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Abstract

The current economic and ecological situation emphasizes the importance
of energy efficiency for the industry. Widely applied pneumatic systems are
particularly affected by this issue because of their comparatively high energy
consumption. To increase the efficiency of pneumatics, numerous energy-
saving components and circuits have been developed over the last decades.
However, the applicability of these measures for different load cases, their
impact on the drive performance, and real economic benefit often remain
unclear for the end-user. In this paper, the applicability of the energy-saving
measures for typical load cases was analysed on example of two pneumatic
cylinders (32 and 50 mm bore) based on their technical performance, energy
consumption, and costs. The evidence brought by this experimentally verified
research can help one to make a correct decision about configuration of a
new pneumatic drive or retrofitting an existing system regarding the costs,
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efficiency, and application specifics. All studied energy-saving measures were
compared to a well-sized meter-out controlled reference drive. It is shown
that considerable energy savings without performance loss of a well-sized
cylinder are achievable only by means of sophisticated cylinder control.
In contrast, simple non-electronic components are mostly convenient only
for the retrofitting of an oversized cylinder.

Keywords: Energy efficiency, pneumatics, compressed air systems, dimen-
sioning, sizing, energy-saving circuit.

1 Introduction

Pneumatics is one of the most essential drive technologies in modern automa-
tion systems. Due to its numerous advantages such as simplicity, robustness,
reliability, high energy density and low investment costs, pneumatics is used
for a wide range of applications including handling technology, assembly
automation, packaging and food industry, printing, textile machines etc.

In most industrialised countries, the industry sector represents a signif-
icant portion of electrical energy consumption (e.g. 44% of total electricity
consumption in Germany in 2021 [1]). The compressed air supply contributes
approximately 10% (80 TWh/a) to industrial energy consumption in the
European Union, as measured in 2001 by Radgen & Blaustein [2]. Although
no recent studies have been conducted, more recent findings [3—5] estimate
that compressed air supply accounts for around 7% of industrially required
electrical energy in Germany, equivalent to 16 TWh/a.

Reducing industrial energy consumption is therefore an important step
towards achieving climate protection goals [6]. Especially pneumatics is
confronted with this issue, as it often shows higher energy consumption in
comparison to electromechanics. According to [3-5, 7-9], there is still a
significant saving potential up to 40% (i.e. 6.4 TWh/a for Germany) for all
compressed air consumers. Pneumatic drives hold a significant share of this
potential.

In recent years, various energy-saving solutions for pneumatic cylinder
drives have been developed to realise these savings. The most crucial measure
is correct actuator sizing, since oversized actuators cause unnecessarily high
energy consumption. However, determining the correct cylinder size depends
on application-specific criteria such as inertial mass, force profiles, and tran-
sition times, which may not always be readily available. As a result, industrial
users often rely on empirical data when sizing cylinders.
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Apart from the correct sizing, the energy consumption can be reduced
through energy-saving circuits (ESCs). Since the applicability of the ESCs
depends on the specific application and load, it still remains unclear, what
saving potential is feasible with the ESCs. For some of the ESCs, exaggerated
energy savings can be found in the literature, resulting from using heavily
oversized cylinder drives to estimate reference air consumption, which is then
compared to air consumption of the same cylinder with the studied ESC.
In these cases, correct cylinder sizing could have prevented the increased
energy consumption without the need for ESCs. Another common issue is
neglecting the end cushioning process, essential for a smooth and reliable
cylinder operation and short transition times. Decision-making should also
consider additional costs and the impact of ESCs on cylinder performance
(hereinafter measured by transition times).

Having said that, so far there is no objective study on the ESCs imple-
mented and tested with industrially relevant load cases and fairly compared
with a well-sized reference. Such a comparison would bring transparency
into the ESC-market, support users in selecting the right cylinder and the
ESC for a specific load case, and reduce the compressed air consumption
and subsequent energy costs. Hence, the present article aims to evaluate
the applicability and to quantify the real energy savings of various ESCs
for eight typical pneumatic applications (load cases). These load cases were
specified by inertial mass, transition times, and force profiles for each of the
cylinders studied (@32x200 and @50x200). Transition times for retraction
and extension strokes served as performance indicators for the cylinder,
compared to the fastest possible transition times of a well-sized reference.
To evaluate the quality of the end cushioning process, the kinetic energy of
the moving mass before impacting the cylinder end cup was compared to the
allowed maximum for pneumatic cylinders.

The term “energy efficiency” used in this article corresponds to the
description given in the EU Energy Efficiency Directive 2023/1791/EU and
is defined as the ratio of useful energy output to the total energy input in a
system. In this terminology, an energy-efficient solution is one that features
the minimum necessary energy consumption, which, in turn, is defined here
as the pneumatic air volume required to perform a given task.

2 State of the Art

A detailed overview of the state of the art in the field of energy-efficient
pneumatics was last given in [10-14]. Meanwhile, publications and products
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Figure 1 Classification of energy-saving measures.

of more recent date have also become known, which are presented below
according to the structure proposed in [13] (see Figure 1).

2.1 Demand-Oriented Actuator Sizing

To reduce the energy consumption by counteracting an oversizing of pneu-
matic drives such as cylinders, various dimensioning methods based on
different physical assumptions have been developed. In [15], Doll et al.
proposed a method for pneumatic cylinder dimensioning by means of the
Pneumatic Frequency Ratio (PFR (2). Rakova & Weber considered in [16]
a sizing method based on the exergy equilibrium of the cylinder. Vigolo &
De Negri developed an approach for the determination of an optimal cylinder
diameter with the aid of the operating point analysis [17]. Boyko et al. [18]
compared the dimensioning methods elaborated in [15] and [16] with the
force equilibrium method. The supplementation of the force equilibrium
method by TCO criteria and its application on an industrial assembly system
is described in [19].

Additionally, various sizing tools of pneumatics manufacturers are freely
available, e.g. Pneumatic Sizing by Festo SE & Co. KG based on [15].
Simulation software such as SimulationX [20] or DSHplus [21] can be also
used for the cylinder sizing.
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2.2 Pressure Reduction

The concept of two different pressure levels for the extension and retraction of
a pneumatic actuator was introduced by Fleischer [22]. An example of a pres-
sure reducing product solution for the return stroke of the cylinder is the ASQ
flow valve by SMC Corporation [23], whose application was experimentally
evaluated in [24] and [25]. The Motion App “ECO drive” of the Festo Motion
Terminal VTEM [26] also allows a flexible pressure adjustment. By using
two different pressure levels within a pneumatic system, significant savings
were demonstrated in [19] and [27]. In the paper [28], a novel pressure
control is presented in which the operating pressure of a pneumatic system is
automatically set depending on the mass of the workpiece.

The idea of a combined downstream and adaptive upstream throttling,
demonstrated in [29, 30], can also be assigned to this category, as its savings
effect results from the reduced operating pressure.

2.3 Filling Volume Reduction

Many technical solutions are now available on the market that make it pos-
sible to significantly reduce the filling volume between a directional control
valve and a pneumatic cylinder, and thus the compressed air consumption. For
example, by systematically using compact valve-cylinder combinations (e.g.
IVAC units [31], CVQ [32] or DNC-V cylinders [33]) or microvalves [34],
one can achieve considerable energy savings.

2.4 Energy-Saving Circuits

This category can be subdivided as follows:

Cut-off (expansion) circuits. The possibility of saving energy by closing
the compressed air supply during the cylinder movement, thus allowing the
compressed air supplied to the cylinder chamber to expand and to drive the
piston, described by Otis [35], has led to the development of a pneumatic
bridge circuit with independent metering valve control, which is patented
e.g. in [36, 37], now broadly used in the Festo Motion Terminal and further
investigated (see e.g. [38-50]). Furthermore, there have been investigations
on PWM control of the cut-off circuit [51, 52] and its applicability for a verti-
cally mounted cylinder [53, 54]. Since the saving effect of this circuit depends
strongly on the initial cylinder size and the valve control parametrisation, no
definite savings can be stated for this circuit type. In the sources listed above,
energy savings up to 80% are claimed (mostly for oversized cylinders).
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Short (cross-flow) circuits. With this circuit type, the cylinder chambers
are connected to each other during the extension movement, so that the air
flowing out of the rod chamber can be supplied to the piston chamber, thus
reducing the energy consumption up to 40%. Various realisations of the short
circuit were patented in [55-60] and investigated in e.g. [42, 61], especially
for servopneumatics [62—67]. This circuit type has also been developed by
SMC Corporation as a retrofit solution Air Saving Box [68].

Exhaust air storage circuits. This circuit allows to reuse the exhaust
air out of the rod chamber for the return stroke of the cylinder, which is
comparable with the piston moving against a gas spring. Such a principle
was patented in e.g. [69—71]. Shi et al. conducted a measurement-assisted
research on exhausted air reclaiming devices [72]. Novakovi¢ et al. analysed
the influence of exhausted air saving on the actuator dynamics [73]. In [74],
a configuration and working principles for the exhaust air recovery from both
cylinder chambers were introduced. Using the new circuit, the experimental
results showed the energy recovery efficiency above 23%. In their work [75],
Seslija et al. developed and studied a control scheme for the reclaiming of
exhausted air in a multi-actuator pneumatic system, achieving energy savings
up to 37%. A cylinder with the exhaust air recovery circuit directly integrated
into the cylinder housing was patented by SMC Corporation [76-78] and is
now purchasable as Air Saving Cylinder [79].

Combinations of energy-saving circuits. It is also possible to combine
different saving principles within one circuit to achieve even greater energy
efficiency improvement. For example, in the control concept introduced by
Krytikov et al. [80, 81], the simultaneous use of the exhaust air and two
different pressure levels for position-dependent acceleration and deceleration
of a pneumatic cylinder is described, demonstrating high energy efficiency
without performance loss. In [82], the energy and cost efficiency of various
combinations of energy-saving measures are evaluated on example of typical
drive tasks.

2.5 Energy Saving Systems

This category includes systems solutions (mostly digitised) that offer
increased application flexibility combined with the energy efficiency. The
Festo Motion Terminal VTEM [83] combines various motion and monitoring
tasks in a single intelligent valve unit. Depending on the application, different
energy-saving circuits can be implemented via Motion Apps of the VTEM.
A self-adjustable control system for pneumatic cylinders, PCC Blue, was
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brought onto the market by Mader GmbH and can be used for setting the
minimum possible travel time with minimum energy consumption [84].

2.6 Further Solutions

In addition to the energy-saving measures at the actuator level described
above, numerous solutions exist to address energy losses during the gener-
ation and transmission of compressed air, which are not further considered
in this article. These include a demand-based compressor design with heat
recovery, the usage of compressors and dryers with electronic control, opti-
mal sizing of piping for the distribution system, as well as the implementation
of leakage detections systems. The potentially achievable energy savings
are highly application-specific and amount to 10-20% on average and even
higher if applying heat recovery systems [4, 7-9, 14].

3 Selected Energy-Saving Solutions

From the saving measures described in Chapter 2, the following solutions
were chosen for further study and comparison with the standard circuit with
meter-out throttling (Figure 2, a)) based on a preliminary assessment of
their usability, practicability and theoretical savings potential. Both purely
pneumatic-mechanical as well as pneumatic-electrical control solutions were
selected and examined.

3.1 Design and Parametric Measures

Standard Meter-Out Circuit. As a reference, a standard meter-out controlled
circuit with a well-sized cylinder is used (Figure 2, a)).

Pressure Regulator. A conventional pressure regulator (e.g. Festo
VRPA [85], SMC AS-R [86]) can be installed directly inline between the
consumer and the directional valve, reducing the pressure if the full net-
work pressure is not required, mostly for non-working return strokes (s.
Figure 2, b)). In case of an oversized cylinder, a second pressure regulator
(highlighted grey in Figure 2, b)) can be applied also for the extension
movement.

Single-Acting Cylinder. In this cylinder type, the retraction movement
occurs by means of a mechanical spring without compressed air supply being
necessary (Figure 2, ¢)). However, the spring stiffness reduces the achievable
pressing force of the cylinder during extension. Besides, the single-acting
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Figure 2 Standard meter-out circuit (a) and energy-saving solutions selected for the study:
(b) pressure regulator; (c) single-acting cylinder; (d) supply air cut-off; (e) short circuit;
(f) 3-phase movement circuit; (g) PCC Blue; (h) Festo Motion Terminal VTEM.

cylinders usually come without an integrated pneumatic end cushioning. This
decreases the maximum load mass and speed because of the lower kinetic
energy acceptable in the end of the stroke.

3.2 Energy Saving Circuits

Supply Air Cut-Off. In this circuit, the supply air is cut off by switching a 5/3
directional valve to its middle position when the cylinder piston reaches the
end position, as investigated e.g. in [38] (Figure 2, d)).

Short Circuit. The main feature of the circuit shown in Figure 2, e) is the
reuse of the air from piston chamber, so than no compressed air supply is
needed for the retraction movement (e.g. see [76-79]).
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3-Phase Movement Circuit. The circuit presented by Krytikov et al. in
[80, 81] consists of three solenoid valves: a 5/2 valve (R) to change the
cylinder movement direction, a 3/2 valve (T1) to redirect the exhaust air flow
either to atmosphere or back to the supply line, as well as another 3/2 valve
(T2) for switching the pressure level between the full and reduced pressure
(Figure 2, f)). By corresponding activation of the valves depending on the
actual piston position, three difference movement phases can be achieved:

1. Acceleration: Initial movement with high pressure against the atmo-
sphere,

2. Braking: Further movement with lower pressure, the exhaust air is fed
to the supply line,

3. Fixation: Final movement with lower pressure, the exhaust line is
connected to the atmosphere.

3.3 Energy Saving Systems

PCC Blue. PCC Blue is a self-learning module for reducing the energy
consumption of cylinders. Using a central control unit and two sensor
units per cylinder, the minimum required pressure can be identified and set
(Figure 2, g)). PCC Blue system is currently only operational for cylinder size
@50 upwards.

Festo Motion Terminal (VTEM). VTEM is a mechatronic module com-
prising several valve slices, each slice consisting of four 2/2 proportional
valves connected to form a full bridge (Figure 2, h)). The configuration of
the full bridge can be defined by applying various pre-programmed Motion
Apps. Thus, different valve types (e.g. 4/3, 5/2) and functions (pressure
reduction, soft stop etc.) can be specified for each valve slice without altering
the mechanical connection. In the current work, the Motion App “ECO drive”
was used for all load cases of Table 4 with the exception of the vertical load
cases 2-1 and 2-2, for which the Motion App “Supply and exhaust air flow
control” was deployed. “ECO drive” allows to operate the cylinder with the
minimum pressure necessary for the load [26], whereas the air flow control
app serves to quickly build up pressure especially required for vertical tasks.

4 Definition of Load Cases and Applicability of the
Energy-Saving Circuits

The energy savings of ESCs and their impact on the cylinder performance
rely heavily on a particular load case. For example, an ESC utilizing
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expansion energy (s. Section 2.5) may perform greatly with high-dynamic
horizontal tasks, whereas naturally cannot provide any savings if full pressure
force is needed at the end of the stroke (e.g. when heaving and holding a
mass). This difference in feasible savings is brought about by the cylinder
pressure in the end positions (p. for extension and p, for retraction stroke)
that impacts the amount of consumed and exhausted air. For a cylinder with
a stroke [, piston and shaft diameters D and d respectively, dead volume V
and tube volume between the valve and the cylinder V4, the air consumption
referred to the normal conditions according to ISO 6358 is composed of:

Vps = ~.D2. 1. Pe py vy Be TR0 LT g2 g2y g B
4 Po Po 4 Po
(Vi V) B M
Do

Besides reducing the air consumption, ESCs can influence the transition
times ¢, and ¢, of extension and retraction strokes respectively. Generally,
the transition times of a pneumatic drive with an ESC should not exceed
those of a reference drive with meter-out throttling to avoid slowing down
the production line and questioning the benefits of ESCs. Additionally, the
impact of ESCs on the damping capacity of pneumatic end cushioning, com-
monly integrated into the end caps of cylinders, can limit their applicability.
Summing up, when applying an ESC, three criteria should be considered:
load-specific energy savings, performance (transition times), and residual
kinetic energy of the moved mass after passing the pneumatic end cushioning.

In this study, the variety of pneumatic applications was reduced to eight
prevailing load cases (s. Table 1) that demonstrate different combinations of
force and inertial loads and are also differently challenging for the pneumatic
end cushioning. The selection of these cases was based on their occurrence
in the relevant literature [87-89] and industry feedback.

In the following, the behaviour of two ISO 15552 pneumatic cylinders
(?32x200 and @50x200 as well as of two ISO 6432 single-acting cylinders
(32 x50 and @50 50 (since no such cylinders are available with a stroke of
200 mm) was studied with these combinations of the ESCs and load cases.
The study was carried out at supply pressure ps = 7 baryys. The exact
parameters for the reference drive with meter-out throttling, estimated by the
method described in Chapter 5, are summarized in Table 2. To compare sav-
ing potential and performance of the ESCs with the reference, both simulative
and experimental studies were carried out, as described in Chapters 5 and 6.
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Table 1 Load cases selected for the study

Case(Thumbnail Description

High-dynamic linearly guided horizontal mass handling without external
forces. The desired travel time corresponds to Pneumatic Frequency]
Vi— Ratio (PFR) of Q. = 1.3 for extension and Q,~ 1.6 for retraction,
1-1 indicating a well-sized cylinder for the given load [15] that operates at

gfig the nearly maximum kinetic energy absorbed by the pneumatic end
P cushioning up to the residual level of Ejinperm specified by the cylinder
manufacturer.
ve Same as 1-1, but with an oversized cylinder (Q. = 2.6 and Q, = 3.2).

12 Oversizing effect is reached by reducing the moving mass for both
Q ~¢ [directions and keeping the transition times as in 1-1.

Q=32
Horizontal mass handling with an additional external force of 0.2 F,.
— applied horizontally in both directions over the entire stroke (e.g.
1-3 2 Flhandling an object with a non-negligible constant friction), where Fp.s

. . . s
is theoretical maximum pressure force: Fy,, ¢, = . D% (p, — po)-

f u Vertical heavi.ng (extension stroke) and descenfling (retraction stroke)
F vlv |of a mass equivalent to 0.2:F), 4/g, corresponding to 1-3.

2 n §} [Same as 2-1, but with a large mass equal t0 0.9 Fpn.u/g.
F v

F — |Overcoming a horizontal force of 0.9-F),,, s within the last 10 mm of the

3-1 I extension stroke (e.g. pressing or forming process) with a load-free
% [retraction.

Overcoming a horizontal force of 0.9-F,, 4 throughout the first 10 mm
= of the extension stroke with a further load-free motion (e.g. overcoming
3-2 l . . . .
a large adhesive or static friction force before moving the workpiece)
X land a load-free retraction.

Same as 3-2, but additionally with a horizontal force of 0.9 F}, s
3-3 _| I throughout the first 10 mm of the retraction stroke with a further load-
% |free motion.

5 Simulation and Parameterisation

As already mentioned, both air savings and drive performance depend on
the cylinder size. Using a heavily oversized cylinder as a reference for
comparison with an ESC can mislead and favour the ESC in terms of air
saving potential. Faulty or unclear load case specifications, which implicitly
lead to an oversized pneumatic reference, subvert the real energy efficiency of
pneumatics. If there are smaller cylinders available that can safely perform the
required task, the cylinder can be considered as heavily oversized. If there is
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Table 2 Load case specification based on maximum performance of the reference cylinders
?32 %200 and @50 200 with meter-out throttling
?32x200 ?50%200
Extension Retraction Extension Retraction

Case m,kg Fe,N te,s m,kg Fr,N t,,s m,kg Fe¢,N te,s m,kg Fr,N t.,s
1-1 12 0 028 12 0 033 27 0 024 27 0 0.3
1-2 3 0 028 3 0 033 7 0 024 7 0 0.3
1-3 12 9% 035 12 83 043 27 230 029 27 200 0.36
2-1 10 9% 033 10 -9 026 23 230 028 23 230 0.23
2-2 42 410 14 42 —410 03 102 102 135 102 -—10% 0.28
3-1 7 410 024 7 0 0206 17 103 022 17 0 024
32 7 410 0.95 7 0 0206 17 103 0.87 17 0 024
3-3 7 410 0.95 7 410 1.05 17 103 087 17 850 1.04

no smaller cylinder suitable for the given load, the cylinder can be considered
as a well-sized. However, even correctly sized cylinders may appear slightly
oversized due to rounding up the calculated diameter to the nearest standard
bore size. For example, if a piston of 27 mm in diameter is enough to move
a load, the 32 mm cylinder will be used since there are no intermediate
bore sizes available. In this case, simple energy-saving measures like local
pressure reduction can be handy even for correctly sized cylinders. In the
given study however, the load for the reference cylinder with meter-out
throttling was calculated to ensure that the cylinder always operates at its
limit in both directions, avoiding oversizing.

Summing up, a properly sized reference is always essential for the energy
consumption comparison in pneumatics. While sizing is straightforward if
the end-position force is prevailing and dynamics can be neglected (as in
cases 2-2 and 3-1), the simultaneous presence of the non-negligible inertia,
constant force, and the requirement for a safe end cushioning significantly
complicates the cylinder sizing. For this reason, a comprehensive simulation
analysis was conducted in this study to determine the maximum realistic load
and performance of the reference cylinder as well as the optimum settings of
the considered ESCs (excluding VTEM and PCC).

The studied lumped parameters model of the pneumatic cylinder includes
pressure- and speed-dependent friction forces, heat transfer and integrated
pneumatic end cushioning, modelled and parameterised according to [90, 91].
For brevity’s sake, the cylinder’s model is not discussed here further. After
parameterising, the model of the standard meter-out circuit along with the
models of the ESCs were experimentally validated, achieving a good agree-
ment between simulation and measurement, as exemplarily demonstrated in
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Figure 3, 2, for the standard-meter out circuit. The use of the simulation
model for finding optimum setting parameters is explained below on the
example of the standard circuit.

To estimate the minimum reference transition times by given inertial mass
and load force profile over the stroke, the parameter space of the meter-
out throttle and end cushioning throttle conductances {Ca;0, Crc} were
searched for an optimal combination that corresponds to the minimal transi-
tion time ¢. Modelling the integrated pneumatic end cushioning is essential
here as it directly impacts the transition times and absorbs the kinetic energy
of the moving mass to prevent a shock. The residual kinetic energy Ex;,,, i.e.
kinetic energy after passing the cushioning stroke, but before hitting the elas-
tomeric shock absorber, must be held below the maximum permitted value
Elin.perm specified by the cylinder manufacturer. For the studied cylinders
with bore @32 and @50 mm, this permitted energy corresponds to 0.4 and 1J
respectively. Meeting this requirement is important for a safe, smooth, and
low-noise cylinder operation. Therefore, the problem of search for the best-
performance point for the reference drive with a given load case in terms of
F(x) and m can be stated as:

min t = f(Cmo,CEc) 2

s.t. Ekzn SEkin.perm

This procedure was repeated for all load cases from Table 1. Estimated
minimal transition times ¢, and t,, representing the maximum performance
of the reference cylinder, are summarized in Table 2 for both cylinders and
experimentally verified.

The minimization of transition time ¢ was achieved by a full-factorial
variation of throttle conductances. For estimation of the minimal extension
time %, throttle conductances C'y;o.g and C'gc. g were varied, for retraction
time ¢, conductances Cj;0.4 and Cgc.4 were changed. This method was
chosen over gradient and non-gradient-based optimization methods due to
the presence of multiple local minima, short simulation time, and efficient
parallelisability of the problem, resulting in a higher performance and relia-
bility of this method compared to the classical optimisation. The simulation
results were evaluated and filtered respective to the boundary condition
Elin < Elinperm using the piston speed ve. in the end cushioning shortly
before the impact with the shock absorber to estimate the kinetic energy Fi;,
(Figure 3, 2 and 3).

Using the same algorithm and assigned load cases from Table 1, the
ESCs (excluding the self-adjusting components VITEM and PCC with
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Figure 3 Steps for finding optimal system settings by means of simulation analysis on the
example of the reference pneumatic drive with meter-out throttling.

sophisticated control strategies) were simulated. The aim was to analyse
the drive behaviour with these ESCs and estimate their optimal parameters
(e.g. reservoir volume for the short circuit) and throttle settings peculiar to
each ESC-load case combination, easing the experimental study presented in
Chapter 6, during which the simulation models of the ESC were validated as
well.

6 Experimental Study, Cost Analysis, and Results

All circuits shown in Figure 2 were implemented on a test bench for the
experimental analysis of their performance and energy consumption. The
parameterisation of these circuits was based on the simulation results from
Chapter 5.
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For the cost analysis, the acquisition costs of each ESC were determined
as the sum of the net prices of its components according to the circuit
diagrams in Figure 2 and further elements necessary for their functioning,
such as proximity sensors, push-in fittings, silencers, tubes, and correspond-
ing Motion App licences for the VTEM. Since the VTEM and PCC Blue
can operate several pneumatic drives simultaneously, their acquisition prices
(inclusively the app licence for the VTEM) were considered partially (e.g.
only 1/4 of the VTEM acquisition price was assumed for the studied circuit
because four drives in parallel can be controlled by one VTEM). The acqui-
sition costs presented in Table 4 do not include any discounts that may be
granted to an industrial user. Consequently, the user should examine his own
purchase prices to perform an amortization calculation.

The operating costs were calculated under the following assumptions for
all load cases and cylinders:

* One 8-hour shift, 240 days/a, 3,840,000 double strokes/a
» Compressed air costs: 0.02 €/Nm?

Installation, commissioning and maintenance costs were excluded from
the cost analysis due to their site- and application-specific nature. Nonethe-
less, it can be stated that the installation and commissioning of a pressure
regulator or a single-acting cylinder is quick and straightforward. Imple-
menting VTEM or PCC requires additional electronics integration and/or
programming, making it slightly more challenging. However, this is facil-
itated by their inherent readiness for use. The 3-phase movement circuit,
with its complex circuitry and multiple proximity switches, is the most
challenging and time-consuming option to implement. This can be simplified
by developing it into a ready-for-market product.

Since not for every ESC the payback point can be determined (e.g. a
single-acting cylinder has inherently lower purchase price and energy con-
sumption, resulting in a negative payback point compared to the standard
circuit), the total costs of each ESC were calculated and compared for an
observation period of 2.5 years instead. This payback period is reasonable
for the energy-saving solutions according to a Germany-wide automation
industry survey [92].

Table 3 presents the impact of all the ESCs on travel times and energy
consumption compared to the standard circuit. White-font data correspond to
the ESC-load combinations, for which either no significant energy saving is
feasible from the theoretical analysis or no measurements were carried out
for the safety reasons (in case of vertical mass movements, 2-1 and 2-2).
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Table 3 Change in performance and air consumption of energy-saving circuits in compari-
son to the standard meter-out circuit
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These combinations where studied by means of simulation only. All other
combinations (black-font data) were studied experimentally and the results
shown in the Table 3 were derived from the measurements. The effect of
using an ESC on the total cost of a drive after 2.5 years is summarised in
Table 4.

As can be seen from Table 3, not all ESCs are applicable with all load
cases. For instance, the retraction force of a single-acting cylinder is limited
to the spring force, which may not be sufficient to pull the piston back against
external retraction force in the cases 1-3 and 3-3.

The absence of the integrated pneumatic end cushioning in single-acting
cylinders makes the abrupt motion in 3-2 not possible without severe impact
stress and therefore precludes the requirement Ey;y, e < Ekin.perm. The short
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circuit, utilising a pneumatic spring for the return motion instead of the
mechanical spring, faces the same lack of retraction force as the single-acting
cylinder and hence is not applicable in the cases 1-3 and 3-3.

In case 2-2, the meter-out throttle opening of the short circuit undergoes
two contradictive requirements: throttle conductance should be high enough
to enable fast extension and small enough to prevent the shock when descend-
ing the mass. Both requirements concerning t. and Fj;, , cannot be met
simultaneously in this load case.

The 3-phase movement circuit is also not applicable for high mass
descending in case 2-2. The backpressure in the counteracting (lower) cham-
ber is limited to the supply pressure due to the presence of the check valve in
the braking and recuperation phase. This leads to the load mass falling down
almost without any breaking or cushioning effect.

The further circuit, PCC Blue by Mader, is not applicable for any cylin-
ders under @50. In PCC Blue’s teaching process, the cylinder can experience
increased impact stress in the cushioning zone during initial strokes. Due to
the risk of uncontrolled mass falling, this component was not tested on
vertical load cases 2-1 and 2-2.

The pneumatic-mechanical solutions pressure reduction, single-acting
cylinder, and short circuit show a performance loss with simultaneously
reduced air consumption in all load cases. A double-sided pressure reduction
in case 1-2 leads to a negligible performance loss, making this measure
particularly suitable to compensate oversizing.

Application of the 3-phase movement circuit enables both significant
energy and cost savings as well as improves the drive performance even in
case of a well-sized reference. This higher dynamics is possible due to an
intensive active deceleration of the moved mass, since the damping capability
of this circuit is intrinsically higher than that of the integrated pneumatic
end cushioning. Disadvantages of this circuit are high complexity of wiring
and programming because of the number of additional proximity sensors and
valves needed as well as high sensitivity to changes in mass load and positions
of the proximity sensors.

The use of supply air cut-off in a meter-out throttling circuit can slightly
improve both performance and energy efficiency without a major technical
effort. The observed reduction in travel times is due to a slightly lower
chamber pressure that is built up at the end of the stroke due to the cut-off
in comparison to a standard circuit. Therefore, during the subsequent stroke,
the counter chamber exerts less resistance, enabling faster acceleration. How-
ever, the achievable energy savings depend significantly on the dynamics of
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Table 4 Change in total cost of energy-saving circuits in comparison to the standard meter-
out circuit
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the pressure build-up in the cylinder chambers and in the volume between
the pressure regulator and the directional valve, or with other words on the
capacities and resistances between the pressure regulator, directional valve
and the cylinder.

The use of the VTEM enables the greatest energy savings among the other
ESCs: up to 77% compared with a well-sized reference. This benefit is, how-
ever, accompanied by high investment costs. The use of the PCC, although
limited to cylinder sizes @50 upwards, also allows significant savings up to
28% even with well-dimensioned cylinders.

For horizontal well-dimensioned tasks (case 1-1), the application of
energy saving systems is thus the only way to achieve significant energy
savings without loss of performance. For oversizing (case 1-2), the use of a
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pressure regulator is particularly attractive and cost-efficient. For a horizontal
movement with a counterforce over the whole stroke (case 1-3), cutting
off the supply air is the most cost-effective solution that brings moderate
improvement in performance and energy efficiency. Much higher savings are
achievable with the VTEM and PCC in this case, which are in total more
expensive for the smaller cylinder sizes.

For vertical tasks 2-1 and 2-2, typically modest energy savings of around
10% can be achieved with negligible impact on performance. The same
applies to case 3-1, for which a high end force is required. Many ESCs are
accompanied by a reduced pressure level, which significantly slows down
the extension times of these solutions. In load cases 3-2 and 3-3, energy-
saving systems in particular show significant savings along with improved
performance.

In terms of TCO, ESCs equipped with smaller cylinders (¥32) often incur
higher total costs as a result their low absolute air consumption, leading to
longer amortization periods compared to ESCs with larger cylinders. This
manifests itself in a higher acquisition-operation cost ratio. Short circuit,
single-acting cylinder (available only for shorter strokes), as well as 3-phase
movement circuit with larger cylinders are among the most cost-effective
solutions due to their high energy efficiency.

7 Conclusions

This paper presents the results of a comparative analysis of various energy-
saving circuits (ESCs) applied in different load cases. The purpose is to
provide the industrial users of pneumatics with an experimentally verified
information about the applicability of the energy saving measures, their
impact on cylinder performance and the real cost-saving potential. The
results rely on experimental measurements carried out on two double-acting
cylinders @32 x 200 and @50 x 200, and a single-acting cylinder @32 x50 (the
single-acting cylinder @50 x50 was simulated only). The standard meter-out
throttling with the shortest transition times possible (i.e. maximum perfor-
mance) was used as a reference for comparison of the ESCs. To summarize
the study, the following statements can be made:

* In case of a well-sized cylinder, traditional energy-saving circuits yield
minimal savings. Energy-saving systems such as the off-the-shelf com-
ponents VTEM by Festo SE & Co. KG or PCC Blue by Mader GmbH,
however, offer significant energy savings up to 77% even in such
scenarios.
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* In case of an oversized cylinder, the installation of a pressure regulator to
reduce pressure levels becomes a viable option. By employing energy-
saving systems, even greater savings can be achieved.

* The supply air cut-off circuit yields moderate savings (up to 10%) for all
load cases at reasonable cost. However, its real energy savings depend
strongly on the time needed to equalise the pressure drop caused by
components between compressed-air maintenance unit and cylinder.

* Implementing a short circuit can lead to substantial energy savings (up
to 45%), but entails significantly increased travel times.

* For special load cases (e.g. 1-3, 3-1 to 3-3), traditional energy-saving
circuits are not an optimal solution, as they often exceed acceptable
travel time limits.

* Integrated pneumatic end cushioning is essential for a smooth decelera-
tion of the inertial mass within the limits of elastomeric shock absorber’s
kinetic energy in the cylinder end cup. It ensures short transition times
by eliminating oscillations caused by under- or overdamping. Energy-
saving systems such as VTEM or PCC, as well as the 3-phase movement
circuit greatly enhance damping capacity, improving cylinder dynamics
in almost all load cases. This allows to handle larger masses with shorter
transition times, leading to both higher performance and lower energy
consumption. It is relevant not only for handling tasks, but also for
load-free return strokes in full-force applications.

In conclusion, the correct cylinder sizing remains the basic premise for
energy-efficient pneumatics. This is especially crucial for cylinder drives with
small filling volumes, as their low absolute air consumption would lead to
a long amortization time of the ESCs. In these terms, correct sizing is the
most cost-effective energy-saving measure for small cylinders. Retrofitting
an oversized cylinder can be accomplished using a simple and cost-effective
pressure regulator.

For medium and large cylinders, especially with short travel times, imple-
menting sophisticated cylinder control components (VTEM, PCC, 3-phase
movement circuit) offers several benefits. These include significant reduction
in air consumption and thus energy costs, improved dynamic performance,
sometimes even allowing an under-sizing of the cylinder, and time savings
through self-adaptive throttle adjustment for fluctuating loads.

Although the study has covered the majority of the ESCs known to the
authors and the most common load cases, its results still should be used with
caution if applied to other more specific load cases. The significance of the
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study, especially regarding TCO savings, may also be limited for cylinders
featuring shorter strokes and/or piston diameters smaller than 32 mm due to
different proportions of acquisition and operating costs.
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