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of Pneumatic Systems
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Abstract. The aim of this study is to optimize the operating mode of a pneumatic system by determining the
braking start and end coordinates that minimize the piston speed without the use of damping devices. This
approach avoids the discharge of compressed air into the atmosphere and brings the operating conditions closer
to an energy-saving mode. The goal is achieved through the implementation of a control algorithm that switches
the distributor based on the piston position, allowing for the formation of a defined braking trajectory. The study
involved mathematical modeling of the transient processes in the pneumatic system, as well as numerical
optimization of the braking coordinates using the Nelder—Mead method and exhaustive search. It was found that
the optimal braking start and end coordinates should be located within the last 10—15% of the piston stroke to
ensure a final velocity of about 0.03 m/s. The most significant result is the development of a generalized
dependency between braking coordinates and cylinder stroke length, enabling the design of energy-efficient
pneumatic drive modes without the need for additional experimental research. As a result of the optimization,
effective piston braking is achieved without damping devices, reducing compressed air losses and increasing the
overall energy efficiency of the pneumatic system.
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Optimizarea coordonatelor fazei de frinare pentru functionarea eficienta energetic a sistemelor
pneumatice
Strijak M., Rogovii A., Iglin S.
Universitatea Tehnica Nationald «Institutul Politehnic Harkov», Harkov, Ucraina

Rezumat. Scopul cercetdrii este optimizarea regimului de functionare al sistemului pneumatic prin determinarea
coordonatelor de inceput si sfarsit ale frandrii, care asigura reducerea vitezei pistonului pana la o valoare
minima, fard utilizarea dispozitivelor de amortizare. Aceastd abordare permite evitarea evacudrii aerului
comprimat In atmosfera si apropie conditiile de lucru de un regim de economisire a energiei. Realizarea
obiectivului propus se realizeaza prin implementarea unui algoritm de control al comutarii distribuitorului, in
functie de pozitia pistonului, ceea ce permite formarea unei traiectorii de franare prestabilite. In cadrul studiului
a fost realizatd modelarea matematica a proceselor tranzitorii in sistemul pneumatic, precum si optimizarea
numerica a coordonatelor de franare utilizind metodele Nelder-Mead si cautarea exhaustiva. S-a constatat ca
coordonatele optime ale Inceputului si sfarsitului franarii trebuie sa se afle in ultimele 10-15% din cursa
pistonului, pentru a asigura o vitezd finala de aproximativ 0,03 m/s. Cel mai important rezultat consta in
elaborarea unei dependente generalizate intre coordonatele de franare si lungimea cursei cilindrului, ceea ce
permite proiectarea regimurilor de functionare eficiente energetic ale actiondrilor pneumatice fara cercetari
suplimentare. Ca urmare a optimizarii, se obtine o franare eficientd a pistonului fara a fi necesara utilizarea
dispozitivelor de amortizare, ceea ce reduce pierderile de energie a aerului comprimat si creste eficienta
energetica generald a sistemului pneumatic.

Cuvinte-cheie: actionare pneumatica, franare, comutatie, eficienta energetica, proces tranzitoriu.

OnTuMuzanms ¢pazoBbIX KOOPAUHAT TOPMOKEHHS 1JIs1 SHeprodpdpexTUBHOI padoThl NHEBMATHYECKUX
cucTeM
Crpuzkak ML.T'., Porosoii A.C., Uraun C.II.

HanumoHnanbHel TEXHUYECKUN YHUBEPCUTET «XapbKOBCKUMN NOJUTEXHUYECKUI MHCTUTYT», XapbKoB, YKpauHa
Annomayua. 11enpio ncce0BaHU SBIAETCS ONTUMH3ALNS PeKUMa pabOThl THEBMATHYECKOI CHCTEMBI ITyTeM
oTpeNieNleHus] KOOPAWHAT Hadaja M 3aBEepIICHUS TOPMOXKEHHUS, 00ECTICUUBAIOIINX CHIDKCHHE CKOPOCTH TMOPIIHS
0O MHHHMAJIBHOTO 3HAuYeHUs 0e3 HCIONb30BaHUS NeMI(UPYIOMMX YCTPOHUCTB. Takol MOAXO7 MO3BOJISAET
n3bexars cOpoca CKaToro Bo3JIyxa B arMocdepy M HpHOIM3NTH YCIOBUS pabOTHl K 3HEprocoeperaromemy
pexuMmy. JloCcTMXKEHHE TOCTAaBICHHOM ILeNM peanusyercs 3a C4E€T BHEIPEHUS aNrOpUTMa YyIpaBIICHUs
MEPEKIIIOYEHUEM pACHpeseNIUTeNss B 3aBUCUMOCTH OT KOODJMHATHI IOPIIHS, YTO IIO3BOJSIET (OPMUPOBATH
3aJaHHyI0 TPaeKTOPHIO TOPMOXEHUs. B Xome uccienoBaHMs NMPOBEJEHO MaTeMaTHYECKOE MOJENUPOBaHHE
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MEPEXOJHBIX TPOLECCOB B IMHEBMOCHUCTEME, PEalN30BaHA YHCICHHAs ONTUMM3ALMS KOOPAHMHAT TOPMOXKEHHS
meronamu Hennepa-Muja m mosHoro mnepedopa. YCTaHOBJIEHO, YTO ONTHMAJIbHBIE KOOPJIMHATHI Hadana |
3aBEpIIEHUs] TOPMOXKEHHs JOJDKHBI HAaXOAWUThCSA B mpezenax nocienHux 10-15% mnmuHBl Xoha MOpHIHA Ui
obecrieueHns KOHeYHO# ckopoctn Ha ypoHe 0,03 M/c. HanbGosee 3HauMMBIM pPE3yJIbTaTOM  SIBISETCS
MOCTpOeHHE 00OOIEHHON 3aBUCHMMOCTH KOOPAMHAT TOPMOKEHHUS OT IJIMHBI X0Ja LWJIMHIPA, YTO MO3BOJISET
MPOEKTHPOBATh YHEProcOeperaore peKuMbl paboThl THEBMOIIPUBO/A 0€3 JONOIHUTENBHBIX NCccieJoBaHuH. B

peE3yJabTaTeC ONTUMU3AINUU  JOCTHUTACTCA

s pexTnBHOE

TOPMOXEHHE TOopIHS 6e3 HeoOXOAUMOCTH

WCIIONIB30BaHUS JEMII(HUPYIONINX YCTPOHCTB, YTO CHMXKAET IMOTEPH JHEPTUM CXKATOTO BO3IyXa M IOBBIIIACT

0011y10 Heprod(h(HEeKTHBHOCTH THEBMOCHCTEMEL.
Knrouesvle cnoea: THEBMAaTUYECKUIl TIPHBOJ,
HepeXOoIHbIN Iporecc.

INTRODUCTION

Pneumatic actuators form the foundation of
modern automation systems. Due to their
advantages — such as simple design, reliability,
availability and low cost of the energy carrier
(air) — they are widely used across various
industries.

However,  despite  their  efficiency,
pneumatic systems exhibit a relatively low
coefficient of performance. This is primarily due
to significant energy losses during air
compression, damping losses when the working
element decelerates at the end of its stroke, and
other factors. Compressed air is an expensive
energy carrier, and the energy consumption of
pneumatic actuators is considerable [1].
Therefore, energy conservation remains a
pressing issue. Notably, the production of
compressed air accounts for approximately 7—
10% of industrial energy consumption in the
European Union [1-4]. At the same time, studies
show that the energy-saving potential for
compressed air  consumers, particularly
pneumatic actuators, can reach up to 40% [5-8],
and in some cases even 80% [9].

The main factors behind excessive energy
consumption include improperly selected
actuator sizes, inefficient operating modes [10],
and the presence of compressed air leaks. As
such, implementing energy-saving operating
modes in pneumatic actuators must begin at the
design stage, where careful analysis of system
parameters and the integration of modern
control methods are essential. Reducing energy
consumption is also a key step toward achieving

climate goals and improving production
efficiency.
RESEARCH OVERVIEW

Modern cost-effective industrial pneumatic
systems must offer high responsiveness, which is
achieved through rapid piston acceleration and
maintaining a high movement speed. At the same

TOPMOXKEHHUE,
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time, the working process must be safe, meaning
that piston impact on the cylinder cap at the end
of the stroke—caused by high velocity—should
be avoided. Most often, to decelerate the piston
at the end of its stroke, modern pneumatic
systems use internal or external damping devices
that ensure smooth and reliable deceleration even
at high speeds [11].

For example, in study [12], a model of an
internal pneumatic damper is presented, along
with an experimental investigation of changes in
pressure, temperature, and piston speed during
deceleration in the cushioning zone. The
research setup involves a controllable throttle
through which air exits the "pocket" at the end of
the stroke. Both the model and experimental

results confirm that such  deceleration
significantly reduces impact loads, ensuring
effective  piston braking. However, the

compressed air used to create the damping effect
is vented into the atmosphere through the
throttle, leading to unnecessary energy losses—
especially under high-frequency cycles or with
heavy piston loads.

A similar conclusion can be drawn from work
[13], which presents numerical modeling and
optimization of throttle valve parameters in the
cushioning zone for high-speed cylinders. The
optimization process considered hole geometry,
valve elasticity, and air characteristics in the
exhaust chamber. The results demonstrated
reduced pneumatic rebound and improved
braking smoothness. However, as in the previous
study, the system is based on the principle of
venting compressed air to the atmosphere, which
negatively impacts energy efficiency.

Thus, the use of damping devices enables
smooth and reliable deceleration of cylinders,
even at high speeds. However, all pressure
accumulated in the braking chamber during
deceleration is lost through the throttle as
expelled air. Such systems remain energy-
intensive, limiting their efficiency in industrial
applications from a resource-saving standpoint.
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Recent research also emphasizes the
importance of design solutions in actuator
systems operating with compressed media. In
particular, it has been established that rational
geometry of internal channels and flow
distribution elements can significantly affect the
system's flow capacity and pressure losses,
thereby enhancing overall energy efficiency [14].
Additionally, changes in the spatial arrangement
of key components can positively influence the
actuator's output characteristics while
minimizing parasitic leaks and pressure losses
[15]. These approaches can be incorporated into
the design of next-generation pneumatic
actuators focused on energy saving.

Various methods for improving energy
efficiency during braking are applied in modern
pneumatic systems. For instance, in [16], a
pneumatic system is investigated that reuses the
working capacity of exhaust air. The principle
involves collecting air discharged from the
cylinder into a special receiver and then using it
in subsequent cycles. The authors demonstrated
air savings of up to 23%, significantly enhancing
actuator energy efficiency without altering the
core control architecture. In [17], a scheme is
proposed that cuts off air supply upon reaching a
specified pressure level. The use of controllable
valves allows maintaining pressure in working
chambers without additional compressed air
supply, particularly during holding phases. This
approach enables up to 71% energy savings [17].

The review article [18] offers a classification
of methods for reducing energy consumption in
pneumatic systems. The authors highlight key
architectural solutions, including switching
schemes, as crucial for achieving energy savings
without significant loss of functionality or
precision.

In [9], a novel approach is used that changes
the switching configuration between the cylinder
chambers. Instead of the traditional venting of
compressed air into the atmosphere, it is
redirected between chambers to brake the
cylinder at the end of the stroke or is recovered
back into the network. As a result, up to 87%
compressed air savings are achieved [9], making
these schemes among the most efficient currently
available.

PROBLEM STATEMENT

The study of the influence of pneumatic
actuator structure on its transient behavior [19]
revealed a number of pneumatic circuit
configurations that enable both the fulfillment of
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transient performance requirements (such as high
responsiveness and stable operation) and the
implementation of an energy-saving operating
mode.

The objective of the study is to optimize the
working process of a pneumatic system by
modifying the switching configurations between
the chambers of the cylinder to achieve
compressed air energy savings.

The task is to determine the coordinates of the
start and end of piston braking in order to
achieve minimal piston velocity at the end of its
stroke. This would allow eliminating the use of
damping devices and the discharge of
compressed air into the atmosphere, thereby
enabling an energy-efficient operating mode.

RESEARCH METHODS

As an assumption in constructing the
mathematical model, we consider the absence of
heat exchange between the gas and the
surrounding environment. Study [20] has shown
that under rapid pressure changes, the
simplification of assuming adiabatic processes
does not reduce the accuracy of the mathematical
model by more than 5-9%. Similarly, article [21]
confirms that such an assumption under fast
pressure variation results in a reduction of
calculation accuracy by only 1-5%.

Another assumption is that the working
medium behaves as an ideal gas, which is
justified in [22]. That study demonstrates that the
deviation of the real transient process from the
ideal gas model under standard operating
conditions (pressures up to 1 MPa, temperatures
up to 400 K) does not exceed 1%. Article [23]
establishes that even under elevated pressures,
the error introduced by this assumption remains
within 5%.

Taking these assumptions into account, we
formulate the heat (energy) balance equations for
the open (working and exhaust) gas chambers in
the form of expressions for the rate of pressure
change in these chambers dp, /dt and dp, /dt,
the differential form of the Clapeyron—
Mendeleev  equation of state, which is
subsequently expressed in terms of the rate of
temperature change in these chambers d7, /dt

and dT7, /dt, and the dynamic equilibrium

equation of the piston [24-27].
We also introduce into the mathematical
model a mass flow function ¢(7), that accounts

for the pressure ratio between the evacuated and
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filled chambers (transition from subcritical to
supercritical flow regimes) [28—32]. This enables
automated switching between gas flow regimes
and allows for sign changes in the mass flow rate
across all throttling elements:
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where &k adiabatic  index, k=14
f=14-10°m’; ff =13-10° m*> — effective area
of the nominal passage of the inlet and exhaust
lines, respectively; R gas  constant,
R=2881/(kg-deg); T, — air temperature in the
main line, 7, =393 °K =20°C; F, — piston area,
F, =0,00785 m? F,
F, =0,00659 m? p_ — main line pressure, p,

rod cavity area,

=0,6 MPa; x,,x, — initial coordinates of the
piston, x,, =x, =0,01 m; L — piston stroke,
L=0,4 m; m — weight of moving masses
(reduced to the piston axis of inertia)

m =350 kg; P — static unidirectional (constant-
sign) load on the piston, P=700 N; p, =0,1
MPa — atmospheric pressure.

As an example, let us consider a pneumatic
system (Fig. 1) consisting of a double-acting
pneumatic cylinder controlled by a monostable
4/2 distributor R and which is one of the most
common designs in modern industry. Such a
system is controlled by an industrial
microcontroller, which, depending on the piston
movement phase (acceleration, braking or
positioning), changes the value of the distributor
control signal Y. Physically, this is implemented
by using magnetic sensors located on the
cylinder or limit switches that track the piston
reaching a certain switching coordinate and,
upon reaching it, change the value of the
Boolean variable of the distributor control signal.
The control map is shown in Fig. 1, where the
electrical control signals take the wvalues 1
(current supplied) and O (current absent). The
calculation scheme for this pneumatic system is
shown in Fig. 2.

In order to assess the quality of the
pneumatic system, we will calculate its transient
process using the mathematical model (2) using
the Runge-Kutta numerical method of the 4th
order of accuracy with an integration step 1-10~
relative to the following variables: p, — pressure
in the piston cavity; p, — pressure in the rod
cavity; 7,, 7, — temperature in the corresponding
cylinder cavity; x — current piston coordinate;
v — piston speed. Piston braking occurs on a path
segment of L e (355, 385) mm.

The following initial operating conditions of
the system were determined during the
modeling: at the moment the piston moves from
its place x=x, =0,01 m; v=0; p, = 0,1 MPa;
p,=0,6 MPa; T, =293 K; 7, =293 K.
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Fig. 1. Diagram of the pneumatic system and the control map of directional valves enabling energy-saving
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Fig. 2. Computational scheme of the pneumatic system.

Final conditions of the PS operation (at the

moment of piston stop):
x=L-x,=0,4-0,01=0,39 m; v=0.
RESEARCH RESULTS AND THEIR

DISCUSSION

The calculation results for the system's
baseline parameters (curves labeled “1”) are
presented in Figures 3-5.

From Figure 3, it can be observed that the
pressure in the piston (working) chamber rises
rapidly and then slightly decreases during
acceleration. The piston then continues to move
with a constant minimal pressure differential
until the onset of braking.

At approximately 1.15 seconds, an electric
control signal Y is sent to the braking directional
valve (Fig. 1). As a result, compressed air is
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supplied to the rod chamber from the supply line,
while the piston chamber is connected to the
atmosphere. This leads to a sharp increase in
pressure in the rod chamber and a slight drop in
the piston chamber (Fig. 4). When the control
signal Y to the braking valve returns to zero, the
piston chamber is reconnected to the supply line,
leading to a rapid pressure rise p, in that

chamber and a sharp drop pressure in the rod
chamber p,.

These pressure changes result in rapid
temperature  fluctuations in the cylinder
chambers (Fig. 4), caused by intense air
compression and expansion. At the same time,
there are short-term significant temperature
spikes in the chambers during the braking
process. Such temperature swings negatively
affect the energy carrier’s performance and
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1 — baseline process; 2 — process with optimized braking coordinates
Fig. 3. Transient pressure characteristics in the piston chamber (red line) and rod chamber (blue line) of
the cylinder during actuation (motion from left to right, corresponding to the scheme in Fig. 1).
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Fig. 4. Transient temperature characteristics in the piston chamber (red line) and rod chamber (blue line)
of the cylinder during actuation.
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1 — baseline process; 2 — process with optimized braking coordinates
Fig. 5. Transient characteristics of piston velocity (blue line) and displacement (red line) during actuation.

control system accuracy, as prolonged cyclic
operation causes metallic components to
accumulate heat effects, which in turn influence
the temperature of the compressed air in both
working and exhaust chambers.

Figure 5 shows the piston displacement and
velocity over time. It can be observed that due to
the sudden pressure increase in the rod chamber
during braking, the piston moves backward over
part of the stroke, covering approximately
60 mm in reverse. This significantly reduces the
actuator's energy efficiency.

The advantages of this transient process
include system stability, satisfactory
responsiveness (the transient lasts around 1.65
seconds), and smooth piston acceleration.
However, the final piston velocity reaches
approximately 0.5 m/s, which results in an
impact against the cylinder cap. To avoid this,
damping devices are required, but they reduce
system energy efficiency due to the release of
compressed air into the atmosphere.

To improve the energy efficiency of the
system, the working process was optimized. The
goal of this optimization was to minimize the
piston velocity at the end of the stroke [33]. This
required identifying the optimal braking start
(x,) and end (x,) coordinates that result in

minimal final velocity, eliminating impact and
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the need for damping devices — thus avoiding
additional compressed air losses.

The optimization method chosen for this
study was the Nelder — Mead algorithm for
multivariable functions (also known as the
simplex method), which was implemented in a
MATLAB program for simulating transient
characteristics of the pneumatic system under
optimized parameters.

The simulation results for the system with
optimized parameters (curves labeled ‘“2”) are
shown in Figures 3-5.

As a result of the calculation, the optimal
braking start coordinate was determined to be
x, =325 mm, and the braking end coordinate to

be x, =373 mm (curve 2 in Fig. 5).

From Figures 3-5, it can be seen that the
obtained transient processes for the optimal
braking coordinates (curves labeled “2”) are
similar to the previously calculated ones without
optimization (curves labeled “1”). Therefore, the
optimized braking start and end coordinates do
not fully meet the goal of the optimization: at the
final point of the piston trajectory, the velocity is
0.05m/s (an order of magnitude lower than
without optimization — curve 1 in Fig. 5), yet still
higher than the required final velocity.
Pneumatic rebound is observed (reverse piston
movement) over the range from 347 mm to
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280 mm (curve 2 in Fig. 5), and the piston moves
backward an even greater distance than in the
non-optimized case.

To study the effect of specific optimal
braking coordinates on the final piston velocity,
a MATLAB program was developed to generate
a three-dimensional surface plot of the
relationship between piston velocity and braking
coordinates (Fig. 6). On the graph, the vertical
axis represents the piston velocity (m/s); the
horizontal axis on the bottom right shows the
coordinate where braking begins (m), and the
horizontal axis on the left shows the coordinate
where braking ends (m).

From Fig. 6, the surface can be conditionally
divided into three zones:

— Zone 1 (orange): where the final piston
velocity is at its maximum. This occurs when
both the start and end of braking happen early
(see Table 1);

— Zone 2 (light green): where the final
velocity is lower than in Zone 1, but still remains
unacceptably high;

— Zone 3 (light blue): where the final
velocity approaches an acceptable level (closer
to blue), allowing the pneumatic cylinder to
operate without the use of a damping device.

According to Table 1, the lowest final piston
velocity is achieved when braking starts within
the last 10% of the stroke and ends
approximately within the final 5%.

Smoothing Velocity In End Point

o
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\‘\_‘
>

e

: /\ 0.2

0.35
breaking start position, m

0.4

breaking stop position, m

Fig. 6. Surface plot of the relationship between braking path coordinates and piston velocity.

Table 1. Analysis of the effect of braking coordinates on the final cylinder velocity.

Zone on | Range of the ratio of the braking
the start coordinate to the overall
graph trajectory of movement, %

The range of the ratio of the
coordinates of the end of braking
to the general trajectory of

Range of values of
final piston speed, m/s

movement, %

T 52,5-179 62,5 — 80 0,5-0,9
56 — 80 70— 90 0,35-0,5

] 58 — 85 72,5-97,5 0,2-0,35
[ ] 60 —92.5 88,5 —98.5 0,01 -0,2
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Fig. 7. The relationship between the coordinate of the start of braking and the final piston velocity,
obtained by integrating the mathematical model using the Runge-Kutta method with a constant step.

At the same time, the shape of the surface
(Fig. 6) indicates the absence of a single global
extremum, thus ruling out the wuse of
conventional optimization methods such as the
Nelder—Mead algorithm, which typically seek a
well-defined minimum or maximum.

The objective of this study is to determine
the coordinates of a pneumatic actuator that
ensure the reduction of piston velocity to a
minimum without the use of damping devices,
by identifying the start and end coordinates of
braking. In its mathematical formulation, this
problem belongs to the class of feedback control
problems.

To solve such problems, various modern
methods related to optimal control with fixed
endpoints are used. For example, in [34], implicit
endpoint reduction is achieved through
approximation: the approach formalizes the
transformation of a variable-endpoint problem
(stopping constraints) into a fixed-endpoint
problem, enabling the application of standard
optimal control methods via successive
approximation.

In article [35], a theoretical justification is
provided for an approach that avoids the direct
imposition of strict terminal boundary conditions
by introducing penalties in the objective
function. This method is applicable for fixed-
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endpoint control in linear systems and, locally, in
nonlinear systems.

Article [36] proposes a method for
implementing space and time constraints using a
QP (quadratic programming) algorithm, which
ensures that the system transitions from a fixed
initial state to a specified terminal state within a
limited time.

Study [37] explores a numerical optimization
method  with  control and  time-scale
parameterization, which enables the
transformation of variable-endpoint problems
into fixed-time problems using additional
decision variables.

The method presented in [38] addresses
problems with state constraints, but it can be
adapted to fixed-endpoint problems. A “tree-
based” numerical method is proposed for solving
the optimization problem.

To find the optimal braking coordinates —
those that result in the minimum final piston
velocity — we use an interior-point nonlinear
programming algorithm. This is a hybrid method
combining two classical optimization
approaches: direct search and trust region steps,
as described in [39]. The optimization algorithm
is implemented in MATLAB.

We assume that the braking end coordinate
approaches the final coordinate of the piston’s
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travel path (where velocity should be zero or
nearly zero) exponentially. This reduces the
search space to a single variable: the braking
start coordinate, which must correspond to the
condition of minimizing the final piston velocity.

To implement this algorithm, a MATLAB
program was developed to calculate the
relationship between the braking start coordinate
and the final piston velocity. The program uses
the Runge—Kutta method with a fixed integration
step (Fig. 7). From the generated graph, the
optimal braking start coordinate was determined
(for a cylinder stroke of L =400 mm) to be
382 mm.

The resulting transient characteristics of the
pneumatic system with optimized (by value
iteration) braking coordinates are presented in
Figures 8—10. The calculated system parameters
are identical to those mentioned above. The
results are applicable to systems with significant
inertial loads (in the example, the equivalent
mass referred to the piston axis is m =350 kg)
and a substantial static load acting on the piston
(in the example P =700 N).

The obtained velocity and displacement
curves (Fig. 8) show that the piston speed
increases smoothly and remains stable until
braking begins, after which it rapidly decreases.
At the final point of the path, the velocity

0.4

reaches 0.03 m/s, an acceptable value that
eliminates the need for damping devices. No
reverse displacement of the piston occurs. The
transient process lasts approximately 1.25
seconds.

The pressure and temperature change graphs
also meet the optimization goals: At the
beginning of the piston’s movement, the pressure
in the piston chamber rises sharply, reaching the
supply line pressure, while the pressure in the
rod chamber drops (as the system simulates
cyclical operation, the initial pressure levels in
the chambers are set based on the final values
from the previous cycle). A minimal pressure
differential is then established, within the range
of 0.46-0.48 MPa.

Based on the obtained results (Fig. 5-8), it
can be concluded that correctly selected braking
coordinates reduce the final piston speed without
using a damper, and therefore without releasing
air into the atmosphere. This significantly
reduces energy losses, which is confirmed by the
study [6], which proves that traditional systems
with air release through dampers lose up to
100% of the air accumulated during braking.
Conversely, the method of changing switching
situations allows compressed air to be retained in

the system, preserving potential energy.
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Fig. 8. Transient characteristics of piston velocity (blue line) and displacement (red line) during actuation
(determination of braking start coordinate using iterative method).
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Fig. 12. Percentage ratio of the braking start coordinate to the length of the piston movement trajectory
for different supply pressure levels in the pneumatic system.
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Fig. 13. Percentage ratio of the braking start coordinate to the length of the piston movement trajectory for different
values of the mass of the moving parts of the pneumatic drive.

The study [7] confirms that modes with gas
expansion (which are implemented similarly to
modes with changing switching situations,
without air discharge) provide an increase in
specific work, and therefore an increase in the
efficiency of the pneumatic cylinder by 50-85%
compared to traditional methods.

For the studied pneumatic system, based on
the developed methodology and calculation
program, the analysis of the braking process was
carried out for various lengths of the cylinder
trajectories (L =200...500 mm) and the values of
the masses of the moving parts of the drive,
reduced to the axis of inertia of the cylinder
(m=100...350 kg), and the behavior of the
system at various pressure levels in the supply
line in the range of p, =0,4..0,7-10° MPa was

analyzed (Fig. 11). Normalized values of the
ratio of the coordinate of the beginning of
braking to the length of the path that the piston
passes (Fig. 12) and to the mass of the moving
parts of the drive (Fig. 13) were found. The
proposed methodology allows to select the
coordinate of the beginning of braking at the
stage of designing a pneumatic system without
preliminary calculations, simplifying the process
of synthesis of energy-saving solutions in a
pneumatic drive.
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The calculation results indicate a relationship
between the braking start point, the mass of the
moving parts of the drive and the length of the
the cylinder’s travel path, while the pressure in
the supply line in the calculated range of
p,=0,4..0,7-10° MPa has an insignificant

effect on the start time of braking: the surfaces of
the ratio of the parameters under study differ
from each other by less than 5%, therefore,
Fig. 11  shows the surface for the
p, =0,6-10° MPa value. The longer the travel

path, the closer the braking starts to the end of
the stroke. However, within the studied range,
the braking always begins within the final 7.5%
of the piston stroke length. Increasing the supply
line pressure shifts the breaking point even
closer to the end of the travel path. The greatest
effect on the start time of breaking is exerted by
the mass of the moving parts of the drive
(Fig. 13): the higher it is, the smaller will be the
ratio of the braking coordinate and the length of
the path traveled by the piston.

CONCLUSIONS

As a result of the optimization studies, the
best outcome was achieved using the method of
iterative value selection, where braking occurs
closer to the end point of the piston’s travel path.
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In this case, a final piston velocity close to zero
was attained — 0.03 m/s. Consequently, such a
pneumatic system does not require damping
devices to reduce the piston’s speed at the end of
the stroke or the release of compressed air into
the atmosphere, thereby ensuring an energy-
efficient mode of actuator operation.

The obtained results allow for the selection
of the supply pressure, design parameters,
equipment sizing, and adjustment settings during
the design phase of the pneumatic system in a
way that ensures a transient process without
pneumatic rebound and with a final piston
velocity close to zero. As a result, the overall
efficiency significantly increases, since the
energy-saving mode of the pneumatic system is
achieved by eliminating the discharge of
compressed air into the atmosphere during the
deceleration process.
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