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Abstract

Abstract

To meet the challenges of the ever-increasingly globalized manufacturing economy,
open, agile, distributed, interoperable and intelligent Computer Numerical Controlled
(CNC) machine tools are one of the key enablers. Efforts to improve or even replace
the current CNC data model, that is, G-codes, have been made by many researchers.
This is because G-codes have become a bottleneck to achieving the afore-mentioned
CNC machine tool. In recent years, the STEP-NC data model has been considered a
promising alternative to G-code. A STEP-NC controller with Function Block (FB,
otherwise known as IEC 61499) architecture has been developed in this research.
This STEP-NC controller represents the prototype of a possible future CNC system. It
works with STEP-NC data and can automatically generate a part program to be
executed on a machine tool. The STEP-NC controller consists of four main modules:
(1) Data Input Module, (2) STEP/FB Translator, (3) Tool-Path Generator and (4)
Adaptor-FB-Controller board. The system has a layered structure, making it easy to
manage and extend. It unifies the functionalities of simulation and real machining
under the same interface. Thanks to the use of function block technology in the form
of the embedded controller software, the machining simulation is also near real-time.
The architecture has been tested through a system application, using a CNC milling
machine. It has been proved that use of function block technology allows the
development of an open and distributable CNC system. In addition, the controller can
also support remote management and configuration, a feature that could be useful in
an environment featuring multiple machine tools (for example, flexible

manufacturing systems).

The research work reported in this thesis has been published in one journal paper
[Salleh M.S., et al., 2011 In Press] and presented at two international conferences
[Zainal Abidin N.F., et al., 2011, Salleh M.S., 2011].
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Introduction

Chapter 1 - Introduction

Machining or metal cutting became an essential business around the time of the
industrial revolution. In 1775, John Wilkinson invented a lathe machine (cannon-
boring) in England and it was the only one of its kind to produce the smooth, tight
tolerance bores required. Later, in 1818, Eli Whitney invented a milling machine in
New Haven, Connecticut. The spindle of Eli Whitney's milling machine was moved
from being horizontal to vertical. This is commonly seen in the Bridgeport style knee-
mill. The year 1952 brought Mr. John Parson’s Numerical Controller (NC) milling
machine. Parsons worked to attach servomotors to the X and Y axes, controlling them

with a computer that read punch cards to give them positioning instructions.

G-code is a common name for the programming language for an NC machine tool.
RS-274D is the recommended standard for NC machines developed by the Electronic
Industry Association in the early 1960s. The RS-274D revision was approved in
February 1980, and later became an international standard [ISO 6983, 1982]. This
standard provided a basis for the writing of G-code programs. Over the years, the G-
code languages have been widely used for almost all Computer Numerical Controlled
(CNC) machines. It is hoped that modern CNC machine tools will evolve from pure
controllers into integrated systems with both decision-making and control abilities so
that in a Computer-Aided Manufacturing (CAM)/NC system the operator can view
and modify any aspect of a workpiece or operation, including tooling, machine

parameters, part geometry, and tolerances at the machine controller.

Although Computer-Aided Design (CAD) systems became available as early as the
1960s, their progress was severely hampered by the capability of the computers at the
time [Xu, 2009]. At the CAD level, there is the issue of the proprietary nature of
software, where some of the occurrence of data is lost during the transfer process [Du
et al., 2005]. At the Computer-Aided Process Planning (CAPP) level, today’s

systems perform NC programming with insufficient consideration of real machining
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capabilities and workpiece characteristics [Fortin et al., 2004]. The first CAPP system
was developed in 1976 under the sponsorship of Computer-Aided Manufacturing
International (CAM-I) [Xu, 2009]. The issue continues today at the CNC level, that is,
CNC machines receive no information about actual workpiece characteristics and

functional manufacturing processes [Wang et al., 2005].

In this chapter, an introduction of CAD, CAM and CNC (CAx) chain and design-to-
manufacturing integration using STandard for the Exchange of Product data (STEP),
STEP-compliant Numerical Control (STEP-NC) and IEC 61499 (Function Blocks) is
given. A brief review on STEP [ISO 10303-1, 1994], STEP-NC [ISO 14649-1, 2003]
and Function Blocks [IEC 61499-1, 2005] is also given.

1.1 CAx Chain

For the last 50 years, manufacturing industries have been looking for more efficient
processes for manufacturing products with CNC machines [Nassehi et al., 2006b].
The manufacturing process divides information, databases and data models into two

parts, that is, product and process data.

Process data are the information and technology needed to remove materials, using
machining and machine tools data. The product data describe the product in a format
of workpiece geometrical databases, manufacturing files and programming
[Venkatesh et al., 2005]. It was followed by digital drawings engaging CAD and
CAPP which were carried out manually by engineers utilizing CAD files. In time,

development saw CAM more closely connected to CNC systems.

The technologies are diverse. They concern systems as well as functionality.
Computer-aided part programming is elaborated as an information-intensive activity
and an excellent tool in the development of future CAPP systems [Allen et al., 2005].
Further, state-of-the-art CNC systems should incorporate product and process data in
order to offer a bi-directional interface over the CAx chain with a high-level

description which may consist of geometrical and manufacturing information.

Product data information has to be transferred between various manufacturing
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facilities to complete the task [Cang et al., 2006]. Manufacturing industries have
attempted to share and to transfer product model data in the efficient way. A typical
CAx chain is shown in Figure 1.1. Nowadays G-code programs are generated by
CAM tools, using geometric data from CAD systems as input [Minhat et al., 2009a].
However, the CNCs of different vendors implement different versions of G-codes,
which lack any portability and lead to proprietary CAx chains [Wang et al., 2007a,
Xu et al., 2006a].

This information is handled by a special unit within a CAM tool called a post-
processor which operates through: (1) the G-code, (2) machine tools and (3) libraries
of cutting tools. The post-processor generates an exact procedure of machining

processes, which is described in a G-code file.

Systems

Figure 1.1 A typical CAx chain [Minhat et al., 2009a]

G-code is essentially based on the tool-path and machine status description
implemented by industry as a way to move three-dimensional (3D) geometry between
CAD and CAM systems and CNC machine tools, by exchanging manufacturing
process information and product data between the systems [Hardwick & Loffredo,
2006]. In the development of NC to CNC, most CNC machines were programmed
using the G-code language, which was designed to sequentially document and pass

instructions to the controls of single machine tools [Lee et al., 2006].
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1.2 Numerical Control and Computer Numerical Control

Numerical control describes the control of machine movement and various other
functions by instructions expressed as a series of numbers and initiated via an
electronic control system [Weck, 1984]. An NC machine usually encompasses (1) a
control system comprised of microprocessor-based hardware and software and (2) a
servo system that includes transducers to measure speed, motion, and other data
related to the machine’s environment, actuation devices that accomplish accurate
positioning and motion, and mechanical and electronic peripheral components that

are required for specific applications.

CNC is the term used when the control system utilizes an internal Personal Computer
(PC) [Smid, 2003] and it links elements between the operator interface and machine
tool interface. CNC technology has the following advantages over NC technology:
programs can be entered at the machine and stored in memory, and are easier to edit,
so programming of parts and design time are reduced. Computers can be connected to
other computers worldwide, either by direct modem connection or through a network,
thereby allowing part programs to be transmitted directly to remote CNC machines

[Wang, 2008a].

It is expected that CNC will have thinking capability and a controlling strategy before,
during, and after the execution of the manufacturing task, so that it can be effectively
executed while dealing with unexpected changes occurring on the shop floor [Chen et
al., 2003]. There is also a requirement to encompass the entire scope of CNC
machining in e-manufacturing [Choi et al., 2006]. It is also expected that CNC will
use an interoperable language for design and manufacturing. This is essentially a new
data model, which should provide a CNC with all the information about “what-to-

make” (geometry or tasks).
1.3 CNC Systems and Controllers

The primary functions of NC and CNC are focused on machine control. Although the
application requires special control activities, all machine tools are programmed to

accomplish three major objectives:
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e Positioning — The position of a tool is controlled in two or three axes

e Motion — The direction and speed of a tool is controlled so that the motion of
the tool is predictable

e Function — Other machine functions (for example, controlling the tool index
change or moderating the feed-rate) are controlled so that the cutting tool can

better adapt to its environment.

The majority of the controls use a two or three axes Cartesian coordinate system (X, Y,
and Z) to accomplish positioning. Some machines have tools that can be rotated
through one, two, or three axes of rotation or degrees of freedom. Both workpiece and
tool may be moved or rotated. Machine workspace is a bounded plane or volume in
which the tool and workpiece can be positioned, through which controlled motion can

be evoked.

The development of advanced CNC controllers is driven by both CNC manufacturers
and end users. Park et al. organized and managed various control software modules
dynamically by using process and resource models [Park et al., 2006]. Open CNC
controllers have been extensively researched. In modern control theories, the adaptive
control functions of these machine tools have been significantly improved [Wang et
al., 2008, Keshavarzmanesh et al., 2008]. Interoperability can be defined as the
ability of two or more CNC controllers to exchange information with no barriers.
This is best described as having plug-and-play features [Wang et al., 2006a]. A key
enabler for such a plug-and-play feature is reconfigurability and modularity to go
hand-in-hand to give CNC controllers additional features such extensibility and

scalability [Bi & Wang, 2009].

1.4 The Dated G-code

Machine tools have evolved from simple machines with controllers that had no
memory, driven by punched tape, to today’s highly sophisticated CNC multi-process
workstations, over the last 5 decades [Xu & Mao, 2004]. These workstations have
capabilities such as multi-axis control, adaptive control, error compensation and

multi-process manufacture (for example, combined mill/turn/laser and grinding
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machines). G-code is commonly known as a low-level language that is based on the
tool-path and on machine status descriptions. It delivers the geometrical character and
machining strategy to CNC machines. According to ISO 6983, G-code is based on the

following stipulations:

e Preparatory functions — From GO0 to G99

e Miscellaneous commands — M (also called Machine functions)
e Axis motion commands — X, Y, Z, A, B, C

e Feed and speed commands — F (Feed-rate), S (Spindle Speed)
e Identification commands — N (Block number)

e Cutting Tool —T.

These days, G-code is generated automatically by post-processors in most
CAD/CAM software systems such as Pro/E, MasterCam and UX (Figure 1.2). As a
language standard, G-code has made great contributions to enhancing modern
manufacturing technology. Although almost all CNC machine tools use some kind of
G-code to control their operations, a number of problems still exist and in many ways

hamper further advancement of CNC technology.

CAD CAPP CAM CNC Control
STEP JAVA TPG G-code

[ Design |—»| Detailing|—»[iPath Planning |—| Post ——| Manufacturing |
ﬁ ﬁ ﬁ ﬁ Machine Machine specific control

Partial yeometry specific
translator

CAD CAM G-code CNC

Figure 1.2 Post-processor and G-code in the art-to-part CAx chain

G-code only focuses on the path of the Cutter Locations (CLs) with respect to the

machine axes, rather than the machining tasks with respect to the part. They have to
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be processed by a machine-specific post-processor, only to obtain a set of low-level,
incomplete data that makes verification and simulation difficult, if not impossible.
Therefore, it is clear that much of the CAD data is not available on the machine. G-
code is a kind of number-based language. The standard defines the syntax of program
statements, but in most cases leaves the semantics ambiguous. So it is very hard for a
non-technical person to understand. The characteristics of components are hidden

behind a huge number of letters and digits.

G-code only supports one-way data flow from design to manufacturing. The changes
on the shop-floor cannot be directly fed back to the designer. Hence, invaluable
experience on the shop-floor is lost. It only defines three modes of motion, GO1, G02,
and GO03. GO1 describes linear motions whereas G02 and GO3 describe circular
motions. G-code does not support spline data, which makes it incapable of controlling

five or more axes milling.
1.5 Emerging Data Models and Technologies

The ISO committee has been working since the mid 1980s toward unified and
integrated standards to describe all the aspects of a product during its lifecycle. This
endeavour led to the establishment of the international standard ISO 10303 STandard
for the Exchange of Product data (STEP), which has its foundations in many of the

earlier aforementioned standards [Liu et al., 2006a].

STEP is a family of standards defining a robust and time-tested methodology for
describing product data throughout the lifecycle of a product. It is now widely used in
CAD and PDM systems. Major aerospace and automotive companies have proven the
value of STEP through production implementations, resulting in saving of $150M per

year in the US [Gallaher et al., 2002].

Recently, STEP has been extended to cater for manufacturing data modeling and
execution with an aim to filling the information gap between CAx chain and CNCs
[Brecher et al., 2006]. The standard is informally known as STEP-compliant

Numerical Control, otherwise known as STEP-NC.
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In this research a novel open architecture of a STEP-NC controller is proposed, which
aims to meet these challenges and provide some insight into a future generation of
CNCs with open, flexible architecture [Minhat et al., 2008]. This STEP-NC controller
is capable of accepting STEP-NC data directly. The software architecture of this
STEP-NC controller is based on the open reference architecture known as the IEC
61499 Function Blocks standard. The IEC 61499 function blocks will enable easier
program distribution, integrated visualization and improved real-time control

characteristics.
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Chapter 2 - CNC Systems, STEP-Compliant
CNC and Function Blocks

CNC systems sit at the end of the process starting from product design using CAD
tools to the generation of machining instructions that instruct a CNC machine to
produce the final product. This process chain also includes CAPP and CAM [Minhat
et al., 2008]. STEP/STEP-NC standards, in conjunction with CNC systems, have
made it possible to produce goods with consistent quality, and enabled the industry to
enhance productivity with a high degree of flexibility in a manufacturing system.
STEP/STEP-NC standards alternatively offer an open architecture for industrial
automation and integration systems. Despite the short history of CNC systems and
STEP/STEP-NC, considerable research has already been carried out both

internationally and within countries/organizations [Wang, 2009].

This chapter provides a review of four areas of research: (1) CNC systems, (2) recent
advancements of CNC, (3) STEP-compliant CNC systems with function blocks and
(4) other STEP-NC related research. The first two types of CNC systems use G-codes
whereas the third and fourth are STEP-compliant.

2.1 CNC Systems

The Electronics Industries Association 1965 defines the NC system as ‘a system in
which actions are controlled by the direct insertion of numerical data at some point’
[Childs, 1969]. CNC is the term used when the control system utilizes an internal

personal computer (Figure 2.1).
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Personal Computer Machine Control Unit CNC Machine

Figure 2.1 CNC utilizes an internal personal computer

Since the first industrial revolution about two centuries ago, the NC system has had a
significant impact on the manufacturing industry. The system can be seen as a
“coupling” between the operator and the machine tool (Figure 2.2). It is believed that
NC history began in 1947 when John Parsons began experimenting with the idea of
generating thru-axis curve data and using that data to control machine tool motions

[Minhat et al., 2009b].

Operator Interface Interface Machine Tool

Figure 2.2 Operator and machine tool

As previously mentioned, most of the CNC controllers in conventional CNC systems
run with G-codes, the programming language standardized by the ISO 6983. G-code
programs are usually generated by CAM tools and work by setting up a machining

process through defining feature information, cut volume, machining procedures, tool
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information and machining conditions, used as input in spite of the geometrical data

from CAD tools.

The most basic function of any conventional CNC is automatic, precise and
consistent motion control so that improved automation results. CNC machines have
to maintain consistency, accurate machine parts and repeatable specifications. This
may mean that once a part program command is validated, tens of thousands of
identical parts can be easily produced with the required precision and consistency.

Figure 2.3 shows a current CNC system.

[ OFF-LINE |

Geometrical . ‘D = =‘D = =._‘u=
Data > E'

CAD CAPP CAM
- What-to-make? How-to-make? Tool Path
(Desired Feature) (Selection) Generation.
1.PC 1. Machine Tool
2. 2D Draft 2. Cutting Tool

Linear Tool

Scale
. Machine Table
workpiece /
F ‘ — Final Product

Full-Closed loop

Y¥30OON3

Semi-Closed loop

[ ON-LINE

Figure 2.3 Current CNC system

The traditional approach to controlling a displacement of CNC machine tools has
been to use rotary drive motors and ball screws to achieve table motion [Gordon &
Hillery, 2005]. In a more advanced CNC system, some compliant mechanical
hardware devices may be employed, such as an inspection touch probe and/or an

external input/output sensor (Figure 2.4).
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Figure 2.4 Additional devices on an advanced CNC

2.2 Some Advancements of CNC Systems

The current trends are towards open architectures such as Open System Architecture
for Controls within Automation systems (OSACA) [OSACA, 2006] and Open
Modular Architecture Controllers (OMAC) [OMAC, 2006] and where third party

software can be used at the controller, working within a standard PC operating system.

Table 2.1 summarizes the Open Architecture Controller (OAC) projects by Park et al.
[Park et al., 1995].

One further industrial development is the application of software controllers, where

Programmable Logical Control (PLC) logic is captured in software rather than

hardware. The proposed kernel software organizes and manages various control

Table 2.1 A variety of approaches to OAC [Park et al., 1995]
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Open architecture controller Descriptions

projects

Open System Architecture for | One of the largest-scale projects for OAC

Controls within Automation
Almost all of the standardization matters

systems (OSACA)

including network, application software as
ESPRIT 111 project 6379 well as hardware, have been considered
The Next Generation The National Center for Manufacturing

Controller (NGC) Program Sciences (NCMS) and the US Air Force
co-sponsored (1989)

Specification for an Open Martin Marietta organized industry

Systems Architecture Standard | requirements

(SOSAS)

Enhanced Machine Controller | The next step beyond NGC/SOSAS by

Architecture (ECA) National Institute of Standards and
Technology (NIST)

The Chimera Carnegie Mellon University, Pittsburgh

MDARTS The University of Michigan, EECS

The HOAM-CNC Y. Altintas and W. K. Munasinghe, Annals
of the CIRP

software modules dynamically by using process and resource models [Park et al.,
2006]. Although it is very difficult to form a universal agreement on the definition of
an open system, vendor-neutrality and component-integrability can be thought of as
two fundamental features of an open system [Park et al., 2006]. There is also a
requirement for open architecture to realize agile production and autonomous CNC

control [Suh & Cheon, 2002]. They offered the open CNC controller for a cutting
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machine which has a PC-based controller, a Graphical User Interface (GUI)

environment, etcetera [Hace & Jezernik, 2003].

When designing an advanced CNC machine, it is important to consider the dynamics
of the control, the electrical components and the mechanical structure of the machine
[Johnson et al., 2005]. In proprietary systems, adding sensors and the software that
uses them can only be done by the original manufacturer, but sometimes

enhancements are simply not available [Proctor & Albus, 1997].

Gordon and Hillery introduced a CNC Controller with a Microsoft Windows-base
written in C++, and the programming language/code used was MINT, which is a
structured form of BASIC designed for motion control applications [Gordon &
Hillery, 2005].Yuhan et al. also conducted a study on a reconfigurable model of open
CNC kernel software to analyze the life-cycle of application objects and their

interactions in an open-architecture CNC controller model [Yuhan et al., 2003].

Balic introduced a new CNC control unit for machining centres, with learning ability
and automatic intelligent generation of part programs, which is built-in to a CNC unit
as a special device on the basis of a neural network [Balic, 2004]. The reliability of a
distributed program is difficult to determine [Altintas, 2000, Koren et al., 1999,
Stojcev, 2000].

The major part of an advanced CNC system is a recent development in accordance
with STEP/STEP-NC. It will be one part of the proposed CNC control system and
there is a very thorough explanation of how it connects to the proposed futuristic

STEP-NC control system [Minhat & Xu, 2008, 2009].

2.3 STEP-NC Related Research

Global research in the area of STEP-NC is highly visible via projects of a
multinational collaborative nature such as the Intelligent Manufacturing System
(IMS), the European ESPRIT STEP-NC project, the American “Super Model
Project”, the South Carolina Research Authority (SCRA) and Rapid Acquisition of
Manufactured Parts (RAMP) [Xu et al., 2006b].
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In 1999, the European ESPRIT STEP-NC project was started by twenty industrial and
academic partners. CAD/CAM (Dassault, Open Mind), control (Siemens, OSAI),
machine tools (CMS), and end users (Daimler Chrysler, Volvo) in Europe formed the
European STEP-NC consortium. They moved into its second phase in 2002 to further
enhance the first stage systems on the feedback mechanisms of STEP-NC.

In November 2001, the IMS STEP-NC project entailed a true international package of
action with research partners from European Union regions, Korea, Switzerland and
the USA [IMS, 2003]. The regional coordinators were Siemens (EU), CADCAMation
(Switzerland), STEP Tools Inc. (USA) and ERC-ACI (Korea). The research included
technologies in the implementation and development of STEP-NC standards for

different NC applications such as milling, turning, and inspection.

The “Super Model Project” project was awarded to STEP Tools Inc. in October 1999
to work with a team of sub-contractors by the name of Model Driven Intelligent
Control of Manufacturing. The Industrial Review Board (IRB) includes
representatives from organizations such as Boeing, Lockheed Martin, General
Electric, General Dynamics Land Systems (GDLS), General Motors, Daimler-
Chrysler, Gibbs and Associates and the Department of Energy [Albert, 2001a, 2001b,
Hardwick, 2001].

The South Carolina Research Authority (SCRA), under the sponsorship of the
National Automotive Center, US Army Tank-Automotive and Armaments Command
(TACOM), co-ordinated the Stove Management System (SMS) project that defines
the Suite of STEP Application Protocols and the implementation architecture for
STEP-enabled parts production within commercial and defense applications [SCRA,
2004].

2.3.1 Research Work in Germany

The Institute for Control Engineering of Machine Tools and Manufacturing Units
(ISW) at the University of Stuttgart, the Laboratory for Machine Tools and
Production Engineering (WZL, RWTH) in Aachen, and Siemens have been the main
players in the European STEP-NC project. It utilizes STEP/STEP-NC standards for
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