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Abstract
Introduction. Long-stroke movements in automated pneumatic drives account for a significant number of executive

movements in coordinate tables, automated warehouses, cutting machines, etc. Long-stroke movements degrade the
dynamic quality and positioning of the drive. This is due to the friction of the piston and the nonlinear characteristics of
the compressed gas flow in significant volumes of the pressure and drain cavities of the cylinder. Thus, it seems
promising to create an automated position pneumatic actuator for long-stroke movements. This will increase the
productivity of processes while providing the declared accuracy. The objective of the work is to obtain a mathematical
model and dependences of the critical parameters of the proposed automated position long-stroke pneumatic drive of
fabrication system in the areas of acceleration, steady-speed movement, deceleration, and braking.

Materials and Methods. The basis for calculations and modeling was the scheme of two trajectories of movement from
point A to point E, taking into account the forces expended on these processes. The optimal displacement was
determined using the Portnyagin’s principle (i.e., optimal performance). Proportional drive control was presented as a
method of achieving the result. For long-stroke drive movements, schematic solution and design scheme were
visualized in detail (presented as drawings). An original jet sensor with an internal pneumatic connection and a
pneumo-mechanic discrete-proportional device for the control loop performance were proposed. The mathematical
model included the movement and braking of the piston, the balance of mass flow, the pressure at points, and the
control loop. The system of equations was solved by the Runge-Kutta method in the SimInTech software product.
Based on the results of the study of a generalized mathematical model, the dependences of changes in the kinematic,
power and pneumatic properties of the drive were constructed in real time during a typical positioning cycle. The
information was summarized and presented as a set of graphs.

Results. The mathematical model was formed according to a set of calculations. It took into account the dependences
characteristic of the movement of the piston of the pneumatic cylinder. The balance of mass flow was investigated by
the equations of gas flow during compression in the chamber, through distributors and chokes, in the discharge and
drain cavities and in the control device. Inequalities describing the pressures at the points and the control loop were
considered. A complex mathematical model was solved in the SimInTech software environment by the Runge-Kutta
method with a variable integration step. A fragment of the program was selected as one of the illustrations. It showed
that the software used the following indicators for calculations: target and reduced coordinates; absolute gas constant;
coefficients of spring stiffness, resistance, adiabatic and viscous friction in the piston; compressor pressure; mass of the
moving parts of the pneumatic actuator; strength of external resistances; diameters of the pipeline, the pneumatic
cylinder piston and the braking device; length of the stroke of the cylinder piston; area of piston cavities and throttles;
length of the pipeline and its internal volume. Thus, the program manipulated a significant set of data, which made it
possible to obtain meaningful and adequate results. The relationship of blocks and diagrams used in solving the model
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was schematically shown. We are talking about graphs of movements, areas, pressures, velocities and temperatures.
Blocks with the program text and intended for integration were used. Thus, a mathematical model of an automated
pneumatic drive of the fabrication system and the dependences of the basic parameters of its operation were obtained.
The graphs indicated that the operating mechanism of the pneumatic actuator properly followed the proposed trajectory.
Discussion and Conclusion. The research results allowed us to consider several stages of long-stroke movement of the
drive, to determine the time frame of these processes (from 0 to 0.65s), as well as changes in pressure and speed of
movement of the pneumatic cylinder carriage recorded in these intervals. There were five such stages: acceleration,
steady-speed movement, deceleration, movement with positioning speed, and braking. Further research will focus on
optimizing the system to reduce the duration and maintain accurate positioning under external influences.

Keywords: long-stroke pneumatic actuator, jet control system, mechatronic module, pneumatic sensor, pneumatic
actuator positioning, SimInTech software environment, Runge-Kutta method
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AHHOTANUA

Beeoenue. Ha 1IMHHOXOA0OBBIE NEPEMEIICHUS B aBTOMaTU3HMPOBAHHBIX ITHEBMOIPUBOJAX MPUXOIAUTCS 3HAYUTEIBHOE
KOJINYECTBO HCIIOJHUTEIbHBIX JABWXECHUN B KOOPAUHATHBIX CTONAX, HA aBTOMATH3MPOBAaHHBIX CKJIaJaX, PACKPOWHBIX
MallMHaX U T. A. JJIMHHOXOJ0BbIE IEPEMEILEHUS YXYAIIAI0T JMHAMUYECKOE Ka4eCTBO U MO3ULIMOHUPOBAHUE IIPUBOJIA.
OTO 00YCIOBIEHO TpPEHHEM TIOPIIHS W HETMHEHHBIMH XapaKTePUCTHKAMM IIOTOKAa C)KATOrO0 ra3a B 3HAYMTENBHBIX
o0beMax HANOpPHOW M CIMBHOM ToJiocTed MMIMHApA. TakuMm o0pa3oM, MPEACTaBISIETCS IEPCHEKTHBHBIM CO31aHHE
aBTOMAaTH3UPOBAHHOTO MO3UIIMOHHOTO ITHEBMOIIPUBOJA IS [UIMHHOXOAOBBIX MEPEMEIIeHU. DTO MO3BOJIUT HOBBICUTh
MIPOU3BOIUTEIHFHOCTh TIPOLIECCOB MpPH OOECIeYeHUH 3asABICHHOW TouHocTH. lLlems paboTel — moNydeHue
MaTEMaTUYECKOM MOJEIM M 3aBHCUMOCTEHl OCHOBHBIX IapaMETPOB MPEIOKEHHOTO aBTOMATU3UPOBAHHOIO
MO3UIIMOHHOTO JJTMHHOXO/IOBOT'O ITHEBMOIIPUBOA TEXHOJIOTHIECKOTO 000pYy/IOBaHUS HA Y4aCcTKaX pasroHa, JBMKCHHS
C YCTaHOBUBUIEHCS CKOPOCTBIO, 3aMEUICHUSI U TOPMOKEHUSL.

Mamepuanvt u memoowi. bazoi 11 pacyeToB M MOJEIUPOBAHUS CTaNa CX€Ma JBYX TPAEKTOpHUIl MepeMelleHHs U3
Toukdn A B TOuky E ¢ yderom cui, 3aTpadeHHBIX Ha 3TH Mporecchl. ONTHMAaIbHOE MEpeMelIeHHe ONpPENeIUIn C
moMoIpio mpuHIpma [lopTHATMHA (TO €CTh ONTHMAaJbHOTO ObIcTpomeWcTBHs). IIpomopunoHaNIbHOE YIpaBICHUE
MIPUBOJIOM MPEACTABIEHO KaK METOA JOCTMXKEHUS pe3ynbTaTa. [ JUIMHHOXOAOBBIX NepeMeIeHUH PUBOAA E€TAIbHO
BH3YaJIM3UPOBaHB! (TIPEACTaBIEHBl KAaK PHCYHKH): CXEMAaTHYECKOE peIIeHHe M pacdyeTHas cxema. lIpemoxeHsl
OPUIMHAJIBHBIM CTPYHHBIM HAaTYUK C BHYTPEHHEH ITHEBMATHUYECKOH CBSI3bI0 M ITHEBMOMEXAHUYECKOE AMCKPETHO-
MIPOTIOPIIMOHANBHOE YCTPOMCTBO sl OBICTPOAEHCTBUSL KOHTypa ympaBiieHHs. Maremarudyeckas MOJENb BKIIOYAET
JIBIDKEHHE U TOPMOJKEHHUE TIOPIIHS, OalaHC MAacCOBBIX PacXo0B, AAaBJICHHE B TOUYKAX M KOHTYp ynpasieHus. Cucremy
ypaBHeHHi perrand metogoM Pyrare — KyTter B mporpammuoM mpoaykre «CumuaTex» (Simintech). ITo wuroram

HUCCICA0BAaHUA 06061H6HH01>1 MaTeMaTHYECKON MoAeIn TOCTPOWJIM 3aBUCUMOCTH HU3MCHCHHA KHUHCMATUYCCKUX,
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CHJIOBBIX M TTHEBMAaTHYECKHX CBOWCTB NPHBOJA B pPEaTbHOM BPEMEHH INIPH THIIOBOM ILMKJIE MO3HIHOHHPOBAHUS.
Wudopmannio cyMMHUpOBaIN 1 NPEACTABUIN KaK COBOKYITHOCTb IpaduKoB.

Peszynemamut uccneoosanus. Marematndeckass Mozeldb copMHpoBaHa MO KOMILIEKCY pacueToB. OHa YYHTHIBAeT
3aBUCHMOCTH, XapaKTepHbIC AJIS IBYDKCHMS IOPIIHS THEBMOLWIMHAPA. balaHc MacCOBBIX PacXom0B HMCCIEIYETCs IO
YpaBHEHHSIM pacxoja rasa IpH CKaTUU B KaMepe, Yepe3 pachpeleNUTeNI U APOCCEIH, B HarHeTaTeJIbHOW M CIMBHOM
MOJIOCTSIX U B YNPABIIOIIEM YCTPOHCTBE. PaccMOTpeHbl HEpaBEHCTBA, OMKCHIBAIOIINE AABJICHHS B TOYKaX M KOHTYP
yrpasiennst. CIoKHas MaTeMaTHIeCKash MOJIENb pelianack B MporpaMMHoii cpene «CumuuTex» (Simintech) metomom
Pynre — KyTTbl ¢ H3MEHSAEMBIM IIaroM MHTErpupoBaHusa. dparMeHT paboTel IpOrpaMMbl BBIOPAH B KaUeCTBE OJHOM
n3 wunoctpauid. OH TNOKasbIBaeT, 4To codT 3aJeliCTBYyeT Ul pacyeToB TaKHWE IIOKa3aTeNH, Kak: 3aJaHHas U
NIPUBEJICHHBIE KOOPAWHATHI; YHHBEpCalbHAs Ta30Bas IOCTOSHHASA; KOI(PQHUIMEHTH IKECTKOCTH IPYKHHBI,
COTIPOTUBIJICHHS, aauabaTsl M BA3KOTO TPEHHA B IIOpPIIHE; [aBJICHHE KOMIIPECCOpa; Maccy MOJBIKHBIX YacTei
ITHEBMOIIPHBO/Ia; CHITy BHEITHUX CONPOTHBJICHUI; IUaMeTpbl TpyOOIpOBO/a, OPIIHS THEBMOLIMIIMHPA U TOPMO3HOTO
YCTpOMCTBa; MPOTSDKEHHOCTh XOJa IOPHIHA IMIMHIPA; IUIOMAAM IOPIIHEBBIX IIOJIOCTEH M JpOoCCenel; UINHY
TpyOOIIpoBOAa M €ro BHYTpeHHHH 00BeM. Takum 00pa3oM, mporpamMMa OIEpHUPYET 3HAYMTENBHBIM KOMILIEKCOM
JAaHHBbIX, 4YTO Ja€T BO3MOKHOCTH MHNOJYYUTH CYIIECCTBECHHBLIC M AACKBATHBLIC PC3YyJILTAThI. CxemMaTHUeCKH IIOKa3aHa
B3aUMOCBSI3b OJIOKOB M AMAarpaMm, HCIIOJIb30BaHHBIX NPH PEIICHHH MOJENH. Pedb uuer o rpadukax IepeMereHui,
IUTOIIANeH, AaBICHUH, CKOPOCTEH 1 TeMmeparyp. Vcnonp30BaHbl OJIOKM C TEKCTOM IPOrpaMMBbl U IpeIHA3HAUYCHHBIC
JJIA UHTCrpUpOBaHUA. Takum o6pa30M TMOJYYCHbl MaTEMAaTUYCCKasd MOJAC/Ib aBTOMAaTU3WPOBAHHOI'O IMTHEBMOIIPUBO/JA
TEXHOJIOTHYECKOTO 000pPYIOBaHUS M 3aBUCHMOCTH OCHOBHBIX ITApaMETPOB ero paboThl. I'paduku CBHICTEIBCTBYIOT O
TOM, YTO MCTIOJIHUTEJILHBIH MEXaHU3M ITHEBMOIIPHBOAA TOJDKHBIM 00pa3oM ClIeyeT MPEAT0KEHHOH TPACKTOPHH.
Oobcyrycoenue u 3axnioyenue. VITorn paboOThl TMO3BOJSIOT PAaCCMOTPETh HECKOJBKO OTAMoB JIIMHHOXOJOBOTO
nepeMelieH s IPUBO/IA, OTIPENIETUTh BpEeMEHHbIE paMKu 3TuX npoueccoB (oT 0 1o 0,65 cek), a Takke GpUKCUpyeMbIe B
JTaHHBIC TIPOMEXYTKH W3MCHEHHS JaBJICHHUS W CKOPOCTH JBIDKCHHS KapeTKM ITHEBMOLMIMHApPA. TaknxX 3TaroB IATH:
pa3roH, IBIKEHHE C YCTaHOBMBIIEHCS CKOPOCTBIO, 3aMeJICHHE, ABMKEHHE CO CKOPOCTHIO TO3UIMOHUPOBAaHHS M
TopMOKeHHe. JlarpHeHIe HCClaea0BaHus OyIyT COCPEMOTOUYCHBI HA ONTHMH3ALUU CHCTEMBI Ui COKpAIICHUS

MMPOAOJLKUTCIIBHOCTU U MOAACPIKAHNS TOYHOI'O MMO3UITUMOHUPOBAHUA IPHU BHCIITHUX BO3JICHCTBHIX.

KnroueBble ci10Ba: UIMHHOXOIOBOW ITHEBMOIPHBOJ, CTpyHHas CHCTeMa YIpaBIEHHS, MEXaTPOHHBIH MOy,

ITHEBMATHYECKUH TaTYHK, TO3UIMOHUPOBAaHIE THEBMONIPHBO/IA, MporpaMMHas cpea «CumMuHTex», MeTo PyHre — KytTsl

Enarouapﬂocnl: ABTOPBI BbIPpAKAIOT 6J'IaI‘OZ[apHOCTL peAaKkiuru U peUCH3CHTaM 3a BHUMATCJIbHOC OTHOIICHUE K CTAThC

1 3aMCYaHus, KOTOPbIC TO3BOJIMJIN IOBBICUTL €€ Ka4CCTBO.

Jas uurupoBanus. Kopotsrd JI.A., Cunopenko B.C., IIpuxonsko C.I1. UccraenoBanne THHAMUYECKUX XapaKTEPUCTHK
4BTOMATU3UPOBAHHOTO MO3UIIMOHHOTO JUTMHHOXOJOBOT'O ITHEBMOIIPUBO/IAa TEXHOJIOrHIeCKoro obopynoBanus. Advanced
Engineering Research (Rostov-on-Don). 2023;23(3):283-295. https://doi.org/10.23947/2687-1653-2023-23-3-283-295

Introduction. The performance of the drives is determined by the accuracy of positioning and the speed of
movement of the coordinates in different operating cycles. Modern fabrication systems are often equipped with
automatic pneumatic actuators, which are characterized by long-stroke movements. These are, e.g., gantry resistance
welding machines, coordinate tables, and cutting devices.

Modern positioning pneumatic actuators for long-stroke movements in fabrication equipment provide a speed of
up to 30 mm/s and an accuracy of ~1 % of the travel length. Customized actuators provide positioning accuracy of
0.4 % at speeds up to 100 mm /s. Note that the trajectory of movements is formed by the compressed air flow control
in pressure or drain pipelines and the pneumatic cylinder sides. In long-stroke drives, the length of such sides reaches
3 m. Complex thermodynamic processes and compressibility in air flows are the key factors limiting the increase in
accuracy [1-3].

Thus, it is necessary to increase the productivity of the working and engineering processes of the equipment while
providing the declared accuracy. In this case, it seems promising to create an automated positioning pneumatic actuator
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for long-stroke movements. The new solution should take into account such characteristics of the pneumatic actuator as
speed, weight-size parameters, explosionproof, and fire protectability [2, 4].

The objective of the work is to obtain a mathematical model and dependences of the key parameters of the proposed
automated positioning long-stroke pneumatic drive of industrial equipment in the areas of acceleration, steady-speed
movement, deceleration, and braking.

Materials and Methods. Figure 1 shows schematically the transport problem of moving from point 4 to point £
along two trajectories. The forces expended on each of the movements are taken into account. The suboptimal
movement ABCDE (trapezoid) with a simple control algorithm is realized in time T, >>T_ — min.

The optimal displacement AFE (bell) was obtained by solving the optimal speed based on the Portnyagin’s principle
T, —min, AL s|ALmax|. The result was achieved with more complex proportional control of the drive. The trajectory

of movement provided the accuracy of switching motion controls along path L.
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Fig. 1. Movement trajectories: 1 — suboptimal ABCDE; 2 — optimal AFE

In the description of trajectory 1, the switching points are indicated in Latin letters: 4 — for acceleration of the
drive; B — for deceleration; C — for positioning speed; D — for stopping. In sections AB and BC, initial acceleration

and braking are provided up to the positioning speed V;, and further stopping by the braking device AL, < |ALmax| .
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When moving along the second trajectory, 4 — switching to acceleration of the drive; F — switching to stop.

An original jet sensor with an internal pneumatic connection and a pneumo-mechanical discrete-proportional device
are proposed, which provides increasing the control circuit speed, since feedback in known analogues reduces the
accuracy of the main engine by about 10-15 % during long strokes [4-6].

A schematic solution of a pneumatic positioning drive for long-stroke movements is shown in Figure 2. The drive
operates in accordance with the suboptimal motion trajectory determined in the optimal speed problem for a given
positioning accuracy. Here, TIL[1 — rodless pneumatic cylinder of long-stroke movements, which carries out the main
motion; IT112, IILI3 — brake pneumatic cylinders that fix the drive; CA — jet sensor that determines the coordinate of
movement, acceleration of the drive, its speed and force; P1 — pneumatic distributor with electropneumatic control, it
controls the supply to the jet sensor; P2 — main control distributor; P3 — distributor with pneumatic control, it controls
the operation of pneumatic brake cylinders; I'l-'4 — mufflers responsible for pressure relief into the atmosphere;
JJ1 — pressure sensor receiving data from the jet sensor; IIJIK — logic controller; IIJT — stepper motor controlling
the distributor spool; BIIB — air-preparation unit; JIP1, JIP2 — throttle with check valve, used to regulate the speed of
the rodless pneumatic cylinder of long-stroke movements of the main motion [7].
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Fig. 2. Circuit design proposal of an automated positioning long-stroke pneumatic actuator

The drive contains a control system that monitors the position of the carriage of a rodless pneumatic cylinder, slows
down when approaching the specified coordinates, and sends a signal to the braking gear [1, 4, 7].

The speed is increased by the introduction of a discrete proportional control device. Signals generated by the control
loop are used for control. The device is made in the form of two nozzles and contains compensation measurements.

Research Results. The design scheme of the pneumatic drive of long-stroke movements is shown in Figure 3.

Here, TI111 — rodless pneumatic cylinder of long-stroke coordinate movements, carrying out the main motion; T1112,
I3 — brake pneumatic cylinders that fix the drive during a stop in the desired position; CA — jet sensor that
determines the coordinate of movement, acceleration of the drive, its speed and force; P1 — pneumatic distributor with
electropneumatic control, it controls the supply to the jet sensor; P2 — main control distributor; P3 — distributor with
pneumatic control, it controls the operation of brake pneumatic cylinders; T'1-I'4 — mufflers responsible for pressure
relief into the atmosphere; IP1-J1P2 — throttle with a check valve, which serves to regulate the speed of a rodless
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pneumatic cylinder of long-stroke movements of the main motion; JIJT — pressure sensor receiving data from a jet
sensor; S — piston area of a rodless pneumatic cylinder of long—stroke coordinate displacements; P1-P5 —
investigated pressures at points 1-5; T1-T5 — investigated temperatures at points 1-5; F,, — friction force in a rodless
pneumatic cylinder of long-stroke displacements; F,, — viscous friction force in a rodless pneumatic cylinder of long-
stroke displacements; F,, — external force in the rodless pneumatic cylinder of long-stroke movements; x — travel of
the carriage of the rodless pneumatic cylinder of long-stroke movements; V — travel speed of the rodless pneumatic
cylinder carriage; C,, — spring rate of brake pneumatic cylinders; m — mass to be moved; P, — pressure in brake
cylinders; Py, — pressure in the control channel; f1-f4 — areas of the through sections; P, — atmospheric pressure;
d31-d33 — diameters of distributor spools; Cuppi—Cupps — Spring rate of distributors 1-3; Xp1—xps — displacement of
distributor spools 1-4; Vyu—Vps — travel speed of distributor spools 1-4; F,1—F,w — force of the distributor control
electromagnet 1-2; P, — compressor pressure; Tm — temperature generated by the compressor.
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Fig. 3. Diagram of the automated pneumatic drive of long-stroke movements of the industrial equipment
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The mathematical model was formed with the following assumptions [8-12]:
— pressure of the compressed air source remained constant over time;
— thermodynamic process of gas behavior in a pneumatic system was adiabatic;
— description of pneumatic devices used the ideal gas model, since the pressure of the pneumatic system did not exceed 10 bar;
— leaks were not taken into account;
— viscous friction force was proportional to the velocity;
— expense ratio was recognized experimentally through identification;
— mass of the moving part was constant;
— force at the output link of the pneumatic drive was constant.
1. Equation of motion of the pneumatic cylinder piston [1, 4]:
d2x dx

. dx
m——=5-(p,—p,)~F,, —k,, - ——F, -sign——a-F, . 1
dt2 (pl pZ) 6H 6m d g dt a m ()

Here, S — area of the piston of the discharge and drain sides of the rodless pneumatic cylinder of long-stroke coordinate
movements of the main motion, m?; B, P,— air pressure in the discharge and drain sides of the pneumatic cylinder, Pa;
o, — external forces, N; ki — viscosity friction coefficient; F, — friction force, N; o — Boolean parameter: o = 0 at
ps < p,, ada=1atp, >p, ; p, — pressure inthe control channel, Pa; p,  — atmospheric pressure, Pa [12-14]; m
— mass of the moving parts of the drive, kg; Fr— braking force, N.
Fm = u'cnpm '(xOm _‘xm) ' (2)
where ¢, - — Spring rate of the pneumatic cylinder of the brake; u — friction ratio.
2. Equation of motion of the piston of the braking pneumatic cylinder:
d2x dx
2 =c (x, —x )-S -p -F —k .2 3
dtz npm ( Om m) m pm 6H M emm dt ( )
Here, ¢, + — spring rate of the brake pneumatic cylinder; xo. — coordinate of the initial compression; St — effective
area of the piston of the drain side of the brake pneumatic cylinder, m?; Py — air pressure, respectively, in the discharge
side of the brake pneumatic cylinder, Pa; Fzx r— external forces, N; kg — Vviscosity friction coefficient.
3. Mass expenditure balance equations:

G2 (1) =G, () +G... (1) =0, €

w2 (1)=Gs (1) =G, (1) +G.,. (1) =0, ®)

Opl() G,z (1)=G,. (1) +G,,. (1) =0, (€)

G,3 (1) =G, (1) =G, (1) +G,,. (1) =0, @

G, (1)=G,. () +G..(1)=0. ®)

Here, G, (t) — gas mass flow rate under compression in the chamber; G, (t), G,;(t) — mass flow through

distributors; G, ,(t) and G

long-stroke movements; G, (t), G,,(t), G,,,(t), G,5(t), G,, (t) — mass flow through throttles in the drain line, at the

2 () mass flow rate in the discharge and drain chambers of a rodless pneumatic cylinder of

nyl
inlet to the nozzle unit of the jet sensor and at the outlet of the nozzle unit; G, (t), G, ,(t), G, (1), G, ,(t) — mass flow

rate in the control channels of the control device, at the outlet of the control device, distributor of brake pneumatic
cylinders [7].

p-n-V dp
G, (t)=———, 9
(1) 4-E-R-T dt ©)
where p= 1.288 kg/m? — air density; V — volume of the chamber; R = 287 J/(kg-k) — gas constant; E — volume
modulus of elasticity of air; T — temperature at the point; 2—? — pressure variation at the point [6].
W, dp
G,.(t 1.1 10
(1) = k-R-T dt (10)
W, dp
G, ,(t)=—2——2, 11
e (1) k-R-T dt )
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where W1 and W, — current volumes in the pressure and drain sides of the base pneumatic cylinder, m3; k — adiabatic
exponent (for air, k = 1.4).

4. Pressure equations in points:
k-1

d KGR Tw e KefoRTw [p] Sz KR o 12)
M 1 1 3 !
dt  S(x+%y )& (x+x01)«/ P,

X+X%y dt
dp, _ k~f2 Ty [sz paz+k'—p2.%, (13)
p

dt S(L- x+x02) £ P, L—Xx+X, dt
k-1
d_KhRE . fprmpe KR T '(&Tk' Pg? = P, (14)
1 3 3 a !
dt Wl'\/g Wz'\/a Pa
k-1
dp, k-fy-RT; k-f,-yR-T, (pA)ZK
= PP =P — Bl BREV] e VA (15)
dt W, - &, VRN R ) ‘
k-f,-JR-T
R N (16)

dt Ws' §7
Here, k — adiabatic exponent; R — gas constant, J/kg-K ; Ty — air temperature in the main line, K; Pa —

atmospheric pressure, Pa; P; — Ps — pressure in the flow parts of the pipeline, Pa; W1 — Ws — volumes of the flow
parts, m3; & — &; — resistance values in the line; f; — f— areas of the flow sections of the pipeline, m?; L — maximum
stroke of the piston, m; Xo1, Xo2 — ratio of the initial volumes of the pneumatic actuator to the useful area of the piston

side of the pneumatic cylinder, m; %— piston speed, m/s.

5. Control loop equations.
Equation of motion of the distributor spool 1:

m, d;% =Cppn X —Fy ~sign(d()1(z1 j_EVl -[d;(—zlJ—ﬂm. ()]

Equation of motion of the distributor spool 2:
e =5 Fyesien B2 | (B2 ), 19)

Equation of motion of the distributor spool 3:
m, 3 d;:f =S5 P, —C,, 0 X5 — Fiy-sign (%]—Fvl (d;(—fj : (19)

Equation of motion of the distributor spool 4:
m, 4 % =S, P;—S,,-p,—F, mgn[dzt“ J— F. (d:j(_tAJ (20)

Here, S,— area of the distributor spool end face, m?; Ps, P4, Py — pressure in the control channels, Pa; F.— resistance
forces to the movement of the distributor spool, N; Fy — reaction forces of stops, N; Fov — force of the electromagnet
acting on the distributor spool, N; c.,, — spring compression ratio, N/m; m,, — weight of the distributor spool, kg.

To solve the mathematical model, SimInTech software product was used. We applied the Runge—Kutta method with

a variable integration step (Fig. 4-5).
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Here, Pri—Pr3 — blocks with the program text; fs, fso — graphs of the output of areas 1 and 2 of the jet sensor
throttle; fs1 — block of the problem of the areas of the flow sections of the jet sensor; fss; — graphs of the output of the
areas of the flow sections of the jet sensor; dT1-dT8 — integration blocks; P1-P4 — graphs of the output of the
received pressures at points 1-4; P — general schedule for the output of all pressures; V — graph of the obtained speed
output of the rodless pneumatic cylinder carriage; x — graph of the received movement output of the rodless pneumatic
cylinder carriage; x, V — general graph of the output of the received movement and the speed of the rodless pneumatic
cylinder carriage; T — graphs of the output of the obtained temperatures; X3 — graph of the received movement output
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Fig. 4. Model fragment in SiminTech program

of the control distributor spool.

€ nox ‘o nporpaussponanea” LangBlocts I T ——

Ovhn (paea  Nowe:Pacets - Grpoeea
@ belas 8

DoE e v

: dinput pl, p2, p3, p4, V, x,fsl, fs2, ds;
output p1, p2, p3, p4, V, x, d, T1, T2, T3, T4, T5, T6,pS;
init p1=100000,p2=100000, p3=100000, pd=100000, V=0, x=0;

xk=0.31
R=287;
Tm=293;
ks1=65;
ks2=100;
ks3=70;

10 ksd=70;
d3=0.001;
d5=0.006;
pm=6*1015;
pa=1.01325%10"5;
k=1.4;
x01=0.008;
x02=0.008;
m=6;
Fvn=20;

20 dtr1=0.005;
dtr2=0.005;
0=0.04;
Dt=0.04;
kvt=320;

L=0.4;
S=(pi=Dr2)/4;
St=(pi*Dt*2)/4;
kt=0.4

begin

if x<xk+0.0577 then
p6=0

else

pé=pm

end

begin

if x>=0.363 then
p5=pm

else

p5=0

end

N=p5*St;
Ft=kt*N;

begin

if x<xk then
d2=0.008

else

d2=0.0004

end;

b)
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begin
if x<xk+0.0577 then
d=ds

end

begin

if p3>-600000 then p3-600000;
end

1 begin
else if p3<=pa then p3=pa;
d=d2=0 end
. =0 = begin
end: if p4<=pa then pd=pa;
begin end
if x<xk then T1=(p1/pm)~((k-1)/k)*Tm;
T2=(p2/pm)*((k-1)/k)*Tm;
5-0 T3=(pn/pm) A ((k-1) A)=Tn
else Ta=(p3/pm)»((k-1)/k)*Tm3
j T5=(pm/pm)* ((k-1)/k)*Tm;
5=(pi*d5"2)/4 T6=(p4/pm)~( (k-1) /k)*Tns
&0 Elld} G11=(k*f1*sqrt(R*Tm)/(S*(x+x01)*sqrt(ksl)))*sqrt(abs(pm"2-p1+2));

fl=(pi*d~2)/4;
f2=(pi*d2~2)/4;
f3=(pi*d3~2)/4;
Ltr=0.01;

cpr=500000;
Wil=Ltr*((pi*dtr1~2)/4);
W2=Ltr*((pi*dtr2~2)/4);
begin

G12=(k*f3*sqrt(R*T3)/(S*(x+x01)*sqrt(ks2)))*(p3/p1)~((k-1)/(2*k))*sqrt(abs(p172-p3~2));
G13=(k*f3*sqrt (R*T5)/(S*(x+x01)*sqrt(ks2)) ) *(p4/p1)~((k-1)/(2*k) ) *sqrt(abs(p1”2-par2));
614=(k*p1/ (x+x@1))*V;
G21=(k*f2*sqrt(R*T2)/(S*(L-x+x82)*sqrt(ks2)))*(p2/pa)~((k-1)/(2*k))*sqrt(abs(p2"2-pa~2));
G22=(k*p2/(L-x+x02))*V;

G31=(k*f3*sqrt(R*T3)/(Wl*sqrt(ks3)) ) *sqrt(plr2-p3r2);
632=(k*fs1*sqrt(R*T4)/(W2*sqrt(ksa)))*((p3/pa)~((k-1)/(2*k)))*sqrt(abs(p3~2-pa~2));

GA1=(k*f3*sqrt(R*T5)/(Wl*sqrt(ks3)))*sqrt(plr2-pa*2);
G42=(k*fs2*sqrt(R*T6) /(W2*sqrt(ks4)))* ((p4/pa)*((k-1)/(2*k)))*sqrt(abs (p4*2-pa~2));
pl'=611-G12-G13-G14;

. 100 p2'=-G214G22;
if L<x then Fy=(cpr*(x-L)) p3'-G31-632;
70 | else p4'=641-G42;
i = - - x'=V3
if (L> X) or (X} e) then Fy-0 V'=(S*(pl-p2) -Fvn*sign(V)-kvt*V-Fy-Ft¥*sign(V))/m;

else if x<0 then Fy=cpr*x

c)

Fig. 5. Programming block in SimInTech: a — part of the source data; b — part of the logical functions;

d)

¢ — part of the assignment of variables; d — skeletal code

The study of the generalized mathematical model of the proposed drive made it possible to obtain graphs of the

behavior of the drive during acceleration, deceleration, and stop (Fig. 6), describing the changes in kinematic, power

and pneumatic properties of the drive during a typical positioning cycle in real time [15].

P5,Pa V, m\s x,m P4,Pa P3,PaP2PaP1Pa

P3, Pa

P4,Pa x,m P2,Pa  P1,Pa P5, Pa

)
600000 | g.28 1 460000 | 480000
580000 580000 1, 000 580000
ssoo00 | 034] 095560000 460000
40000 0.9 {54000 (5200001 o
s20000 | %2 v 520000 4400000 :qm 7‘
s00000{ 3] © x% 380000 | 420000 (520000 1 ( r*E
480000 0.8 500000
460000 0.28 i 460000 | 360000 400000 480000 ’/ \
v (R I o i i Y
400000 | g4 70000 | 380000 1440000 1/
; 300000
Sandnn. 0.65 | agn000 240000 420000 L/ (
30000 | 022 0.6] 360000 |280000 400000 W
340000 02] oss 340000 { 260000 {320000 {355000 |t fett1
Saxnn " [329000 540000 [300000 {s80000 b
300000 | 0.18 0.5 |300000 g ’ :
280000 280000 | 220000 1280000 ’ !
260000 | 016 %% 1260000 1200000 | pep000 (32000 r ;
240000 ., 0.4 |240000 {00000 300000 r i
0000 220000 240000
%mmn a12] 935 |200000 | 160000 i
220000 {260000
180000 0.3 | 180000 | 140000 5
160000 0.1 0.25 | 169990 1120000 |200000 oo
140000 | 0e “ra0000 | e 220000 0 Y
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100000 | 006] .. |100000 80000 {44000 {180000 U L LD LY
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Fig. 6. A set of graphs based on the data of a generalized mathematical model

Discussion and Conclusion. The graph shows a long-stroke movement along the trajectory proposed in Figure 1.
The operation of the drive consists of several stages.

1. 0-0.1 sec. Acceleration. The pressure in the pressure side increases to 4 bar, the pneumatic cylinder carriage
speed — 1 m/s.

2. 0.1-0.38 sec. Movement at a steady speed. Pressure in the discharge side — about 3.8 bar. Pressure in the drain
line increases to 1.6 bar, the pneumatic cylinder carriage speed — 0.85 m/s.

3. 0.38-0.5 sec. Slowing down. Pressure in the pressure and drain sides increases. The pneumatic cylinder carriage

http://vestnik-donstu.ru

speed decreases to 0.075 m/s.
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4. 0.5-0.65 sec. Movement with the speed of positioning. Pressure in the pressure and drain sides increases, the
pneumatic cylinder carriage speed — 0.075 m/s.

5. 0.65 sec. Switching to braking, activation of an external braking gear.

The graphs obtained confirm that the long-stroke movements of the pneumatic actuator are performed in accordance
with the proposed trajectory (Fig. 1), and the control system functions properly. Further research will focus on
optimizing the system to reduce the duration and maintain accurate positioning under external influences.
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3asenennwviii 6xk1a0 COABMOPOS:

J.A. KopoTel4 — TOJTrOTOBKa TEKCTa, COCTABICHHC MAaTEMAaTHYCCKON MOJEH, MOJICIUPOBAHUE B IMPOrpamme,
aHaJIM3 Pe3yJIbTaTOB UCCIICAOBAHUS.

B.C. CunopeHko — Hay4HOE pYKOBOJACTBO, (pOpMHUpOBaHKHE OCHOBHOW KOHICTIMH, IEJIN U 33/1a4 UCCIICIOBAHNS.

C.I1. IIpuxonbko — oopMIICHHE U TOPaOOTKa TEKCTa, KOPPEKTHPOBKA BHIBOOB.
Kongpnuxm unmepecos: aBTOpHI 3asBISIOT 00 OTCYTCTBHU KOH(IJIUKTA HHTEPECOB.

Bce agmopur npouumanu u 0006punu 0OKOHYAMENbHYIL 6APUANIT PYKONUCU.
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