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Abstract: The two-axis pneumatic manipulator has a wide range of possible applications in terms of
experimental tests. In this paper, the pneumatic manipulator was used as a test bed on which students
tested two different control methods in terms of the energy efficiency of the compressed air systems.
Traditional proportional control and stand-alone performance using fast switching directional control valves
for Pulse Width Modulation (PWM) control were considered. The circular movement of the pneumatic
manipulator carrying the tool and processing by planing lighter material such as plastic was chosen. The
results showed that lower consumption is achieved with PWM control.
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1. INTRODUCTION

The shortage of energy sources means that more
attention must be paid to their rational
consumption. When describing the quality of
energy consumption, terms “combined into one”
are used Energy efficiency [1-4]. The
performance of the observed system should not be
impaired by the application of energy efficiency. In
addition to rational consumption, the motive for
applying energy-efficient systems is reduced
energy consumption which implies money saving,
since unnecessary consumption is eliminated.
Therefore, energy efficiency should not be seen as
forced savings or reduced energy consumption, but
a thoughtful approach to rationed energy
consumption that maintains the functionality of the
system to which it is applied. Reducing energy
consumption has, apart to financial, other non-
energy  benefits, such as environmental
implications.

Compressed air is often used as a drive energy in
industry. But compressed air represents a relatively
expensive source of energy, and it is justified and
desirable to introduce energy efficiency concepts
into compressed air systems [5], [6].

Teachers and researchers around the world have
begun to involve energy efficiency concepts in
teaching [7-9]. Namely, in order for energy
efficiency to be taken seriously, it should be
presented to young people so that they use energy
rationally. There are researches conducted to
determine the degree of presence of energy
efficiency in teaching as well as methods for better
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mastery of these principles by students [7], [9].
The advantages of spreading relevant information
and participating in energy education projects,
using the example of students and parents who
have improved their behavior to be more energy
efficient are highlighted in [8].

The importance of applying energy efficiency,
especially in the field of compressed air system, is
also recognized at the Faculty of Technical Sciences
in Novi Sad. Courses on Master's and Doctoral
studies dedicated to the possibilities of practical
application of energy efficiency have been
introduced. Subjects in which the theoretical
concepts of energy efficiency are practically applied
are Energy efficiency of compressed air systems
within the Master's studies [10], [11] and Selected
chapters of the energy efficiency of automated
systems within the Doctoral studies [12], [13],
both in study programmes of Industrial Engineering
and Mechatronics.

As the part of the above, several research papers
have already been done on the mentioned topic
[14-18].

The main goal of this paper is to present a way for
testing energy efficiency of compressed air systems
during practical classes using the two-axis
pneumatic manipulator [19]. In this way, it is
possible to clarify theoretical knowledge as well as
the various possibilities of practical application of
energy efficiency for future engineers, who will
apply it in their later works depending on how
specific tasks allow them to do that.
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2. EXPERIMENTAL STATION FOR
EDUCATIONAL PUROPSE

In order to test different types of pneumatic control
systems in contact tasks, a two-axis manipulator
was developed [19]. At the same time, this device
enables the monitoring and analysis of energy
efficiency, as well as the realization of the desired
processing process.

2.1. Acquaintance of students with assigned
tasks

With the help of two-axes manipulator, excess
material can be removed from the workpieces.
Therefore, with this practical example, the
characteristics of the software and hardware can be
analyzed for two control methods on the
experimental station.

With the developed two-axis pneumatic
manipulator, a wide range of tests is open to
students. The following possibilities can be
realized:

1. Modularity:
e change of actuators,
e change of measuring pistons (position

sensors),
¢ implementation of three or more axes;
2. Testing:

e force sensor,
e remote sensors,
e different types of processing,
e different types of materials,
e energy efficiency,
o etc,;
3. Systematization of remote control in
accordance with the 14.0 concept.

Figure 2. Two-axis pneumatic manipulator

2.2. Two-axis pneumatic manipulator

As the first step, a 3D model of two-axis pneumatic
manipulator (Fig. 1) was created [19]. The Vertical
numbered components are given in Table 1. cylinder

Fig. 2 shows the practical realization of two-axis
pneumatic  manipulator. It represents a Horizontal
mechatronic system and consists of mechanical, cylinder
pneumatic and electronic components, with
appropriate control components. This mechatronics
system is also used for the preparation of = r==mmmmmmmmmmmmmmmmme e P
graduation, master's theses, professional practices “”,'}‘”_“"
of students, as well as research works of young e
associates.

For the purposes of this paper, one cycle of the tool
movement of the programmable two-axis
pneumatic manipulator in the planing process is
used and it is shown in Fig. 3. Respectively,
numbers from one to four represent the movement

04 | I 01 Machining
tool

This research (paper) has been supported by the Ministry
of Education, Science and Technological Development
through  project no. 451-03-68/2022-14/200156
“Innovative scientific and artistic research from the FTS
(activity) domain”.

Figure 3. Material processing by planing
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Table 1. Specification of components

Name Type Description/Purpose

PLC Festo - 50E-TO6GCQST21T21Y)-Z For proportional control (CPX);
Fig. 1, position 1

Clamp - For workpiece clamping;

Fig. 1, position 2

Linear encoder

MLO-POT-225-TLF

Analogue displacement encoders,
stroke 200 mm, resolution 0.01
mm; Fig. 1, positions 3,13

Vertical and horizontal cylinder

DGPL-25-200-PPV-A-B-KF-KU-D2

The rodless cylinders, with stroke
200 mm; Fig. 1, positions 4-12

PLC Fatek — FBs - 24MAT2 - D24 For PWM contro; Fig. 1, positions 5
rl?q?)tc?uﬁ:qwsmlon System (DAQ) Fatek - FBs — 4A2D For PWM control; Fig. 1, position 6

Solenoid valves

MHE3-MS1H-3/2G-1/8

Fast switching 3/2-way
directional control valves,
normally closed, monostable,
nominal flow rate 200 L/min, for
PWM control; Fig. 1, position 7

Proportional valve

Festo - VPWP-6-L-5-Q8-10-E-G

5/3-way proportional control
valves, nominal flow rate
700 L/min; Fig. 1, position 8

Workpiece Polyethilen (PE)

Fig. 1, position 9

Machining tool

High Speed Steel

Fig. 1, position 10

Power supply

Festo 220 to 24VDC

Fig. 1, position 11

Air Box

path of the manipulator axis. The planing
machining process (work stroke), which removes
shavings from the workpiece, is performed by
moving a machining tool along a horizontal path
from position four to position one (left to right).

Before performing the exercises, students are
reminded of the basics of machining and the used
procedure - planing. Planing implies the removal of
material from the workpiece by linear movement of
the planing knife. Using a pneumatic manipulator,
the planing of flat surfaces by removing material
takes place using a programmable device.

Fig. 4 shows some of the possible material profiles
obtained by planing, i.e. realized grooves with
different shapes. In this paper, it is obtained a
shape which is shown in Fig. 4a.

Figure 4. Material profiles obtained by
cutting

2.3. Measuring the compressed air
consumption

For the purposes of this research from the aspect
of energy efficiency, the laboratory device Air Box
type GHDA-FQ-M-FDMJ-A [20], manufactured by
Festo, was used. The flow meter enables the
monitoring and measurement of compressed air

FESTO GHDA-FQ-M-FDMJ-A
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Measurement of compressed air
consumption; Fig. 2 marked as
Air Box

consumption on individual components or in the
entire system, as well as leakages in the system.
In the specific task, the emphasis is on measuring
compressed air consumption.

The Air Box was placed immediately after the
compressed air service unit. In this way, it is
possible to measure the consumption of the entire
system. The maximum pressure at the input port
of the AirBox is 10 bar, with a deviation of less than
100 mbar. Air Box is shown on Fig. 2 and is marked
as Air Box.

Total consumption for one cycle was calculated as
the area under the graph of the consumption
function:

Q= % T=1(ti = tie1) (4 — Gi-1)

where:

(1)

Q is compressed air consumption in N/,

t; is measurement time in s,

t;_; previous measurement time in s,

q; is compressed air flow in t; in NI/min and
qi—1 is compressed air flow in t;_, in NI/min.

2.4. PWM and proportional control

After familiarizing with the hardware structure of
the experimental station, students are able to
produce the appropriate control actions. It is
important to compare the behavior of the system
from the aspect of energy efficiency in the next step.

As part of the teaching, two control methods are
considered - proportional and PWM.
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In order to compare two different ways of control,
the execution of an identical cycle for both control
methods will be observed.

For PWM control system, control valves must have
a very short state change time, otherwise PWM
control will not be able to be realized. Namely, if
the duration of the PWM pulse is less than the
opening/closing time of the directional control
valve, the valve will not react. Otherwise, if the
duration of the high level of the PWM signal is
longer than the difference between duration of the
PWM pulse and the sum of the time required for
opening and closing, the valve will not close. The
compressed air flow to the cylinder will remain open
until the next cycle. These switching valves do not
have the possibility of changing their flow due to
the construction of the valve. With proportional
valves, the flow of fluid through it can be changed
and it is proportional to the current (or voltage)
flowing through the armature windings of the valve.
That means that they are more expensive than
standard control direction valves.

For realization of PWM control, P regulator has been
used and that way of control is discussed in [21].
Also, it were used 3/2-way fast switching
monostable directional control valves, with one port
blocked (function as 2/2-way valve) and the main
control unit with build-in HSPWM (High Speed Pulse
Width Modulation) outputs.

The pneumatic scheme of PWM control is shown in
Fig. 5. Valves Y7 and YO are responsible for moving
cylinder A in one direction, (Y2 and Y1 for cylinder
B), and for moving in the opposite direction valves
Y4 and Y5 (Y2 and Y1 for cylinder B).

]
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Figure 5. Pneumatic control scheme for PWM
control
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Output frequency for the HSPWM can be calculated
by using equation (2):
18432

f%)wm = (2)

P+l

where B, is the value of the output frequency in the
range from 0 to 255.

For the experimental verification of the PWM
control, the initial value of the register was set to
be optimal for horizontal (210) and vertical (213)
cylinders. It follows that the time period for the
horizontal cylinder is 11.45 ms, and for the vertical
11.61 ms.

The architecture of the system in the case of
proportional control includes a controller CPX-CEC
with separate modules for controlling pneumatic
axes marked as CPX-CMAX-C1-1 and 5/3-way
proportional pneumatic valve, marked as VPVP-6,
by Festo manufacturer. Fig. 6 shows the
corresponding pneumatic scheme for appropriate
system.

1 %@/\ 2 AirBox
P [@ i

Figure 6. Pneumatic control scheme for
proportional control

3. RESSULTS AND DISCUSSION

Since the two control models used were compared
in terms of energy efficiency, it is necessary to
compare their compressed air consumption.

An identical knife with a width of 3 mm was used
for both control models. Measurements were made
on three different materials: Polyethylene (PE),
Polypropylene (PP), Polyamide (PA). Compressed
air consumption was measured for one identical
grooving cycle on each of the three materials, for
the cutting profile shown on Fig. 4a.

In Fig. 7 is presented a comparison of compressed
air consumption of the entire system during one
cycle with proportional and PWM control when
machining three different materials (PE, PP, PA).

For easier understanding, in Fig. 8 and Fig. 9 are
shown two examples of compressed air
consumption when PWM and proportional control
were applied in case of processing PE workpieces,
respectively.
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With proportional control, compressed air
Knife 3 mm consumption ranges from 34.69 N/ to 36.84 NI per
cycle, while with PWM control, compressed air
g 401 consumption is from 1.88 N/ to 2.3 N/ also per
c 30 cycle. Namely, PWM and proportional control
'.E_ methods are characterized by two different ways
£ 20 1 wProportional  Of maintaining the achieved position. With
é 10 4 B PWM pro.port-lo-nal control,. . for the purpose gf
O y maintaining the position, compressed air is
gt d constantly consumed. With PWM control, both
o s b chambers of the rodless cylinder are filled and the
Matherial supply of compressed air is blocked with the fast

switching direction control valves.

Figure 7. Compressed air consumption of the
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4. CONCLUSION

In order to enable students to become practically
acquainted with the energy efficiency of
compressed air systems, a two-axis manipulator
with pneumatic drives was used. A realistic planing
machining operation task adapted for performing
laboratory exercises was chosen.

After carrying out practical exercises on the testing
of energy efficiency of the compressed air system,
students will be able to:

e Build and connect the system;

e Collect and process data;

e Calculate compressed air consumption;
¢ Analyze the obtained results;

e Draw appropriate conclusions.

Students were given the opportunity to apply a
traditionally known proportional control system,
which is inherently expensive and has a high
compressed air consumption, but is effective in
performing accurate and fast positioning tasks.
After that, by considering a different type of control
system - PWM, the goal was to achieve successful
performance of the same task. Functionality was
maintained (performance may be slightly impaired
up to the permitted limit), but consumption was
reduced (the system becomes more energy
efficient) and more profitable.

Based on the measurement results, it can be
concluded that the compressed air consumption
with proportional control is 15+20 times higher
compared to PWM control.

By forming their own control circuit and analyzing
the obtained results, students get the conclusion
that the same functionality can be achieved by
using standard and cheaper components comparing
to the ready-made solution that is available. The
advantage of such an approach is seen through the
achievement of a more economical and energy
efficient device for use in contact tasks.
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