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Programmable Logic Controller for a
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Abstract—The article presents developed method and general
principles of creating ladder diagrams, which are commonly used
for systems with programmable logic controllers (PLC). Ladder
diagrams are created for sequential control systems of
technological processes, which are described by a connection
pattern, time diagrams of the executive elements’ operation. The
executive elements are double-acting pneumatic or hydraulic
actuators controlled by bistable electrovalves. A method of
designing sequential systems enabling the creation of a ladder
electro-pneumatic system is presented. The ladder diagram
consists of two parts. One is responsible for controlling the valve
coils, the other for the implementation of the memory block. The
signals that control the transition to the next state are the signals
described on the boundaries of the graph division. The synthesis of
control systems and their verification was carried out using the
computer aided program FluidSim by Festo.

Keywords—synthesis and verification of sequential systems;
ladder diagrams; PLC programming

I. INTRODUCTION

N designing, an important issue is the analysis and synthesis

of the schematic diagram of the device. In the synthesis of
digital [1,2,3] and analog [4,5,6,7] electrical systems, a
mathematical description is required, which is often
complicated. In order to meet the expectations of designers
regarding the minimization of the mathematical apparatus in the
analysis of circuits, a method of the synthesis of sequential
circuits has been presented. The presented material is a
continuation of the research problems announced in the article
[8], which presents the synthesis of a sequential system with the
use of logical elements.

The article presents a quick design of a ladder diagram for a
PLC controller on the example of a selected sequence of
executive elements of a technological process. The work cycle
of the automatic machine is presented with the connection
pattern and cyclogram, which show the states of the actuators.
On their basis, the automaton graph was created. The following
information is obtained from the graph: memory parameters of
the chip; system memory control signals; actuator control
signals that are used to create an electrical ladder diagram. The
memory control functions are shown in the left part of the
ladder, while the actuator control functions are shown in the

Adam Szcze$niak is with the University of Technology In Kielce,
Department of Mechatronics and Machine Building, Poland (e-mail: adam_
szczesniak@o02.pl).

right part of the ladder diagram. The obtained ladder diagram
was verified using the computer aided program FluidSim from
Festo. The cyclogram showing the state of actuators and the
state of the memory of the system for two cycles of the
automatic unit was presented, confirming the design
assumptions of the sequential control system. The
transformation of the electrical ladder diagram in the ladder
program for the PLC is shown. The program of the analyzed
system was also verified on a real system using the Simens
Simatic S7-1200 controller.

The programming language that has gained the most
popularity among PLC programmers is the Ladder Diagram
language [9,10,11,12,13]. Reason for this is that it is easy to
understand due to the similarity with contact-relay diagrams.
The problem was that the solutions proposed by the producers
differed from each other, which forced programmers and
designers to constantly adapt to new requirements. To solve this,
it was decided to standardize the programming methods, i.e.
IEC 61131-3 standard. This standard distinguishes two groups
of languages, i.e. text and graphic languages [14,15].

Text languages are the IL (instruction list) language, which is
structured like assembly language. Among its instructions are
logical operations, arithmetic operations, relation operations
and functions of timers, flip-flops and counters. The second text
language is the ST language (Structured Text), which in turn
resembles a high-level language, which is the C language, in its
syntax [14].

Graphic languages, i.e. the LD language (ladder diagrams)
and the FBD language (function block diagrams), in which the
program is built through the use of graphic elements. The LD
language resembles contact relay circuits, but in its structure it
allows the use of blocks containing more advanced functions.
The FBD language, on the other hand, is the equivalent of a
signal flow diagram, and the circuits built in it take the form of
connected function blocks [9]. Ladder logic also allows
performing more complex operations such as arithmetic and
timing operations.

The control diagram in this language takes the form of
symbols that are placed in circuits resembling a ladder of the
relay diagram. This language allows to build control systems
based on logical dependencies resulting from Boolean algebra [2].
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The appearance of the control system resembles electrical
circuits built in a con-tact-relay system. The program is written
as a series of lines containing graphic elements such as coils or
contacts, limited on the right and left side by "current busbars",
wherein the right line, depending on the manufacturer's
preferences, may not be present.

The basic elements we encounter in LD language are contacts
and coils. A contact is an element that transfers the state from
its left side to its right side, and the variable assigned to that
contact. A contact cannot modify the variable associated with it.
The coils also pass the state from left to right side, but in their
case the value of the variable assigned to them changes
depending on the properties of the coil used.

Function blocks and functions in the LD language are

rectangular. As IEC61131-3 describes, each function can only
have one output, while a function block can have several
outputs. The input parameters of blocks are passed through the
variables or constants assigned to them. It is also possible to
transfer data directly from the output of one block to the input
of the next. Each block must contain at least one Boolean input
and output so that current can flow through it [15]. The name of
the function block is always entered above the symbol of the
function block.
Bearing in mind the popularity of programming PLCs using the
LD language in designing sequential circuits [16,17,18], a
method of algorithmic design of asynchronous control systems
has been developed, which allows for the synthesis of virtually
any electro-pneumatic systems used in the automation of
technological processes, leading to the obtaining of a control
system in the form of a contact ladder.

II. METHOD OF DESIGNING A SEQUENTIAL CIRCUIT FOR
APPLICATION TO LADDER DIAGRAMS

In the synthesis of circuits, both in analysis and design, the
most common methods of externally describing sequential
circuits are verbal description and time plots.

A verbal description formulating the principles of the system
operation, assigns input signals in the order of their occurrence
the corresponding output signals. The time graphs define the
mutual correlation of input and output signals, assigning them
values 0 or 1, usually ignoring transient processes.

On the basis of the description of the operating principle of
the system, a pattern is created that illustrates the operation of
the automatic machine, i.e. the sequence of operation of the
actuators.

The connection pattern was adopted, on the example of which
the synthesis of cir-cuits will be discussed.

S+/- A+ A- B1+ A+ C+ D+ C- D- A- B1/2- A+ A- B-

On the basis of the connection pattern, the cyclogram of the
automatic machine operation has been presented in Fig. 1.

The cyclogram shows the states of the actuators during one
operating cycle of the machine. The A, C and D actuators are
two-position, while the B actuator is a three-position actuator.
In the initial state, all actuators are retracted and their states are
signaled by position sensors a0, b0, c0, dO, respectively. The
extended position is signaled by sensors al, bl, cl, dl,
respectively, while the intermediate position of the actuator B is
signaled by the sensor b1/2.
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Fig. 1. System work cyclogram.

After giving the start S signal, the actuator A is moved to
position al and then it returns to position a0. Retracting actuator
A extends actuator B to position b1, and then extends actuator
A again. After extending actuator A, actuator C extends etc.
according to the cyclogram. The sequence ends with actuator B
which moves from position b1/2 to position b0. After giving the
start signal again, the machine cycle is repeated. Based on the
above-mentioned description, we create the layout graph shown
in Fig. 2.

x4 = k4b1/2

Fig. 2. Graph partition into states.

We create the graph by placing smaller circles on its main
circle, the number of which is adequate to the number of
actuator states occurring in the connection pattern.

The signal S + that is Start of the system is a stable state, the
remaining states are unstable states. Then we divide the graph
into groups (circle segments) in such a way that in each group
the state of individual elements occurs only once. The groups
are represented graphically by dividing lines that come from the
center of the circle. We describe each dividing line with an
equation in which we multiply the signals from the arc directed
to the dividing line (i.e. the state of the actuator) with the value
of the group state in front of the dividing line (i.e. the state of
the memory of the circuit).
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Fig. 3. Sequential circuit using a ladder diagram

Received signals x1 = alkl; x2 =blk2; x3 =d1k3; x4 =bl /
2k4; x5 = alk5; x6 = b0k6 are the signals that control the
memory of the chip.

A detailed description of the creation of a graph is presented in
the literature [8].

III. DESIGNING A SEQUENTIAL ELECTRO-PNEUMATIC SYSTEM
USING A DIAGRAM LADDER

In the analyzed case, a multi-position B actuator was used,
allowing stopping in three positions. The B actuator takes the
positions 0, 1/2, 1 marked as B0, B1/2, B1. The design of the
actuator requires appropriate control, Fig. 3, depending on the
method of supplying or venting the appropriate connection
openings I, II, III. Following the cyclogram (system graph), the
actuator B takes the positions B0, B1, B1/2, B0 in one cycle of
the machine. The function of the valves should be determined
by ensuring the appropriate conditions of ports I, II, III. If the

actuator is turned on B + (state k2), i.e. it starts from position 0
to 1 (BO to B1), then valves BI + and BII + must be on. The next
position according to the graph is moving the actuator to B1/2
(state k4), i.e. changing the position of the actuator from state B
to state B1/2. To ensure this, turn on the BI + and BIII + valves.
The next position according to the graph is the insertion of the
B- actuator (state ko6), i.e. changing the position of the actuator
from the B1/2 state to the BO state. To ensure this, turn on the
BIII + valve and turn off the BI - valve.

The actuators are controlled by solenoid valves. The solenoid
valves are connected to the actuator chambers in such a way as
to ensure the initial state of the actuators. In this case, all
actuators are in the retracted position, and their states are
signaled by position sensors a0, b0, c0, d0, respectively.

The solenoid valve inputs are controlled by intermediary
relays that perform the functions read from the system graph. It
is shown on the right side of the ladder in Fig. 3. For example,
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according to the diagram of the system Fig. 2, the actuator A-
switch-off state occurs many times during one cycle, i.e. in the
k2, k4 and k6 memory state under the influence of the signals
k2, dOk4 and k6, respectively. This is shown as the sum of these
signals in the Ladder Diagram.

We proceed in a similar way when defining the functions for
determining the state of the other actuators, which was reflected
in the control ladder, the right part of the ladder in Fig 3.

For example, the high state of k2 memory is performed by the
signal x1 = alkl (serial connection of contacts al and k1). This
state is maintained by the k2 relay contact creating the function
alkl + k2. The memory state k2 is erased by the next state, i.e.
k3, according to the graph, i.e. the function (alkl + k2) k3 is
created. In this way, the next memory state erases the previous
state, setting the memory k4 erases the previous state k3, setting
the memory kS5 erases the previous state k4, etc.

It should be emphasized that in the case of continuous
actuator position control systems, proportional valves [19,20]
are used, while for the position of the actuator, digital position
transducers [21] are used, which enable precise control of the
actuator's position [22,23,24].

The verification of the sequence system with the use of the
ladder diagram was carried out using the computer-aided design
program FluidSim from Festo.

Fig. 4 shows the selected state of the system during the
simulation. The system is in the k6 memory (Fig. 2), in which
the actuator A is in the off position, which is signaled by the
position sensor A0. This causes the phase of switching off the B
actuator to position B0 by switching on the BIII+ valve and
switching off the BI- valve.

Fig. 5. shows the cyclograms showing the simulation results.
The cyclogram shows the state of the actuators A, B, C, D and
the memory state of the k1-ké6 circuit in accordance with the
machine graph. It should be emphasized that setting the next
memory to high state clears the state of the previous memory.
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Fig. 4. Sequential circuit with the use of a ladder diagram -
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For example, setting the memory k2 to high state resets the
previous state of k1, setting the memory k3 resets the previous
state of k2, etc., resulting in the effect of "wandering 1".
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Fig. 5. Cyclograms from the simulation of a sequential system with the use of a ladder diagram
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TABLE I

DESCRIPTION OF SYMBOLS USED WHEN DEVELOPING THE PROGRAM AND CORRESPONDING ELEMENTS OF THE DESIGNED AUTOMATIC MACHINE

Controller inputs Controller outputs Memory Other
controller limit controller valves controller memory controller other
switches states
10.0 a0 Q0.0 A+ MO0.0 k1 10.9 S
10.1 al Q0.1 A- MO.1 k2 10.10 ASSIGN_
STATE
10.2 b0 Q0.2 BI+ MO0.2 k3
10.3 bl/2 Q0.3 BII+ MO0.3 k4
104 bl Q0.4 BIII+ MO0.4 K5
10.5 c0 Q0.5 BI- MO.5 K6
10.6 cl Q0.6 C+
10.7 do Q0.7 C-
10.8 d1 Q0.8 D+
Q0.9 D-
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The cyclogram shows the state of the actuators A, B, C, D and
the memory state of the k1-k6 circuit in accordance with the
machine graph. It should be emphasized that setting the next
memory to high state clears the state of the previous memory.
For example, setting the memory k2 to high state resets the
previous state of k1, setting the memory k3 resets the previous
state of k2, etc., resulting in the effect of "wandering 1".

(ladder) system shown in Fig. 3 was created, the logic of which
is reflected in the controller program. Signals of the limit
sensors on the actuator are connected to the input of the
controller, while the control valve coils are connected to the
outputs. In addition, the S (start) control signal and other sensors
used to control the device are connected to the inputs.

The organization of memory in the controller program is
identical with the organization of memory in relays for the

Designation Quonty vaue i 1 2 3 4 E electro-pneumatic system. The product or logical sum is
ASSIGN_STATE implemented by a suitable contact connection: serial or parallel.
- Ste T Description of symbols used when developing the program and
corresponding el-ements of the designed automatic machine are
A Postion "% /’U m presented in Table 1.
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In Fig. 6 a screenshot of the ladder diagram during simulation '_u] ] ) oL M2 &
is shown. The simulation presents the system in the state of two Iy O3 007
cycles of the machine. Starting the system will cause the next | ()
cycle or cycles to be performed. The program allows you to e &
assign colors to electric and pneumatic signals and to select the
. . . 105 MO Q0.9
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IV. SYSTEM FOR PROGRAMMING PLC CONTROLLER

For designing sequential electro-pneumatic systems using
controllers [25,26,27], a ladder language program is often used,
whose logic is identical to that of creating a re-lay-based electro-
pneumatic diagram. Based on the graph in Fig. 2, the relay

Fig. 7. System for programming PLC controller

The controller control program that implements the graph in
Fig. 2 and the electrical ladder diagram Fig. 3 is shown in Fig. 7.

The ladder in the left part of Fig. 7 is responsible for
controlling the valve coils. The contacts that control these coils
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correspond to the position sensors of the actuators. The right
part of Fig. 6 is the memory block implementation. The signals
controlling the transition to the next state are the signals
described on the graph partition boundaries. Each relay coil
corresponding to a memory state has a backup and a relay coil
con-tact from the next memory state, causing the previous state
to be reset to zero when the system enters this state.

The program was tested on a Siemens Simatic S7-1200
controller. The controller has the following parameters: CPU
1214C DC / DC / DC, 14 binary inputs (24V DC) / 10 binary
outputs (24V DC) / 2 analog inputs (0-10V DC), power supply:
24V DC, program / data memory: 100 KB.

CONCLUSION

The course of action presented in the article makes it possible
to obtain an electrical diagram of a ladder sequence system.

The electrical ladder diagram is easily converted into a PLC
programming ladder diagram.

The applied algorithmic method for the synthesis of the
system does not require the use of mathematical analysis to
describe the machine function and the procedure of its
minimization in order to obtain an electric ladder diagram.

The presented synthesis of the machine can be applied to any
sequence of actuators, quickly obtaining a program in the form
of a ladder diagram.

The system was verified by simulation using the Festo
FluidSim program and on the actual controller Siemens Simatic
S7-1200.

Accurate analysis of sequential circuits with the use of PLC

circuits can be used to synthesize electric and electronic circuits
[28,29,30,31].
Further research will be aimed at implementing the developed
method of designing an asynchronous electro-pneumatic system
to control the transport paths of rolling elements in the
production of rolling bearings, leading to the obtaining of a
control system in the form of ladder diagrams for a PLC
controller.
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