 statistic F-statistic P-value Estimate of the error variance 

0.999974 2400.1056 0.01603 0.000604 

 

The ANOVA Table 5.8 shows that the second-order function meets the 5% significance 

level and provides an even better fit. The corresponding residual plot is given in Figure 

5.7. 
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Figure 5.7 Residual plot for the second-order power consumption model of drive motors 

However, ANOVA identified a different significance for parameters that impact drive 

motor power consumption during cutting (Table 5.9). Feed-rate was found to have the 

dominating impact, while depth of cut and cutter diameter had a secondary effect. This is 

true for this machining system in particular. 

Table 5.9 ANOVA for parameter impacts on motor power consumption 

Source Sum of squares DOF Mean square F-statistic P-value 

Spindle speed 0.0203 2 0.0101 0.07 0.9292 
Feed-rate 21.4378 2 10.7189 78.16 0.00000103

Depth of cut 0.3021 2 0.151 1.1 0.3694 

Cutter diameter 0.0742 1 0.0742 0.54 0.4789 

Error 1.3708 10 0.1371   

Total 23.2051 17    

 

Four additional sets of parameters were experimented with for both spindle and drive 

motors to verify the second-order models developed. The results indicate a good 

agreement with the models. The significance of influential factors on total power 

consumption was analysed as well (Table 5.10). It is noted that overall, depth of cut and 
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diameter of the cutting tool has the major impact, and spindle speed has the secondary 

impact. Feed-rate is relatively less influential in this machining system, perhaps due to the 

limited capability of motor designs. In contrast, energy consumed by the motors is much 

less than that of the spindle. 

Table 5.10 ANOVA for parameter impacts on total power consumption 

Source Sum of squares DOF Mean square F-statistic P-value

Spindle speed 1453.3 2 726.65 5.17 0.0287
Feed-rate 243.8 2 121.92 0.87 0.4492

Depth of cut 5127.4 2 2563.71 18.25 0.0005

Cutter diameter 3781.5 1 3781.54 26.91 0.0004

Error 1405 10 140.5   

Total 12011.1 17    

 

Cutting forces were also considered in two types of analysis. First, theoretical power 

requirement based on cutting force and speed was calculated (Equation 2.2). Second, 

cutting forces as predictors in the regression model was included. The former calculates 

the theoretical power required at the cutting tool tip, which gave no better results in 

predicting actual power consumed by a spindle. In the latter analysis, it was found that 

including cutting forces results in a slightly better regression model (both first-order and 

second-order). Considering practicability, second-order regression models excluding 

cutting forces were finally chosen, because the cutting force sensor (e.g. dynamometer) is 

not commonly available in an industrial situation and additional costs may be incurred. 

C) Model-based energy analysis 

The spindle power consumption model developed (Equation 5.4) was examined to find an 

optimised combination of parameters, minimising spindle power consumption. Possible 

combinations of spindle speed (1500-2600 rpm), feed-rate (100-200 mm/min) and depth 

of cut (0.1-1 mm), and diameter of cutting tool (7.9375 or 9.525 mm) were tested. Figure 

5.8, as an example, depicts the relationship of spindle cutting power with depth of cut and 

spindle speed at 200 mm/min feed-rate. 
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Figure 5.8 Spindle cutting power increase versus depth of cut and spindle speed at 200 

mm/min feed-rate 

However, minimisation of energy consumption should always consider machining time. 

This is critical in determining the energy consumption of a single component or entire 

system. Therefore, the removal of a block of aluminium volume (50×30×10 mm3) with a 

combination of parameters within range was assumed. Minimum energy consumption for 

the entire system was pursued. As summarised in Table 5.11, for different objectives, 

there is a different combination. Generally, considering this machining system, 

maximised MRR is aimed at minimising total energy consumed, which means larger 

depth, faster feed-rate and bigger cutting tool. A reasonably low spindle speed should be 

configured. Though it inevitably results in larger power consumption, this combination 

reduced machining time, thus reducing non-value-adding energy usage. Along with the 

findings in Table 5.10, if one wants to reasonably maximise MRR using this machining 

system, it is better to first increased feed-rate, then use a bigger cutter and lastly perform 

a deeper cut so that power usage is also kept optimal. 

Table 5.11 Summary of combinations of parameter in two objectives 

 Pspindle_cut n ap Vf D tc 
Objective (W) (rpm) (mm) (mm/min) (mm) (min) 

Minimum total energy 75.849 1500 1 200 9.525 7.874 
Minimum total power 13.257 1500 0.1 100 7.9375 188.976
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Besides absolute energy usage, some relative values, for example, ratio of spindle power 

to total power, were studied based on experimental data. From this perspective, the 

largest spindle/total energy consumption ratio is perceived as an optimal setting, which 

means the majority of the energy consumed goes into actual cutting energy. Parameter set 

No. 8, which holds the largest spindle/total energy consumption ratio, as well as the 

largest total power increase versus base power ratio, is optimal. The corresponding 

machining parameters were 2600 rpm (spindle speed), 150 mm/min (feed-rate), 1 mm 

(depth of cut) and 9.525 mm (cutter diameter). This was also the maximum MRR of all 

the experimental tests. 

Table 5.12 Relative ratios calculated based on experiments 

 Cutting power Cutting Power increase Energy 
Set Spindle/Total Spindle/Base Spindle/Total Total/Base Spindle/Total

1 0.531 2.100 0.278 1.223 0.415 
2 0.732 3.805 0.539 2.900 0.585 

3 0.631 2.020 0.319 2.001 0.500 

4 0.702 4.788 0.556 2.750 0.514 

5 0.604 2.924 0.397 1.662 0.464 

6 0.727 2.980 0.483 2.834 0.600 

7 0.599 2.111 0.315 1.667 0.473 

8 0.769 3.881 0.571 3.462 0.625 

9 0.648 2.805 0.417 2.122 0.475 

10 0.605 1.645 0.237 1.616 0.530 

11 0.532 2.132 0.282 1.320 0.412 

12 0.649 2.099 0.339 2.068 0.520 

13 0.535 1.609 0.203 1.341 0.441 

14 0.595 2.067 0.307 1.753 0.466 

15 0.578 1.568 0.209 1.641 0.465 

16 0.611 2.160 0.328 1.672 0.514 

17 0.472 1.639 0.184 0.984 0.390 

18 0.652 3.870 0.483 2.197 0.475 

 

As a result of these analyses, it is concluded that the second-order regression models 

developed are suitable to describe the energy consumption of these components of the 

SHERLINE machining system. The completed reference table follows (Table 5.13): 
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Table 5.13 Reference table of SHERLINE 2010 mill 

 ON/Cutting OFF HOLD/Traverse 

Spindle power Equation 5.4 0 Equation 5.2 
Motor power Equation 5.6 0 11 W 

Controller 39 W 0  

 

5.2.3.3 Generation of CoMoS Matrix and STD 

After consulting the reference table, the combinations of component operating modes 

suggested in Table 5.1 were modified. There are five distinct operational states identified; 

‘Off’, ‘Idle’, ‘Ready’, ‘Traverse’ and ‘Processing’. The generated CoMoS matrix of 

SHERLINE mil is presented in Table 5.14. Here, numbers are used to represent different 

operating modes; 0 for ‘Off’, 1 for ‘Hold/Traverse’, and 2 for ‘ON/Cutting’. 

Table 5.14 CoMoS matrix of SHERLINE 2010 mill 

 S1 S2 S3 S4 S5 

PC Controller 0 1 1 1 1 
Main spindle 0 0 1 1 2 

Drive motors 0 0 0 1 2 

S1 – Off, S2 – Idle, S3 – Ready, S4 – Traverse, S5 – Processing 

A STD of the system is illustrated in Figure 5.9. Initial and final states were transited 

from and to S1, and other four active operational states S2-S5 were considered. Special 

events such as ‘emergency stop’ or ‘tool breakage’ are treated as exiting to state ‘Off’. 

Machining events were represented by solid arrow lines, labelled with associated Transit 

Energy (TE). In the current configuration, they were considered to be zero. 



Chapter 5 – Energy Consumption Modelling 

 

125 | P a g e  
 

 

Figure 5.9 A STD for the SHERLINE machining system, TE – Transit Energy 

With the developed reference table, CoMoS and STD, the hybrid energy model of the 

system is expressed as, 
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where, 

controllerP  – power consumption of machine controller (W), 

_spindle traverseP  – power consumption of spindle in traverse state (W), 

_motor traverseP  – power consumption of motors in traverse state (W), 

_spindle cuttingP  – power consumption of spindle in cutting state (W), 

_motor cuttingP  – power consumption of motors in cutting state (W), 

tidle – duration of Idle state (min), 

tready – duration of Ready state (min), 
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ttraverse – duration of Traverse state (min), 

tproc – duration of Processing state (min). 

As the aim is to model energy consumption of all components and the systematic energy 

behaviour, the modelling process is considered to be complete. The resultant hybrid 

model supports energy analysis at both shop-floor and process levels. 

5.2.3.4 Process-specific Energy Consumption 

When considering energy consumption in a specific machining process, Step 6 must be 

taken. This is to give a reliable energy estimate using the hybrid model. The triple-slot 

feature was adopted as an example (Figure 5.5). Here, two different machining strategies 

are considered and the tool paths generated are demonstrated in Figure 5.10. 

 

Figure 5.10 Two different cutting strategies for a triple-slot feature: (a) bidirectional 

milling, (b) unidirectional milling 

Table 5.15 Process chain matrix for a triple-slot milling process 

 S1 S2 S3 S4 S5 S4 S5 S4 S5 S4 S3 S2 S1

Controller 0 1 1 1 1 1 1 1 1 1 1 1 0
Spindle 0 0 1 1 2 1 2 1 2 1 1 0 0

Motors 0 0 0 1 2 1 2 1 2 1 0 0 0

Duration 0 tidle tready ttraverse tproc ttraverse tproc ttraverse tproc ttraverse tready tidle 0

 

In this simple case, the same process chain matrix for both strategies is generated (Table 

5.15). The difference is the duration of some operational states. Here, the durations were 
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calculated based on traverse speed and MRR. The machining parameters were Vf – 200 

mm/min, n – 2623 rpm, ap – 0.33 mm, D – 9.525 mm, and rapid traverse speed 500 

mm/min. After forming the models, energy estimation of a certain machining task can be 

performed. Using bidirectional strategy, an additional 10 per cent required power is 

assumed in conventional milling compared with climb milling. The estimation of 

unidirectional milling is slightly more than actual energy measured. The same MRR is set, 

but bidirectional milling reports less energy usage in this case, which is mainly attributed 

to less traversing time and consequently less base energy consumed. It is noted that 

through changing strategy alone, 6.5 per cent energy is saved in producing the same 

feature. 

Table 5.16 Energy estimation for a triple-slot milling process 

 Energy (kWh) 

 Total Spindle

Bidirectional (estimated) 0.0029 0.0015
Unidirectional (estimated) 0.0031 0.0016

Unidirectional (measured) 0.003 0.0015

 

5.2.4 Energy Model for a 5-axis Machining Centre 

Due to limited data availability, the hybrid energy model developed for a 5-axis 

machining centre was simplified. Yet it can still demonstrate the extensibility and 

feasibility of the proposed method. The HSC 600 machining centre, manufactured by 

exeron GmbH, was used, and the energy data was collected during multi-slot milling 

operations on aluminium blocks with an end mill 32 mm in diameter. 60 different 

combinations of machining parameter, that is, 3-level spindle speed, 4-level feed-rate and 

5-level depth of cut, were tested. The complete experiment data can be found in 

Appendix B-3. 

After multiple regression analysis, the first-order models were chosen for generating the 

reference table, as it simplified the calculation while maintaining the same level of 

accuracy as the second-order models. Four major energy consumers, control cabinet, 

hydraulics, spindle and drive motors, were examined, so that correspondingly, six 

different operational states were defined. A STD was also developed to describe the 
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energy behaviour of the HSC 600 machining system. Considering the context and length 

of this chapter, the detailed hybrid model is presented in Appendix B-4, including tables 

and diagrams. 

Most importantly, the hybrid energy consumption model proposed in this section was 

proven to be effective, practical and reliable. Following the procedure outlined here, a 

hybrid energy consumption model is attainable for certain machining systems. 

5.3 Function Block-based Energy Modelling 

How to implement such a hybrid model is equally important. Considering the upcoming 

generation of CNC machining systems, a standardised and interoperable solution is 

needed [151]. IEC 61499 function blocks are then introduced, as this agrees with the 

concept of a hybrid model and brings modularity, extensibility and reusability to the 

model. 

Three types of function block have been designed, Machine Tool Dependent Function 

Blocks (MTDFBs), State Transition Function Blocks (STFBs), and Service Interface 

Function Blocks (SIFBs). MTDFBs model the functionalities related to a specific 

machine tool, having two sub-types, namely Machine Component Function Blocks 

(MCFBs) and Machining State Function Blocks (MSFBs). STFBs model the capability of 

handling a series of operational state transitions that are interpreted by a part program. 

SIFBs are designed to enable data communications, such as data monitoring or 

acquisition. 

5.3.1 Machine Tool Dependent FBs 

This type of function block contains the fundamental function blocks for building an 

energy consumption model. It is divided into two sub-types, MCFBs and MSFBs. The 

“machine component” carries the same meaning as the “machine tool component” 

defined in Section 5.2.1, while “machining state” represents “operational state”. MCFB 

represents the energy consumption behaviour of an individual machine tool component. 

Figure 5.11 gives the graphical definition of a main spindle power function block and its 

internal ECC. Data input DI_RATED is the rated power of the spindle. DI_SPEED 

accepts the spindle speed value commanded by the CNC controller. DI_PARAS is a 
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vector for transferring relevant machining parameters that will influence the energy 

behaviour of the spindle, such as feed-rate. DI_MODE is used to store a component 

operating mode, which runs a corresponding algorithm. Five algorithms; ALG_INIT, 

ALG_STOP, ALG_ON, ALG_HOLD, and ALG_MON, are defined inside the function 

block, which can be updated afterwards, based on refined knowledge. The START state is 

an initial state, meaning that the FB is ready to receive event input. Event input EI_INIT 

enables the state transition from START to INITIATE, runs the ALG_INIT, and then fires 

EO_INIT output, indicating successful completion of initialisation. EI_RUN triggers 

another state transition, but it considers DI_MODE to be a concurrent condition. If 

MODE is ON when EI_RUN is prompted, then state transition moves from START to 

CUTTING, meaning the cutter and workpiece are engaged. ALG_ON is executed to 

calculate the cutting power DO_POWER and outputs event EO_START. Similarly, other 

state transitions to READY, MONITOR and STOP can be triggered by particular events 

and corresponding algorithms are run. Event “1” means TRUE of a state transition. In 

other words, it will always transit back to the START state once the execution is finished. 

 

Figure 5.11 An example of MCFB for main spindle power and corresponding ECC 

Moreover, to calculate energy consumption, time needs to be factored in. Therefore, a 

Timer FB was designed to assist capturing the energy consumption of a component. It is a 

basic function block grouped as MCFB. Figure 5.12 depicts an example of Timer. When 

the event EI_RUN is triggered, MCFB gets current DI_SYS_TIME and power value 

DI_POWER of a component, and stores the data as internal variables. Once EI_STOP is 

enabled, the finishing time is obtained from DI_SYS_TIME to calculate the duration at 

this state DO_DURATION. Data outputs are DO_TEA and DO_TEC, providing the total 
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energy accumulated, which is relayed along the FB chain and the total energy consumed 

by this component is recorded.  

 

Figure 5.12 An example of Timer as a MCFB 

Now, a component energy FB can be designed as a composite FB by the proper 

connection of MCFBs (Figure 5.13). With energy consumption FBs designed for each 

component, an energy consumption model can be described at the process level. 

 

Figure 5.13 A composite FB for spindle energy consumption 

The other sub-type, MSFBs, is designed to model operational states. They are also 

composite FBs built by connecting and interfacing MCFBs. Energy behaviour often 

varies significantly in different machine states, because the different components are 

activated or different modes the component is operating in. MSFBs were designed for the 

SHERLINE 2010 mill. Controller power was treated as base power that was fixed. Figure 
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5.14 depicts the MCFB designed for the power of the X-axis drive motor. Similar MCFBs 

were designed for that of the Y-axis and Z-axis motor drives. 

 

Figure 5.14 MCFB for the power of the X-axis drive motor 

Take the ‘Cutting’ state as an example of MSFB (Figure 5.15). MCFBs for spindle power, 

3-axis power and base power were built. A data router supported in IEC 61499 must be 

added before each specific component, to connect the data to the right ports. It is 

simplified here for demonstration. EI_MON accepts an event of monitoring request, and 

triggers different MCFBs to output DO_STATUS as a vector. DO_MT accumulates 

Machining Time while the machine stays in this state, and relays to the next function 

block. 

 

Figure 5.15 An example of MSFB for cutting state 
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5.3.2 State Transition FBs 

Energy estimation and optimisation is usually associated with a particular machining job. 

The sequence of operational states resulting from a certain machining task is needed. 

Based on the development of an event switch FB by Wang et al. [203], a revised version 

was developed for STFBs to deal with the transitions between different machining states. 

Figure 5.16 shows the definition of a STFB, which can be executed by an intelligent 

controller to adapt to an actual part program at runtime. 

 

Figure 5.16 Structure design of a STFB 

The event input, EI_STATE, is triggered by a previous machining state, and a STFB reads 

the DI_ORDER that contains the planned/interpreted machining states. It is the only data 

input to STFB; a string of integers, acting as a dock to hold the state transition sequences 

determined from a part program or tool path. The integer numbers associated with a 

machining state are defined within the application. The algorithm inside is responsible for 

invoking the next state, and firing an event at the corresponding output, EO_STATEn. The 

subsequent machining states will be executed in sequence, following the planned order 

until an event EO_END is generated. 

5.3.3 Service Interface FBs 

SIFBs are developed to facilitate energy monitoring and energy-based optimal control 

during the FBs execution. SIFBs fulfil the role of “wrapping” the hardware dependencies 

and interfacing with different devices, such as controllers or intelligent sensors. It is 

plugged, when necessary, into a network of FBs or data acquisition devices. Figure 5.17 

illustrates the structure of a SIFB for monitoring. The main functionalities of this SIFB 
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are monitoring Energy Usage (EU) and Machining Status (MS). Data input DI_TEA 

obtains total energy accumulated from the FB-based energy model. DI_PARAMS reads 

the current machining parameters commanded by a FB-based network or real-time 

measurement from sensors. EI_EU_REQ is mapped to an energy usage primitive request 

and EI_EU_RSP is mapped to an energy usage primitive response. 

 

Figure 5.17 Structure of a SIFB for monitoring 

A SIFB can be designed and extended for various purposes. It serves as a placeholder for 

the FB network to communicate with the outside world. One prime advantage of 

developing an energy consumption model based on function blocks is that the model can 

be extended, reused and easily connected to other IEC 61499-compliant systems or 

devices, so as to augment the model’s capability and applicability. 

5.3.4 Development of FB-based Energy Models 

Two case studies were carried out to apply the function block-based energy model to real 

machining systems. The first was conducted on a SHERLINE 2010 mill, highlighting its 

ability to contain detailed component models. The second study attempted to model the 

energy consumption of an industrial production line, with available data and minimum 

interference with the production. 

Case 1: SHERLINE 2010 mill 

A network of FBs was structured and connected to model the energy consumption of a 

SHERLINE mill (Figure 5.18). There are three major energy consumers; spindle, drive 

motors and controller, and five operational states; ‘Off’, ‘Idle’, ‘Ready’, ‘Traverse’ and 
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‘Cutting’. A detailed structure of the ‘Cutting’ state is illustrated in Figure 5.15. Similarly, 

other states were modelled with different combinations of MCFBs. All the states were 

facilitated by a STFB. A vector [2-3-4-3-4-3-4-3-4-2] describing the state transitions of a 

machining task was generated based on tool paths and fed into a STFB to schedule the 

execution of MSFBs. 

 

Figure 5.18 A FB-network model for SHERLINE 2010 mill 

Empirical models of spindle, drive motors, and controller were given in the reference 

table (Table 5.13). Each model can be programmed as an algorithm in a MCFB. The 

impact parameters, such as depth of cut, feed-rate and spindle speed, were obtained via 

data input DI_PARAS. Total energy consumption can then be calculated using Equation 

5.7. In this FB-based energy model, not only are the energy consuming resources 

modelled, but also the process-specific information in the form of a sequenced state 

transition. 

Casa 2: An industrial production line 

Consider an industrial production line. In most cases, machines are connected one way or 

the other, and each of them is operation-specific. Once it is established, any modification 

must be carefully evaluated and changes quantified. Power measurements are acquired at 

a 3-second sampling interval from a production line with ten units, including a conveyor, 

linear planer, four milling machines, a lathe, deburring machine and two robots. After 

processing the data, the averaged power consumption in each state is calculated. 
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Figure 5.19 Sample of monitored data from Milling machine A 

Figure 5.19 depicts a sample of monitored data from Milling machine A, from 11:20 am 

to 12:20 pm on a normal working day. Three distinct operational states were identified as 

‘Cutting’ (11.0 kW), ‘Idle’ (7.0 kW) and ‘Standby’ (5.8 kW). The power difference 

between idle and standby resulted from several circumstances such as an activated 

spindle, running a lubricant/compressed air supply, and the chip conveyor. The power 

states of all the units are summarised in Table 5.17. Note that most of the units have only 

two identifiable power levels. 

Table 5.17 Summary of energy demand of a 10-unit production line 

Name of the Units Power (kW) Energy (kWh) 

Idle Cutting Standby in 24 hours 

Conveyor 0 0.6 N/A 3.53 
Special milling machine 1.4 2.8 N/A 34.82 

Linear planer 7.8 8.2 N/A 192 

Robot A 0.4 0.8 0.25 10.28 

Milling machine A 7.0 11.0 5.8 215.47 

Milling machine B 6.6 9.0 N/A 178.5 

Surface finishing machine 3.2 5.8 2.0 114 

Deburring machine 0.1 0.24 N/A 3.58 

Lathe 9.0 23.0 N/A 178.1 

Robot B 0.2 0.35 N/A 6.27 

 

To build an energy model for this production line, MSFBs were first constructed for 

every production unit, assuming a constant power demand at each state. The FB-based 

Cutting power (average): 11kW 

Idle power: 7.0 kW 
Standby power: 5.8 kW
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energy models for each unit could then be built similarly, as shown in case one. After that, 

all the FB-based models were connected to form a FB network (Figure 5.20). The 

DI_PLAN in this case is used to import the interpreted sequences for all units. 

Correspondingly, the constant power demands of relevant machine tool components were 

fed to DI_PARAS. 

 

Figure 5.20 A FB-network for an industrial production line 

This is not an ideal situation, as the exact machining settings of individual machines are 

not recorded and how these parameters are determined is not known. However, with only 

the FB-based model at the state level, energy consumption estimation and high-level 

production scheduling can be performed. It has less comprehensive data available 

compared with the first, but the extensibility and reusability of the FB-based model 

allows an industrial company to further investigate the involved machines in more detail. 

One feasible application from adopting this model is to discover any “hot spot” in a 

planned production. The energy usage of each unit in a 24-hour shift is shown in the last 

column of Table 5.17. It was found that milling machines and the lathe are major energy 

consumers. Moreover, the linear planer drains a notable amount of energy because there 

is little difference between its idle and cutting power. Minimisation of its idle state can 

result in energy savings. An industrial practitioner could build a more accurate and 

reliable energy model with richer data acquired during daily operations. 
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5.4 Enhancing FB-based Machining Systems 

Developing an energy consumption model based on function blocks aims to support 

emerging IEC 61499-compliant systems, offering an integrated, standardised, 

reconfigurable and extensible environment for energy-efficient machining. However, the 

literature suggests that adopting the FBs technique in machining systems seems to be 

limited to low-level process control. At a high level, the developed FB-based energy 

model attempts to achieve integration with FB-based process planning and machine 

control. 

Applying FBs to Distributed Process Planning (DPP) was first reported by Wang et al. 

[204]. The event-driven and object-oriented features of FBs are relevant to high-level 

production planning [205]. Since a final process plan is generated adaptively at runtime 

by CNC controllers, there is no need to generate redundant alternate process plans, 

therefore reducing unnecessary re-planning effort and machine idle time [206]. Because 

of this, an energy model should be able to describe energy consumption at different levels 

and continuously improve energy performance during the entire production. As shown in 

Figure 5.21, a FB-based energy model is featured in the centre. The double-sided arrow 

connectors represent the information/data flow supporting FB-based supervisory planning, 

FB-based operation planning, and FB-based machine control [192, 207]. 

Designed in DPP, a machining feature function block can evolve through three stages 

from initial design to its execution, that is, Meta Function Block (MFB), Object Function 

Block (OFB), and Execution Function Block (EFB). With the proposed energy model, 

FBs will be able to include additional energy information in the FB network. 

Incorporating machining features into MFB, FB-based supervisory planning considers the 

rated power specifications of devices and/or historical energy information from previous 

operations. These result in an eXtended Object Function Block (XOFB). Similarly, FB-

based operation planning incorporates an energy model to plan specific machining 

settings. Depending on the localised resources and historical data, an eXtended Execution 

Function Block (XEFB) is generated. Even during FB-based machine control, a FB-based 

energy model can assist to evaluate any last minute change or modification resulting from 

incidents such as tool failure and replacement. 
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Figure 5.21 An integrated FB-based machining system 

The segmented dash lines in the bottom half of Figure 5.21 represent three different types 

of energy consumption (from left to right); material-associated energy, general production 

energy, and specific production energy. The first type provides energy information that is 

closely tied to material properties, such as specific energy required to remove a unit 

volume of a certain material. This type of energy is independent from process data, hence 

it is commonly used in energy analysis at the design stage or early planning stage. 

Information support for this energy consumption analysis can often be found in a material 

handbook. General production energy offers energy estimation that takes generic process 

data or recommended production settings into consideration. It is not only related to 

workpiece material property, but also to machining resources, such as a machine tool in 

use. However, this type of energy analysis, based on nominal values or previous settings, 

makes it merely adequate for supervisory planning or rough operation planning. Specific 

production energy delivers insights into individual machining processes. Being aware of 

local resources on the shop-floor, this type of energy consumption gives a more accurate 

estimation. Moreover, it can respond to any change during machining and provide energy 

data according to any adjusted parameters. This type is suitable for operation planning 

and machine control. The FB-based energy model can be used in both general and 

specific energy consumption studies. 
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5.5 Confidence-Level-Associated Energy Rating System 

Based on the proposed hybrid model and its FB-based implementation, it was found that 

the levels of reliability and accuracy of the predicted energy consumption varied 

according to different type of energy data used. Confidence levels in energy estimation 

are, therefore, proposed in this research. The more reliable the process information 

acquired, the closer an energy estimation may be obtained. Six confidence levels were 

defined, and illustrated in Figure 5.22. The levels of information details and three types of 

energy demand were depicted in Figure 5.21. In some cases, adjacent confidence levels 

can be merged into one, for example, if suggested parameters are satisfactory for actual 

operations, then confidence levels 4 and 5 are merged. As a result, energy consumption 

can have a confidence level tag. 

 

Figure 5.22 A definition of confidence level 

As mentioned before, an energy rating system is needed to turn the estimated energy 

consumption into an intuitive and meaningful indicator, which will be useful for daily 
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operations. Rather than comparing the energy consumption of different machining 

systems, such a rating system focuses on the evaluation of machining processes using one 

system, and continuously moves to an optimal energy point. Inspired by the work of the 

Equipment Energy Efficiency (E3) Committees [208], an initial evaluation scheme is 

suggested for machining processes, 

    1 log log 1MPE
e actual base eRating E E K                                                           (5.8) 

where, 

MPERating – Machining Process Energy consumption rating, 

Eactual – Energy consumption in the actual machining task (kWh), 

Ebase – Base value of energy consumption for a machining task (kWh), 

Kη – Energy efficiency factor. 

MPERating assesses the energy performance of an actual machining process, whose energy 

usage is shown as Eactual. Ebase represents the maximum value of energy used in similar 

previous operations and possibly the energy usage to achieve the finest quality. This 

value may be determined through experimental tests and updated during production. It 

often varies between different machine tools. Kη is the factor of energy efficiency, which 

specifies the ratio of energy savings between two adjacent ratings. Once Ebase and Kη are 

determined, the energy ratings of each machining process can be calculated. 

Together with the confidence level, a Confidence-Level-ASSociated (CLASS) energy 

rating system is proposed. This CLASS energy rating system gives users more 

information on whether optimal energy is achieved for a machining process. A 2-tuple is 

prescribed as (MPERating, Confidence level) for each energy consumption value. The 2-

tuples, representing the energy estimation of different machining processes, can be shown 

simultaneously in a plot. Consider four data points A (1, 6), B (6, 6), C (2, 4), and D (5, 

2.5) as an example. At the same confidence level, point A indicates a lower rating than 

that of point B, which means A requires energy improvements compared with B. Point D 

has a higher rating and a lower confidence level compared with C, which means 

optimisation of C is better, due to its detailed information. Overall, point A, with detailed 



Chapter 5 – Energy Consumption Modelling 

 

141 | P a g e  
 

process information but poor energy performance, should be the primary focus. Point B, 

with a reliable estimation and excellent energy rating, can be used as a future reference. 

This method is convenient and useful when ranking priorities when dealing with 

optimisation of production scheduling. 

5.6 Recap 

This chapter presents the research undertaken in developing an energy consumption 

model for GEMS. To support the diverse functionalities envisioned in the GEMS 

framework, the model is required to be accurate, comprehensive, scalable, extensible and 

practical. These are essential attributes of an adequate energy model. However, to meet 

all the requirements is not a trivial task. 

Hybrid modelling, defined as combining more than one approach to analyse the energy 

consumption of a machining system at different levels of detail, was presented. A seven-

step modelling procedure was outlined and expected to guide individual developing 

process. To verify the procedure, actual energy modelling was done, based on a pilot 

machining system setup, including a SHERLINE 3-axis milling machine and a PC-based 

machine control. To achieve this, an empirical energy consumption model at the 

component-level and a state transition model at system-level were developed. Knowledge 

from an experienced operator played a managing role in some steps. By analysing the 

hybrid model, the significance of the machining parameters involved was ranked. Depth 

of cut and diameter of the cutting tool showed a large impact on spindle power 

consumption, followed by spindle speed. Feed-rate, which greatly affects motor power, 

was considered to be insignificant in this machining system. Subsequently, the developed 

model was used to estimate the energy required to produce a triple-slot feature, 

considering both unidirectional and bidirectional strategies. The results confirm a good 

prediction achievement. Furthermore, the proposed modelling method was applied to a 5-

axis machining centre to demonstrate its extensibility and feasibility in real production. 

IEC 61499 Function blocks were introduced to implement the hybrid model. Besides 

modularity, extensibility and reusability, this approach provides a standardised, integrated 

and interoperable machining environment. Three types of function block were designed; 

MTDFBs, STFBs and SIFBs, which are basic building blocks for any machining system. 

Their practical application was demonstrated through two case studies for the SHERLINE 
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mill and an industrial production line. Although existing data are at different levels of 

detail, the FB-based model is able to advise energy consumption valuse. 

Most importantly, machine- and operation-specific features of energy consumption were 

confirmed through the two approaches. The levels of reliability and accuracy of the 

model are different when energy data at different levels of detail are used. To address this 

issue, a CLASS energy rating system was proposed. The 2-tuple description of an energy 

consumption value is regarded as a meaningful and useful indicator. This evaluation 

method fits both hybrid models and FB-based models, especially when dealing with 

production scheduling and optimisation. 
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Chapter 6 

Energy Data Integration 

The objectives of an energy-efficient machining system will not be achieved simply by 

having an energy model. Applying such a model in various processes or applications is 

necessary. The issue of energy data integration is addressed in this chapter, proposing two 

major advantages from GEMS implementation. One is standardised data representation 

and maintenance of the energy performance and history of a machining system, while the 

other is seamless sharing of energy data and knowledge in various processes. 

Undoubtedly, different functional modules in the GEMS could collaborate easily with 

such an unambiguous data format. This issue is significant, particularly in a scenario 

where the different activities of a machining system, such as design, planning, production 

and data storage, are widely distributed geographically. The requirements for having 

tighter energy data integration are presented in Section 6.1, following which four groups 

of energy data model are proposed, according to the functional requirements outlined in 

GEMS. The proposed data models are integrated with the existing internationally 

accepted standards, that is, STEP-NC, thus, it can benefit wider applications in a 

standardised manner. 

Two case studies are reported in Section 6.3 to demonstrate how the proposed data 

models may be used. In the first case, additional energy consumption data is included and 
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updated in a STEP-NC part program. This piece of energy information, as well as 

corresponding operations are recorded and maintained as an integral part of STEP-NC 

machine tool data, in the second case. Some possible applications are also given at the 

end. 

The majority of the research work reported in this chapter is based on a paper published 

in the International Journal of Sustainable Engineering [158], and a paper presented at the 

2012 International Conference on Advances in Production Management Systems (APMS 

2012) [100]. 

6.1 Need for Energy Data Integration 

Limited research on energy data integration can be found in the literature. Energy 

consumption data until now has been largely neglected and not stored or even acquired in 

most machining processes. Useful information to potentially improve energy performance 

is lost. Therefore, deciding how to represent, communicate and integrate such energy data 

is the prerequisite to successfully upgrading energy efficiency. The need for energy data 

integration is elaborated as follows. 

Firstly, as mentioned when describing the framework of GEMS, multiple 

modules/activities must collaborate closely and utilise energy data wisely. This issue of 

data interoperability thus emerges from increasingly frequent data exchange among 

diverse activities. Consider a collaborative machining scenario where monitoring, 

planning, machining and data processing are widely distributed geographically. In fact, 

how to address the issue of data interoperability has been discussed for more than two 

decades. One successful approach is to have a standardised, consistent neutral format to 

describe production data unambiguously. STEP and STEP-NC standards are good 

examples. But there are limited data models for energy consumption in the existing 

standards; thus, better energy data integration is needed. 

Secondly, it was concluded in Chapter 5 that energy consumption is usually machine- and 

process-dependent. This means different machine tools often show distinguishable energy 

consumption behaviour regarding the same set of machining parameters. Even on the 

same machine tool, using different cutting tools or workpieces greatly impacts energy 

consumption. Although sustained effort is required to develop an appropriate energy 
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model for each type of machine, a shared energy information database is believed to be a 

possible solution. In such an approach, the energy performance of a machine tool is 

described in a standardised format and maintained in a database. This information is then 

referred to when improving future operations. A STEP-NC part program that is portable 

between different machine tools will have the energy fingerprint of the last/best machine 

tool that produced this part. To achieve this, closer energy data integration is required. 

Energy data models are proposed in this research to facilitate data integration. Besides 

STEP-NC, other relevant international standards are being developed, such as ISO 14955 

[36] and ISO 20140 [157]. Both are at the drafting stage, but may be in a good position to 

integrate energy data models. 

6.2 Energy Data Models 

Having clearly recognised the need for energy data integration, four groups of energy 

data models have been proposed, to form an interoperable environment for GEMS. They 

are for automated monitoring, an energy model, energy optimisation and energy 

performance records. The functional modules were considered when developing the data 

models. These data models are intended to be STEP-compliant, and were developed using 

the STEP-specified data modelling language, EXPRESS, and presented in EXPRESS-G 

in the following sub-sections. Complete energy data models are documented in an 

ENERGY_INFORMATION_FOR_MACHINING schema, given in Appendix C. 

6.2.1 Data Model for Monitoring 

The first group of proposed energy data models is to support monitoring. Inspired by the 

traceability data model developed by Campos and Miguez [209], data models were 

developed and connected to ENTITY nc_function in ISO 14649-10 to assist energy 

monitoring. By defining this data structure, monitoring process can be automated. The 

energy data involved will be specified in a part program, and an intelligent CNC 

controller will activate related data acquisition devices during execution of the program. 

Further data models to prepare energy monitoring reports were also designed. A holistic 

view of this group is illustrated in Figure 6.1. 
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Figure 6.1 Proposed data models for automated energy monitoring 

These entities fall into three Sub-Groups (SGs). SG-I is designed to hold information 

acquired from the current machining system. SG-II aims to support automated energy 

monitoring when inserted to a STEP-NC part program, to provide data for appropriate 

data acquisition. Finally, SG-III holds the data for formatting and generating an energy 

report for subsequent review or audit purposes. Table 6.1 describes the proposed entities 

in more detail. 

For instance, ENTITY start_energy_monitoring_sensor_data has six attributes, namely 

its_name, sensor_id, start_time_stamp, sensor_signal, number_of_sample and 

sampling_rate. Its_name generally describes what the purpose of this monitoring is, for 

example, milling energy monitoring.  Sensor_id is used to identify the data source. 
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Signal_type covers major energy-related signals. An EXPRESS-G diagram for other data 

models in this group is given in Figure C-1, Appendix C. 

ENTITY start_energy_monitoring_sensor_data 
 SUBTYPE OF (nc_function); 
 its_name: text; 
 sensor_id: device_id; 
 start_time_stamp: date_and_time; 
 sensor_signal: OPTIONAL signal_type; 
 number_of_sample: OPTIONAL REAL; 
 sampling_rate: OPTIONAL REAL; 
END_ENTITY; 
 
TYPE signal_type = ENUMERATION OF 
 (FORCE, 
  POWER, 
  TORQUE, 
  CURRENT, 
  VOLTAGE, 
  SPEED, 
  ACCELERATION); 
END_TYPE; 
 

Table 6.1 Automated energy monitoring and recording functions 

Sub Group Entity Purpose 

I system_time Holds the present time in the controller. 
 sensor_in_use Captures the information from the sensor.

 machine_tool_in_use Captures the data from the machine tool. 

II start_energy_monitoring Holds specified sensor specifications 
 _sensor_data for energy monitoring 

 stop_energy_monitoring Contains data to stop monitoring of a 

 _sensor_data particular sensor. 

 signal_source_identified Describes the signal source information. 

III enable_energy_report Enables energy recording from the 
  insertion until report generation. 

 energy_report_format Describes the required report format. 

 data_for_generate_energy Describes the data for generating a report 

 _report in a separated file. 
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6.2.2 Data Model for Energy Consumption 

This crucial group of data models was developed for an energy consumption model. The 

influential factors discussed in previous chapters were carefully examined. ENTITY 

machining_energy_model is defined as a supertype of the ENTITY 

machine_tool_energy_model and the main_cutting_energy_model. The former is used for 

an energy model of the machine tool and the latter is for cutting energy (Figure 6.2). A 

machine tool can have both types of model, in order to describe the entire machining 

system. 

 

Figure 6.2 Data models of machining_energy_model 

ENTITY main_cutting_energy_model has attributes to hold information from all 

influential factors, such as cutting tool, workpiece and machining parameters. The energy 

of a machine tool is described by using ENTITY machine_tool_energy_model, which 

connects closely with machine tool data models in ISO 14649-201 [156]. A detailed data 

model is illustrated in Figure C-2, Appendix C. 

New entities and attributes were proposed to capture additional energy information. For 

example, two new attributes, its_power_in_work and its_power_in_standby, were added 
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cutting_process_machine_tool_schema.machining_capability_profile

5, 19, energy_efficient_machining_parameters

its_name

its_cutting_tool

workpiece_material

its_machining_type

machining_settings S[1:?]

5, 4 (8, 6, 8) 5, 25 (1)



Chapter 6 – Energy Data Integration 

 

149 | P a g e  
 

to ENTITY element_capability in order to represent state-based power consumption. 

ENTITY environmental_evaluation was also extended to have 

power_for_standard_machining as a new attribute to maintain the energy performance of 

previous operations. 

ENTITY element_capability 
 ABSTRACT SUPERTYPE OF (ONEOF (machine_tool_axis, 
work_table, spindle, tool_handling_unit, coolant, sensor, 
chuck, collet, bar_feeder, tailstock)); 
 description: OPTIONAL text; 
 its_power_in_work: OPTIONAL power_measure; 
 its_power_in_standby: OPTIONAL power_measure; 
END_ENTITY; 
  
ENTITY environmental_evaluation; 
 evaluation_name: label; 
 power_in_idling: OPTIONAL power_measure; 
 time_for_warming_up: OPTIONAL time_measure; 
 power_for_standard_machining: OPTIONAL SET[1:?] OF 
standard_machining_process; 
END_ENTITY; 
 

6.2.3 Data Model for Energy Optimisation 

This group is designed specifically for energy optimisation. It aims to provide core data to 

an intelligent controller, so that it can perform online optimisation adaptively and 

autonomously. ENTITY energy_optimisation_data contains capability and constraint 

information (Figure 6.3). 

ENTITY energy_optimisation_data 
 SUBTYPE OF (machining_operation); 
 its_name: label; 
 description: text; 
 its_energy_model: machining_energy_model; 
 max_power_available: power_measure; 
 max_spindle_speed: OPTIONAL rot_speed_measure; 
 max_cutting_force: OPTIONAL REAL; 
 max_cutting_speed: OPTIONAL speed_measure; 
 its_constraints: OPTIONAL text; 
END_ENTITY; 
 
its_name: The name to identify which machining process the data belongs to. 

description: Describes the purpose and objective of this optimisation. 
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its_energy_model: The associated machining energy model for performing the 

optimisation. 

max_power_available: Maximum power a machine tool can produce. 

 

Figure 6.3 Energy_optimisation_data and the relationship with machining_operation 

Inclusion of energy_optimisation_data in an NC program provides the controller with the 

optimisation data whenever is needed. It enhances the energy efficiency performance of a 

controller. 

6.2.4 Data Model for Energy Performance Records 

Two kinds of energy performance were recorded using the data models of this group 

(Figure 6.4). They are named energy label and archive respectively. 

The main purpose of energy labelling is to give an indicative energy consumption value 

and an evaluated energy rating to a STEP-NC part program. It can be done in two ways: 

(1) an energy label for a specified workplan or workingstep; (2) an energy estimation 

label for the whole project. Note that only the energy performance of the previous 

operation is labelled, if it was not the most energy-efficient operation. Detailed 
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modifications are not recorded here, but can be saved as an energy report (See Section 

6.2.1). 

The energy archive means to collect and maintain the historical energy performance of 

standard machining processes along with machine tool information. Machine tool 

information can now be described in a standardised way, based on ISO 14649-201. To 

keep machine-dependent energy data in a machine tool database, the new attribute 

its_energy_reference was added to the ENTITY standard_machining_process. A set of 

energy_performance_reference can be inserted, containing its_energy_usage, 

its_energy_model and its_energy_rating. Data models in this group are shown in Figure 

C-3 and C-4. 

 

Figure 6.4 ENTITY energy_performance_reference and energy_ratings 

ENTITY standard_machining_process; 
 process_description: text; 
 type_of_machining: label; 
 power: power_measure; 
 electric_power: power_measure; 
 its_energy_reference: OPTIONAL SET [1:?] OF 
energy_performance_reference; 
 process_emission: SET[1:?] OF emission_property; 
END_ENTITY; 
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ENTITY energy_performance_reference; 
 its_energy_usage: energy_label; 
 its_energy_model: OPTIONAL machining_energy_model; 
 its_energy_rating: OPTIONAL energy_ratings; 
END_ENTITY; 
 
To sum up, the four groups of data model are intended to provide unified data models for 

the communication of different modules in GEMS. The data required by an energy 

consumption model was included for both system energy and cutting energy. Automated 

monitoring is now enabled and facilitated, as is online optimisation. Keeping past energy 

performance is emphasised. The EXPRESS schema was coded in plain text and all 

EXPRESS-G diagrams were developed using ST-Developer ® Version 14.0 [210]. 

Figure 6.5 depicts the major connections between newly developed energy data models 

and existing STEP-NC data models. It is fully integrated with other parts of ISO 14649, 

specifically Part 10, Part 11, Part 111 and Part 201. 

 

Figure 6.5 Energy data integration with existing STEP-NC standards (ISO 14649) 

6.3 Case Studies 

Since the proposed energy data models are fully integrated with STEP-NC standards, 

energy data can be included and become an integral part of a STEP-NC file, which can be 
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fed back to improve the energy-efficient performance of other processes. Figure 6.6 

depicts the current energy data integration. 

Product design 
CAD

Process 
planning 
CAPP

Path planning 
CAM

Manufacturing 
CNC

Energy Data integration enabled Based on STEP-NC

 

Figure 6.6 Energy data integration in CAx chain 

To demonstrate the possible use of the proposed data models, two case studies were 

conducted. The first one enriched a STEP-NC Part 21 file with energy usage information 

to give a basic idea of how much energy is expected to be consumed during production. 

Accessible machining resources were examined to update the Part 21 file accordingly. 

Energy estimation can be obtained by employing a suitable energy model or based on 

previous operations or nominal power. The actual energy usage may differ from what was 

estimated. This is often due to altered machining settings or approximation at the 

modelling stage. Hence, this information can be updated with the actual measurements 

after machining is completed. Processes such as process planning will be informed of 

such energy-enriched Part 21 file to evaluate its performance. 

The second study demonstrates how the energy performance of a machine tool is retained 

in a database. To perform the same operation, the energy consumption of two machine 

tools was recorded. The database essentially serves as the data centre, so that the energy 

data can be compared and referred to for future use by a certain machine tool, or its health 

diagnosis. Moreover, a standardised representation and sharing mechanism makes energy 

data accessible to other activities, such as design and production planning. 

6.3.1 Augmentation of Energy Information 

This study shows how to use the proposed energy data model for the energy labelling of a 

STEP-NC part program. The data models for energy consumption were employed. The 

sample workpiece is Example 1 in ISO 14649-11 [152]. Figure 6.7 depicts the geometry 

and dimensions of the part. It has three basic machining features, defined in ISO 14649-

10, planar_face, closed_pocket and round_hole. 
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Figure 6.7 Example 1 in ISO 14649-11 

To produce this part, five workingsteps are planned. They are planar face finishing, hole 

drilling, hole reaming, pocket roughing and pocket finishing. Here, the planar face 

finishing, pocket roughing and finishing are considered major material removal processes. 

The original STEP-NC file describes all the workingsteps and related operations, but 

contains no energy information (Figure 6.8). 

Firstly, the basic energy usage of the project was calculated for a general purpose. As an 

example, the preliminary estimation was based on the first-order power consumption 

model, expressed in Equation 6.1, for milling stainless steel with a coated carbides cutting 

tool [71]. 
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ISO-10303-21;
HEADER;
FILE_DESCRIPTION(('EXAMPLE 1'),'1');
FILE_NAME('EXAMPLE1.STP','2004-5-4T15-32-8',('AUTHOR'),(''),'WZL ISO10303-PART21 PARSER
PACKAGE','','');
FILE_SCHEMA((('MACHINING_SCHEMA',' MILLING_SCHEMA',' MILLING_TOOL_SCHEMA'));
ENDSEC;
DATA;
#1=CARTESIAN_POINT('SECPLANE1: LOCATION ',(0.0000000000,0.0000000000,30.0000000000));
#2=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000));
#3=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000));
#4=AXIS2_PLACEMENT_3D('PLANE1',#1,#2,#3);
#5=ELEMENTARY_SURFACE('SECURITY PLANE',#4);
#6=PROPERTY_PARAMETER('E=200000N/M2');
#7=MATERIAL('ST-50','STEEL',(#6));
#8=CARTESIAN_POINT('',(0.0000000000,0.0000000000,0.0000000000));
#9=DIRECTION('',(0.0000000000,0.0000000000,1.0000000000));
#10=DIRECTION('',(1.0000000000,0.0000000000,0.0000000000));
#11=AXIS2_PLACEMENT_3D('',#8,#9,#10);
#12=BLOCK('BOUNDING STOCK',#11,100.0000000000,100.0000000000,100.0000000000);
#13=WORKPIECE('STOCK',#7,$,$,$,#12,());
#14=CARTESIAN_POINT('CLAMPING_POSITION1',(0.0000000000,20.0000000000,25.0000000000));
#15=CARTESIAN_POINT('CLAMPING_POSITION2',(100.0000000000,20.0000000000,25.0000000000));
#16=CARTESIAN_POINT('CLAMPING_POSITION3',(0.0000000000,100.0000000000,25.0000000000));
#17=CARTESIAN_POINT('CLAMPING_POSITION4',(100.0000000000,100.0000000000,25.0000000000));
#18=WORKPIECE('SIMPLE WORKPIECE',#7,0.0100000000,#13,$,$,(#14,#15,#16,#17));
#19=CUTTING_COMPONENT(80.0000000000,$,$,$);
#20=ENDMILL('MILL 20MM',(#19,#19,#19,#19),80.0000000000,20.0000000000,30.0000000000,.RIGHT.,.F.,4,0.0500000000,$);
#21=MILLING_TECHNOLOGY(0.0400000000,.TCP.,$,12.0000000000,$,.F.,.F.,.F.,$);
#22=MILLING_MACHINE_FUNCTIONS(.T.,$,$,.F.,$,(),.T.,$,$,());
#23=PLUNGE_RAMP($,45.0000000000);
#24=PLUNGE_RAMP($,45.0000000000);
#25=DIRECTION('STRATEGY PLANAR FACE1: 1.DIRECTION',(0.0000000000,1.0000000000,0.0000000000));
#26=BIDIRECTIONAL(5.0000000000,.T.,#25,.LEFT.,$);
#27=PLANE_FINISH_MILLING($,$,'FINISH PLANAR FACE1',10.0000000000,$,#20,#21,#22,5.0000000000,#23,#24,#26,2.5000000000,$);
...
#39=DIRECTION('COURSE OF TRAVEL DIRECTION',(0.0000000000,1.0000000000,0.0000000000));
#40=LINEAR_PATH($,#38,#39);
#41=NUMERIC_PARAMETER('PROFILE LENGTH',100.0000000000,'MM');
#42=LINEAR_PROFILE($,#41);
#43=PLANAR_FACE('PLANAR FACE1',#18,(#27),#31,#36,#40,#42,$,());
#44=MACHINING_WORKINGSTEP('WS FINISH PLANAR FACE1',#5,#43,#27,$);
...
#102=AXIS2_PLACEMENT_3D('WORKPIECE',#99,#100,#101);
#103=NC_VARIABLE('',0.0000000000);
#104=NC_VARIABLE('',0.0000000000);
#105=OFFSET_VECTOR((#103,#103,#103),(#104,#104,#104));
#106=WORKPIECE_SETUP(#18,#102,#105,$,());
#107=SETUP('SETUP1',#98,#5,(#106));
#108=WORKPLAN('MAIN WORKPLAN',(#44,#64,#65,#93,#94),$,#107,$);
#109=PROJECT('EXECUTE EXAMPLE1',#108,(#18),$,$,$);
ENDSEC;
END-ISO-10303-21;

 

Figure 6.8 Original Part 21 file to produce Example 1 

58285.4 142.706 177832 16560.9 5187.01c f p eP V V a a                                         (6.1) 

Using the default settings, the calculated energy was appended at the bottom of the file. 

The energy consumption of whole workplan and machining workingstep “WS FINISH 

PLANAR FACE1” was inserted, and shown as boxed. Figure 6.9 shows segments of the 

modified Part 21 file. Line #200 summarises the basic energy consumption of the project. 
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Figure 6.9 Sample Part 21 file with additional energy labels 

However, it is unlikely that all the default settings have been satisfied. For example, using 

a SHERLINE 2010 milling machine to produce the same features on an aluminium block, 

the machining parameters were amended. Instead, Equation 5.4 and 5.6 were used. The 

boxes in Figure 6.10 highlighted the estimated energy consumption, altered workpiece 

materials and cutting tool. 
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Figure 6.10 Updated Part 21 file for an accessible machine tool 

6.3.2 Machine Tool Energy Performance 

A centralised data repository is presupposed, in this study, to hold previous energy 

performances of working machines. These records contain information on operation, 

cutting tool, energy model and usage, and an energy rating may possibly be associated. 

These can be helpful for production planning, consultation or health diagnose. Two kinds 

of machine tool were studied, EMCO Concept Mill 105 and SHERLINE 2010 mill. The 

energy records of planar face finishing in respect of each machine were described and 

stored. 

The information form in ISO 14649 already allows major improvements over existing 

methods, but in order to support even more efficient production, it is necessary to have a 

description of the manufacturing environment in addition to the manufacturing 

information [156]. With the latest release of ISO 14649-201, machine tool description as 

a machining resource is standardised. The standard is intended to provide a basis for 
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process planning and simulation, for controller developers and machine tool developers to 

describe their products, as well as for research. The Part 21 files for description of EMCO 

Concept Mill 105 and SHERLINE 2010 mill are given in Figure 6.11 and 6.12 

respectively. The technical specifications of both machines are attached as Table A-1 and 

Table A-2. The boxes show the positioning range, speed and resolution of X, Y, and Z 

axes. 

 

Figure 6.11 Part 21 file of EMCO Concept Mill 105 specifications 
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Figure 6.12 Part 21 file of SHERLINE 2010 mill specifications 

The machining operation to finish milling a planar face was performed. Energy data was 

then added. Figure 6.13 and 6.14 represent segments of an updated Part 21 file. The 

energy performances, shown in the box, were calculated using the same settings as a 

previous study. These energy data of a machine tool are retained. Note that only one 

record for each machine is saved here. It can be modified or deleted and more records can 

also be added. 

In a typical Part 21 file, static machine tool data are mainly described, whereas the energy 

performance data reflects their dynamic status. Although the static machine tool data can 

be updated, this preserves less process-specific information. The complete Part 21 files 

discussed in this section are collectively presented in Appendix D. 
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Figure 6.13 Updated Part 21 file with energy performance of EMCO Concept Mill 105 

 

Figure 6.14 Updated Part 21 file with energy performance of SHERLINE 2010 mill 
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6.4 Recap 

Having energy data better integrated is essential to advancing collaborative machining. 

Energy data information is demanded there more frequently in all machining activities, 

from design to manufacturing. A neutral and standardised data format as a stand-out 

solution was adopted to integrate energy data. The energy data models proposed in this 

chapter are compliant with STEP-NC standards (i.e. ISO 14649), providing a unified data 

structure for the functional modules designed in GEMS. 

These energy data models are grouped in four, that is, data models for monitoring, energy 

model, energy optimisation and energy performance records. Automated energy 

monitoring is enabled by inserting standardised monitoring data into a part program. As 

the part program is executed, an intelligent controller can select and activate the relevant 

sensor to acquire the data and organise it consistently. Values of influential factors in an 

energy model are held by the data models. These deliver full insights into energy 

behaviour. Data required by online optimisation is supported for the next generation of 

machine controller. Moreover, with the energy data models, a database can be built to 

sustain the energy performance of a particular machining job or a specific machine tool. 

Valuable energy data which usually lost or neglected is now well-preserved. The 

documented data models can be combined with existing schemas, according to the needs 

of an application. 

Two case studies demonstrate how these newly developed data models were used to 

augment a Part 21 file with energy information and to keep the past energy performances 

of different machine tools. Other industrial applications may be developed, for example, 

the recorded energy profile can be kept in a separate file for post-machining analysis to 

improve its planned settings in future operations. Preparing energy data for every activity 

is basic to building a real energy-efficient machining system, as energy data integration 

plays an irreplaceable role. 
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Chapter 7 

System Implementation 

In this chapter, implementation of GEMS is described, using cloud-based architecture. 

First, the benefits of using cloud-based architecture are briefly summarised. Then, two 

types of application are presented as possible solutions to achieving energy-efficient 

machining. 

One is development of a unified energy analysis system, where extended STEP-NC 

standards with energy data models were adopted as a unified data format. A hybrid 

energy consumption model was implemented as the basis of energy calculation. The other 

implementation is an application for mobile devices. This is regarded as an innovative 

approach that potentially could reform how engineers work. It meets the need for energy-

efficient activity and makes achieving it more convenient and enjoyable. 

The two types of implementation have equivalent functions, with different emphases. 

They are intended to perform upon a cloud-based database. The functional modules of 

GEMS were adopted as guidelines. However, energy data analysis and an energy 

performance database were the primary focus at this stage. The development of an energy 

monitoring system was mentioned. Two case studies were conducted for each type of 

implementation, to demonstrate the functions of the systems developed. 
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The majority of the research work presented in this chapter is based on a paper submitted 

to the International Journal of Production Research [211]. 

7.1 Cloud-based Architecture 

Before introducing Cloud-based architecture, it is necessary to introduce Cloud 

manufacturing briefly. In recent years, the Cloud, Big Data, Internet of Things and other 

Information Technology (IT) have played a revolutionary role in the transformation of the 

manufacturing industry. Cloud manufacturing is a new business model for both 

manufacturing and service industries [212-214]. Through its resource sharing, 

reconfigurable and service-oriented production, it will lead not only to cost reduction and 

productivity scalability, but also to more open and efficient utilisation of distributed 

resources from a global perspective. Through its collaborative nature, more effective 

solutions to issues of sustainability, such as energy consumption studies in this research, 

could subsequently be designed for and upon such Cloud-based architecture. 

A formal definition of Cloud manufacturing and two types of Cloud computing adoptions 

in the context of manufacturing have been presented by Xu, that is, the direct adoption of 

Cloud computing in the manufacturing sector and manufacturing version of Cloud 

computing [34]. In terms of direct adoption, the key areas are around IT and new business 

models that Cloud computing can readily support. This adoption could typically be 

centred on high-level business management, such as ERP systems. Cloud-based 

implementation, presented for the first time in the following sections, was developed for 

energy-efficient machining systems. 

With the increase of mobile devices such as smartphones and tablets, the rate of new 

mobile applications is expected to continuously increase and it is poised to revolutionise 

the way engineers work. Mobile technology is considered part of this implementation. A 

mobile application is treated as a more dedicated and task-oriented software program than 

an intensive system for a computer. It is easy-to-use, specific, cost-effective, and brings 

unmatched portability. In addition, the limitations of a mobile application, including 

relatively small touch interfaces and limited computing capability, are compensated for 

by cooperating with a Cloud server, making it a more powerful and effective tool. 
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Cloud-based architecture is illustrated in Figure 7.1. Different kinds of machining 

resources are connected to the Cloud, where they can publish an up-to-date status and 

receive machining jobs. The Cloud server/database is responsible for housing 

comprehensive energy-related information and providing the end users with various 

informative services, such as monitoring, analysis, and reference. Users of different roles, 

such as operator or manager, can expect to access the requested services. 

 

Figure 7.1 A Cloud-based architecture of GEMS implementation 

The two approaches in implementing GEMS, unified energy analysis systems and mobile 

applications, are shown as well. It is anticipated that machining engineer will perform a 

comprehensive energy analysis using a unified system, and will also manage the Cloud 

database. Meanwhile, he/she could access specific information or take authorised actions 
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via a mobile application in a more timely and flexible way. Typically, an authenticated 

user requests a certain service via a mobile device. The Cloud server/database processes 

the request, prepares a solution, and responds to the user. The majority of extensive 

calculation is performed by the Cloud, and any proprietary and confidential data can be 

well-protected. Since a shared database is employed, energy information is synchronised 

and updated instantaneously when an approved modification is performed at either end. 

7.2 A Unified Energy Analysis System 

The first implementation of the form of a unified system of GEMS framework has been 

developed, namely iGEMS. It is a STEP-NC-compliant energy analysis system that 

integrates the energy evaluation of a machining job, the monitoring of actual status, 

machine control and comprehensive databases with energy performance records. This 

system intends to provide complete energy data management based on a unified data 

representation, exchange and processing mechanism. The enabling technologies for this 

implementation have been discussed in previous chapters, including a universally 

applicable hybrid energy modelling approach, an extended version of STEP-NC data 

format, the EXPRESS data modelling language and other AI techniques. The system was 

programmed using C# language in a .NET environment. 

7.2.1 STEP-NC Schema Conversion 

Processing STEP-NC part programs is fundamental to this process. The STEP-NC 

schema developed is first converted in order to be included. As mentioned in Chapter 6, 

the EXPRESS language was used to model the energy date structure. In order to 

recognise all entities defined in that data structure, an early binding task was carried out. 

The purpose is to compile or convert the EXPRESS schema into a set of library classes, 

where the main system is programmed in languages such as C, C++, C# or Java. In this 

research, these software tools were used to generate compatible C# classes: 

 ST-Developer ® Version 14.0 - 

ST-Developer, developed by STEP Tools Inc., is a set of software development 

tools used to build, operate and maintain STEP, Industry Foundation Classes 

(IFC), the CIMsteel Integrated Standard (CIS/2), and EXPRESS-defined tools, 

translators and databases. Currently, it only supports programming bindings for C, 
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C++ and Java application tools used for testing data sets against verification rules 

and constraints, browsing through the contents of data sets, and building 

information models. It also provides libraries for reading, writing, processing and 

checking STEP Part 21 files 

 

 JDK 6 Java Compiler - 

The Java Development Kit (JDK) is an implementation of either one of the Java 

Standard Edition, Java Enterprise Edition or Java Micro Edition platforms, 

released by Oracle Corporation in the form of a binary product. javac is the 

primary Java compiler, included in the JDK. 

javac [ options ] [ sourcefiles ] [ classes ] 

[ @argfiles ] 

It accepts source code conforming to the Java Language Specification and 

produces a Java class, containing platform-neutral bytecode conforming to Java 

Virtual Machine Specification 

 

 IKVM.NET 7.0 - 

IKVE.NET is an implementation software package of Java suitable for the 

Microsoft .NET Framework. The platform provides components that include 

a .NET implementation of the Java class libraries as well as tools that enable Java 

and .NET interoperability. In a dynamic mode, Java classes and jars libraries are 

used directly to execute Java applications on the .NET runtime. The IKVE.NET 

includes ikvmc, a Java bytecode to the .NET Intermediate Language translator 

ikvmc [ options ] [ classes/Jar file ] 

Because ST-Developer ® Version 14.0 does not support programming binding for C# 

classes, the approach first taken was to utilise a module called “EXPRESS to Java” in ST-

Developer in generating Java classes. The compiler takes the EXPRESS schema as input, 

and compiles each entity within the EXPRESS schema into Java source code. The Java 

source code is effectively a set of Java class definitions for each entity, consisting of .java 

files. Figure 7.2 shows how the EXPRESS Java Converter is used in converting the 

EXPRESS schema (ISO14649_10_11_111_201_energy.exp) into a set of Java class files 

(i.e. Energy_efficient_machining_parameters.java, Energy_optimisation_data.java, etc.). 
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Figure 7.2 Generating Java classes using ST-Developer 

Once these Java classes are created, a library named java.jar can be generated. It is an 

archive file typically used to aggregate Java class files and associated metadata and 

resources into one file, to distribute the libraries into the Java platform. This is done using 

the JDK 6 Java Compiler. An additional reference library called stdev.jar is required. This 

library is a set of foundation classes that provide services such as reading and writing 

instances to STEP Part 21 files. The stdev.jar was obtained from “ST-Developer 

14\lib\java\stdev.jar”. 

Finally, using IKVM.NET as an intermediary converter from Java to the Microsoft .NET 

Framework. The java.jar libraries are converted to C# classes for further use in the 

iGEMS system using command prompt 
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ikvms -reference:stdev.dll –out:schemalib.dll “D:\MS C# 

2010\Java_classes\com\steptools\schemas\combined_schema\lib.

jar” 

The output “schemalib.dll” generated contains data dictionary descriptions of C# classes, 

as shown in Figure 7.3. These entities serve as mirror-image objects of the EXPRESS 

data model, to enable C# application to manage STEP objects. 

 

Figure 7.3 The referenced schemalib.dll and relevant IKVM libraries 

7.2.2 iGEMS Prototype System © Version 1.3 

The prototype system underwent several test versions and is now at Version 1.3, with 

enhanced Graphical User Interface (GUI), and functions such as Part 21 file processing 

and model-based energy analysis and evaluation. The main system interface of the 

iGEMS Version 1.3 is shown in Figure 7.4. This interface may provide the functions 

labelled from number 1-6. 
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Figure 7.4 Main interface of iGEMS v1.3 prototype system 

1. The menu hosts five basic function groups; (a) ‘File’ includes open, save 

functions for reading and writing a Part 21 file, (b) ‘Monitoring’ activates an 

online monitoring module for acquiring machining data, (c) ‘Database’ allows 

connection to machine tool, cutting tool and energy report databases, (d) ‘Control’ 

enables machine control, and (e) ‘About’ gives a general description of the 

program and basic instructions. 

2. This panel is designed to display information retrieved from a Part 21 program. 

The user is allowed to select the relevent workplan and a specified workingstep 

within that workplan. The energy-related information is prioritised, and shown in 

three tabbed groups. ‘Machining feature’ contains feature information of the 

selected workingstep, such as feature placement. ‘Cutting tool’ summarises the 

properties of a cutter, such as diameter and number of teeth. ‘Machining 

parameters’ shows planned settings, including spindle speed, depth of cut, feed-

rate and machining strategy. 
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3. This panel provides machine tool information extracted from a Part 21 file. Users 

can import STEP-NC-based machine tool data via menu bar ‘Database’. Some 

machine tool specifications, for example power consumption and machining 

capability, are presented to offer a quick review. All machine tool 

components/elements will be listed, and can be selected for energy analysis. 

4. This panel hosts three types of function, graph control, mode control and 

machining strategy collection. The three buttons for graph control provide 

functions to display graph(s) of energy estimation from a part program or a report 

(Display button), add new or update graph(s) while conserving the existing ones 

(Update Plot button), and clear up the display area (Clear button). In mode control, 

‘STEP-NC’ is the default setting. When ‘Manual Entry’ is chosen, the values 

depicted in the textboxes become editable. This is particularly useful in comparing 

different settings in energy analysis. Similarly, an alternative machining strategy 

can be determined from a list of strategies defined in the STEP-NC standards. 

Click ‘Update Plot’ button to visualise contrasting energy profiles. 

5. A ZedGraph control is used for drawing 2D graphs of energy consumption 

profiles. ZedGraph classes provide a high degree of flexibility. It features full, 

detailed customisation capabilities, but most options also have default settings for 

ease of use. The X axis represents the timeline and the Y axis describes power 

consumption. Total energy consumption is always displayed, as is energy 

consumption of certain components ticked in the ‘Elements’ list. 

6. This panel displays the analysis results. The ‘Summary’ tab contains an overview 

of key results including total energy usage, rating, average power, peak power and 

overall machining time. The ‘Details’ tab keeps a list of tested options regarding 

different energy consumption levels. For each option, the separated total energy 

can be viewed from both a state-based and a component-based perspective. A 

light indicates whether the planned settings may be performed safely on the 

designated machine tool. 

7.2.3 Case Studies 

Two case studies were performed to test various functions implemented by the iGEMS. 

The first study was conducted to validate energy estimation, based on the newly 

developed hybrid energy consumption model. The second case study was carried out to 
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demonstrate that the system is able to detect any parameter mismatch between a part 

program and the capability of an existing machine tool. Then the parameters were re-

evaluated, together with different machining strategies. Finally, a modified STEP-NC part 

program was generated. 

7.2.3.1 Case 1: Analysis of Energy Consumption of a Part 21 File 

The aim is to show that this system can successfully extract energy information from a 

part program and estimate its energy consumption when using a specific machine tool. 

The predictions were compared with the actual power measurements from machining. 

Triple-slot machining was used as an example. The energy report documents the acquired 

power consumption data over time and corresponding configurations. 

 

Figure 7.5 Import then display of the energy measurements in a report 
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The system requires input from a part program or an energy report to perform an energy 

analysis, otherwise a notice message will pop up. In this study, previously recorded data 

was first imported via Database  Reports  Import. After clicking the ‘Display’ button, 

the actual measurements were shown in red in the graph control (see Figure 7.5). 

Let us assume that the user wants to analyse the energy usage of the original STEP-NC 

part program. He/she can open the STEP-NC part program using File  Open STEP-NC 

file function. After having successfully parsed the Part 21 file, a list of workplans appears. 

For instance, “MAIN WORKPLAN” was selected, as there was only one workplan. Then 

a list of workingsteps (in this case, there is only one workingstep, “WS SLOT MILLING”) 

within this workplan was displayed. Once the workingstep was chosen, all the relevant 

information was extracted and entered in the correct place (see Figure 7.6). 

 

Figure 7.6 Load and extract energy-related data from a STEP-NC part program 
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However, it is still not ready to analyse energy consumption. A machine tool to perform 

the operations must be specified. A notice message will appear if this step is missing or 

inappropriate. The SHERLINE 2012 Mill, which was used to produce the triple-slot 

feature, was described in a Part 21 file in Chapter 6. This Part 21 file was imported via 

Database  Machine Tools  Import. The main energy consumers were examined in the 

energy estimation (see Figure 7.7). Confirming the message dialogue, which was shown 

after clicking the ‘Update Plot’ button, an estimated energy consumption profile was 

added to the graph, in cadet blue. The hybrid energy consumption model for a 

SHERLINE 2010 mill was used. Meanwhile, the main analysis results were given in the 

‘Summary’ panel. In this case, there was one energy record in the database, so it was 

treated as base energy by default; hence, the energy rating was 1. 

 

Figure 7.7 Energy estimation results of a STEP-NC part program 

As a result, energy information was added to the original STEP-NC file via File  Save 

STEP-NC file. It was demonstrated that the energy consumption of a STEP-NC part 
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program was estimated effectively, close to the real measurements. Also, it was verified 

that the hybrid energy consumption model was adequate. 

7.2.3.2 Case 2: Adapt and Optimise a STEP-NC File based on Available Resources 

This study was carried out to demonstrate that the iGEMS can adapt the machining 

settings in a STEP-NC part program, and assist the user in optimising some of the 

parameters in order to reduce energy consumption. Example 1 in ISO 14649-11 was 

employed. 

First, the standard Part 21 file was loaded into the program. After selecting the relevant 

workingstep (planar face finishing was again used), the suggested parameters in the 

original STEP-NC file were extracted and displayed in their corresponding places. 

Following the procedure, the information of an accessible machine tool on the shop-floor 

was imported as well (SHERLINE 2010 mill in this study). If the user attempts to instruct 

the system to analyse energy consumption at this point, a warning message will pop up, 

as the planned parameters cannot be achieved on the specified machine tool. Figure 7.8 

shows the system response to the above-mentioned actions. 

 

Figure 7.8 The warning message when parameters mismatch 
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Consulting the brief machine tool information given by the warning message, the user can 

adapt certain parameters so that the same part may be machined. The first attempt was 

analysed with the modified parameter set, including 100 mm/min feed-rate, 2600 rpm 

spindle speed, and 1 mm depth of cut. The modified parameters were within the accepted 

range. Figure 7.9 depicts the corresponding results of the first test. 0.0156 kWh was 

required to produce the part in 8.69 minutes. The energy rating was calculated as level 1, 

because this was the only record, and it was assumed that knowledge of the energy 

consumption of this machine was lacking. 

 

Figure 7.9 Analysis results of modified parameters, set 1 

As mentioned in Chapter 5, it is better in practice increase feed-rate, reduce spindle speed 

and enlarge depth in order to minimise overall energy usage by this machining system. 

Therefore, the second attempt was done with a modified parameter set, that is, 150 

mm/min feed-rate, 2000 rpm spindle speed. Depth of cut remained unchanged. From the 

results, it was noticed that peak power (103.6 W), total energy (0.01023 kWh) and 

machining time (6.69 minutes) were reduced. It was rated level 3 when compared with 

the previous settings (Figure 7.10).  
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Figure 7.10 Comparison of analysis results of modified parameters, sets 1&2 

Different combinations of parameters can be studied. Figure 7.11 and 7.12 show two 

examples of favoured settings, whose energy consumption were both rated 4. The typical 

differences were peak power and machining time. Peak power had a moderate increase in 

Figure 7.11 (120.96 W), compared with the settings in Figure 7.12 (151.9 W), but the 

machining process lengthened by 0.6 minutes. A suitable setting can be decided upon 

depending on actual requirements. The parameter set 3 was selected for this non-urgent 

task, as it is relatively safe to perform. 
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Figure 7.11 Comparison of analysis results of modified parameters, sets 1&3 

Modified Parameters 
(Set 4)

 

Figure 7.12 Comparison of analysis results of modified parameters, sets 1&4 
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Furthermore, if a set of parameters should overstretch the machine tool or pose potential 

safety risks, the system will detect it and alert the user. Figure 7.13 gives an example. 

When feed-rate was set at 300 mm/min and spindle speed 1500 rpm, peak power (195.02 

W) was estimated to exceed the power limit of the machine tool (180 W). 

 

Figure 7.13 A warning message when estimated peak power may exceed the limit 
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Finally, if the user is pleased with the result, the iGEMS system can save these settings as 

a modified STEP-NC file (Figure 7.14). The boxes highlight the entities with updated 

values. 

 

Figure 7.14 Updated Part 21 file from iGEMS 

The system was first developed as a windows application, and tested to extract the part 

programs and machine tool Part 21 files from shared storage. There are more functions to 

be developed in the iGEMS prototype system, including remote online monitoring and 

energy-based optimal control. Furthermore, migration of these functions to a cloud-based 

server would eventually bring vast improvements to energy-efficiency in the machining 

industry. 

7.2.3.3 Case 3: Analysing Energy using a Commercial CNC Machine 

To perform the same task, one can use an industrial machine tool, for example, exeron 

HSC 600, to significantly improve productivity. After loading the Part 21 file of HSC 600 

machine tool specifications, the corresponding hybrid energy model, described in Chapter 

5, was extracted for energy calculation. Users can adjust the relevant parameters within 

the acceptable range. 
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Figure 7.15 depicts the results. 0.047 kWh was required to perform the face milling in 

0.96 minutes, which increases the production rate from 10.5 to 62.4 units per hour. The 

level of energy rating was calculated as 3, but the reference base is different from using 

SHERLINE 2010, which is the maximum energy used in previous records. 

 

Figure 7.15 Analysis results of modified parameters, set 1 for HSC 600 

Similarly, users are able to change the parameters and analyse their energy usage freely. 

For instance, a comparison was done with a modified parameter set, that is, 400 mm/min 

feed-rate, with 2000 rpm spindle speed. From the results, it was observed that, in one 

instance, the peak power (3.7 kW) was dramatically reduced. In the other instance, the 

total energy (0.074 kWh) and machining time (1.56 minutes) were increased. It was rated 

as level 1, compared with the previous settings (Figure 7.16). 
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Figure 7.16 Comparison of results of modified parameters, set 1&2 for HSC 600 

Figure 7.17 shows another example of the settings tested, whose energy consumption was 

also rated as level 3. Peak power had a moderate decrease from 5.266 kW to 4.67 kW, 

while slightly increasing the machining process by 6 seconds. A suitable set can be 

decided upon depending on specific requirements. 
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Figure 7.17 Comparison of analysis results of modified parameters, sets 2&3 for HSC 

600 

To sum up, the system was first developed as a windows application and tested to extract 

the Part 21 programs and machine tool Part 21 files from shared storage. There are more 

functions to be developed in the iGEMS prototype system, including remote online 

monitoring and energy-based optimal control. 

7.3 A Mobile Application 

A mobile application was designed to create a more convenient, flexible and enjoyable 

working environment for machining engineers. Users can freely utilise energy analysis 

applications as on-demand services, without carrying any additional device. Mobile 

applications provide a new way to deliver computational tools to engineers, with some 

compelling advantages, such as unmatched convenience, an intuitive and simple user 
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interface, on-site computation and affordable cost. Usually, a mobile application costs a 

few dollars, which is significantly cheaper than a specialised software package. However, 

it is also realised that the limitations of using a smartphone should be examined carefully 

from the early design stage. Best utilisation of the confined touch screen, computational 

and communication resources of a smartphone is then critical. This implementation tried 

to separate the energy-efficient activities and provide them as a standalone package of the 

application. The mobile application acts as a frontend interface to collect and send 

requests to a Cloud server for real-time data streaming, heavy-duty data processing and 

intensive storage. This is designed in conformity with the standard 3-tier architecture of 

presentation, logic and data (Figure 7.18). 

 

Figure 7.18 A typical 3-tier Web architecture of presentation, logic and data 

In the current implementation, mobile application is aimed at the presentation tier. 

MySQL (SQL stands for Structured Query Language) was selected as the database at the 

data tier, and PHP: Hypertext Preprocessor (PHP) was used to handle the data 

management logics. The mobile application, GEMS-IIMS developed in this research, 

aims to demonstrate the merits of incorporating mobile technology into an energy-

efficient machining industry. 

7.3.1 Xcode & XAMPP Development Environment 

A design initially for iPhone (a product of Apple Inc.), Xcode 4.6.3, was adopted. Xcode 

is a powerful Integrated Development Environment (IDE) containing a suite of software 
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development tools for creating software for OS X and iOS. It integrates the instruments 

analysis tool, iOS Simulator, and the latest Software Development Kits (SDKs). 

Objective-C is the main programming language supported by Xcode. It is a general-

purpose, object-oriented programming language that introduces Smalltalk-style 

messaging to classic C programming. Most object-oriented systems have been created 

using large virtual machine runtimes; in contrast, Objective-C implementation uses a thin 

runtime system. Programs written in Objective-C tend to be not much larger than the size 

of their code and that of the libraries. Objective-C is deliberately geared towards run-time 

decisions, in other words, dynamic programming. This improves flexibility and 

consequently is suitable for mobile application. 

To process and display energy data, such as energy consumption data and monitoring 

data, Core Plot was used. It is an open, standard plotting framework that provides 2D 

visualisation of data, and is tightly integrated with other technologies such as Core 

Animation, Core Data, and Cocoa Bindings, in the same development environment. In 

this implementation, Core Plot was built as a static library, named libCorePlot-

CocoaTouch.a. To link Core Plot to the developed application, simply drag the 

libCorePlot-CocoaTouch.a to the Build Phases  Link Binaries with Libraries 

group within the application target. Since Core Plot is based on Core Animation, a Quartz 

Core framework also needs to be imported. The following line was inserted in the source 

file within the project to import all the classes and data types. 

#import "CorePlot-CocoaTouch.h" 

MySQL is a relational database management system, and is shipped with no GUI tools to 

administer or manage data. However, a free Web-based front end, phpMyAdmin written 

in PHP, that enables users to graphically administer MySQL databases and visually 

design database structures is widely used (Figure 7.19). It can perform various tasks such 

as creating, modifying or deleting databases, tables, fields or rows; executing SQL 

statements; or managing users and permissions. 
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Figure 7.19 phpMyAdmin GUI 

PHP is a server-side scripting language designed for web development, but is also used as 

a general-purpose programming language. PHP code is interpreted by a web server, 

which generates dynamic web page content or images. It acts primarily as a filter, taking 

input from a file or stream containing text and/or PHP instructions and outputting another 

stream of data. The most common output is HTML (HyperText Markup Language), but it 

could also be JSON, XML or image data. 

In this implementation, the JavaScript Object Notation (JSON) format is employed. This 

is because JSON is a text-based, lightweight and open standard, designed for human-

readable data interchange. Though derived from a subset of the JavaScript Programming 

Language Standard ECMA-262, JSON is completely language-independent, with parsers 

available for many languages, including C, C++, C#, Python, and etc. This makes JSON 

an ideal data-interchange language. JSON is used primarily for serialising and 

transmitting structured data between a server and web applications, which is promoted as 

a low-overhead alternative to XML. Various XML-based protocols exist to represent the 

same kind of data structure as JSON for the same data interchange purposes, but the 

result is typically larger when encoded in XML than an equivalent encoding in JSON. 

To include all the required functions above, a free and open source software compilation, 

XAMPP, was adopted (Figure 7.20) as the simplest, most practical and most complete 

free web server solution for Mac OS X and iOS. It integrates an Apache 2.4.4 web server, 

MySQL 5.5.32, PHP 5.4.19, SQLite 2.8.17/3.7.17, phpMyAdmin 4.0.4 and etcetera. 
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Figure 7.20 A snapshot of a server management tab in XAMPP 

7.3.2 GEMS-IIMS Application © Version α 

The development of a GEMS-IIMS application is currently in its alpha version. The main 

interface and functional modules were partially implemented, including energy analysis 

and an energy database. Figure 7.21 shows the main interface designed, with five 

function tabs in the iOS Simulator. The information displayed on the screen was a general 

description of the application in ‘About’ tab. The other four tabs, labelled by different 

colours, are briefly explained below. 

 The ‘Monitoring’ tab guides the user to the real-time or remote data monitoring 

service. It can monitor the entire factory or a particular machining condition, 

depending on the request. Supposing that an engineer is on the shop-floor, and 

he/she needs to know the power consumption of a networked machine tool. 

Instead of returning to the office, activating specialised software, searching for a 

machine tool, and connecting to the monitor, he/she can launch the monitoring 

application, scan the identity (e.g. 2D barcode) of the machine tool, become 

authenticated and start monitoring right beside the machine tool 

 The ‘Analysis’ tab provides the user with an energy estimation and optimisation 

service. STEP-NC file is the accepted data format. To perform an analysis, the 

user links the machining job to a specific machine tool, and defines the level of 

detail of an energy analysis. He/she can upload the STEP-NC part program, give 

the Uniform Resource Locator (URL) of the program or choose one from the 

database. After analysis, the results will be sent back to the user. 

 The ‘Database’ tab allows the user to connect to the central database, browse, and 

select a certain machine tool for information or further actions. It supports the 
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monitoring and analysis services, but also offers more freedom for obtaining 

information. Moreover, the historical energy data stored in the database can be 

retrieved and analysed. 

 The ‘Control’ tab enables remote machine control via smartphones, however, 

extra care is required to implement this function. The user can search for a 

specific machine tool, log in as an authorised operator, and perform machine 

control. Note that to control the machine virtually, time-determining 

characteristics, reliable connection, safety and security are vital issues. 
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Figure 7.21 Simulated view of a GEMS-IIMS main interface 

As mentioned previously, for better customisation, different functions can be developed 

as several standalone applications, or designed as packages that can be downloaded and 

installed separately. The latter approach was considered in this implementation. 
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7.3.3 Case Studies 

Two case studies were conducted to demonstrate the functions developed within the 

GEMS-IIMS application. The first one was developed as an analysis service, enabling the 

user to obtain a detailed energy estimation of performing a machining job on a selected 

machine tool. The second study was implemented to inform the user when the energy 

performance history of a machine was requested. The convenience and practicability of 

using GEMS-IIMS is evident from these case studies. 

7.3.3.1 Case 1: Quick Energy Analysis of a Machining Job 

When the ‘Analysis’ tab is touched, the application asks for the Personal Identification 

Number (PIN) of a registered user. Once the login has succeeded, the application will 

retrieve and list the relevant Part 21 part programs from the database. Here, example 1 

was used again. The operator was allowed to select an existing machine tool from the list, 

and correspondingly choose an energy model (e.g. component-based or state-based). 

Extracted workplans and workingsteps information were listed to be selected. The 

interface is shown on the left side of Figure 7.22. 

By tapping the ‘Done’ button, a scoped energy analysis was requested. The interface to 

display the results is depicted on the right side of Figure 7.16. Tab “Pie Chart” offered a 

visual representation of the energy breakdown by machine tool components for the 

specified workingstep. In this case, three components, controller, spindle and motors, 

were represented by the colours red, green and blue. The result can be easily interpreted. 

Tab ‘Summary’ organised and presented the detailed machining parameters and neatly 

estimated energy values. 
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Figure 7.22 GEMS-IIMS interface of an Analysis example 

This quick analysis gives the user an energy estimation of a certain machining job, and 

may help them make final decisions or quickly complete the job. 

7.3.3.2 Case 2: Looking for the Energy Data of a Machine Tool 

The aim of this case study is to show that searching for and accessing energy data 

becomes easy, using the application. Consider this scenario: an engineer is operating a 

machine on the shop-floor and needs to obtain its specifications and energy consumption 

from previous operations. If using a laptop/PC, he/she activates it, connects to the 

database or opens the corresponding manual/spreadsheet, and searches for the data. It 
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may take several minutes to finish the task. Instead, the engineer takes out a smartphone 

and launches GEMS-IIMS. Once again, successful PIN verification of a registered user, 

after tapping the ‘Database’ tab, leads the user to two kinds of database, machine tool 

information and energy reports. Figure 7.23 depicts the database implemented. 

 

Figure 7.23 An implemented machine tool information database 

 

Figure 7.24 PHP codes to retrieve machine tool data from MySQL database 
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To manipulate the data, PHP scripts must be written. For example, to retrieve all the 

existing machine information in the database, the PHP codes in Figure 7.24 are needed. 

The output results were formatted in JSON (Figure 7.25). 

 

Figure 7.25 Query results from existing machine tool data in the JSON format 

In Xcode, the following codes were used to parse and show the JSON data, 

json = [NSJSONSerialization JSONObjectWithData:data 

options:kNilOptions error:nil]; 

cell.textLabel.text = [[json objectAtIndex:indexPath.row] 

objectForKey:@"model"]; 

cell.detailTextLabel.text = [[json 

objectAtIndex:indexPath.row] objectForKey:@"manufacturer"]; 

Figure 7.26 illustrates how the machine tool information database works. Touching the 

‘MT Info.’ tab generates a list of machine tools in the database. These are grouped in six 

classes as defined in ISO 14649-201. Tapping the targeted machine tool leads to a brief 

summary of its specifications. The complete machine tool data, documented in a Part 21 

file, are accessed by selection of ‘More Info.’ Whether energy consumption data of 

previous operations have been recorded is indicated by ‘Energy History’. 
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TYPE machine_class = ENUMERATION OF 
  (DRILLING_MACHINE, 
   GUNDRILL_MACHINE, 
   MACHINING_CENTRE, 
   MILLING_MACHINE, 
   MULTI_TASKING_MACHINE, 
   TURNING_MACHINE); 
END_TYPE; 
 

 

Figure 7.26 Obtaining energy data of a machine tool via GEMS-IIMS 

This will save a few minutes, solving an easy problem enjoyably with just the tap of a 

finger. Also, a smartphone takes less room than a laptop. 

7.4 Recap 

This chapter presented the completed implementation of the GEMS framework. Two of 

the four functional modules were focused on, energy analysis and energy performance 

database, at the current stage. To utilise the latest IT and computing technology, Cloud-

based architecture was built to support energy-efficient machining. Such a structure 

facilitates energy data representation, exchange, analysis and maintenance in a 

collaborative environment, which aims to meet the future requirements of the machining 

industry. 
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The two approaches to implementing GEMS, unified energy analysis systems and mobile 

applications, were explained in detail. In one approach, with the enabling technologies, 

such as the STEP-NC data format, hybrid energy consumption model and a general 

modelling language, a unified energy analysis system, iGEMS, was proposed. As the title 

implies, iGEMS is built upon a unified data structure, and provides a wide range of 

standard energy-related services for different kinds of machine tool. 

In the other approach, ubiquitous mobile devices are playing an ever-increasing role in 

the manufacturing world. A function-dedicated mobile application empowers engineers 

with an on-site, task-oriented, flexible and time-saving work style. This therefore 

contributes to a happier and more productive workforce. Moreover, although not yet 

implemented, the use of existing technologies in a smartphone, such as a proximity sensor, 

accelerometer, gyroscopic sensor, ambient light sensor, and camera, could potentially 

upgrade the expected performance of the GEMS-IIMS. 

Cloud servers/databases play a significant role in this approach, such as making major 

calculations, preparing responses, and maintaining proprietary energy data. The shared 

database eases energy information synchronisation and updating. 
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Chapter 8 

Conclusions and Future Work 

This chapter concludes the research presented in this thesis, together with 

recommendations for possible improvements and future research directions. In the first 

section, a summary of relevant research forming the background of the study is presented. 

Then the vision that led to the main achievements of the research is provided. Major 

intellectual contributions to this field are also highlighted. Following that, the chapter also 

discusses some improvements in realising an energy-efficient machining system and 

identifies future research directions. 

8.1 Conclusions 

The work presented in this study deals with producing energy-efficient machining 

systems by providing a holistic solution built on the comprehensive framework of GEMS, 

a universal energy consumption modelling approach and integrated energy data models. 

This research focuses on the issue of energy efficiency in CNC machining, as a key 

component of a “sustainable” future, from a systematic perspective. 

Through the development of the GEMS framework, the need for a collective effort from 

different activities of a machining system to improving the overall energy efficiency is 

recognised. The machine/process-specific characteristics of energy consumption 
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behaviour are addressed by the development of a standard, practical, and effective 

modelling procedure and the establishment of a comprehensive, shared energy database. 

This study also takes a novel approach by extending various parts of STEP-NC data 

models with the capacity to hold energy information. Based on the methods developed in 

this research, the energy data within a machining system is describable, exchangeable and 

maintainable among different energy-efficient activities. Energy data is treated seriously 

as an integral part and readily informs wherever needed. This methodology allows us, in 

contrast with the existing approaches, to bridge the gaps in energy representation, 

estimation and archiving, viewing energy-efficient machining as a whole. 

8.1.1 Recap of the Research  

Manufacturing, the backbone of every industrialised country’s economy for centuries, is 

facing challenges introduced by resource shortages, environmental deterioration, 

population growth and ever-intensifying global competition. The issue of energy 

consumption and efficiency in this sector has therefore been placed mid-stage, and cannot 

be overemphasised for reaching a sustainable future. With the invention and wide 

adoption of CNC machine tools, the machining industry has been revolutionised by 

soaring productivity, excellent quality and unbeatable prices. However, from a 

sustainability perspective, this has heavily burdened the eco-system. The energy required 

by this industry will increase continuously with the advancement of CNC automation and 

capability. Therefore, great efforts from both the industry and academics are being 

progressively increased to improve this situation. This is evidenced by the significant 

number of energy-efficient machining systems and components that have been developed 

in the last two decades. As a researcher and engineer, the author firmly believes that a 

considerable percentage of energy can be saved in industrial practice if an effective, 

applicable solution is developed. 

However, it was observed that in many industrial cases, energy data is often neglected or 

overlooked. Most designers know little about the energy footprint of their products. 

Process planners, in a good situation, rely on static, nominal power values to roughly 

predict energy usage. Machine operators still need to perform last-minute modifications 

without considering energy demands. This is partially because energy consumption is 

treated unequally, compared with conventional objectives such as low cost, high quality 

and maximised productivity. Also, the technology has been unavailable to deal with a 
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dynamically changing environment, where energy estimation, optimisation and archiving 

should be frequently performed. Existing research has usually focused on a specific 

process or a particular component in either energy modelling or optimisation. The use of 

energy information has likewise been limited to a static reference or constraint in an 

optimisation or scheduling task. 

Motivated by the need to address these problems, this research aims to develop an open, 

interoperable machining environment that addresses energy efficiency from a systematic 

perspective. To achieve this, different activities in a machining system and a series of 

continuous and consistent information flows between them needed to be incorporated. 

Based on the existing literature and a closer study of energy flow, the GEMS framework 

was designed to embody the key modules of energy-efficient activities; energy 

monitoring, analysis, energy-based optimal control and databases. Three key issues in 

realising GEMS were identified and carefully studied in this research. 

Firstly, the model-based characteristic of the GEMS entails having an accurate, 

comprehensive yet practical energy consumption model. Dealing with modern, 

sophisticated CNC machines, the energy required by an entire system is of more interest 

than one specific component, such as cutting energy. The energy model developed in this 

research tries to combine existing theoretical and empirical models with state-based 

models of systematic behaviour, resulting in a so-called hybrid energy model, which has 

proved practicable and effective in developing models for any machining system. 

Following that, ways to implement such a model were studied. The function block 

technique was applied to modelling energy requirements for the first time, which 

advanced model implementation in a future distributed, collaborative machining 

environment. Moreover, it is envisioned to create a shared pool of modular energy models 

for maximum reusability, fast construction and flexibility. 

Secondly, to facilitate communication and collaboration between different modules in the 

GEMS, tighter integration of energy data in machining systems is requisite. This energy 

data integration envisages a standardised, unambiguous data representation, exchange and 

maintenance mechanism, which supports various energy-efficient activities. The dated 

but still dominant CNC programming language, G-code, fails to meet such requirements. 

Instead, energy data models were developed in compliance with the STEP-NC standard, 

providing an enhanced capability to describe product information through an entire life 
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cycle. Useful information to potentially improve energy performance is thereby captured 

and preserved.  In this research, four groups of energy data model were proposed, to 

define data structure and holders for automated monitoring, energy modelling, online 

optimisation and energy performance archiving. Furthermore, the developed data models 

were integrated well with published parts of the STEP-NC standard, providing all-

inclusive information for an energy-efficient machining system. 

Thirdly, two ways to implement the aforesaid energy model and data model were 

investigated. Utilising the latest IT and computing technology, a Cloud-based architecture 

was adopted for these implementations, a unified energy analysis system, iGEMS and a 

mobile application, GEMS-IIMS. These aim to develop a service-oriented and practicable 

energy-efficient machining system with the intention of improving real-life industrial 

practices. Easily accessible energy monitoring, prescribed energy analysis and online 

energy optimisation, and a comprehensive energy data repository were considered to 

meet user requirements. Energy analysis and an energy performance database were first 

achieved. It was demonstrated that the GEMS implementation performed well, based on 

high-level production data, and effectively analysed the energy consumption of a 

machining system within a specified scope. The energy performance recorded in the 

database made information synchronisation and updating much more convenient. 

Additionally, it was noticed during the research that having an energy evaluation system 

helps users to understand the energy consumption data at hand, and guides them in 

improving energy efficiency. So an energy rating schema, taking information at different 

levels of detail into account, was proposed to quantify the energy performance of a 

planned process. This avoids meaningless comparison between different types of machine 

tool, but concentrates every effort on continuously improving actual operations. 

From this research, eight papers have been or are to be published, consisting of four 

journal papers and four conference papers. A comprehensive literature review was 

progressively conducted, and led to a conference paper presenting the state of the art in 

energy consumption modelling, published in Applied Mechanics and Materials [42], and 

to a journal paper reviewing energy-efficient machining systems being submitted to the 

International Journal of Advanced Manufacturing Technology [41]. Preliminary thoughts 

on this research framework were presented at the 7th CIRP-sponsored International 

Conference on Digital Enterprise Technology 2011, Athens, Greece [43]. The STEP-NC 



Chapter 8 – Conclusions and Future Work 

 

198 | P a g e  
 

compliant energy data models were reported in the International Conference on Advances 

in Production Management Systems, Rhodes Island, Greece [100]. The redesigned 

framework and improved data models were then published in the International Journal of 

Sustainable Engineering [158]. The work to develop an appropriate energy model and its 

implementation was summarised in two papers. One was presented at the 20th CIRP 

International Conference on Life Cycle Engineering, Singapore [95] and the other was 

published in the Journal of Manufacturing Systems [202]. Last but not least, a paper 

presenting implementation of this STEP-NC-based system was submitted to the 

International Journal of Production Research [211]. 

8.1.2 The Vision 

On the journey towards the genuine prosperity of sustainable manufacturing, the 

improvement of energy efficiency still remains a sizeable challenge. Acknowledging and 

understanding the machine- and process-specific characteristics of energy behaviour in a 

machining system play a central role. The commonly recognised fact that the energy 

consumption of a machining system is influenced by diverse factors makes this research 

an inter-disciplinary topic. The vision of this research is to demonstrate how the energy 

consumption of a machining system can be modelled, and how energy-related data can be 

described to create a closed-loop information and knowledge-sharing environment from 

the beginning of product design to the end of fabrication. It endeavours to make energy 

information available at every stage/activity in a machining system, so that possible 

opportunities to improve energy efficiency are seized. This is regarded as a long-term 

goal of the research and presented as a transferrable solution to assisting emerging 

paradigms in CNC machining. 

8.1.3 Scientific Contributions 

The main objective of this research has been to provide a solution for obtaining a truly 

energy-efficient machining system, where collective efforts can be made to continuously 

push the system towards an energy-optimal point. The following major intellectual 

contributions concerning the achievements attained in achieving this objective are 

presented as follows: 
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 Contribution 1: A holistic approach towards understanding energy efficiency: 

First of all, this research recognises, supports and encourages the observation and 

comprehension of energy efficiency from a holistic and systematic perspective. 

The majority of existing research focused on specific processes or aspects, which 

are inadvertently isolated different activities that comprise the entire machining 

system. It was identified and exemplified through the development of the GEMS 

framework that a holistic approach, with joint efforts from many activities, is the 

right choice. It is also suggested that to identify energy consumption “hot spots” 

and concentrate on first key parts and progressively seek the highest energy-

saving potentials, seems to be effective practice. The proposed system framework 

is a step in this direction of considering energy efficiency on a systematic scale. 

 

 Contribution 2: A hierarchical energy consumption model: 

Accuracy, comprehensiveness and practicability are equally important to an 

energy consumption model in guiding real-life energy-efficient machining 

exercises. The hybrid energy modelling approach developed in this research 

echoes this philosophy by constructing an energy consumption model from easily 

describable but meaningful parts, so that at a high level, the entire energy 

consumption can be estimated and at a low level, a specific energy behaviour can 

be studied. The hybrid model is flexible, scalable and complete; also it is capable 

of providing insights into energy efficiency improvement. 

 

 Contribution 3: Modular model-based energy-efficient machining: 

Effective utilisation of an energy consumption model is equally as important as 

the model itself. This research introduces the modular model-based concept for 

energy model implementation. Incorporating FBs technique in energy analysis is 

the first attempt in the direction of implementing an energy model for long-term, 

wide-ranging usability. The benefits, such as re-configurability, scalability and 

modularity that the FBs technique brings are particularly suitable in addressing 

today’s dynamically changing environment, as well as the machine- and process-

specific characteristics of an energy consumption model. Explicit energy 

consumption behaviour can be modelled inside a FB and subsequently, easily 
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updated and extended. This further reveals the opportunity for utilising FB and 

FB-compliant devices as an enabling technology for future CNC machine control. 

 

 Contribution 4: High-level energy data integration: 

Energy analysis relates to information distributed among a number of processes, 

which requires full energy data integration.  Existing international standards, such 

as STEP and STEP-NC, encompass all aspects of a product life cycle, laying the 

fundamentals for establishing the energy data models. This keeps energy data 

informed of a wider range of activities in a standardised format that is considered 

an implacable step towards overall energy efficiency. The data models were 

proposed with the intention of facilitating functionality and information flow 

between different modules in the GEMS, realising an open, explicit, and 

interoperable environment to produce any energy-efficient activity. 

 

 Contribution 5: Interoperable energy system implementation: 

Implementation based on STEP-NC promotes a unified energy analysis system, 

which demonstrates the usefulness of high-level production data in performing 

energy analysis. The portable CNC programs can be evaluated against different 

machine tools for a more reliable energy prediction. The iGEMS implementation 

serves as a platform for integrating all kinds of energy-efficient activities. It is 

performed on a shared database; therefore, it would support further advancement 

of machining systems, such as in Cloud manufacturing. The mobile application 

GEMS-IIMS developed in this study complements the service with useful 

functions. 

 

 Contribution 6: Practical energy rating schema: 

An energy rating schema was designed and is associated with a uniquely defined 

confidence level. It tries to convert the energy consumption value into easily 

understood indicators. It avoids the unwanted, meaningless comparison of energy 

consumption between different types of machine tools, and focuses on 

understanding and improving current operations. Depending on energy 

information at different levels of detail, which is defined as confidence level, the 
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outcome can be targeted for specific needs, enabling multiple-objective 

optimisation and cost-effective scheduling. 

The importance and necessity of this research lies in the fact that its holistic view of 

energy-efficient machining systems as a whole, which paves the way to reducing overall 

energy consumption and lowering the corresponding environmental impact. 

8.2 Recommendations for Future Work 

The research presented in this thesis is not a complete solution for all machining systems. 

Further improvements are needed to complete the proposed system and there are also a 

number of future research opportunities. 

8.2.1 Improvement Opportunities 

Further developments on the proposed GEMS could be conducted in the following areas: 

 The current research focused on one machining system, which has a fixed base 

load, limited numbers of components, and a relatively low level of automation. 

Therefore, advanced control to selectively deactivate various auxiliary 

components could be further studied, to improve the energy efficiency of 

sophisticated machining centres. Moreover, dynamic scheduling and balancing of 

the work flow between different machining systems should be investigated to 

reduce energy usage. 

 An empirical approach was employed in developing component level energy 

models. Although it has a number of advantages, the development of a set of 

powerful theoretical models based on fundamental principles in physics, including 

kinematics, dynamics and tribology, would allow a deeper understanding of 

energy consumption and better applicability to energy models across different 

machining systems. Nevertheless, use of a FB-based device for actual machine 

control should be tested. 

 Enabling energy monitoring via standardised protocols, such as MTConnect and 

OPC-UA, is a path for future improvement. In this way, any standard monitoring 

system developed would be capable of monitoring the detailed, up-to-date status 

of different types of machine tool simultaneously. In addition, there is relatively 
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little research on energy management systems; therefore, developing a 

comprehensive energy management system could be considered for an entire 

factory or multiple companies, integrated with other managerial applications such 

as ERP. 

 Finally, the limitation of the current energy rating scheme is that a considerable 

number of data sets are required to determine the reference value. Also, the 

schema inevitably requires subsequent revision as CNC technology advances. 

More research work is envisioned to improve the schema, and an innovative 

approach is needed to evaluate energy performance. 

8.2.2 Future Research Directions 

The potential contribution of energy information has been elaborated on and proven to be 

useful. Different machining scenarios, whether classical Lean manufacturing or emerging 

Cloud manufacturing, could gain benefits from this energy information. Four new 

research directions discovered during the course of this research are summarised as 

follows: 

 A new generation of CNC machines: 

Research in developing more energy-efficient machine tool components has long 

been desired; there is potential for energy saving with the employment of more 

energy-efficient components, for example, industrial motors or pumps. However, 

most commercial machines are designed with powerful motors to ensure they can 

handle different tasks without any difficulty. This is known as overpower from an 

energy perspective, which means that the machine typically drains more energy 

than it actually requires in accomplishing a task. Therefore, utilising more energy-

efficient components together with an innovative, redesigned machine tool 

structure, such as a reduced moving mass and adaptive power supply system, may 

lead to great advancements in energy-efficient machining 

 

 Horizontal and vertical system integration: 

To make a machining system sustainable and not just energy-efficient, extensive 

efforts must be made at all levels, from the process, product, and system-related 

level to the entire product life cycle. Vertically, traditional reduce, recycle and 

reuse practices must be extended to include recover, redesign, and remanufacture, 
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covering all stages from pre-manufacturing, manufacturing, and use to disposal. 

At each stage, new modelling and simulation tools should be horizontally 

integrated and expanded to include the consideration of sustainability, for example, 

environmental impact calculation or ergonomic evaluation 

 

 Energy-intensive manufacturing systems: 

The machining systems studied in this research considered conventional metal 

cutting processes, milling, turning and drilling. There are other manufacturing 

technologies that involve more energy-intensive manufacturing processes, such as 

forming or grinding processes, which need more research work. It is worth noting 

that the rise of additive manufacturing has lately drawn increasing attention and 

studies on its energy efficiency are urgently needed. The proposed hybrid 

modelling approach can support the energy modelling of 3D printers with 

affordable efforts. 

 

 Towards Cloud manufacturing: 

Cloud manufacturing is promising. This is true especially for small and medium-

sized enterprises. It is foreseeable that Cloud manufacturing will enable 

collaborative, adaptive, cost-effective, and sustainable manufacturing. Energy 

estimation, resource utilisation planning and dynamic production scheduling will 

be hosted as on-demand services for users, for different purposes. Eventually, 

Cloud services, from sustainable product design to manufacturing, will be made 

available to provide a flexible and cost-effective solution to “design anywhere, 

manufacture anywhere, service anywhere”. 
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A-1 Technical Data of CNC Machine Tools 

Table A-1 Technical specifications of SHERLINE 2010 mill 

Working area  
Maximum clearance, table to spindle 229 mm
Table dimensions (L×W) 330×70 mm 
Positioning range X/Y/Z axes 229/178/137 mm 
Spindle 
Hole through spindle 10 mm
Spindle nose thread 3/4-16 thread per inch 
Spindle taper No. 1 Morse 
Spindle speed range 70-2800 rpm (continuously variable) 
General data  
Machine dimensions (L×W×H) 565×381×568 mm
Machine weight 17.2 kg 
Hold down provision 2 T-shot 
Headstock rotation 90° left/right 
Column rotation 90° left/right 
Handwheel graduations 0.01 mm 
Throat Adjustable 
Motors 
Motor output horsepower 60 W 
Motor speed 6100 rpm 
Motor full load current 0.85 A 
DC voltage 90 VDC to motor (60 Hz) 
Starting current 17 A (instantaneous) 

More information is available at http://www.sherline.com/mills.htm (accessed July 20th, 2013) 

Table A-2 Technical specifications of EMCO Concept Mill 105 

Working area
Positioning range X/Y/Z axes 200/150/250 mm 
Minimum spindle nose-table distance 95 mm 
Maximum spindle nose-table distance 245 mm 
Milling table
Table dimensions (L×W) 420×125 mm 
T-slot: Quantity/width/size 2/11 mm/90 mm 
Maximum table load 10 kg 
Milling spindle drive 
Speed range 150-5000 rpm 
3-phase asynchronous motor power 1.1 kW 
Spindle torque 4.2 Nm 
Axes 
Rapid traverse speed X/Y/Z axes 5 m/min
Working feed 0-5 m/min 
Maximum feed power X/Y/Z 2000/2000/2400 N 
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3-phase step motors with step resolution 0.0015-0.001 mm 
Average positioning variation to VDI 3441 0.005 mm 
Tool system 
Number of tool stations 10
Tool selection Directional logic 
Maximum tool diameter 55 mm 
Maximum tool length 50 mm 
Maximum tool weight 0.7 kg 
Tool changing time T1/T2/T3 9/7.5/7.5 s 
General data
Connecting power 1.4 kW
Machine dimensions (L×W×H) 1135×1100×1100 mm 
Machine weight (excluding base) 400 kg 
Compressed air requirement 6 bar 

More information is available at http://www.emco-world.com/en/products/industrial-

training/machines/milling/cat/26/pr/concept-mill-105.html (accessed July 20th, 2013) 

Table A-3 Technical specifications of exeron HSC 600 

Working area
Positioning range X/Y/Z axes 650/550/400 mm 
Maximum spindle nose-table distance 600 mm 
Milling table
Table dimensions (L×W) 530×900 mm 
Maximum table load 600 kg 
Capability 
Speed range 0-42000 rpm 
3-phase asynchronous motor power 10 kW 
Rapid traverse speed X/Y/Z axes 50 m/min 
General data
Machine dimensions (L×W×H) 2200×2400×2900 mm 
CNC control Heidenhain iTNC 530 
Tool magazine 30/60/90 HSK 40-E 

More information is available at http://www.exeron.de/102 (accessed Dec 5th, 2013) 

A-2 Technical Data and Interface of ISW 8300 Wattmeter 

Table A-4 Specifications of Powertek Model 8300 3-phase digital wattmeter 

Voltage  
Ranges 15, 50, 150, 500 V
Accuracy ±0.2%×(V+R) @ 45-500 Hz 
Overload 1000 V peak (1 second) 
Current 
Ranges 0.5, 1.5, 5, 15 A
Accuracy ±0.2%×(V+R) @ 45-500 Hz 
Overload 30 A (continuous)/60 A (1 second) 
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Active Power  
Ranges 7.5W to 7500W
Accuracy ±0.3%×(V+R) 
Reactive Power Ranges 7.5VAr to 7500VAr 
Apparent Power Ranges 7.5VA to 7500VA 
Interface USB/RS232 
Power supply 230 V±10%, 50-60 Hz 
Dimensions (W×L×H) 240×240×88 mm 
Weight 1.5 kg 

V: Measured Value, R: Range. More information is available at http://www.powertekuk.com/ (accessed 

July 20th, 2013) 

 

Figure A-1 Front panel of Powertek 8300 wattmeter 

 

 

Figure A-2 Back panel of Powertek 8300 wattmeter
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B-1 Cutting Forces, Torque, and Power Consumption Data 

Acquired 

 

Figure B-1, 1st run (Vf – 100 mm/min, n – 1630 rpm, ap – 0.4 mm, D – 9.525 mm) 

 

Figure B-2, 2nd run (Vf – 100 mm/min, n – 2116 rpm, ap – 1.2 mm, D – 9.525 mm) 
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Figure B-3, 3rd run (Vf – 200 mm/min, n – 2623 rpm, ap – 0.33 mm, D – 9.525 mm) 

 

Figure B-4, 4th run (Vf – 200 mm/min, n – 1641 rpm, ap – 1.1 mm, D – 9.525 mm) 

 

Figure B-5, 5th run (Vf – 150 mm/min, n – 1620 rpm, ap – 0.65 mm, D – 9.525 mm) 
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Figure B-6, 6th run (Vf – 100 mm/min, n – 2639 mm, ap – 0.65/0.78 mm, D – 9.525 mm) 

 

Figure B-7, 7th run (Vf – 150 mm/min, n – 2135 rpm, ap – 0.4 mm, D – 9.525 mm) 

 

Figure B-8, 8th run (Vf – 150 mm/min, n – 2604 rpm, ap – 1.15 mm, D – 9.525 mm) 
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Figure B-9, 9th run (Vf – 200 mm/min, n – 2118 rpm, ap – 0.64 mm, D – 9.525 mm) 

 

Figure B-10, 10th run (Vf – 100 mm/min, n – 2624 rpm, ap – 0.6 mm, D – 7.9375 mm) 

 

Figure B-11, 11th run (Vf – 150 mm/min, n – 1615 rpm, ap – 0.6 mm, D – 7.9375 mm) 
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Figure B-12, 12th run (Vf – 150 mm/min, n – 2598 rpm, ap – 1 mm, D – 7.9375 mm) 

 

Figure B-13, 13th run (Vf – 150 mm/min, n – 2112 rpm, ap – 0.3 mm, D – 7.9375 mm) 

 

Figure B-14, 14th run (Vf – 200 mm/min, n – 2112 rpm, ap – 0.6 mm, D – 7.9375 mm) 
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Figure B-15, 15th run (Vf – 200 mm/min, n – 2588 rpm, ap – 0.3 mm, D – 7.9375 mm) 

 

Figure B-16, 16th run (Vf – 100 mm/min, n – 2097 rpm, ap – 1.16 mm, D – 7.9375 mm) 

 

Figure B-17, 17th run (Vf – 100 mm/min, n – 1616 rpm, ap – 0.35 mm, D – 7.9375 mm) 
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Figure B-18, 18th run (Vf – 200 mm/min, n – 1615 rpm, ap – 1.1 mm, D – 7.9375 mm) 
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B-2 Experiment Data Processing (SHERLINE 2010 mill) 

Table B-1 Experimental data summary (SHERLINE 2010 mill) 

 

Cutting tool Machining parameters Cutting force (N) 

Diameter Spindle speed Feed-rate Depth of cut Cutting speed MRR X axis Y axis X-Y Composite 

Set (mm) (rpm) (mm/min) (mm) (m/min) (mm3/min) S/N ratio Average S/N ratio Average S/N ratio Average 

1 9.525 1630 100 0.4 48.7756 381 -20.2606 10.23 -18.7771 8.6296 -22.59 13.3916 

2 9.525 2116 100 1.2 63.3185 1143 -28.40691 25.93 -27.74088 24.0615 -31.1 35.4203 

3 9.525 2623 200 0.33 78.4898 628.65 -20.68802 10.77 -20.39231 10.4193 -23.55 14.9991 

4 9.525 1641 200 1.1 49.1047 2095.5 -26.91039 22.13 -27.28585 23.1228 -30.11 32.025 

5 9.525 1620 150 0.65 48.4763 928.6875 -22.18379 12.79 -20.77008 10.8652 -24.54 16.804 

6 9.525 2639 100 0.76 78.9686 723.9 -24.28965 16.04 -23.58814 14.8702 -26.96 21.9152 

7 9.525 2135 150 0.4 63.887 571.5 -20.89678 10.98 -20.14685 10.0853 -23.55 14.9208 

8 9.525 2604 150 1.15 77.9212 1643.0625 -26.90123 21.38 -27.92654 24.0101 -30.45 32.1979 

9 9.525 2118 200 0.64 63.3783 1219.2 -21.29793 11.48 -21.26786 11.4921 -24.29 16.2575 

10 7.9375 2624 100 0.58 65.4331 460.375 -20.41411 10.47 -19.0224 8.9224 -22.78 13.7607 

11 7.9375 1615 150 0.52 40.2723 619.125 -24.7141 17.17 -22.3828 13.134 -26.71 21.624 

12 7.9375 2598 150 0.98 64.7847 1166.8125 -23.2902 14.59 -21.12506 11.3742 -25.35 18.5038 

13 7.9375 2112 150 0.33 52.6657 392.90625 -23.23491 14.49 -21.32883 11.6328 -25.4 18.5891 

14 7.9375 2112 200 0.6 52.6657 952.5 -24.52451 16.82 -22.04638 12.6442 -26.47 21.0468 

15 7.9375 2588 200 0.3 64.5354 476.25 -23.01003 14.13 -21.25079 11.5334 -25.23 18.2391 

16 7.9375 2097 100 1.16 52.2916 920.75 -24.17223 16.15 -22.36308 13.1096 -26.37 20.8014 

17 7.9375 1616 100 0.35 40.2972 277.8125 -23.14733 14.34 -21.223 11.4918 -25.3 18.3839 

18 7.9375 1605 200 1.1 40.0229 1746.25 -28.16929 25.39 -27.70609 24.0263 -30.95 34.977 
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Table B-1 Experimental data summary (continued) 

Torque (Ncm) Power consumption (W) Energy (kWh) 

Z axis Total Drive axis Spindle Total Motor Spindle 

S/N ratio Averag S/N Base Cutting S/N ratio Bas Cutting Positioning S/N ratio Bas Cutting Actual Actual Actual 

4.9843 0.5414 -39 40 88.9413 -33.6731 40 41.7879 48.2167 -33.4936 22.5 47.2548 0.0041 0.0024 0.0017 

-1.2925188 1.0633 -43.9 40 156.0012 -33.1086 40 41.8618 47.319 -41.27703 30 114.143 0.0065 0.0027 0.0038 

4.4186754 0.5812 -41.6 40 120.0476 -34.1091 40 44.2857 50.6818 -37.63934 37.5 75.7619 0.003 0.0015 0.0015 

-0.975507 1.0023 -43.5 40 150 -34.1547 40 44.8889 51.0556 -40.46515 22 105.333 0.003173 0.001543 0.001631 

2.1915663 0.7342 -40.6 40 106.4739 -34.0022 40 42.1362 50.0556 -36.20323 22 64.3192 0.002869 0.001538 0.001331 

1.5018935 0.783 -43.5 39 149.52 -34.2674 39 40.84 51.7167 -40.80703 36.5 108.76 0.004606 0.001841 0.002768 

5.1520419 0.5308 -40.3 39 104.0086 -34.0359 39 41.799 50.2778 -35.89237 29.5 62.2647 0.002934 0.001546 0.00139 

-0.433119 0.901 -44.9 39 173.9993 -33.9741 39 41.7386 49.95 -42.68301 34.5 133.908 0.00417 0.001562 0.002609 

5.4633629 0.5088 -41.8 39.5 123.3333 -34.1538 39.5 43.4872 51.0208 -38.05957 28.5 79.9487 0.00303 0.001591 0.001441 

-2.7604 1.3215 -40.2 39 102.018 -33.8887 39 40.2584 49.4444 -35.80994 37.5 61.7047 0.003906 0.001836 0.002066 

0.5751 0.8878 -38.9 38 88.1765 -33.9163 38 41.2157 49.6111 -33.4293 22 46.902 0.002597 0.001528 0.001065 

4.7613527 0.5472 -41.4 38.5 118.1197 -34.0466 38.5 41.5996 50.3611 -37.69244 36.5 76.612 0.003396 0.001630 0.001768 

4.0662638 0.5959 -39.1 38.5 90.1385 -33.9956 38.5 41.9375 50.05 -33.6715 30 48.2623 0.002813 0.001571 0.001245 

3.6048941 0.6271 -40.5 38.5 105.9722 -33.9282 38.5 42.9008 49.6056 -35.9982 30.5 63.0516 0.002712 0.001447 0.001266 

3.611511 0.63 -40.1 38.5 101.6825 -34.0347 38.5 42.9325 50.2778 -35.38058 37.5 58.8016 0.002669 0.001428 0.00124 

3.5856908 0.6252 -40.4 39 104.2255 -34.0878 39 40.632 50.6227 -36.08983 29.5 63.7184 0.003739 0.001816 0.001928 

5.2316115 0.5202 -37.7 38.5 76.3923 -34.1268 38.5 40.3021 50.8333 -31.14381 22 36.0646 0.002992 0.001825 0.001167 

1.7797375 0.7529 -41.9 39 124.702 -34.0653 39 43.202 50.4773 -38.26328 21 81.2677 0.002766 0.001450 0.001313 
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B-3 Experiment Data (exeron HSC 600) 

Table B-2 Levels of the selected machining parameters 

Level Spindle speed (rpm) Feed-rate (mm/min) Depth of cut (mm)
1 1400 200 1 
2 1600 400 1.5 
3 1800 600 2 
4  800 2.5 
5   3 

 

Table B-3 Experiment data on an exeron HSC 600 machine 

Test Feed-rate Spindle Speed Depth of Cut Basic Power Basic Cutting Power Average Power

No. (mm/min) (rpm) (mm) (W) (W) (W) 

1 200 1400 1 2847.203123 2966.360772 119.1576481 

2 200 1400 1.5 2847.203123 3024.561713 177.35859 

3 200 1400 2 2847.203123 3073.003395 225.8002714 

4 200 1400 2.5 2847.203123 3132.026018 284.822894 

5 200 1400 3 2847.203123 3222.338175 375.1382 

6 400 1400 1 2818.555206 3028.296953 209.7417479 

7 400 1400 1.5 2818.555206 3141.826478 323.2712722 

8 400 1400 2 2818.555206 3239.531311 420.9761058 

9 400 1400 2.5 2818.555206 3373.007193 554.4519879 

10 400 1400 3 2818.555206 3489.670972 671.1157661 

11 600 1400 1 2800.611485 3090.389449 289.7779632 

12 600 1400 1.5 2800.611485 3265.680115 465.0686296 

13 600 1400 2 2800.611485 3408.43014 607.8186548 

14 600 1400 2.5 2800.611485 3606.168012 805.5565263 

15 600 1400 3 2800.611485 3782.762564 982.1510785 

16 800 1400 1 2831.356924 3176.972531 345.6156078 

17 800 1400 1.5 2831.356924 3416.923715 585.5667913 

18 800 1400 2 2831.356924 3592.966464 761.6095402 

19 800 1400 2.5 2831.356924 3869.266714 1037.90979 

20 800 1400 3 2831.356924 4094.108948 1262.752025 

21 200 1600 1 2627.346836 2686.800193 59.45335791 

22 200 1600 1.5 2627.346836 2816.363715 189.0168795 

23 200 1600 2 2627.346836 2863.609924 236.2630885 
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24 200 1600 2.5 2627.346836 2950.116426 322.7695909 

25 200 1600 3 2627.346836 3002.842168 375.4953324 

26 400 1600 1 2657.920649 2778.091804 120.1711548 

27 400 1600 1.5 2657.920649 2972.987931 315.0672817 

28 400 1600 2 2657.920649 3073.507792 415.5871435 

29 400 1600 2.5 2657.920649 3190.016323 532.095674 

30 400 1600 3 2657.920649 3293.413152 635.4925036 

31 600 1600 1 2658.999011 2829.78119 170.7821797 

32 600 1600 1.5 2658.999011 3112.80327 453.8042593 

33 600 1600 2 2658.999011 3253.973573 594.9745621 

34 600 1600 2.5 2658.999011 3403.564366 744.5653555 

35 600 1600 3 2658.999011 3602.970494 943.9714833 

36 800 1600 1 2718.8938 3052.157182 333.2633813 

37 800 1600 1.5 2718.8938 3269.118704 550.2249041 

38 800 1600 2 2718.8938 3432.487504 713.5937039 

39 800 1600 2.5 2718.8938 3658.564197 939.6703969 

40 800 1600 3 2718.8938 3837.288117 1118.394317 

41 200 1800 1 2705.649967 2900.936532 195.2865649 

42 200 1800 1.5 2705.649967 2928.627239 222.9772719 

43 200 1800 2 2705.649967 2979.452347 273.8023798 

44 200 1800 2.5 2705.649967 3037.271066 331.6210987 

45 200 1800 3 2705.649967 3113.847305 408.1973377 

46 400 1800 1 2655.96425 2962.613735 306.6494852 

47 400 1800 1.5 2655.96425 3040.449135 384.4848856 

48 400 1800 2 2655.96425 3130.382956 474.4187066 

49 400 1800 2.5 2655.96425 3258.779198 602.8149486 

50 400 1800 3 2655.96425 3361.135494 705.1712448 

51 600 1800 1 2708.798013 3038.337659 329.5396452 

52 600 1800 1.5 2708.798013 3155.680766 446.8827523 

53 600 1800 2 2708.798013 3282.115407 573.3173933 

54 600 1800 2.5 2708.798013 3465.309151 756.5111379 

55 600 1800 3 2708.798013 3621.020342 912.2223284 

56 800 1800 1 2700.308596 3129.549755 429.2411597 

57 800 1800 1.5 2700.308596 3272.525078 572.2164826 

58 800 1800 2 2700.308596 3438.417403 738.1088074 

59 800 1800 2.5 2700.308596 3666.370031 966.0614349 

60 800 1800 3 2700.308596 3890.261267 1189.952671 

 



Appendix B 

 

242 | P a g e  
 

B-4 A Hybrid Energy Model for exeron HSC 600 

A hybrid model developed is mainly to demonstrate the extensibility and feasibility of the 

proposed modelling approach. Several assumptions were made, because limited data 

available for exeron HSC 600. For instance, the small power differences of the motor, 

running at different feed-rates, were neglected, so a constant power consumption value 

(240 W) was expected, when the motor was activated. A fixed power consumption of 

hydraulics and control cabinet was also assumed. In an actual production, some equations 

or figures can thereby be improved with more comprehensive data. 

Based on the existing data, multiple regression analysis was performed. Both the first-

order and second-order models were derived. However, no significant improvement was 

achieved by using the second-order regression model. The first-order model was 

considered adequate in practical use. 

The power consumption of the spindle in air cutting is expressed as, 

_ 2063.4 0.3294spindle readyP n 
                                                                                      (B-1) 

The power consumption of the spindle in normal cutting is expressed as, 

_ 2070.7 0.29 0.227 18.76 0.0163spindle cutting f pP n V a MRR    
                                 (B-2) 

Therefore, the reference table for an exeron HSC 600 machine is completed as follows. 

Table B-4 Reference table of exeron HSC 600 

 ON/Processing OFF HOLD 

Spindle power Equation B-2 0 Equation B-1 
Motors power 240 W 0 240 W 

Hydraulics 745 W 0  

Control Cabinet 200 W 0  

 

Six rational, energy-distinct operational states were identified. They are ‘Off’, ‘Warm-up’, 

‘Idle’, ‘Traverse’, ‘Ready’ and ‘Processing’. The resultant CoMoS is provided in Table 

B-5. 
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Table B-5 CoMoS matrix of HSC 600 

 S1 S2 S3 S4 S5 S6 

Control Cabinet 0 1 1 1 1 1 
Hydraulics 0 0 1 1 1 1 

Main spindle 0 0 0 0 1 2 

Drive motors 0 0 0 1 1 2 

S1 – Off, S2 – Warm-up, S3 – Idle, S4 – Traverse, S5 – Ready, S6 – Processing 

Subsequently, a STD was drawn for HSC 600 (Figure B-19). It was designed to 

particularly describe the state transition of the machining system in dry-cutting condition. 

With the reference table, CoMoS matrix and the STD developed, a hybrid energy 

consumption model for the HSC 600 machining system is complete. 

 

Figure B-19 A STD for the HSC 600 machining centre in dry-cutting condition 

It is summarised, based on the ANOVA, that MRR is the representative and dominant 

factor in an advanced CNC machine, where feed-rate and depth of cut share the impact on 

cutting power increase. Spindle speed remains as the key contributor to power 

consumption in the ‘Ready’ state. 
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C-1 EXPRESS Expanded Listing (normative) 

The following EXPRESS is the whole schema proposed in Chapter 6. 

SCHEMA ENERGY_INFORMATION_FOR_MACHINING_SCHEMA; 
(* 
 Version: 1 
 Date: 25.06.2012 
 Author: Tao PENG – The University of Auckland 
 Contact: Tao PENG <tpen024@aucklanduni.ac.nz> 
*) 
 
REFERENCE FROM approval_schema            (*ISO 10303-41e3*) 
 ( approval, 
   approval_status); 
 
REFERENCE FROM date_time_schema           (*ISO 10303-41e3*) 
 ( date_and_time, 
   calendar_date); 
 
REFERENCE FROM person_organization_schema  (*ISO10303-41e3*) 
 ( person);   
 
REFERENCE FROM support_resource_schema     (*ISO10303-41e3*) 
 ( identifier,  
   label,  
   text); 
 
REFERENCE FROM measure_schema              (*ISO10303-41e3*) 
 ( length_measure, 
   power_measure, 
   pressure_measure, 
   time_measure, 
   parameter_value, 
   speed_measure, 
   count_measure, 
   mass_measure); 
    
REFERENCE FROM geometry_schema             (*ISO10303-42e3*) 
     ( elementary_surface, 
   cartesian_point); 
 
REFERENCE FROM machining_schema             (*ISO 14649-10*) 
 ( project, 
   workpiece, 
   executable, 
   program_structure, 
   workingstep, 
   nc_function, 
   machining_workingstep, 
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   machining_tool, 
   operation, 
   channel, 
   setup, 
   in_process_geometry, 
   manufacturing_feature, 
   person_and_address, 
   machine_functions, 
   machining_operation, 
   rot_speed_measure,  
   workplan, 
   technology);   
 
 
REFERENCE FROM cutting_process_machine_tool_schema 
(*ISO 14649-201*) 
 ( machining_capability_profile, 
   device_id, 
   element_capability, 
   emission_property, 
   environmental_evaluation, 
   machine_tool, 
   machine_tool_element, 
   machine_tool_specification, 
   locator, 
   machine_class, 
   machining_capability, 
   measuring_capability, 
   positioning_capability, 
   axis_capability, 
   spindle_capability, 
   installation, 
   nc_controller, 
   machining_size, 
   sensor); 
 
(* ***************************************************** *) 
(* ***************************************************** *) 
(*                                                       *) 
(* Energy monitoring and recording                       *) 
(*                                                       *) 
(* ***************************************************** *) 
(* ***************************************************** *) 
 
ENTITY executable (* m0 *) 
 ABSTRACT SUPERTYPE OF (ONEOF (workingstep, nc_function, 
program_structure)); 
 its_id: identifier; 
END_ENTITY; 
 
ENTITY nc_function 
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 ABSTRACT SUPERTYPE SUBTYPE OF (executable); 
END_ENTITY; 
 
ENTITY start_energy_monitoring_sensor_data 
 SUBTYPE OF (nc_function); 
 its_name: text; 
 sensor_id: device_id; 
 start_time_stamp: date_and_time; 
 sensor_signal: OPTIONAL signal_type; 
 number_of_sample: OPTIONAL REAL; 
 sampling_rate: OPTIONAL REAL; 
END_ENTITY; 
 
TYPE signal_type = ENUMERATION OF 
 (FORCE, 
  POWER, 
  TORQUE, 
  CURRENT, 
  VOLTAGE, 
  SPEED, 
  ACCELERATION); 
END_TYPE; 
 
ENTITY stop_energy_monitoring_sensor_data 
 SUBTYPE OF (nc_function); 
 its_name: text; 
 sensor_id: device_id; 
 stop_time_stamp: date_and_time; 
END_ENTITY; 
 
ENTITY signal_source_identified 
 SUBTYPE OF (nc_function); 
 its_description: text; 
END_ENTITY; 
 
ENTITY system_time 
 SUBTYPE OF (nc_function); 
 its_time: date_and_time; 
END_ENTITY; 
 
ENTITY sensor_in_use 
 SUBTYPE OF (nc_function); 
 sensor_id: device_id; 
END_ENTITY; 
 
ENTITY machine_tool_in_use 
 SUBTYPE OF (nc_function); 
 its_machine_tool: machine_tool; 
END_ENTITY; 
 
ENTITY enable_energy_report 
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 SUBTYPE OF (nc_function); 
 report_on: BOOLEAN; 
END_ENTITY; 
 
ENTITY data_for_generate_energy_report 
 SUBTYPE OF (nc_function); 
 its_name: label; 
 its_report_id: identifier; 
 its_project: OPTIONAL identifier; 
 organisation: OPTIONAL label; 
 its_operator: OPTIONAL person; 
 its_records: SET [1:?] OF energy_report_format; 
END_ENTITY; 
 
ENTITY energy_report_format 
 SUBTYPE OF (nc_function); 
 its_time_stamp: date_and_time; 
 its_record_id: identifier; 
 its_workingstep: machining_workingstep; 
 its_recorded_item: energy_record_item; 
 description: OPTIONAL text; 
END_ENTITY; 
 
ENTITY energy_record_item 
 SUPERTYPE OF (ONEOF (energy_setting_modification, 
energy_usage_label)); 
 its_name: OPTIONAL text; 
END_ENTITY; 
  
ENTITY energy_setting_modification 

SUBTYP OF (energy_record_item); 
 its_energy_model: OPTIONAL machining_energy_model; 
 its_original_energy_usage: energy_label; 
 its_modified_energy_usage: energy_label; 
 modification_type: OPTIONAL modification_catelogue; 
END_ENTITY; 
 
ENTITY modification_catelogue 
 ABSTRACT SUPERTYPE OF (ONEOF 
(change_machining_parameters, change_machine_tool, 
change_cutter, change_workpiece)); 
END_ENTITY; 
 
ENTITY change_machining_parameters 

SUBTYPE OF (modification_catelogue); 
 its_modified_parameters: SET[1:?] OF 
energy_efficient_machining_parameters; 
END_ENTITY; 
 
ENTITY change_machine_tool 

SUBTYPE OF (modification_catelogue); 
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 its_new_machine_tool: machine_tool; 
END_ENTITY; 
 
ENTITY change_cutter 

SUBTYPE OF (modification_catelogue); 
 its_new_cutter: machining_tool; 
END_ENTITY; 
 
ENTITY change_workpiece 

SUBTYPE OF (modification_catelogue); 
 its_new_workpiece: workpiece; 
END_ENTITY; 
 
(* ***************************************************** *) 
(* ***************************************************** *) 
(*                                                       *) 
(* Energy consumption model                              *) 
(*                                                       *) 
(* ***************************************************** *) 
(* ***************************************************** *) 
 
ENTITY project; 
 its_id: identifier; 
 main_workplan: workplan; 
 its_workpieces: SET[0:?] OF workpiece; 
 its_owner: OPTIONAL person_and_address; 
 its_release: OPTIONAL date_and_time; 
 its_status: OPTIONAL approval; 
 its_energy_summary: basic_energy_consumption_data; 
END_ENTITY; 
 
ENTITY machining_operation 
 ABSTRACT SUPERTYPE 
 SUBTYPE OF (operation); 
 its_id: identifier; 
 retract_plane: OPTIONAL length_measure; 
 start_point: OPTIONAL cartesian_point; 
 its_tool: machining_tool; 
 its_technology: technology; 
 its_machine_functions: machine_functions; 
END_ENTITY; 
 
ENTITY machining_energy_model; 
 its_machine_tool: machine_tool;  
END_ENTITY; 
 
ENTITY machine_tool 
 SUPERTYPE OF (ONE OF (machine_tool_specification, 
machine_tool_requirements)); 
 description: text; 
END_ENTITY; 
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ENTITY machine_tool_energy_model 
 SUBTYPE OF (machining_energy_model); 
 its_element_power: SET [1:?] OF element_capability; 
 its_energy_evaluation: environmental_evaluation; 
END_ENTITY; 
 
ENTITY main_cutting_energy_model 
 SUBTYPE OF (machining_energy_model); 
 its_name: label; 
 its_cutting_tool: machining_tool; 
 workpiece_material: label; 
 its_machining_type: machining_capability_profile; 
 machining_settings: SET[1:?] OF 
energy_efficient_machining_parameters; 
END_ENTITY; 
 
ENTITY element_capability 
 ABSTRACT SUPERTYPE OF (ONEOF (machine_tool_axis, 
work_table, spindle, tool_handling_unit, coolant, sensor, 
chuck, collet, bar_feeder, tailstock)); 
 description: OPTIONAL text; 
 its_power_in_work: OPTIONAL power_measure; 
 its_power_in_standby: OPTIONAL power_measure; 
END_ENTITY; 
  
ENTITY environmental_evaluation; 
 evaluation_name: label; 
 power_in_idling: OPTIONAL power_measure; 
 time_for_warming_up: OPTIONAL time_measure; 
 power_for_standard_machining: OPTIONAL SET[1:?] OF 
standard_machining_process; 
END_ENTITY; 
 
ENTITY energy_efficient_machining_parameters; 
 its_cutting_power: main_cutting_power; 
 its_cutting_time: time_measure; 
 cutting_condition: cutting_condition; 
END_ENTITY; 
 
ENTITY main_cutting_power; 
 its_cutting_force: cutting_force; 
 its_cutting_speed: speed_measure; 
END_ENTITY; 
 
TYPE cutting_condition = ENUMERATION OF 
 (DRY, 
  WET, 
  MQL, 
  CRYOGENIC); 
END_TYPE; 
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ENTITY cutting_force; 
 its_feed_rate: speed_measure; 
 spindle_speed: rot_speed_measure; 
 depth_of_cut: OPTIONAL length_measure; 
 width_of_cut: OPTIONAL length_measure; 
 specific_cutting_resistance: OPTIONAL REAL; 
END_ENTITY; 
 
ENTITY emission_property; 
 emission_type: label; 
 weight: mass_measure; 
END_ENTITY; 
 
(* ************************************************** *) 
(* ************************************************** *) 
(*                                                    *) 
(* Energy consumption optimisation                    *) 
(*                                                    *) 
(* ************************************************** *) 
(* ************************************************** *) 
 
ENTITY energy_optimisation_data 
 SUBTYPE OF (machining_operation); 
 its_name: label; 
 description: text; 
 its_energy_model: machining_energy_model; 
 max_power_available: power_measure; 
 max_spindle_speed: OPTIONAL rot_speed_measure; 
 max_cutting_force: OPTIONAL REAL; 
 max_cutting_speed: OPTIONAL speed_measure; 
 its_constraints: OPTIONAL text; 
END_ENTITY; 
 
(* ***************************************************** *) 
(* ***************************************************** *) 
(*                                                       *) 
(* Energy performance records                            *) 
(*                                                       *) 
(* ***************************************************** *) 
(* ***************************************************** *) 
 
ENTITY workplan 
 SUBTYPE OF (program_structure); 
 its_elements: LIST[0:?] OF executable; 
 its_channel: OPTIONAL channel; 
 its_setup: OPTIONAL setup; 
 its_effect: OPTIONAL in_process_geometry; 
 its_total_energy: OPTIONAL energy_usage_label; 
WHERE 
 WR1: SIZEOF(QUERY(it <* its_elements | it = SELF)) = 0; 
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END_ENTITY; 
 
ENTITY workingstep (* m0 *) 
 ABSTRACT SUPERTYPE OF (ONEOF (machining_workingstep, 
rapid_movement, touch_probing)) 
 SUBTYPE OF (executable); 
 its_secplane: elementary_surface; 
END_ENTITY; 
 
ENTITY machining_workingstep (* m0 *) 
 SUBTYPE OF (workingstep); 
 its_feature: manufacturing_feature; 
 its_operation: machining_operation; 
 its_effect: OPTIONAL in_process_geometry; 
 its_energy_usage: OPTIONAL energy_usage_label; 
END_ENTITY; 
 
ENTITY energy_usage_label; 

SUBTYP OF (energy_record_item); 
 its_energy_usage: energy_label; 
 its_energy_model: OPTIONAL machining_energy_model; 
END_ENTITY; 
 
ENTITY basic_energy_consumption_data; 
 production_time: OPTIONAL time_measure; 
 its_energy_workplans: SET [1:?] OF energy_label; 
 its_energy_workingsteps: OPTIONAL SET [1:?] OF 
energy_label; 
 its_ratings: OPTIONAL energy_ratings; 
 report_id: OPTIONAL identifier; 
 suggestions: OPTIONAL text; 
END_ENTITY; 
 
ENTITY energy_ratings; 
 energy_rating: REAL; 
 energy_rating_standard: OPTIONAL label; 
 its_organisation: OPTIONAL text; 
 its_standard_year: OPTIONAL calendar_date; 
END_ENTITY; 
 
TYPE energy_label = REAL; 
END_TYPE; 
 
ENTITY machining_tool 
 ABSTRACT SUPERTYPE; 
 its_id: device_id; 
END_ENTITY; 
 
ENTITY device_id; 
 id: identifier; 
 model_name: label; 
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 serial_number: identifier; 
 manufacturer: label; 
 date_manufactured: OPTIONAL calendar_date; 
END_ENTITY; 
 
ENTITY machine_tool_specification 
 SUBTYPE OF (machine_tool); 
 machine_class: machine_class; 
 device_id: device_id; 
 machining_capabilities: SET[1:?] OF 
machining_capability; 
 measuring_capability: OPTIONAL measuring_capability; 
 location: OPTIONAL locator; 
 installation: OPTIONAL installation; 
 nc_controller_information: nc_controller; 
 environment: OPTIONAL environmental_evaluation; 
 its_elements: OPTIONAL SET[1:?] OF machine_tool_element; 
END_ENTITY; 
 
ENTITY machine_tool_requirements 
 SUBTYPE OF (machine_tool); 
 number_of_tools_in_tool_magazine: OPTIONAL 
count_measure; 
 machining: SET [1:?] OF machining_capability; 
 spindles: OPTIONAL SET[1:?] OF spindle_capability; 
 positioning: OPTIONAL positioning_capability; 
 axis: OPTIONAL axis_capability; 
 touch_probing: OPTIONAL measuring_capability; 
 automatically_pallet_changeable: BOOLEAN; 
END_ENTITY; 
 
ENTITY machining_capability; 
 capability: machining_capability_profile; 
 machining_accuracy: OPTIONAL text; 
 description: OPTIONAL text; 
 machining_size: OPTIONAL machining_size; 
END_ENTITY; 
 
ENTITY machine_tool_element; 
 name: label; 
 description: OPTIONAL text; 
 weight: OPTIONAL mass_measure; 
 capabilities: OPTIONAL SET [1:?] OF element_capability; 
END_ENTITY; 
 
ENTITY standard_machining_process; 
 process_description: text; 
 type_of_machining: label; 
 power: power_measure; 
 electric_power: power_measure; 
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 its_energy_reference: OPTIONAL SET [1:?] OF 
energy_performance_reference; 
 process_emission: SET[1:?] OF emission_property; 
END_ENTITY; 
 
ENTITY energy_performance_reference; 
 its_energy_usage: energy_label; 
 its_energy_model: OPTIONAL machining_energy_model; 
 its_energy_rating: OPTIONAL energy_ratings; 
END_ENTITY; 
 
ENTITY sensor 
 ABSTRACT SUPERTYPE OF (ONEOF (tool_setting, 
tool_breakage, part_probe, energy_meter)) 
 SUBTYPE OF (element_capability); 
 device_id: device_id; 
END_ENTITY; 
 
ENTITY energy_meter 
 ABSTRACT SUPERTYPE OF (ONEOF (dynamometer, wattmeter, 
multimeter, accelerometer, tachometer, thermometer)) 
 SUBTYPE OF (sensor); 
END_ENTITY; 
 
END_SCHEMA; (*ENERGY_INFORMATION_FOR_MACHINING_SCHEMA *) 
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C-2 EXPRESS-G Diagrams (informative) 

 

Figure C-1 ENTITY energy_record_item for energy report generation 
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Figure C-2 Data models for energy consumption model 
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Figure C-3 Attributes added to entities in ISO 14649-201, including 

energy_performance_reference, its_power_in_work, and its_power_in_standby 
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Figure C-4 Data models for energy usage labelling
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D-1 Example 1 in ISO 14649-11 

ISO-10303-21; 
HEADER; 
FILE_DESCRIPTION(('EXAMPLE 1'),'1'); 
FILE_NAME('EXAMPLE1.STP','2004-5-4T15-32-8',('AUTHOR'),(''),'WZL ISO10303-PART21 PARSER 
PACKAGE','',''); 
FILE_SCHEMA((('MACHINING_SCHEMA',' MILLING_SCHEMA',' MILLING_TOOL_SCHEMA')); 
ENDSEC; 
DATA; 
#1=CARTESIAN_POINT('SECPLANE1: LOCATION ',(0.0000000000,0.0000000000,30.0000000000)); 
#2=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#3=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#4=AXIS2_PLACEMENT_3D('PLANE1',#1,#2,#3); 
#5=ELEMENTARY_SURFACE('SECURITY PLANE',#4); 
#6=PROPERTY_PARAMETER('E=200000N/M2'); 
#7=MATERIAL('ST-50','STEEL',(#6)); 
#8=CARTESIAN_POINT('',(0.0000000000,0.0000000000,0.0000000000)); 
#9=DIRECTION('',(0.0000000000,0.0000000000,1.0000000000)); 
#10=DIRECTION('',(1.0000000000,0.0000000000,0.0000000000)); 
#11=AXIS2_PLACEMENT_3D('',#8,#9,#10); 
#12=BLOCK('BOUNDING STOCK',#11,100.0000000000,100.0000000000,100.0000000000); 
#13=WORKPIECE('STOCK',#7,$,$,$,#12,()); 
#14=CARTESIAN_POINT('CLAMPING_POSITION1',(0.0000000000,20.0000000000,25.0000000000)); 
#15=CARTESIAN_POINT('CLAMPING_POSITION2',(100.000000000,20.000000000,25.000000000)); 
#16=CARTESIAN_POINT('CLAMPING_POSITION3',(0.000000000,100.000000000,25.000000000)); 
#17=CARTESIAN_POINT('CLAMPING_POSITION4',(100.000000000,100.000000000,25.000000000)); 
#18=WORKPIECE('SIMPLE WORKPIECE',#7,0.0100000000,#13,$,$,(#14,#15,#16,#17)); 
#19=CUTTING_COMPONENT(80.0000000000,$,$,$); 
#20=ENDMILL('MILL 
20MM',(#19,#19,#19,#19),80.0000000000,20.0000000000,30.0000000000,.RIGHT.,.F.,4,0.050000000,$); 
#21=MILLING_TECHNOLOGY(0.0400000000,.TCP.,$,12.0000000000,$,.F.,.F.,.F.,$); 
#22=MILLING_MACHINE_FUNCTIONS(.T.,$,$,.F.,$,(),.T.,$,$,()); 
#23=PLUNGE_RAMP($,45.0000000000); 
#24=PLUNGE_RAMP($,45.0000000000); 
#25=DIRECTION('STRATEGY PLANAR FACE1: 
1.DIRECTION',(0.0000000000,1.0000000000,0.0000000000)); 
#26=BIDIRECTIONAL(5.0000000000,.T.,#25,.LEFT.,$); 
#27=PLANE_FINISH_MILLING($,$,'FINISH PLANAR 
FACE1',10.0000000000,$,#20,#21,#22,5.0000000000,#23,#24,#26,2.5000000000,$); 
#28=CARTESIAN_POINT('PLANAR FACE1:LOCATION ',(0.000000000,0.000000000,5.000000000)); 
#29=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#30=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#31=AXIS2_PLACEMENT_3D('PLANAR FACE1',#28,#29,#30); 
#32=CARTESIAN_POINT('PLANAR FACE1:DEPTH ',(0.0000000000,0.0000000000,-5.0000000000)); 
#33=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#34=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#35=AXIS2_PLACEMENT_3D('PLANAR FACE1',#32,#33,#34); 
#36=ELEMENTARY_SURFACE('PLANAR FACE1-DEPTH PLANE',#35); 
#37=PLUS_MINUS_VALUE(0.3000000000,0.3000000000,3); 
#38=TOLERANCED_LENGTH_MEASURE(120.0000000000,#37); 
#39=DIRECTION('COURSE OF TRAVEL DIRECTION',(0.0000000000,1.0000000000,0.0000000000)); 
#40=LINEAR_PATH($,#38,#39); 
#41=NUMERIC_PARAMETER('PROFILE LENGTH',100.0000000000,'MM'); 
#42=LINEAR_PROFILE($,#41); 
#43=PLANAR_FACE('PLANAR FACE1',#18,(#27),#31,#36,#40,#42,$,()); 
#44=MACHINING_WORKINGSTEP('WS FINISH PLANAR FACE1',#5,#43,#27,$); 
#45=DRILLING_CUTTING_TOOL('DRILL 
20MM',(),90.0000000000,20.0000000000,70.0000000000,.RIGHT.,.F.,120.0000000000); 
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#46=MILLING_TECHNOLOGY(0.0300000000,.TCP.,$,16.0000000000,$,.F.,.F.,.F.,$); 
#47=DRILLING_TYPE_STRATEGY(75.0000000000,50.0000000000,2.0000000000,50.0000000000,75.0
00000000,8.000000000); 
#48=DRILLING($,$,'DRILL 
HOLE1',10.000000000,$,#45,#46,#22,$,30.000000000,0.000000000,0.000000000,$,#47); 
#49=REAMING_CUTTING_TOOL('REAMER 
22MM',(#19,#19,#19,#19),100.000000000,22.000000000,60.000000000,.RIGHT.,.F.,$); 
#50=MILLING_TECHNOLOGY(0.0300000000,.TCP.,$,18.0000000000,$,.F.,.F.,.F.,$); 
#51=DRILLING_TYPE_STRATEGY($,$,$,$,$,$); 
#52=REAMING($,$,'REAM HOLE1', 
10.00000000,$,#49,#50,#22,$,30.00000000,20.00000000,1.00000000,$,#51,.T.,5.00000000,$); 
#53=CARTESIAN_POINT('HOLE1: LOCATION ',(20.0000000000,60.0000000000,0.0000000000)); 
#54=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#55=AXIS2_PLACEMENT_3D('HOLE1',#53,#54,$); 
#56=CARTESIAN_POINT('HOLE1: DEPTH ',(0.0000000000,0.0000000000,-30.0000000000)); 
#57=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#58=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#59=AXIS2_PLACEMENT_3D('HOLE1',#56,#57,#58); 
#60=ELEMENTARY_SURFACE('DEPTH SURFACE FOR ROUND HOLE1',#59); 
#61=TOLERANCED_LENGTH_MEASURE(22.0000000000,#37); 
#62=THROUGH_BOTTOM_CONDITION(); 
#63=ROUND_HOLE('HOLE1 D=22MM',#18,(#48,#52),#55,#60,#61,$,#62); 
#64=MACHINING_WORKINGSTEP('WS DRILL HOLE1',#5,#63,#48,$); 
#65=MACHINING_WORKINGSTEP('WS REAM HOLE1',#5,#63,#52,$); 
#66=MILLING_TECHNOLOGY($,.TCP.,$,20.0000000000,$,.F.,.F.,.F.,$); 
#67=CONTOUR_BIDIRECTIONAL($,$,$,$,$,$); 
#68=BOTTOM_AND_SIDE_ROUGH_MILLING($,$,'ROUGH 
POCKET1',15.000000000,$,#20,#66,#22,$,$,$,#67,2.500000000,5.000000000,1.000000000,0.500000000);
#69=MILLING_TECHNOLOGY($,.TCP.,$,20.0000000000,$,.F.,.F.,.F.,$); 
#70=CONTOUR_PARALLEL(5.0000000000,.T.,.CW.,.CONVENTIONAL.); 
#71=BOTTOM_AND_SIDE_FINISH_MILLING($,$,'FINISH 
POCKET1',15.0000000000,$,#20,#69,#22,$,$,$,#70,2.0000000000,10.0000000000,$,$); 
#72=CARTESIAN_POINT('POCKET1: LOCATION ',(45.0000000000,110.0000000000,0.0000000000)); 
#73=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#74=DIRECTION(' REF_DIRECTION',(-1.0000000000,0.0000000000,0.0000000000)); 
#75=AXIS2_PLACEMENT_3D('POCKET1',#72,#73,#74); 
#76=CARTESIAN_POINT('POCKET1: DEPTH ',(0.0000000000,0.0000000000,-30.0000000000)); 
#77=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#78=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#79=AXIS2_PLACEMENT_3D('POCKET1',#76,#77,#78); 
#80=ELEMENTARY_SURFACE('DEPTH SURFACE FOR POCKET1',#79); 
#81=PLANAR_POCKET_BOTTOM_CONDITION(); 
#82=PLUS_MINUS_VALUE(0.1000000000,0.1000000000,3); 
#83=TOLERANCED_LENGTH_MEASURE(1.0000000000,#82); 
#84=PLUS_MINUS_VALUE(0.1000000000,0.1000000000,3); 
#85=TOLERANCED_LENGTH_MEASURE(10.0000000000,#84); 
#86=CARTESIAN_POINT('P1',(0.0000000000,0.0000000000,0.0000000000)); 
#87=CARTESIAN_POINT('P2',(0.0000000000,80.0000000000,0.0000000000)); 
#88=CARTESIAN_POINT('P3',(-50.0000000000,80.0000000000,0.0000000000)); 
#89=CARTESIAN_POINT('P4',(-50.0000000000,0.0000000000,0.0000000000)); 
#90=POLYLINE('CONTOUR OF POCKET1',(#86,#87,#88,#89,#86)); 
#91=GENERAL_CLOSED_PROFILE($,#90); 
#92=CLOSED_POCKET('POCKET1',#18,(#68,#71),#75,#80,(),$,#81,#83,#85,#91); 
#93=MACHINING_WORKINGSTEP('WS ROUGH POCKET1',#5,#92,#68,$); 
#94=MACHINING_WORKINGSTEP('WS FINISH POCKET1',#5,#92,#71,$); 
#95=CARTESIAN_POINT('SETUP1: LOCATION ',(150.0000000000,90.0000000000,40.0000000000)); 
#96=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#97=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#98=AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97); 
#99=CARTESIAN_POINT('WORKPIECE1:LOCATION ',(0.0000000000,0.0000000000,0.0000000000)); 
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#100=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#101=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#102=AXIS2_PLACEMENT_3D('WORKPIECE',#99,#100,#101); 
#103=NC_VARIABLE('',0.0000000000); 
#104=NC_VARIABLE('',0.0000000000); 
#105=OFFSET_VECTOR((#103,#103,#103),(#104,#104,#104)); 
#106=WORKPIECE_SETUP(#18,#102,#105,$,()); 
#107=SETUP('SETUP1',#98,#5,(#106)); 
#108=WORKPLAN('MAIN WORKPLAN',(#44,#64,#65,#93,#94),$,#107,$); 
#109=PROJECT('EXECUTE EXAMPLE1',#108,(#18),$,$,$); 
ENDSEC; 
END-ISO-10303-21; 
 

D-2 Updated Example 1 with Energy Consumption Data 

ISO-10303-21; 
HEADER; 
FILE_DESCRIPTION(('EXAMPLE 1 WITH ENERGY INFORMATION'),'1'); 
FILE_NAME('EXAMPLE1_E.STP','25-06-2012',('TAO PENG'),('UoA'),'','',''); 
FILE_SCHEMA(('combined_schema')); 
ENDSEC; 
DATA; 
#1=CARTESIAN_POINT('SECPLANE1: LOCATION ',(0.0000000000,0.0000000000,30.0000000000)); 
#2=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#3=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#4=AXIS2_PLACEMENT_3D('PLANE1',#1,#2,#3); 
#5=ELEMENTARY_SURFACE('SECURITY PLANE',#4); 
#6=PROPERTY_PARAMETER('E=200000N/M2'); 
#7=MATERIAL('ST-50','STEEL',(#6)); 
#8=CARTESIAN_POINT('',(0.0000000000,0.0000000000,0.0000000000)); 
#9=DIRECTION('',(0.0000000000,0.0000000000,1.0000000000)); 
#10=DIRECTION('',(1.0000000000,0.0000000000,0.0000000000)); 
#11=AXIS2_PLACEMENT_3D('',#8,#9,#10); 
#12=BLOCK('BOUNDING STOCK',#11,100.0000000000,100.0000000000,100.0000000000); 
#13=WORKPIECE('STOCK',#7,$,$,$,#12,()); 
#14=CARTESIAN_POINT('CLAMPING_POSITION1',(0.000000000,20.000000000,25.000000000)); 
#15=CARTESIAN_POINT('CLAMPING_POSITION2',(100.000000000,20.000000000,25.000000000)); 
#16=CARTESIAN_POINT('CLAMPING_POSITION3',(0.000000000,100.000000000,25.000000000)); 
#17=CARTESIAN_POINT('CLAMPING_POSITION4',(100.000000000,100.000000000,25.000000000)); 
#18=WORKPIECE('SIMPLE WORKPIECE',#7,0.0100000000,#13,$,$,(#14,#15,#16,#17)); 
#19=CUTTING_COMPONENT(80.0000000000,$,$,$); 
#20=ENDMILL('MILL 
20MM',(#19,#19,#19,#19),80.000000000,20.000000000,30.000000000,.RIGHT.,.F.,4,0.050000000,$); 
#21=MILLING_TECHNOLOGY(0.0400000000,.TCP.,$,12.0000000000,$,.F.,.F.,.F.,$); 
#22=MILLING_MACHINE_FUNCTIONS(.T.,$,$,.F.,$,(),.T.,$,$,()); 
#23=PLUNGE_RAMP($,45.0000000000); 
#24=PLUNGE_RAMP($,45.0000000000); 
#25=DIRECTION('STRATEGY PLANAR FACE1: 
1.DIRECTION',(0.0000000000,1.0000000000,0.0000000000)); 
#26=BIDIRECTIONAL(5.0000000000,.T.,#25,.LEFT.,$); 
#27=PLANE_FINISH_MILLING($,$,'FINISH PLANAR 
FACE1',10.0000000000,$,#20,#21,#22,5.0000000000,#23,#24,#26,2.5000000000,$); 
#28=CARTESIAN_POINT('PLANAR FACE1:LOCATION 
',(0.0000000000,0.0000000000,5.0000000000)); 
#29=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#30=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#31=AXIS2_PLACEMENT_3D('PLANAR FACE1',#28,#29,#30); 
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#32=CARTESIAN_POINT('PLANAR FACE1:DEPTH ',(0.0000000000,0.0000000000,-5.0000000000)); 
#33=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#34=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#35=AXIS2_PLACEMENT_3D('PLANAR FACE1',#32,#33,#34); 
#36=ELEMENTARY_SURFACE('PLANAR FACE1-DEPTH PLANE',#35); 
#37=PLUS_MINUS_VALUE(0.3000000000,0.3000000000,3); 
#38=TOLERANCED_LENGTH_MEASURE(120.0000000000,#37); 
#39=DIRECTION('COURSE OF TRAVEL DIRECTION',(0.0000000000,1.0000000000,0.0000000000)); 
#40=LINEAR_PATH($,#38,#39); 
#41=NUMERIC_PARAMETER('PROFILE LENGTH',100.0000000000,'MM'); 
#42=LINEAR_PROFILE($,#41); 
#43=PLANAR_FACE('PLANAR FACE1',#18,(#27),#31,#36,#40,#42,$,()); 
#44=MACHINING_WORKINGSTEP('WS FINISH PLANAR FACE1',#5,#43,#27,$,#198); 
#45=DRILLING_CUTTING_TOOL('DRILL 
20MM',(),90.0000000000,20.0000000000,70.0000000000,.RIGHT.,.F.,120.0000000000); 
#46=MILLING_TECHNOLOGY(0.0300000000,.TCP.,$,16.0000000000,$,.F.,.F.,.F.,$); 
#47=DRILLING_TYPE_STRATEGY(75.0000000000,50.0000000000,2.0000000000,50.0000000000,75.0
000000000,8.0000000000); 
#48=DRILLING($,$,'DRILL 
HOLE1',10.0000000000,$,#45,#46,#22,$,30.0000000000,0.0000000000,0.0000000000,$,#47); 
#49=REAMING_CUTTING_TOOL('REAMER 
22MM',(#19,#19,#19,#19),100.0000000000,22.0000000000,60.0000000000,.RIGHT.,.F.,$); 
#50=MILLING_TECHNOLOGY(0.0300000000,.TCP.,$,18.0000000000,$,.F.,.F.,.F.,$); 
#51=DRILLING_TYPE_STRATEGY($,$,$,$,$,$); 
#52=REAMING($,$,'REAM 
HOLE1',10.00000000,$,#49,#50,#22,$,30.00000000,20.00000000,1.00000000,$,#51,.T.,5.000000000,$); 
#53=CARTESIAN_POINT('HOLE1: LOCATION ',(20.0000000000,60.0000000000,0.0000000000)); 
#54=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#55=AXIS2_PLACEMENT_3D('HOLE1',#53,#54,$); 
#56=CARTESIAN_POINT('HOLE1: DEPTH ',(0.0000000000,0.0000000000,-30.0000000000)); 
#57=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#58=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#59=AXIS2_PLACEMENT_3D('HOLE1',#56,#57,#58); 
#60=ELEMENTARY_SURFACE('DEPTH SURFACE FOR ROUND HOLE1',#59); 
#61=TOLERANCED_LENGTH_MEASURE(22.0000000000,#37); 
#62=THROUGH_BOTTOM_CONDITION(); 
#63=ROUND_HOLE('HOLE1 D=22MM',#18,(#48,#52),#55,#60,#61,$,#62); 
#64=MACHINING_WORKINGSTEP('WS DRILL HOLE1',#5,#63,#48,$,$); 
#65=MACHINING_WORKINGSTEP('WS REAM HOLE1',#5,#63,#52,$,$); 
#66=MILLING_TECHNOLOGY($,.TCP.,$,20.0000000000,$,.F.,.F.,.F.,$); 
#67=CONTOUR_BIDIRECTIONAL($,$,$,$,$,$); 
#68=BOTTOM_AND_SIDE_ROUGH_MILLING($,$,'ROUGH 
POCKET1',15.000000000,$,#20,#66,#22,$,$,$,#67,2.500000000,5.000000000,1.000000000,0.500000000); 
#69=MILLING_TECHNOLOGY($,.TCP.,$,20.0000000000,$,.F.,.F.,.F.,$); 
#70=CONTOUR_PARALLEL(5.0000000000,.T.,.CW.,.CONVENTIONAL.); 
#71=BOTTOM_AND_SIDE_FINISH_MILLING($,$,'FINISH 
POCKET1',15.0000000000,$,#20,#69,#22,$,$,$,#70,2.0000000000,10.0000000000,$,$); 
#72=CARTESIAN_POINT('POCKET1: LOCATION ',(45.0000000000,110.0000000000,0.0000000000)); 
#73=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#74=DIRECTION(' REF_DIRECTION',(-1.0000000000,0.0000000000,0.0000000000)); 
#75=AXIS2_PLACEMENT_3D('POCKET1',#72,#73,#74); 
#76=CARTESIAN_POINT('POCKET1: DEPTH ',(0.0000000000,0.0000000000,-30.0000000000)); 
#77=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#78=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#79=AXIS2_PLACEMENT_3D('POCKET1',#76,#77,#78); 
#80=ELEMENTARY_SURFACE('DEPTH SURFACE FOR POCKET1',#79); 
#81=PLANAR_POCKET_BOTTOM_CONDITION(); 
#82=PLUS_MINUS_VALUE(0.1000000000,0.1000000000,3); 
#83=TOLERANCED_LENGTH_MEASURE(1.0000000000,#82); 
#84=PLUS_MINUS_VALUE(0.1000000000,0.1000000000,3); 
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#85=TOLERANCED_LENGTH_MEASURE(10.0000000000,#84); 
#86=CARTESIAN_POINT('P1',(0.0000000000,0.0000000000,0.0000000000)); 
#87=CARTESIAN_POINT('P2',(0.0000000000,80.0000000000,0.0000000000)); 
#88=CARTESIAN_POINT('P3',(-50.0000000000,80.0000000000,0.0000000000)); 
#89=CARTESIAN_POINT('P4',(-50.0000000000,0.0000000000,0.0000000000)); 
#90=POLYLINE('CONTOUR OF POCKET1',(#86,#87,#88,#89,#86)); 
#91=GENERAL_CLOSED_PROFILE($,#90); 
#92=CLOSED_POCKET('POCKET1',#18,(#68,#71),#75,#80,(),$,#81,#83,#85,#91); 
#93=MACHINING_WORKINGSTEP('WS ROUGH POCKET1',#5,#92,#68,$,$); 
#94=MACHINING_WORKINGSTEP('WS FINISH POCKET1',#5,#92,#71,$,$); 
#95=CARTESIAN_POINT('SETUP1: LOCATION ',(150.0000000000,90.0000000000,40.0000000000)); 
#96=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#97=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#98=AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97); 
#99=CARTESIAN_POINT('WORKPIECE1:LOCATION ',(0.0000000000,0.0000000000,0.0000000000)); 
#100=DIRECTION(' AXIS ',(0.0000000000,0.0000000000,1.0000000000)); 
#101=DIRECTION(' REF_DIRECTION',(1.0000000000,0.0000000000,0.0000000000)); 
#102=AXIS2_PLACEMENT_3D('WORKPIECE',#99,#100,#101); 
#103=NC_VARIABLE('',0.0000000000); 
#104=NC_VARIABLE('',0.0000000000); 
#105=OFFSET_VECTOR((#103,#103,#103),(#104,#104,#104)); 
#106=WORKPIECE_SETUP(#18,#102,#105,$,()); 
#107=SETUP('SETUP1',#98,#5,(#106)); 
#108=WORKPLAN('MAIN WORKPLAN',(#44,#64,#65,#93,#94),$,#107,$,#199); 
#109=PROJECT('EXECUTE EXAMPLE1',#108,(#18),$,$,$,#200); 
#194=CUTTING_FORCE(0.0400000000, 1200.00000000, 2.5000000000, 20.0000000000, $); 
#195=MAIN_CUTTING_POWER(#194, $); 
#196=ENERGY_EFFICIENT_MACHINING_PARAMETERS(#195,100.00000000,.DRY.); 
#197=MAIN_CUTTING_ENERGY_MODEL($,'ENERGY WS FINISH PLANAR 
FACE1',#20,'STEEL',.MILLING_CAPABILITY.,(#196)); 
#198=ENERGY_USAGE_LABEL('WS1',2.789500000000, #197); 
#199=ENERGY_USAGE_LABEL('WP1',8.42500000000, $); 
#200=BASIC_ENERGY_CONSUMPTION_DATA(120.00000, 
(8.42500000000),(2.789500000000,$,$,3.975500000000,1.6600000000),$,'REPORT EXP1',$); 
ENDSEC; 
END-ISO-10303-21; 
 

D-3 Part 21 File of EMCO Concept Mill 105 Specifications 

with Energy Performances 

ISO-10303-21; 
HEADER; 
FILE_DESCRIPTION(('ITEM 1 IN MACHINE TOOL DATABASE'),'1'); 
FILE_NAME('EMCO_CONCEPT_MILL_105.STP','10-08-2012',('TAO PENG'),('UoA'),'','',''); 
FILE_SCHEMA(('combined_schema')); 
ENDSEC; 
DATA; 
#1= MACHINE_TOOL_SPECIFICATION('EMCO CONCEPT MILL 105 TECHNICAL 
DATA',.MILLING_MACHINE.,#2,(#4,#5),$,#8,#9,#13,#60,(#15,#19,#23,#27,#31,#33,#35,#40,#45,#49)); 
#2= DEVICE_ID('M01-201','CM-105','F16-V01','EMCO MAIER Ges.m.b.H',#3); 
#3= CALENDAR_DATE(2005,27,01); 
#4= MACHINING_CAPABILITY(.MILLING_CAPABILITY.,$,$,#6); 
#5= MACHINING_CAPABILITY(.DRILLING_CAPABILITY.,$,$,$); 
#6= MACHINING_SIZE('Rectangle working area',200.0000,125.0000,250.0000); 
#8= LOCATOR('UoA','CC400','E404','L3-MSL'); 
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#9= INSTALLATION(400000.,#10,#11,600000.,$,$); 
#10= MACHINE_SIZE(1135.,1100.,1100.); 
#11= ELECTRICAL(3,1400.,6.,'50/60Hz','TT',230.); 
#13= NC_CONTROLLER($,'EMCO MAIER 
Ges.m.b.H',.INCH_AND_METRIC.,4.,4.,1.,0.001,0.001,1.,$,(.LINEAR.,.CIRCULAR.),$,$,$,$,$,$,$,$,$); 
#15= MACHINE_TOOL_ELEMENT('X Linear axis',$,$,(#16)); 
#16= LINEAR_AXIS($,$,$,'X axis',0.,200.,0.005,0.0002,0.083,0.,0.083,$,$,$); 
#19= MACHINE_TOOL_ELEMENT('Y Linear axis',$,$,(#20)); 
#20= LINEAR_AXIS($,$,$,'Y axis',0.,150.,0.005,0.0002,0.083,0.,0.083,$,$,$); 
#23= MACHINE_TOOL_ELEMENT('Z Linear axis',$,$,(#24)); 
#24= LINEAR_AXIS($,$,$,'Z axis',0.,250.,0.005,0.0002,0.083,0.,0.083,$,$,$); 
#27= MACHINE_TOOL_ELEMENT('W Rotary axis',$,$,(#28)); 
#28= CONTINUOUS_ROTARY($,$,$,'W',0.1,0.05,1.,0.02,0.2,$,$,$); 
#31= MACHINE_TOOL_ELEMENT('Coolant flood',$,$,(#32)); 
#32= COOLANT($,$,$,.FLOOD.,.THRU_SPINDLE.,35.,$); 
#33= MACHINE_TOOL_ELEMENT('Coolant mist',$,$,(#34)); 
#34= COOLANT($,$,$,.MIST.,.THRU_SPINDLE.,35.,$); 
#35= MACHINE_TOOL_ELEMENT('Work table',$,$,(#36)); 
#36= RECTANGULAR_WORK_TABLE($,$,$,.F.,10000.,.T_SLOT_FIXTURE.,$,#37,420.,125.); 
#37= T_SLOT(2.,11.,90.); 
#40= MACHINE_TOOL_ELEMENT('Main spindle',$,$,(#41)); 
#41= TAPERED_SPINDLE($,$,$,1100.,'Main spindle','EMCO MAIER Ges.m.b.H',$,(#42),'SK30',.T.,'7/24 
taper'); 
#42= SPINDLE_RANGE(150.,5000.,0.,420.); 
#45= MACHINE_TOOL_ELEMENT('Tool magazine',$,$,(#46)); 
#46= TOOL_MAGAZINE($,$,$,10.,.F.,55.,55.,50.,700.,.BI_DIRECTIONAL.,$); 
#49= MACHINE_TOOL_ELEMENT('Tool changer',$,$,(#50)); 
#50= TOOL_CHANGER($,$,$,'Main spindle',7.5,9.); 
#53= MACHINE_TOOL_ELEMENT('Collet holder',$,$,(#54)); 
#54= COLLET('Collet',$,$,'EXS-16',0.5,10.); 
#60= ENVIRONMENTAL_EVALUATION('Cutting power',600.,$,(#62)); 
#62= STANDARD_MACHINING_PROCESS('Example 1 planer face1','Face 
milling',1800.,1400.,(#63),($)); 
#63= ENERGY_PERFORMANCE_REFERENCE(8.425000000,#64,#80); 
#64= MAIN_CUTTING_ENERGY_MODEL($,'Milling cutting 
1',#70,'STEEL',.MILLING_CAPABILITY.,(#65)); 
#65= ENERGY_EFFICIENT_MACHINING_PARAMETERS(#66,120.,.DRY.); 
#66= MAIN_CUTTING_POWER(#67,$); 
#67= CUTTING_FORCE(0.04,1200.,2.5,20.,$); 
#70= ENDMILL('MILL 
20MM',(#71,#71,#71,#71),80.000000000,20.000000000,30.000000000,.RIGHT.,.F.,4,0.050000000,$); 
#71= CUTTING_COMPONENT(80.0000000000,$,$,$); 
#80= ENERGY_RATINGS(3.,$,'CLASS Ratings',$); 
ENDSEC; 
END-ISO-10303-21; 
 

D-4 Part 21 File of SHERLINE 2010 Specifications with 

Energy Performances 

ISO-10303-21; 
HEADER; 
FILE_DESCRIPTION(('ITEM 2 IN MACHINE TOOL DATABASE'),'2'); 
FILE_NAME('SHERLINE_2010.STP','14-04-2012',('TAO PENG'),('UoA'),'','',''); 
FILE_SCHEMA(('combined_schema')); 
ENDSEC; 
DATA; 
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#1= MACHINE_TOOL_SPECIFICATION('SHERLINE 2010 MILL TECHNICAL 
DATA',.MILLING_MACHINE.,#2,(#4,#5),$,#8,#9,#13,#50,(#15,#19,#23,#27,#35,#40)); 
#2= DEVICE_ID('S01-2010','SM-2010','PT12S','Sherline Products Inc.',#3); 
#3= CALENDAR_DATE(2010,15,06); 
#4= MACHINING_CAPABILITY(.MILLING_CAPABILITY.,$,$,#6); 
#5= MACHINING_CAPABILITY(.DRILLING_CAPABILITY.,$,$,$); 
#6= MACHINING_SIZE('Rectangle working area',229.0000,178.0000,137.0000); 
#8= LOCATOR('UoA','CC400','E404','L2-MSL'); 
#9= INSTALLATION(17200.0,#10,#11,$,$,$); 
#10= MACHINE_SIZE(381.,565.,568.); 
#11= ELECTRICAL(1,180.,2.,'60Hz','TT',115.); 
#13= 
NC_CONTROLLER($,'EMC2',.INCH_AND_METRIC.,4.,3.,1.,0.001,0.001,1.,$,(.LINEAR.,.CIRCULAR.
),$,$,$,$,$,$,$,$,$); 
#15= MACHINE_TOOL_ELEMENT('X Linear axis',$,$,(#16)); 
#16= LINEAR_AXIS($,$,$,'X axis',0.,229.,0.05,0.002,0.005,0.,0.005,$,$,$); 
#19= MACHINE_TOOL_ELEMENT('Y Linear axis',$,$,(#20)); 
#20= LINEAR_AXIS($,$,$,'Y axis',0.,178.,0.05,0.002,0.005,0.,0.005,$,$,$); 
#23= MACHINE_TOOL_ELEMENT('Z Linear axis',$,$,(#24)); 
#24= LINEAR_AXIS($,$,$,'Z axis',0.,137.,0.05,0.002,0.005,0.,0.005,$,$,$); 
#27= MACHINE_TOOL_ELEMENT('W Rotary axis',$,$,(#28)); 
#28= CONTINUOUS_ROTARY($,$,$,'W',0.1,0.05,1.,0.02,0.2,$,$,$); 
#35= MACHINE_TOOL_ELEMENT('Work table',$,$,(#36)); 
#36= RECTANGULAR_WORK_TABLE($,$,$,.F.,1000.,.T_SLOT_FIXTURE.,$,#37,70.,330.); 
#37= T_SLOT(2.,8.,50.); 
#40= MACHINE_TOOL_ELEMENT('Main spindle',$,$,(#41)); 
#41= TAPERED_SPINDLE($,$,$,120.,'Main spindle','Sherline Products Inc.',$,(#42),'3/4-16 TPI',.F.,'#1 
Morse'); 
#42= SPINDLE_RANGE(70.,2800.,0.,210.); 
#50= ENVIRONMENTAL_EVALUATION('Cutting power',39.,70.,(#52)); 
#52= STANDARD_MACHINING_PROCESS('Example 1 planer face1','Face milling',240.,240.,(#53),($)); 
#53= ENERGY_PERFORMANCE_REFERENCE(0.310150000,#54,#70); 
#54= MAIN_CUTTING_ENERGY_MODEL($,'Milling cutting 
1',#60,'Aluminium',.MILLING_CAPABILITY.,(#55)); 
#55= ENERGY_EFFICIENT_MACHINING_PARAMETERS(#56,3000.,.DRY.); 
#56= MAIN_CUTTING_POWER(#57,$); 
#57= CUTTING_FORCE(0.0034,1500.,1.,9.525.,$); 
#60= ENDMILL('MILL 
20MM',(#61,#61,#61,#61),80.0000000000,9.5250000000,3.0000000000,.RIGHT.,.F.,2,0.0200000000,$); 
#61= CUTTING_COMPONENT(80.0000000000,$,$,$); 
#70= ENERGY_RATINGS(5.,$,'CLASS Ratings',$); 
ENDSEC; 
END-ISO-10303-21; 
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machining systems. in Re-engineering Manufacturing for Sustainability: 

Proceedings of the 20th CIRP International Conference on Life Cycle Engineering. 
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