INTERNATIONAL CONFERENCE ON ENGINEERING DESIGN
ICED 03 STOCKHOLM, AUGUST 19-21, 2003

CONCEPTUAL DESIGN APPROACH FOR MECHATRONIC SYSTEMS
CONTROLLED BY A PROGRAMMABLE LOGIC CONTROLLER (PLC)

J Bathelt, A Jonsson, C Bacs, A M Kunz and M Meier

Abstract

Traditionally, the development of mechatronic products starts with the mechanical design.
Later electronic components and program logic for the product are added. This work proposes
an improved interdisciplinary concurrent product development process with an extended
function structure, starting from the conceptual design phase.

The new methodology is based on the German design guideline VDI 2221 [1]. In this work
transition conditions, time aspects and logic flow are added to the normal function structure.
An example shows how to use the extended function structure.

The extended function structure is used to derive the initial logic used for the development of
the PLC program controlling the machine later on. Since the extended function structure also
covers the traditional information, it can still be used when building the assembly tree.

By adding more information in the neutral function structure, the same information can be
used for the mechanical design as well as for the control logic. The interdisciplinary
communication and documentation among the engineers will be improved and errors in the
concept will be detected earlier.

Keywords: Electrical engineering, Introduction of methods in industry, Mechanical product
design, Mechatronics.

1. Introduction

The generally applicable magic triangle [2], consisting of shortening time, improving quality
and reducing costs, is an ongoing challenge for interdisciplinary teams developing
mechatronic systems. The aim of this work is to improve the concurrent engineering of
machines controlled by a PLC, in order to find and avoid errors early and to face the time-to-
market demand. PLC based mechatronic systems are common and typically used on the
machine level, including several actuators and sensors [3].

Today, the mechanical engineer usually leads the development process of mechatronic
systems as shown in the upper part of Figure 1. In many cases, the implementation of the
control logic starts after most of the CAD data is generated, or sometimes even after the
hardware is manufactured. The interdisciplinary data exchange is not standardised. It is
obvious that interdisciplinary errors are detected rather late in those development processes,
where they have a high impact on the overall product development costs [4], [5].
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Figure 1. Current and proposed workflow.

The workflow within the proposed methodology will include both disciplines from the
beginning as shown in Figure 1. In order to cover all information needed for the concept and
embodiment phase [1], [6] an extended function structure will be presented in this work.

2. Background

The function structure, described in [1], [4], [6-8], is widely accepted as a bridge between
analysis and synthesis [9]. It is describing the overall functional behaviour supported by the
concepts of hierarchy and sequence. Three flows: material, energy and signal can be assigned
to the sequence in order to specify the in- and outputs of the functions. In this work a fourth
flow: logic, is introduced as shown in the principle layout of a mechatronic system controlled
by a PLC, see Figure 2.
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Figure 2. Schematic layout of a mechatronic system controlled by a PLC.

In this case the signal flow is exchanging information between the actuators/sensors and the
control via wires. The logic flow represents the control logic, typically implemented by using
one of the five languages for PLC’s specified in IEC 1131-3 [10]. The two different flows are



used above the electromechanical borderline in order to be able to distinguish between the
control logic, and the signals between the actuators/sensors and the control.

Similar figures for general mechatronic systems (without the fourth logic flow) can be found
in the new VDI guideline for the development of mechatronic systems [11], or in [12], [13].
To keep the picture simple, the necessary power supply for the actuators, the sensors and the
PLC as shown in [12] are not drawn. According to the electromechanical borderline shown in
Figure 2, the control engineers are mostly interested in the logic and signal flow and the
mechanical engineers in the energy and material flows.

3. Proposed development process

The overall layout for the proposed interdisciplinary design process is shown in Figure 3 and
is based on standards and guidelines [1], [6], [7], [11].
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Figure 3. Proposed development process.

Today, it is common to formulate a rough assembly tree inside a PDM system. The assembly
tree is then used to initiate a concurrent workflow for the embodiment of CAD geometry.

A similar mechanism exists for the development of PLC code. The graphical programming
language SFC (Sequential Function Chart) is intended to initiate the programming of the PLC
[10]. SFC is one out of five standardised programming languages specified in IEC1131-3. It
can be mixed or translated to the other languages during the coding phase.

In this work a new extended function structure is presented in order to be able to derive the
assembly tree, SFC and the I/O list as shown in [14]. The I/O list is a flat list containing a
description of all sensors (inputs) and actuators (outputs). Since the actuators and sensors are
located on the electromechanical borderline (Figure 2), this widespread used list is helpful
when establishing a bridge between mechanics and control.



The bi-directional event-based connection between the PLC and the geometry generated using
CAD, visualised in a virtual reality environment, allows the virtual initial operation (Figure
3). The concept of a virtual machine is described in [15] and is also commercialised [16].

4. The extended function structure

The need of an interdisciplinary graphic design language for the early phases of the
development of mechatronic systems is stated in [17]. It has also been found that transition
conditions and the time aspect are important issues for mechatronics [18]. The importance of
transition conditions for mechatronic systems controlled by a PLC is even stronger [19].
That’s because a PLC implies sequential behaviour including time-delayed steps and
(transition) conditions before the next step may occur.

The extended function structure also contains the logic flow introduced in Chapter 2. This
will help to derive and distinguish the flows. The look and feel of the proposed extended
function structure is a mix of existent solutions and SFC. For instance, the hierarchy is
symbolised by drawing sub-functions inside of their main functions as in SFC, FAST
(Function Analysis System Technique) or SADT (Structured Analysis and Design
Technique). Transition conditions could be drawn as a function in a box. Since they often
imply a sensor, they are drawn as a perpendicular borderline, which has to be passed after the
condition is fulfilled, like in SFC or Petri nets.

The main aspects of the current function structures are:
e Hierarchy
e Sequence
e Material-, Energy- and Signal flow

The extensions to optimise the development process of mechatronic systems controlled by a
PLC are:

e Transition conditions
e Time aspect
e Logic flow

The usage and the appearance of this extended function structure is shown in the following
chapter, using an automatic door opener as an example.

5. Example

Since automatic door openers for humans are common worldwide, the example is easily
followed. The main function for this mechatronic application is shown in Figure 4. The four
flows material, energy, signal and logic will be separated using the conventions shown in
Figure 2.
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Figure 4. Main function for an automatic door opener.

The first hierarchy level could look like the second function structure shown in Figure 5. In
order to open the door automatically, a functionality to detect a person in front of the door is
needed. This is drawn as a transition condition in Figure 5. The time aspect is explicitly
shown in the “Wait 9 seconds” function. A guessed or specified time-delay could be added to
all functions as an attribute.

If a human is detected while the door is closing, it should open immediately. This is taken into
account through the decision between the two transition conditions ‘Human detected’ and
‘Door closed’. Like in Petri nets, one of these conditions must be fulfilled to proceed.
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Figure 5. Second function structure of an automatic door opener.

The next hierarchy level is introduced in Figure 6. Typical functions like ‘Generate opening
force and -motion’ are now visible. This function has two inputs (Opening signal and Power
supply) and the mechanical energy as an output. As visualised in Figure 2 and shown in [14],
this function leads to an actuator.
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Figure 6. Third function structure of an automatic door opener.

Transition conditions are leading to sensors [14]. For instance the functionality ‘Human
detected’ in Figure 5 or Figure 6, will be implemented by the use of some kind of sensor. The
information about the variable size is already available at this stage. Since this sensor has to
send a binary signal, it is a so-called ‘digital input’. A variable name can also be set. The
summarized sensor information is stored in the first line of Table 1. Similar data can be
derived for the door sensor and actuator.

Table 1. 1/0 list for automatic door opener.

Id | Type Size Variable Actuator/Sensor Comment
Description
1 | Input | Digital | di_hum detected | Human detector
2 | Output | Digital | do_open_door Door actuator Generate translation force
3 | Output | Digital | do_close door and -motion
4 | Input | Digital | di_door_ opened Door sensor
5 | Input | Digital | di_door_ closed

Pure mechanical functions, like ‘Transmit opening force and -motion’, are suppressed in order
to derive the control logic [14]. The main control structure is expressed in SFC and shown in
Figure 7. As shown in the ‘Close door’ function, it is possible to refine the control logic. In
this case the door will only be closed, if no human is detected.
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Figure 7. SFC derived from the third function structure.

The intradisciplinary modules ‘SFC’ and ‘assembly tree’ are now used to start the
embodiment design phase as shown in Figure 3. A more complex example, regarding the
numbers of actuators and sensors, is the combing machine from textile industry presented in
[14].

6. Conclusions and future work

The need to improve the product development process for mechatronic systems is obvious.
The proposed enhanced product development process for PLC-controlled mechatronic
systems is based on an extension of the traditional function structure. The extended function
structure also includes transition conditions, time aspects and logic flow. The extended
function structure is the fundament for a short path to SFC, assembly tree and I/O-list in order
to initialise the embodiment design phase using a 3D-CAD and a PLC programming
environment.

In order to include control logic issues in the extended function structure, a multidisciplinary
team with broad knowledge should build the extended function structure. This allows
enhancing the conceptual design phase, due to a more creative working environment.

When extending the function structure, the traditionally layout has to be modified to include
the new features. However, this modification is small, and the user is still familiar with the
new function structure layout.

Work has been done and published to describe and improve the conceptual design phase for
the development of mechatronic products in general. No work has been found where the
implied restrictions of a PLC are used to optimise the conceptual design phase.

The modularisation resulting from the extended function structure, presented in this work, and
the use of the rules, presented in [14], is developed in order to improve the workflow in the
interdisciplinary team. During the embodiment phase the team members have to use their
specific tools (Figure 3), which leads to a “modularisation by separation”. The necessary
interdisciplinary bridge is established by the use of an I/O list and a PDM system. Other
studies are usually focussing on the product structure and the configuration of mechatronic
products, which leads to a "modularisation by integration” approach [20], [21], [22].



The information flow and documentation in the product development process will be
improved using the general information covered by the extended function structure, as well as
by the PDM connection between the CAD system, the PLC programming environment, and
the I/O-list. Furthermore the virtual prototyping, by the integration of the Virtual Machine
[15] into the proposed development process as shown in Figure 3, will be prepared. Since the
development of the program for the PLC can start earlier and an interdisciplinary bridge is
established, errors will be detected earlier, costs will be reduced, and the development time
will be shortened.

In the future, the following topics will be addressed:

e Development of Software to handle the extended function structure, the SFC, the 1/O
list and the assembly tree and the PDM connections between the PLC programming
environment, the CAD system and the Virtual Machine.

e Continuing testing the concept in industry and finally also testing the software in
industry.
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