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Abstract This paper presents a systematic approach for the
design and implementation of the sequence controller in manu-
facturing systems. By employing the IDEFO, we construct
the simplified Petri net controller (SPNC) through the mate-
rial flow diagram and the information flow diagram. Then,
the ladder logic diagram (LLD) can be transformed from
the SPNC through the token passing logic (TPL). The pro-
posed approach, including the IDEFO, SPNC, and TPL tools,
leads to the standard IEC1131-3 LLD for PLC implemen-
tation. Finally, an application of a stamping process is pro-
vided to illustrate the design procedure of the developed
approach.

Keywords IDEFO - Ladder logic diagrams - Manufacturing
systems - Petri nets - Programmable logic controllers - Sequence
controllers

1 Introduction

Recently, automated manufacturing systems have become more
complex. In the control of manufacturing systems, the sequence
control for the discrete events plays an important role [1]. Basi-
cally, the ladder logic diagram (LLD) has been used to conduct
the control software’s sequence of operations and it is usually
implemented with a programmable logic controller (PLC). The
PLC has the advantages of reliability, robustness, and direct pro-
grammability. The I/O procedures of the PLC are specified by the
LLD and industrial machines, and thus perform repetitive opera-
tions in sequence.

For simple systems, it is easy to program the LLD by heuris-
tic methods. However, as systems become more complex, the
controller design becomes more difficult and the LLD implemen-
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tation becomes more complicated. Moreover, because the PLC
is usually programmed only to control the process, qualitative
analysis and the performance characteristics of the implemented
PLC controllers are seldom discussed in practice. In addition, as
design specifications change, the LLD program usually needs to
be modified significantly [2—4]. Hence, researchers are pursuing
a systematic and efficient approach to the design and implemen-
tation of the sequence controller.

In the past years, Petri nets (PN) became popular tools for
designing sequence controllers in manufacturing systems [5—
10]. Uzam and Jones [11] proposed an extended PN method to
analyze a target system and then implemented it via the LLD.
Feldmann, et al. [12, 13] used colored PN to form the structured
text (ST) for PLC implementation. In fact, most industrial PLC
users still prefer to program in LLDs. Although some researchers
have attempted to convert Petri nets into LLDs [11, 14—17], the
resulting LLDs are usually more complex compared to those
programmed directly by engineers. Moreover, it is not straight-
forward or easy for manufacturing engineers to construct the PN
models.

In this paper, a systematic approach is proposed for the
design and implementation of the sequence controller in manu-
facturing systems. By introducing the sensor state into the PN
to form a simplified Petri net controller (SPNC), we obtain
a more compact LLD structure through the token passing logic
(TPL). Typically, the sensor state is used to trigger sequences
in manufacturing. We show that the integration definition lan-
guage 0 (IDEFO) [18] can be used to obtain the SPNC model
through the material flow diagrams and information flow di-
agrams in sequence. The proposed IDEFO/SPNC/TPL/LLD
approach, including the IDEFO, SPNC, and TPL tools, then
leads to the industrial standard IEC1131-3 [19] LLD for PLC
implementation.

The remainder of this paper is organized as follows. First, the
SPNC is defined in Sect. 2. Then, Sect. 3 introduces the proposed
IDEFO/SPNC/TPL/LLD approach. In Sect. 4, an application ex-
ample of a stamping process is provided to illustrate the pro-
posed approach. Conclusions and recommendations for further
research are provided in Sect. 5.



2 Simplified Petri net controller

In this section, we propose a simplified Petri net controller
(SPNC) by introducing sensor states into the ordinary PN. The
SPNC is applied to simulate the manufacturing system and to
lead the IDEFO to LLD in the proposed IDEFO/SPNC/TPL/LLD
approach.

2.1 Formal definition

Fig. 1a shows an ordinary PN model for pushing a button to
trigger a process. When using the ordinary PN approach in con-
trolling manufacturing processes, dealing with multiple sensor
readings makes the net structure more complicated and difficult
to analyze. Therefore, by introducing the sensor state into the PN
to form an SPNC, implementation of the net structure is sim-
plified. From the control point of view, as shown in Fig. 1b, the
sensor state in the SPNC replaces the reading sensor model such
as push buttons or limit switches within the ordinary PN. Note
that the condition of sensor states may change depending on the
practical situation. Thus, as sensors increase in processes, the net
structure of the SPNC is greatly simplified, as shown in Fig. 1c.
Then, it becomes easy to model and implement the sequence
controller through the SPNC defined as:

SPNC= (P, T, A, S, Myp)

where,

P={Py, P5, ..., P,} isafinite set of places,
T={T,T,...,T,} isafinite set of transitions with PUT #
Wand PNT =0,

A C{P x T}U{T x P} is the set of arcs between the places and
transitions,

S =1{So, S1,...,S,} 1is the set of sensor states, and

My:P—1 is the initial marking.
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2.2 Graphical representation

As shown in Fig. 2, the SPNC consists of three kinds of nodes:
(1) the place, drawn as a circle, (2) the transition, drawn as a bar,
and (3) the sensor state, drawn as a smaller circle with a hidden
arrow. The arcs, represented by directed arrows, are either from
a place to a transition or from a transition to a place. In modeling,
the marking conditions of places represent the status of the sys-
tem and the transitions represent events. A transition has a set of
input and output places, which represent the pre-conditions and
post-conditions of the event, respectively. A sensor state, associ-
ated with its transitions, represents the sensor readings as a firing
condition, which triggers a manufacturing sequence. The sensor
state is a Boolean variable that can be 0, in which case the related
transition is not fired, or 1, in which case the related transition
is fired if it is enabled. The marking of the SPNC is represented
by the number of tokens in each place, drawn as black dots. The
presence of a token in a given place means that the associated
condition is true or that the actions associated with this place are
taken.

2.3 Dynamic behavior

The dynamic behavior of a system is simulated by the distribu-
tion of tokens in places as the enable transitions fire. The flow of
tokens in the SPNC is governed according to the following rules:

1) Enabling rule:
A transition is said to be enabled if all its input places are
marked.

2) Firing rule:
Furthermore, the enabled transition is fired if all its sensor
states are true. When an enabled transition fires, it removes
one token from all its input places and deposits one token into
all its output places at the same time.

2.4 Comparison with other models

The behavior of the proposed SPNC is similar to the sequen-
tial function chart (SFC). However, since SFC is derived from
PN with some modifications and simplifications, theoretical re-
sults of PN cannot be directly applied to SFC [20]. Since the
present SPNC is an extension of the PN by introducing sen-
sor states, SPNC allows formal analysis of various properties,
such as the safety, liveness, and reversibility for the process [9,
10]. Moreover, SFC only offers the method for depicting se-
quences of control system without providing any mechanisms
to perform the functional analysis. Note that in the present

O = o O
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Fig. 2. The icon definition of the SPNC.
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IDEFO/SPNC/TPL/LLD approach, by applying the IDEFO for
functional analysis and information flow design, the SPNC
model can be transformed from the information flow diagram.

Furthermore, in contrast to other extended PN applications
such as Interpreted PN [21], Automation PN [11], or Sig-
nal Interpreted PN [16], which use external events to model
sensor readings, the present SPNC simply applies the sen-
sor states to model the firing conditions. Also, the present
IDEFO/SPNC/TPL/LLD approach obtains the PLC programs
systematically, from the design specifications through the SPNC,
and to the final LLD. Since the PN model is inherently concur-
rent, whereas the LLD is typically scan-based, the sequential
specification must be determinate and deterministic [5] in the
present approach. Also, the mono marked restrictions design is
required in the proposed SPNC to guarantee the safety of the
sequence in practice.

3 The IDEFO/SPNC/TPL/LLD approach

In this section, the integrated IDEFO/SPNC/TPL/LLD approach,
including the IDEFO, SPNC, and TPL tools, is proposed to sys-
tematically obtain the LLD for PLC implementation. The design
procedure of the IDEFO/SPNC/TPL/LLD approach, depicted in
Fig. 3, consist of five stages and each stage is described as
follows.

3.1 Functional analysis stage: IDEFO

With the given specifications, the purpose of functional analysis
is to realize the functions and operations of the system and then
generate the control signals for the next stage. At this stage, each
function of the manufacturing system has to be specified with
a top-down hierarchically decomposing process by using the
IDEFO [18]. IDEFO is an activity-oriented modeling approach
and its representation of a manufacturing process consists of an
ordered set of boxes representing activities performed by the sys-
tem. The inputs are those items transformed by the activity and
the outputs are the results of the activity, as shown in Fig. 4. The
mechanisms, drawn as supporting arrows, represent resources
such us machines, computers, and operators, etc. The decompos-
ition process continues until there is sufficient detail on the basic
activities to serve the purpose of sequence control. A functional
model of the material flow diagram is obtained at this stage.

3.2 Information flow design stage: IDEFO

At this second stage, the information flow is used to control the
material flow in a manufacturing system. The information flow
diagram is constructed from the material flow diagram with static
analysis, again using the IDEFO. In the information flow dia-
gram, the input and output commands are designed to enable
the activity and to change the machine status after firing, respec-
tively. Because the mechanisms will be assigned within the I/O
ports at the layout stage later, the supporting arrows for mech-
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Fig. 3. Design procedure of the IDEFO/SPNC/TPL/LLD approach
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Fig. 4. The IDEFO scheme

anisms are omitted here to simplify the information flow design.
The sensor readings representing the conditions to fire the activ-
ity are drawn as control signal arrows. A controllable model of
the information flow diagram is obtained at this stage.



3.3 Dynamic verification stage: SPNC

The information flow diagram only represents system activities
and their interrelationships. Since it does not show direct logical
and dynamic dependencies between activities, it is transformed
into a dynamic SPNC model, which is applied to verify the dy-
namic behavior of the system. The transformation of information
flow diagram into SPNC model is based on the following steps:

1. An activity box in the information flow diagram is trans-
formed into a transition of the SPNC.

2. The input and output commands are transformed into input
and output places, respectively.

3. The control signals of the sensor readings are transformed
into sensor states.

4. The initial marking of the SPNC is set according to the initial
condition of the system.

An example is shown in Fig. 5. The activity of the informa-
tion flow diagram is transformed into the transition 77. The input
command /; and output command /> are transformed into the
input place P; and output place P,, respectively, and the con-
trol signal ‘control’ is transformed into the sensor state S;. When
the SPNC model is obtained, the correctness of the sequence
order can be verified by studying the behaviors via computer
simulations. Also, the properties of the PN such as the safety,
liveness, and reversibility can be analyzed to identify the dy-
namic behavior [9].

3.4 Layout stage: TPL

To simplify the conversion of the SPNC into the LLD, the token
passing logic (TPL) is employed in this stage [11]. The attrac-
tive feature of the TPL is that it facilitates the direct conversion
of a SPNC into a generic form of control logic, which may be
implemented with low-level languages such as LLD, or with
high-level languages such as C. This is achieved by adopting the
SPNC concept of using tokens as the main mechanism for con-
trolling the flow of the control logic. At this stage, the SPNC
model is transformed into the TPL model to assign the I/O ports

control S1

O\\
11 —] activity [ » |, Q_:IA’O
P1 T1 P2

IDEFO —

SPNC
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for actions and sensor readings. For applications in a variety of
industrial PLC hardware, the TPL is modified as follows:

The Modified TPL = (M, T, A, in, out, time),

where,
M={M, M, ..., My} is a finite set of memory bits,
T={T,T,...T,} is a finite set of transitions,

AC{M x T}U{T x M} is the set of arcs between the
memories and transitions,

is the set of sensor inputs,

is the set of actuator outputs,
and

., timey, } is the set of delay timers.

in = {ing, iny, ..., in,}
out = {outy, outy, ..., outy}

time = {timey, timey, . .

The transformation from the SPNC model into the TPL form
is based on the following steps:

1. The transition of the SPNC is transformed into a transition of
the TPL.

2. The place is transformed into a memory bit.

The sensor state is transformed into a sensor input.

4. For the action with a place, besides the memory bit, an actu-
ator output is assigned.

5. For the delay time with a place, besides the memory bit, a de-
lay timer is assigned.

et

An example is shown in Fig. 6. The places P; and P, are
transformed into the memory bits M| and M>, respectively, and
the sensor state S is transformed into the sensor input inj. As-
sume there is an action with P,, the actuator output out; is
assigned. Hence, each place whose capacity is limited to one
within the SPNC corresponds to a memory bit in the TPL. The
token flow is then simulated by setting and resetting these mem-
ory bits. Thus, each place within the SPNC has at least one
associated memory bit in the TPL. The sensor state within the
SPNC corresponds to a sensor input contact in the TPL. To sim-
ulate the firing of a transition, if the memory bits associated with
input places are set and the sensor inputs of the transition yield
“true”, the memory bits at the input places are reset and the

S1 in1
O\ N O\ N out1
P1 T1 P2 T

SPNC — TPL

Fig. 5. The transformation from the IDEFO to the SPNC

Fig. 6. The transformation from the SPNC to the TPL
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memory bits at the output places are set simultaneously. More-
over, the actions and delays within the SPNC are assigned to
appropriate memory bits within the TPL by using the actuator
outputs and delay timers, respectively. By using the Modified
TPL, the I/O ports for the sensor readings and actuator out-
puts are assigned and the layout for implementation in LLD
can be completed. The Modified TPL bridges the gap between
SPNC and LLD and provides a simple way of developing PLC
controllers.

3.5 Implementation stage: LLD

In order to convert the TPL model into LLD code for real-time
implementation, a direct mapping is used from the TPL to the
LLD by maintaining the enabling and firing rules at this stage.
The transformation from TPL model into LLD format is based
on the following steps:

1. Initial condition setting: the token in the SPNC is mapped to
the corresponding internal relay with the SET command.

2. For each transition, the input memory is mapped to a condi-
tional contact and an internal relay with the RST command,
and the output memory is mapped to an internal relay with
the SET command.

3. The sensor input is mapped to a conditional contact for the
associated transition.

4. The output relay is assigned to send the command to perform
the operation.

5. The delay timer is assigned to perform the delay.

An example is shown in Fig. 7. For transition 77, the input
memory M is mapped to a conditional contact and an internal
relay M; with the RST command, and the output memory M
is mapped to a internal relay M, with the SET command. The
sensor input inj is mapped to a conditional contact X and the
actuator output out| is mapped to the output relay Y;. By inte-
grating the initial condition and setting all transitions, the LLD
for sequence control is thus completed.

In the proposed IDEFO/SPNC/TPL/LLD approach, the mate-
rial flow diagram and the information flow diagram are obtained
by using the IDEFO technique for functional analysis and in-
formation flow design. Then, the information flow diagram is
transformed into the SPNC model to verify its dynamic behav-
ior. Subsequently, the SPNC model is converted into a modified

T1 X1

in1 _”_|
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o
o) |

T I—CO Y1
LLD

TPL -

Fig.7. The transformation from the TPL to the LLD

TPL model for implementation layout. Finally, the IEC1131-3
LLD for implementation on the PLC controller is obtained using
a direct mapping from the TPL to the LLD. Figure 8 summarizes
the transformations in the proposed IDEFO/SPNC/TPL/LLD
approach.

4 An application example

To demonstrate the viability of the developed approach, an appli-
cation to a stamping process is provided.

4.1 System description

As shown in Fig. 9, a stamping system consists of three cylin-
ders that are operated by four-port and two-way solenoid valves.
Each cylinder has two normally open limit switches. For ex-
ample, when the end of pusher_A contacts limit switch a0, a0
is then closed. This indicates that pusher_A is at the end of its
return stoke. The whole system has 7 input sensors correspond-
ing to six limit switches, one push button for starting the system
and six output actuators corresponding to six solenoid valves.
In the stamping process, pusher_A moves the workpiece from
a store onto the worktable. Then the workpiece is stamped by
stamper_B and afterwards is ejected by thrower_C. Thus, the se-
quence of the stamping system is A+, B+, {A—,B—},C+,C—,

Fig.8. The transformations of the
IDEFO/SPNC/TPL/LLD approach

control

|1 —»| activity
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Fig. 9. The stamping system

where the plus and the minus signs mean a piston performing
forward strokes and return strokes, respectively. {A—, B —} rep-
resents two concurrent actions as the pistons of both pusher_A
and stamper_B perform return stokes simultaneously.

4.2 Sequence controller design

Through the use of the proposed IDEFO/SPNC/TPL/LLD ap-
proach, as shown in Fig. 10, the LLD code for real-time im-
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Table 1. Notations for the stamping process

SPNC TPL LLD Description
element element element

Pl M 1 M 1 Ready

Py M,, out; M, Y, Holding {A}

P M3, outy M3, Y> Stamping {B}
Py My, outs My, Y3 Releasing {A}
Ps Ms, outy Ms, Yy Releasing {B}
Pe Mg Mg -

Py M7 M7 -

Pg Mg, outs Mg, Y5 Throwing {C}
Py My, outg My, Ye Resetting {C}
T T - Push in and Hold on {A+}
T T - Stamp down {B+}
T3 T3 - Release workpiece {A—, B —}
Ty Ty - -

Ts Ts — -

Te Te - Throw out {C+}
Ty T; - Reset {C—}

Tg Ty - Repeat {A+}
So ing Xo Push button {ON}
S1 in X1 Sensor al {ON}
SH iny X> Sensor bl {ON}
S3 in3 X3 Sensor a0 {ON}
Sq ing X4 Sensor b0 {ON}
Ss ins X5 Sensor c1 {ON}
Se ing X6 Sensor cO0 {ON}

plementation on PLC controllers was systematically generated.
First, the material flow diagram and the information flow di-
agram were obtained by using the IDEFO technique. Then, to
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Fig. 10. Design of the sequence controller using IDEFO/SPNC/TPL/LLD approach
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verify its dynamic behavior, the information flow diagram was
transformed into the SPNC model. Subsequently, the SPNC
model was converted into a modified TPL model for layout. Fi-
nally, the LLD for implementation with PLC controllers was
obtained by a direct mapping from the TPL. This LLD code
is written for Mitsubishi FX2 PLCs, which meet IEC1131-3.
Table 1 gives the notations used in the IDEFO/SPNC/TPL/LLD
together with their descriptions.

5 Conclusions

In this paper, we have proposed a systematic IDEFO/SPNC/
TPL/LLD approach for the PLC-based sequence controller de-
sign in manufacturing systems. To obtain the LLD for PLC
implementation, the SPNC is defined by introducing the sen-
sor states into the ordinary Petri net. This leads to meaningfully
simplified process modeling. Moreover, the IDEF0 technique is
employed to construct the SPNC model through the material
flow diagram and information flow diagram. Starting from the
basic sequential specification, the proposed approach includes
IDEFO, SPNC, and TPL, and systematically leads to the stan-
dard IEC1131-3 LLD for PLC implementation. An application
of a stamping process is provided to demonstrate the viability
of the developed approach. In the future, we plan to enrich the
sequence controller with the capability of fault diagnosis, and
to apply the IDEFO/SPNC/TPL/LLD approach to more compli-
cated systems.
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