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ABSTRACT

The purpose of this work is to study and analyze the methods use to design logic of
ladder diagram for PLC-based controller in automated manufacturing systems. Previous
method employed to design the logic of ladder diagram does not show clearly on how it is
done step by step, widely based on the programmer’s experience and their intuition. The
methods proposed namely method A and method G hopefully can help the programmer
especially the new programmer to design the ladder logic systematically and efficiently while
at the same time reduce the time consume to program it. This systematic logic design can help
the programmer to trace back their program for debug purpose. A step by step instruction is
provided in this paper for both method A and method G. Few basic sequence are tested
Finally, a case study on packaging process is provided to illustrate the design procedure of the
proposed methods. In the same time, author will also explore the capability of the Automation

Studio software.
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CHAPTER 1

INTRODUCTION
1.1 Background of Study

The arrival of Programmable Logic Controller (PLC) in the industry in 1969
is considered as one of the major achievement especially in industrial automation and
since that “it has become the most common choice for manufacturing control” [11].
According to (Lauzon et. al. 1997 p. 91) “PLC is the most widely employed industrial
process control technology today”. “The National Electrical Manufacturers
Association (NEMA) defines PLC as a digitally operating electronic apparatus which
uses a programmable memory for the internal storage of instructions by
implementing specific functions, such as logic, sequencing, timing, counting, and
arithmetic to control through digital or analog I/O (Input/Output) modules various
types of machines or processes.”[16] .A general block diagram of a PLC is illustrated

below in Figure 1.
+ >
INPUT Programmable Logic OUT
’ Controller + | PUT

Figure 1: PLC Block Diagram



“As the PLC receives input conditions (i.e. voltage or no voltage), it examines
them against the programmed code within the PLC and then executes the proper
outputs associated or specified within the programmed code™ (Wright, 1998, p.1).
Using PLC as one of the control element for industrial automation has a lots of

advantages;

e Low Cost :The system itself required a small amount of electrical design
which can lead to reduce in design cost

e Flexibility: It has a set of input and output devices that is capable to be used
with many industrial pilot device and controls [16].

e Simplicity: Reduce the complexity of a system as opposed to the old system
(hard-wired relays, stepping switches and drum programmers) [16].

e Discrete control: It is a good controller choice for automation process
(material stamping, material handling, sequencing, etc.) which has many
discrete devices such as limit switches, motor starters, etc.

e Error Correction : By comparing to a hard-wired relay system, PLC is far
more easier if the user need to make any correction or amendment to the
system as simple as reprogramming the logic [16].

e Simulation: A PLC programming can be simulated and evaluated in a lab

environment before it is applied in the field hence saving the design cost.



1.1.1 IEC1131-3

IEC 1131 is the international standard for programmable logic controllers
(PLCs) set by International Electrotechnical Commission (IEC).Now it is known as
IEC 61131 after the change in numbering system by IEC. According to [19], “IEC
1131-3 is the third part of the IEC 1131 family™ and consists of:

e IEC61131-1 Overview

e [EC61131-2 Requirements and Test Procedures

e I[EC61131-3 Data Types and Programming Languages
e IEC611314 User Guidelines

e [EC61131-5 Communication

o [EC61131-7 Fuzzy Logic

*Notes: According to PLCopen — an organization active in Industrial Control;
there will be a new standard with the code name IEC 61131-8 (Guidelines for the
application and implementation of programming languages) which is now under

the Working Drafi 3 stage.

Any PLC that is IEC 61131-3 compliant means that it allows multiple
languages to be used on the same PLC. This is one the primary benefit of this
standard. It allows the programmer to choose which languages best suit their needs.
Five programming languages are defined in this standard [11]. This is visualized in
the table 1 below.



Table 1: PLC Programming Language

A bulk number of sequential control applications such as the packaging of

foods in the factory or chemical plant currently employed the programmable logic
controller as the control element of the said applications [12]. From the five
programming language listed in the IEC 61131-3 standard, ladder logic is the most
employed language for programming a PLCs to be used in sequence system [4], [5],
[6], [13], [15], [17], [20]. In the earlier days of electrical control, they use relay as
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based for controlling any system. As the technology evolved ladder logic has replaced
the relay logic. Ladder logic is designed in such a way that it mimics the relay logic.
As explained by Hugh Jack in [11], “the earlier PLCs were programmed with a
technique that was based on relay logic”. This is due to the fact that it is very easy to
learn, to use and to design. Simply put, if we use ladder logic as the main
programming language, the number of training needed for engineers or technicians
will be scaled down [11].

In the earlier days of ladder diagram, heuristic and intuitive method is used to
design the logic for ladder diagram. The problem in designing is centered on in
expressing the desired sequence/motion of operation in ladder logic notation. There
are several methods widely used for designing the logic of ladder diagram for PLC-
based controller design in automated manufacturing system namely the CASCADE
method, Shift Register method, Karnaugh-Veitch map (the program writer must have
the knowledge in Boolean logic function ) and Huffman method [1], [2], [9], [11].
Here in this project the author would like to acknowledge two new methods which
are widely used in the industry mainly in Europe namely Method A and Method G.
These two methods have not been documented precisely in any journal as far as the
author knows. Author’s supervisor acknowledges him that both Method A and
Method G is a refined-version of the approached used by the engineers in the

industries but not clearly documented.

1.2 Problem Statement

There is a need for a systematic method and less time consuming approach to
create logic for ladder diagram in PLC-based controller design in automated

manufacturing systems.

1.3  Objective

The main objective of this project is to analyze the method use to create logic

for ladder diagram: namely method A and method G. The other objective is the



evaluation of Automation Studio software for used in designing and verifying the

ladder diagram developed.

1.4 Scope of Study

The area of study would be on how method A and method G are use to design
the logic of ladder diagram for PLC-based controller in manufacturing system.

Other approach used to developed pneumatic system and electropneumatic

system is also being covered in this project..



CHAPTER 2
LITERATURE REVIEW

2.1  Formal methods in PLC programming

NEMA Programmable Controllers Committee formed (USA)

T GRAFCET (France)

1 DIN 40719, Function Charis (Germany)

| NEMA ICS-3-304, Programmable Controllers (USA)

IEC SC65A/WGE formed

DIN 18 239, Programmable Controller

7 [EC 65A(Sec)38, Programmable Controllers
MIL STD-1815 Ada (USA)

IEC SC65A(Sec)48, PC Languages
T IEC SC65A(Sec)67

[IEC 848, Function Charts
( IEC 64A(Sec)90
EC 1131-3

IEC 1499 CD

# i | 1 1 3 | 1 1 1 1 1 1 1 1 1 1 1
70// 77 78 79 80 81 B2 B3 84 85 B6 &7 B8 B9 90 91 g2//9
Figure 2 : Standardization in PLC Programming

Frey G. and Litz L. has discussed in their work about the needs for a formal
method in PLC programming because of several reasons; “The growing complexity
of the control problem, the demand for reduced development time, and the possible
reuse of existing software modules and the demand for high quality solutions and
especially the application of PLC in safety-critical processes need verification and
validation procedures, i.e. formal methods to prove specific static and dynamic
properties of the programs as for example liveness, unambiguity or response times.”

[8].In Figure 2 (which is taken from [21]) shows the international standards in PLC



programming while in Figure 3 below is the generic model of the logic control design
process as discussed in [23]. Figure 4 shows the generic model of the logic control

design without the formalization [8].

Validation

formal
Specifi-
cation

informal
Specifi-
cation

Forma-
lization

Implem-
entation

j Direct
| Implementation

Figure 3 : Design process for logic control systems [22]

Validation
informal Reali-
Specifi- S
cation i
Direct
implementation

Figure 4 : Design process without the use of formal methods [8]



22 A systematic approach for the sequence controller design in

manufacturing system

Lee J.S. and Hsu P.L in their works have proposed for a “systematic approach
for the design and implementation of the sequence controller in manufacturing
systems, by introducing the sensor state into the Petri nets to form a simplified Petri
nets controller (SPNC) and use the token passing logic (TPL) to obtain a more
compact LLD structure” [5].

23  Animproved evaluation of ladder logic diagrams and Petri nets for the

sequence controller design in manufacturing system

In this article, Lee J.S. and Hsu P.L. have proposed for a “new approach
towards evaluating the ladder logic diagram and Petri nets methods via the IF-THEN
transformation. This IF-THEN format can result in unified comparison between
ladder logic diagram and Petri nets which is the sum of (1) the number of IF-THEN
rules and (2) the number of logical operators for both LLD and PN” [4].

2.4  Petri nets based design of ladder logic diagrams

According to Chirn J.L. and McFarlane D. C. in their journal, “Petri net (PN)
based modelling is to be used as a systematic approach for designing a ladder logic
diagram for a PLC. This approach is applied to the programming of sequential logic
in order to improve design efficiency and to reduce the test and maintenance effort
required for complicated systems” [13]. Figure 5 below shows the relationships
among Petri net, LLD and real world.

(—bu g/fau lt—ﬁ
Perri nets | translate . Ladder logic | react
design into implementation on G

t state condition—J

Figure 5: Relationships among PN, LLD and real world [13]




CHAPTER 3

METHODOLOGY

3.1 Procedure Identification

The project flow below show the steps that will be taken to carry out this
Final Year Project. This is to ensure that the project flow is smooth and accomplish in

the given period.

4 | \\ ‘
_ " Testing

Figure 6: Project Flow

This project will go through to 5 major phases:

Phase 1

The literature review is done to find the other methods available on programming the
PLC-based controller especially in automated manufacturing system.
Phase 2

Study on both methods, method A and method G

Phase 3

A case study simulation based on a packaging process using both methods
Phase 4

Hardware implementation of the case study

Phase 5

Evaluation of all the outcome of this project is to be done in this stage.

10



3.1.1  Motion Diagram/Sequence Chart

A lot of control systems employ pneumatic actuators as the actuating element
and this needs a sequence of extensions and retractions of the actuators to occur. This
basic feature of the pneumatic system needs a motion diagram as a tool to show the
sequence in a clear manner. This motion diagram is also known as sequence

diagram/chart. The example of a sequence and its motion diagram is shown below:

Sequence : A+ B+ B- A-

at+

Figure 7: Motion Diagram/

Note: Notation used in the sequence is using reference letter, A and B (A for actuator
A and B for actuator B). The symbol '+’ means the actuator is extended, while the
symbol ‘-’ means the actuator is retracted to its original position. As an example the
sequence A+B+B-A- means;

1. Start of cycle.
Then cylinder A extends (A+).
Next cylinder B extends (B+).
Then cylinder B retracts (B-).
Cylinder A retracts (A-).
End of cycle.

S VI U VR N

This actuator sequence can be classified into three types:
1. Event-based sequence

When an operation has completed, it will cause the next operation to start

2. Time-based sequence

11



It has events that occur at pre-set time intervals and are usually controlled by
either mechanical or electronic programmers.

3. Event-based sequence with time delay
A sequence that combining both event-based sequence and time-based

sequence.

3.1.2 General Rule to Create Ladder Diagram

_Em }_

Figure 8: Basic layout of a ladder diagram

Diagram above shows the basic layout that every ladder logic programmer has
to follow to ensure that any ladder diagram developed is standardized and easy to
understand. This could be helpful especially for debugging purpose. The vertical line
in the left represents the 24V power line while the vertical line on the right represents
the OV power line. The first rung and the second rung is where the input and outputs
are situated and the number of rung is also depending on the complexity of the
system to be designed. Set and Reset is usually the inputs associated with the outputs
of a rung; it could be the pushbutton, limit switch or position sensor. The output is

usually the coil or solenoid.

12



3.1.3  Case Study

ACTUATOR B

s

+ Bt

ACTLATOR A

BOX

Figure 9: The layout of the system assessed in the Case Study

System description

The system shown above is used for packing tins of paint into cardboard
boxes. Every operation of actuator A will insert a tin of paint in the
loading magazine. Actuator B then places a row of five tins into the box.
The box is full after three rows of tins is pushed into the box. The
sequence is initiated by a START Push Button and the required cycle is
{[(A+A-) x5](B+B-)}x3.

13



Figure 10: Required motion diagram of the case study

3.1.3 Method A

This method is almost the same concept as the CASCADE method as
explained in [1].This method is more suitable if the program writer want to write a
ladder diagram/logic for an electro-pneumatic circuit. For a fully-pneumatic circuit it
is better to use the CASCADE method which is not covered in this project. It is time
consuming if we use method A to design a fully pneumatic circuit. This method can

assist the program writer to develop the logic of the ladder diagram for a particular
sequence (e.g. A+A-).

General Instructions for Method A

1. List down all the cylinder action sequences (depends on the needs of the
system). Example of cylinder action sequence : A+B+A-B-

2. Put all the sequences into several groups. (Rule: No letter can be repeated in a
same group). Each group will be assigned with a number (i.e. 1, 2, 3... n).
This group number will be known as the Secondary Variable which is to be
assigned to the holding relay of the PLC.

3. If the last group has no letter in common with the first, it can be merged into
the first group. The aims is to minimize the number of the groups involved
(hence reducing the number of holding relay used)

14



4. The next stage is to create 2 (TWO) SET/RESET tables. Why two? Because

one table is for the actuator to be used in the sequence (i.e. Actuator A,
Actuator B). Another set of table is for the Secondary Variable.

Table 2: An Example of SET/RESET Table

Actuator SET RESET

A

B

For Actuator (the number of the boxes depends on the number of actuator too.
We will then fill in the blanks with the appropriate SET/RESET logic
equations under the SET and RESET action by referring to the motion
diagram.

For Secondary Variable (the number of the boxes depends on the number of
groups created — the smaller the better is the ladder diagram. Reduce the
number of relay used)

The desired ladder diagram will be programmed using the steps mentioned
above.

Note: For SET/RESET of Actuator;

SET — condition(s) for the actuator to change into a new position from its
normal/original position.

RESET — condition(s) for the actuator to go back into its normal/original
position.

This concept also applies to other output devices such as timer and counter.

We shall look into the case study to see how method A is employed. There are two
actuator, Actuator A and Actuator B, use in the case study. The sequence is {[(A+A-)
x5](B+B-)}x3. This sequence is a bit tricky actually if we would like to compare with
other sequence such as A+B+C-B-A-C+, A+B+A-B- or B-C+B+C- because it is

impossible to group the sequence due to the cycle repetition each actuator has to

15




make. So we need to break this {[(A+A-) x5](B+B-)}x3 sequence into two simple

sequence i.e. A+A-and B+B-.

at a-

Actuator
A

[ X X X | L=

Figure 11: Motion Diagram for sequence A+A-

Table 3: Set/Reset Table for Actuator A (Secondary Variable)

Table 4: Set/Reset Table for Actuator A (Actuator)

16



Actuator
B

m v

Figure 12: Motion Diagram for sequence B+B-

Table 5: Set/Reset Table for Actuator B (Secondary Variable)

Table 6: Set/Reset Table for Actuator B (Actuator)




3.1.4 Method G

This method is slightly different from method A but it still employs the
SET/RESET concept. It is a graphical method. Method G still can be used to develop
the logic of ladder diagram for any system that is sequential in nature and also for
system that is combinational in nature (i.e. batch production). Example of batch

production would include; bakeries, car factory, and pharmaceutical industry.

General Instructions for Method G

1. For the first step, we need to determine the type of system :

o System with sequential nature (i.e. a simple system such as
A+B+C+A-C-B-)
The programmer needs to know the sequence of the system that is to
be programmed and the sequence chart of the system

¢ System with a combinational nature (i.e. a more complex system such
as a batch processing)
The programmer needs to know the required sequence of events for
the system to be designed and its sequence chart

e Based on parameters above we then will complete all the expected
sequence on the sequence chart which will include the input such as
start button, sensors associated and timers.

o The sequence chart has three parts — Parameter, Input and Outputs).

Below is an example of the sequence chart defined above.

18



Actuator
A

1

HRI

HRI

At

®

Iparameter

Inputs

outputs

Parameter — Required
sequence of a system

> Inputs - come from

other devices in the
system such as
pushbutton and position
Sensor.

Outputs - A SET/RESET
equation will be written
at this part. Later on to
be used to program the
desired ladder diagram.

Figure 13: Example of a Sequence Chart for Method G and its explanation.

2. The output of the system will be assigned to one holding relay and we then

draw its associated sequence in the same sequence chart.

3. The programmer than will write the SET/RESET logics equations of the
outputs of the system.

4. The desired ladder diagram will be programmed using steps 1-3.
We shall look into the case study how method G is employed. As explained in
Method A, we will also separate the sequence into two simple sequence.

19



Actuator
A

at

HR1

HRI

At

1

&

At+=HRI

}parameter

inputs

SET: sta- RESET: at
HR I= {{st.aJ ORHRI) AND #+

SET: at RESET: a-
HRE={a+ ORHRI) AND >~

outputs

-=HR1

Figure 14: Sequence Chart for sequence A+A-
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i v

} parameter

St mn iy

" Inputs

:RIII -l |' ; :

- Y outputs

Figure 15: Sequence Chart for sequence B+B-
3.2 Tools Required

Listed below are the identified tools that will be used for the whole period of this

project.

1. Automation Studios
This is an innovative software solution for system design, simulation,
engineering, prototyping, diagnostics, and training. The software allows for
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advanced engineering from system design through training to service. It has a
comprehensive library on pneumatic elements, Electrical Control (JIC/IEC
Standard) components which is a good choice for this project. It has an
enhanced animation module to create realistic machine and component
animations (including X-sections) for improved training and communications.

This project will use the Automation Studio Version 5.0.

‘ﬁzmpmw[umwz - 2X
GEUS R Qs = - QqQREHK O 2 Uu=E= Qnuv Pa99m
2 4 0 0 P ¥ 2 » », = 2

e ¢RAY/00N Lo

DIAGRAM
EDITOR

X=30.15 cm, V=0 B2 O

Figure 16: Screenshot of Automation Studio V5.0 software

2. OMRON Programmable Controller Training unit available in-house at
Universiti Teknologi Petronas. This Kit has a unit of Omron Programmable
Logic Controller, several digital input/output module, and analog module.
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Figure 18: Omron Programmable Controller Training Kit

3. Omron CX- Programmer that provides a platform for developing
programming for the Programmable Logic Controller used in this project.
4. Electro-pneumatic actuator equipment kit for hardware implementation.
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Figure 19: The Electro-pneumatic component
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Results

To demonstrate and simulate the viability of the method A and G in
developing logic for ladder diagram, two simple sequences and the case study is

presented.

I.  Sequence: A+ B+ A- B-

¥ N

Figure 20: Motion diagram for sequence A+ B+ A- B-
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Figure 21: Ladder diagram of sequence A+ B+ A- B-
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Figure 22: Linear position of the actuator (A & B) for sequence A+ B+ A- B-
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Figure 23: Ladder diagram of sequence A+ B+ A- B-
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Figure 24: Linear position of the actuator (A & B) for sequence A+ B+ A- B-
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II.  Sequence : A+ B+B-A-C+C-

a+t
a_ /
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Figure 25: Motion Diagram for the sequence A+ B+B-A-C+C-
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Figure 26: Ladder diagram of sequence A+ B+B-A-C+C-
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Figure 27: Linear position of the actuator (A, B & C) for sequence A+ B+B-A-C+C-
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Figure 28: Ladder diagram of sequence A+B+B-A-C+C-
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Figure 29: Linear position of the actuator (A, B & C) for sequence A+ B+B-A-C+C-
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4.1.1  Implementation of the case study using Method A
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Figure 30: Ladder Diagram of the case study using Method A
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Figure 31: Linear position of the actuator of the case study using method A
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4.1.2  Implementation of the case study using Method G
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Figure 32: Ladder Diagram of the case study using Method G
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Figure 33: Linear position of the actuator of the case study using method G

4.2 Discussion

It is a good practice for anyone using either method A or method G to start
designing a system from a simple sequence before moving on to a more complex
system. Even though method A and method G do provide an-easy-to-learn-approach
to design/program the logic of ladder diagram, a vast experience and a familiarity
with system to be designed and the behaviour of its input and output are needed to
produce a hardware implementation with less testing, less debugging and
maintenance effort.

It has also been found there are several bug in this version of Automation Studio
such as when we do a small correction or editing in the circuit (especially the fully-
pneumatic circuit), the movement of the actuator will be interrupted and the output

will be not same as before the correction.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Method A and method G can be use to develop the logic of ladder diagram for
PLC-based sequence controller design. It is also suggested that method A is suitable
for system that is sequential in nature and method G is suitable for both sequential
and combinational system. On the Automation Studio software, it is a good and user
friendly software to design and verify the ladder diagram programming. It is
recommended as a learning tool for new programmers. On the other side, this

software is prone to crash and has a few programming bugs.

5.2 Recommendation

In the future it is recommended to compare the efficiency of method A and
method G with other methods of designing the logic of ladder diagram for
Programmable Logic Controllers. Examples of the available methods that can be
compared include Karnaugh Map, CASCADE Method, Shift Register or Huffman
method. Second it is recommended also to evaluate the other simulation software
such as Festo FluidSIM and compare it with Automation Studio to determine the

reliable simulation software for education, simulating and designing and verifying

purpose.
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