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Abstract

In the field of pneumatic automation, downstream throttled pneumatic drives
are widely adopted for motion tasks, valued for their cost-effectiveness,
durability, and high-power density. However, this switching scheme is often
regarded as being inefficient. Consequently, many researchers have focused
on developing more efficient control strategies. In this paper a novel com-
bined throttling scheme aimed at reducing air consumption is investigated.
The paper offers a comprehensive overview of the design methodology
and simulative analysis. A subsequent prototypical realization demonstrates
the feasibility and function of the novel system with two distinct shut-off
variants. In this way, the theoretical design methodology was validated by
experimental results. The presented compressed air savings are adjusted
to changes in cycle time, providing an objective evaluation in compari-
son to state-of-the-art system. The findings show a significant reduction in
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normalized air consumption with the novel circuit for selected load cases.
The main characteristics and potential of the combined throttling approach
are highlighted, thus facilitating the assessment of its viability in practical
applications through a deeper understanding of the system.

Keywords: Pneumatics, energy savings, sustainable systems, compressed
air savings, pressure control.

1 Introduction and State of the Art

Pneumatic systems are widely used in industrial production since they are
robust, simple to maintain, have low initial costs, and high-power density.
To control the cycle time of pneumatic drives, downstream throttling is
the most common method. This involves driving the movement with the
active chamber utilizing the full supply pressure, while the speed is regulated
by the counter-acting chamber through adjusting the downstream throttle,
thus creating a pressure that opposes the movement (referred to as back
pressure). Such systems exhibit an advantageous dynamic behaviour due to
high stiffness and a significant back pressure, enabling proper functioning of
the cylinder’s end cushion. However, the efficiency is low, since the maximum
available pressure is always used and the cylinder consumes therefore the
maximum amount of compressed air, irrespective of the load.

The low efficiency is further exacerbated by the common oversizing of
actuators. Since the consumption of compressed air depends on the volume
of the cylinder chambers and pressure levels, accurate sizing of the cylinders
for the intended task is crucial. Common sizing methods for pneumatic actu-
ators include empirical formulas and computer-based sizing tools provided
by manufacturers [1, 2]. A widely used method in academia, proposed by
Doll, is based on the eigenfrequency of the cylinder [3, 4]. This method will
be employed later to evaluate the load cases in this study. Simulation-based
sizing has been suggested by multiple researchers and can be combined with
optimization schemes to achieve optimal sizing [5, 6].

To further enhance efficiency beyond optimal sizing, various innovative
systems have been proposed. One potential approach to reduce air consump-
tion involves the recovery of exhaust air. The use of an auxiliary reservoir
to store a portion of the cylinder exhaust air is suggested in [7, 8], allowing
for reuse during the return stroke. In [9], a strain energy accumulator was
introduced to store exhaust air and drive pneumatic systems with lower
actuation pressure. Similar approaches involving cascade air usage have been
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presented in [10–12]. Gibson proposed a pneumatic boost converter to elevate
the pressure of exhaust air and redirect a portion back to the supply line [13].
Another method for reusing compressed air involves a rapid traverse and
feed circuit, as outlined in [14] with a cross flow valve or a quick exhaust
valve in [15, 16]. However, implementing these systems comes with higher
investment costs due to additional components. Moreover, parameters and
components must be properly sized to specific operating conditions.

Another approach to conserve compressed air involves harnessing expan-
sion energy, which can be implemented through early supply shut-off while in
mid-stroke. The additional braking effect during movement can also reduce
the entry speed into the end cushion. This can be realized, for example,
by controlling a 3/3-way switching valve per cylinder chamber [17, 18].
Another design option is the use of four 2/2-way valves arranged as a full
bridge [19–22]. The greatest savings are achieved with such systems thanks
to the flexibility provided by the resolved control edges and a high degree of
potential energy utilization. However, this comes at the cost of high control
and valve component expenses.

The reduction of supply pressure is a simple way to reduce air consump-
tion [15]. In applications where the load force acts in just one direction,
the use of a pressure-reduced return stroke can be implemented [23, 24].
However, as manual adjustment of the additional pressure regulator is
required, the system does not allow automated adaptation to changing loads
and the commissioning effort increases due to the required additional manual
adjustment.

The investigated air saving scheme is based on the approach of automat-
ically reducing the supply pressure and involves combining downstream and
adaptive upstream throttling [25, 26]. Such concept has furthermore been
patented [27]. The main characteristics of the novel system are:

• Downstream throttles control the cylinder speed, while upstream valves
regulate the air supply. This allows for a low commissioning effort, since
the speed can be adjusted the same way as the widely used conventional
downstream throttling.

• The upstream valve regulates the air supply into the driving chamber to
control a constant back pressure. Thus, the system automatically adapts
to the load condition by increasing the driving pressure, if necessary,
while the back pressure is kept at a low level.

• A rapid supply pressure shut-off at the end position of the cylinder is
necessary to prevent further pressurization of the driving chamber.
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It should be noted that a lower back pressure can have an adverse effect
on end-cushioning function depending on the load condition [28, 29]. If it is
possible to achieve satisfactory pneumatic end-cushioning and, consequently,
acceptable cycle times with a lower drive pressure compared to downstream
throttling, there is significant potential for compressed air savings with the
proposed system. This will be investigated experimentally in this work.

2 Investigated Systems

In Figure 1, the circuits of all investigated systems are depicted. In addition
to the conventional downstream throttling (DT), two further variants of the
combined throttling approach are investigated. While the operating principle
of controlling the back pressure of the drive by means of an upstream
valve remains the same, the two variants differ in the way the shut-off at
stroke end is implemented. The system with an electronic shut-off is named
CTE, while the mechanical solution is named CTM.

For the electronic shut-off, a 5/3 control valve with a closed neutral
position is used. Proximity sensors are employed to measure the reaching
of the cylinder’s end positions, which correspond to the completion of the
motion task. This enables the targeted switching of the 5/3 valve through
a programmable logic controller (PLC) to its neutral position, preventing
the unnecessary flow of air into the driving chamber after the cylinder has
completed its movement.

On the other hand, the mechanical solution does not require sensors or the
programmable logic structure needed by the electronic solution for a timely
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shut-off. This reduces the system complexity and overall commissioning
effort. The mechanical shut-off is based on the pneumatic detection of the
cylinder’s end position, signalled by a sudden drop in back pressure. This
well-known principle is employed in some commercially available valves,
which sense if the back pressure falls below a threshold to detect when a
cylinder reaches the end of its stroke [30, 31]. It is considered advantageous
to integrate the shut-off function directly into the upstream valve itself to
reduce complexity and component requirements. This is possible because the
back pressure acts on the control surface of the upstream valve. Thus, the
pressure drop can be detected as a sudden change in the valve spool position.
A more detailed description of how this was implemented will be provided
using Figure 2.

It should be noted that recognizing the end position via a back pressure
drop can lead to a premature shut-off of the air supply if the cylinder
experiences excessive counterforce mid-stroke or is blocked. Thus, this
simpler approach reduces the robustness of the shut-off function.

Since both combined throttling systems (CTM and CTE) share the same
functionality while the cylinder is moving and only differ in how the shut-
off is accomplished, only one prototype for both systems was developed and
manufactured in this study. A sectional view of the upstream valve is shown
in Figure 2. The air supply from the directional control valve is connected at
ports S2, while the pneumatic cylinder is connected to the upstream valve at
ports C2. The back pressure, as a control variable, corresponds to the pressure
in the counteracting chamber and is connected to port C1.
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The valve spool throttles the air to the active cylinder chamber through
a defined notch geometry depending on the back pressure level. The design
method for the notch geometry will be described in Section 3. In addition to
this main function, the mechanical shut-off is also integrated into the spool
and takes the form of an O-ring and a conical seat. In the event of a sudden
drop in back pressure, the controller spring moves the valve spool to the left
and presses the O-ring against the conical seat, tightly blocking further air
supply to the active chamber. For the electronic implementation of the shut-
off, this O-ring is removed.

Furthermore, the mechanical shut-off requires a starting aid on at least
one of the upstream valves because otherwise, insufficient pressure in both
cylinder chambers would result in a deadlock. The starting aid is implemented
as a piston, which overrides the shut-off function. If the pressure in the driving
chamber falls below a threshold, the starting piston pushes against the valve
spool, thus lifting the shut-off O-ring from its conical seat. In the case that the
electronic shut-off is used, the starting aid piston is locked in a fixed position,
and it only acts as an end-stop for the valve spool.

3 Model Based Design

3.1 Modelling of Pneumatic Drives

Figure 3 shows a schematic illustration of the modelling used in this work.
The position of the piston is labelled x and the constant L is used for travel
length. Furthermore, the dead volumes in the cylinder end positions are
assumed to be symmetrical and considered using the length L0.
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The mechanical modelling of the pneumatic cylinder is achieved by
Newton’s second law, which describes the forces acting on the mass M .
The forces resulting from pressure in the chambers p1,2 and ambient pres-
sure pAmb are multiplied by their respective areas. The frictional force FF

is described using a Stribeck curve, which defines the frictional force as
a function of speed and pressure in three characteristic ranges (boundary
lubrication, Coulomb friction, and viscous friction). Additionally, an external
load force Fe can be introduced in the modelling.

ẍ =
1

M
(p1A1 − p2A2 − Fe − FF (ẋ)− pAmb(A1 −A2)) (1)

For the thermodynamic modelling of the pressure dynamics a polytropic
model commonly used in the literature was chosen [32–34], where R is the
ideal gas constant and TS the temperature of the compressed air supply.

ṗ1 =
n

A1 · (L0 + x)
(−p1 ·A1 · ẋ+R · (TS · ṁ1,in − T1 · ṁ1,out)) (2)

ṗ2 =
n

A2 · (L0 + L− x)
(p2 ·A2 · ẋ+R · (TS · ṁ2,in − T2 · ṁ2,out))

(3)

A modelling of the chamber temperatures Ti is also necessary for the
complete modelling of the polytropic model. In the literature, the polytropic
relationship for a closed volume is often used for this purpose [33], as shown
in Equation (4).

Ti = Ti,0

(
pi
pi,0

)(n−1)/n

(4)

The calculation of mass flows through throttles and valves is achieved by
using the equations for technical resistances in accordance with ISO 6358-1
[35], considering the current operating states according to Equation (5) or
Equation (6). The mass flow is primarily characterized based on the density
ρ0 at standard conditions, the upstream pressure pus, downstream pressure
pds, and the conductance C. Furthermore, depending on the critical pressure
ratio b, the mass flow can be either supercritical or subcritical.

ṁ = C · pus · ρ0 ·
√

Tds

Tus
·

√√√√1−
(

pds
pus

− b

1− b

)2

if b ≤ pds
pus

≤ 1 (5)

ṁ = C · pus · ρ0 ·
√

Tds

Tus
. if 0 ≤ pds

pus
≤ b (6)
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The pneumatic lines were modelled with a static model, considering the
dead volumes and the resistance using the empirical formulas for C and b
proposed in ISO 6358-3 [36], where dt is the tube diameter and Lt the tube
length.

C =
π · dt2

2 · 103
√
2.35 · 10−3 · dt−0.31 · Lt

dt
+ 1

(7)

b = 4.8 · 102 · C

dt2
(8)

3.2 Design Method

While the previously shown model allows for the nonlinear simulation of
the cylinder dynamics, a simplified linear model is employed for controller
design. This facilitates an easy assessment of closed-loop stability and aids
in shaping the opening characteristics of the upstream valve. The following
assumptions were considered in formulating the model:

• All temperatures in the pressure differential equations are assumed to be
constant (TS = T1 = T2 = T0). This is a commonly used assumption
in the controller design of servo-pneumatic cylinders to reduce model
order, as Equation (4) is omitted [33, 34].

• The plant or cylinder model was linearized at a midstroke position
through a first-order Taylor expansion (xOP = L/2).

• Dynamics of the upstream valve are neglected. It is assumed that the
upstream valve has a much higher eigenfrequency than the cylinder.

• Outflowing mass flow through the downstream throttle is always
assumed to be supercritical (ṁout ,i = pi · ρ0 · CDS ,i). This assumption
is based on the backpressure being regulated to be at least high enough
to achieve supercritical flow.

• Inflowing mass flow through the upstream valve is also assumed to
be supercritical. An investigation of the closed-loop poles concluded
that the impact of this assumption is minimal for the relevant pressure
gradient.

The resulting model in state space is presented in detail in [26]. With this
simplified model of the plant, closed-loop stability can be assessed for dif-
ferent plant parameters using disk margin analysis or other stability analysis
methods. Conversely, by evaluating the back pressure at the steady-state oper-
ating point, it can be determined whether the valve has sufficient conductivity
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Figure 4 Schematic representation of the control edge design.

to generate the required back pressure. The authors demonstrated that a linear
opening characteristic is inadequate for reliable operation across a broad
range of parameters [26]. Consequently, a non-linear metering characteristic
was designed. The schematic representation of the main characteristic of the
designed metering edge geometry are shown in Figure 4.

The edge geometry consists of control notches as a mechanical imple-
mentation of a gain-scheduling approach. Gain scheduling is an adaptive
control method, in which the parameters of a linear controller are changed
dynamically as a function of one or more “scheduling” variables [37]. Ideally,
the scheduling variable for the controller should be the mass flow requirement
of the cylinder. This way, the controller uses low gains for slow cylinder
speeds, increasing the gain as the mass flow requirement rises. In this case,
the steady-state error is utilized. Allowing for a higher mass flow requires
the upstream valve to open further, resulting in lower back pressure. With the
linear model it is possible to calculate the opening position of the valve and
the corresponding gain factor of the controller for different operating points,
thus allowing for a targeted tuning of the expected behavior.

Figure 5 shows the final notch geometry. The diagram also illustrates the
mechanical-pneumatic shut-off function towards the end of the stroke, which
is indicated by the red dashed line. A small opening in the neutral position
has been introduced, which can be interpreted as a feedforward control.
In this way, the conductivity and response behavior of the upstream valve
can be improved without increasing the gain factor and thereby compromis-
ing stability. The effects of this measure are illustrated in Figure 5(right).
In comparison to the control edge in Figure 5(left), the steady-state operating
points shift to the left. This implies that the valve needs to open less to
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Figure 5 Control edge geometry and operating point distribution for ø 32 mm Cylinder
during the extending stroke.

achieve the same mass flow, resulting in a better distribution of the steady-
state operating points across the valve stroke. However, when choosing the
size of this opening, it is key to consider the minimal required mass flow.

3.3 Simulative Investigation

The design method presented in Section 3.2 proved to be an effective tool
for generating different control edge geometries. However, these geometries
were also tested with a non-linear simulation model at different parameters
and then adapted. This iterative development process is key to achieve a
satisfactory design for multiple applications.

An important parameter for the system dynamics, which is not considered
by the linear model, is the residual pressure in the drive chamber at the end of
the movement. The residual pressure corresponds to the initial back pressure
when the direction of cylinder movement changes. The importance of the
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initial back pressure for the system dynamics results from the fact that it has a
significant influence on the opening behavior of the upstream valve. Figure 6
shows simulation results of an extending cylinder with different initial back
pressures, while all other parameters are kept constant. It can be observed
that the upstream valve opens later at higher residual pressures, which leads
to longer cycle times. The cycle time is therefore heavily dependent on the
residual pressure.

4 Experimental Set-Up and Methodology

For the experimental validation, the test rig shown in Figure 7 was employed.
The test rig facilitates the investigation of a test cylinder performing
point-to-point motion tasks under various conditions. To simulate diverse
operating conditions, different load masses, cylinder sizes, friction forces and
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Figure 7 Test rig circuit.

orientations were utilized. The load masses are mounted on a roller guide,
which is exposed to varying levels of friction through a brake unit.

The air consumption and dynamic behaviour of the cylinder with dif-
ferent system architectures was tested. Depending on the system, the 5/3
directional control valve can be operated as a 5/2 directional valve if the
neutral position isn’t required. To measure the cylinder stroke and speed
an incremental encoder was used. An accumulator with a 20-liter volume
was installed between the mass flow sensor and the 5/3 directional control
valve. The accumulator serves to dampen air flow fluctuations and prevent
measurement errors caused by the inherent inertia of the mass flow sensor.
As a result, it provides an average air flow reading rather than an exact
resolution of the air flow into each cylinder chamber. However, this trade-
off was accepted to ensure accurate measurement of the total compressed air
consumption.

4.1 Evaluation Methodology

All investigated systems were tested with different use cases, defined by a
given cylinder, load mass, friction force and orientation. A total of 50 cycles
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The air consumption and dynamic behaviour of the cylinder with dif-
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directional control valve can be operated as a 5/2 directional valve if the
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was installed between the mass flow sensor and the 5/3 directional control
valve. The accumulator serves to dampen air flow fluctuations and prevent
measurement errors caused by the inherent inertia of the mass flow sensor.
As a result, it provides an average air flow reading rather than an exact
resolution of the air flow into each cylinder chamber. However, this trade-
off was accepted to ensure accurate measurement of the total compressed air
consumption.

4.1 Evaluation Methodology

All investigated systems were tested with different use cases, defined by a
given cylinder, load mass, friction force and orientation. A total of 50 cycles
were recorded for each use case following a short run-in period. The cycle
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time and air consumption were assessed to characterize each system. The
cycle time is defined as the duration from the switch signal until the cylinder
reaches the end position and includes the transfer time and delay time.
Furthermore, during the experimental investigation, all systems utilized the
end cushion up to its maximum loading capacity. Consequently, the minimum
achievable cycle time was measured for each system, enabling an objective
comparison.

Conventional downstream throttling is used as the reference system for
cycle time and compressed air savings. To check the correct dimensioning of
the downstream throttled drives, the use cases were evaluated with the design
guideline according to Doll [3], which is based on the cylinder eigenfre-
quency. It should be noted that the eigenfrequency is approximated by using
a rod-less cylinder in mid-stroke and by considering that both chambers and
dead volumes in the lines are pressurized with supply pressure ps.

ω0 =
2 · π
t0

=

√
4 ·A1 · ps

M · (L+ 2 · Ldead )
(9)

Doll’s guideline relates the transfer time with the eigenperiod t0 to cal-
culate the dimensionless “pneumatic frequency ratio” Ω. In this study the
average transfer time tf,DT for both retracting and extending was employed.
The sizing of the investigated use cases with downstream throttling according
to Equation (10) is depicted in Section 5.

Ω =
tf,DT

t0
=

tf,DT

π

√
A1 · ps

M · (L+ 2 · Ldead )
(10)

To condense the experimental results for easier interpretation, the relative
compressed air savings and the relative increase in cycle time of the combined
throttling systems are first calculated for each operating case. As previously
stated, downstream throttling will be used as the reference system. In general,
the combined throttling approach achieves a reduction in compressed air
consumption. However, the reduced backpressure results in longer cycle
times compared to downstream throttling due to the reduced performance
of the end cushion.

The relative air savings ∆mrel ,i of any system (i) compared to down-
stream throttling (DT ) can be calculated as follows:

∆mrel ,i =
mair ,DT −mair ,i

mair ,DT
(11)
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Analogous, the relative increase in cycle time can be expressed as follows:

∆trel ,i =
tcycle,i − tcycle,DT

tcycle,DT
(12)

To enable a fair comparison of the energy efficiency between conven-
tional downstream throttling and the novel combined throttling schemes, it
is necessary to consider the interaction between an increase in cycle time
and potential compressed air savings. The air consumption per cycle of a
downstream throttled cylinder can be approximated with Equation (13), with
α being the cylinder area ratio.

mAir ,DT ≈ A1 · (L · (1 + α) + 2 · Ldead )

R · T0
· ps (13)

By incorporating the design guideline presented by Doll (Equation (10))
into Equation (13), it is possible to express the cylinder’s air consumption as
a function of the transfer time.

mAir ,DT =
M · (L · (1 + α) + 2 · Ldead ) · (L+ 2 · Ldead )

R · T0
·
(
Ω · 2 · π
tf,DT

)2

(14)

Assuming, the same sizing parameter “Ω”, Equation (15) describes the
relationship between compressed air consumption and cycle time of a down-
stream throttled actuator. Here, mAir ,DT

∗ corresponds to the compressed air
consumption at a different transfer time tf,DT

∗. Furthermore, we will use the
complete cycle time instead of just the transfer time, under the assumption
that the ratio of transfer time to delay time of the downstream throttled drive
remains relatively constant at different pressure levels.

mAir ,DT
∗

mAir ,DT
=

(
tf,DT

tf,DT
∗

)2

≈
(

tcycle,DT

tcycle,DT
∗

)2

(15)

For a compressed air saving scheme to be effective, any increase in
cycle time must be offset by a substantial reduction in air consumption.
For example, if the cycle time of a particular scheme is double that of
an optimal sized downstream throttled drive, the air consumption should
decrease by at least a factor of four for the scheme to be more efficient.
Otherwise, a downstream throttled drive can be sized to be more efficient
at that increased cycle time. The actual reduction in air consumption x of a
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hypothetical system, when compared to downstream throttling and regardless
of cycle time, can be expressed as follows:

mAir ,x
∗

mAir ,DT
=

(
tcycle,DT

tcycle,x∗

)2

· (1− x) (16)

In Section 5.2, the experimental results will be visualized as data points
in a diagram that plots the achieved relative air savings (∆mrel ,i) over the
relative increase in cycle time (∆trel ,i). To account for the relation between
changes in cycle time and air consumption of downstream throttled systems,
isolines for relative efficiency increase in this plane need to be integrated.
Thus, the air savings compared to an optimally sized downstream throttled
system with identical deviation in cycle time and constant frequency factor
compared to the experimental results get visible. For the mathematical defini-
tion of the isolines, an expression for the actual reduction in air consumption,
as shown in Equation (16), is derived based on these metrics. Equation (16)
can be expressed as a relative air saving as follows:

∆mrel ,x =
mair ,DT −mair ,x

mair ,DT
= 1−

(
tcycle,DT

tcycle,x∗

)2

(1− x) (17)

Finally, the relative air savings can be expressed by rearranging it as a
function of the relative increase in cycle time. Equation (18) corresponds to
the isolines with constant normalized air savings in Figures 11 and 12.

∆mrel ,x(∆trel ,x, x) = 1− 1− x

(∆tcycle,x∗ + 1)2
(18)

5 Results and Discussion

This section shows the experimental results. In Section 5.1, the dynamic
behaviour of the different systems is compared exemplarily, while the
quantitative results for all use cases are presented in Section 5.2.

Figure 8 shows the Omega values for various test scenarios. These are
deduced from the cycle times of the tuned downstream throttled experimental
setups for both horizontal and vertical direction of motion, although strictly
speaking the design guideline is only defined for the horizontal cases. The use
cases are identified according to the following nomenclature (Equation (19)).
The friction is either given by a number, which corresponds to the friction
force in Newton or the letter R, which stands for rolling friction, the lowest
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Figure 8 Omega-values of investigated load cases.

achievable friction on the test rig rolling friction.

∅[mm]− Stroke[mm]−Mass[kg]− Friction[N] (19)

For all cases investigated, the downstream throttled cylinders are either
well dimensioned or slightly oversized. Thus, these cases provide a good
reference for investigating the energy saving measures. It should also be
noted that already in the publication of the design guideline, longer cylinders
tend to lead to higher omega values for optimal design.

5.1 Dynamic Behaviour

Figure 9 shows the measured data for load case 32-200-10-R in the horizontal
orientation. As expected, the combined throttling systems (CTM and CTE)
exhibit significantly lower back pressures, resulting in lower driving pressures
during cylinder movement compared to downstream throttling (DT). Addi-
tionally, after reaching the end position, the pressure in the active chamber
of the downstream throttled cylinder rises to supply pressure (6 barrel) due to
the lack of a shut-off. In contrast, both the mechanical and electronic shut-
off solutions effectively cut off the pressure supply after reaching the end
position, preventing further pressurization of the active cylinder chamber.

The different execution of the shut-off function results in a different
behaviour between CTM and CTE. Due to the simultaneous blocking of the
supply and return path using a 5/3 valve as a shut-off, CTE retains residual
pressure in the counteracting chamber. In the case of the mechanical shut-
off, only the supply path to the driving chamber is blocked by the upstream
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Figure 9 Dynamic behaviour in horizontal orientation 32-200-10-R.

controller itself, leading to a complete relief of pressure in the counteracting
chamber.

Figure 10 illustrates the dynamic behavior of all systems in a vertical
cylinder orientation, with the mass being raised on the extending stroke. The
driving pressure of the downstream throttled drive (DT) remains consistent
when compared to the horizontal orientation (refer to Figure 9). However, the
back pressure during the extending stroke is significantly reduced, and the
back pressure during retraction is increased due to the weight force assisting
or acting against the cylinder movement, respectively. This effect aligns with
the expected impact of external forces on downstream throttling.

Compared to conventional downstream throttling, combined throttling
(CTE and CTM) shows a reduced change of the back pressure, since it’s
controlled by the upstream controller. In contrast, during extension, the coun-
teracting weight force leads to a higher driving pressure. Similarly, during
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Figure 10 Dynamic behaviour in vertical orientation 32-200-10-R.

retraction, there is a dramatic decrease in driving pressure compared to the
horizontal orientation. Therefore, the automatic load-adaptive property of the
concept is evident in the measured results.

5.2 Efficiency Maps

As previously explained, the isolines in the efficiency maps, as shown in
Figures 11 and 12, correspond to Equation (18) and represent constant
normalized air savings. The isoline marked with a zero represents neither
an improvement nor a worsening when compared to downstream throttling.
Operating cases to the left of this isoline indicate an improvement, whereas
those to the right indicate a worsening. The numbers on the isolines represent
the percentage efficiency advantages.

The results of the horizontal cylinder show a high dispersion. However,
similar high savings in compressed air can be observed for both systems

Figure 10 Dynamic behaviour in vertical orientation 32-200-10-R.
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Figure 12 Experimental results in vertical orientation.

for all operating cases, ranging from 25% up to 45%. Nevertheless, due to
an increase in cycle time the normalized air savings are generally lower.
The system with mechanical shut-off specially exhibits negative normalized
air savings in certain operating cases, despite achieving compressed air sav-
ings of nearly 30% in those instances. Consequently, due to the increased
cycle time, the system performs worse than optimally sized downstream
throttling in these situations.
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The higher increase in cycle time of the mechanical solution is partially
explained due to the activation of the mechanical shut-off at higher air flow
demands. This limits the maximum setting of the downstream throttle, thus
increasing the cycle time compared to the system with electronic shut-off.

In the vertical orientation of the cylinder, the use of a mechanical shut-off
results in higher compressed air consumption compared to electronic shut-off.
During the return stroke, the weight force assists cylinder movement, reduc-
ing the driving pressure in the rod chamber. However, with the mechanical
shut-off, the starting aid prevents the drive pressure in the rod-side chamber
from falling below a threshold value, leading to increased air consumption
compared to the electronic shut-off function. This ultimately results in higher
overall normalized “Ω” air savings for the electronic solution. A similar
phenomenon was observed in the simulative study presented in [26].

The results presented in this section regarding the normalized air savings
are to be understood as a comparison with an ideally sized downstream throt-
tled drive, representing the worst-case scenario for the air-saving scheme.
However, in practice, drives tend to be oversized, e.g. due to a limited number
of available cylinder diameters. For an oversized drive, the actual savings of
the combined throttling system will be closer to the measured compressed air
savings.

6 Summary and Conclusions

The paper presents a comprehensive simulative and experimental study of
a novel combined throttling switching scheme for compressed air savings
on pneumatic actuators. It provides an overview of the design process,
main characteristics of the novel systems, and an experimental investigation
of three different pneumatic circuits: a conventional downstream throttled
drive, combined throttling with electronic shut-off, and combined throttling
with mechanical shut-off. Furthermore, a metric for comparing air savings
adjusted to changes in cycle time was introduced, allowing for an objective
comparison to conventional downstream throttling. The results demonstrate
a significant improvement in normalized air consumption with the novel
circuits, although a high variation in performance was observed for different
use cases. In some cases, the mechanical shut-off resulted in a worsening of
the normalized air consumption. The main characteristics of the investigated
system can be summarized as follows:

• Combined throttling achieves significant compressed air savings
(30–45%), but the lower back pressure results in longer cycle times.
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Thus, the normalized performance adjusted for changes in cycle time
shows a high variation over the investigated use cases.

• The system is load adaptive and automatically adjusts the driving pres-
sure to external forces. However, changes in initial back pressure impact
cycle time considerably.
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[24] D. Šešlija, S. Dudić, I. Milenković, ‘Cost Effectiveness Analysis of Pres-

sure Regulation Method on Pneumatic Cylinder Circuit’, International
Energy Journal, 17 (2): 89–98, 2017.

[25] O. Reinertz, K. Schmitz, ‘Optimized Pneumatic Drives through Com-
bined Downstream and Adaptive Upstream Throttling’, Symposium
on Fluid Power and Motion Control (FPMC), Bath, United Kingdom,
September 9–11, 2020.

[26] C. Reese, O. Reinertz, K. Schmitz, ‘Energy Savings through Adaptive
Upstream Throttling and Supply Shut-Off on Downstream Throttled
Drives’, Chemical Engineering and technology, 46: 137–146, 2022.

[27] O. Reinertz, K. Schmitz, ‘Gasbetriebenes Antriebssystem und Verfahren
zum Betrieb’, Patent WO2022049298A1, 2022

[28] F. Nazarov, J. Weber, ‘Sensitivity Analysis and Robust Optimization of
an Integrated Pneumatic End-Position Cushioning’, 13th International
Fluid Power Conference (IFK), Aachen, Germany, pp. 974–988, June
13–15, 2022.

[29] P. Beater, ‘Pneumatic drives: System Design, Modelling and Control’,
Springer Verlag, Berlin, 2007.

[30] Festo Corporation, ‘Cylinder signal generator PPL’, Product data sheet,
2023.

[31] Parker Corporation, ‘Parker Legris, Fluid System Connectors’, Product
catalogue, 123-124, Otsego, USA, 2023.
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