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Abstract: During pneumatic control system design, the critical value for choosing the appropriate
pneumatic actuator is the weight of the workpiece. In the case of flexible production systems, which
are the core part of the Industry 4.0 (I4.0) concept, the weight of the workpieces is often variable,
since the crucial feature of this kind of production is its ability to deal with variable parts. Therefore,
in order to deal with the variable weight of parts, a pneumatic actuator is chosen according to the
heaviest part. However, according to another I4.0 principle, energy efficient operation of machines,
the previous criteria for choosing a pneumatic actuator is energy efficient only when handling the
heaviest part. In all other cases, operation of the pneumatic actuator is suboptimal in terms of energy
efficiency. Aiming to solve this problem, this paper considers the possibility of using a new pressure
regulator instead of traditional manually adjusted pressure regulators. This regulator provides
operating pressure modification in real-time in accordance with the weight of the workpieces. In this
way, the optimal compressed air consumption is ensured for each workpiece. Implementation of
this device has yielded significant energy savings; however, the value is variable and depends on
working task characteristics.

Keywords: energy efficiency; energy savings; flexible production systems; automatically controlled
pressure regulator; product mix

1. Introduction

A modern approach to production development is based on the I4.0 concept. It is
being implemented more often in advanced production systems throughout the world.
This approach defines a few key foundations that will be shown in detail in Section 1.1.
Some of them can oppose each other when simultaneously used. An example of such
opposition is the need for both system flexibility, meaning the possibility of production
of different workpieces, and energy efficiency. This, especially, comes to the front with
pneumatic control systems, which are widely used due to the compressed air favorable
characteristics, but the majority of those uses are energy inefficient. Many authors have
made efforts to find solutions to this problem in order to improve the energy efficiency of
pneumatic systems, which will be shown in Section 1.2.

When pneumatic actuators are used for handling workpieces, they are dimensioned
according to the heaviest workpiece, as it requires the highest force for its uplifting. For
dimensioning the actuators, the highest recommended compressed air pressure value
(6 bar) is used [1]. For achieving this pressure value, the traditional manually adjusted
pressure regulators were mainly used. These regulators keep, once adjusted, compressed
air pressure level constant during time. However, if the same actuator is used for handling
other, lighter workpieces, the installed actuator will be unnecessarily forceful, using more
compressed air energy than required. In order to respect a requirement of the I4.0 concept,
which is the energy efficient work principle, in these conditions, one of the measures for
increasing energy efficiency can be taken. The reduction of the compressed air consumption
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of pneumatic components and the effective utilization of the exhaust air are among the
most effective measures for energy savings in this field [2,3]. In this case, reducing the
consumption of compressed air energy is achieved by using a specially developed, automat-
ically controlled pressure regulator [4]. This regulator has the possibility of communication
with the main control system, which is used to adjust the compressed air pressure level in
the actuator depending on the weight of the workpiece in real time. This device is shown
in Section 2.2.

To prove the energy saving possibility using the automatically controlled pressure
regulator, a specially developed setup was used: a circular manipulator [5]. The basic
idea is for it to serve as buffer storage for an automated production line, as well as to
simulate the continuous work of the production line operating in I4.0 conditions. This
is shown in detail in Section 2.1. The flexibility of this device can be recognized in the
possibility of gripping and handling three dimensionally similar, yet different workpieces.
These workpieces differ in shape, type of material, and mass and can appear randomly in
the system. In extreme cases, the size of the series can be one, meaning every following
workpiece differs from the previous.

The largest compressed air energy consumer of this device is the pneumatic cylinder,
which lifts workpieces from the bottom position (storage exit) to a higher level (storage
input). It was dimensioned to be able to handle the heaviest workpiece. The automatically
controlled pressure regulator is connected to the cylinder piston chamber in order to modify
the technological characteristics of the setup, specifically the cylinder operating pressure, so
that it can adapt to the required characteristics of the pneumatic system for each workpiece.

In this paper, the energy efficiency is identified by comparing the amount of com-
pressed air consumed in the control system equipped with the automatically controlled
pressure regulator to that in traditional control system under the same working conditions
and work cycles.

1.1. Industry 4.0 and Flexibility of Production Systems

The basic concept of Industry 4.0 [6–9] was presented for the first time at Hannover
Fair in 2011. Industry 4.0 is defined as a key transformation in the history of factory
automation aiming to:

• Enable the production of various products within the same production line,
• Reduce the time of response to specific, individual requests of customers,
• Optimize production whilst saving energy, material, and money, and
• Collect, share, and utilize information with the purpose of enabling a continuous

exchange of information among all devices within the production line in order to
realize the concept of “smart” factories.

It is expected that the use of this approach will increase the productivity of manufac-
turing, which will additionally instigate industrial growth [10].

It is possible to meet set requirements in modern, flexible manufacturing systems
(FMS) [11,12]. FMS represent the most technologically advanced manufacturing units—
cells with a high level of automation based on group technology utilization [13–15]. These
systems are able to produce a number of different workpieces (product mix) [16] within
a very short time, intended for transitioning from manufacturing one type of workpiece
to another without modifying their equipment. It is necessary to emphasize that the
differences between the workpieces processed by such a system cannot be big, i.e., it is
not possible to manufacture, for example, airplane parts and sports equipment at the
same time.

To accomplish the set tasks in such systems, it is necessary to use different technolo-
gies and control algorithms. For example, workpieces are utilized as “smart” products
to transfer important information from one machine to another, e.g., some of its current
important characteristics, the level of processing and preparedness of workpieces, etc. For
this purpose, Radio Frequency IDentification (RFID) technology is frequently used. RFID
technology provides contactless reading of the information from the tags and writing infor-
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mation into the tags. The same operation can be executed using Near Field Communication
(NFC) technology, in cases where the two workpieces that need to exchange information are
positioned within 10 mm distance. Other than the information exchange among machines
via workpieces and/or workpiece carriers, it is exceptionally important for machines to
exchange information among themselves (Machine-to-Machine, M2M), as well as maintain
the communication between the operator and the machines (Human-to-Machine, H2M) at
a high level. Additionally, it is important to constantly monitor control process parameters,
such as energy consumption (e.g., measure the compressed air consumption), operating
pressure, temperature parameters, test the filter contamination, etc., and adapt the control
process to minimize the deviations from the required values.

Therefore, the current direction of the development of modern production systems
including pneumatic control systems, in some cases, implies their growth from the form of
standard mechatronic to the networked cyber-physical systems. In this way, continuous
information flow is enabled, as well as variation of the process control parameters (for
example, the operating pressure) in real time and in timely response in accordance with
current requests.

1.2. Energy Efficiency of Compressed Air Systems

The state of art in the field of energy efficiency of pneumatic control systems shows
that many authors have made efforts to achieve improvements concerning energy effi-
ciency of pneumatic systems in order to reduce costs and reduce energy consumption in
different ways, such as the development of new control algorithms and schemes, reduc-
ing air leakage, etc. In accordance with what has been previously mentioned, a newly
developed booster valve was proposed in [17,18], with the possibility of collecting and
reusing compressed air energy in order to reduce the compressed air consumption. An-
other possible scheme, containing a fast switching on/off valve, was introduced in [19].
That valve is controlled using a pulse-width modulation (PWM) technique associated with
another Proportional–Integral (PI) controller, and whose role is to connect the chambers of
the cylinder to reduce the compressed air consumption of pneumatic positioning systems
with external loads. An exergy-related analysis was used in [20] to evaluate the pneu-
matic systems efficiency, and it was shown that this analysis is the most suitable tool. An
energy saving approach, achieved by adding a by-pass flow-enabling valve between the
chambers of the cylinder, is proposed in [21,22]. Instead of using proportional valve, the
joint application of a PWM and by-pass chamber control of the pneumatic rodless cylinder
was introduced in [23]. An important advantage of PWM control is lower consumption
of compressed air. The air leakage reduction for improving the energy efficiency of the
pneumatic system is proposed in [24,25]. Additionally, a number of authors have worked
on improving the energy efficiency of pneumatic actuators utilizing circuits that were more
complex, for example, a dual pressure supply [26] and air expansion energy [27].

This paper presents a new approach to reducing the compressed air consumption
of pneumatic control systems. The aim of the research shown in this paper is to develop
a new pneumatic system that operates at variable compressed air pressure levels in the
working cylinder stroke depending on the workpiece entering the process.

Namely, the majority of pneumatic components are manufactured to withstand op-
erating pressure up to 10 bar. However, in industrial practice, lower pressure levels are
often sufficient for executing the intended operations, so the pressure level most commonly
used in industrial processes is 6 bar. For certain operations of some systems, even 6 bar
of pressure is excessive [1]. Therefore, the optimal compressed air pressure level can be
defined as the pressure sufficient for undisturbed operating of the actuator. The reduction
of operating pressure causes a decrease of compressed air consumed by the actuator, which
can possibly lead to significant energy savings [28]. A pressure regulator is a component
most commonly used for compressed air pressure reduction. Since the pressure regulator
allows air flow in one direction only, it is most commonly connected in parallel to a non-
return valve. Another way of achieving the same outcome is connecting a quick exhaust
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valve between the pressure regulator and the cylinder piston chamber. The second option
was chosen for this purpose, as the quick exhaust valve will not only allow the flow of the
exhaust air, but will also provide a faster exhaustion time than a simple non-return valve.
Additionally, for this purpose, an automatically controlled pressure regulator was specially
designed in order to provide variable pressure levels.

The proposed pneumatic system, supplied with various levels of compressed air
pressure, provides the reduced consumption of compressed air. Lower compressed air
pressure in the cylinder chambers induces the reduction of compressed air consumption.

2. The Developed Experimental Control System and Devices

All experimental tests were done using the experimental control system, the flexible
pneumatic circular manipulator [5]. The circular manipulator was developed at the Faculty
of Technical Sciences in Novi Sad, Serbia, where it is used for the purposes of education
and research.

2.1. Flexible Pneumatic Circular Manipulator

The hardware realization of the manipulator, which consists of five double-acting
pneumatic cylinders (marked with A–E), one pneumatic gripper (marked with H), and
the corresponding mechanical construction, intended for bearing and guidance of the
actuators, as well as for handling and storing the workpieces in use, is shown in Figure 1a.
A travel-step diagram of the manipulator is shown in Figure 1b.

Figure 1. Pneumatic circular manipulator (a) hardware realization. Reproduced from [5], IJOE, 2018. (b) travel-step diagram.

In accordance with the defined operations and system requirements, the appropriate
pneumatic elements were dimensioned and chosen:

• A, B, D, and E—Festo double-acting pneumatic cylinders with 32 mm piston diameter
and a 100 mm stroke length, order no. DNC-32-100-PPV-A. Cylinders D and E form a
multi-position cylinder.

• C—Festo double-acting pneumatic cylinder with 32 mm piston diameter and a 600 mm
stroke length, order no. DNC-32-600-PPV-A.

• H—Festo pneumatic gripper, order no. HGP-25-A-B.
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All of the required valves and other pneumatic equipment used for the manipulator
are placed in a pneumatic control cabinet. The manipulator is controlled by the Festo
Programmable Logical Controller (PLC) FC660.

The workpieces are positioned in the vertical storage. At the lowest point, horizontally
positioned cylinder A pushes one workpiece forward, and the vertically positioned cylinder
C lifts it. Vertically positioned cylinder B holds the remaining workpieces temporarily and
slowly descends them to avoid impact. Finally, the multi-positional cylinder (composed of
two cylinders with identical characteristics, D and E) that carries the pneumatic gripper
accepts the workpiece and transfers it back to the top of the vertical storage. The workpieces
are moved through the storage due to gravity. This way, by repeating the operating cycle,
the workpieces circulate through the experimental system and from that comes the name
of the manipulator [5].

For the purpose of this research, three types of workpieces of similar dimensions
were designed. In Figure 2, these workpieces are marked as WP1, WP2, and WP3. The
workpieces are made of different materials and, therefore, their weights differ. WP1 (mass
m1 = 0.5 kg) is made of plastic, WP2 (mass m2 = 1 kg) is made of steel with a hole inside of
it in order to reduce its weight, and WP3 (mass m3 = 4 kg) is made out of steel.

Figure 2. The three types of workpieces.

The pressure required for handling the workpieces is determined using the follow-
ing expression:

Fact < Fe f f = 0.9 × Fth = 0.9 × p × A (1)

where Fact is the actuator opposing force, p is the compressed air operating pressure in
the system, and A is the cylinder surface area. The effective piston force (Feff) reduces
for approximately 10% compared to the theoretical force (Fth) due to frictional and other
types of resistance [1]. In the case of cylinder extracting, the required pressure level can be
calculated using the inequalities:

p >
Fact

0.9 × A+
; A+ =

D2 × π

4
; D = const. (2)

where D is the piston diameter of the chosen cylinder, and A+ is the cylinder piston
surface area.

In a specific case, when only workpieces lifting is analyzed (cylinder C as a part of the
pneumatic circular manipulator), the actuator opposing force is gravity force. Therefore,
the required pressure level can be derived as:

pi >
4 × mi × g

0.9 × D2 × π
, (3)

where g is gravitational acceleration, mi is the mass of the currently processed workpiece,
and pi is the operating pressure required for handling the given workpiece (for the appro-
priate actuator).
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The expression (3) proves that the actuator operating pressure required for handling
workpieces depends on the mass of those workpieces, i.e., that the compressed air pressure
is a function of mass of the handled workpieces:

pi = f (mi) (4)

Since the aim of this research is to establish a new approach to the reduction of
compressed air consumption, calculation of its value is given in the following equations.
The dependence between compressed air consumption and actuator operating pressure is
given as [1]:

Q = V × p + pa

pa
= A × h × p + pa

pa
, (5)

where Q is compressed air consumption, V is the actuator volume and can be calculated
as cylinder surface area (A) multiplied by the stroke length (h), p is operating pressure in
the system, and pa is atmospheric pressure. Compressed air consumption per cycle for
one cylinder is a sum of consumption during a forward stroke (cylinder extracting) and a
return stroke (cylinder retracting) and can be derived as:

Qci = Q+ + Q− = h × pi+pa
pa

(A+ + A−) = h × pi +pa
pa

[
D2×π

4 + (D2−d2)×π
4

]
= h × pi +pa

pa
× π

4 ×
(
2D2 − d2), (6)

where Qci is compressed air consumption per cycle, Q+ is consumption per forward stroke,
Q− is consumption per return stroke, A+ is the cylinder piston surface area, A− is the
annulus surface (the difference between cylinder piston and piston rod surface area), D
is piston diameter, and d is piston rod diameter. As values of D, d, and h are constant
(for the chosen cylinder), it is obvious that compressed air consumption is the function of
operating pressure:

Qci = f (pi) (7)

In accordance with the chosen components of the system (pneumatic cylinders and
pneumatic gripper), and by using Equation (6), it is possible to calculate and simulate
the theoretical compressed air consumption of the circular manipulator per cycle. In this
simulation, the operating pressure for extraction of the cylinder C was varied (2 bar, 4 bar,
6 bar), and operating pressure for all other operations was set to the highest recommended
compressed air pressure value (6 bar). The results are shown in Table 1.

Table 1. The theoretical compressed air consumption of the circular manipulator per cycle.

The Operating Pressure of Cylinder C Extracting (bar) The Compressed Air
Consumption (l)

6 10.536
4 9.583
2 8.631

When determining which of the two systems is more efficient, it is necessary to
compare their compressed air consumption values and define percentual savings value:

Qs[%] =
∆Q
Qi

× 100% =
Qi − Qj

Qi
× 100% ; Qi > Qj, (8)

where Qi is compressed air consumption of ith system, Qj is compressed air consumption
of jth system, and Qs presents percentual consumption savings (the indicator of the energy
efficiency of the new, jth system).
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Pneumatic Control Scheme

The pneumatic control scheme of the manipulator is given in Figure 3. In order to
more easily understand the scheme, the actuators are displayed in their actual positions.
Each cylinder has the possibility of speed regulation via one-way flow control valves.

Figure 3. Initial pneumatic control scheme of the manipulator.

2.2. Automatically Controlled Pressure Regulator

Though there are plenty of different electrical pressure regulators (for example series
MS-LRE by Festo or series ITV by SMC) or proportional pressure regulators (for example
series VPPM, VPPE, MPPE, or MPPES by Festo) on the market, in this paper, a new
automatically controlled pressure regulator [4] with the possibility of remote control was
developed. The mentioned pressure regulator is of lower cost and more suitable for
laboratory work and less complex systems, even for individual actuators, because it
enables lower compressed air flow. In addition, the developed pressure regulator can be
upgraded by implementation of WiFi communication, which would eliminate the need for
wire conductors and enable remote control from any location. This is in conjunction with
the I4.0 concept, that is with constant variation of process control parameters in accordance
with the current requirements. The mentioned pressure regulator is shown in Figure 4
and, in this case, is used for adjusting the value of the air pressure in cylinder C of the
pneumatic circular manipulator.

The working principle of this device [4] is based on adjusting the standard pressure
regulator (order no. 539756, by Festo) to the required pressure value by turning the
adjusting screw. The adjusting screw is connected to the stepper motor (NEMA 14) shaft,
and based on the difference between the current and required pressure value, the motor
can make the corresponding number of steps. Microcontroller Arduino Uno is used for
motor control.

The way to operate the standard pressure regulator was determined experimentally by
first setting the regulator outlet pressure to 0 bar and measuring its new value after rotating
the stepper motor shaft for a certain number of steps. The number of steps that the stepper
motor made was read every time the outlet pressure reached a previously defined value
(increased in 0.25 bar) until the pressure value reached 6 bar. Using the obtained results,
the dependence of outlet pressure from the number of stepper motor steps was determined,
as is shown in graph in Figure 5 (left position). An inverse polynomial function, which
shows the opposite dependence (dependence of the number of stepper motor steps from
the regulator outlet pressure), was obtained using the MATLAB (MathWorks, Inc., Natick,
MA, USA) polyfit function (Figure 5, right position) [4]:

y = 0.5096 × x7 −10.9791 × x6 + 93.0751 × x5 − 387.9048 × x4 + 790.5952 × x3 − 594.9242 × x2

+ 402.545 × x + 4620.2849
(9)
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where y is the number of steps of the stepper motor and x is the difference between current
and desired pressure value.
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2.3. RFID Sensor Assembly

For identifying the current workpiece in the storage (the workpiece that will be han-
dled by the manipulator), different technologies can be used, such as machine vision, digital
checkweigher, barcode and QR code scanners, RFID technology, different types of sensors,
etc. Since the weights of the workpieces are known (from the technical specification), in
this case, RFID technology is used and a new device, RFID sensor assembly was developed
(Figure 6). This way, reading the information about the weight of the workpieces from the
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RFID tags that were attached to them is intended for implementation in pneumatic circular
manipulator. It is important to mention that the appropriate information was previously
written on the tags, which are in the form of stickers.
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Based on the information read from the tag that shows which of the three types of
workpieces is in the storage, the system can change the air pressure level accordingly, so
that the workpiece can be handled with necessary pressure.

The reader collects data from the RFID tags with the frequency of 13.56 MHz. It can
be connected to a computer in one of the two ways:

• UART/USB protocol and
• Bluetooth protocol.

2.4. Software and the Developed Application
2.4.1. User Application

To be able to extract and use the information from the RFID tags, a Java application
was developed (Figure 7). Information about the application, such as the list of commands
or a user manual, are found in the “INFO” option list (Figure 7, position 2). The application
user interface offers a choice of the type of communication, UART/USB or Bluetooth
(Figure 7, position 1), after which it notifies the user whether the connection was successful
or not. For establishing or ending connection between the RFID system and the computer,
“Connect” (Figure 7, position 3) or “Disconnect” (Figure 7, position 4) buttons are used.
The user also needs to choose the type of command (Figure 7, position 8) that will be
sent (Figure 7, position 7) to the reader by entering one of the four possible commands in
the textbox:

• Idle (sets the reader to inactive state),
• Run (sets the reader to active state),
• Prog (sets the reader to the mode of downloading program to the memory card), and
• Write (sets the reader in the mode of writing information into the tag).

In the main panel of the application, there is a list of commands sent (Figure 7, position
6) to the reader and a list of system responses: “OK” or “FAILED” (Figure 7, position 5).

Once the reader is successfully connected to a computer and set to run mode (active
state), it will detect the RFID tag attached to the workpiece once the tag is positioned within
15 mm distance from the reader and the application interface will write out the type of the
detected workpiece in the list of commands.
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Figure 7. User application.

In order to adjust the compressed air pressure based on the type of the detected
workpiece, the automatically controlled pressure regulator also needs to be connected to
the computer, and the appropriate port has to be chosen from the port list after clicking
on the “PRESSURE CONTROL” option (Figure 7, position 9). The appearance of the new
window is shown in Figure 8.

Figure 8. Pressure control panel.

As can be seen from Figure 8, the application offers two operating modes: automatic
and manual. Automatic mode sends the required pressure value (shown in the labels) to
the computer automatically once the workpiece is detected, i.e., the information about the
type of the workpiece has been read from the tag. In the cases when it is not possible to read
information from the tag in the defined time interval, the pressure value is automatically
set to 6 bar. On the other hand, manual mode serves as a backup option for pressure
regulation. This option requires the user to enter the pressure value into the textbox, and
if the entered value is within the range 0–6 bar, the command is sent to the automatically
controlled pressure regulator. Otherwise, the application will notify the user about the
incorrect input.
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2.4.2. Program for PLC

The program code for the PLC in control of the manipulator was written using
Festo FST version 4.21 in a form of a statement list, according to the travel-step diagram
(Figure 1b).

2.5. The Ways of Communication

The ways of communication in the system are shown in Figure 9. After the detection of
the workpiece by the RFID sensor assembly, the obtained information is transferred to the
PC on which the user application is installed, using RS232 or Bluetooth. The information
about the required pressure level, which depends on the detected workpiece, is forwarded
to the automatically controlled pressure regulator that adjusts the outlet pressure level
accordingly, also using RS232. Adjusting the required pressure level on the pressure
regulator is in accordance with the control cycle of the circular manipulator, which is
controlled by PLC. Namely, adjusting pressure level for cylinder C extracting is done when
cylinder C is retracted, while other cylinders are executing the appropriate operations in
accordance with the travel-step diagram (Figure 1b).

Figure 9. Ways of communication.

3. Analysis of the Obtained Results and Discussion

The aim of the performed experiments was to determine the reduction of compressed
air consumption achieved by using the automatically controlled pressure regulator, and
also to determine whether the implementation of this device has an effect on the operating
time of the manipulator, i.e., whether it will cause a delay in cycle performing and decrease
its productivity. All research was done using the previously described control system and
devices, connected into one integrated system (Figure 10), in order to simulate a smart
automatic production process.

The pneumatic control scheme of this experimental setup is shown in Figure 11. The
automatically controlled pressure regulator and quick exhaust valve are marked as 3V3
and 3V2 and circled with red lines, respectively. The position of the AirBox device is also
presented in this scheme, circled with a red line.

As in the Industry 4.0 concept, the workpieces may appear in any order and the size
of the production series can be arbitrarily small. In an extreme case, it can be one, the
parameters (i.e., the operating pressure), which need to be adjusted in a period of time
shorter than the time of performing one manipulator cycle. In this case, the adjustment
of the operating pressure is performed when cylinder C is retracted, as was previously
mentioned. Expectedly, the time required for adjusting air pressure level depends on the
difference between current and required pressure level for two sequential workpieces.
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Figure 11. Pneumatic scheme of the experimental setup.

Due to these reasons, the first step of this research was determining the time needed
for adjusting the air pressure level on the regulator. As this research was focused on
actuator operating at three different pressure levels (2 bar, 4 bar, and 6 bar), Table 2 shows
the periods of time required for pressure regulation depending on the current and required
pressure levels.

Based on the results shown in Table 2, the longest period of time (2.3 s) required for
making a change of 4 bar can be seen, i.e., adjusting the pressure level from 2 bar to 6 bar and
vice versa. As the time period between detecting the new workpiece positioned in station
for the beginning of a new cycle and cylinder C extracting is 3.2 s, the general conclusion is
that the use of the newly developed automatically controlled pressure regulator does not
affect the operating speed of the given system, i.e., it does not slow down the system.
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Table 2. Time required for compressed air pressure regulation depending on the operating pres-
sure value.

Range of Pressure Alteration (bar) Time Required for Changing the Outlet
Pressure Level (s)

2 (implies pressure change between 2 bar and 4 bar,
also between 4 bar and 6 bar) 1.30

4 (implies pressure change between 2 bar and 6 bar) 2.30

In order to determine the energy efficiency and productivity of the circular manipula-
tor, a series of tests were done, measuring the compressed air consumption and cycle time.
Compressed air flow was determined using the Festo AirBox device, which defines the
sample time period and provides results (time, air flow) in .csv and .jpg format (Figure 12).

Figure 12. AirBox graph display of compressed air flow measured (red line) and absolute operating
pressure (blue line) during one of the tests.

The manipulator executed ten cycles in which these values were measured. For easier
understanding, in Figure 12, one of the cycles was marked with a green rectangle. In order
to determine total compressed air consumption, the values shown in the graph need to be
integrated to determine the surface below the curve (using the definite integral). Conse-
quently, total compressed air consumption was calculated using the following equation:

Q =
1
2

n

∑
i=1

(ti − ti−1)(qi + qi−1) (10)

where Q is the compressed air consumption (l), ti and ti−1 are sequential sampling times
(s), and qi and qi–1 are the values of compressed air flow sampled at ti and ti−1 (l/min).
Based on these results, average compressed air consumption per cycle (10th part of total
consumption) as well as average cycle duration time were determined for all tests. Each
test was repeated five times in order to get reliable results.

In the experiment, the workpieces were set to appear in different order each time so
that an arbitrary combination of workpieces could be simulated. The tests were done with
10 different combinations of workpiece appearance, shown in Table 3.
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Table 3. Combinations of workpiece appearance.

No. of Combination Combination of WP Operating Pressure (bar)

I 3-3-3-3-3-3-3-3-3-3 6
II 2-2-2-2-2-2-2-2-2-2 4
III 1-1-1-1-1-1-1-1-1-1 2
IV 1-1-1-3-1-1-1-1-3-1 2-6-2-6-2
V 1-2-1-2-1-3-1-2-3-2 2-4-2-4-2-6-2-4-6-4
VI 2-2-3-1-2-2-1-3-1-2 4-6-2-4-2-6-2-4
VII 3-3-3-1-3-3-2-3-3-3 6-2-6-4-6
VIII 1-3-3-3-3-3-3-1-3-3 2-6-2-6
IX 3-3-3-3-2-3-2-3-3-3 6-4-6-4-6
X 1-2-3-2-1-3-1-3-2-1 2-4-6-4-2-6-2-6-4-2

The average compressed air consumption per cycle values are listed in Figure 13.

Figure 13. Average compressed air consumption of the system per cycle.

As it is displayed in Figure 13, the highest compressed air consumption is measured
when the automatically controlled pressure regulator is set to pressure level of 6 bar, i.e.,
when the manipulator is handling the heaviest workpieces (combination I, red color) and
equals QI = 13.7 l. The lowest consumption value was achieved when handling the lightest
workpieces at 2 bar (combination III, green color) and equals QIII = 11.38 l. In comparison to
the theoretical compressed air consumption (Table 1), the real consumption in these cases is
higher (QI = 13.7 l > QtI = 10.536 l; QIII = 11.38 l > QtIII = 8.631 l), which is in accordance with
the expectations, since only the volume of the actuators is considered during calculations
of the theoretical consumption. Under real conditions, there are pressure decrease, “dead
volume” (the remaining volume when the piston reaches the end of its stroke), potential
air leakage, etc., so the real consumption is higher. Additionally, these two combinations
(combinations I and III) present extreme cases of compressed air consumption (minimum
and maximum values) for the given system, and their difference presents the highest
possible consumption savings:

∆Q = QI − QI I I = 13.7 l − 11.38 l = 2.32 l (11)

Percentual savings value is then calculated as:

Qs [%] =
∆Q
QI

× 100% =
2.32 l
13.7 l

× 100% = 16.9% (12)
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Otherwise, the measured compressed air consumption values (combinations II and
from IV to X) were lower than the maximum, which shows that even in these cases, there
are energy savings. The percentage of those savings depends on the product mix, and its
value can be up to 16.9%. Consequently, larger participation of the lightest products in
the product mix causes reduced compressed air consumption, as well as increased energy
efficiency of the system, and vice versa.

The 16.9% reduction of total compressed air consumption presents significant savings
and is achieved by lowering the operating pressure in only one cylinder (cylinder C). If the
operating pressure in other cylinders were lowered, as well, the energy savings would be
even higher.

Since operating pressure reduction causes the decrease of operating speed of pneu-
matic actuators, cycle times at different operating conditions were measured. The average
cycle times of the manipulator for the given combinations of workpieces are given in
Figure 14.

Figure 14. Average cycle time of the manipulator.

It can be noticed that the cycle duration is the shortest in the case when cylinder C
operating pressure is set to 6 bar (combination I, green color) and equals tI = 9.3 s. This is
in accordance with the expectations, as higher-pressure levels condition higher speed [1].
At the pressure level of 2 bar, the cycle time is the longest (combination III, red color)
and equals tIII = 11.82 s. These two combinations present extreme cases of cycle times
(minimum and maximum values) for the given system and their difference presents the
highest possible time delay:

∆t = tI I I − tI = 11.82 s − 9.3 s = 2.52 s (13)

Percentual time delay (td) is then calculated as:

td [%] =
∆t
tI I I

× 100% =
2.52 s

11.82 s
× 100% = 21.31% (14)

These values show that the longest time delay per cycle equals ∆t = 2.52 s. Otherwise
(combinations II and from IV to X), there are also time delays, but their values are shorter.
Consequently, larger participation of the heaviest products in the product mix causes
shorter cycle times and vice versa.
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4. Conclusions

Constant alterations of quantity, shape, dimension, and weight of workpieces, charac-
teristic of working in conditions of flexible pneumatic systems, cause the need for different
operating pressure levels in the system. Compressed air pressure reduction has a great im-
pact on increasing energy efficiency of the entire system. If operating pressure is regulated
in real time, the use of the automatically controlled pressure regulator in compressed air
systems can provide significant savings in terms of compressed air consumption.

As can be seen from the obtained results, reduction of operating pressure in only
one cylinder (cylinder C) to the optimal value required for lifting the workpieces of lower
mass than those on the basis of which the system was dimensioned can attribute to
reduction of total compressed air consumption up to 16.9%. The reduction of compressed
air consumption varies from case to case and largely depends on the product mix.

On the other hand, operating pressure reduction in the system, expectedly, leads to
the increase of the cycle duration period. Cycle duration time depends on the task and
the specifics of the process conditions in which the system takes place. In this particular
case, the cycle duration period increased up to 2.52 s, but this value can be significantly
reduced if the movements of the cylinders in the system are overlapped, which requires
careful planning.

Cost-effectiveness analysis of the suggested system was not in focus of this paper.
However, considering the relatively small investments regarding the required equipment
and the high costs of compressed air use, it is easy to conclude that the ROI period for the
given investment would be relatively small, as well.

ROI is shortened in the following cases:

• When cylinders with large piston diameters are used,
• When weight differences of the workpieces in use are significant,
• When the participation of heavy workpieces in the product mix is small,
• When the number of work cycles is high.

Considering that the research results show that compressed air pressure reduction
in accordance with variable requirements conditions, causes a significant reduction of
compressed air consumption, making the system more energy efficient, while in some cases
there are cycle time delays, the users are given the option of implementing this approach
in accordance with their system characteristics.
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