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Development and Validation of a Less Expensive and Portable PLC Module

for Students Training in Industrial Automation

Joel Fernando Palomino Masco

Abstract— Programmable logic controllers (PLC) devices play an
important role in automation systems; therefore, technicians must
have adequate training with these devices. If a student wants to
learn about PLCs, they will find two problems. First, training pro-
grams are expensive, and second, PLC modules are not suitable for
gaining hands-on skills. This study proposes the implementation
and validation of a less expensive PLC module that is accessible
to students interested in learning about this technology. Two pro-
totypes were developed using a PIC16F877 and an ATMEGA328P
microcontroller. This study describes the enhancement made in
the second prototype over the first prototype. Finally, a compar-
ison test between the two prototypes and two commercial PLCs is
demonstrated. A MyRIO programmed as a data logger monitored
the PLC operation for 12h. The program recorded the response
time of the PLC output each time a 24 volts signal was sent to
its input. The results show that commercial PLC has a fast and
more stable response time. Nevertheless, the developed modules
proved to work effectively for 12h, demonstrating their efficiency
for training.
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I. INTRODUCTION

ECAUSE of the rapid pace of technological development,
professionals must keep their knowledge up to date. This is
true for automation systems, with the introduction of program-
mable logic controllers (PLC). These devices were designed in
the 1970s to replace the relay control devices used in the indus-
try to control machines and processes. The device includes a
wiring interface for connecting to external devices and a pro-
grammable interface for developing a control algorithm [1]-[2].
PLC devices are used in industry to reduce costs. Produc-
tion lines originally operated by employees are now replaced
with PLCs. Therefore, industries require employees with skills
to operate and maintain PLCs in automation environments.
Therefore, students in institutes and universities must be trained
in PLCs programming and installation.
The availability of specialized courses as new PLC devices
emerge and the cost associated makes it difficult for students to
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find adequate training [1]. Therefore, institutions prefer a the-
oretical and simulated approach, which hinders student practi-
cal training [3]. However, PLC training kits are not suitable for
students to acquire hands-on skills, because the prefabricated
casing provides almost no access to the PLC wiring [4]. There-
fore, it is difficult to find appropriate training for this purpose.

Commercially available PLCs devices can cost around $300
or more; however, related research indicates that economical
devices can be designed using commercial devices. For exam-
ple, [5] designed a PLC module using the Atmega8L that had
a cost of around $20. Similarly, [6] describes the design of a
less expensive PLC module based on the PIC18F4580. Finally,
[1] focuses on the design of a training module based on the
DVP14SS2 PLC, the reported cost is around $214.

According to [7], the features of a PLC training module
should emphasize hardware connection of the inputs and out-
puts. Additionally, [3] states that PLC training modules must
be portable and easily accessible rather than modules that fit in
large spaces. Their design consisted of a small training kit with
dimensions of 47 x 37 x 27 cm and a weight of 10 kg. Similarly,
[8] developed a training PLC module with dimensions of 100
x 44.1 x 92.7. Although the design is not portable, his main
objective was to solve the lack of training kits.

A questionnaire to evaluate the effectiveness of a PLC mo-
dule designed with an ATMEGA256A3U microcontroller was
created in [9]. The questions were applied to 60 laboratories,
and the main topic was the ease of use of the module. The results
showed that 51 laboratories evaluated the module with good to
excellent remarks. Only 3 laboratories sent 3 poor remarks.

Less expensive PLC modules can also be implemented us-
ing development boards and adding the required power circuit
for the I/O pins. Parab [10] describes the use of an Arduino
UNO to create a temperature control system with relay logic.
Similarly, Comlan [11] uses Arduino to execute programs de-
veloped from a GRAFCET free editor in Java. Another plat-
form used is Raspberry Pi, Vieira [12] describes the use of these
module to implement a PLC designing an industrial shield for
the I/O pins. In the same way, Ahmad [13] uses the Raspberry
Pi 3 B as a PLC to control the sedimentation process of water
treatment plant. For the modules the described hardware con-
sists of a voltage divider with an isolation circuit for the inputs;
and the outputs pins control a relay that turns on/off the loads
connected to it.

The use of raspberry as a PLC can go further for real-time
applications. Ogorodnyk [14] describes the use of a Raspber-
ry Pi to collect data in real-time from sensors of molding ma-
chines. Additionally, Mastang [15] employs a Raspberry Pi to
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collect data from a PLC and deliver information to a database
for real-time monitoring. The synchronization of the device is
done from applications that acquire time from a computer. For
the case of stand-alone applications an external real-time clock
can be added.

Regarding the programing software, most commercial PLC
require a license for its use. Another option is to employ open
source software. Rodriguez [16] in 2014 presents OpenPLC, a
software that allows to write PLC programs according to the
IEC 61131-3 standard. This software has been used to test the
PLC security against anormal operation [17], and against cyber
attacks [18]. These tests demonstrate that the software is a val-
id platform to evaluate PLC functionality. Having access to the
code enables to perform various studies on the PLC operation in
search of faults, which is difficult with a commercial PLC soft-
ware. Finally, another software is LDmicro, Vishnu [19] uses this
software to develop an accessible PLC module for developing
countries.

Previous research, show that PLC modules can be developed
from microcontrollers and commercial development board; by
adding additional circuitry to operate with higher voltages as
used in the industry. These studies focus more on the develop-
ment of portable PLC modules, with the results focusing on their
effectiveness as relay controllers. However, these studies do not
compare their performance with that of commercial PLC. There-
fore, this study is novel in that it compares the performance of a
modular PLC with that of a commercial Siemens PLC. The AT-
MEGA328P was used to develop the modular PLC and the valida-
tion test was performed with National Instruments MyRio-1900
[20]. This device has configurable I/O that are configured with
LabView software and is used for developing applications that
work with onboard FPGA and microprocessor. For this research
the MyRio device was configured as a data logger. The contents
of this study are as follows; the first section describes the design
and implementation of the PLC module using two different mi-
crocontroller and explains how the first prototype was improved;
the second section is about the programming interface; the third
section shows the tests performed to compare the module per-
formance with a commercial PLC followed by a discussion of
the results; finally, the conclusions and future research are stated.

II. DESIGN oF PLC MODULE

A. Hardware Design

The PLC module uses commercially available components;
the ladder programming language was used, which is simple for
electricians to understand, and it works with 24 volts inputs and
outputs. Two prototypes were developed in this step using two
different microcontrollers, the PIC16F877 and ATMEGA328P.
Because the PLC works with high-power devices, the control
unit must be protected. Therefore, the input is designed around
an optocoupler, and the output is designed around a relay, to
electrically isolate the power circuit from the control circuit.

Fig. 1. shows the input circuit for the first prototype. To ac-
tivate the LED inside the optocoupler, a 24-volts input is con-
nected to a voltage divider. This signals the phototransistor,

which activates the microcontroller input through an inverting
gate and resistor R1. Additionally, an external LED is connect-
ed to the phototransistor as a signaling device.
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Fig.1. Electronic diagram of PLC module input for the first prototype.

In the second prototype, the inverting gate was eliminated.
The external LED was connected in parallel with the optocou-
pler input to allow the user to diagnose the input circuit in case
the optocoupler failed. Finally, the output of the phototransistor
is connected directly to the microcontroller through resistor R2.
The circuit for the input is shown in Fig. 2.
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Fig. 2. Circuit diagram of PLC module input for the second prototype.

Fig. 3. shows the output circuit for the first prototype. The
digital pin of the microcontroller activates the LED of an opto-
coupler through an op-amp wired as a buffer. The transistor on
the other side is connected to the coil of a relay. The relay nor-
mally open contacts are the exit of the PLC. This configuration
enables the user to control actuators that operate on different
DC or AC voltages. Finally, a LED is connected in parallel with

the relay coil to indicate that the output is activated.
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Fig. 3. Electronic diagram of PLC module output for the first prototype.
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In the second prototype, the optocoupler and op-amp are re-
placed by a transistor. The transistor is connected directly to the
relay coil. As in the previous case, the normally open contacts
of the relay are the PLC output, and a LED is connected in par-
allel with the relay coil to indicate an activation of the output.
The circuit for the output is shown in Fig. 4.
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Fig. 4. Circuit diagram of PLC module output for the second prototype.
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A 4-pin connector was used to connect two analog pins on
both prototypes. The 24-volts energy supply for the module was
accessible through two pins. A step-down converter was used
to supply 5 volts to the microcontroller. A LED was connected
near the voltage supply port to indicate that the device is pow-
ered on.

B. Programming Interface

To program the PLC module, “LDmicro” software was
used [21]. It is an open-source code that allows users to write
ladder diagrams and generate the HEX files to program micro-
controllers. The PICKIT is commonly used to program the PIC
microcontroller; however, for this case, the BK precision pro-
grammer 844USB device programmer was used for its avail-
ability in the institution [22]. The first prototype (Fig. 5.) has a
40-pin zif socket for the microcontroller. An external 14 MHz
crystal was used to match the clock requirements established by
the LD Micro software. Finally, the board dimensions are 17 x
14 cm, including the space for 4 PCB spacers.

Fig. 6. Developed PLC prototype using the ATMEGA328P.

For the second prototype, a commercial version of the US-
Basp programmer was used for its low price [23]. A 10-pin
male connector located near the microcontroller was used to
connect to the programmer. According to the requirements of
the LD Micro software, the Atmel internal clock was adequate
for proper operation. The developed board is shown in Fig. 6.,
its dimensions are 14.1 x 11.3 ¢cm, which are smaller than the
previous version.

C. Price of Developed PLC Module

The components of the first PLC module, excluding the
PIC programmer, cost approximately $60. This price includes
a printed circuit board (PCB) and the required tools for PCB
etching. For the second module, the price for acquiring the
components was also approximately $60. This price includes
the AVR programmer, the PCB, and the tools for etching.

D. Corrections made in the second module

With the first PLC module, students demonstrated a bad
habit of connecting the supply voltage in reverse polarity,
which causes the module step-down converter to explode. To
avoid this issue an N channel MOSFET with a 24-volts input
was used as reverse supply protection.

Each time the supply voltage is reversed, the MOSFET will
automatically shut down the power that supplies the PLC mod-
ule, protecting all the components.

Another problem was discovered after students discon-
nected and reconnected the wire several times from the screw-
type terminal blocks. Each time the screwdriver was used, the
pressure applied slowly broke the solder used in the terminal
blocks. After several tests, the PCB tracks and the solder used
made false contacts, which cause the program to not work ac-
curately. One solution was to increase the thickness of the PCB
board from 1.5 to 3 mm, but this makes it more difficult to cut
the board. Another solution was to increase the number of PCB
spacers place them near the screw-type terminal blocks.

E. Comparison with Open-Source Modules

This section presents a comparison between the developed
module and other commercial open source PLC modules. Table
I summarizes the principal technical characteristics of the de-
veloped module against the following modules:

1) Controllino [24] mini designed with the ATMEGA328P
microcontroller.

2) PICPLCI16 [25] designed with the PIC18F97J60 micro-
controller.

3) AVRPLCI16 [26] is designed with the ATMEGA32 mi-
crocontroller.

The information shows that the developed module hardware
is similar to other commercial modules. The main difference is
in the price. Commercial modules are designed to comply with
industrial standards, which increases the price as more precise
components are required. The developed module application is
intended for education purposes; therefore, protection against
harsh, dirty and electrically noise environments is not devel-
oped.
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COMPARISON OF TECHNICAL CHARACTERISTICS OF DEVELOP MODULE AGAINST
COMMERCIAL OPEN-SOURCE PLC MODULES

pose of the developed module purpose is for training, the oper-
ation time usually doesn’t exceed an hour. Nevertheless, the test
duration was programmed for 12h to determine whether the de-

FE. Comparison with commercial PLC Modules

Table II shows a comparison between the developed module
and the following industrial PLC module:

1) Siemens S7-1200 CPU1212C [27]

2) Siemens LOGO 24CEO [28]

3) Micro 810 2080-LC10-12QWB [29]

TaBLE 11
COMPARISON OF TECHNICAL CHARACTERISTICS OF DEVELOP MODULE AGAINST
CoMMERCIAL PLC MODULES

Developed S7 1200 CPU | LOGO Micro 810
module 1212C 24CEO 2080-LC10-
12QWB
Inputs 6 8 8 8
Outputs 8 6 4 4
Output Type | Relay Digital Digital Relay
Analog Inputs | 2 2 4 4
Supply 24V DC 20.4-28.8 [204-288 |24VDC/V
Voltage VvV DC VDC AC
Price $ 60 $ 360 $ 100 $ 130

Table II summarizes the principal hardware characteristics.
Where the input and output capability of the developed PLC
module is comparable with an industrial PLC. Other charac-
teristics are not shown, because it was not designed to match
industrial standards.

III. VALIDATION OF PLC MODULE

A. Proposed Methodology

To test the developed PLC module performance a compar-
ative test with two PLC Siemens was performed, the selected
PLC were the Siemens S7-1200 CPU 1211C AC/DC/RLY and
the Siemens LOGO. The National Instruments MyRio-1900,
programmed as a data logger, was used for the test. Since the pur-

Developed | Controllino | PICPLC16 V7| AVRPLC16 V6|  veloped module can work as a commercial PLC without failing.
module Mini The data logger was programmed to send a signal every 5
Inputs 6 8 16 8 seconds to the PLC input and count the time ticks until the PLC
Outputs 8 L 16 16 exited the corresponding output. The PLC program logic is sim-
Output Type | Relay Digital and Relay Relay . . . .
Relay ple, with an input connected to an exit (Fig. 7.).
Analog Inputs| 2 5 3 8
Supply Volt- | 24V DC 12V DC or 7-23VACor|12-22 VAC or HH LDmicro - Program Editor - (not yet saved) - o x
age 24V DC 9-32VDC 16 -30 VDC File Edit Settings Instruction Simulate Compile Cenfig Help
Programming | LDmicro Any Arduino | mikroC PRO, | Any software
Software compatible mikro BASIC | that generates | | |
software PRO and hex files for
mikro PAS- | AVR microcon-
CAL PRO trollers.
Serial Com- | UART SPI, UART SPI, UART UART
munication and 12C and 12C
" Mame Type State PinonM.. MCUP.. PinName
Price $ 60 $ 149 $179 $ 159 Xnput digital in 0 2 PDO PDO PCINTIE/RXD

Y Output digital out 0 14 PBO PBO PCINTO/CLKO/|

< >
modified Atmel AVR ATmega328 28-PDIP Teycle=10 ms F=100 Hz Fy

processor clock 16 MHz

Fig. 7. Ladder Diagram to test the PLC module.

The data logger was programmed to accurately record the
PLC operation time. The scan time, which was set to 10 msec
was used to determine the operation time of the PLC. The data
logger has two programming modes; Real-Time and FPGA
modes. In Real-Time mode the smallest clock tick is 100 msec,
which is longer than the PLC operation time. However, the
FPGA minimum clock tick is 25 ns, which is less than the PLC
operation time.

Fig. 8. shows the connection between the data logger and
PLC. The module sent a signal every 5 s to the input and record
the time required to generate and output. The device operated
autonomously and could detect any failure using this method.

MY RIO PORT A

GND
Fig. 8. The connection between MyRIO and PLC module.

As shown in Fig. 8, a relay was used to connect a 5-volts
output to the data logger with a 24-volts input of the PLC. Be-
cause the relay adds a small delay, this time had to be subtracted
from the data registered by the data logger. The relay model
is the JZC-22F-6VDC from Ningbo Forward Relay Corpora-
tion. According to the datasheet, the operation time is less than
15 msec, which is not enough to estimate the correct timing.
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Therefore, the selected relay was tested using an oscilloscope.
The result is shown in Fig. 9.

Cursor

Cursor 1
-5.000ms
200mV

Fig. 9. Operation time of the relay used for Datalogging.

The delay time for the command signal to arrive at the PLC
module from the data logger is around 5 ms. This value was
used to correct the data obtained from the data logger. Final-
ly, the temperature sensor TCN75A from Microchip, was pro-
grammed to visualize if the temperature variation affects the
results. The PLC module is connected to the data logger for the
described test procedure is shown in Fig. 10.

-

Fig. 10. PLC module connected to the data logger to test its operation for 24 h.

B. Results

Four different PLC models were tested, including the first
PLC module, the second PLC module, the Siemens LOGO
PLC, and the Siemens S7-1200. The scan time for each PLC
was set to 10 msec. Each PLC was subjected to a 12-h test to
determine its response time. The following graphs show the
results obtained by the data logger, also temperature readings
plotted along each dataset. The datasets shown correspond to
one input and output, similar results can be obtained when per-
formed on other pins of the PLC. Additionally, the interquartile
range of each dataset is shown in tables beneath each graph.

Response Time for the PLC Module with PIC
Microprocessor

o St S a8 ab G E S S S S S Y
S N T AN . I - A D D RO SN A
PSR R SN S M P A NN Y K

Y AT AT &7 67 67 ¢ Y 0 g7 N7 AT oY oYY S

>

e——=Time (Ms) e====Temperature (°C)

Fig. 11. Dataset obtained from the data logger for the first PLC module.

TaBLE 111
QUARTILE VALUES FOR THE DATASET OBTAINED FROM
THE FIRST PLC MODULE.

Smallest Value 14.2

Q1 17.65
Q2 20.11
Q3 22.59
Largest Value 26.06

Response Time for the PLC Module with the AVR
Microprocessor

10:09:38 . 12:17:31p. 2:25:25p. 4:33:20p. 6:41:15p. 8:49:10p. 10:57:05p.
m. m. m. m. m. m. m.
= Time (Ms) e===Temperature (°C)

Fig. 12. Dataset obtained from the data logger for the second PLC module.

Response Time for the PLC Logo
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0
1:46:18 p. 3:28:43 p. 5:11:07 p. 6:53:32 p. 8:35:57 p. 10:18:22 12:00:47 1:43:11a.
m. m. m. m m. p.m. a.m. m.

e—=Time (Mms) e====Temperature (°C)

Fig. 13. Dataset obtained from the data logger for the PLC Logo.
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TaBLE IV
QUARTILE VALUES FOR THE DATASET OBTAINED FROM THE SECOND PLC

MODULE.

Smallest Value 9.94

Ql 13.02

Q2 15.26

Q3 17.64

Largest Value 20.36

Response time for PLC S7-1200

o= Time (Ms) e==Temperature (°C)

Fig. 14. Dataset obtained from the data logger for the PLC S7-1200.

TaBLE VI
QUARTILE VALUES FOR THE DATASET OBTAINED FROM THE SECOND
PLC S7-1200.

Smallest Value 7.93
Q1 13.9
Q2 14.05
Q3 14.9
Largest Value 17.98

IV. DiscussioN

As previously stated, the tests were designed to last at least
12h. The objective of the test was to determine the stability of
the circuit to response to the input under a controlled time. The
datapoints gathered are adequate to validate the functionality of
the developed PLC modules.

To analyze the response time, the interquartile range was
calculated for each dataset. The results are shown in Table VII.
For commercial PLCs the response time is small compared with
the developed PLC modules. This can also be confirmed visu-
ally in Figs. 10-13.

TaBLE VII
INTERQUARTILE RANGES FOR EACH PLC DATASET.

Device Name Interquartile Range
PLC Module with the PIC microcontroller 4.94

PLC Module with the AVR microcontroller 4.62

PLC Logo Siemens 1

PLC S7-1200 1

There are two possible explanations for these results. One
is related to the stability of the components used to implement
the PLC modules. As stated in section two, the PLC module

used commercially available components so that it could be
affordable for students. The components used usually have
significantly high tolerances and are susceptible to tempera-
ture changes. The second explanation is related to the software
used to design the ladder diagrams. The LDmicro open source
code is a convenient method to program the developed module.
However, the ability of the code to produce outputs exactly at
the programmed scan time has not been validated. Further tests
should be conducted directly in the microcontroller to verify
this parameter.

The four PLCs were programmed with a scan time of 10
msec. The median shows how close the PLCs are to this value.
The median for Siemens PLC is around 14 msec, with only the
second prototype median, which is 15.26 msec is close to this
value. The first PLC module median has a value of 20.11 msec,
which is 5 msec higher than the second module. This is mainly
caused by the number of components used in the first module
compared to the second module.

V. CONCLUSION

A less expensive PLC module was developed using locally
available components at a cost of approximately $60. During
the design phase, two modules with different components were
developed. The second module corrected the errors found in the
first module making its response time 5 msec faster when the
median values of each dataset were compared. A comparison
with other commercial PLC modules shows that the hardware
input and output capability are similar.

A comparison test with a SIEMENS Logo PLC and an S7-
1200 PLC was performed using a MyRio programmed as a data
logger to verify the functionality of the PLC module. Addition-
ally, a temperature sensor was connected to the datalogger, to
measure temperature variations that could affect the readings.
The duration was programmed to last at 12h. These data show
that the PLC can work reliably for a long time without failure.

After analyzing the data collected by the data logger, the
results show that the quartile range is small for the SIEMENS
PLC compared with the developed PLC. The main reason is the
low tolerance of the electronic components used to implement
the module. Although it has not been validated, and the scan
time of the ladder software may also be responsible for this.
This time should be properly validated using direct testing on
the microcontroller pins.

VI. FUTURE RESEARCH

Further work involves the validation of the PLC module op-

eration under the following environmental conditions:

* Although a temperature sensor was connected to the da-
talogger, a test to measure the variations of the scan time
under different temperatures was not performed. The PLC
module can be placed in a test cabin where the environ-
ment temperature is controlled.

* Another test is related to the measurement of vibrations.
For this test a test bench with controlled oscillations is
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required to measure the variation of the scan time under
different oscillations conditions.

Finally, a test to verify the effects that the software can have

on the scan time is needed. The test consists of measuring the
scan time directly in the input and output pins of the microcon-
troller without additional hardware.
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