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Abstract

Introduction. In modern industrial processes, pneumatic actuators with long-stroke movements play an important role.
However, their use is limited by low accuracy resulting from the difficulties of controlling air flows. These limitations
are caused by the compressibility of air and thermodynamic processes, which makes it urgent to improve the accuracy of
such systems. The conducted analysis of scientific literature shows that modern research is mainly focused on the use of
systems with standard cylinders with a working stroke limited to three meters. At the same time, the issues of development
and research of long-stroke systems of rodless pneumatic drives, capable of having a stroke length of up to six meters,
remain insufficiently studied. The introduction of advanced control systems in this type of drives involves significant
investments in a high-tech electronic base and additional structural elements. In this regard, the development of
fundamentally new technical solutions that allow for the efficient operation of mechanisms with a working stroke of more
than three meters while maintaining the required technical parameters and economic efficiency, is of particular relevance.
In the framework of previous studies, the author proposed a design of a pneumatic drive for long-stroke movements,
equipped with a unique control system based on a jet sensor and an external brake mechanism. Its mathematical modeling
and theoretical analysis were also performed, which made it possible to identify key factors affecting the accuracy of
positioning. To validate the mathematical model and the hypotheses put forward, the objective of this research is to
experimentally verify the results of mathematical modeling of a positional long-stroke rodless pneumatic actuator, as well
as to confirm the degree of influence of key factors on positioning accuracy.

Materials and Methods. The work involved a stand that was a technical model of a pneumatic drive with an original
control system, including a jet sensor and an external brake device. To verify the operability and accuracy of the jet sensor
readings, the spillage method was applied using the Camozzi MF4008-10-R-BV-A flow sensor after the element under
study, and Camozzi SWCN-P10-P3-2 pressure sensors placed before and after the considered element. The tests
conducted on the developed jet sensor showed high reliability and stability of operation in various operating modes. The
experimental study of a long-stroke rodless pneumatic actuator included evaluation of the actuator's technical capabilities,
analysis of positional cycles, study on the effect of external factors, and comparison of the results of computational and
full-scale experiments. The results of computational and full-scale experiments were processed using the Mathcad and
MATLAB software packages. The dependences of positioning accuracy on mass and stroke length were constructed.
Results. The reliability of the model was established at the level of the maximum discrepancy between the experimental data
and the results of mathematical modeling, which amounted to 18%. That confirmed the adequacy of the developed model
for engineering calculations. The effect of the load mass on the accuracy of positioning was experimentally established. With
an increase in mass from 10 to 30 kg, the accuracy decreased by 1.47 times, and with a mass of 60 kg, the accuracy
deteriorated by another 1.37 times relative to the base mass of 10 kg. In addition, the effect of stop coordinates was studied:
the dependence of positioning accuracy on the position of the actuator was established. When moving from 0.1 m to 0.22 m,
the accuracy deteriorated by 3.2 times, but with further movement to 0.35 m, it improved by 2.2 times.
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Discussion. The conducted experimental studies allowed achieving good results in the development of long-stroke
pneumatic drives. Successful verification of the mathematical model confirmed the correctness of both the model itself
and the theoretical studies conducted in the author's previous works. The positioning accuracy of the drive of 77 microns
at a distance of over three meters was reached. This indicator significantly exceeds the results presented in the studies of
other authors, which shows the high potential of the developed design. The economic efficiency of the proposed solution
is due to the absence of an electronic component base in the control system. This not only reduces initial production costs,
but also significantly simplifies maintenance of the drive under operation. The comparative analysis with existing
developments confirms the superiority of the proposed system in terms of cost criteria.

Conclusions. The conducted studies confirmed the efficiency of the developed solutions for a long-stroke rodless
pneumatic actuator. Practical significance of the study is determined by the possibility of using the obtained results in
creating high-precision long-stroke mechanisms in various industries. The developed design can be used in automated
production lines, robotic complexes, and other areas where precise positioning over significant distances is required.
Promising areas for further research are the optimization of the control system parameters to reach even higher positioning
accuracy, and the development of calculation methods for positional long-stroke pneumatic drives.

Keywords: jet control system for a rodless pneumatic actuator, rodless long-stroke pneumatic actuator, positioning of a
pneumatic actuator, pneumatic sensor for a rodless pneumatic actuator
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AHHOTALMSA

Bgeoenue. B coBpeMeHHBIX NPOMBIIILIEHHBIX MpOIieccaX MHEBMAaTHUYECKUE MPUBOIBI C ATMHHOXOAOBBIMU MEpEMELICHUAMU
UTPAOT BaXKHYIO poiib. OTHAKO MX UCIONB30BAaHUE OIPAaHUYECHO HU3KOW TOUHOCTBIO, BBI3BAHHOU CIOYKHOCTSIMU YIIPaBICHHS
BO3/YIIHBIMH MTOTOKaMH. DTH OTPaHUYECHHS 00YCIIOBICHBI C)KUMAEMOCTBIO BO3yXa U TEPMOANHAMUYECKIMH IIPOIIECCAMHU,
YTO JIENAET aKTyaJIbHOM 3a/1ady MOBBIIEHHUS TOYHOCTH TakuX cucteM. IIpoBenEHHbIN aHanu3 Hay4HOU JIUTepaTypbl IOKA3bl-
BAET, YTO COBPEMEHHBIE HCCIIEIOBAHUS B OCHOBHOM COCPEJOTOUCHBI HA IPMMEHEHNH CUCTEM CO CTaHAAPTHBIMU LIMIUHpaMU,
paboumii X0/ KOTOPBIX OrpaHUYEH TpeMsi MeTpamMH. B To ke Bpemsi BONpOock! pa3pabOTKH 1 MCCIEA0BaHUS JITMHHOXOIOBBIX
cHcTEM OECIITOKOBBIX IMTHEBMOITPUBO/IOB, CHOCO6HBIX HUMETH JJIMHY X04a 10 MIECTH METPOB, OCTAIOTCA HEAOCTATOYHO U3YUCH-
HbIMU. BHepeHNe yCOBEepILIEHCTBOBaHHBIX CUCTEM YIIPABIIEHUS B TAKUE MPUBO/IBI CBSI3aHO CO 3HAUUTEIIbHBIMU MHBECTHLIMSAMU
B BBICOKOTEXHOJIOTHYHYIO JIEKTPOHHYIO 0a3y M JIOIOJHUTENbHbIE KOHCTPYKTUBHBIE JJIEMEHTHL. B CBsI3M ¢ 3THM 0co0yro ak-
TYaJIbHOCTh IPHOOpETaeT pa3padboTKa MPHUHIINITHAIFHO HOBBIX TEXHUUECKUX PEIIICHHH, TTIO3BOJIIONTHX (PHEKTHBHO IKCILTya-
THPOBaTh MEXaHU3MBI C pabOYMM XOJIOM OoJiee TPEX METPOB IPU COXPAHEHHH HEOOXOAMMBIX TEXHUUECKHX IapaMeTpoB U
SKOHOMHYECKOH 3 heKTHBHOCTH. B pamMKax mpeaplayyx HCeleI0BaHi aBTOPOM ObLIa TIPEIoKeHa KOHCTPYKIIHS ITHEBMO-
MIPUBOJA [UTMHHOXOJIOBBIX TIEpPEMEIICHHH, OCHAIEHHAS YHUKAIFHOM CHCTEMOH yIpaBJiieHHS Ha 0a3e CTpyHHOro JaTdvKa W
BHEIITHEr0 TOPMO3HOTO MEXaHU3Ma; TAK)Ke ObLIO BHIMOJIHEHO €r0 MaTeMaTHYECKOe MOJICITMPOBAHHE M TEOPETHUECKUI aHaITH3,
YTO ITO3BOJIMIIO BEIJIEUTH KITIOUEBbIE (DAKTOPBI, BIUSIOIINE HAa TOYHOCTB MO3UIMOHUPOBAHMS. J[JIs1 OATBEpIKICHNS aJeKBaT-
HOCTH MAaTEMaTH4ECKON MO ¥ BBIABUHYTHIX TUTIOTE3 IIENIBIO HACTOSIIEH pabOTHI SIBISIETCS SKCIIEpIMEHTaAIbHAs BEpU(H-
Kallysl pe3yJIbTaTOB MAaTeMaTHYECKOTO MOISTMPOBAHUSI TO3UIIMOHHOTO JTIMHHOXO/IOBOTO OECIITOKOBOIO MTHEBMOIPHBO/A, a
TaKXKe MOATBEP)KACHNE CTETICHH BIIMSHUSI KIIFOUEBBIX (PAKTOPOB HA TOUHOCTH MO3UIIOHUPOBAHNSL.

Mamepuanst u memoost. B pabote ObUT UCIIONB30BaH CTEH, MPEICTABISIONINN OO0 TEXHUIECKYIO MOJENb THEBMO-
IIPUBOJIA C OPUTMHAIBHOM CUCTEMOM YIIpaBJICHHUs, BKJIIOYAIOLIEN CTPYWHBIN 1aTYMK U BHEIIHEE TOPMO3HOE yCTPOUCTBO.
s Bepudukanmm paboTocriocOOHOCTH M TOYHOCTH MTOKa3aHUH CTPYHHOTO JaT4rKa ObLI IPUMEHEH METOJ ITPOJIUBKH C
HCTIOIB30BaHUEM JaTunka pacxona Camozzi MF4008-10-R-BV-A, ycTaHOBIIEHHOTO MOCIE HCCIEIYEMOTO IEMEHTa, a
Takxke qaTaukoB napieHuss Camozzi SWCN-P10-P3-2, pa3MeriéHHbIX nepes U mociie uecieayeMoro aieMenTa. [Ipose-
JEHHBIC UCTIBITAHNS pa3paboTaHHOTO CTPYHHOTO JaTYMKA POIEMOHCTPUPOBAIIH BBICOKYIO HaIEKHOCTh U CTaOMIIBHOCTh
paboOThI B Pa3IMYHBIX AKCILTYaTALIMOHHBIX PEKHUMaxX. JKCIEPHUMEHTAIBHOE UCCIEA0BaHNE JUTMHHOXOJOBOTO OECIITOKO-
BOT'0 THEBMOIPHBO/IA BKIIIOYANIO B ce0s1: OLIEHKY TEXHHYECKHX BOSMOXKHOCTEI PUBO/IA, aHAIN3 IO3UIIMOHHBIX LIUKJIOB,
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H3y4YeHHe BIMAHMA BHEIIHHUX (PAaKTOPOB M CPaBHEHHE PE3yJbTaTOB BBIYUCIHUTENBHBIX M HATYPHBIX KCIIEpUMEHTOB. C
MIOMOIIIBIO TTaKeTa NPUKIAAHBIX porpamM Mathcad u Matlab oOpabarsiBanch pe3ynbTaThl BRIYUCIUTENFHOTO U HATYP-
HOTO 3KCIIEPUMEHTOB, a TaKkKe OBLIM IOCTPOCHBI 3aBUCHMOCTH TOYHOCTH TO3UIIMOHUPOBAHUS OT MACCHI M JTMHBI XO/1a.

Pezynomamut uccnedosanusn. JJocTOBEPHOCTh MOJENN OblIa YCTaHOBJIEHA HAa YPOBHE MAKCHMAIBHOTO PACXOKACHUS
MCEXKIY OKCIICPUMCHTAJIbHBIMU JAaHHBIMH U UTOraMU MaTEMATUYCCKOTO MOJACITIUNPOBaHUA, COCTaBUBIIETO 18 %, 4qTO 1101~
TBEPKJIAET aJJeKBaTHOCTh Pa3padOTaHHON MOJIENH JUIsl MH)KEHEPHBIX pacyeTOB. DKCIIEPUMEHTAILHO YCTAaHOBIICHO BITHSI-
HHE MACCHI Tpy3a Ha TOYHOCTH Mo3unuoHupoBanus. [Ipu yeemraennn maccel ¢ 10 1o 30 kxr TouHocTs cHmKaercs B 1,47
pasa, a mpu Macce B 60 KI TOYHOCTD yXy/IImaeTcs emie Ha 1,37 pasa oTHocuTenbHO 0a30Boi Maccel B 10 kr. Kpome toro,
HCCIIEIOBaHO BO3/ICHCTBHE KOOPAWHAT OCTAHOBKH: YCTAaHOBJIEHA 3aBUCHMOCTH TOYHOCTH ITO3UIIMOHUPOBAHUS OT OJIO-
JKEHUS UCIIOJIHUTENBHOrO 3nemMenTa. [Ipu nepememenuun ot 0,1 M 10 0,22 M TO4HOCTH yXyamaercs B 3,2 pa3a, OJHAKO
pu JanbHeimeM nepememtennn 10 0,35 M oHa ymydmaercs B 2,2 pasa.

0Oobcyrcoenue. [IpoBeieHHBIC IKCIIEPUMEHTAIBHBIC HCCIICIOBAHUS TIO3BOJIMIIH JOOUTHCS XOPOIIUX PE3YIbTaTOB B 00J1a-
CTH pa3pabOTKH ATMHHOXOIOBBIX THEBMOIIPHBOIOB. Y CHIENTHAS BEpH (UKL MaTeMaTHUECKOH MOJIEIH TIOATBEPXKAaET
KOPPEKTHOCTb KaK caMOi MOJIETIH, TaK H TEOPETUIECKUX MCCIIEI0BAHUM, TPOBEICHHBIX B IPEIBIAYIINX paboTax aBTopa.
JlocTurayta TOYHOCTH MO3MLIMOHUPOBAHMS MTPHUBOJA 77 MKM Ha JUCTAHIMH CBBILIE TPEX METPOB. ITOT MOKa3aTelb Cy-
IIECTBEHHO NPEBOCXOANT PE3YJITATHI, IPEACTABICHHBIE B ICCIEAOBAHUSX JIPYTUX aBTOPOB, YTO CBUETEILCTBYET O BbI-
COKOM MOTEHIIHAIE pa3padoTaHHOI KOHCTPYKITNH. DKOHOMIYecKas () (HEeKTHBHOCTE PEATIOKEHHOTO PEIISHHUS 00y CIOB-
JIEHa OTCYTCTBUEM JJIEKTPOHHON KOMIIOHEHTHOH 0a3bl B CUCTEME YIIpaBIICHUs. DTO HE TOJIBKO CHIKAET IIepBOHAYAIIbHBIC
3aTpaThl Ha IPOM3BO/ICTBO, HO M CYIIECTBEHHO YIPOINAET TEXHUIECKOE 00CITy)KMBaHUE IPUBOAA B IIPOLIECCE IKCILTyaTa-
1y, CpaBHUTENBHBIN aHAIN3 C CYNIECTBYIOIIMMH pa3pab0TKaMH MOATBEPXKIAET HMPEBOCXOACTBO MPEUIOKCHHON CH-
CTEMBI 110 KPUTEPUIO 3aTparT.

3axnrouenue. IIpoBeIcHHBIC UCCIICAOBAHMS MONTBEPIHITN () ()EKTUBHOCT pa3pabOTaHHBIX PEIICHUIN IS UTMHHOXOI0-
BOr'0 OECIITOKOBOTO MHEBMONPUBOA. [IpakTHueckas 3HaYMMOCTh UCCIIEJOBAHHS ONPEENICTCS BOZMOKHOCTBIO IIPUME-
HCHUA MOJYUYCHHBIX PE3YJbTATOB IIPU CO3AAaHUN BHICOKOTOUYHBIX TIIMHHOXOJAOBBIX MEXAaHU3MOB B PA3JIMYHBIX OTPACIIAX
MIPOMBIIUICHHOCTH. Pa3zpaboTaHHasi KOHCTPYKILUSI MOKET OBITh MCIIOJIB30BaHA B ABTOMATHU3MPOBAHHBIX IIPOU3BO/ICTBEH-
HBIX JMHUSX, POOOTOTEXHUYECKHX KOMIUIEKCAX U APYTUX 00JIACTAX, TJe TpeOyeTcsl TOUHOE MO3UIHOHNPOBAHNE HA 3HA-
YHUTENBHBIX PACCTOSAHUAX. [1epCIeKTUBHBIMU HANIPABICHUSIMU JABHEHIINX UCCIIEIOBAaHUHN SIBJISIOTCS ONTHMU3AIMS Ma-
paMeTpoB YIPaBISIONIEH CHCTEMBI Ul JOCTHXKEHHS elle 0ojiee BHICOKOH TOYHOCTH IMO3UIMOHUPOBAHMS M pa3paboTKa
METOJMK pacyeTa MO3MIHNOHHBIX JTMHHOXOJOBBIX ITHEBMOIIPHBOIOB.

KutroueBble cjioBa: CTpyiiHas cucTeMa yIpaBlieHUs] OECIITOKOBLIM MTHEBMOTIPUBOIOM, OECIITOKOBBIN JJTMHHOXOI0BOM
ITHEBMOITPHUBO/I, TO3UIIMOHUPOBAHKUE THEBMOIIPUBO,1a, THEBMATHYCCKHIA JATYHK OCCIITOKOBOTO THEBMOIIPUBO 1A

Enaroaapﬂocnl. ABTOp BbIpaXKacT 6J'Ial“0,ﬂapHOCTL peAaKy U pCLCH3CHTAM 3a BHUMATCIIbBHOC OTHOIICHUC K CTATHC U
YKa3aHHBIC 3aME€YaHNsI, KOTOPBIE TIO3BOJINIIN ITOBBICUTH €€ Ka9€CTBO.

Jost mutupoBanus. Kopotery JI.A. DkcriepuMeHTabHOE UCCIIeI0BaHNE TOYHOCTH TO3UIIMOHUPOBAHHS aBTOMAaTH3UPOBAHHOTO
JUTHHHOXOJIOBOTO OECIIITOKOBOTO IHEBMoTIprBoaa. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):197-207.
https://doi.org/10.23947/2687-1653-2025-25-3-197-207

Introduction. The efficiency of the drives used in modern processing equipment is determined by the speed of
movement of the actuating element along the coordinate axes, and the accuracy of positioning the actuators of the drive
in real time during the implementation of the required work cycles [1]. These cycles, as a rule, consist of a rapid approach
of the actuator, its deceleration to the positioning speed, precise stopping, and rapid withdrawal [2].

Pneumatic drives are characterized by high speed of movement and protection against fire. They also have explosion
safety, environmental friendliness, reliability and flexibility in confined spaces [3]. They are effectively used in
mechanical engineering, as well as in the food, chemical and woodworking industries, where the combination of speed
and positioning accuracy of the power elements of the drive is important [4].

Modern transport and production machines are equipped with various actuators based on pneumatic drives [5]. Such
systems are constantly subject to ever higher demands on the speed, accuracy and reliability of their operation [6]. In this
context, pneumatic automation offers universal approaches to the control of similar systems.

Most modern industrial drive equipment operates on the basis of automatic pneumatic drives with long-stroke
movements of the actuators [7]. These industrial positioning drives guarantee positioning accuracy of about 1% (in some
special designs, it can reach up to 0.4%) of the maximum stroke length. This has a negative impact on the accuracy of
pneumatic long-stroke drives [8]. Air compressibility and complex thermodynamic processes occurring in air flows have
a significant impact on the control of air flows in the drive lines and cavities of the pneumatic cylinder, which limits the
positioning accuracy of the drive [9].
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Research by D.V. Shilin [10] demonstrated that the implementation of a hybrid control system significantly increased
the accuracy of positioning the carriage of a rodless pneumatic cylinder. Experiments made it possible to reduce the error
to 0.2% of the stroke length, which was a good result. In [11], the authors proposed a new controller circuit based on
fuzzy logic, used to monitor the actuator trajectory following of a robot manipulator with two degrees of freedom.

A promising direction is the development of flexible rodless pneumatic cylinders for long-stroke McKibben-type
actuators [12]. Pneumatic cylinders with a self-holding function were tested, providing precise positioning even without
applying pressure. Dao The Anh [13] developed and investigated an automated positioning pneumatic actuator with
increased accuracy and operating speed, identifying the dependence of the actuator characteristics on the mass of the
objects being moved, the deceleration coefficient, relative displacement, and braking force.

Paper [14] presents an adaptive second-order sliding mode tracking control scheme for robotic manipulators. A new
control law is proposed that allows for the transition of the robotic manipulator trajectories from all initial conditions to
the switching surface of the proportional-integral derivative in a finite time with subsequent retention on this surface.

There is a jet positioning numerical control system [15] based on a cylinder with a piston and a rod connected to a
measuring scale. The system uses a “nozzle-receiving channel” sensor to generate a control signal. The device operates
on a pneumatic sensor that measures the gap between the sensor and the inclined measuring bar, whose angle is adjusted
by a screw. The sensor output is connected to the control input of a threshold device that generates a signal to stop the
piston, whose position is adjusted by a throttle [15].

The key drawback of the modern technical solutions under consideration is that they are designed exclusively for the
use of standard cylinders [16] with a working stroke not exceeding three meters. When attempting to implement
mechanisms with an increased stroke of over three meters, developers encounter a set of serious technical obstacles [17].
The main problem is that to provide the functioning of such systems, it is required to modernize the control system, which
causes a significant increase in the costs of manufacturing the end product. The increase in cost occurs in two main areas:
the first is associated with the introduction of more complex control electronics, the second is due to the need for additional
elements for reliable operation at increased distances [18]. Under such conditions, it is critically important to create an
innovative approach capable of effectively solving problems associated with long strokes (more than three meters). At
the same time, the new solution must not only provide the required technical characteristics, but also remain economically
justified for potential users, while maintaining a high level of operational qualities [19].

This research objective was to experimentally verify the results of mathematical modeling of a positioning long-stroke
rodless pneumatic actuator, as well as to confirm the degree of influence of key factors on positioning accuracy.

Materials and Methods. Experimental studies were aimed at validating the results obtained through the mathematical
modeling of pneumatic drive systems, which was carried out earlier in paper [8].

During preliminary calculations, the element base of the stand was selected, and its assembly drawing was made,
which is presented in Figure 1.

Fig. 1. Assembly drawing of the model stand: 1 — stand frame; 2 — loading pneumatic cylinder;
3 — automated long-stroke rodless pneumatic actuator in assembly; 4 — control panel
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The stand, as a technical model of a pneumatic drive for experimental research, assembled on the basis of design
documentation, is shown in Figure 2. To study the pneumatic and kinematic characteristics of the drive, an original control
system was developed and applied, including a jet sensor and an external brake device [20].

In the course of the development of the experimental setup, a Camozzi 52G2P40A0400 rodless pneumatic cylinder
with a working stroke of 400 mm and a piston diameter of 40 mm was mounted on the testing stand. The proposed original
control system, developed as part of previous studies, was fixed on the movable carriage of this device [20].

This system included a jet sensor of an original design, consisting of two nozzle elements and a special rack with
holes, as well as an external brake device, represented by two Camozzi 31F4A040A005 pneumatic cylinders with friction
linings on the rods [8]. Friction linings of Argolon-TX material were selected due to their friction coefficient of 0.4 and
linear wear, which is up to 5.5 pm/brake [13].

Additionally, a standard Camozzi 40M2L050A0400 pneumatic cylinder with a stroke length of 400 mm and a
piston diameter of 50 mm was installed on the stand, which made it possible to simulate external loads on the drive.
To verify the operability and accuracy of the jet sensor readings, a spillage method was used using a Camozzi
MF4008-10-R-BV-A flow sensor located after the element under study, and two Camozzi SWCN-P10-P3-2 pressure
sensors placed before and after this element. The tests of the jet sensor showed high reliability and stability of operation
in various operating modes.

For the water drawing, a Camozzi MF4008-10-R-BV-A flow sensor was used, which had the following technical
characteristics: analog output 0.5-4.5 V; measured value — volumetric flow rate; initial value of the flow measurement
range — 0 l/min; final value of the flow measurement range — 10 I/min; accuracy (1.5+0.2-FS/MV) %; operating
pressure — 0—5 bar. Camozzi SWCN-P10-P3-2 pressure sensors were also used for the tests, which had the following
technical characteristics: maximum measurement pressure — 10 bar; minimum measurement pressure — 1 bar;
measurement pressure drop — 0.01 bar; maximum error — no more than 2.01%; scaling factor — 1.543. Additionally,
Camozzi M043R-12 pressure gauges were used to provide measurement accuracy and pressure control in various drive units.
The experimental stand was equipped with a modern electronic control unit, which included a Giga Device GD32F103VET6
microcontroller. It was responsible for collecting and processing data from all sensors of the pneumatic system, as well as
for controlling the pneumatic distributors. To improve the accuracy of the actuator positioning, an encoder of the New Hong
OVW6-10-2HC model was used, which had the following technical parameters [21]: power supply — DC 5-12V, 12-24 V;
response frequency — 0—100 kHz; consumption current — 80 mA. All data from the pressure sensors and the encoder were
recorded in the system using the Modbus protocol [22]. Information from all measuring devices was collected by a personal
computer synchronized with the microcontroller via the W5500 interface.

The DD1 controller interacted with the system, generating control signals for electromagnetic relays via a Unisonic
Technologies ULN2003 transistor unit. This provided precise and reliable control of the pneumatic distributor solenoids,
as well as maintaining the specified operating parameters of the drive in various operating modes [23].

Fig. 2. Research complex: 1 — power subsystem; 2 — drive control devices;
3 — main pneumatic cylinder for long-stroke movements with a loader;
4 — control system in the form of a jet sensor and an external brake device;
5 — electrical subsystem; 6 — personal computer
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Figure 3 shows the research complex appearance. The principle of its operation is described in [8, 20], etc. The control
system of this complex consists of a contactless jet sensor and an external brake device.

The contactless jet sensor transmits information about the current position of the actuator of the pneumatic cylinder,
switches the drive controls for its deceleration and precise stopping.

The external braking device performs the work of fixing the actuator of the pneumatic drive when it is out of operation
and precisely stops at a given coordinate. Then the actuator switches to the positioning speed.
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Fig. 3. Pneumatic scheme of the research complex: PC1 — long-stroke pneumatic cylinder; PC2 and PC3 — external brake system
pneumatic cylinders; NU — nozzle unit; D1 — sensor feed control distributor; D2; D3 — deceleration distributors; D4 — control
distributor; D5 — external brake device control distributor; S1-S4 — pneumatic silencers; PS — pressure sensor;

PLC — programmable logic controller; TH1 and TH2 — PC1 travel speed control throttles; APU — air preparation unit [4, 6]

Experimental studies were conducted under the following conditions:

— maximum travel speed Vyaxe = 0.26 m/s;

— pressure in the drive pneumatic system py = 6 bar;

— maximum stroke length of a rodless pneumatic cylinder L = 400 mm;

— mass of the moved load M, = 10, 30, 60 kg;

— positioning stop coordinate (working stroke length) Ly, = 150, 250, 350 mm;

— positioning speed Vi, = 0.025-0.04 m/s.

During the field experiment, the following were investigated:

— trajectories of the long-stroke pneumatic actuator: acceleration and movement with a steady maximum speed;
deceleration of the speed of movement to the positioning speed; movement at the positioning speed and stopping at a
given coordinate;

— speed of the long-stroke pneumatic actuator and its components, which includes: acceleration time of the actuator;
duration of the positioning stage and determination of the accuracy of reaching the specified final position;

— impact of the external load and the length of movement on the speed and accuracy of positioning.

Research Results. The graphs of the movement of the drive power elements, their speed, as well as the dependence
of the air pressure in the drive pneumatic system, in comparison to the graphs of the same drive parameters obtained
during the simulation, are presented in Figures 4-6.
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Fig. 4. Graphs of change in time of speed and coordinates of displacement of the actuator of the studied pneumatic drive from time:
Xexp, Vexp — displacement and speed obtained experimentally, respectively; Xsim, Vsim — displacement and speed obtained during the
conducted mathematical modeling, respectively
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Fig. 6. Graph of the change in gas pressure in the nozzle units of a contactless jet sensor over time:
Pstexp, Ps2exp — gas pressure in nozzle unit 1 and 2, obtained experimentally, respectively;
Psisim, Ps2sim — pressure in nozzle unit 1 and 2, obtained during mathematical modeling, respectively
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The maximum discrepancy between the experimental data and the mathematical modeling data (Fig. 4-6) does not

exceed 18%, which confirms the reliability of the research results [24].

The discrepancy between the research results was determined for all the data obtained (Fig. 4-6) using the following formula [25]:
a=2"%100%, (1)

a3
where a, — data obtained during the experimental study (displacement, speed, pressure), a — data obtained as a result

of the theoretical study [26].
In Figures 7 and 8, the captions “Le.y,” and “L,.s’ denote oscillograms obtained as a result of full-scale and

computational experiments, respectively.
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Fig. 7. Effect of mass M of the moving structure on the value of the positioning accuracy of the pneumatic drive:
Lexy — result obtained during a full-scale experiment, Lnos — result obtained during mathematical modeling

Figure 7 shows the result of the study on the effect of mass M of the moving structure on the value of the positioning

accuracy of the pneumatic cylinder.
The studies have shown that the positioning accuracy of the drive depends on the mass of the moving object. With an
increase in mass from 10 to 30 kg, the positioning accuracy decreased by 1.47 times, and with an increase in mass to 60

kg, the accuracy worsened compared to a mass of 10 kg by 1.37 times.
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Fig. 8. Effect of working stroke length of the drive on value of its positioning accuracy:
Lexp — result obtained during a full-scale experiment, Lmod — result obtained during mathematical modeling
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Figure 8 shows the result of the study on the effect of the stop coordinate of the drive actuator on the accuracy of its
positioning at the same maximum speed of movement. It was found that the accuracy of the drive positioning depends on
the length of its working stroke to a complete stop (stop coordinates): when changing the stop coordinate from 0.1 m to
0.22 m, the positioning accuracy worsened by 3.2 times, and when changing the stop coordinate from 0.22 m to 0.35 m,
the positioning accuracy increased by 2.2 times. This is due to the fact that during the operation of the drive, back pressure
is created in the air cavity of the pneumatic cylinder when the piston approaches its extreme walls (and the closer to the
wall, the greater the pressure) [27]. Back pressure also increases additionally during throttling due to the narrowing of the
flow section of the channels of the holes intended for pumping and bleeding gas [28]. The narrowing of the flow sections
of the channels causes the deceleration of gas flows [29]. This is observed when the actuator of the drive is moved at the
positioning speed [30].

Discussion. The conducted experimental studies allowed obtaining good results in the development of long-stroke
pneumatic drives. Successful verification of the mathematical model confirmed the correctness of the theoretical studies
carried out in previous works [8, 19].

The obtained positioning accuracy of the drive is 77 um at a distance of over three meters. This figure significantly
exceeds similar results presented in [13, 15], which demonstrates high potential of the developed design, since the economic
efficiency of the proposed solution is due to the absence of an electronic component base in the control system [31]. This
not only reduces initial production costs, but also significantly simplifies maintenance of the drive during operation [32].
Comparative analysis with existing developments [2, 13] confirms the superiority of the developed system in terms of
cost criteria.

Conclusion. The main research results are as follows:

— experimental verification of the results of mathematical modeling of a positioning long-stroke rodless pneumatic
actuator was carried out; the maximum error of the research was 18%, which confirmed the adequacy of the mathematical
model and its possibility of application for engineering calculations;

— key factors that determine the accuracy of drive positioning were identified: with an increase in the moved mass
from 10 to 60 kg, the positioning accuracy decreased by 40%. A significant influence of the position of the pneumatic
cylinder piston in the extreme positions on the positioning accuracy was also established, which caused a deterioration in
accuracy up to four times in the central positions due to the occurrence of back pressure in the drain cavity when the
positioning speed was reached.

The conducted studies confirmed the efficiency of the developed solutions for long-stroke rodless pneumatic actuators.

The practical significance of the study is validated by the possibility of using the obtained results in the creation of
high-precision long-stroke mechanisms in various industries [33]. The developed design can be used in automated
production lines, robotic complexes, and other areas where precise positioning over significant distances is required.

Promising areas for further research include optimizing the parameters of the control system to obtain even higher
positioning accuracy, as well as developing calculation methods for positioning long-stroke pneumatic drives.
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