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Abstract Sequence controller designs play a key role in
advanced manufacturing systems. Traditionally, the
ladder logic diagram (LLD) has been widely applied to
programmable logic controllers (PLC), while recently
the Petri net (PN) has emerged as an alternative tool for
the sequence control of complex systems. The evalua-
tion of both approaches has become crucial and has
thus attracted attention.

The “basic element” approach was developed to
evaluate the complexity and flexibility for LLD and PN
design approaches [1, 2, 3, 4]. However, the basic ele-
ments of these two designs are inherently different and
hence that approach may lead to unreliable results. Since
sequence control here naturally implies the use of logic
rules, a rule-based approach is proposed in this paper to
provide unified measures for both LLD and PN designs.
To illustrate the proposed approach, it is applied to five
control sequences with increasing complexity for a
stamping process. Results indicate that the proposed
approach is more suitable for real applications and,
furthermore, PN is increasingly superior to LLD as the
control sequence becomes more complex.

Keywords Ladder logic diagrams - Petri nets -
PLC - Sequence controllers - Manufacturing systems

1 Introduction

The ladder logic diagram (LLD) has been widely applied
to manufacturing systems to design sequence controllers
and it is generally implemented on a PLC, which has the
advantages of reliability, robustness, and direct pro-
grammability. The I/O procedures of the PLC are
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specified by the LLD and industrial machines thus reli-
ably perform repetitive operations. For most simple
systems, it is easy to program the LLD with heuristic
methods. However, as modern manufacturing systems
have become increasingly complex and large-scale, the
corresponding sequence controller design has become
more difficult. Accordingly, LLD programming has also
become more complicated and its application is thus
limited. Moreover, qualitative analysis and performance
characteristics of LLD-controlled processes are seldom
discussed. In addition, as design specifications change,
the LLD program usually needs to be modified signifi-
cantly. Hence, researchers are pursuing systematic and
efficient PLC programming approaches for system
modelling, analysis, simulation, and evaluation [5, 6, 7,
8].

Recently, the Petri net (PN) approach has attracted
much interest as a potential tool for designing sequence
controllers in manufacturing systems [9, 10, 11, 12, 13,
14, 15]. However, the PN approach is not well known by
most engineers. Although the sequential function chart
(SFC), a PN-based representation tool, has been pro-
posed as the IEC 1131-3 standard programmable lan-
guage [16], in practice, PLC users still prefer to program
LLD directly. Moreover, industrial practitioners are not
clear whether the PN is superior to LLD for sequence
control in different applications. Hence, realistic com-
parisons between the LLD and PN approaches are
required, especially for large-scale and complex manu-
facturing systems.

In practice, only a limited amount of research com-
paring these approaches has been reported, because
suitable comparison criteria are difficult to identify.
Boucher et al. [17] studied the sequence control of a
manufacturing system and reported that using PN
makes the controller more tractable than LLD does.
However, they did not formally quantify the comparison
between LLD and PN to design sequence controllers.
Venkatesh et al. [1, 2] proposed a number of “basic
elements”, which are nodes and links in the LLD and
PN, as a quantified measure to compare their design
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complexity and response time. They claimed that PN
offers a better solution than LLD, especially in adapt-
ability as specifications change. Based on the basic ele-
ment approach, Zhou and Twiss [3, 4] further compared
the LLD and PN in terms of the comprehensibility,
flexibility and the ability to perform correctness verifi-
cation. They also reported that the PN displays better
results. However, note that while basic elements in the
LLD stand for push buttons, limited switches, relay
coils, timers, counters, solenoids and lines, they are
places, transitions and arcs in the PN. Since both nodes
and links in the LLD and PN have different physical
meaning, as shown in Table 1, analysis of LLDs and
PNs simply by using the number of basic elements as the
comparison measure may lead to an incoherent com-
parison.

In this paper, a new approach towards evaluating
the LLD and PN methods is proposed via the
IF-THEN transformation. By converting both the
LLD and PN into the same IF-THEN formats [18], a
unified comparison is then achieved based on the same
measure, which is the sum of (1) the number of IF-
THEN rules and (2) the number of logical operators
for both LLD and PN. An example of five sequences
with increasing complexity for a stamping process is
provided to illustrate the proposed approach. It has
been found that the proposed evaluation approach
yields more reasonable results. Also, the realistic com-
parisons provided in this paper support the superiority
of the PN approach.

The remainder of this paper is organised as follows.
First, Sect. 2 introduces the rule-based comparison for
LLD and PN. In Sect. 3, an application example of a
stamping process is provided to illustrate the proposed
approach. Then, Sect. 4 presents the discussions of the
comparison results. Finally, conclusions are provided in
Sect. 5.

Table 1 Basic elements in LLD and PN

Basi
asic LLD PN
elements
Push button I
Normally open _”_ Place ( )
contact/switch
Normally closed JF Transition 4>|—>
Nod contact/switch
odes
Relay coil —®—
Timer
Counter CNT|
Solenoid J\/—
Normal arc —>
i Line —_—
Links Inhibitory arc | —o

1.1 Rule-based comparison

Two major factors for comparison of LLD and PN for
sequence control are identified as design complexity
and response time [1]. Design complexity is defined as
the complexity associated with designing the control
logic for a given specification. Response time is termed
as the scan time in LLD or the execution time in
PN. The major factor for design complexity is the
physical size of the control logic model, whereas the
response time is influenced not only by physical size,
but also by the hardware of implementation. For
simplicity, this paper focuses on comparison of the
control logic models. The proposed approach includes
two steps:

Step 1 Transform both the LLD and PN into the
same IF-THEN format.
Step 2 Evaluate the LLD and PN based on the

number of (a) rules and (b) logical operators.

In general, control models use a smaller number of
IF-THEN rules and logical operators are easier to
understand, debug, check and maintain. Moreover,
they may have a shorter response time. Thus, the
proposed approach is based on the unified rule-
based format to compare the corresponding design
complexity and response time for different LLD and PN
structures.

1.2 IF-THEN formats

Basically, compound IF-THEN rules, which involve
both the conjunctive and disjunctive connectives in their
antecedent or conclusion part, can be categorised into
the following basic four types [18]:

Typel IF (4 and B) THEN C, or expressed as
(ANB) = C,

Type 2 IF A THEN (C and D), or expressed as
A — (CND),

Type 3 IF (4 or B) THEN C, or expressed as
(AUB) — C,

Type 4 IF 4 THEN (C or D), or expressed as.
A — (CUD).

The Type 2 rule can be broken into two simple rules,
A— C and A — D. Similarly, the Type 3 rule is
equivalent to the two simple rules 4 - C and B —» C
because the truth of either 4 or B (or both) implies the
truth of C. In practice, since the Type 4 rule does not
achieve the specific implication and often causes conflict
problems, it is generally not suitable for real applications
in the sequence control. The IF-THEN rules excluding
Type 4 for the LLD and PN transformations are shown
in Table 2. Note that the timers and counters can also be
expressed in the basic rules. For example, condition 4
may represent delaying the desired time units and the
status C may express that a counter increases or
decreases one unit.
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Table 3 Comparison of LLD and PN for the sequence: 4+, A—

IF-THEN rules LLD PN
A c
IF A and B, THEN C Fﬁ—lB
An B - C B
A
A C
IF A, THEN C and D F——~=0
A- CnD e D
A A c
IF AorB, THEN C —
B
AuUB-C [— B

1.3 Unified comparison measures

Based on the IF-THEN rules, two measures are pro-
posed to evaluate PN and LLD as follows.

Measure 1 The number of IF-THEN rules.

Measure 2 The number of logical operators, including
the conjunction (AND), disjunction (OR),
block and implication.

The summation of measure 1 and measure 2 can be
recognised as a new measure for evaluating different
structures. By transforming both the LLD and PN to the
same IF-THEN formats, comparisons with a unified
measure can then be made. Basically, models use a
smaller number of IF-THEN rules and logical operators
are easier to understand, debug, check and maintain.

Fig. 1 The LLD and PN for the
sequence: 4+, A—
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Specification :
A+, A-

Cylinder_A 5]
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A+ A-
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PN

Comparison measure  LLD PN

Basic elements Push button 1 Place 6
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Nc contact 2 Normal arc 11
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Line 20
Total 34 Total 22

IF-THEN rules Rule Rule 5
Operator 14 Operator 6
Total 18 Total 11
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Fig. 2 The stamping system

Moreover, they often have a shorter response time.
Therefore, the sum of measure 1 and measure 2 properly
signifies the design complexity and response time for the
process represented in either LLD or PN structures.
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Fig. 3 LLD and PN for PN
Sequence_1 Sequence 1: Pb
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Basic element: Nodes = 30, Links =43
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1.4 A preliminary comparison

A simple example we use to illustrate the proposed
approach is shown in Fig. 1, which a piston performs
a forward stroke and then retracts. In this figure, the
specification A+ indicates a forward stroke and
A- indicates return stroke sequentially. Both the LLD
and PN controllers, as shown in Fig. 1, can be repre-
sented by either the basic elements or transformed
into the same IF-THEN format, as listed in Table 3.
Results show that the number of basic elements for the
LLD and PN are 34 and 22, respectively. However, the
basic elements in LLD and PN are physically different,
as mentioned before, and the comparison based simply
on the number of basic elements for different structures

Basic element: Nodes = 26, Links = 34

(b)

is apparently inappropriate. On the other hand, the
results obtained from the IF-THEN transformation
indicate that the LLD programming needs 4 IF-THEN
rules and 14 logical operators, while the PN only needs 5
IF-THEN rules and 6 logic operators. Therefore, the
number of IF-THEN rules and logical operators for
LLD and PN is 18 and 11, respectively. Although the
results of both approaches indicate that the PN offers a
better solution than LLD, the present IF-THEN trans-
formation provides more reasonable results when eval-
uating different structures in sequence controller design.
Furthermore, the degree of programming flexibility can
be analysed by observing the increase ratio of either the
number of basic elements or the number of present rules/
operators as sequences become more complex.



2 An application example

To illustrate the proposed approach, an industrial pro-
cess for automatic mark stamping is used and the way
the specifications change is examined as five increasingly
complex sequences are considered.

2.1 System description

As shown in Fig. 2, a mark stamping system consists of
three cylinders which are operated by four-port and two-
way solenoid valves. Each cylinder has two normally
open limit switches. For example, when the end of
pusher_A contacts the limit switch a0, then a0 is closed,
meaning that pusher_A is at the end of its return stoke.
The whole system includes seven input sensors corre-
sponding to six limit switches and one push button for
starting the system, and six output actuators corre-
sponding 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 stam-
per_B and afterwards is ejected by thrower_C. The log-
ical sequence of the stamping system is A+, B+, {4—,
B-}, C+, and C—, where {4—, B—} represents two
concurrent actions as the pistons of both pusher_A and
stamper_B perform return stokes simultaneously. Five

Sequence_2:
START, A+, B+, 10 sec, {A-, B-}, C+, C-
(Sequence_1 with one 10-sec timer added)

Pb

Push Pb

—— R1

-
LLD PN
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i End {A+}
_“_“_ al o) —
R1 b_o

” Do {B+}
’ﬁ1 A B+
' al Be
’—/\/— End {B+}
R1b1 R3 b1
H- e At ®R)— TIM1, 10sec
lﬁg cu9 10 sec
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R3
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Basic element: Nodes = 33, Links = 47
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Basic element: Nodes = 26, Links = 34

Fig. 4 LLD and PN for Sequence_2
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sequences with increasing complexity are considered
here as follows:

START, A+, B+, {4—, B—}, C+.,C—
START, A+, B+, 10s, {A—, B-—},
C+, C—(Sequence 1 with one 10 s timer
added)

START, 3 [A+, B+, 10s, {A—, B—},
C+,C—] (Sequence 2 with one 3-time
counter added)

START, 3 [A+, B+, 10s, {A—, B-},
C+,C-],30s,2[A+, B+, 10s, {A—,
B—}, C+, C—](Sequence_3 with one 30 s
timer and one 2-time counter added)
Sequence_4 with one emergency stop
added.

The complexity of these five sequences increases as
specified above.

Sequence_1
Sequence 2

Sequence_3

Sequence_4

Sequence_5

2.2 Sequence controller design

In order to solve the interlock problem, the LLD pro-
grams are usually developed with the assistance of the
cascaded method which divides the required sequence
into groups [6]. Possible contradictory solenoid signals
can be thus avoided. On the other hand, since PN is a

Sequence_3:
START, 3 [A+, B+, 10 sec, {A-, B-}, C+, C-]
(Sequence_2 with one 3-time counter added)
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S SN
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10 sec
A A TIM1, 10sec.
R2
Il
T
R2
I y
a|1_/\l>_
R2c1 R1R4
I HH— &
o ®
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Pu}’ 3 times End {C-}
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Basic element: Nodes = 40, Links = 56
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Basic element: Nodes = 27, Links = 36

Fig. 5 LLD and PN for Sequence_3



LLD Sequence_4:
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Fig. 6 LLD and PN for Sequence_4

concurrent operation, it can be verified to avoid the
interlock logic problem via the simulation [§]. The LLD
and PN for the Sequence 1-Sequence 5 are shown in
Figs. 3, 4, 5, 6 and 7. Although the sequences compared
here only consider a typical cylinder-actuating system, a
similar analysis can be extended to general industrial
applications such as motors, pumps, heaters and con-
VEyors.

2.3 Comparison of LLD and PN

Table 4 shows the IF-THEN formats of the LLD and
PN in Figs. 3, 4, 5, 6 and 7. The required basic elements
in the basic element approach, and the required rules
and logical operators in the IF-THEN transformation
for the five sequences are shown separately in Figs. 8
and 9. For these five sequences, the increase ratio, which
is the normalised measure based on Sequence 1 corre-
sponding to the increasing sequence complexity, is also
shown in Figs. 10 and 11 for the two approaches. In
general, a larger ratio indicates that the design is less
flexible when subjected to changes in sequence control.

All results indicate that the PN is superior to LLD in
terms of design simplicity, response time and flexibility
responding to the specification changes.

3 Discussions

This paper presents a novel and unified approach to
evaluating the computational burden and complexity
subject of sequence programming for different struc-
tures. Because the basic elements for LLD and PN
structures posses different physical meanings, results
using the basic element approach are not adequate to
conclude which design structure is more efficient. By
applying the proposed IF-THEN transformation
approach, the same IF-THEN rules and logical opera-
tors are obtained for both LLD and PN structures and
thus the results in Fig. 9 show conclusively that the PN
structure design is more efficient.

Furthermore, by applying the IF-THEN transfor-
mation, results indicate that the PN structure also leads
to a lower increase ratio than the LLD structure, as
shown in Fig. 11. Thus, design via the PN structure is
more flexible when the specification changes. A similar
trend can also be observed using the basic element
approach as shown in Fig. 10. Therefore, the PN
structure for sequence control design will become more
valid for large-scale processes.

Although both the basic element approach and the
IF-THEN transformation present similar results in
terms of increase ratios for given sequence changes as
shown in Figs. 10and 11, a comparison indicates that
the basic element approach overestimates the complexity
of LLD, and underestimates that of PN. For example,
comparing Sequence_1 with Sequence_2, which adds a
timer to Sequence 1, results of the basic element
approach indicate that both sequences require the same
number of basic elements by using the PN, as shown in
Fig. 8. This is obviously misleading. On the other hand,
evaluation results with the present IF-THEN transfor-
mation properly indicate that the complexity of PN
increases from 34 to 35, as shown in Fig. 9. Therefore,
the proposed IF-THEN transformation is more realistic
for evaluating sequence control design than the basic
element approach.

4 Conclusions

In this paper, a unified comparison approach has been
proposed to adequately evaluate the LLD and PN using
the IF-THEN transformation. Thus, more realistic and
reasonable results can be obtained to analyse the
design complexity and flexibility to specification changes
for different structures. Results of the given example
show that the PN is simpler and more flexible than LLD
in realisation of sequence controllers. Hence, PN is
a promising solution for modern industrial control
systems.



Table 4 IF-THEN formats of LLD and PN in Figs. 3, 4, 5, 6, 7

LLD PN
1.Pb- R1,
1. ((Pbn a0)u (R3n cO)u R1)n R2' > R1, 2.a0n R1 > A+,
2.R1- A+, 3. A+ al,
3.R1n a1 - B+, 4.a0n b0 -~ B+,
4. ((R1n b1)u R2)n R3' > R2, 5.B+ > b,
5.R2 > B-, 6.b1-> A-n B-,
Seq._1 6.R2n a1 - A-, 7. A-n B- > a0n bon R2,
7.R2n bOn a0 - C+, 8. R2n aln bOn c0 - C+,
8. (R2n c1)u R3)n RT > R3, 9.C+- ¢,
9.R3- C- 10.¢1- C-,
11. C- > a0n bOn cOn R1.
Rules =9, Operators = 31 Rules = 11, Operators = 23
1. ((Pbn a0)u (R3n cOu R1)n R2’ - R1, 1.Pb- R1,
2.R1- A+, 2.a0n R1 - A+,
3.R1n a1 - B+, 3. A+ al,
4. ((R1n b1n TIM1)u R2)n R3’ > R2, 4.a0n b0 - B+,
Seq._2 5.b0’n c0’ > (RST)TIM1, 5.B+- b1,
— 6.R2 - B-, 6.b1n TIM1 > A-n B-,
7.R2n a1 - A-, 7.A-n B-- a0On bOn R2,
(Seq._1 with 8.R2n bOn a0 - C+, 8.R2n a0n bOn c0 - C+,
one timer 9. ((R2n c1)u R3)n R1" > R3, 9.C+ - c1,
added) 10.R3 - C-. 10.¢1- C-,
11.C- > a0n bOn cOn R1.
Rules = 10, Operators = 34 Rules = 11, Operators = 24
1. ((Pbn a0)u (R3n cO)u R1)n R2n R4’ - R1, 1.Pb - R1n (SET)CNT1,
2.R1- A+, 2.a0n R1n CNT1 - A+,
3.R1n a1 - B+, 3. A+ af,
4. ((R1n b1n TIM1)u R2)n R3n R4’ > R2, 4.a0n b0 - B+,
Seq. 3 5.b0'n ¢0' - (RST)TIMA, 5.B+- b1,
- 6.R2 > B-, 6. b1n TIM1 > A-n B-,
7.R2n al - A-, 7.A-n B-- a0n bOn R2,
(Seq._2 with 8. R2n bOn a0 - C+, 8.R2n a0n bOn c0 > C+,
one counter 9. ((R2n c1)u R3)n R1’n R4’ - R3, 9.C+- cf,
10.R3 > C-, 10.¢1- C-,
added) 11.¢c0n CNT1-> R4, 11. C- - a0n bOn cOn R1.
12. Pb’ - (RST)CNT1.
Rules = 12, Operators = 40 Rules = 11, Operators = 26
1. ((Pbn a0)u (R3n cO)u R1)n R2’'n R4'n R6’ - R1, 1.Pb > R1n (SET)CNT1,
2.R1- A+ 2.a0n R1n CNT1 > A+,
3.R1n a1 - B+, 3. A+ - at,
4. ((R1n b1n TIM1)u R2)n R3'n R4n RE’ > R2, 4.a0n b0~ B+,
5.b0’'n c0’ - (RST)TIM1, 5.B+ - b1,
6.R2 - B-, 6.b1n TIM1 - A-n B-,
Seq._4 7.R2n al > A, 7.A-n B- > a0n bOn R2,
8.R2n bOn a0 » C+, 8. R2n aln bOn c0 - C+,
s 9. ((R2n c1)u R3)n R1’'n R4n R6’ > R3, 9.C+- ci,
(Seq._3 with 10.R3 > C-, 10.¢1- C-,

one timer and
one counter
added)

11.¢On R50 CNT1 ~ R4,
12.Pb’ > (RST)CNTH,
13.R4n TIM2 > RS,
14.Pb’ > (RST)TIM2,
15.R5n cOn CNT2 > R6,
16.R5' > (RST)CNT2.

Rules = 16, Operators = 52

11. C- > aOn bOn cOn R1n (SET)CNT2,
12. CNT2n TIM2 » (SET)CNT1.

Rules =12, Operators = 29

Seq._5

(Seq._4 with
one emergency
stop added)

_((R1n bin TIM1)u R2)n R3n R&'n R6' R7’ - R2,

5.b0'n c0' > (RST)TIM,

7.R2n a1 - A-,
8. R2n bOn a0 » C+,

9. (R2n c1)u R3)n RT’n R&n R&n R7 » R3,

10.R3 - C-,
11.cOn R50 CNT1 — R4,
12.Pb’ > (RST)CNTH,
13.Rdn TIM2 — R5,

14. P’ > (RST)TIM2,
15. R5n cOn CNT2 - R8,
16.R5 > (RST)CNT2,
17.ES - RT.

Rules = 17, Operators = 56

1.Pb - R1n (SET)CNT1,
2.a0n R1n CNT1n ES’~ A+,
3.A+n ES’ - aft,

4.a0n bOn ES’ - B+,

5.B+n ES’ > b1,

6.b1n TIM1n ES’ - A-n B-,
7.A-n B-n ES’ » a0n bOn R2,
8. R2n a0n bOn cOn ES’ » C+,
9.C+n ES’ - c1,

10.¢c1n ES’ - C-,

11.C-n ES’ > aOn bOn cOn R1n (SET)CNT2,

12. CNT2n TIM2 > (SET)CNT1.

Rules = 12, Operators = 39
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Fig. 7 LLD and PN for LLD Sequence_5:
Sequence_5 Pb a0 R 4RI{6R Sequence_4 with one emergency stop added.
L 4 ®R)—
it AA A PN
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al I—/\C;— TIM1, 10sec T6
R2c1 R1R4R6R
H
R3
Es
I|T3 c- 24 ?
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c0 R5 Delay . - "
LW TIM2—— Ti=T2to T11
A cNT1 @ » T9 End {C+}
Pb |3 times 30sec
A 34 0 cl
R4
ﬁ TIM2 @) 10-f~Doic}
30
yf sec C) c-
R5c0 CNT2 TN End (G}
1 cNTz 6)
T};’ 2 times l
AT
Es
L @_
Basic element: Nodes = 59, Links = 81 Basic element: Nodes = 30, Links = 50
(a) (b)
The Number of Basic Elements
. 140 The Amount of Rules and Operators
129 80 73
| = ||-3LND 70 + gLLD 68
| |
6o | mPN
100 | 96 52 51
50 +
B0 | 73 - B 40 s a7 “
89 40 5
60 80 s =
60 | 30 F
4 | 20
10 F
20 |
D 1
0 Seq. 1 Seq. 2 Seq._3 Seq. 4 Seq. 5
Seq. 1 Seq. 2 Seq. 3 Seq. 4 Seq. 5

Fig. 8 Required basic elements in the basic element approach

Fig. 9 Required rules and logical operators in the IF-THEN

transformation



2 _ Increase Basic element approach LLD 1902

Seq._1 Seq._2 Seq._3 Seq._4 Seq._5

Fig. 10 The increase ratio for the basic element approach

2 _ Increase IF-THEN transformation
ratio LLD 1.83
7

Seq._1 Seq. 2 Seq._ 3 Seq. 4 Seq. 5

Fig. 11 The increase ratio for the IF-THEN transformation
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