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ABSTRACT

3D printing denotes to processes which material is fused and solidified under computer
control to construct a three dimensional object. It can produce complex objects directly
by using computer aided design. This technology has traditionally been applied by
large companies to perform rapid prototyping before production. Moreover, there has
also been a change to adopt the technology as customise printing solution in the recent
years. The advent of 3D printers that are capable of multi-material printing such as
ProJet MJP 5600 from 3D Systems has create a breakthrough that enables the users to
create product with different mechanical properties over its structure. However,
current multi-material printing solution only offers up to discrete selection of printed
material matrix in a single printing process. Therefore, this project intends to develop
a multi-material composite 3D printer that is capable in selecting wide variation of
material matrix for printing through a single extruder. The framework for interpreting
G-code generated and performing 3D printing process is designed and developed in
this project. To ensure accurate and reliable system, configurations and
experimentations are performed to measure the performance of the system. Accuracy
and reliability of the system are determined and proven based on the experimental
results obtained. Low accuracy and performance system will be calibrated based on
the system behaviour. Furthermore, this project also covers the techniques to link user
interface with system framework. System framework will have certain level of
flexibility of controls by the non-technical users via user interface. Critical status of
the system will also be linked from the system framework to user interface for users

to understand the system condition.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

There is an increasing demand for customising products to fragment the market
in the middle of the 1950’s (Kaplan & Haenlein, 2006). Consequently, in order to
facilitate the demand of more tailored products, business decisions were directed
towards a certain degree of customisation. The unprecedented 3D shaping abilities of
additive manufacturing have lately influenced areas as diverse as medicine,
anthropology and design (Kokkinis, Schaffner and Studart, 2015). To fulfil the need
of customisation, inventors have sought new fabrication techniques to increase the
flexibility in structure of an output product. One such emerging technique is 3D
printing. 3D printing is a process used to create a customised three dimensional objects
via extruding molten materials, cooling and solidifying it. It is often known as additive

manufacturing (AM) process.

Depending on the physical and chemical properties of the final printed products,
the materials used for 3D printing is selected. In some occasions, there are a need to
create product with varying physical or chemical properties over the product. Current
multi-material additive manufacturing systems have encountered severe shortcomings
of technology in achieving this condition (Sitthi-Amorn et al., 2015). The current 3D
printer technology can concurrently use, at most, only three different materials (Sitthi-
Amorn et al., 2015). More of that, the ideas of using multiple extruders can only
produce a discrete selection on the material properties. The hardware and software
architectures of the current multi-material 3D printers are exclusive and inextensible.
Therefore, this project intends to develop a 3D printers that is capable of printing
product with varying local chemical composition over the product. The general
methodology of the stated idea is by controlling the mixing ratio of two types of
materials with different matrix properties. Accuracy and reliability of the framework
are two important criteria to be considered before performing investigation and study
on the chemical fusion of the materials.



1.2 Importance of the Study

The importance of the undertaking project is to propose and develop a new method of
3D printing where the mechanical, electrical, chemical and optical properties of the
output product can be controlled. This is achieved by modifying the mother matrix of
a material with different proportion of additive added. Depending on the mixing ratio,
a product with different properties can be produced. With a success in the respective
proposed method, a complex structure like badminton racquet which require a softer
texture on the gripper but rigid structure on the other parts can be easily produced.
Furthermore, this idea can also create a gradient transition over the mechanical
structure to reduce the maximum concentrated stress applied on the structure. Due to
time limitation, the project only be focusing on the framework development. In
summary, the importance of this project is to act as a stepping stone in the future
progress of constructing a 3D printer which allows variable material properties

printing with a single extruder.

1.3 Problem Statement

In the current 3D printing technology, the outcome of the printed products is almost
impossible to be possessed with different material properties over the products. This
often creates an issue especially on complicated products which requires to have mild
flexibility and soft texture over its product. A solution to this problem can be applied
by using a multi-material feeding 3D printer that is capable of multi-material mixing.
With the ability to print products that contained the composition of multiple materials,
the printer can provide an additional control over the local chemical composition of

the printed material.

However, a question remains on whether the multi-material feeding 3D printer
is capable of printing desired output products with different composition of material
over the product. To resolve this problem, the framework of the printer with close
consideration on the performance of the machine is developed. Electrical control

system of the printer is designed and constructed to ensure proper and stable



connections for system to perform command and control operation. In addition, the
accuracy and reliability of the system are also investigated to ensure proper printing
operation. The parameters are fine-tuned to produce a machine with better accuracy.
Human Machine Interface is developed to interface the users with machine’s command

and response.

1.4 Aims and Objectives

The main aim of pursuing this development project is to construct a 3D printer
framework to innovate new techniques in producing a product with variable material
properties over its body. With a success in the respective research, a 3D printer
framework that is capable of perform correct motion positioning and temperature
measurement is created. In order to achieve this, three objectives had been clearly

stated out to achieve and extend the capabilities of the stated goal.

e Develop 3D printing framework and electrical system controls of the machine.

e Improve the reliability and accuracy of the printer prototype by performing

calibration on the machine.

e Integrate 3D printing framework with Human Machine Interface.

1.5 Scope and Limitation of the Study

The physical and chemical behaviour of the plastic pellets are the aspect of the 3D
printing which is essential in ensuring expected quality products. It is to be highlighted
that to understand chemical behaviour especially the chemical fusion of the two plastic
materials required high level of chemical fusion knowledge and many chemical
experiments to be done. All properties including the fluidity and the fusion rate must
be considered properly in order to ensure that the particular mixing ratio can be printed

out at the right moment.



Therefore, the inadequate knowledge of material fusion behaviour became one
of the limitation for the study. The study of thermoplastic material is not involved in
the scope of this project. Other than that, with an open-loop control system of stepper
motor used, there will also be a slight inaccuracy being generated. In other words, there
can be tolerance on the distance travelled by the stepper motor as compare with the
expected distance.

1.6 Contribution of the Study

With the completion of this project, one essential contribution is the limitation of the
variety in printing material of a 3D printer. From the view of engineering, it helps by
providing information on the integrating process of the structure and the factor on the
printer that needs to be to be closely considered. From the view of end-users, this
technology paves a new and better ways of printing product. End-users without

professional technical knowledge will be able to print a high quality product with ease.

Furthermore, 3D printing technology can also be expanded to more fields with
the breakthrough on the limitation. For instance, the base of the shoes can be printed
with a harder bottom base and softer upper base to deal with floor impact while at the

same time provide comfort for users.

1.7 Outline of the Report

The main chapters that will be covered in this report will be the literature review and
methodology. Literature review summarises the relevant researches that had been done
on the 3D printing concepts, technology and their limitations. Fundamental 3D
printing concepts such as the control system, components required and the processing

techniques will be discussed in literature review.

The methodology will be discussed on the techniques used in constructing the
3D printer using the information that had been gathered through reviewing the

literature. Detailed plan of the designing and constructing of the physical structure and



framework will be included. Electronics components selection and its arrangement

will also be considered in methodology chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Additive manufacturing (AM), colloquially recognised as 3D printing, is currently
being introduced as the spark of an innovative industrial revolution. The technology
permits one to make customised products without acquiring any cost penalties in
manufacturing as neither molds nor tools required (Weller, Kleer and Piller, 2015).
Many techniques has been proposed based on the AM technologies to extend the
capabilities to customised products. Fused Deposition Modelling (FDM),
Stereolithography (SLA) and Selective Laser Sintering (SLS) are methods that are

commonly used in current society to perform AM.

Each of the AM techniques have their unique specifications and pros and cons
in terms of cost, printing speed and structure of printed products. However, among all
the AM techniques mentioned, FDM is one of the most recommended method used
for rapid prototyping. One of the main factor leading to this conclusion is due to the
cost-effective printing operations and high speed printing. FDM perform its 3D
printing operation by heating up production-grade thermoplastics to glass transition
phase and extrude it on a platform known as heat bed according to the commands given

to the machine.

The temperature is set by using an electrically, usually pulse width modulated,
controlled heater to heat up the extruder for plastic to melt. Sensors are used to control
the temperature of the system by controlling the modulation sent to the heater based
on the temperature configured. It uses motors to move the extruder around a 3D
platform to print an object. To be more precise, depending on the situation, stepper
motors are usually used in FDM 3D printing due to its accurate motion. To further
enhance the motion accuracy of the printer, a higher step angle stepper motor or a

stepper motor with encoder closed-loop feedback controller is equipped.



As mentioned in importance of this study, this project aims to develop a 3D
printer which is capable of printing product with varying chemical composition along
the product. The direction to achieve this is by feeding two different materials into an
extruder barrel to melt and fuse it based on the mixing ratio. In other words, the
extruder barrel acts as a path for fusing a new blend of material with different
composition to printed out. Temperature is increased along the extruder barrel towards

the nozzle to safeguard printed output quality.

Finally, controls and commands display are another important aspects to study
before proceeding into practical hands-on. Important information should be summarise
and displayed to speed up printing configuration and process. Data presentation is a
key focus when designing the user interface. Furthermore, techniques to interface
between back-end configuration and front-end user display is to be study. In conclude,

the data presentation and interfacing methods are to be reviewed.

2.2 Additive Manufacturing

AM is a manufacturing method which involves the fusing of materials, usually layer-
upon-layer, to construct objects from 3D model data (Mellor, Hao and Zhang, 2014).
The advantages of this methodology include removal of tooling requirements, new
design freedom and economically low volumes (Weller, Kleer and Piller, 2015). AM
was mostly used for fabrication of conceptual and functional prototypes which is also
known as rapid prototyping during its early years of invention. It suggested that AM
production can reduce waste, offers design customisation, has shorter lead times and
allows economical custom products (Holmstrom et al., 2010). There are several
technologies which employ this method of manufacturing such as fused deposition
modelling, stereolithography and selective laser sintering. However, AM technologies
are commonly limited to rapid prototyping as they do not allow matrix of the

engineering materials to be processed (Holmstrom et al., 2010).

One of the most commonly used methods of AM in nowadays 3D printing

technology is the FDM. This method builds parts with production-grade



thermoplastics which are equipped with excellent mechanical, thermal and chemical
qualities as shown in Figure 2.1 (Sidambe, 2014). FDM technology produces 3D
object by heating and extruding thermoplastic filament over a platform from bottom
up, layer by layer ("Types of 3D printers or 3D printing technologies overview | 3D
Printing from scratch”, 2018). Thermoplastic is heated to its glass transition
temperature by the printer and extruded out from the extruder nozzle onto a platform
along the calculated path. After the printed layer binds to the layer beneath it, the
plastic cools down and hardens. Once a layer is finished, either the platform is lowered

or the extruder is raised to proceed print on the next layer.

Liguifier head
(X and Y direction)

/ X
rusion nozzles
ru"”E
:—— upports
"ﬂ%ﬂﬂ /Foam slab
-
'\\ Build platform
Support Ly (Z-direction)
material
spool

o Build material spocl

Figure 2.1 Fused Deposition Modelling
(Sidambe, 2014)

FDM utilises multiple extruders for printing different colours of materials
simultaneously. Furthermore, it also has good geometric accuracy and compact
machine structure (Negi, Dhiman and Kumar Sharma, 2014). However, FDM has its
limitations on the resolution of the printed products (Jose, 2014). The methods used
by FDM can often cause ribbing around the printed products. FDM also required
supporting frames to be printed under overhanging structures. Without a supporting

frames, the 3D printed product will deformed due to the lack of existence of printing



platform. In short, FDM has good accuracy, compact machine structure, required

supporting frames for overhanging structures and limited printing resolution.

Similar to FDM, SLA is another techniques of AM. SLA creates 3D models in
a layer by layer manner using a method by which light causes the chains of molecules
to link and formed polymers, known as photopolymerization. A general idea of SLA
can be seen in Figure 2.2. SLA can produced high part building accuracy and smooth
surface finish (Negi, Dhiman and Kumar Sharma, 2014). Although SLA can be used
to create virtually synthetic design, the photopolymers resins which is used as a
printing material is often expensive (Ngo, 2015). Apart from that, the post-processing

time is usually longer than the common AM techniques for SLA (Negi, Dhiman and

Kumar Sharma, 2014).
Y
Laser

Elevator

(Z axis)

Liquid polymer

A
[ P2 1]
Platform

Figure 2.2 Stereolithography
(Kerns J.,2015)

Lastly, SLS utilises the AM technology by using a laser to selectively scan and
sinter thin layer of powder particles. To summarize the working principle of SLS, the
powder in a container is swept upon the construction stage by a recoater. Then, a laser
selectively scans through the thin layer of powder, sintering the powder particles
together. The build platform is then lowered by one layer depth and a new coat of
powder is applied by a recoater as shown in Figure 2.3. The advantages of SLA
includes the capability to use wide variation of thermoplastics, no necessities for

support structure and it is easy for post-processing (Negi, Dhiman and Kumar Sharma,
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2014). This allows intricate and complicated geometries to be constructed easily.

However, similar to SLA, the cost of a machine is pretty steep.

X-Y axis laser beam Powder

\ surface

Formed

/ object

Leveling drum

Powders

¢ Z axis ¢ Z axis

Figure 2.3 Selective Laser Sintering
(Kerns J., 2015)

2.3 Working Principle of 3D Printer

Stepper Control System for 3D Printer

The main control system that required close consideration is the motor selected for the
axes and extruder. There are essential in ensuring accuracy. The most frequently used
system in 3D printer world is the simple stepper control where the system is an open
loop unit driving the stepper motor. Figure 2.4 shows a clearer picture on the operation

of simple stepper control (Reprap.org, 2017).
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Simple stepper control

Bipolar stepper
Processor | open loop r ™) High torque
No position checklreport 4 Low speed
Fast transition
Can loose position

‘ Resonances
-—————Jl Noise
Step »— SHUL High weight
Dir - — ———— Low wear

Licence GFDL1.2 and CC BY-SA

Figure 2.4 Simple Stepper Control
(Source: Reprap.org, 2012)

Another type of stepper motor which is known as ‘hybrid’ stepper control is
less commonly used in 3D printing. This ‘hybrid’ stepper control operate with a similar
function as compare to the simple stepper control but with an additional sensor which
constantly provides information about the effective movement. The ‘hybrid’ stepper

control can be understood much further by referring to Figure 2.5.

‘Hybrid’ stepper control

Bipolar stepper

Processor | closed loop S High torque
Check and ::1 ~_ Low speed
chase position o S - Fast transition

F_U Chase position
| Resonances
nnn I Less noise
Step N I High weight
i Low wear
Dir — UL

Licence GFDL1.2 and CC BY-SA

Figure 2.5 ‘Hybrid’ Stepper Control
(Source: Reprap.org, 2012)

Stepper motors are used to drive the dynamic motion of the machine. In many
automation problems and machine control, there could be two or more axes of motion
that must be coordinated (Automation.com, n.d.). The terms “multi-axis
synchronisation” refers to the techniques used to achieve control of motion and the

motion requires for coordination (Kim et al., 1996). When there are two or more axes
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of motion are executed in a single operation, the machine is commissioning multi-axis

motion. The axes may be working individually or moving together.

Multi-axis synchronisation is necessary whenever the axes are required to
move together. The relationship between their respective motions can be important.
The most familiar example of the multi-axis synchronisation application is the X-Y
Plotter. The motion at the X and Y direction may move individually from each other
but their motion must be coordinated. Figure 2.6 shows the problems encountered to a
45 degree straight line if the X axis starts and ends its motion later than the Y axis. The
synchronisation based on position and velocity relationship between the axes are

important for proper operation of the machine (Automation.com, n.d.).

7

A

synchronized X starts late

X-Y Plotter

Figure 2.6 Difference between Multi-axis Synchronisation and Non-Synchronisation
Motion

(Source: Automation.com, n.d.)

G-code Interpreter

3D printing is performed via a combination set of skills in mechanical, electronics and
programming. To command a stepper motor we need a way to easily turn our human
desires into machine instruction into stepper motor steps (Dan, 2013). In effect we
need our robot brain to be interpreter. For the 3D printer, it uses a machine instruction
known as G-code to allow the machine to understand and perform the command
operation. G-code is one of the many interpreters that has been used for human-
machine communication (Shin, Suh and Stroud, 2007). It consists of an uppercase
letter which is the action command followed by a number which is the value used for

either action command or position declaration (Shin, Suh and Stroud, 2007).
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Each line of G-code tells the machine to execute one discrete action, including
position, rotation and velocity (Rapid S., 2016). Shapes are formed by stringing
together point-by-point sets of instructions (Shin, Suh and Stroud, 2007). All the
commands are usually read as a string without information understood by the machines.
Parsing and extraction of information are required in order to allow the machine to
understand the steps or procedures and the actions to be made in every step. The
interpreter should be flexible in interpreting all variety length of commands and able
to extract the relevant details.

One example of G-code that is commonly used for motion control is the GO1
which is linear interpolation. GO1 executes a movement following a straight line at a
set feed rate as shown in Figure 2.7. The feed rate that is programmed into the G01
command is the actual feed rate along the proposed tool path rather than the feed rate
of each axis (CNC Machining Handbook, 2010). On motion that involved two or more
axes movement, all the slides have to execute exactly the same length of time in order
to generate a single vector move. The machine controller will calculate the separate
feed rate of each axes, allowing the vector feed rate to be equal to that stated in GO1

command.

I GO - Linean

InTerroLATION. + X Rnos DiecTion.

+ ¥ Axis Dmection.

Enb

PosITion
| -4
= K 4
| .=

“ = _ _ _ ]
START a8
PasiTion
(DaTum)

Figure 2.7 Linear Interpolation
(Source: Denford G and M Programming for CNC Milling Machines, n.d.)

Circular interpolation is also one of the common G-code command that is used
for CNC control. G02 and GO03 are clockwise and counter-clockwise circular

interpolation commands (CNC Machining Handbook, 2010). The letters | and J are
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addressed to program an arc motion. | relates to the address of X and its incremental
value and direction from the initial point of the arc on the X axis to the arc centre as
shown in Figure 2.8 (Denford G and M Programming for CNC Milling Machines,
n.d.).. J relates to the address of Y and is the incremental value and direction from the
initial point of the arc on the Y axis to the arc center (Denford G and M Programming
for CNC Milling Machines, n.d.).
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Figure 2.8 Circular Interpolation

(Source: Denford G and M Programming for CNC Milling Machines, n.d.)

24 Temperature Sensor

Temperature sensor is mainly used in temperature control application within a system.
There are various types of temperature sensor being introduced and the selection of
type of temperature sensor also depending on the application requirements. Negative
temperature coefficient (NTC) thermistor, resistance thermometer detectors (RTD),
thermocouple and integrated silicon sensors are a few of the typical temperature
sensors that are used in circuits. Trade-offs amongst these devices include cost to
operate, stability, operating temperature range and noise immunity (Ametherm, 2017).
Stable devices will yield lesser output signal drift over time as compare to the unstable

devices which reduces the need for repeat calibrations.

Thermocouples are inexpensive, operate over a wide range, stable, rugged, and

are relatively linear over a wide range but deviate significantly at extremely cold or
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hot temperatures. A thermocouple adhere the Seeback effect to generate voltage that
correlates to the temperature. To improve the accuracy of a thermocouple, a controller
equipped with a Seeback coefficients and look-up table of thermoelectric voltages is
required to generate linear signal. Thermocouples also have a faster response time as
compare to NTC thermistors followed by RTDs (Brei T. M., 2013).

RTD elements have a varying resistance value depending on
temperature change. RTDs are offered in several different kinds of metals which
includes nickel, platinum, nickel-iron and copper. The platinum RTD is the most
accurate temperature sensor of all types of other sensors. RTDs have a better accuracy
and repeatability as compare to thermocouples and it is easier to be calibrated (Brei T.
M., 2013). Platinum RTD is stable, can covers a wide range of temperature,
demonstrates good noise immunity and has excellent repeatability and linearity (Heath,
2016). However, it is very costly to purchase and apply platinum RTD unless the
measurand condition is critical. More of that, RTDs required stable current for accurate

measurement of the resistance value.

Thermistors are temperature sensitive resistors which are known for a rapid
response. Resemble to RTDs, thermistors also have a varying resistance value
depending on the temperature change and require excitation. Thermistors generally
have higher resistance value as compare to RTDs. Therefore, it is operated under lower
reference currents and thus required lesser energy consumption. NTC thermistor
usually has a temperature drift of lower than 0.2 C per year while thermocouple has a
lower stability which gives a 1 C to 2 'C temperature drift per year (Ametherm, 2017).
However, thermistors do not have good linearity between temperature and its
resistance value. In result, a look-up table or equation is needed to interpret the
temperature values in relation to the output. Figure 2.9 shows a comparison graph of

resistance against temperature between various thermistors and platinum RTD.



Figure 2.9 Graph of resistance against temperature for RTD and various thermistors
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Lastly, integrated silicon sensors are semiconductor temperature sensors that

measure and identify its temperature based on temperature-dependent relationship
between the collector current of a BJT and the base-emitter voltage. It is easily

integrated within semiconductor ICs therefore it is small in size. However, it has slow

respond on fast temperature changes. An overview of the comparison between

thermocouples, RTDs, NTC thermistors and integrated silicon sensor are as shown in

Table 2.1.

Table 2.1 Comparison between NTC thermistors, thermocouples and RTDs

(Heath, 2016)

Factor Thermocouples RTDs NTC Integrated
thermistors Silicon
Sensor
Temperature | -270to0 1800C -250t0 900 C | -100t0 450 | -55t0150C
range C
Sensitivity +0.5C +0.01C +0.1C +0.15C
Linearity Requires at least a Requires at Requires at At best
4" order least a 2" leasta 3@ | within +1C.
polynomial or order order
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equivalent lookup | polynomial or | polynomial No
table equivalent or linearization
lookup table equivalent required
lookup table

Excitation None required Current source Voltage Typically:
source supply
voltage

Output Type Voltage Resistance Resistance Typically:
supply
voltage

Typical Size | Bead diameter= | 0.25x0.25in | 0.1x0.1in 0.88mm x
5 x wire diameter 0.88mm

2.5 Extrusion Process

It is declared that the concept of producing 3D printer plastic at home can be developed

using single screw extruder as shown in Figure 2.10 (“3D Printing for Beginners”,

2016). The working principles of a single screw extruder starts from a hopper. All

materials are fed in from the hopper into the barrel containing a screw, which is the

main part of the extruder (Wagner, Mount and Giles, 2014). On one end, the screw, or

sometimes referred to as auger is connected to an electric motor which helps to

transport the fed pellets towards the tip of the extruder or also known as the extruder

nozzles. A heater is placed as the extruder nozzles to soften and melt the material in

order to allow it to be extruded and form continuous filament strand.
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Typical Extruder
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Figure 2.10 Cross-section of a Single Screw Extruder
(Rao & Schott, 2012)

The materials that is fed into the hopper are usually tiny solid pellets to speed
up heating and reduce friction on the screw. A progressive increased in temperature
profile with the setpoints temperature increasing continually from the hopper to the
extrusion nozzle is necessary to prevents premature melting and reduces melt plug
formation around the screw of bridging the throat in the hopper wall (Wagner, Mount
and Giles, 2014). This can avoid polymers or additives to becoming sticky and

adhering to the hopper wall.

To clearly define the temperature profile along the extruder barrel, the
temperature zone is separated into four zones; the feed zone, transition zone and
metering zone wall as shown in Figure 2.11 (Wagner, Mount and Giles, 2014). Resins
are input through the feed zone and the root diameter along this zone is constant. The
transition zone has a progressively increasing root diameter as compression is applied
(Whelan and Dunning, 1988). This zone is where the solid pellets is melted into molten
material. Finally, the metering zone has a uniform flight depth that transfers the melt
and controls the volumetric flow rate through the extruder into the die (Whelan and
Dunning, 1988).
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Figure 2.11 Extrusion Screw
(Whelan and Dunning, 1988)

2.6 System Controller
2.6.1 Programmable Logic Controller (PLC)

Programmable logic controller, in short, known as PLC is an industrial solid-state
computer control system that has been introduced in the late 1960s by an inventor
named Richard Morley (Mary R., 2011). Its ability to perform modular programming
allow PLC system to mix and match and monitor the types of inputs and outputs
devices and automate the process based on logical decisions. It was first designed and
developed to replace relay logic systems due to the unreliability and time delay created

by the relay system.

These controllers excluded the needs for rewiring and adding extra hardware
devices for each new configuration of logic. With that, it drastically reduced the
cabinet space that housed the logic while increasing the functionality of the controls.
PLC contained of CPU, inputs and outputs logical port as shown in Figure 2.12. The
CPU directs the PLC to perform control instructions, perform logic and arithmetic

operations, connect with other devices and execute internal diagnostics. Apart from
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that, CPU also performs memory routines, constantly inspecting the PLC to avoid

programming errors and to protect the memory from being damaged.

PLC System
Power supply
.. v i
—O0 = I Central i Om
I processing 1
Input ol ¢ i u o Output
sensing g S Bl —®— joad
devices _03\ o u ! Memory i p uf () devices
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| = |
=
)
Programming device

Figure 2.12 Internal Architecture of PLC

(Gonzalez, 2015)

There are four fundamental procedures in the process of all PLCs; input scan,

internal program execution, output update and internal checks as shown in Figure 2.13
(Agarwal T., 2015). Input scanning operation detects the condition of all input devices
that are linked to PLCs while the output update process energize or de-energize the
output devices based on the CPU internal response. Most PLCs provide libraries of
function blocks for complicated controls such as temperature control and motion
control. Components can simply be control by setting the basic parameters needed into
the function block and the output is linked to the devices required to take response.

Internal program execution run the program logic created by the user. Lastly, internal

checks performs housekeeping operation which helps communicate PLCs with

programming terminals and execute internal diagnostics.
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Figure 2.13 Internal Program Flow of PLCs
(Gonzalez, 2015)

PLCs uses five type of high level programming languages that are defined by
the international standard IEC-61131 (Gonzalez, 2015). Its solid standardization and
simple programming techniques speed up the production process of a machine maker.
Ladder logic is one of the most frequently used PLC languages where it utilises the
use of symbols and rungs for input and output logical control. Function block diagram
is another programming languages used in PLC where it describes the functions
between input and output variables. Structured text is a high-level language that
resembles modern C programming language. It uses sentenced commands to create
programs. Instruction list, on the other hand, is a low level language that contains
functions and variables defined by a simple list (Gonzalez, 2015). Sequential function
chart language is a technique of programming complex control system where it divides
large and complicated programming operations into simpler and more manageable

tasks.

2.6.2 Microcontroller

Microcontrollers are special purpose logic controllers that execute one operation
repeatedly. They are dedicated for single task execution. Similar to a PLC, they also
have CPU to execute the programs, RAM for data storage and input and output ports

that are capable for microcontrollers to process user command and perform a specific



22

response on the output. Microcontrollers contained their programs in a flash program
memory while the variables data are stored in Data RAM. The logical processing
within a microcontrollers are performed by the ALU as shown in Figure 2.14. General
Purpose Register stored the configuration of microcontroller input and output ports.
All these units are linked together via a network bus system. From the aspects of
system architecture, unlike PLC, microcontrollers are incapable of running an
operating system and do not have the same amount of computing power or resources
as compare to PLC. Therefore, they are not an infinitely expandable input and output

logic controller.

Flash Program A
Program < Counter
Memory

l > 32x8

_ General

Instruction PUrpose  |eg—m

Register Registers | [« 170

Interfaces

v

) <> Timer
Instruction
Decoder .

Data

¥
\4

\

8-bit Data Bus
Figure 2.14 Microcontroller Architecture

(Source: ATmega32 datasheet p. 6)

The development time taken for microcontrollers is longer than PLC due to
their usage of tedious machine language. More of that, microcontrollers do not offers
a standard user interface platform. The interfacing features might need to be

programmed manually onto an LCD or LED display.

However, microcontrollers are necessary and useful as a platform to perform
simpler computing tasks such as flipping a switch or controlling small components.
They are commonly used due to their low-powered consumption and low-memory

which make them to be low cost.
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2.7 Modular Programming

Structured programming, or sometimes known as modular programming, is a
subcategory of procedural programming that implements a logical structure on the
program that is being written to improve the efficiency and ease understanding and
modification (Rouse M., 2005). Several programmers can easily work on individual
programs at the same time and join programs in the end. This programming technique
helps to easily control the scoping variables and less code has to be written as
individual programs are simpler to code than combining all individual programs in a
single program. Modular programming is a type of top-down design programming
approach that breaks down program functions into modules (SearchSoftwareQuality,
n.d.)

In this approach, most of the variables are passed from one module to another
whenever the other module is called. In short, modular programming has similar
behaviour with plugin where the function are added whenever it is needed. Versioning
is considered to be one of the most popular approach to ensure those independent
functions to work together (Chapter 2: The Benefits of Modular Programming, 2007).
Basically, it means that every module will have a consistent passing variables. The
modification of each module will be done only in the process being programmed in

the module.

2.8 Human Machine Interface

Human Machine Interface, or also known as Graphical User Interface (GUI), is a
simplified use of computers by presenting relevant information in a manner that
enables rapid assimilation and manipulation (Toby, 2001). The use of graphic
constructs that mimic physical objects such as “buttons” and “switches” can speed
learning, by applying an intuitive technique to provide input to the computer. An

implementation of user interface is not always an improvement to a system. As
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demonstrated by some commonly used commercial programs, a poor user interface
implementation can obscure its functionality. Significant amount of learning time is
required for the program to be used efficiently if the user interface is organized in a
counter-intuitive manner or if the commonly performed operations required several
unexpected indirect steps to be performed (Toby, 2001). A good user interface does
not require user to memorise procedures required for task execution. Multiple step

operations can be simplified by executing all operations in a single step shortcuts.

In order to compile multiple steps into a single shortcuts, operations need to be
compiled as a single function via back-end programming. Modularity of components
has enormous benefits on assisting steps compilation when building interactive
applications. Functional units can be isolated to its most simplified form to ease
application designer in understanding, modifying and compiling each particular unit
(Krasner and Pope, 1988). More of that, it is demonstrated that one particular form of
modularity is the three separation of application components which are the model, the
view and the controller as shown in Figure 2.15 (Krasner and Pope, 1988). The model
represents the functional units that contained multiple steps operations while the view
represents the display of the application’s state. As for the controller, it signifies the

user communication with the model and the view.

View massages
E| Controller View
User input Y Display
User device P layout’and
— . interaction interaction .
==———==| input views Display
——————  sansors output
Madal P
access and
adi‘.]'.ng
masaag;:\x"‘“
. Depencents
gepmdew change
ange messages
messages Model
Application
domain
state and
behavior

Figure 2.15 Model-View-Controller Setting and Message Sending
(Krasner and Pope, 1988)
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Introduction

Multi-material 3D printing holds great promises towards allowing the automated
construction of 3D models with complex structures, appearances and properties to
physical equivalents. It has accelerated the potential of innovation to create objects
that has been previously impossible or difficult to be fabricated. There have been
significant efforts from the industry as well as the academic community in building

multi-material fabrication platforms.

Motion control plays an important role in producing quality 3D printed
products. Accuracy of the motion control need to be calibrated to avoid producing
defected objects. Other than that, 3D printer system should be made reliable for low
maintenance cost during long run. Intelligent system is one of the example of reliable
system where it can perform self-diagnosis and self-calibration. In order to achieve
good accuracy and reliability, statistical methods are utilised for measuring the
performance of the system. More of that, proper electrical connection can also yield a
more reliable system. Suitable grounding techniques are relevant to reduce the noise
being induced in the signal circuits. Appropriate components are selected to optimise
between cost and system performance. In short, the objective for electrical wiring
planning and design is to improve system stability while considering the safety

measures.

From the aspects of software configuration, the first step for a 3D printing
process is reading and interpreting the language used for human-machine
communication. This required machine to have its knowledge to identify and
understand the command. The system should made capable in performing actions
based on the command interpreted. Further than that, simplified information and

settings should be presented and accessible by end users. This involves interfacing the
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system program with end users via user interface. Linkage is made for end users to

have appropriate level of control on the system actions.

3.2 Applied Theories

3.21  Program Flow

There are two main operations that are executed by the system during the operation;
motion control and temperature control. Temperature control input setpoint
temperature value from the HMI while performing controlling feedback operation on
the temperature at different zone. Motion control reads file from HMI to perform
interpretations and printing actions based on the file command. The general flow of

the concept for the framework will be described in Figure 3.1.
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command at LINE | Resetall command status
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Figure 3.1 General Program Flowchart
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As a further explanation of the flowchart, prior to the feeding of material, there
are parameters that require close consideration. These parameters may consist of the
auger or extruder feed rate, the feed rate for the material source located before the

mixer and the average total flow rate of the material pellets feed into the mixer.

3.2.2  Pre-processing Technique

Based on the literature that have been reviewed previously, some of the basics
languages are required in order to allow human to interact with a machine which
includes the usage of G-code. Moreover, machine required to be equipped with the
knowledge to understand the language ‘spoken’ by a human to them. The knowledge
is induced into the machines by equipping G-code Interpreter in the machines. The
objective for such implementation to allow the machine to extract the relevant

information out from the commands and perform operation.

The length of commands can be varied in length. For instance, a single ‘G01’
command can have all X, Y and Z position and might also only contain the X position.
Furthermore, in order to ensure robust G-code Interpreter, the position of each
information in a string of command should also be considered. One method proposed
is by first finding all the alphabets of relevant data that might exist in the string of

command. Rearranging and identify which data is before or after another.

Lastly, extract the value of the particular alphabet by taking the middle
information between the alphabet and the one after it. Each line of commands is
extracted and stored in an array of structure, where the structure is the final information
of all positions and extrusion rate. In order to ensure reliable and stable G-code
Interpreter, several samples of G-code is used to test the interpreter as shown in
Appendix A and Appendix B. An overview flowchart of the G-code Interpreter is as

shown in Figure 3.2.
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3.2.3 Process Framework

The information extracted from G-code Interpreter during the pre-processing is then
used for the main 3D printing process. This is also considered as the main framework
for the 3D printing. The framework will starts by initializing and resetting all position

value and velocity relevant for the normal function of the 3D printer.

After that, it will read the first structure of instruction from the array of G-code
information. All commands are grouped into a separate function block. G command
being extracted will go through each and every command and check for a match. The
particular function block will be run when it found a match. All function blocks are
programmed according to the modular programming approach to ease future
improvements. The G-code and M-code being included in the program are shown in
Table 3.1 and Table 3.2.

Table 3.1 G-code Description

G-code Description

GO Rapid Coordinated Movement XY Z E

Gl Coordinated Movement XY Z E

G10 | Retract filament according to settings of M207

G11 | Retract recover filament according to settings of M208

G28 Home one or more axes

G90 Use Absolute Coordinates

G91 Use Relative Coordinates

G92 Reset Current Coordinate as 0 Position

Table 3.2 M-code Description

M-code Description

MO Unconditional stop - Wait FOR user button press on Ul

M17 | Enable/Power all stepper motors

M23 | Access File Information

M80 | Turn on Power Supply. (Requires POWER_SUPPLY)
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M81 | Turn off Power Supply. (Requires POWER_SUPPLY)

M82 | Set E codes absolute (default)

M83 | Set E codes relative while in Absolute (G90) mode

M104 | Extruder Temperature input and control not set. Set extruder target temp
M106 | Fanon

M107 | Fan off

M110 | Set Current Line Number

M112 | Emergency stop

M114 | Report current position

M120 | Enable endstops detection

M121 | Disable endstops detection

M140 | Bed Temperature input and control not set. Set bed target temp
M201 | Set max acceleration in units/s"2 for print moves

M202 | Set max acceleration in units/s”2 for travel moves

M203 | Set maximum feedrate

M205 | Set advanced settings

M206 | Set additional homing offset

M207 | Set Retract Length

M220 | Set Feedrate Percentage

Each of the code has its individual breakdown program flow. For instance, the

G-code G28 which is homing function initialize by commanding rapid motion for all

3 axes towards the direction of hardware configured home position. Each of the axis

stop when it reaches the minimum limit of the system and touches the end stop limit

switch. The stop command is completed by utilising the M112 emergency stop

command of the M Code. The absolute position is reset when all 3 axes reaches its

minimum limit. The program flow is as shown in Figure 3.3.
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Program Flow

After completing the executed function block, the next structure of instruction

will be read and the loop of flow continues. All other motion correction, temperature
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control and emergency stop tasks are added in the loop of the framework as separate

task. Each task execution is weight by using the priority set.

Concurrently, the value such as the position of 3D printer, temperature of heat
bed and extruder, percentage of printing completion and relevant information for

displaying to user will be displayed on the HMI.

3.3 Hardware Configuration

3.3.1  Circuit Wiring

Planning and designing are the initial procedures to construct an electrical system.
Cooling fan is mounted on the control panel to assist air ventilation within the control
panel. The arrangement of the devices in the control panel is arranged based on the
heat dissipation capability of the device. The larger the heat dissipated by the device,

the nearer it should be placed in the control panel to improve ventilation on the device.

TB6600 motor drivers are selected for mixer stepper motor control due to the
limited cost available for purchasing EL7031 Beckhoff stepper motor card. This motor
driver, with its controller board mounted on a heat sink, has larger heat dissipation
capability. Therefore, it is placed beside the cooling fan as shown in Figure 3.4. Power
supplies are isolated from the controller to reduce the risk of short circuit. Power and

ground terminals are introduced to redirect and complete all connections.
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Figure 3.4 Control Panel Layout

Labelling has been tagged on each cables to ease future development. Larger
cables are used for heavy duty applications such as triggering the heating of the heat
cartridge through a SSR. Shielded wires are used as signalling wire to reduce the risk
of e.m.f disturbance. Trunking is built to ensure proper arrangement of wires in the
control panel. Capacitive and inductive coupling can happen when all wires are
arranged and direct through the trunking. However, with shielded wires, the

disturbance can be reduce and it can reduce the effect of noise.

Grounding is categorized into 3 categories which is the power earth, safety earth and
signal earth. All 24V, 12V and 5V direct current supply are grounded to the power
earth. Alternating current is grounded to safety earth. Lastly, instead of separating
logic earth and analogue earth, all signals including digital and analogue signals’ wires
are grounded to signal earth. The electrical schematic is drawn as shown in Appendix

H before connection process begin.
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3.3.2  Selection of Relay

There are two relays that are recommended to be applied in controlling the response
of the heat cartridge which is the SSR and EMR due to its suitability in input response.
However, SSR is selected to be used instead of EMR. This is because SSR generate
relatively smaller electrical disturbance as compare to EMR. More of that, SSR also

required lower input power for switching loads as compare to EMR.

Switching debouncing is another factor to consider when it comes to switching
devices. SSRs do not generate electric arcs or sparks and do not bounce mechanically
or electrically (Wendt, 2017). As comparing to SSR, EMR has longer switch
debouncing time and response time. However, SSR generates more heat as compare
to EMR. This issue can be solved by mounting a cooling fan in the control panel to
ventilate the heat being produced.

3.3.3  Selection of Temperature Sensor

Based on the literature reviewed, it is concluded to use thermocouples as the
temperature measuring devices for all the critical points along the extruder and heat
bed. This is mainly due to its good linearity capability within small range of
temperature and fast response time. A minor accuracy is sacrificed when
thermocouples are used but it will not affect the system as a minor tolerance on the

temperature will not affect much on the quality of the plastic materials.

Furthermore, according to the literature reviewed, thermocouples can detect
extremely high temperature which is up to 1800 C. The working principle of 3D printer
is to melt materials for easy printing and solidify it after cooling. Therefore, for the
considerations of further future applications where higher melting point materials can

be used as printing materials, thermocouple is selected. Other than that, it is also easier
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and more compatible by pairing thermocouple with EL3314 Beckhoff Thermocouple
Card.

The 3D printer aims to print plastic materials which are usually melted below
540 C and the heat bed temperature should be above room temperature to avoid
deflected printed product. Therefore, type K thermocouple is used as it has better
linearity among all the other type of thermocouple, good resistance against oxidation
below 1000 C and it is the most stable among thermocouple of inexpensive material.

3.3.4  Thermocouple Cable Extension

Thermocouple extension cables is used to extend the thermocouple from the machine
to the control panel which directly linked into the EL3314 Beckhoff 4-channel
thermocouple input terminal. However, in order to standardize all cables extension
through a 72 ways socket crimp connectors, thermocouple wires are extended through
a normal crimp connectors instead of a standard thermocouple extension connectors.
Therefore, the measured value of thermocouple might experience a slight differ in
temperature from the actual due to the potential drop between different materials of

connectors and thermocouple.

Experiments are performed to determine the accuracy of the thermocouple. The
experiments will be conducted within a range of temperature and the thermocouple
measured temperature is plotted based on the temperature measured using infrared
thermometer. The behaviour and performance of the thermocouple within the range
can be determined via the graph. An offset calibration is recommended if the behaviour
of the thermocouple shows a linear error when compare with the temperature measured
by infrared thermometer. If the thermocouple shows a non-linear error behaviour,
either a system response should be equate or a lookup table is to be generated and

configure into the software for calibration purposes.
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34 Control Configuration

3.4.1 Motion and Scale Factor Configuration

The stepper motor used in all axes has a specification of 1.8 “angular displacement per
pulse and it is not equipped with any encoder feedback control. It is controlled by

system framework via EL7031 Beckhoff stepper card as shown in Figure 3.5.
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Figure 3.5 Stepper Motor Electrical Schematic

Moreover, the X, Y and Z axis stepper motor is equipped with a gear transition
and a lead screw which converts rotational motion to translational motion. The gear
ratio and the pitch-to-pitch distance of the lead screw is determined for accurate
positioning. The distance travelled per revolution of the axis motor is determined by
utilising the equation 3.1. The EL7031 Beckhoff stepper card required a software
configuration of scaling factor based on the motion transition for synchronisation
purpose with the stepper motor. Equation 3.2 is an equation provided by Beckhoff to

determine the software scaling factor required to configure for stepper motors without
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encoder feedback control. By combining equation 3.1 and 3.2, the total equivalent

equation for determining the scaling factor is as shown in equation 3.3.

d = Grxdpp (3.1)
SF — drev
full steps x microsteps (3.2)
SF = Gr x dpp
~ full steps x microsteps (3.3)

The number of teeth for pinion and gear is identified to be 12 and 30
respectively while the pitch-to-pitch distance is measured to be 5mm using vernier
calliper as shown in Figure 3.6. Microsteps is fixed by Beckhoff with a value of 64
microsteps. Lastly, the stepper motor of X axis has a 1.8 " step angle per pulse.
Therefore, the stepper motor required 200 pulses in order for it to rotate a complete
revolution. Utilising the information collected, the software scaling factor of X axis is
determined to be 1.5625 x 10** as shown below using equation 3.3. Other than that, the
scaling factor is also the maximum precision that can be achieved by the stepper

system.

Te = 30 teeth

AN

dpp = 5mm/rev

Tp =12 teeth

Figure 3.6 Power Transmission Schematic of Axis Motion

Gr = dpp

SF =
full steps x microsteps
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Tp = 12 teeth full steps = 200 steps/rev
Te = 30 teeth microsteps = 64 microsteps

dpp  =5mm/rev

T
—=* dpp
SF = :
full steps x microsteps
12 teeth
30 teeth mm
SF = steps

200

x 64 microsteps
rev

SF = 1.5625 x 10~* mm/steps

The maximum angular velocity that can be achieved by the stepper motors is
determined by using the equation 3.4 according to the documentation stated in the
commissioning techniques of Beckhoff EL7031 stepper motor card. The base
frequency is configured to 8000 fullsteps/s while the motor frequency, depending on
the stepper motor used, is 200 fullsteps/rev. By using the parameters identified, the

maximum velocity is calculated as shown below.

_ fbase
wmaxpinion - f . (3 4)
motor :
wmaxpinion
Vmaxgear = G dpp. (35)

However, the maximum configurable angular velocity calculated is the
maximum angular velocity of the stepper motor. Gear ratio is also required to be taken
into account for this situation. Therefore, the actual allowable maximum velocity is

calculated using equation 3.5 as below.

8000
200

vmaxgear - 12
—x5
30

Umaxgear = 20mm/s

The distance travelled per revolution for the stepper motors at feeder and mixer

are also calculated using equation 3.1. The accuracy and reliability of the stepper
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motors using the calculated scaling factor is determined by using mean root square
error and correlation method respectively. The accuracy can be determined from the
equation 3.4. The lower the root mean square error, the better the accuracy. As for the
reliability measurement, it is determined via correlation formula as shown in equation

3.5. Similar to correlation, the higher the correlation value, the higher the reliability of

the system.
1 n
RMSE = |~ (= 9,)?
= (3.6)
r= nZ?zlxy - Z?=1x2?=1y
VX, x? — QL 02X, y? — B, )% (3.7)

3.4.2  Thermocouple Configuration

The main materials that will be used in this project will be thermoplastics. In order for
it to be melted, fused and extruded successfully, the temperature along the extruder
should be controlled. There are total three thermocouples and two heaters along the
barrel for extrusion and one thermocouple and heater is placed at the tip of the extruder
which is the nozzle to keep the temperature in control. The temperature will be
increasing along the barrel up until the extruder nozzle. The extruder nozzle
temperature will be at or slightly above the maximum glass transition temperature of

both fused thermoplastic.

Furthermore, temperature being measured by the thermocouple will also be
experimented to ensure accurate reading. The performance of the thermocouple will
also be determined by comparing the data with the measured data using thermistor
from the existing 3D printer. The thermocouple is mounted into the heater plate of the
extruder nozzle. Accuracy and reliability is identified through the similar equation

used for motion control which is equation 3.4 and 3.5.
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Graph of the temperature behaviour will be plotted to determine the
relationship between the actual and measured value. Offset calibration will be
performed based on the behaviour of the plotted graph to ensure the temperature can
be measured accurately within the temperature range. The feedback control system of
the heat cartridge is controlled by thermocouples feeding data into a software PID

temperature controller function block preconfigured in the TwinCATS3 libraries.

35 Human Machine Interface (HMI)

The final part for the 3D printer is on the HMI. This will be a user friendly interface
that is built to ease non-technical personnel to key in relevant information for the
printer to print an object. The interface will have a direct link to the variables of the
program during the execution phase. Commands that are needed to be added into the
interface will be such as the text reading, commence printing, emergency stop and
some basic resets, homing control and temperature control. An overview of the HMI

is shown in Figure 3.7.

Temperature Control

o| Temperature Control

Function
F F 1
e S g e
o mmmmmm e
G-gode Input
¥ » External Files

Human Machine
Interface (HMI)

Fy
Y

Main Program

Y

G-code Interpreter

A

. o Motion Control
Stepper motors End stop limit switches Function

Y

Motion Control

Figure 3.7 Overview Architecture of HMI
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File reading operation is interfaced with HMI to obtained direct command from
the user. It awaits for a trigger from the File Read button and input the file path from
the HMI. The operation check for file existence before commencing reading operation.
Error description will be displayed on the HMI if the file cannot be found and it will
wait for another triggering of file read operation. The program flow of the file reading

task interfacing via HMI is shown in Figure 3.8.
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Output file read
completion to HM
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Figure 3.8 Program Flow of File Reading Operation Interfaced with HMI

The HMI should display the actual temperature measured by the thermocouple
and the setpoint temperature configured by the user. Temperature is controlled by
background temperature controller function interfacing with HMI. The temperature

controller compare setpoint temperature obtained from HMI with the actual
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temperature measured by thermocouple and uses PID to control the heat cartridge
response accordingly. For instance, if setpoint temperature is higher than actual
temperature, the temperature controller will trigger the heat cartridge to heat up to the
respective temperature. A logical flow of temperature controlling via HMI is shown in

Figure 3.9.
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Y

Pz
No temperature

controller
iz ON
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Input actual Input setpomnt
temperature temperature
from thermocouple from HMI

o| Temperature controller |
Ll - )
function

h

Output actual
temperature to HMI h J

Provide system /

response to
heat cartridge /

> End

Figure 3.9 Program Flow of Temperature Control Interfaced with HMI
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

The first step for a 3D printing process is receiving and interpreting the
language used for human-machine communication. This required machine to have its
knowledge to identify and understand the command. After interpreting the command,
3D printer should have its ability to perform operation automatically and pause or stop
the process when the process might harm the surrounding. The reliability of the
interpreter is determined by measuring the flexibility and repeatability of the
interpreter in reading and extracting the correct information from random orientated
G-code.

Experiments are conducted on determining the accuracy and reliability of the
motion and temperature response. The accuracy and reliability of the system is derived
by applying root mean square error and correlation formulas on the experimental
results. Graphs are plotted to determine the behaviour of the response. The
optimization of the system is achieved by using the nominal value for the best accuracy.

HMI is inspired by the conventional 3D printer display. Clean and simple
layout design is considered for good user experience. Fundamentals information
especially on the filament extruder including temperature for all heater zone and heat
bed and cooling fans are added into the HMI. Certain level of flexibility is allowed for

users to configure product for printing, temperature of the materials and calibration.

4.2 G-code Interpreter

This subsection will provide a little recap on the experiment carried out during the first

part of this project and also some of the improvements made. The early experiment

instilled thoughts and critical thinking in enhancing the interpreter framework to
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ensure stability and reliability. The following content will summarise the details of the

experiment, results and the improvements made to obtain a better interpreter.

G-code Interpreter commenced by reading all the G-code from a declared text
file and storing it in a buffer. The raw data from the text file is not relevant in the future
process of 3D printing. Therefore, a temporary buffer with limited size is used to read
the text file. When the buffer is filled, G-code Interpreter will parse the raw data and
stored in into lines of code by identifying the next line command being read. After that,
it will check for end of file state from the text file being read and repeat if it is not the
end of file. The code will proceed to the extraction of information from every line of

G-code for the next step.

In extraction of information, the first attempt of coding the G-code Interpreter
was to hardcode the order of all alphabetical code in the order of G, X, Y and Z from
left to right in a line of code. The value of each code is obtain by finding the value
between its code and the next alphabetical code. For instance, the value of G is
obtained by finding the value between G position and X position. However, in some
situations there are more alphabetical code such as I, J, F, M, and R. And it is often
difficult to identify which alphabetical code comes after another in a line of code.

Using the mentioned technique can cause incorrect or invalid extraction of information.

The interpreter is improvised to be fully soft-coded in order to solve the issue.
This proposed initialize by finding all location of possible alphabetical code. Using
program to interpret which alphabetical code comes after another, the value of each
code can be extracted by finding the value between the respective alphabetical code
and its next nearest alphabetical code. All the relevant information being extracted is
then stored into a structure of code that is later used for printing process. In short, this
proposed techniques read, extract and store all G-code information before
commencing the printing process. Different from 3D printing Marlin firmware, which
it performs printing and reading process concurrently. After completion, a Boolean

logic of 1 will be output from the G-code Interpreter to indicate interpretation complete.
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The results of the G-code Interpreter using the sample G-code shown in
Appendix A is shown in Table 4.1. More of that, the result of the testing for G-code
Interpreter on the G-code shown in Appendix B is shown in Table 4.2. All commented
lines of G-code is filtered at the first stage of G-code Interpreter which is the reading

from text file stage.

Table 4.1 “testpieces].txt” extracted G-code at 11" & 12 command

Expression Value

GCodeData[11] X Gl
Y 0
Z 0

I 0.5
J 0
E 0
F 0
Ss 0
T 0
N 0

GCodeData[12] X Gl

Y 100
Z 0
I 0
J 0
E 8

F 1000

Ss 0
0
N 0
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Table 4.2 “testpieces2.txt” extracted G-code at 11" & 12" command

Array of Structure Variables in Structure Interpreted Value
Variable Name
GCodeData[11] X Gl
Y 0
z 0
I 0
J 0
E -1
F 300
Ss 0
T 0
N 0
GCodeData[12] X GO
Y -20
Z -20
I 0.5
J 0
E -1
F 9000
Ss 0
T 0
N 0

From the results of the 2" attempted G-code Interpreter, it is shown that all the
G-code from the sampled code is extracted correctly in stored in correct location. All
extracted data of the G-code is stored within an array of structure known as the
“GCodeStructure”. The size of the array is set up to 20,000 during the testing to ensure

all lines of G-code in the sample can be stored.
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4.3 G-code Functions

The 3D printing operation is a customised printing operation where it contains
different mixing ratio over the time for printing. The G-code generated should also
include a parameter for configuring the mixing ratio. To perform that, the standard
CNC control available in TwinCAT3 cannot be used as it cannot process mixing ratio
parameter. Therefore, NC operation which required manual programming of G-codes
and M-codes is used.

For simplification purposes, G-code and M-code included are only the
fundamentals codes required to complete basic printing process. All codes are
programmed based on modular programming approach. The code function takes in
enable bit from the main program to trigger the code execution and sends a completion
bit back to the main program when the process is completed. The progress of the code
completion is shown in Table 4.1. The completed code functions are used for testing
the performance of motion control. Code functions that are still under progress are
related to temperature controlling. Experiments are yet to be completed for

temperature control, therefore, it is not stable for actual use.

Table 4.3 Progress of Code Completion

M206
M207
M208
M209
M120 M218
M107 M121 M220
M109 M140 M221
G90 M82 M110 M145 M226
Go1 M83 M111 H M190 M540
G92 M84 M112 M205 M600
In progress
Completed
Tested

Probe Function
Report Function
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4.4 Hardware Configuration

The testing of the operation for motion and temperature control required
implementation on hardware structure. The connections and position of all hardware

are configured before testing is performed on the machine as shown in Figure 4.1.

Figure 4.1 Hardware Structure of 3D Printer

The mechanical end-stop switch is mounted on the end of each axis to perform
homing operation and to avoid machine from exceeding minimum or maximum
allowable travel limit for machine safety purposes. End-stop switch is mounted only
at one end of each axis for homing configuration and minimum allowable travel limit.
The maximum allowable travel limit is set via software configuration of limit switch.

An overall schematic of the end-stop is shown in Figure 4.2.

-dxis End-Stop Disable X-Axis Motor
Limit Switch
24V
Y-Axis End-Stop 4 EL1889 Beckhoff 16- . ny
Limit Switch Channe Toput Card [®|  PLC Main Prograza ® b Disable Y-Axis Motar
24V
Z-Auis End-Stop $ Disable Z-Axis Motor
Limit Switch

Figure 4.2 Schematic Flow of End-Stop Limit Switch
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The temperature control also required heating the heat cartridges and obtaining
feedback temperature value from thermocouples. Heat cartridges is triggered by SSR
and controlled by temperature control function of Beckhoff libraries using setpoint
temperature obtained from HMI and actual temperature fed from thermocouples. The

schematic flow of the temperature control is shown in Figure 4.3.

EL3314 Beckhoff
Thermocouple Card

Thermocouples

Temperature Controller

Measurand .
Function

Heat Cartridges Solid State Relay

Live Neutral

Figure 4.3 Schematic Flow of Temperature Control

4.5 Electrical Wiring

The electronic components wiring from the machine are connected to the 72 ways
socket female connector on the back of the machine accordingly. Similarly, another
set of wires are connected from the 72 ways socket male connector into the control
panel to complete the wiring connections. Cooling fans within the control panel which
is driven by AC supply is directly connected to the main AC power supply to
constantly ventilate the control panel. Testing is done and is concluded that the
electrical wiring for the device is completed.

There are total three stepper motors that are mainly driven by stepper motor
driver. And the control of stepper motor required a 5V pulse. Therefore, voltage
regulators are applied to step down digital voltage output from Beckhoff digital output
card. 5V pulse is successfully sent into the motor driver. An overview of the circuit

connection in the control panel is as shown in Figure 4.4.
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12V I PLC Control and 10 Cards I
Power Stepper Motor Card

Supply

I Solid State Relay I 24V Power Supply I

Figure 4.4 Circuit Connection of Control Panel

4.6 Human Machine Interface (HMI)

The HMI of the 3D Printer is shown in Figure 4.5. It is separated into 3 sets
which is the overall system status, control and configuration and selection box. Overall
system status is shown in the left side of the HMI. It gives an overview of temperature
in all points of the extruder and heat bed. The control and configuration box is
positioned in the middle, allowing user to have manual control and simple
configuration of the system. User can commands any of the axes to jog or perform auto
homing via user interface. Furthermore, temperature for all points in the system is also
configured via the control and configuration box. Lastly, the selection box consists of
categories of control and configuration. User can configured system temperature by
selecting the “Settings” in the selection box. Other than that, manual interrupt such as
pause and emergency stop which is used for safety and flexibility purpose can also be

controlled via selection box.
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Figure 4.5 Human Machine Interface with ABS Temperature Configuration

4.7 Motion Control

Experiments are conducted to identify the accuracy and reliability of the scale
factor configured and the stepper motor performance as shown in Appendix F. The
root mean square error and correlation of the translated motion is calculated using
excel sheet based on the experimental data. The root mean square and correlation is 0
and 1 respectively. There are no tolerance between the actual and programmed. By
referring to Graph 1, it is shown that the programmed travelled distance has a perfect
linear relationship with actual travelled distance. Similar position is experimented
repeatedly to ensure reliable performance. In conclude, the motion of the system is

measured to be accurate and reliable.
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Graph of Programmed Displacement against Actual
Displacement
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Graph 1 Graph of Programmed Displacement against Actual Displacement

Furthermore, calibration has been made and the printing volume is identified
to be 210 x 158 x 76mm. However, the printing volume is scale down to 200mm X

150mm x 76mm to avoid the hardware structure from over run that can cause damage.

4.8 Temperature Control

Temperature is directly measured using thermocouple connected into Beckhoff
EL3314 thermocouple card. The experimental data collected is as shown in Appendix
G.

It is identified from Appendix G that a tolerance of maximum +0.3 C exist
between the thermocouple measured temperature and the thermistor measured
temperature at standard room temperature which is 26.6 C. This might be due to the
different material used between the connector for the extension of thermocouple or the
inaccurate temperature measured by thermistor thermometer. The root mean square

error and the correlation is calculated to be 1.2229 and 0.9874 using excel sheet.

According to the Graph 2 and the correlational value, it is shown that the

temperature measured by thermocouple shows a near to linear relationship with respect
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to temperature measured by thermistor. However, the accuracy of the temperature
measured is low when the temperature increases. In other words, the higher the
temperature the lower the accuracy. By referring to the graph, it can be clearly
identified that the relationship between the parameters are not perfectly directly
proportional. Therefore, a second order polynomial equation is generated via excel to

input into the system for calibration as shown in Graph 2.

Graph of Temperature of Thermocouple against

Thermistor
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=
s 25
g' 25 75 125 175 225 275 325 375
= Temperature of Thermistor ('C)

Graph 2 Graph of Temperature of Thermocouple against Infrared

Thermometer

The percentage error for temperature at 200 C with a thermocouple measured

temperature of 241.6 C is shown as below.

Tthermocouple =241.6 DC

Tmeasured =200.0C
Tthermocouple - Tmeasured
Percentage error, e,ctyal = T x 100%
measured
241.6 — 200
Percentage error, e,ctyar = a6 x 100%

Percentage error, €gciyar = 20.8%
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By using the calibrated equation generated, the percentage error using the stated
equation can be identified. The percentage error is reduced by 20.3% from the actual
thermocouple measurement. In conclusion, the accuracy can be improved by using the
polynomial equation generated. However, further calibration need to be performed to

refined the accuracy of the thermocouple system response.

Teativratea = 0.0004(Tehermocoupte)” + 0'6981(Tthermocoupze) + 9.0679
Teatibratea = 0-0004(241.6)2 + 0.6981(241.6) + 9.0679
Teatibratea = 201.0C

Teaii - T
Percentage error, e.qiiprated = calibrated measured 5 100%
Tmeasured
201.0 — 200.0
Percentage error, €.qiibrated = 2000 x 100%

Percentage error, e.qiipratea = 0-5%
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

Based on the results obtained with the assessment of the performance of the framework
and reliability of the system, the main aim of developing a PC based 3D printer is
fulfilled. The minimum objective which is to develop a framework for the 3D printing
process is accomplished through the development of G-code Interpreter techniques
which provides flexibility in reading codes with inconsistent arrangement of position

and the motion control of the printer.

The reliability and accuracy of the motion positioning system of the printer is
guaranteed via configuration of scale factor. Experiments were conducted to prove the
accuracy and reliability of the motion positioning system. The accuracy is very high
as the root mean square error calculated using the data obtained is 0. The reliability of
the system is very high as the programmed distance travelled has perfect linear

relationship with the measured distance travelled.

The behaviour of the thermocouple is experimented on a heating block and
compared with the value measured from a thermistor. The temperature measured by
thermistor is taken as actual value in this experiments. It is shown that the error of the
thermocouple is close to a linear error as the error increased as the temperature
increased. Therefore, a polynomial equation is generated to compensate and calibrate
the temperature measured by the thermocouple. The percentage error of the calibrated
value as compared to the actual temperature is low after calibration. In short, the
accuracy is enhanced after calibration. Reliability is high as it shows a correlational
value of 0.9874.

The other objectives are also initiated and in progress throughout the period of
development. Tasks are taken to paves way for future development. The practice of

printer development in different areas which includes the arrangement of wires,
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labelling of wires, modular programming, variables declaration, version control and

mechanical assembly techniques are standardized.

The hardware configuration of the system is completed with the end-stop
switch mounted at each axis and gear ratio is considered during gear ratio calculation.
However, further modifications are required to be done for heat bed with critical
considerations on the allowable travel space for Z axis. Bulky design of heat bed can
scale down the allowable printing volume of the machine. Mounting of fans for
feedback and cooling control of the extruder should also be reconsidered to ensure that
the heat will not be transmitted up to the stepper motor as it can easily damage the
stepper motor. Electrical wiring is completed and tested with direct AC power supply
connected the system. All wires are safely grounded and connected with minimal

exposure of conductive area.

In addition, from the aspects of programming, G-code is successfully read from
external files with the file type of txt. G-codes are interpreted and stored into the
system command correctly for printing process. There are two main categories of
processing to be focused after G-code interpretation; the motion operations of the G-
code. Motion control is programmed and completed by including all fundamentals and
relevant G and M Codes required for 3D printing process. However, temperature
control is yet to be completed as the parameters for PID temperature controlling

required to be tested and fine-tuned.

The fundamental structure of HMI is accomplished with close consideration
on user experience, ease of configuration and simple presentation. HMI is designed to
have minimal complexity by categorizing all selection and using diagrams
representation. Due to the issue in temperature control, HMI can also yet to be fully
completed as the temperature is not completely configured.
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5.2 Recommendations for future work

Future development can be done by fine tuning the PID temperature control function
of the system. The temperature system response is required to be configured to
optimise the temperature control system. Overshoot can be implemented to speed up
the heating process. However, the overshoot percentage should not be too high to avoid

time taken required for the temperature to reach stable condition.

More of that, more improvements can also be done on the HMI by adding more
features to the HMI. Due to time limitations and many literatures are required to
review and development work are required, HMI is only completed up to the minimal
requirements of controlling the motion. In the current state, the buttons for most of the
features are created for future progress but not all features are fully programmed and

equipped.

Finally, increasing printing volume is also another issue to be considered for
further improvements. The current design of the extruder barrel is large and bulky
limiting the motion range of the Z axis. The maximum printable height of the current
design is only limited to 150mm. By shrinking down the size of the extrusion barrel, a
larger printing limit can be achieved. However, close considerations need to be done
on the temperature control as the plastic pellets materials required gradual temperature
increase to avoid the material quality from degrading. Small extrusion barrel are not
capable to achieve a change of 80 C while ensuring a gradual increase in temperature
with such a short distance.
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APPENDICES

APPENDIX A : “testpiecesl.txt” G-code sample

; thinWallAllowedOverlapPercentage,30

; singleExtrusionMinLength,1

;  singleExtrusionMinPrintingWidthPercentage,50
; singleExtrusionMaxPrintingWidthPercentage,200
;  singleExtrusionEndpointExtension,0.2

; horizontalSizeCompensation,0 G90

M83

G28 ;z

G1 X50 YO Z10 F3000 ; move to wait position off
table

M106 SO ;fan speed

M190 R60 TO;stabalize heat bed temperature
M109 R235 TO;stabalize extruder temperature
M300 S1000 P400 ; Beep

M300 S1500 P400 ; Beep

G92 EO ;zero the extruded length again
G1 Z0.5; position nozzle

G1 X100 YO0 E8 F1000; slow wipe

G92 EO

;Put printing message on LCD screen

M117 Printing...

G1 Z0.270 F1800

; process Processl

; layer 1, 2 =10.270

TO

; tool H0.300 W0.528

; skirt

G1 X76.713 Y120.897 F4000

G1 X77.683 Y120.495 E0.0212 F1440

G1 X97.694 Y120.495 E0.4036

G1 X98.126 Y120.567 E0.0088

G1 X98.572 Y120.721 E0.0095

G1 X98.957 Y120.930 E0.0088

G1 X100.218 Y121.913 E0.0323




APPENDIX B : “testpieces2.txt” G-code sample

G28 ; home all axes

G29

M109 S[first_layer_temperature]
G92 EO

G1 F200 E4

G92 EO

Gl X100 Y100 F-4000;and End
Gceode:

M104 SO ;extruder heater off

M140 SO ;heated bed heater off (if
you have it)

G91 ;relative positioning

G1 E-1 F300 ;retract the filament a
bit before lifting the nozzle, to
release some of the pressure

G0 Z+05 E-1 X-20 Y-20
F9000 ;move Z up a bit and retract
filament even more

G28 X0

G90 ;move X/Y to min endstops, so
the head is out of the way

G0 Y180

M84 ;steppers off

G90 ;absolute positioning
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APPENDIX C: Part 1 Gantt Chart

65

No.

Project Activities

M1

Research on
methods proposed
by other parties in
3D Printing and

controller used.

M2

Research on
techniques to
interpret and
perform  G-code
function for
Beckhoff PLC.

M3

Assemble
mechanical
structure for mixer

and extruder.

M4

Perform  wiring
connection for
stepper motor,
thermocouple and
switches with
Beckhoff 10 Card.

M5

Study on the
programming

techniques of
required  sensors
and actuators and
Beckhoff PLC

programming.




APPENDIX D : Part 2 Gantt Chart
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No.

Project Activities

M1

Fine tuning the extruder
structural support and

position

M2

Planning, designing and
drawing electrical

schematic

M3

Rewiring all  circuit
connections into 72 ways

socket connector

M4

Rearranging and
labelling all electrical
wiring in the control

panel and machine

M5

Testing and fine tuning

G-code Interpreter

M6

Brainstorming 3D
Printer firmware

architecture

M7

Planning and designing
User Interface

M8

Testing all G-code and
M Code functions




APPENDIX E : Z Axis Spacer Design
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APPENDIX F : Experimental data of the translated motion with 1.5625x10*
scale factor

Programmed travelled | Actual travelled Difference between
distance (mm) distance (mm) programmed and actual
distance (mm)

5.00 5.00 0

10.00 10.00 0

25.00 25.00 0

32.00 32.00 0

43.00 43.00 0

43.00 43.00 0

47.00 47.00 0

50.00 50.00 0

50.00 50.00 0

50.00 50.00 0

52.00 52.00 0

65.00 65.00 0

65.00 65.00 0

74.00 74.00 0

74.00 74.00 0

81.00 81.00 0

92.00 92.00 0

92.00 92.00 0
105.00 105.00 0
105.00 105.00 0
108.00 108.00 0
108.00 108.00 0
115.00 115.00 0
115.00 115.00 0
120.00 120.00 0
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APPENDIX G : Experimental and Actual Data of the Temperature Measured

Temperature
measured with

thermocouple (C)

Temperature
measured with
infrared

thermometer (C)

Difference between

temperature measured by

thermocouple and infrared

thermometer (C)

26.5 26.8 0.3
26.5 26.8 0.3
26.5 26.8 0.3
27.0 26.8 0.2
26.5 26.3 0.2
26.5 26.3 0.2
25.6 255 0.1
25.5 255 0.0
25.3 255 0.2
254 255 0.1
35.0 35.3 0.3
343 345 0.2
36.4 36.5 0.1
36.4 36.5 0.1
34.2 34.0 0.2
34.0 34.0 0.0
33.8 34.0 0.2
30.8 30.8 0

278 27 0.8
428 40 2.8
40.9 a1 0.1
58.1 50 8.1
84.3 70 143
108.8 90 188
134 110 24
159.4 130 29.4
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183.8 150 33.8
207.6 170 37.6
231.5 190 41.5
241.6 200 41.6
252.4 210 42.4
263.5 220 43.5
273.5 230 43.5
283.4 240 43.4
293.2 250 43.2
303.6 260 43.6
313.5 270 43.5
323.5 280 43.5
327.7 285 42.7
90.6 77 13.6
89.3 75 14.3
88.1 74 141
86.3 73 13.3

84 73 11
82.8 72 10.8

81 71 10
80.1 69 111
79.9 68 11.9
77.9 67 10.9
77.1 66 11.1
75.3 65 10.3
73.3 63 10.3
70.2 62 8.2
69.8 60 9.8
65.5 57 8.5
61.9 54 7.9
54.9 48 6.9
51.6 46 5.6
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475 43 45
451 41 41
43 39 4
39.8 37 2.8
37.1 35 2.1
35.6 33 2.6
34.3 32 2.3
34.2 32 2.2
28.1 30 1.9
27.4 30 2.6
26.9 29 2.1
26.6 28 14
774 65 12.4
76.3 65 11.3
59.3 54 5.3
58.4 54 44
49.8 46 3.8
48.6 44 46
412 38 3.2
39.4 36.5 2.9




APPENDIX H : Electrical Schematic Diagram

73



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JusduiA | T UOIED0T 11+ . *1DVYINOD
NO Z eiep Jasn T ejep Jasn ‘NOLLYDOT
JWIHOS S3IONVHO AWVN alva ‘A
0 JUDUIA|  8T0T/T/L2| O
. Y3LNIdd A€ a3asve-Od
IDARLYD LVaH JUBDUIA 8102/1/8¢ 0 11 14 1T
F1dNODOWYIHL JURDUIA 8102/1/8¢ 0 11 14 14
YOLOW ¥3dd3LS JUSDUIA 8102/1/8¢ 0 11 14 6T
HOLIMS ADNI9YIWI ANV dOLS-AN3 JUSDUIA 8102/1/8¢ 0 11 14 8T
S1Iv13a 1IHD0S AVM 2L JUSDUIA 8102/1/8¢ 0 11 14 LT
LNdNI 688113 JUSDUIA 8102/1/8¢ 0 11 14 9T
(2) LndLnO 800213 JUDUIA 8102/1/8¢ 0 11 14 91
(1) LndLNO 800213 JUDUIA 8102/1/L2 0 1 14 vT
(SIXv 3)1€0£713 JUIDUIA 8102/1/8¢ 0 1 T4 €1
(SIXY 2)1€0£713 JUDUIA 8102/1/8¢ 0 11 14 a
(SIXV A)T€0£T3 JUIDUIA 8102/1/8¢ 0 11 T4 11
(SIXV X)1€0£713 JUSDUIA 8102/1/8¢ 0 11 14 ot
QYYD YOLOW ¥3dd3LS JUDUIA 8102/1/8¢ 0 11 14 60
AV13Y 3LVLS AI10S JUSDUIA 8102/1/L2 0 1 14 80
2 LINDHID DILYWIHDS ¥IMOd JUBDUIA 8102/1/8¢ 0 11 14 90
LINDYID DILYINAHOS ¥IMOd JUBDUIA 8102/1/LT 0 11 14 S0
LNOAVT TANYd TOYLNOD JUSDUIA 8102/1/L2 0 1 14 0
S319vD 40 SY010D JUDUIA 8102/1/LT 0 11 14 €0
151 Buimesq JUDUIA 8102/T/L2 0 11 14 20
39vd ¥IN0D JUSDUIA 8102/1/L2 0 1 14 10
uoneubisap Japjo4 uondusaqg Aq pajeasd 21ed UoISINSY uonesoT] uonoung Buimeiq

YILINIdd A€ a3asvd-0d-T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

€0 0 :A8 G3NOYddY mc%mzm%m“w dvin DTN
JW3HOS 1IXaN SAONVHO JNVN J1va ‘A3
O NO JUSDUIA 8102/1//T 0
NOISIAY | SNOIAd S319v0 40O SYO10D TLLIL YIINT™Ed A€ A3SVE-Od :53r0ud
vig: 9
a3y : ¢1d DAACT
50 : JIONVYO (8
NDO : N3O (£
Yvig: 9
HM : J1THM (9
a3y : ved DAAPZ  WYYOVIA T0¥LNOD
Ng : NMOY4 (S
Mg : ovig (v
ay: a3y (g MOTIFA/NITYD : 3d
JA: MOTIEA (T Yvig/anig: N
19 : ang (1 NMOYE/d3d : 1 A0V ISVYHd FTONIS WVYOVIA NIV
ISTT IJOHS Sd0100 S319VD 40 SHOT0D
HLYV3 + IVdLN3IN + ZHOS AOH2OV ASYHC FT1ONIS - SALLITILN TVvOId L0314
0T 6 8 | / 9 | g | | 3 | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JuDUIA N_<._.D
0 0] ‘A9 GIAOUddY ‘A9 NMVHA
JWIHOS 1IXaN SAONVHO JVN J1va ‘A3
O MO JUSDUIA 8102/1//T 0
vorsiay | snomaud 1NOAVYT 13NVYd T04LNOD TILIL Y3LNIYd A€ dISVa-Od :Haroud
A1ddNS ¥Y3IMOd DA AZT
T3NVd 3svd
(GH) AV13d|  |(bH) AV13Y (EH) AV13Y
RENRIERSILY
(¢H) AV13Y
TIVNIWYILIVYNIWYIDYNIWYILIYNIWYILIYNIWYGTL
IVALNAN  JAT] AbC AZT ANNOYD
(TH) AV13Y
aydvd OI 440HMD3d 0Z1SXD
JSOH A1ddNS ¥Y3IMOd
AVM 2L
2d AvC
(#S) @YVD YOLOW (€S) QYYD YOLOW Nv4
ONDINMYL (2S) @dvD ¥OLOW (1S) @QUvD YOLOW
T3NVd 34IS™Y TANVd INO¥A ANV 3QIS
0T | 6 | 8 | / 9 | g | b | 3 | C |

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

S0

JW3HOS

90

LXaN

‘A9 dINOYUddV

BuooH JuDUIA
‘A9 NMYYd

dvin

*1OVYINOD

S3ONVHD

JWVN

31va

LAE): ]

0

NOISIAFY

¥0

SNOIATUd

JUIDUIA

8102/1/LT

0

1INDYIO JILVIWAHOS ¥43dMOd

=RINnR

dd4INI™Ed A€ d4SVE-0d :ihacoud

(ld

ved

dd N 1

NV

AV1dSIA

ani

A1ddNS ¥3MOd

2d ACT

A1ddNS ¥3MOd

2d Abc

0!

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
90 80 :A8 Q3A0¥ddY ‘A8 NMVYQ
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O mo JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIATd ¢ 1INDYID JILVIWAHOS ¥dMOd .1 A31INIYd A€ dISVE-Od :H3c0ug
2k § )
ano 2 2
28 &
ano 2 2
g8 &
¥5-Gd m M ¥SD
g8 g
€5-5d w M €50
g8 §
75-Sd m M SO
28 ¢
1S-6d w M 150

01 | 6 | 8 | L | 9 | S | b | 3 | Z | T

|B31393[3 SHYOMAITOS




£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
wo @O ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O @O JUSOUIA 810¢/1/L2| 0
NOISIAZY | SNOIATd AV13d 31V1S dAI'IOS 1L 434INIdd A€ d3aSVE-Od :15300ud
1
mmu €50 M
_|_
14%%) %
_|_
Hmu 19 M
_|_
omu 05D M
_|_
m.vu 6D %
_|_
0T 6 | 8 | 9 | S | | | C | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
60 0T :A8 GIAOUddY :A8 NMVYA
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
JUSOUIA 810¢/1/82| 0
0 80
otsuay | snomaxe advD YOLOW ¥3ddaLS un YALNIYd A€ AISVE-Dd :o3c0ma
9¢D0 G€OD HvED €60
1| ¥-9- 1| b+8- 1 PV 1| btv- | €8 T|e+g- oz &V T| E+V-
v bHUNT- £ E+UNI-
17—4 7 17—¢ m
[ARSER ] EUNI-
v b+INd- £ €+Ind-
$5-6d—¢ £5-6d—¢
11 $-1nd- 24 11 end- 1z
v pHUIC- ¢ EHUIa-
17—4 7 17— m
1] pdI- 1] g-¥1a-
v QNO- ¢ aNO-
ano ano
(#S) 009941- v dMd- (£S) 009941- € _dMd-
71d d
¢e0 T€D 0€D 600 8¢0 [LIO 970 SO
1| ¢C-9- | ¢+e- 1 TV 1| C+Y- a | 1-9- T|T+E- a0 TV | THY-
7 THUNZ- T THUNS-
%S z-UN3- o " T-YN3- o
7 T+Ind- 1 T+INd-
= z-Ind- e R 1-1nd- o
1 zHdIa- 1 THNIG-
%S z-¥Ia- e " 1-d1a- o
7 QNo- T aNo-
ano ano
(2s) 009941- ¢ dMd- (15) 009941- T _dMd-

ad

d

0T |

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JuDUIA

uvin {1OVHINOD
O.H ._” ._” ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO EA Jiva ‘A
O OO JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIATXd (SIXV X)T€0£13 L 434INIdd A€ d3aSVE-Od :15300ud
dNS 18] € [49) 10 I\ 74
=] ] ] =] ] ] ] ]
(SIXV X)1€0£713- -
0T 6 | 8 | L | S b | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JuDUIA

uvin {1OVHINOD
H H N._” ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO EA Jiva ‘A
O OH JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIATXd (SIXV A)TE0£13 L 434INIdd A€ d3aSVE-Od :15300ud
dNS 80 LD 0] ) A\
=] ] ] =] ] ] ] ]
(SIXV A)T€0£713- -
0T 6 | 8 | L | S b | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
N.H MH ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O H H JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIAZXd (SIXV 2)T€0/713 1L 434INIdd A€ d3aSVE-Od :15300ud
dNS 91D STD 14%) €10 I\ 74
B 4] [] 4] [] B [] 5] []
(SIXV 2)1€0£713- -
01 6 | 8 | L 9 | S b | € | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JuDUIA

uvin {1OVHINOD
MH ._V._” ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO EA Jiva ‘A
O NH JUSOUIA 810¢/1/82| 0

NOISIAZY | SNOIATd (SIXV 3)1€0/713 L 434INIdd A€ d3aSVE-Od :15300ud

dNS [440) T2 020 61D I\ 74
2] ] [] %] [] ] (] %] []
(SIXV 3)1€0£713- -
01 6 | 8 | L 9 | S € | 4 | T

|B31393[3 SHYOMAITOS



+Z°£°0°S TOZ: UOISIaA YIIM Pazi[eal Juswnd0oq

BuooH JuaduIA dvLN {1DVYLINOD
.TH mH ‘A9 d3NOUddV ‘A9 NMYYd
JWIHIS 1X3aN SAONVHD EA 3ilva ‘AY

O MH JUDUIA|  8T0T/T/L2| O
(T) Lnd.LNO 8007713 aun YAUINRId A€ AISVE-Dd :1ac0ua
LSD 1) LYD
dnoS ENV4 CNV4 TNV4 SH PH €H CH TH AT
E o] 910 E ate] €10 rate] 10 010 bed

800713~

01 | 6 | 8 | L | 9 | S | b | 3 | 4 | T

|B3HI99I3 SHYIOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BuooH JuDUIA

‘ dvin IOVYINOD
mH @._“ ‘A9 A3NOUddY ‘A9 NMYYd
JINIHOS 1X3aN SAONVYHD JVN 3iva ‘A3

O .TH JUIDUIA 810¢/1/8¢ 0
ot | snomaia () LndLNO 800213 - YALINIYd A€ AISVE-Dd :15ac0ug

adnNo® 1IN 1IN 1IN TIN ¥S-O €S-D ¢S-D 1S-D I\ 74
8002713 -
0T 6 | 8 | / | 9 | q | | ¢ | 14 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
91 LT :A8 GIAOUddY A8 NMVYQ
IWIHOS DN SIONVHD AWVYN alva | A
0 - U 8T07/1/82| 0

NOISIAZY | SNOIAZHd 1NdNI 688T1d UL d31NIdd A€ d3aSVA-O0d :15ac0ud

anNoD 1 {40 810 [4%) 01D I\\74
E E E STl E €11 E T E ved \\\,\\\.
6881713~ -
0T | 6 | 8 | L | 9 | g | b | 3 | 4 | T

|B31393[3 SHYOMAITOS



+Z°€°0°S TOZ: UOISIIA LjIM Pazi[eal Juawndoq

BuooH JuDUIA

dvin

*1OVYINOD

L1 w._“ ‘A9 A3AOUddV ‘A9 NMvdd
JWIHOS LXaN S3ONVHD AWVN 31va ‘A
O @._” JUDUIA|  8T0T/T/82| O
NotsAg | snoma STVLAA LIDOS AVM 22 YILNIId A€ AASVE-Dd :o3c0ud

onig CLITLIO9/6S/LY SAIM elxH (45 MOT[RX JXTN (=g) 1010]A Toddarg 1oXT 9¢
umolg | TL/TL/09/6S/Ly SIIM elxH 1L a3ueIQ IXTA (+9) 10J0]y 1odda)g ToXTA S¢
Yoerq BI)XO G SAIIA\ eNXH oL an[g IOXTI (=V) 10J01A] Todda1S ToXTIN s
[FEETTS) BI)X2 G SAIIA\ eNXH 69 Yoerg IOXTI (+V) 1030\ 1odda)g IOXTIA! c¢
an[g BOXd G SAIIAN BIXH 89 yoerq xd (—g) 1010\ 10dda)g 7 19pnnXy [BURN [
umorg BOXA G SQIIAN BNXH 19 an[g 71xXd (+9) 10)01A 1odda1S 7 19pnnXy [BLRIA IS
AYM BIXO G SAIIA\ BIIXH 99 umorg 7 3Xq (—=v) 10)0]A 10dda1S 7 Iopnnxy [eLIIRN 0€
Yoerg 1058] Juowodedsi( Jose 9 AIYM 7Xq (+v) 1010 1oddo)g 7 19pnnxy [BLIRBIA 6C
991D 1058] JuowodedsI(y Iose ) Yoerq 11xg (—g) 1010 10ddo)g T 19pnIXy [BLINRN 8T
an[g FEN juawadedsI(y Tose | €9 an[g 119 (+9) 10)01A Joddai§ T IopnnXH [BLIRBA 1T
umoIg 1088] JuawadedsI(] Iase| 79 umoIg 11X (V) 10J0]A] ToddaiS T Iopnnxy [eLIAIBIA 97
YA 1088] juawadedsI(y Jose| 19 AIYM 11X (+V) 10J0]N 12dd2)§ T IopnnxH [eLIAIBIA [
oerg | TL/1LI09/6S/Ly SQIIA BIXH 09 yoerg | doig Aouagiowyg yaumg dojg KouaBiowry T
MM | TL/TILI09/6S/LY SQIIM BIXH 65 poy | doig Koudsiowryg yomg doyg Aduagiowy €T
Yoerg zuej (-) 7 ueq Surjoo) ]S Yoerq 10pnIXg (—g) 1010\ 1oddo1g 1opnnxyg P
[ERT zuej (+) g ueg 3urjoo) LS anrg Iopnaxyg (+9) 1010} 1oddo)§ TopnIXy 12
yoerq 1 uey (-) 1 ueq 3uroo) 96 MO[[QX Jopnnxyg (—=v) 101017 1odda1S 1opnnxyg 0z
[REN 1 uej (+) 1 ueg Surj00) 43 RER Iopnnxg (+Vv) 1010 1oddo)g TopnnXyg 61
[ennaN 23pInIe)) 1edl s Yoerg sixe-7 dojspug yoims dojg pug sixe 7 81
Py SH G a3pue) JedH €§ Py sixe-z doyspug yamg doyg pug sixe 7 Ll
ER vH  93pLIe)) JeoH S a3ue1Q 7 loddaig (—g) 1010\ Jodda)g sixe 7 9]
ER ¢H ¢ 93pIe) 180y IS ang 7 loddarg (+9) 1010]A Ioddag sixe 7 Sl
Py CH T 28pLnE)) JeoH 0S MO[[OX 7 12ddaig (-v) 1010\ 1oddaig sixe 7 vl
Py TH T 95pHED 189H 6t Py 7 1oddarg (+V) 10J0]q 10dda)g sixe 7 €l
ording - SQITA\ eNXH % Yoerq sixe-x doispug youmg dojg pug sixe x| i
udIn | TL/ITLIOS/6S/LY S enxyq Ly Py sixe- & doyspug yamg doig pug sixe X 11
ong SL (jownyy) ¢ apdnodoursoy, 9 doerg | sixe-x doyspug ymg doig pug sixe X 01
Py SL (fpwoy)) ¢ aydnosouray, 54 Py sixe-x doyspug yomg doig pug sixe X 6
onig L (Town|y) § 9dnosowiayJ, P a3ue1Q A Joddoig (—9q) 1010]A] 1oddag sixe x ]
ER 1L (Towroy)) § ojdnooourioyJ, (54 ang A Joddyig (+9g) 1010]\] 10dda1g sixe x L
onig cL (Town|y) ¢ 9rdnoosouriayJ, W MO[[OX A Joddaig (—=v) 10J0]A 1oddaig sixe x 9
ER cL (Towroy)) ¢ oydnooourioyy, 1t BRI X 1ddag (+Vv) 101017 Todda1g sixe X S
anig (A (Town[y) g 91dnodsowroyJ, o J3ue1n X Ioddaig (—g) 1010JN 1odda)g sixe X ¥
BN (A (Towroy)) 7 o[dnodouriayy, 6¢ anjg X 1oddarg (+9g) 1010]A] 1odda1S sixe X ¢
anig 1L (Townyy) | 9rdnooowriayJ, ]¢ MOT[OA X Iaddarg (V) 1010\l Joddag sixe X T
[ERT 1L (Towoy)) T o[dnodouwriayJ, L€ [ERT X Joddag (+V) I0j10]A Joddalg sixe ¥ 1

aInojo) Pqe1 uondLsaq wa)y 3104 aInofo) Pqe1 uondrsaq wa)y 1104

SIeId( 19°0S KeAN <L
0T 6 | 8 | L 9 | S | b | 3 T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
w.ﬂ @._“ ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O NH JUSOUIA 810¢/1/82| 0
NOISIAZ | SNOMAd HOLIMS AONIDYIIWT ANV dOLS-ANy, Y3INIAd A€ d3aSVE-0d :153c0ud
13IIDO0S AVM ¢£ WOHH
dO1SAN3 SIXV-Z
81D >
810 A4 o .
dO1SAN3 SIXV-A
[45) v I
41 . T 2
dO1SAN3T SIXV-X
o >
012 8D
dOl1S ADNISDY3NT
j74] ,4IMV/
1448 me €20
0T 6 | 8 | L | S | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
GH ON ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O w._” JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIATXd dOLOW d3dd315 1L 434INIdd A€ d3aSVE-Od :15300ud
SIXIN ¢ (0J34 LYW | 0Jdd LVIW

SIXV 3

SIXY X

0!

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

BUOOH JU3dUIA AVYLN 1 1DVIINOD
ON ._”N ‘A9 A3AQYUddY ‘A9 NMYYd
JWIHOS 1X3aN SIONVHO JNVYN Jiva ‘A
O OH JUSOUIA 810¢/1/82| 0
NOISIAZY | SNOIAZd 31dNOO0OWYIHL L 434INIdd A€ d3aSVE-Od :15300ud
134 v ey 25
PdNOOWYIHL-¢  +- €0 EdNOOWYAH Lz ~ +- w
4 o oz 86D
C¢dNOOWYIHL-1e  +- 68 TdNDOOWHIAH Loz ~ +- =]
01 6 | 8 | L 9 | S | 3 | 4 | T

|B31393[3 SHYOMAITOS



£2Z°£°0°STOZ: UOISIAA [IM PazIea) Juswn20q

¥4

JW3HOS LXaN

‘A9 dINOYUddV

BuooH JuDUIA
‘A9 NMYYd

dvin

*1OVYINOD

S3ONVHD

JWVN

31va

LAE): ]

0 0¢

NOISIAFY | SNOIAT™d

JUSDUIA

8102/1/8¢

0

39d¥1vO 1v3H

=RINnR

dd4INI™Ed A€ d4SVE-0d :ihacoud

6 N-

€ 39ATILVO LVIH-+s

18

81 N-

¢ 39AIY1IVD LVIHw +-

09D

4 N-

T I9ANYLYD 1VIH-

6¥D

0!

|B31393[3 SHYOMAITOS



4/16/2018 Beckhoff Embedded PC series CX5000 - CX5010, CX5020 | Embedded PC series with Intel® Atom™ processor
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CX5010, CX5020 | Embedded PC series with Intel®
Atom™ processor

The CX5010 and CX5020 are Embedded PCs from the CX5000 series based on Intel® Atom™ processors and differ only by the CPU version.
The CX5010 has a 1.1 GHz Intel® Atom™ Z510 processor, while the CX5020 has a 1.6 GHz Intel® Atom™ Z530 processor. Apart from the
clock speed, the two processors also differ by the fact that the Z530 features hyperthreading technology, i.e. it has two virtual CPU cores for
more effective execution of software.

Depending on the installed TwinCAT runtime environment, the CX5010/CX5020 can be used for the implementation of PLC or PLC/Motion
Control projects (with or without visualisation).

The extended operating temperature range between -25 and +60 °C enables application in climatically demanding situations.

The order identifier of the CX5000 devices is derived as follows:

CX50x0-U1ST [0 =no Twincat Optional interfaces:
1 = with TwinCAT 2 PLC nuntime
2 = with TwinCAT 2 NC PTP runtime
_5 = TwinCAT 3 runtime (XAR)

CX50x0-N020 = audio interface
CX50x0-NO30 = R5232, D-sub plug
CX50u0-N031 = RS422/RS485, D-sub socket

(0=no operating system CX50x0-M310 = PROFIBUS master, D-sub socket, 9-pin
1 = operating system Windows Embedded CE 6 CX50x0-B310 = PROFIBUS slave, D-sub socket, 9-pin
|2= operating system Windows Embedded CX50x0-M510 = CANopen master, D-sub plug, S-pin
Standard 200% CX50x0-B510 = CANopen slave, D-sub plug. 9-pin

CX500-M330 = PROFINET RT, controller
CX50x0-8930 = PROFINET RT, device,

Ethernet (2 x RJ45 switch)
1 = Intel® Atom™ processor 1.1 GHz CX50x0-B950 = EtherNet/IP slave,

Ethemet (2 x RJ45 switch)
CX50x0-B110 = EtherCAT slave, EtherCAT IN and OUT
Since not all combinations make sense, the table *Ordering information” (2 % R145)
contains a breakdown of the permissible combinations.

0 = E-bus interface for EtherCAT Terminals
1 = K-bus interface for Bus Terminals

2 = Intel® Atom™ processor 1.6 GHz

CX5010-x1xx CX5020-x1xx

Processor processor Intel® Atom™ Z510, 1.1 GHz processor Intel® Atom™ Z530, 1.6 GHz
clock frequency (TC3: 40) clock frequency (TC3: 40)

Flash memory 128 MB Compact Flash card (optionally extendable)

Internal main memory 512 MB RAM (internal, not expandable) 512 MB RAM (optionally 1 GB installed ex

factory)

Persistent memory integrated 1-second UPS (1 MB on Compact Flash card)

Interfaces 2 x RJ45, 10/100/1000 Mbit/s, DVI-D, 4 x USB 2.0, 1 x optional interface

Diagnostics LED 1 x power, 1 x TC status, 1 x flash access, 2 x bus status

Clock internal battery-backed clock for time and date (battery exchangeable)

Operating system Microsoft Windows Embedded CE 6 or Microsoft Windows Embedded Standard 2009

https://www.beckhoff.com/english.asp?embedded_pc/cx5010_cx5020.htm 1/4
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Control software

1/0 connection

Power supply

Beckhoff Embedded PC series CX5000 - CX5010, CX5020 | Embedded PC series with Intel® Atom™ processor

TwinCAT 2 PLC runtime or TwinCAT 2 NC PTP runtime
E-bus or K-bus, automatic recognition
24 V DC (-15 %/+20 %)

Current supply E-bus/K-bus 2A
Max. power loss
Dimensions (W x H x D)
Weight

Operating/storage temperature

approx. 575 g

Relative humidity
Vibration/shock resistance
EMC immunity/emission
Protection class IP 20

TC3 performance class

12 W (including the system interfaces)

12.5 W (including the system interfaces)

100 mm x 106 mm x 92 mm

-25...+60 °C/-40...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27
conforms to EN 61000-6-2/EN 61000-6-4

performance (40); please see here for an overview of all the TwinCAT 3 performance classes

E- K- no Windows Windows optional TwinCAT 2  TwinCAT 2
bus bus operating Embedded Embedded TwinCAT 3 PLC NC PTP
system CE6 Standard 2009 runtime runtime
CX5010-0100 X - X - - - - _
CX5010-0110 X - - X - X - _
CX5010-0111 X - - X - - X -
CX5010-0112 X - - X — - X X
CX5010-0120 X - - - x* X — _
CX5010-0121 X - - - x* - X _
CX5010-0122 X - - - x* - X X
CX5010-1100 - X X - - - - _
CX5010-1110 - X - X - X - —
CX5010-1111 - X - X - - X -
CX5010-1112 - X - X - - X X
CX5010-1120 - X - - x* X - _
CX5010-1121 - X - - x* - X _
CX5010-1122 - X - - x* - X X
CX5020-0100 X - X - - - - _
CX5020-0110 X - - X - X - —
CX5020-0111 X - - X - - X -
CX5020-0112 X - - X — - X X
CX5020-0120 X - - - x* X - _
CX5020-0121 X - - - x* - X _
CX5020-0122 X - - - x* - X X
CX5020-1100 - X X - - - - _
CX5020-1110 - X - X - X - —
CX5020-1111 - X - X - - X -
CX5020-1112 - X - X - - X X
CX5020-1120 - X - - x* X — _
CX5020-1121 - X - - x* - X _
CX5020-1122 - X - - x* - X X

CX1900-0204

CX1800-0400

CX1800-0401

https://www.beckhoff.com/english.asp?embedded_pc/cx5010_cx5020.htm

1 GB DDR2 RAM for CX5020,
instead of 512 MB DDR2 RAM,;
pre-assembled ex factory

Windows Embedded Standard 7 E
instead of Windows Embedded
Standard 2009; requires at least 1
GB RAM and 8 GB Compact
Flash; supported devices: CX5020

Windows Embedded Standard 7 P
32 bit instead of Windows

Embedded Standard 2009; requires

2/4
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4/16/2018 Beckhoff Embedded PC series CX5000 - CX5010, CX5020 | Embedded PC series with Intel® Atom™ processor

CX1900-00xx

CX1900-00xx

CX1900-001x

at least 1 GB RAM and 8 GB
Compact Flash; supported devices:
CX5020

Optionally expandable memory ex
factory.

Instead of 128 MB Compact Flash
card: 1, 2, 4 and 8 GB Compact
Flash card

Aditionally expandable memory: 1,
2, 4 and 8 GB Compact Flash card

Formatting a Compact Flash card
(bootable)

CX5010-N020

CX5010-N030
CX5010-NO031

CX5010-N031-0001

CX5010-N031-0002

CX5010-N031-0003

CX5010-N031-0004

CX5010-B110

CX5010-M310

CX5010-B310

CX5010-M510

CX5010-B510

CX5010-M930

CX5010-B930

CX5010-B950

CX5020-N020

CX5020-N030
CX5020-N031

CX5020-N031-0001

CX5020-N031-0002

CX5020-N031-0003

CX5020-N031-0004

https://www.beckhoff.com/english.asp?embedded_pc/cx5010_cx5020.htm

audio interface, 3 x 3.5 mm jack
sockets, Line In, Mic In, Line Out
or 5.1 Surround

RS232 interface, D-sub plug, 9-pin

RS485 interface, D-sub socket, 9-
pin, configuration as an end point,
without echo, termination on

RS485 interface, D-sub socket, 9-
pin, configuration as an end point,
with echo, termination on

RS485 interface, D-sub socket, 9-
pin, configuration as drop point,
without echo, termination off
RS485 interface, D-sub socket, 9-
pin, configuration as drop point,
with echo, termination off

RS422 interface, D-sub socket, 9-
pin, configuration as full duplex
end point, termination on

EtherCAT slave interface,
EtherCAT IN and OUT (2 x RJ45)

PROFIBUS master interface, D-sub
socket, 9-pin

PROFIBUS slave interface, D-sub
socket, 9-pin

CANopen master interface, D-sub
plug, 9-pin

CANopen slave interface, D-sub
plug, 9-pin

PROFINET RT, controller
interface, Ethernet (2 x RJ45)

PROFINET RT, device interface,
Ethernet (2 x RJ45 switched)

EtherNet/IP slave interface,
Ethernet (2 x RJ45 switched)

audio interface, 3 x 3.5 mm jack
sockets, Line In, Mic In, Line Out
or 5.1 Surround

RS232 interface, D-sub plug, 9-pin

RS485 interface, D-sub socket, 9-
pin, configuration as an end point,
without echo, termination on

RS485 interface, D-sub socket, 9-
pin, configuration as an end point,
with echo, termination on

RS485 interface, D-sub socket, 9-
pin, configuration as drop point,
without echo, termination off

RS485 interface, D-sub socket, 9-
pin, configuration as drop point,
with echo, termination off

RS422 interface, D-sub socket, 9-
pin, configuration as full duplex
end point, termination on

3/4



4/16/2018 Beckhoff Embedded PC series CX5000 - CX5010, CX5020 | Embedded PC series with Intel® Atom™ processor

CX5020-B110

CX5020-M310

CX5020-B310

CX5020-M510

CX5020-B510

CX5020-M930

CX5020-B930

CX5020-B950

EtherCAT slave interface,
EtherCAT IN and OUT (2 x RJ45)

PROFIBUS master interface, D-sub
socket, 9-pin

PROFIBUS slave interface, D-sub
socket, 9-pin

CANopen master interface, D-sub
plug, 9-pin

CANopen slave interface, D-sub
plug, 9-pin

PROFINET RT, controller
interface, Ethernet (2 x RJ45)

PROFINET RT, device interface,
Ethernet (2 x RJ45 switched)

EtherNet/IP slave interface,
Ethernet (2 x RJ45 switched)

CX50x0-B950: estimated market
release 1st quarter 2016

*CX50x0 systems with Microsoft Embedded Standard 2009 require Compact Flash with a capacity of at least 2 GB (must be ordered

separately).

https://www.beckhoff.com/english.asp?embedded_pc/cx5010_cx5020.htm
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Digital input EL1889

T i ) . +60°C
T | é -15°C
H L] : :

Signal LEDs 1 :', Signal LEDs

1.8 ¥ " 9...16 g
1 i ) ] :
N : :

=
=
=

L il 259
I- |-
Input 1 ] Input 9
Input 2 ’= "= Input 10
Input 3 ‘= "= Input 11
Power contact — - gecxmrr
+24V m
Input 4 e®,.— Input 12
Input 5 ’= "= Input 13
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Top view Contact assembly

EL1889 | HD EtherCAT Terminal, 16-channel digital input
24V DC, 0 V (ground) switching

The EL1889 digital input terminal acquires the binary control signals from the process level and transmits them, in an electrically isolated form, to the
higher-level automation device. The EtherCAT Terminal contains 16 channels, whose signal states are displayed by LEDs. The terminal is particularly
suitable for space-saving use in control cabinets. By using the single-conductor connection technique, a multi-channel sensor can be connected in the
smallest space with a minimum amount of wiring. The power contacts are looped through.

The EL1889 EtherCAT Terminal takes the 24 V power contact as its reference for all inputs. The conductors can be connected without tools in the case of
solid wires using a direct plug-in technique.

The HD EtherCAT Terminals (High Density) with increased packing density feature 16 connection points in the housing of a 12 mm terminal block.

Connection technology 1-wire

Number of inputs 16

Nominal voltage 24V DC (-15 %/+20 %)
“0" signal voltage 18...30V

“1“ signal voltage 0...7V

Input current typ. 3 mA

Input filter typ. 3.0 ms

Distributed clocks -

Current consumption power typ. 35 mA

contacts

Current consumption E-bus typ. 110 mA

Electrical isolation 500 V (E-bus/field potential)
Bit width in the process image 16 inputs

Configuration

Conductor types

Conductor connection

Rated cross-section

Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistance
EMC immunity/emission
Protect. class/installation pos.
Approvals

no address or configuration setting
solid wire, stranded wire and ferrule

solid wire conductors: direct plug-in technique; stranded wire conductors and ferrules: spring actuation by screwdriver
solid wire: 0.08...1.5 mm?; stranded wire: 0.25...1.5 mm?; ferrule: 0.14...0.75 mm?

approx. 55 g

-25...+60 °C/-40...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27
conforms to EN 61000-6-2/EN 61000-6-4
IP 20/variable (see documentation)

CE, UL, Ex

BECKHOFF New Automation Technology

We reserve the right to make technical changes.



Digital output

Signal LED1 ..
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EL2008 | 8-channel digital output terminal 24V DC, 0.5 A

The EL2008 digital output terminal connects the binary control signals from the automation unit on to the actuators at the process level with electrical

" Signal LED 8
. Sign

Output 2
— TP

Output 4
— TP

I-ﬂ—

Output 8

H : +60°C
« Signal LED2 i
Signal LED 4 H =25°C

Signal LED6

Output 6

Contact assembly

isolation. The EtherCAT Terminal indicates its signal state via an LED.

Technical data

Connection technology
Number of outputs

Rated load voltage

Load type

Distributed clocks

Max. output current

Short circuit current
Reverse voltage protection
Breaking energy

Switching times

Current consumption E-bus
Electrical isolation

Current consumption power
contacts

Bit width in the process image
Configuration

Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistance
EMC immunity/emission
Protect. class/installation pos.
Pluggable wiring

Approvals

1-wire

8

24V DC (-15 %/+20 %)

ohmic, inductive, lamp load

0.5 A (short-circuit-proof) per channel
typ. <2 A

yes

< 150 mJ/channel

typ. Ton: 60 ps, typ. Torr: 300 ps
typ. 110 mA

500 V (E-bus/field potential)
typ. 15 mA + load

8 outputs

no address or configuration setting
approx. 55 g

-25...+60 °C/-40...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27
conforms to EN 61000-6-2/EN 61000-6-4
IP 20/see documentation

for all ESxxxx terminals

CE, UL, Ex

BECKHOFF New Automation Technology

We reserve the right to make technical changes.



Analog input
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EL3054 | 4-channel analog input terminal 4...20 mA,
single-ended, 12 bit

The EL3054 analog input terminal processes signals in the range between 4 and 20 mA. The current is digitised to a resolution of 12 bits and is
transmitted (electrically isolated) to the higher-level automation device. The input electronics are independent of the supply voltage of the power
contacts. In the EL3054 with four inputs, the 24 V power contact is connected to the terminal in order to enable connection of 2-wire sensors without
external supply. The power contacts are connected through. The signal state of the EtherCAT Terminal is indicated by light emitting diodes. The error
LEDs indicate an overload condition and a broken wire.

Technical data

Number of inputs

4 (single-ended)

Technology single-ended
Signal current 4...20mA
Distributed clocks -

Internal resistance 85 Q typ.
Input filter limit frequency 1 kHz
Dielectric strength max. 30 V

Conversion time
Resolution
Measuring error
Electrical isolation

Current consumption power
contacts

Current consumption E-bus

Bit width in the process image
Configuration

Special features

Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistance
EMC immunity/emission

0.625 ms default setting, configurable
12 bit (16 bit presentation, incl. sign)
< +0.3 % (relative to full scale value)
500 V (E-bus/signal voltage)

typ. 130 mA

inputs: 16 byte

no address or configuration setting required

standard and compact process image, activatable FIR/IIR filters, limit value monitoring
approx. 60 g

-25...460 °C/-40...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27

conforms to EN 61000-6-2/EN 61000-6-4

Protect. class/installation pos. IP 20/variable
Pluggable wiring for all ESxxxx terminals
Approvals CE, UL, Ex

BECKHOFF New Automation Technology

We reserve the right to make technical changes.



Analog input
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EL3314 | 4-channel thermocouple input terminal with
open-circuit recognition

The EL3314 analog input terminal allows four thermocouples to be connected directly. The EtherCAT Terminal circuit can operate thermocouple sensors
using the 2-wire technique. A microprocessor handles linearisation across the whole temperature range, which is freely selectable. The error LEDs
indicate a broken wire. Compensation for the cold junction is made through an internal temperature measurement at the terminal. The EL3314 can also

be used for mV measurement.

Technical data

Number of inputs

Power supply
Thermocouple sensor types
Distributed clocks

Input filter limit frequency
Connection method

Wiring fail indication
Conversion time
Temperature range

Resolution
Measuring error
Electrical isolation

Current consumption power
contacts

Current consumption E-bus
Bit width in the process image
Configuration

Special features

Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistance
EMC immunity/emission
Protect. class/installation pos.
Approvals

Related products

EL3314-0010
EL3314-0020
EL3314-0090

4
via the E-bus

types K, J, L, E, T, N, U, B, R, S, C (default setting type K), mV measurement

typ. 1 kHz; dependent on sensor length, conversion time, sensor type

2-wire
yes

approx. 2.5 s up to 20 ms, depending on configuration and filter setting, default: approx. 250 ms
in the range defined in each case for the sensor (default setting: type K; -200...+1370 °C); voltage measurement: +30

mV...+75 mV

0.1 °C per digit

< +0.3 % (relative to full scale value)
500 V (E-bus/signal voltage)

typ. 200 mA

4 x 32 bit TC input, 4 x 16 bit TC output
no address setting, configuration via the controller
open-circuit recognition

approx. 60 g

-25...+60 °C/-40...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27
conforms to EN 61000-6-2/EN 61000-6-4
IP 20/variable

CE, UL, Ex

4-channel thermocouple input terminal, high-precision, with open-circuit recognition
4-channel thermocouple input terminal, high-precision, with open-circuit recognition, with calibration certificate
4-channel thermocouple input, 16 bit, TwinSAFE SC
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http://www.beckhoff.com/english/ethercat/el3314_0010.htm
http://www.beckhoff.com/english/ethercat/el3314_0020.htm
http://www.beckhoff.com/english/ethercat/el3314_0090.htm
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EL7031 | Stepper motor terminal 24 VDC, 1.5A

The EL7031 EtherCAT Terminal is intended for the direct connection of different small Stepper Motors. The slimline PWM output stages for two motor
coils are located in the EtherCAT Terminal together with two inputs for limit switches. The EL7031 can be adjusted to the motor and the application by
changing just a few parameters. 64-fold micro-stepping ensures particularly quiet and precise motor operation.
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Technology

Number of outputs
Number of inputs
Number of channels
Load type

Nominal voltage
Power supply

Max. output current
Max. step frequency
Step pattern
Current controller frequency
Diagnostics LED
Resolution

Electrical isolation

Current consumption power
contacts

Current consumption E-bus
Distributed clocks

Control resolution

Special features

Weight

Operating/storage temperature
Relative humidity
Vibration/shock resistance
EMC immunity/emission
Protect. class/installation pos.
Pluggable wiring

Approvals

Accessories

EL9576
AS20xx | AS10xx
Leitungen und Getriebe

direct motor connection

1 stepper motor, 2 phases

2

1 stepper motor, 2 digital inputs

uni- or bipolar stepper motors

24V DC (-15 %/+20 %)

24V DC via the power contacts, via the E-bus

1.5 A (overload- and short-circuit-proof)

1000, 2000, 4000 or 8000 full steps/s (configurable)
64-fold micro stepping

approx. 25 kHz

error phase A and B, loss of step/stagnation, power, enable
approx. 5000 positions in typ. applications (per revolution)
500 V (E-bus/signal voltage)

typ. 30 mA + motor current

typ. 120 mA

yes

approx. 5000 positions in typ. applications (per revolution)
travel distance control

approx. 50 g

0...+55°C/-25...+85 °C

95 %, no condensation

conforms to EN 60068-2-6/EN 60068-2-27
conforms to EN 61000-6-2/EN 61000-6-4
IP 20/see documentation

for all ESxxxx terminals

CE, UL

brake chopper terminal, 72V, 155 pF
Product overview stepper motors

Prefabricated connecting cables in IP 20 and IP 67 protection for AS10xx stepper motors
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http://www.beckhoff.com/english/ethercat/el9576.htm
http://www.beckhoff.com/english/drive_technology/as_overview.htm
http://www.beckhoff.com/english/drive_technology/as_overview.htm
http://www.beckhoff.com/english/drive_technology/as_overview.htm
http://www.beckhoff.com/english/drive_technology/as1000_accessories.htm
http://www.beckhoff.com/english/drive_technology/as1000_accessories.htm
http://www.beckhoff.com/english/drive_technology/as1000_accessories.htm
http://www.beckhoff.com/english/drive_technology/as1000_accessories.htm
http://www.beckhoff.com/english/drive_technology/as1000_accessories.htm

Related products

EL7037 stepper motor EtherCAT Terminal, Ivax = 1.5 A, 24V, IP 20, vector control
EL7041 stepper motor EtherCAT Terminal, Imax=5A, 50V, IP 20

EL7047 stepper motor EtherCAT Terminal, Imax = 5 A, 50V, IP 20, vector control
EP7041-0002 stepper motor EtherCAT Box (industrial housing), Imax =5A, 50V, IP 67
KL2531 stepper motor Bus Terminal, Imax = 1.5 A, 24V, IP 20

KL2541 stepper motor Bus Terminal, Imax =5 A, 50V, IP 20
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http://www.beckhoff.com/english/ethercat/el7037.htm
http://www.beckhoff.com/english/ethercat/el7041.htm
http://www.beckhoff.com/english/ethercat/el7047.htm
http://www.beckhoff.com/english/fieldbus_box/ep7041_0002.htm
http://www.beckhoff.com/english/bus_terminal/kl2531.htm
http://www.beckhoff.com/english/bus_terminal/kl2541.htm

