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Abstract

This paper proposes a novel method for dimensioning pneumatic cylinders
for motion tasks. It considers conventional downstream throttled pneumatic
cylinders. The proposed approach is based on the maximal loading capacity
of the end-cushion and the resulting formula for the dimensioning of the
cylinder size has a simple algebraic structure. The method was experimen-
tally validated showing great accuracy in estimating the motion time of
optimally operated pneumatic cylinders.

Keywords: Pneumatics, pneumatic cylinder, sizing method, end cushion,
energy efficiency.

1 Introduction and State of the Art

In pneumatic drives, the consumption of compressed air depends on the
volume of the cylinder chambers, the dead volumes of the attached lines and
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pressure levels. Therefore, one of the simplest yet effective ways to reduce
the energy consumption of pneumatic systems is by accurately sizing the
cylinders for the intended task. Two main aspects need to be considered
for an optimal drive sizing. The force of the drive must be sufficient to
perform the motion, while the end-cushion’s ability to decelerate the moving
mass to avoid excessive impact speed on the end stop must be guaranteed.
However, in practice, drives are often oversized due to uncertainties about
the robustness of the ideal drive size to successfully perform the task, leading
to the excessive use of safety margins. Furthermore, there is a general lack
of awareness concerning energy consumption and an overall poor under-
standing of the interactions between the motion task parameters regarding
proper drive dimensioning. To address this challenge, various dimensioning
approaches have been developed with the aim of simplifying the design
process.

Common sizing methods for pneumatic actuators include empirical
formulas [1] designed for simple force-based applications. For more com-
plex motion tasks, manufacturers offer computer-based sizing tools [2, 3].
However, these “black box™ approaches lack transparency regarding the
interactions between different parameters relevant to the sizing task and are
limited in their flexibility. Simulation-based sizing, recommended by various
researchers [4-6], offers an alternative and can be integrated with optimiza-
tion schemes to achieve optimal sizing. However, such models require a
high degree of expert knowledge, and many parameters are not readily avail-
able. Therefore, experiments for parameter identification are often necessary.
Furthermore, the intuitive understanding gained from such comprehensive
models is limited.

A more analytical approach to cylinder sizing, proposed by Vigolo, is
named operating point analysis [7]. This method involves deriving analytical
expressions based on the governing differential equations of the actuator
system, under the hypothesis of steady-state behavior. The method correlates
a given external load force to the force capacity of a pneumatic actuator and
an optimal ratio of force to cylinder diameter can be calculated. This approach
was utilized to define the optimization task for a machine learning model,
aimed at adjusting the supply pressure and downstream throttle online to
operate the system at theoretical optimal conditions [8]. The main limitations
of this sizing approach are that there is no closed algebraic equation that
relates all system parameters to the required task. Furthermore, the end cush-
ion is not considered. Therefore, this sizing approach is limited to dynamic
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force tasks, as the necessary damping of high moving masses at stroke end is
neglected.

Rakova proposed a sizing method based on exergy analysis, which relates
the supplied exergy to the required exergy for a given task [9, 10]. Fur-
thermore, a sizing factor was introduced based on friction forces and the
compression work in the end cushion. Boyko investigated a modified version
of this approach, wherein the expansion exergy was neglected [10], since con-
ventional pneumatic systems only utilize the hydrostatic part of the exergy.
However, cylinders sized with this method were found to be undersized for
motion tasks, as evidenced by the high impact kinetic energy on the end
stop.

Doll proposed a heuristic method for dimensioning downstream throt-
tled drives for motion tasks [11, 12], which has been widely adopted in
academia [13—15]. The method relies on a dimensionless number called the
‘pneumatic frequency ratio’, denoted as (2. This ratio relates the actuator
dynamics, determined by an estimation of its eigenfrequency mid-stroke, to
the required dynamics for the motion task, given by the desired transfer time.
To validate the sizing method, a large number of dynamic simulations were
carried out, which considered the pneumatic end-cushion in the modelling.
The resulting algebraic equation encapsulates all the relevant parameters for
sizing drives for motion tasks. However, a dependence of €2 on the cylinder
length exists [11], which implies a reduction of accuracy on longer cylinders.
Doll recently proposed an extension of the eigenfrequency method to allow
for the integration of external load forces, thus extending the applicability of
this method [16].

This paper proposes a novel sizing method for motion tasks, which is
derived from the characteristic behaviour of the pneumatic end-cushion. It
achieves higher accuracy on the dimensioning of pneumatic cylinders than
the eigenfrequency method proposed by Doll, while retaining the simple
algebraic structure.

2 Analysis of the Pneumatic End Cushioning Dynamics

The main goal of this section is to contribute to the understanding of the
main dynamics at play in pneumatic end-cushioning, as the novel design
guideline targets to utilize the maximal loading capacity of the end-cushion.
To achieve this, the optimal setting of the damping-throttle is first mathemati-
cally defined, based on adjustment guidelines provided by manufacturers and
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an intuitive system understanding. Later, a simple model is derived, which
encapsulates the interactions between the main parameters.

2.1 Definition of the ideal pneumatic cushion setting

The proper adjustment of the end-cushion plays a key factor in reducing
the impact energy at the end of the stroke, thus reducing noise, wear, and
increasing the service life of pneumatic actuators and of the attached com-
ponents. The adjustment is known to be a challenging task, especially for
inexperienced personnel. For this reason, many manufacturers have provided
adjustment guidelines [17-19] and even electronic adjustment tools [20].

The general adjustment advice can be summarized as follows: If the
cylinder exhibits speed oscillations while decelerating, then the resistance of
the damping-throttle is adjusted too high and should be reduced. The stepwise
opening of the damping-throttle might result in higher impact speeds, until
the optimal setting is found. A properly adjusted air cushion should result in
a quick, smooth deceleration. Thus, not only is the end shock minimized, but
the deceleration time is also greatly reduced. Further opening of the damping
throttle beyond the optimal setting results in higher impact speeds, as the
cylinder does not decelerate enough, which is often perceived as an increase
in noise.

From this empirically based adjustment advice, the optimal adjustment of
the end-cushion is mathematically defined. The three possible setting ranges
are depicted in Figure 1, where the cylinder speed is plotted over time. The
speed curve was simulated using a non-linear pneumatic actuator model
with heat exchange proposed by Ohligschliger [21] and implemented on
MATLAB Simulink. The entry point in the end-cushion is characterized by
the vertical full line and the reaching of the end-stop by a dashed line. Other
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Figure 1 Adjustment ranges for the end-cushion. Cylinder size ¢ 32 mm, L = 200mm,
moving mass 10 kg.
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than the adjustment of the damping-throttle no other parameters are varied.
The optimal adjustment setting corresponds with the cylinder reaching the
end-stop with zero acceleration, thus hitting the end-stop at the first local
minimum in speed. Therefore, minimal impact speed is achieved, before the
cylinder starts accelerating again and preventing any speed oscillations. If
the damping-throttle is too wide open, the cylinder impacts while not fully
decelerated and thus with a higher impact speed.

2.2 Simplified Model of the End-cushion Dynamics

Due to the importance of the end-cushion for the proper functioning and
sizing of pneumatic actuators for motion tasks, significant efforts have been
made in recent years to improve the accuracy of existing multidomain mod-
els. Notable examples include a more physics-based model of heat transfer,
as well as improvements in friction parameterization proposed by Nazarov
[22, 23]. Beater studied damping performance as a function of downstream
and damping throttle adjustments, both through simulation and experimen-
tation [24]. Beater’s results hint at similar relationships among the main
parameters to those that will be presented in this section. Thus, accurate
modelling approaches to simulate the system exist. However, a simple model
to intuitively understand the system dynamics and algebraically summarize
the key parameters is missing.

Some approaches to simplify the end-cushion are based on considering
the maximal compression work in the cushioning chamber as a closed system
(damping throttle being completely closed) [25]. Usually, a polytropic model
is used for this. The resulting compression work can be equated to the maxi-
mal kinetic energy of the load that could be absorbed. However, as correctly
pointed out by Beater, such approaches are static, and neglect pronounced
oscillations caused by a wrong setting of the damping-throttle [24].

To better understand the system, the operating principle of the end-
cushion will be briefly described with the help of Figure 2, for a cylinder
in the extension stroke. The cylinder is characterized by the piston area
Ay, the rod-side area A5 and the total cylinder length L.. During the mid-
stroke movement (z < L. — L.pq), the cylinder speed is regulated by the
resistance of the downstream throttle. In steady state, this results in a constant
speed proportional to the adjusted sonic conductance. This direct air path
is closed by the damping piston when the cylinder enters the end cushion
(x > L.— Lepg). At this point, a division of the volumes takes place in the rod
side, creating a damping volume with the effective area A.,,4 and the residual
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Figure 2 Principle of the pneumatic end-cushion.

inner volume with the effective area As ;,,. The outflowing air from the damp-
ing volume can only escape through the damping-throttle, which resistance
is much higher. Consequently, the much slower speed setting provided by
the damping-throttle becomes dominant. However, the compression of the
air in the damping volume and the inertia of the mass result in a transient
oscillatory response to the sudden change in speed setting. Therefore, the
entry into the end-cushion may be considered as a speed step response of a
nonlinear oscillatory system.

This behavior will be approximated by the transient step response of an
underdamped second-order system. The modeling approach is illustrated in
Figure 3, where 2,4, represents the entry speed in the end-cushion, t.,q is
the travel time in the end-cushion and K is the size of the step. The cylinder is
considered at steady-state entering the end-cushion. Since a properly adjusted
end-cushion is defined as ensuring that the cylinder reaches the end-stop with
zero acceleration, the impact speed 2, corresponds to the minimum at the
first undershoot.

The step response of a second-order system is a highly relevant subject in
control theory and has been extensively studied mathematically. An analytical
solution for the transient behavior of such a system in the time domain
exists [26]. Based on this solution, the following equation for the cylinder
speed in the end-cushion can be derived, where D represents the damping
ratio and wp denotes the damped frequency.

D

.'L'(t) = jentry + K <1 - e—D-w()'t (m

-sin(wp - t) + cos(wp - t)>(1>)
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Figure 3 Linear model for the cylinder speed in a properly adjusted end-cushion.

The damped frequency can be calculated based on the natural frequency
wo and the damping ratio as follows:

wp =wp-V1—D? (2)

Furthermore, the peak time #p., used to characterize the first
over/undershoot in control theory [26] can be used to determine the travel
time of the cylinder in the end-cushion t.,4:

T
tend = tpeak = 3)
wp

By evaluating the speed at the end of the motion corresponding to the first
undershoot, the relationship between the impact speed @, the entry speed
Zentry and K can be derived.

m-D
jg(tcnd) ::timp :ientryﬁLK' <1+e m) (4)

For the cylinder to land on the end stop with zero acceleration, the travel
distance from entry into the end-cushion to the first local speed minimum
must match with the length of the end-cushion L.,. This condition can be
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implemented by integrating the expression for the speed in Equation (1) over
the travel time t.,,4. Equation (5) shows the solution for such integral.

___D
2-D-wp <e V1-D2 +1>

tend
[ b dt = oy o g b K g — K
na = [ gt = Gty tena K i =Kt

&)

By incorporating Equation (4) in Equation (5) and rearranging the follow-

ing algebraic formula relating the impact speed with the entry speed in the

end-cushion results, where a is a factor only depending on the damping ratio.

It should be noted that, in this step, K was eliminated, which corresponds to
the magnitude of the change in the speed setting for the step response.

. Lepg - w . 1
LTimp = % + ZTentry - (1 - a> (6)
1 2-D
a= =5 (7)

l+e vi-0? m

For the model to be completed, it is necessary to parametrize the linear
second order system with expressions for the natural frequency wg and the
damping ratio D. This will be achieved by linearizing a simplified model
of the end-cushion dynamics. It should be noted that the dynamics in the
end-cushion are in reality highly non-linear. The eigenfrequency specially
is dependent on the strongly changing pressure and chamber volume. The
hope is however to find a practical simple term for the eigenfrequency,
which helps to approximate the real dynamics under different conditions
when the air cushion is near its maximal loading capacity and properly
adjusted.

The mechanical modelling results from Newton’s second law, which
describes the forces acting on the mass m. The friction force was split in a
constant sliding friction F; and a viscous term proportional to k. Equation (8)
corresponds to the equation of motion in the end-cushion for the extending
stroke. A similar equation for the retraction can be derived analogously. The
simplified model assumes that only the pressure dynamics in the damping
volume are significantly impacting the deceleration process, thus all the other
pressure dynamics in the cylinder chambers are neglected. Furthermore, a
polytropic model with reduced order commonly used in the literature was
chosen [27, 28], with Tj being the temperature of air at standard conditions
and n being the polytropic exponent. The resulting differential equations are



Dimensioning Method of Pneumatic Cylinders 389

summarized as follows:
1

= E(pl : Al — DP2in * AQ,in — D2,end * A2,end
— Fe— 3k — pamp (A1 — A2)) ®)
p2,end = Vi(plend : ‘./;l,end -R- mout,end : TO) (9)
2,end

By linearizing at steady state through a first-order Taylor expansion and
assuming that the cylinder is in the middle of the end-cushion (V3 cna,0p =
Acnd - Lena/2), a second order linear system can be derived. The full deriva-
tion can be found in the annex and the transfer function describes the dynamic
response of the cylinder speed to changes in downstream conductivity. The
resulting natural frequency is giving in Equation (10) and is equivalent to the
natural frequency of a pneumatic cylinders found in literature [24]:

2.-n-A .
WOZ\/ n end * Pend,OP (10)

m- Lend

For the damping ratio the following expression can be derived, being k
the coefficient of viscous friction. The resulting damping ratio showed in
Equation (11) is very low. Therefore, an undamped system will be assumed.

k
D=— =0 an
2.-m- wo

By inserting the previously derived parameters in Equation (6) the

following linear relationship between entry and impact speed results:

Limp =

2 [2-n-Acd Dend,or,i-Lend .
\/ en :;:n, P,i'ten — Fontry (12)

All that remains is to define an expression for the operating pressure
Pend,op in the end-cushion. To do this, the back pressure in the counteracting
cylinder chamber before entering the end-cushion is used and calculated with
Equation (8) at steady state. Right before entering the end-cushion ps ;, and
D2,end are equal, since both chambers are short-circuited. For the sake of
simpler calculation, the pressure in the acting chamber will be assumed to be
equal to the supply pressure ps, thus pressure losses are neglected. The area
ratio of the cylinder is assumed to be constant (g ~ 0.875) and friction
forces are neglected. By assuming steady-state conditions at the point of
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entry and linearizing at the midpoint of the end cushion (Equation (10)),
an approximate average value of the eigenfrequency is used for the linear
approximation, in contrast to the continuously varying eigenfrequency of the
nonlinear real dynamics. The following equations for the pg,q,0p While the
cylinder is extending or retracting result:

P 1

Pend,OP,ext = - — Pamb < - 1) (13)
apR apR

Pend,OP,rect = Ps * R + pamb(l - aR) (14)

The left diagram in Figure 4 shows simulation results using the validated
non-linear model of a downstream throttled pneumatic drive in Simulink with
an optimally adjusted end-cushion at various entry speeds. The following
behaviour can be observed: the higher the entry speed @y, the lower
the resulting impact speed ;,,. However, the travel time t.,q4 in the end-
cushion decreases with higher entry speeds, which is a deviation from the
linear approximation (see Equation (3)).

Nonetheless, to analyse whether the analytical expression can still help
to approximate the system dynamics, the impact speed is plotted against
the entry speed in the right diagram, which depicts nonlinear simulation
results for two different moving masses compared with predictions of the
previously derived analytical formula. Each data point represents a different
speed setting of the downstream throttle with a correspondingly different
setting of the end cushion to achieve Z;,, = 0. It becomes evident that a
linear relationship exists, in agreement with Equation (12), despite changes
in travel time due to the nonlinear system dynamics. An important conclusion
drawn from the results is that the impact speed can be utilized to assess the
oversizing of a cylinder for the intended task, whereby optimal cylinder sizing
corresponds to minimum mechanical wear on the cylinder (&, ~ 0). This
counterintuitive fact was previously described by O’Neil in [19], where it is
advised to increase the cylinder speed if a satisfactory end-cushion setting
cannot be found due to the cylinder being oversized. The results of the
analytical solution also appear to overestimate the impact speed for lower
moving masses. The effectiveness of the final design method, which contains
further assumptions, will be experimentally evaluated in Section 4.

Ignoring the proposed definition of a properly adjusted end-cushion
(Zimp = 0) with the aim of achieving even higher entry speeds might seem
plausible. However, such adjustment attempts are not sensible. Although
it is possible to reach the end-stop with speeds close to zero by allowing
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Figure 4 Comparison of analytical estimations with non-linear simulation results.

negative impact accelerations, the negative acceleration is a clear indicator of
an incomplete braking process and a pressure force imbalance. The pressure
force imbalance will unavoidably result in a rebound after reaching the end-
stop, with such a phenomenon being more pronounced at higher absolute
acceleration values. Therefore, reaching the end-stop with near-zero speed
and negative impact acceleration is to be understood as the cylinder being
undersized.

3 Novel Desing Method

The proposed design method is based upon selecting a cylinder that oper-
ates at its maximum loading capacity (given by the end-cushion) for the
intended motion task. Using the analytical expression for impact speed, the
maximal admissible entry speed in the end-cushion can be calculated with
Equation (15). Additionally, to relate the limit of the loading capacity of the
end-cushion to the actual motion task, the maximal admissible entry speed in
the end-cushion is assumed to be the average speed of the cylinder movement.
This assumption neglects the acceleration phase of the cylinder at the start of
the movement. It should be noted that ¢,,,, represents the moving time of the
cylinder and does not include the delay time before the movement starts.

X 2 2-n- Aend : Lend * Pend,OP,i - L.
Tentry,mar — — m ~

15)

tmov,i
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From the rearranged equation in Equation (16) becomes evident, that
maximal kinetic energy on the left side, which can be absorbed via the
end-cushion is proportional to the damping volume and the pressure,
when the end-cushion is reached. Hence, the loading capacity of the end-
cushion is proportional to the installed power of the actuation system,
since there exists a correlation between cylinder size and damping volume
size.

2
%'m' <t LC ) :%'n'Aend'Lend'pend,()P,i (16)
mov,i ™

The specific geometric dimensions which depend on cylinder size and
design, are then placed on the left side of the equation. The resulting metric
for the novel sizing method is the damping volume of the end-cushion.
This value should be provided by the manufacturers of pneumatic cylinders
to assess the moving time and choose the optimal cylinder size. To date
some manufacturers provide the length of the end-cushion [29] and some
manufacturers provide the damping value in their datasheets [30]. In the
appendix, a table can be found, which summarizes the damping volume found
in cylinders of different manufacturers.

w2 m - L?

Vend = Aend'Lend =

: (17)
8-n Pend,OP,i * t2mov,i

3.1 Downstream Resistance and Delay Time

Based on the maximal steady state cylinder speed, given by Equation (15), the
necessary sonic conductance can be calculated using the following formula
proposed by Reinertz [31]. The formula considers the exhaust air flow being
choked flow and isothermal. The value of the sonic conductance can be used
to choose a throttle check valve accordantly.

A; .
* Tentry,maz
po - R-To

_ 2. Az \/2 “n- Aend *Pend,OP,i * Lend
W'po'R'Tg m

Cab,i =

(18)

The novel approach only approximates the transfer time. To calculate
the total time needed to accomplish the motion task, the delay time before
the cylinder starts moving also needs to be considered. The total delay time
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Tdelay,t 18 a result of the time for pressure adaptation before the cylinder
movement £ g4y » and the inherent valve switching time ¢4, With the latter
usually provided in the datasheet.

tdelay,t = tdelay,p + Lvave (19)

Reinertz provides an expression for the time delay due to pressure
adaptation [31], which for pure motion tasks is only valid in the retraction
stroke (Equation (20)), due to the definition used for the operating pres-
sure. Nevertheless, the accuracy of this expression will be investigated in

Section 4.
tdel = Ak In < - >
9. b t -
elay,p,retr Coaboretr - po - R-Tp Pend,OP,retr

~ tmon.retr I (ps > (20)

Pend,OP,retr

3.2 Summary of Final Formulas for the Design Method

The final proposed algebraic equations for cylinder sizing result from inte-
grating Equations (13) and (14) into Equation (17) respectively. For the
given motion task and the desired total transfer time, the optimal size of the
damping volume can be found and thereby the optimal size of the pneumatic
cylinder. All that is needed is to calculate the required damping volume V4
for the given motion task using Equations (21)—(22) and choose a cylinder
using the diagram in the appendix.

Extension:
2 2
™ m- L
Vend = . S (21)
- 8-n (0108% — Pamb (ﬁ - 1)) : (ttotal,ext - tvalve)
Retraction:
2 2
T m- L
Vend = . < 22
end =8 (ps - 0.875 4 pamp(1 — 0.875)) @2)
2
. ttotal,ret?"_tvalve
1+ln<ps»04875+p:75nb(170.875))
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Once the cylinder size is determined the necessary downstream resis-
tances can be calculated using Equations (23) and (24). It should be noted
that this is the total downstream resistance of the entire return path, which
includes the tubes, throttle check valve and main switching valve. Formulas
for the static downstream resistance of pneumatic tubes can be found in
ISO 6358-3 as well as additional rules for multiple components connected
in series. This way the sizing of the downstream paths can be achieved.

3.3 Comparison with the Eigenfrequency Dimensioning Method

The eigenfrequency dimensioning method proposed by Doll is widely used
and was validated using a comprehensive simulative study. Since this method
can be considered as the state of the art, the key differences and similarities
of both methods will be highlighted in this section.

Doll provides the following formula to determine the cylinder size,
whereby Lg..q represents the dead volume of the pneumatic drive system
including the tubing expressed as cylinder length [11]. Furthermore, € is
a dimensionless sizing number referred to as “pneumatic frequency ratio”,
which relates the dynamics of the motion task to the actor dynamics. It should
be noted that in the eigenfrequency method the total time, does not include
the time delay of the valve,

Extension: 4 I
Cabyest = —m— - : (23)
e Po - R- TO ttotal,emt — tyalve
Retraction:
A L.
Cab,retr - 00 * R . TO ’ ttotul,'retr_t'ualve (24)
1+1n(p5-0A875+pZ;b(1—0A875))
Al _ 7_(_2 . 92 . m- (LC + Ldead) (25)

2
7ftotal " DPs

To allow for a comparison between the novel and Doll’s approach, the
same parameters and the assumption of immediate valve switching need to
be used with the novel scheme. Hence, for comparison, the time delays of
the valve in Equations (21) and (22) are neglected and the resulting damping
volumes are described by means of their lengths L., 4, piston areas A, and
area ratios of the end-cushion to the piston a g,,4. This leads to the simplified
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Equations (26) and (27) of the novel approach for extension and retraction:

2 . L L
A= g g S (26)
8-n ttotal,ezt ’ (pend,OP,ext) Uend - Lend
L= m- L L
Al = . c ) c 27)
8-n 2 Qend * Lend

ttatal,ret'r

1+ln{ —Bs
PEnd, ()P,rﬁtr)

) * Pend,OP,retr

There exists a similar structure between the formulas of the novel and
Doll’s approach, which is quite surprising considering that they were derived
from completely different ideas. Doll arrived at his sizing formula by con-
sidering similarity transformations, a useful tool of dimensional analysis.
While the novel proposed approach follows an approximation of the maximal
loading capacity of the end-cushion, thus considering the end-cushion as the
limiting factor for pneumatic sizing. The key differences can be summarized
as follows:

* While Doll considers a rodless cylinder, the novel approach makes a
differentiation between extension and retraction on how the operating
pressure is considered, due to the cylinder area ratio and its impact on
the delay time. However, in the extended form of the eigenfrequency
method, the cylinder area ratio could be included by means of an external
force [16].

* The novel approach neglects the impact of dead volumes on the
estimation of the moving time, provided that the tubing is properly
dimensioned to allow the proper functioning of downstream throttling
(downstream throttle should be the dominating resistance on the exhaust
process).

* There is an additional term in the new formula that relates the cylinder
length L. to the geometry of the end-cushion. As Doll correctly pointed
out, the length of the end-cushion does not scale with the cylinder length.
This observation was used to explain the higher 2 values for longer
cylinders in his original paper, since the similarity transformations do
not account for this different scaling [11].

Figure 5 shows the total transfer time over the cylinder length for two
different dead volumes resulting from using both methods. Due to the
operating pressure being differently calculated for retraction or extension,
higher achievable transfer times for retraction can be observed. The diagram
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Figure 5 Comparison of damping volume sizing method (DV) with the eigenfrequency
method using different {2-values: Cylinder size ¢ 32 mm, moving mass 10 kg.

illustrates the key challenge, when using the frequency method, being that
only a range of (2 values is suggested (for a well dimensioned cylinder, €2 lays
between 1.1 and 1.7 [11]). This results in a high uncertainty when guessing
the exact value of (2, which is only exacerbated by the dependency of {2 on
the cylinder length.

By equating the coefficients, the following expressions for ) can be
found. For a given actuation system (consisting of cylinder, pneumatic lines
and valve), the omega value should remain constant, independent of changes
in pressure, moving mass, or total transfer time. The interactions of these
parameters are the same for both design methods. Equations (28) and (29)
will be later used in Section 4 to assess the accuracy of the novel design
method by comparing the expected omega values to the measured ones.

x 1 bs L L,
ext — : : ' (28)
8:n Pend,OP,ext (Lc + Ldead) Aend * Lend
1 . Ds . L. ) L,
. 8-n Pend,OP,retr (Lc + Ldead) Qengd * Lend
retr — (29)

Ps

2
. < + <V277210P7‘Et7"> >
’ ’
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3.4 Further Considerations Regarding External Loads

It is close at hand, that with a simple change in the definition of the operating
pressure, the consideration of external forces in the design process can be
achieved. For loads acting against the movement, the resulting equations for
the operating pressures are defined as follows:

P 1 F.
Pend,OP,ext = = — Pamb < - 1) - == (30)
aR aR Ay
Fe
Pend,OP,retr = Ps * AR +pamb(1 - OéR) N Aiz (31)

With higher forces acting against the movement the operating pressure
entering the end-cushion is reduced. Which reduces the load capacity of the
end-cushion. The resulting design formula does not have a closed form, but
it can be easily solved iteratively with very low computing effort.

2 m - L2
Vend = 3 : < 3 32)
n Pend,OP,ext(A) * (ttotal,emt - tvalve)
2 m - L2 2
Vend = 3 : £ (33)
n

ttotul,retr —tyalve

Pend,OP,retr(As)
1+1n(7’75 )
Pend,OP,retr(Ag)

Provided that the design formula retains its accuracy, this would increase
the applicability of the design method. A thorough validation under different
external force conditions is beyond the scope of this paper and should be
regarded as future work. The relevance of the gap between existing design
guidelines for pure force and pure motion application is highlighted by
the efforts to extend the eigenfrequency method to external forces recently
proposed by Doll [16].

4 Validation

The validation of the novel design method and proposed equations was
conducted experimentally. A total of 16 cases were investigated, comprising
combinations of different cylinder sizes, lengths, moving masses, and tube
lengths, as summarized in Table 1. The tested cylinders were provided by two
different manufacturers, and the supply pressure was constant for all cases at
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Table 1 Summary of the investigated load cases

Tube  Tube
cyl,@  Le m  Length  Size tmov,enst. tmov,rect. tdelay,t,eat. Cdelay,t,rect.
[mm] [mm] [kg] [m] [mm] [ms] [ms] [ms] [ms]
25 250 5 1 6 258 288 45 80
5 4 6 292 343 69 90
5 6 6 295 354 88 111
10 1 6 345 403 40 93
32 200 10 1 6 265 278 47 73
10 4 8 262 298 82 100
10 6 8 270 309 105 125
15 1 6 305 337 42 84
320 10 1 6 401 473 53 96
10 4 8 370 449 87 123
10 6 8 375 442 107 138
15 1 6 493 550 47 113
40 200 10 1 8 210 240 35 58
20 1 8 259 289 39 64
500 15 1 8 560 667 53 133
20 1 8 660 738 53 150

7 bar 5. The table also includes the measured transfer times and delay times.
The end-cushion was adjusted following the definition of optimal adjustment
(Zimp ~ 0) presented in Section 2.1. Furthermore, in all cases, the cylinder
speed was increased as far as possible, ensuring that the end-cushion operated
at its maximum loading capacity to reach zero impact acceleration and
near zero impact speed. None of the tests revealed any limitation regarding
downstream resistance. The test rig used for this work has been presented in
previous work [32, 33] and will therefore not be discussed in this paper.

In Figure 7 a summary of different speed curves for the extension stroke
of measured cases are presented. It can clearly be seen that impact speed near
zero without a rebound for all shown cases is achieved.

The authors would like to note that a shorter cylinder with a diameter of
25 mm and a length of 150 mm was also tested. However, the results of this
test are not included in this paper because optimal adjustment of the end-
cushion, as defined previously, could not be achieved. Despite fully opening
the damping-throttle, the cylinder still exhibited overdamped behavior, indi-
cating insufficient sonic conductance of the damping-throttle. A worsening
of damping performance beyond a certain cylinder length limit is mentioned
in [19], but no further information on the cause is provided. Since the main
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Figure 6 Measured speed curves in the extension stroke for different load cases.

mechanism behind this phenomenon was not investigated in this paper, the
authors refrain from stating a fixed lower limit for cylinder length below
which the presented design method is no longer applicable. Nonetheless, the
sizing of very short cylinders should be separately investigated in future work.

To visualize the accuracy of the novel design method, the experimentally
measured values for the moving time are compared to the analytically calcu-
lated values. A polytropic exponent n of 1 was used for all cases. Figure 6
shows the experimental results in remarkable agreement with the analytically
calculated values across all cases. In fact, all experimental cases lie within an
absolute error for the estimated transfer time of £40 ms, which corresponds
to a maximal relative error of 12%. The method also correctly predicts longer
moving times in the retraction stroke. The high accuracy of the method
may result from errors in the linear model (as shown in Figure 4) being
partially counteracted by the assumption made in Equation (15). However,
this statement was not thoroughly proven.
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Figure 7 Experimental results for the moving time and analytical estimations using the
damping volume method.
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Figure 8 Comparison of analytical estimations of the delay time with experimental results.

Figure 7 depicts the estimated and measured total delay time. On the
extension stroke, only the valve delay is utilized for estimation, as Equa-
tion (20) is not valid. Conversely, for the retraction stroke, the total delay
time comprises the valve delay and pressure adaptation delay.

It is noticeable that on the extension stroke, pressure build-up impacts the
total delay time, leading to underestimation of the measured delay time for
all cases, with the measured delay time increasing with longer tubes. For the
retraction stroke, the estimated delay time matches well the measurements for
short pneumatic tubes. However, for longer tubes, the delay time increases,
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while Equation (22) (based on Equation (20)) do not account for tube length
in the calculation. In summary, the proposed formula for time delay provides
a good approximation for short tube lengths but underestimates the time delay
for longer tubes due to transient effects of long pneumatic lines in pressure
build-up and depressurization. Thus, more accurate modelling of the lines is
needed to correctly approximate the time delay in motion tasks.

Finally, the estimated total transfer time and omega values can be eval-
uated against the measured ones in Figure 9. Due to the delay time being
underestimated specially for longer tubes, the maximal estimation error of the
total transfer time is increased to 100 ms, which result in a maximal relative
error of 28%. The diagram also illustrates that Doll’s statement of a well-
dimensioned cylinder having omega values between 1.1 and 1.7 is mostly
valid, as most investigated cases lie within this range. However, the longest
cylinder exhibit omega values of 1.9 for extension and up to 2.5 for retraction.
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Figure 9 Experimental results for the total transfer time and analytical estimations using the
damping volume method.
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5 Summary and Conclusions

This paper shows a novel method for sizing downstream throttled pneumatic
cylinders for motion tasks. The method is derived from the maximal loading
capacity of the end-cushion and has as sizing metric the damping volume in
the end-cushion. The sizing approach is experimentally validated for different
load cases and shows great accuracy regarding the estimated transfer time of
the cylinder. The main conclusions from the sizing method and experimental
study can be summarized as follows:

* Optimal sizing of a pneumatic cylinder is achieved at the minimal
achievable cycle time and surprisingly corresponds to the minimal
mechanical impact wear on the cylinder (Z 7, = 0).

* The minimal achievable cycle time is determined by the loading capac-
ity of the end-cushion, which is dependent on the moving mass, the
operating pressure and the size of the damping volume.

* The relative sizing relationships for a defined pneumatic actuation
system correspond to those outlined in Doll’s eigenfrequency method.

* The motion time of the cylinder is only very weakly depended on tube
length or dead volumes of the actuation system, provided that the tubing
is properly dimensioned to allow the proper functioning of downstream
throttling (downstream throttle should be the dominating resistance on
the exhaust process).

* On the other hand, the delay time is greatly increased with tube length.

Furthermore, there are some challenges that need to be addressed in future
work:

* The presented formula to estimate the delay time drastically underesti-
mates the delay time for long pneumatic lines, due to them not being
considered by the used assumptions. Therefore, a better approximation
of the time delay is needed, which considers the transient effects of long
pneumatic lines.

* During the experimental investigation of a short cylinder a highly
overdamped behaviour was observed. Thus, the sizing of very short
pneumatic cylinders needs to be investigated in detail.

* The integration of external forces in the sizing method should be exper-
imentally investigated since this would greatly increase the applicability
of the method.
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Figure 10 Damping volumes of ISO 15552 series cylinders from different manufacturers.
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Derivation of the Simplified Second Order Model of the
End-cushion

Starting differential equations:

.1
r = E(pl . Al — P2,in * Az,m — P2,end - Aend

_Fc_j;"k_pamb(Al _AQ)) (34)

p2,end = (p?,end ' ‘./Z,e’nd -R- mout,end : TO) (35)

‘/Q,end

Mass flow under chocked-flow assumption:

mout,end = P2,end " PO * CAD,Q (36)

By substituting (36) in (35), (35) can be expresses as:

. n .
D2,end = Vi(pZend : Aend -z —R- P2,end * PO - CAD,Q . TO) (37)
2,end

Linearization with Taylor around the nominal steady state point (z =
T —Top):

K 1 -
T = _E(pzend : Aend +- k) (38)
i $0p * Aend * DPa.end + P2,end, 0P * Aend " T ...
ﬁ2 end — .”_Ripo'CAD7270P'T0'T)2,end"'
’ Va,end, 0P

e R'p2,end,0P Py TO'GAD,Q (39)
However, at steady state applies that:

P2,end = 0 = D2, end, 0P * Aend - Top — R D2 end,or - Po-Cap2,0p-To =0

(40)
It can be assumed that p3 ¢nq.0p # 0
Aend ~Top — R-po-Cap2op-To=0 41)
By substituting (41) in (39) the final linearized differential equations are:
. 1 .
T = _%(ﬁlend “Aend +T- k) (42)

n N _
(pZ,end,OP : Aend ‘T—R- P2,end,OP * Pg ° TO’CAD,2)

Poend = T
2,end VQ,end70P (43)
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Applying Laplace transformation:

. 1 .
T 5= —E(Pzend'Aend‘*‘x'k) (44)

_ n . _
Poend -8 = Vi(pQ,end,OP “Aeng T —R- P2,end,OP * Py * TO'CAD,2)
2,end,OP (45)

Combining both equations:

- k n - P2end,op - A d>
2 ,end, en
T 57 + - s+
< Aend Aend V2, end,OP
n J—
= R -p32.end,op - py - To-Cap2 (46)
2,end,OP

The resulting transfer function describes the dynamic response of the
cylinder speed to changes in downstream conductivity and has the form of
second order linear system:

K n'R'p2,end,OP'p0'TO'Aend
x V2, end, 0P m
G = 6 = . ond, A 3 (47)
AD,2 2 k. NP2 end,OP Lend
s%+ m S + V. end, 0P m
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