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Abstract

Introduction. Pneumatic actuators are widely used in industry due to their reliability, simplicity of design, and ability to
operate under complex conditions. However, when solving positioning problems, the use of traditional proportional
valves is often redundant, which causes an unjustified increase in cost and complexity of the design. The application of
simpler discrete distributors faces the problem related to the need to reach a compromise between their switching
frequency and positioning accuracy.

Existing studies mainly focus on optimizing individual performance indicators of pneumatic actuators and do not offer
effective methods for finding a compromise between conflicting criteria. Using classical methods for constructing a Pareto set
for multicriteria optimization requires significant computational resources, which complicates their practical application.

The research objective is to develop a methodology for multicriteria optimization of the parameters of a positioning
electropneumatic actuator with discrete distributors based on the construction of a Pareto set using surrogate models,
which provides finding the optimal balance between switching frequency and positioning accuracy.

Materials and Methods. The research was conducted on a model of a positioning pneumatic actuator with discrete
distributors, implemented in MATLAB Simulink. The Latin hypercube method was used to analyze the parameters,
which provided uniform filling of the parameter space. To reduce computational costs, surrogate models, built using
neural networks, were used. Sliding control was selected as a control algorithm, which effectively compensated for
external disturbances and uncertainties of the system.

Results. The optimization of control parameters has shown the possibility of reaching high positioning accuracy with a
minimum frequency of distributor switching. The use of the Latin hypercube method provided a uniform distribution of the
calculation points, which made it possible to construct an accurate surrogate model. It has been experimentally proven that
the proposed approach reduces computational costs by 48%, while maintaining high accuracy of modeling and analysis.
Discussion and Conclusion. The research results confirm that sliding control is an effective solution for discrete
pneumatic drives in the context of multicriteria optimization. The developed approach makes it possible to significantly
reduce the frequency of switching distributors without substantial losses in the quality of transients, which helps to
extend the service life of equipment and increase the reliability of automated systems. The use of surrogate models and
neural network technology opens up new prospects for faster design of complex systems.
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JICEKTPOIMMHEBMATHYICCKOI'O IPUBOAA ¢ TMCKPETHBIMUA ITHEBMOPACHPEACIUTECIAMHA
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HanuonansHelii uccnenoBarensekuil yausepeurer « MOW», . Mocksa, Poccuiickas denepanus
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AHHOTALMA

Beeoenue. IlHeBMaTHuecKue TPUBONBI HAXOMAT IMHPOKOE MPUMEHEHHE B TIPOMBINUICHHOCTH Onaromapsi cBoei
Ha/Ie)KHOCTH, MIPOCTOTE KOHCTPYKINH B CIIOCOOHOCTH (PYHKIIHOHHPOBATh B CIOXKHBIX ycIoBuAX. OMHAKO MIPU PEIICHUN
3aa4 TO3WIMOHMPOBAHUS HCIIONB30BAHWE TPAJUIMOHHBIX IPONOPHUOHAIBHBIX PpacIpeAeluTeNe 3adacTyio
OKa3bIBaeTCs M30BITOYHBIM, YTO BEAET K HEONPAaBJAaHHOMY YBEIMYCHHIO CTOMMOCTH M YCIOKHEHHIO KOHCTPYKIIHH.
[Ipumenenne Oojee MPOCTHIX IUCKPETHBIX —paclpefeNuTeNeil CTalKuBaeTcss C IMpoONeMOH, CBsI3aHHOH C
HEOOXOANMOCTBIO JJOCTHXEHHSI KOMIIPOMHCCA MEXKITY YaCTOTOH MX TEPEKIIOYESHUSI U TOYHOCTHIO MO3UIIMOHHPOBAHHSI.
CyliecTByIOIME HCCIIENIOBaHN, B OCHOBHOM, (DOKYCHPYIOTCSI Ha ONTHMM3ALUM OTJENBHBIX IOKa3aTeledl KauecTBa
paboThI MHEBMOIIPHUBOIOB M HE MpeaiararoT 3(pGEKTUBHBIX METOIOB MOMCKA KOMIPOMHUCCA MEXITYy KOH(IUKTYOUUMH
KpUTEepHIMHU. VIcronp30BaHHE KIACCHYECKHX METOIOB IOCTPOEHHUS MHOXecTBa IlapeTo st MHOTOKPHTEpHAJIbHOM
ONITHMU3AINU TPeOyeT 3HAUNTENbHBIX BEIYUCINTEIBHBIX PECYPCOB, UTO 3aTPYAHSIET X MPAKTHIECKOE PHMEHEHHE.
Lenpto wnccnenoBaHMsl sIBISIETCS pa3pabOTKa METOMOJIOTMHM MHOTOKPHUTEPHAIBHON ONTUMM3AIMK  I1apaMeTpPOB
MIO3UIHOHHOTO 3JICKTPOITHEBMATHUYECKOTO TPUBOAA C AWUCKPETHBIMU DPACHPEACTUTEIIMH HAa OCHOBE IOCTPOCHHMS
MHO)ecTBa [lapeTo ¢ MCHonb30BaHMEM CyppOTaTHBIX MOJEJEH, MMO3BOJIIONICH HAaWTH ONTHMANBHBIN OamaHC MEXTy
YaCTOTOW NEPEKITIOYCHNI U TOYHOCTHIO TIO3UINOHUPOBAHMS.

Mamepuanst u memoos. Viccnenosanyue MpoOBOAMIOCHE Ha MOAEIH MO3UIMOHHOIO IHEBMOINPHUBOAA C JUCKPETHBIMU
pacripenenutensiMu, peanusoBaHHod B MATLAB Simulink. [ns aHanmmsza mnapaMeTpoB HCIOJIB30BAJICS METON
JIATUHCKOTO TUIEpKy0a, KOTOpbIi obecrieunBaeT paBHOMEPHOE 3all0JHEHHE POCTPAHCTBA apaMeTpoB. JIJisi CHHKEHHMS
BBIYHMCIIUTEIBHBIX 3aTpaT ObUIM NPHMEHEHBl CyppOraTHble MOJEINH, MOCTPOCHHBIE C HCIIOJIb30BAHUEM HEHPOHHBIX
cereil. B kadecTBe anropurMa yrpaBieHHss OBUIO BBIOpAaHO CKOJNb3silEe YIpaBlieHHE, KoTopoe 3(PQeKTHBHO
KOMIIEHCHPYET BHEIIIHUE BO3MYIICHUS U HEOIIPEAEIEHHOCTU CUCTEMBI.

Pezynomamot uccnedosanusa. OntuMu3anys napaMeTpoB YIPaBICHUS MOKa3ajla BOSMOXKHOCTh JOCTIDKCHHS BBICOKON
TOYHOCTH MO3ULIMOHUPOBAHMS MIPU MHHUMAJIBHOM YacTOTE MEpeKIIoueHU pacmpenenureneil. Mcrnons3oBaHne MeTona
JIATUHCKOTO THUIEpKyOa 00ecneynso paBHOMEPHOE pACHpENENICHHE PAcYETHBIX TOYEK, YTO ITO3BOJIMIIO TTOCTPOHUTH
TOYHYIO CyppOTaTHYyl0 MOJENb. OKCIIEPUMEHTAIbHO OBIIO [O0Ka3aHO, YTO TPEIJIOKEHHBIH MOAXOJ CHIDKACT
BBIYHMCIIUTENBHBIE 3aTpaThl Ha 48 %, COXpaHssl BRICOKYIO TOYHOCTh MOJCIHPOBAHMS 1 aHAJIH3A.

Oécyrcoenue u 3akniouenue. Pe3ynbraTel MCCIEIOBaHUS IOATBEPKAAIOT, YTO CKONB3SIIEE YHPABICHHE SIBISIETCS
3G (QEKTUBHBIM pEIICHHEM ISl JUCKPETHBIX ITHEBMOIIPHBOJOB B KOHTEKCTE MHOTOKPHUTEPHAIBHONH ONTHMH3AIHH.
Pa3zpaboTaHHBI MOAXON TMO3BONSET 3HAYUTENHFHO YMEHBIIUTH YacTOTy MEpeKNIIOYeHni pachpeaenuTeneid 0e3
OLIYTHMBIX ITOTEPh B KAa4E€CTBE MEPEXOAHBIX MTPOIECCOB, YTO CIIOCOOCTBYET NPOJICHUIO CPOKOB CITy>KOBI 000pyZOBaHUS
U TIOBBIIICHUIO HAJEKHOCTH aBTOMATH3HUPOBAHHBIX CHCTEM. VIcIonp30BaHUE CyppoOraTHBIX Mojeneil ¥ HeMpOoCeTeBBIX
TEXHOJIOTHH OTKPHIBAET HOBBIE MEPCIEKTUBBI JUIsl 00Jiee OBICTPOrO MPOEKTHUPOBAHUS CIOXKHBIX CHCTEM.

KuroueBble cJIOBa: TTHEBMOIIPHUBOJ, JUCKPETHBIE PACHpENCIMTENH, CKONb3sIIee YIpaBiIeHHe, MHOTOKpPUTEpHaIbHasA
ONITHUMU3AIINs, CyppOraTHbIE MOJIEIIN

Jna pmurupoBanus. Ileiikun M.O., Yepkacckux C.H., umuu [I.B., denenxos B.B. HMcnons3oBaHue cypporaTrHbix
MOJIeJIel TPU TIOCTPOSHHMHM MHOXKecTBa [lapero IMO3WIMOHHOTO 3JIEKTPOITHEBMATHYECKOTO TPHBONA C JUCKPETHBIMU
nHeBMopacnpeneutesiMu. Advanced Engineering Research (Rostov-on-Don). 2025;25(1):52—64. https://doi.org/10.23947/
2687-1653-2025-25-1-52-64

Introduction. Pneumatic drives are widely used in various industries due to the simplicity of their design, the ability
to provide high speeds of movement of controlled objects, environmental friendliness, fire safety, and the ability to
work in aggressive environments.

In systems oriented to tracking, proportional valves are in routine used to control the pneumatic actuator, which
provide continuous regulation. However, when the basic task of the pneumatic actuator is to arrange the output element
in a specified position, rather than following a given trajectory, the use of such distributors may be redundant. In this
case, it is advisable to consider the application of simpler discrete valves [1].

Machine Building and Machine Science

53


mailto:sheykinmo@mpei.ru
https://doi.org/10.23947/2687-1653-2025-25-1-52-64
https://doi.org/10.23947/2687-1653-2025-25-1-52-64
https://orcid.org/0000-0002-6859-586X
https://orcid.org/0000-0001-6695-0162
https://orcid.org/0000-0002-5038-7747
https://orcid.org/0009-0006-2708-3100

https://vestnik-donstu.ru

54

Advanced Engineering Research (Rostov-on-Don). 2025;25(1):52—64. eISSN 2687—1653

Existing research papers suggest various approaches to positioning control, including algorithms using pulse-width
modulation, as well as sliding and predictive control principles [2]. Improvement in positioning accuracy is reached
either by modifying the control algorithm near the breaking point [3], or by implementing specialized mechanical or
hydraulic braking devices [4]. However, despite the improvement in accuracy, the use of braking devices significantly
complicates the design, which in turn can negate the advantages of using discrete pneumatic valves [5].

The analysis of the current state of research has revealed significant gaps in the understanding of the problem.
First of all, there is no holistic approach to assessing the efficiency of various structures of positional
electropneumatic drives with discrete valves. In addition, the issue of reaching a compromise between the frequency
of switching distributors and the quality of positioning has not been sufficiently studied. Existing methods of
multicriteria optimization of parameters of such systems do not provide the required efficiency. Authors of
publications often focus on individual aspects of quality, such as accuracy or speed. Little attention is paid to the
relationship between increasing the accuracy of positioning and increasing the frequency of switching distributors,
which directly affects equipment wear and service life.

The pneumatic actuator considered in this paper does not have special braking devices, and the positioning of the
output link at a given point is performed exclusively by switching discrete pneumatic distributors at the right moments
in time, according to the applied control algorithms. This provides for the simplicity of the design and low cost of the
solution, but leads to frequent switching of pneumatic distributors. The strictness of the requirements for the quality of
the transient process, in turn, inevitably leads to an increase in the number of switches.

Thus, there is a need to find a trade-off decision that takes into account two contradictory criteria: positioning
accuracy and intensity of the distributors. The construction of the Pareto front will allow us to determine a set of
unimprovable solutions, where it is impossible to improve one quality indicator without degrading the other, which will
provide the developer with the opportunity to make a justified selection of system parameters. However, traditional
methods for constructing the Pareto set require multiple calculations of complex dynamic models [6], which makes the
process extremely labor-intensive and time-consuming.

The use of surrogate models in constructing the Pareto set [7] opens up new horizons for solving this problem,
although it requires the development of specialized methods adapted to a specific class of pneumatic devices.

This research is aimed at developing a methodology for multicriteria optimization of the parameters of a positional
electropneumatic drive with discrete valves, based on the use of surrogate models, which provide for an effective search
for trade-off decisions between the switching frequency and the quality of positioning. To accomplish this purpose, it is
necessary to develop a methodology of creating a surrogate model for assessing the quality indicators of a positional
electropneumatic drive. It is also required to create an algorithm for multicriteria optimization of drive parameters using
a surrogate model and conduct a study of the efficiency of the proposed approach on a specific drive design.

Materials and Methods. This paper examines a positional pneumatic drive with discrete pneumatic distributors
without special braking devices. It is shown in Figure 1. It contains a single-rod, double-acting pneumatic cylinder
controlled by four 2/2 pneumatic distributors. Using four 2/2 pneumatic distributors instead of two 3/2 pneumatic
distributors allows for better dynamic characteristics of the pneumatic drive with an acceptable increase in the cost of

the design.
< i >
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Fig. 1. Pneumatic actuator circuit with discrete distributors
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To control discrete pneumatic distributors, a control system (CS) is used, shown in Figure 2. It implements the
principle of sliding control in accordance with the input signal determined by the setup unit (SU). The sliding mode
provides robust control, allowing the system to effectively cope with the uncertainties and disturbances characteristic of
pneumatic systems.

The basic idea of the method is to make the system move along a predetermined trajectory, called a “sliding surface” [8].
When the system gets on this trajectory, it starts to “slide” along it to the desired target, ignoring numerous external actions.

Finite-state

su PID _> SMC machine

Power section < —
of pneumatic drive

/ Finite-state machine \

Mode 1 »( Mode 2
u=[1;0,0;1] §<0 u=[0;1;1;0]

B/2<e<—P/2
- S~

( Mode3

u=[0;0;0;0]
e<—P/2N___ S e>P/2

-

In this paper, we use the sliding straight line described by the equation:
s=Cie+C,eé,

/

Fig. 2. Control system structure

where s — switch function; e — control error; é — rate of error change; C; and C, — positive coefficients determining
the slope and characteristics of the sliding straight line.

Control consists of two parts: one part keeps the system on the desired trajectory, and the other quickly brings it
back if something tries to mislead the system [9]. This second part can cause rapid unwanted oscillations.

The control signal from the sliding mode controller is fed to the input of the finite-state machine, which generates
the corresponding combinations of control actions for the pneumatic distributors. The system implements three main
operating modes: piston extension (P1 and P4 are active), piston retraction (P2 and P3 are active), and braking (P1 and
P2 are active). The braking mode, in which the charge pressure is supplied to both cavities of the pneumatic cylinder, is
switched on when the control error reaches values from the range [8/2; +3/2], where f — width of the braking corridor.

The mathematical model of the pneumatic power part includes the equation of the dynamic balance of forces on the
piston of the pneumatic cylinder, the equations of filling and emptying the cavities of the pneumatic cylinder, and the
equations of mass flows for the discharge and exhaust cavities [10].

2
pi-Fi—p, F,=m Ljﬁf +D-);%+RTp .sign(%)+Ryn,
where p1, p» — pressure in the piston and rod cavities of the pneumatic cylinder; Fi, F, — piston and rod areas of the
piston; m — reduced mass; Ry, — Coulomb friction force; D — coefficient of viscous friction; Ry, — reaction force of
stops in the pneumatic cylinder; y — piston displacement.

The reaction of the stops limiting the piston movement can be calculated using the following formulas:

for the case when the piston approaches the lower stop (at y <—0.5H):

R, =C, - (y+05H)+p,».

For the case when the piston is within the working stroke (at —0.5H <y <0.5H):
R, =0.
yi
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For the case when the piston approaches the upper stop (at y > 0.5H ):
R, =C, - (y-05H)+B,»,
where H — stroke of the pneumatic cylinder piston; Cyy, Byn — coefficients of rigidity and dissipation of the contact
interaction of the pneumatic cylinder piston with the stop, respectively.
The equation for filling and emptying the left cavity has the form [11]:
kR(TwG, —T,G, ) = kp iy + F (10 + ) 1> (1)
where k& — adiabatic index; R — specific gas constant; 7, 71 — air temperature in the line and in the left cavity of the
pneumatic cylinder; G, G, — mass air flow rates through the pneumatic distributors P1 and P2, respectively. The value
takes into account the selection of the origin of y coordinates, as well as the dead volume of the left part of the
pneumatic cylinder, including the volume of the supply line and is determined by the expression:

Vio
=—+0.5H.
V1o F,

Mass flow rates G1 and G2 for an adiabatic process are calculated using the Saint-Venant — Wantzel equation [12]:

2k
G = _— i ; 2
| uﬁpm,/(k_l)TMNpM p) 2

f 2k
G, =uf2p m@(Pl,Pa)a 3)

where p., pa — line and atmospheric pressure; i — flow rate coefficient, fi, f, — areas of the throttle slots of pneumatic
distributors P1 and P2, respectively.

Flow function ¢(pa, p») for a diatomic ideal gas is defined as follows:

at the subcritical flow regime (when p, / p, > 0.528):

2 =]
Py " [Pt
. A
pﬂ pa
under critical and supercritical flow conditions (when p, / p» < 0.528):

0@, p,) =0.259,

where k — adiabatic index (for a diatomic gas usually k= 1.4).

Temperature 7; during the adiabatic emptying process is equal to:
k-1

n=T, [ﬂjk . )
Pa

Substituting (1), (2) and (3) into (4), we obtain:
F (ylo +y)p1 = g(fl:fbpl)_kplFl))’

where
2k3RT, F Ik ok
g(furfo:P) =Wl | = 0(Pu.P)—kWfyp 2 p2* \|-——RT, ¢(p.p,)-
(k-1) k-1
The processes of filling and emptying the right cavity are described by the following equation:
kR(T, G, —TyG3) ==kpy Fyy+ Fy (y2 = ¥) P, ©)

where 7, — air temperature in the right cavity of the pneumatic drive; Gs, G4— mass air flow rates through pneumatic
distributors P3 and P4 respectively. Value y» is determined by the formula:

V20
=——+0.5H.
Y20 F

In the expression, V29 — dead volume of the right cavity of the hydraulic cylinder, including the volume of the

exhaust line. Temperature 7> during the adiabatic emptying process is equal to:
k-1

T, =T, [&Jk . (6)

a
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2k
G = R — ; 7
| uﬁpm/(k_l)TM(P(pM,pl) (7
2k
G, =Hsz1,/m(P(P1,Pa)» (®)

where f3, f2 — areas of the throttle gaps of pneumatic distributors P3 and P4, respectively.
Substituting (6), (7) and (8) into (5), we obtain:
F, (yzo _y)pz = g(f4:f3,P2)+kP2sz’~
The presented mathematical model of the pneumatic drive was subsequently implemented in the MATLAB
Simulink software package (Fig. 3). Numerical modeling of the system was performed considering the parameters,
whose values are presented in Table 1.

Mass flows G3 and Gy are equal to:

Fig. 3. Model of a pneumatic drive with discrete pneumatic valves in MATLAB Simulink

Table 1
Values of Model Parameters for Numerical Simulation

Parameter Value
Reduced mass at the end of the rod, kg 6
Main line pressure, bar 4
Exhaust pressure, bar 1
Pneumatic cylinder piston diameter, mm 32
Pneumatic cylinder rod diameter, mm 12
Working environment temperature, K 293.15
Breakaway friction force, N 20
Sliding friction force, N 15
Coefficient of viscous friction, mm/s 350

The proposed method for constructing the Pareto set for the pneumatic drive structure under consideration is
presented in the form of an algorithm in Figure 4 and includes several stages.
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F i Numerical simulation
rmation . . .
—)I ormatio (repeated numerical simulation |

- of data sampling to generate a set of calculated data)
Preliminary stage | |
\

Selection of basic parameters
of quality indicators. | |

Determination of restrictions on basic
parameters and quality indica-tors. |

Creation and training |

Development of models of a neural network

and algorithms that determine | surrogate model |

the selected quality indicators

for a given combination of basic \ /
S~ J— J— J— J— J— J— J— J— J— J— —

Construction of Pareto set
(using surrogate model to construct
Pareto front)

Fig. 4. Algorithm for constructing Pareto set

Selection of basic parameters of quality indicators.

Determination of restrictions on basic parameters and quality indicators.

Development of models and algorithms that allow determining the selected quality indicators for a given combina-
tion of basic parameters.

Numerical modeling (repeated numerical modeling to create a set of calculated data).

Creation and training of a neural network surrogate model.

Construction of the Pareto set (use of a surrogate model to construct the Pareto front).

At the preliminary stage, quality indicators are selected that evaluate the perfection of the system under study. For a
comprehensive assessment of the quality of the transient process, a generalized integral quadratic estimate can be used [1]:

T = [0+ en] .
0

where e — transient component of the error, normalized from 0 to 1; T — weight coefficient.

Improving the quality of the transient process is related to an increase in the number of switchings of the pneumatic
distributors n. In this regard, it is of interest to study the limiting capabilities of the pneumatic drive structure for two
conflicting quality indicators J>; and n. At the preliminary stage, quality indicators are selected that evaluate the
efficiency of the system under study. Thus, a space of quality indicators in which the surface corresponding to the
Pareto front will be identified, is formed.

From the design parameters of the system, a group of basic parameters is identified. It determines the main control
characteristics: slope coefficients of the sliding line C; and C, response time of the distributors, and width of the
braking corridor. The ranges of variation of these parameters determine the search space for optimal solutions. They are
presented in Table 2.

Table 2
Intervals of Values of Variable Parameters
Coefficient C, 1.04.0
Coefficient C; 0.1-1.0
Distributor response time, ms 5-45
Size of the braking corridor, mm 2-4

To calculate the vector of quality indicators based on the vector of basic parameters, corresponding models are
formed. For the case under consideration, a nonlinear dynamic model was used, which includes both a power pneumatic
part and a control system based on sliding modes.
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At the next stage, the parameter space is filled with computation points, in which the vector of quality indicators will
be calculated. In this case, the number of points should be minimal to reduce computational costs, but sufficient to
provide for the desired accuracy of the surrogate model. An important requirement is also the uniform distribution of
points in the parameter space.

To construct a surrogate model, various methods of filling the parameter space were investigated: random sampling,
the Latin hypercube method (LHC), the Sobol method, and the grid method. Figure 5 shows a comparison of filling a
two-dimensional space by the uniform direct search method and the LHC method. Despite the apparent visual
uniformity, direct search provides worse filling quality compared to the LHC method.

1000 - - - - - - - -
) © O ¢ 0 0 o o o ¢
080 o @ @ @ @ @ ® @ ¢
) © 0 ¢ 0 6 o o o ¢
o
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Fig. 5. Filling the parameter space with computation points:
a — uniform filling; » — filling by the LHC method

To quantitatively assess the uniformity of the parameter space coverage, a metric method [2] was developed
based on the comparison of the specific average distance between nearby points. The method includes normalization
of the parameters in a single hypercube, generation of points by the studied filling method, and calculation of the
Monte Carlo coefficient. This coefficient is the ratio of the actual average distance between nearby points to the
expected average distance:

1:0'5,
n

A
where n — number of real points; 4 — area of the region (in the case under consideration, 4 = 1).

For the selected combinations of parameters, parallel calculations of the model and calculations of quality indicators
were performed, which made it possible to form a data set for constructing a surrogate model. The research used a direct
propagation neural network of the following architecture [3, 13]: an input layer (3 inputs with data normalization), two
fully connected layers (16 and 8 neurons) with ReLU activation functions, an output layer for regression. The network
was trained using the ADAM algorithm, which provided adaptive adjustment of the learning rate and efficient work
with noisy data.
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At the final stage, the Pareto front was constructed by the NSGA-II evolutionary algorithm [4, 14], which used the
quality indicator estimates obtained through the surrogate model. This algorithm provided for the efficient identification
of a set of non-dominated solutions in the quality criteria space [15].

Research Results. The developed method was tested on a positional pneumatic drive with discrete distributors.
At the first stage, a study on the dynamic characteristics of the control system was conducted. Figure 6 shows
transient processes demonstrating the key features of the drive operation. The analysis of the graphs shows symmetry
in the number of switchings of the control signal during the forward and reverse stroke, which indicates the stability
of the control algorithm. At the same time, asymmetry is observed in the positioning accuracy: for the forward stroke
of the system, the control error reaches 1.5 mm, which is explained by the design features of the single-rod

pneumatic cylinder.
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Fig. 6. Transient processes of pneumatic drive with discrete pneumatic distributors:
a — transient process; b — control error; ¢ —switching modes

An assessment of the effect of the system parameters on transient processes has established that reducing the width
of the braking corridor increases the positioning accuracy, accompanied by an increase in the number of switchings of
the pneumatic distributors. Similarly, an acceleration of the response speed of the pneumatic distributors increases the
positioning accuracy, but leads to an increase in the oscillation of the transient process and a growth of the number of
switchings. At the same time, the magnitude of the displacement did not have a significant effect on the transient
process, which indicated the linearity of the system in a wide range of working displacements and confirmed the

efficiency of the control algorithm.
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When constructing a surrogate model, the parameter area was filled with computation points, with preference given
to the Latin hypercube method, which provides for a uniform distribution of points compared to direct enumeration,
random sampling, the Sobol method, and the network method. The calculation of the Monte Carlo coefficient (Table 3)
demonstrated that the Latin hypercube method was characterized by the smallest dispersion of distances between nearby
points, which made it possible to form a sample of 2,500 combinations of basic parameters. The application of surrogate
models compromised the labor intensity of constructing the Pareto set, which resulted in a 48% reduction in calculation
time. The surrogate model was built on the basis of neural network technology, while the analysis of various approaches
to the formation of a training data sample confirmed the feasibility of using the Latin hypercube method.

Table 3
Comparison of Uniformity of Parameter Space Coverage by Different Sampling Methods
Sampling method Monte Carlo coefficient
Random sampling 1.024
Latin hypercube method 0.997
Sobol's method 0.980

For each combination of basic parameters, a mathematical model was calculated with the definition of quality
indicators, which made it possible to consider the set of calculated points of each iteration of the algorithm as a
generation. Within the framework of the non-dominant sorting procedure, unimprovable solutions were identified that
formed the Pareto front of zero rank, and the remaining points formed the Pareto front of the first rank. Subsequent
generation of the next generation was performed by operations similar to crossover, mutation and selection, while a
fixed generation size was maintained by cutting off the least high-quality options. The optimization algorithm
terminated when the maximum number of generations or the required convergence level was reached. The result of the
algorithm implemented using the evolutionary algorithm NSGA-II was the Pareto front. It is shown in Figure 7,
reflecting unimprovable solutions with a balance between the number of switchings of pneumatic distributors and the
quality of the transient process. At the same time, a small steepness of the front provides for considerable reduction of
the number of switchings without significant deterioration of the transient characteristics.

Using a neural network with 4 hidden intermediate layers and a training sample consisting of 2,500 points allowed us
to provide for an average accuracy of the surrogate model equal to 91%, with a maximum deviation of 12%. An additional
increase in the number of points by 50% has led to an increase in the accuracy of the surrogate model by 15%.

Jo1, =
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0.250 1

0.245 1

0.240 1

0.235 A

0.230 A

0.225

0.220 T T T T
0 5 10 15 20 25 30

Average number of switchings

all points Pareto front

Fig. 7. Pareto set for a pneumatic actuator with discrete distributors

Discussion and Conclusion. The obtained results indicate high stability of the control algorithm, providing
symmetrical switching of signals during forward and reverse strokes, which confirms correctness of the approach
applied to pneumatic drive control. The revealed asymmetry of positioning accuracy, expressed in an error of up to 1.5
mm for forward stroke, indicates the need for further optimization of the design features of the pneumatic cylinder.
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The analysis of the effect of system parameters on dynamic characteristics has shown that the compromise
between positioning accuracy and the number of switchings of pneumatic distributors requires an optimal selection
of the width of the braking corridor and the speed of the distributors. The use of the Latin hypercube method to form
a training sample has provided for uniform filling of the parametric space, which is confirmed by calculations of the
Monte Carlo coefficient.

The use of replacement surrogate models built on the basis of neural network technologies made it possible to
compromise the labor intensity of constructing the Pareto set and reduce the calculation time by 48%, which indicates
the prospects of this approach in optimization problems. The efficiency of the evolutionary algorithm NSGA-II used to
construct the Pareto front is validated through obtaining trade-off decisions that provide for a balance between the
number of switchings of pneumatic distributors and the quality of the transient process.

Reaching an average accuracy of the replacement model at 91% and reducing the maximum deviation to 12% when
using a neural network with 4 hidden layers demonstrates the high efficiency of neural network technologies. At the
same time, an increase in accuracy by 15% with an expansion of the training sample by 50% indicates the potential for
further improvement of the accuracy of the models.

Thus, the results of the conducted research confirm the potential of the proposed method for increasing the
efficiency of positional pneumatic drives with discrete distributors, and determine promising directions for further

optimization research in this area.
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