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Abstract

Introduction. The study of the motion of a rigid body carrying moving masses greatly simplifies the design of capsule
robots that can move inside aggressive environments and perform the required operations. The following cases have been
studied quite well: movement during interaction of a solid body with a reference plane and in aggressive environments;
vibratory displacement of bulk media and solids on a vibrating base; optimization of rigid body motion; variation of
average speed and acceleration at different intervals of motion; dependence of average speed on task parameters; control
of the motion speed of the internal mass for the fastest possible rotation of a rigid body. However, at present, insufficient
attention has been paid in the literature to the problems of studying the motion of a heavy flat body along a horizontal
plane under the action of a harmonic force directed at an angle to the horizon, specifically, in terms of taking into account
all possible driving modes and their features. This does not allow determining the optimal parameters of the problem.
Therefore, the objective of this research was to identify the features of all possible modes of motion of a heavy solid body
along a horizontal plane under the action of a harmonic force directed at an angle to the horizon.

Materials and Methods. The equations of motion of the mechanical system were used. Both analytical approaches and
numerical methods were used to solve the steady-state equations of motion of the system. The dry friction model was
adopted as a friction model, which made it possible to obtain accurate solutions for positive and negative values of the
slip velocity up to constants. Values of these constants were determined from the docking conditions and the periodicity
of the solution.

Results. An analytical solution to the problem for periodic solutions was obtained. Three possible motion modes were
identified. Using numerical analysis, the dependences of the average speed of a body motion over the period on the angle
of inclination of the force to the horizon were constructed. The optimal direction of force was established.

Discussion and Conclusion. The results of the conducted research allowed us to determine the optimal values of the
problem parameters in order to reach the required value of the average velocity of a solid body. In particular, optimal
values of the amplitude of the force and its direction can be found to reach the maximum value of the average velocity of
motion of a solid.

Keywords: reference plane, dry friction, nonlinear vibrations, motion mode, flat rigid body, horizontal plane
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

I[I/IHaM](IKa IJIOCKOI'0 TBEpPAO0ro reja Ha FOpI/I30HTaJIbHO]71 IVIOCKOCTH

, B, Loii /14

HanuonansHelil uccnenoBarensekuil yausepcurer « MOy, r. Mocksa, Poccuiickas ®enepanus

D4 tsoyve@mpei.ru

AHHOTALMSA

Beeoenue. ViccnenoBanue JBHXESHUS] TBEPJIOTO TeJa, HECYLIETO MOABHXHBIE MAcChl, 3HAUYMTENIBHO YIPOILAET MPOESKTH-
pOBaHHKE KaICYJIBbHBIX pOOOTOB, KOTOPBIE MOTYT IIEPEMEIIATHCS BHYTPH arpeCcCUBHBIX CPE.] M BHITIONHATE HEOOXOIIMEIE
oreparu. JIocTaTOYHO XOPOIIO N3YUYEHBI CITydau: IBMKECHUSI IPH B3aUMO/ICHCTBUH TBEPAOTO TeJa C OMIOPHOH MJIOCKO-
CTBIO M B arPeCCHBHBIX CpelaX; BUOPAIIIOHHOTO TIEPEMEIIICHHS CHIITyYrX CPell M TBEPABIX TEJI HAa BUOPHPYIOMIEM OCHO-
BaHHHM; ONTHMH3ALUH JBIKEHUS TBEPBIX TEJ; BAPbUPOBAHUS CPEAHEI CKOPOCTH U YCKOPEHHS Ha Pa3IMYHbIX HHTEPBa-
JaX BUYKECHUS; 3aBHCUMOCTH CPETHEH CKOPOCTH OT MapaMeTpoB 3a7adH; YIIPAaBICHUSI CKOPOCTHIO TIEPEMEIIICHHS BHYT-
peHHel Macchl 71 HaCKOpenIero NoBopoTa Teepaoro tenaa. OaHako B HacCTOsIIIee BpeMs B IUTepaType YAEICHO Hel0-
CTaTOYHO BHUMAaHUS 3a/[a4aM HCCICIOBAaHUS IBIKEHHS TSDKEIOTO IDIOCKOTO Tejla MO TOPHU30HTAIBHOM TIOCKOCTH O
JICWCTBHEM TapMOHUYECKOM CHIIBI, HAIPaBJICHHON MO YIJIOM K TOPH30HTY, OCOOEHHO B IUIAHE y4YeTa BCEX BO3MOMKHBIX
PEXMMOB IBIKEHHSI M HX OCOOCHHOCTEH. DTO HE MO3BOJIAET ONpPEAeIATh ONTUMANBHBIE MMapaMeTphl 3agadu. [losTomy
LIEJIBIO TaHHOI pabOTHI CTaJIO BHISIBIICHUE OCOOEHHOCTEH BCEX BO3MOKHBIX PEKHMOB JIBI)KSHHS TSDKEJIOTO TBEPAOTO Tea
110 TOPU30HTAIBHOM INIOCKOCTH 110/ AEMCTBUEM FapMOHUYECKON CUIIbI, HAIIPABIEHHOM O[] YIJIOM K TOPU30HTY.
Mamepuanst u memoost. B pabote ncronp30Bany ypaBHEHHS JIBH)KEHHSI MEXaHWYeCKoW cucteMbl. J{yis penienus cra-
OMOHAPHBIX YPaBHEHUH ABIKEHHS CHCTEMBI IPHIMEHSUIHCH KaK aHAINTHYECKUE TIOAXOBI, TAK M YUCICHHBIE METOIBL. B
Ka4yecTBE MOZEIN TPEHUS ObUIa MPUHATA MOJENb CYyXOT0 TPEHUS, YTO TIO3BOJIMIIO MOJYYUTh TOYHBIE PEIICHHUs JUIS TIO0JI0-
KUTEIHHOTO B OTPHUIIATEIIFHOTO 3HAYEHUSI CKOPOCTH MPOCKAIIB3BIBAHAS C TOYHOCTHIO 10 KOHCTAHT. 3HAUEHHSI STHUX KOH-
CTaHT OMPEJEIUTICH M3 YCIOBUI CTHIKOBKU M IEPHOJANYHOCTH PEIICHHS.

Pezynomamut uccnedosanus. 11oaydeHo aHATUTHYECKOE PEIICHUE 3aa9d JJIS IEPHOANIECKUX pelleHuH. BIIBIeHb
TPY BO3MOXKHBIX pexknMa ABkKeHHs. C MOMOIIBI0 YHUCICHHOTO aHalN3a IOCTPOSHbI 3aBUCUMOCTH CpEeIHEH 3a TepHo.
CKOpPOCTH IBIKECHHUS TeJIa OT yIila HAaKIIOHA CHIIBI K TOPH30HTY. Y CTAaHOBJICHO ONTHMAIEHOE HAIIPABICHUE CHIIEL.
Oobcyrncoenue u 3axnroyenue. Pe3ynbTaThl MIPOBEICHHBIX UCCIIEIOBAHUI MO3BOJISIOT OMPEEIUTh ONTUMANBHBIC 3HaYe-
HUS TIApaMETPOB 3a1a4d JUI JOCTIDKEHISI HEOOXOIMMOTO 3HAUEHHS CpeNHEH CKOPOCTH IBMKEHHUS TBEpAOro Tena. B
YaCTHOCTH, MOTYT OBITh HalJIeHb! ONTHMalbHBIC 3HAYCHUS aMIUTUTYAbI CUIIBL M €€ HaIPaBJICHUS IS TIOCTIDKEHUST MaK-
CHUMAaJIbHOTO 3HAYEHHS CPEeTHEH CKOPOCTH IBMKEHHUS TBEPAOTO Tela.

KaroueBble ciioBa: OIOpHad MJIOCKOCTh, CYyXO€ TPCHUC, HEJIMHCIHEIC KOHC6aHI/IH, PCKUM JABUKCHUS, IJIOCKOC TBEPAOC
TE€JI0, TOPU30HTAJIbHAA INIOCKOCTH

Bnaroaapﬂocnl. ABTOpBI BbIpaKaroT 6J'Ial"0ﬂapHOCTb peaaKkiuru U pCUCH3CHTAM 3a BHUMATCIIbHOC OTHOIICHUEC K CTAThE
1 YKa3aHHBIC 3aMCYaHNsl, KOTOPBIC ITO3BOJIMJIN ITOBBICUTH €€ Ka4€CTBO.

Jasi uurupoBanusi. Mynuusia A.U., Lo B.O. IlunamMuka miIocKoro TBepJAoro Tejaa Ha TOPU30OHTAIBHOM MIIOCKOCTH.
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Introduction. Recently, the tasks of designing the movement of robots carrying the required objects, including those moving
in aggressive environments [1] and capable of performing the requested operations [2], have become increasingly urgent. As a
rule, the model that takes into account the interaction of a solid body with a reference plane is the dry friction model [3]. This
task has a lot in common with the task of vibratory movement of bulk media and solids on a vibrating base [4]. Optimization of
the capsule robot motion with varying average speed was considered in [5]. In [6], acceleration was varied at different motion
intervals. A capsule robot, the control of which was based on these two principles, was studied in [7]. In [8], optimization of
average speed was presented. In [9], a mathematical model of the electromagnetic force of core retraction was constructed. The
dependence of average speed on excitation parameters was studied in [10]. In [11], the law of control of the speed of the internal
mass for the fastest turn of the robot was investigated. The motion of a capsule robot with two masses moving along parallel
guides was considered in [12], and along two mutually perpendicular guides — in [13]. Robots with linearly moving masses
and a rotor were described in [14]. In all the listed papers, the motion of a rigid body along a horizontal plane under the action
of a harmonic force directed at an angle to the horizon was not studied, and various motion modes and their features were not
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established. Therefore, this research was aimed at identifying the features of all possible modes of motion of a rigid body along
a horizontal plane under the action of a harmonic force directed at an angle to the horizon. Achieving this objective allows us to
determine the optimal parameters of the research problem, such as: the optimal angle of action of the force to build up maximum
speed, the necessary and optimal values of the parameters of the research problem to build up the required speed of motion of
arigid body.

Materials and Methods. To solve the problem, we compose an equation of motion for a mechanical system. The
solution to the equation for each mode of motion can be obtained separately.

Equations of Motion. A body has mass m and moves along the horizontal plane along the x-axis. The body is subjected
to harmonic force F' = A cos(07), directed at angle B to the horizontal plane, where 4o — amplitude of the acting external
force; 6 — frequency of the acting external force. Let V; be the speed of the body in the horizontal direction; V,— speed
of the body in the vertical direction.

The motion of a rigid body is described by a system of two equations:

m d;x =nNs + 4, cosBcos(OI),

dv, .
m7 = A, sancos(Gt)+N—mg,
where g — gravitational acceleration; N — reaction force of the base. In the equations given, the friction force is taken
into account using the Coulomb model. For this purpose, the coefficient of dry friction | and dimensionless parameter s
are introduced, which at rest can take any value in the range from —1 to 1. In the case of slippage, when V. is not equal to
zero, the friction force is constant and directed opposite to the slip velocity. The dimensionless parameter is given by
expression s = —sign(V5).

Next, we assume that the reaction forces of the base are distributed uniformly over the reference surface, and the body
moves without separation from the base, i.e., the body speed in the vertical direction is zero. Of the two equations for
describing the motion of a rigid body, one remains — for movement in the horizontal direction:

dv .
E=ns(l—AsancosT)+AcosBcosT, )
where T = 0f — nondimensional time; V' = V,06/g — dimensionless speed and dimensionless amplitude of vibration
excitation 4 = Ay/(mg).

A similar problem of the motion of a rigid body carrying an unbalanced rotor along an inclined plane was considered in [15].
Equation (1) has a trivial solution at V(#)=0. This means that the body is at rest during the time interval under consideration.
Then, the friction force parameter changes according to the following law:

AcosPBcosT

Szn(l—AsinBcosT)' )

At this, the amplitude value of the projection of the external force onto the horizontal axis is not enough to start the
body movement.

Motion with two instantaneous stops. The solution to equation (1) in the case of slippage between the body and the base:

Ve (T) =15} [T—AsinBcosT]+AcosBsinT+ Cp k=12. 3)

Here, the following notations are introduced: ; — for the positive velocity of the body, to which s; = —1 corresponds;
V, — for the negative velocity; s> = 1. From here on, we will consider stationary solutions to the equation of motion of
the body. We introduce the following notations for the motion of the body with a positive velocity: ¢, denotes the start
time of the motion, and @;,— the end time of the motion of the body, through ¢2; and @2, — the same values for motion
with negative velocity. For six unknowns, we obtain four equations:

V, <(qu ) = —nskAsinBsin((pkI )+ AcosBsin((pkI )+ns,((pk1 +C, =0; 4)
Vi ((pk2 ) = —nskAsinBSin((pk2 )+ Ac0s[3sin((pk2 )+T]Sk(|)k2 +C; =0. 5)
k=12
From the condition of absence of a long stop of the body, we obtain two more conditions:
P12 = P21, (6)
P2 =01 +2p. 7

Mechanics
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The integration constants C; and C, can be eliminated from equations (4) and (5). From the obtained equations, phases
®11, P12, P21 and @2 are found numerically. The resulting transcendental equations have two solutions each. To select the
correct solution, we determine the second derivative of the velocity:

d?v, S
dTZk ((pk] ) = A(—cos[?wos(cpkl )+nsk Sln[?)sm((pk1 )), ®)
which should be positive at £ = 1 and negative at k = 2.
Motion with two long stops. In this case, conditions (6) and (7) are not valid. When moving from rest to motion, the

acceleration of the body must be zero:

C;_I;f ((Pk, ) =MNSk (l - AsinBcos((pk1 ))+ AcosBcos((pk1 ) =0 k=12 ©)
From equation (9), we obtain an exact solution for the phases of motion:

NSk
= arccos| — . 10
Pu ( AcosB-ns, sinB] (10)

The required root is determined similarly to the previous case. Constant Cy and phase ¢y, are found from (4) and (5).
If the condition 4 >n/(cos B+ 1 sin B) is true, the body can move with a speed greater than zero; and provided that the
amplitude of the excitation of oscillations is 4 >n/(cos B +n sin B), the body moves with a speed less than zero.

If the end time of the body motion with positive velocity @2 is less than the start time of the body motion with negative
velocity @21, and @y, is less than @1 + 2p, then the motion of the rigid body can have two long stops.

Let us consider the motion of a body with instantaneous and prolonged stops. The reaction of the horizontal base, as
well as the force acting on the body, changes according to a harmonic law, periodic solutions are possible here.

In the case of a rigid body moving with a positive velocity and an instantaneous transition to negative, and from
negative to positive, after a long stop, we obtain a system of equations (4), (5) for k =1, 2 (9), for £ = 1 and condition
@12=¢21. Phase @, is determined by expression (10). For the remaining unknowns, an exact solution is also determined.
The obtained solution is valid when the condition @< ¢;;+2p is met.

In the instantaneous transition from negative to positive velocity of a rigid body, and from positive to negative, after
a long stop, the system of equations (4-5) for k£ = 1, 2 remains unchanged. We compose equation (9) for k = 2, and replace
the instantaneous stop condition with @2, = @11 + 2p.

Thus, for all possible modes of stationary motion of a rigid body, four phases and two integration constants are
determined. On one period of motion, using formulas (3), it is possible to construct the dependence of the average velocity
of motion of rigid body v, on the angle of inclination of the line of action of the external force 3. On the interval
@11 <t < @2, the rigid body moves with a velocity greater than zero, and when @1 < ¢ < @22, the rigid body moves with a
velocity less than zero. On the interval @i, < ¢ < @21 and @2 <7< @11 + 2p, the rigid body does not move. When ¢, and
@21 0r P2 and @11 + 2p coincide, the velocity of the body at these points changes instantly.

The constructed solution for three types of motion and a state of rest (2) for one period of oscillations allows us to

determine the average speed of motion of a rigid body:
v, =" r()ar.
oy

Research Results. The results of the study were obtained with dry friction coefficient = 0.1 and excitation amplitude
A =0.6. The dependences of the four phases @x(B), (ji K =1, 2) on the angle of inclination of the external force to the
horizon are shown in Figure 1. The dotted curves indicate the points of instantaneous change in the speed of the body,
and the solid curves indicate the points of change in speed with a long stop.

At small angles of inclination of force @i12=@21, ©22= @11 +2p, the motion of the rigid body occurs with two
instantaneous stops. The motion pattern changes when angle B increases. At point Bj, the curve branches
022(B) = ¢11(B) + 2p. As a result, we have two curves: @22(B) and @11(B), and at point B,, the curve ¢i12(B) = ¢21(B)
branches into ¢@12(B) and @21(B). Between points By and B>, the rigid body may have a long and instantaneous stop.
Between points B, and B3, the motion may have two long stops. At point B3, curves ¢2() and ¢21(B) merge. Between
points B3 and Bs, during the motion of the rigid body within one period at a speed greater than zero, there may be one
long stop. At large values of the angle of inclination, the body is at rest.
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Fig. 1. Dependences of phases of stationary motion on the angle of inclination of the applied force

Figure 2 shows the dependences of the average velocity of solid body v,, on the angle of inclination of the line of
action of the external force 3 for friction coefficient 0.1 and several excitation amplitudes. For any values of the excitation
amplitude and horizontal action of the force (B = 0), the average velocity of the solid body is zero. With an increase in j3,
the average velocity grows up. The points of change of the motion modes are indicated only on the curve 4 = 0.6. For
each value of the force amplitude, there is an optimal angle at which the average velocity of motion is maximum.
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Fig. 2. Dependence of average speed Vi on angle 3

Discussion and Conclusion. The motion of a rigid body along a horizontal plane under the action of a harmonic force
directed at an angle to the horizon is studied. The analytical and numerical results show that for all possible modes of
stationary motion of a rigid body, four phases are determined. The obtained dependences of the phases of stationary
motion and the average speed of motion of a rigid body on the angle of inclination of the line of action of an external
force allow us to determine the necessary and optimal values of the parameters of the problem to achieve the required
speed of motion of a rigid body. It is shown that for each value of the amplitude of the force, there is an optimal angle at
which the average speed of motion is maximum.

The results obtained can be used in the development of algorithms and design of the movement of robotic devices
when moving along a horizontal plane, taking into account the action of harmonic loads.

References

1. Chernousko FL. Plane Motions by Rigid Body Controlled by means of Movable Mass. Doklady RAN: Physics.
2020;494(1):69-74.

2. Chernousko FL. Optimal Motion Control of a Two—Mass System. Doklady AN. 2018;480(5):528-532. (In Russ.)

3. Andronov VV, Zhuravlev VFE. Dry Friction in Problems of Mechanics. Monograph. Moscow—Izhevsk: Publ. House
“IKI”; 2010. 184 p. (In Russ.)

Mechanics

11



https://vestnik-donstu.ru

12

Munitsyn Al, et al. Dynamics of a Flat Rigid Body on a Horizontal Plane

4. Blekhman II. Vibrational Mechanics and Vibrational Rheology (Theory and Applications). Moscow: Fizmatlit;
2018. 751 p. (In Russ.)

5. Chernousko FL. On the Motion of a Body Containing a Movable Internal Mass. Doklady AN. 2005;405(1):56—60. (In Russ.)

6. Chernous’ko FL. Analysis and Optimization of the Motion of a Body Controlled by means of a Movable Internal Mass.
Journal of Applied Mathematics and Mechanics. 2006;70(6):819—842. https://doi.org/10.1016/j.jappmathmech.2007.01.003

7. Hongyi Li, Katsuhisa Furuta, Felix L Chernousko. Motion Generation of the Capsubot Using Internal Force and
Static Friction. In: Proc. 45th IEEE Conference on Decision and Control. New York City: IEEE; 2006. P. 6575-6580.
https://doi.org/10.1109/CDC.2006.377472

8. Nunuparov AM, Sukhanov AN, Syrykh NV. Optimization of the Average Speed of a Capsule Robot by Nonlinear
Model-Proactive Control. In: Proc. XXXIII International Innovative Conference of Young Scientists and Students on
Problems of Machine Science. Moscow: IMASH RAN; 2021. P. 436-441. (In Russ.)

9. Syrykh NV, Nunuparov AM, Sukhanov AN. On Building a Mathematical Model of the Electromagnetic Force of
a Solenoid for a Capsule Robot. In: Proc. XXXIII International Innovative Conference of Young Scientists and Students
on Problems of Machine Science. Moscow: IMASH RAN; 2021. P. 484-490. (In Russ.)

10. Bolotnik NN, Nunuparov AM, Chashchukhin VG. Capsule-Type Vibration-Driven Robot with an
Electromagnetic Actuator and an Opposing Spring: Dynamics and Control of Motion. Journal of Computer and Systems
Sciences International. 2016;(6):146—160.

11. Shmatkov AM. Periodic Solutions to the Optimal Control Problem of Rotation of a Rigid Body Using Internal Mass.
Moscow  University  Bulletin.  Mathematics.  Mechanics.  2020;(3):63—67. URL:  https:/www.mathnet.ru/links/
317d22880247a4d39922b11{27ea3c8c/vmumm4333.pdf (accessed: 18.11.2024).

12. Sakharov AV. Rotation of a Body with Two Movable Internal Masses on a Rough Plane. Journal of Applied
Mathematics and Mechanics. 2015;79(2):132—141. URL: https:/pmm.ipmnet.ru/ru/Issues.php?y=2015&n=2&p=196
(accessed: 18.11.2024).

13. Xiong Zhang, Jian Xu, Hongbin Fang. A Vibration-Driven Planar Locomotion Robot — Shell. Robotica.
2018;36(9):1402—-1420. http://doi.org/10.1017/S0263574718000383

14. Chernousko FL. Movement of a Body along a Plane under the Influence of Moving Internal Masses. Doklady AN.
2016;470(4):406-410. (In Russ.)

15. Munitsyn Al, Krainova LN. Vibratory Motion of a Rigid Body along an Inclined Plane. Engineering and
Automation Problems. 2023;(1):31-35.

About the Authors:

Alexander I. Munitsyn, Dr.Sci. (Eng.), Professor of the Robotics, Mechatronics, Dynamics and Strength of Machines
Department, National Research University MPEI (14, Krasnokazarmennaia Str., Moscow, 111250, Russian Federation),
SPIN-code, ORCID

Valeryan E. Tsoy, Cand.Sci. (Phys.-Math.), Associate Professor of the Robotics, Mechatronics, Dynamics and
Strength of Machines Department, National Research University MPEI (14, Krasnokazarmennaia Str., Moscow, 111250,
Russian Federation), SPIN-code, ORCID, tsoyve@mpei.ru

Claimed Contributorship:

Al Munitsyn: description of the theoretical part of the study of the movement of a heavy flat body along a horizontal
plane under the action of a harmonic force directed at an angle to the horizon; preparation of the scientific paper.

VE Tsoy: conducting numerical simulations, preparation of the scientific paper.

Conflict of Interest Statement: the authors declare no conflict of interest.
All the authors have read and approved the final manuscript.

006 asmopax:

Anexcanap MBaHoBuY MyHMIBIH, [OKTOp TEXHHYECKHX HayK, Hpodeccop Kadpeapsl poOOTOTEXHHKH,
MEXaTPOHUKH, AMHAMUKHU ¥ MIPOYHOCTH MaIlMH HarmoHanbHOTO MccienoBaTenbekoro yausepenrera «MOy» (111250,
Poccuiickas ®enepanms, . MockBa, yi. KpacHokasapmenHas, 1. 14, ctp. 1), SPIN-kox, ORCID

Banepssan JOnyapaoBuu lloii, xanampar Qu3nko-MareMaTHUECKHX HAyK, JOLEHT KadeIpbl poOOTOTEXHHKH,
MEXaTPOHHKH, TUHAMUKH U MIPOYHOCTH MamuH HannoHamsHOTO MccaenoBaTenbckoro yausepeurera « MOy (111250,
Poccwuiickas @enepanus, r. MockBa, yi1. KpacHokasapmennas, 1. 14, ctp. 1), SPIN-kon, ORCID, tsoyve@mpei.ru



https://vestnik-donstu.ru/
https://doi.org/10.1016/j.jappmathmech.2007.01.003
https://doi.org/10.1109/CDC.2006.377472
https://www.mathnet.ru/links/3f7d22880247a4d39922b11f27ea3c8c/vmumm4333.pdf
https://www.mathnet.ru/links/3f7d22880247a4d39922b11f27ea3c8c/vmumm4333.pdf
https://pmm.ipmnet.ru/ru/Issues.php?y=2015&n=2&p=196
http://doi.org/10.1017/S0263574718000383
https://scholar.google.com/scholar_url?url=https://link.springer.com/article/10.1134/S1052618823070178&hl=ru&sa=X&d=17380035219117493128&ei=lK-TZcaxNdCVy9YPnZO8yAo&scisig=AFWwaeYHdv3H26K_yS3Ok8Xhd1AD&oi=scholaralrt&html=&pos=0&folt=kw
https://www.elibrary.ru/author_profile.asp?authorid=186510
https://orcid.org/0009-0002-8118-0957
https://www.elibrary.ru/author_profile.asp?authorid=867968
https://orcid.org/0009-0005-3098-3356
mailto:tsoyve@mpei.ru
https://www.elibrary.ru/author_profile.asp?authorid=186510
https://orcid.org/0009-0002-8118-0957
https://www.elibrary.ru/author_profile.asp?authorid=867968
https://orcid.org/0009-0005-3098-3356
mailto:tsoyve@mpei.ru

Advanced Engineering Research (Rostov-on-Don). 2025;25(1):7—13. eISSN 2687—1653

3aneneHHblIl 6K1A0 ABMOPOB:

AWM. MyHUUBIH: ONFCAaHHE TEOPETHYECKONM YacTH HCCICNOBAHMS JBIKCHHH TSDKEJIOTO IUIOCKOTO Tela II0
TOPU30HTAIIBHOM IUIOCKOCTH NOJX AEMCTBHEM TapMOHUYECKOH CHWIIbI, HAIIPABICHHOM MOJ YIVIOM K TOpPH30HTY;
oopmiieHrEe HAYYHOM CTATHU.

B.J. Hoii: mpoBeaeHne YACICHHOTO MOJEITNPOBaHHSA, O(DOPMIICHHE HAYIHON CTAaThH.

Konghnuxm unmepecos: apropbl 3asiBJSIOT 00 OTCYTCTBHH KOH()JIMKTA UHTEPECOB.
Bce asmopbi npouumanu u 0000punu 0KOHYaAmeNbHbLIL 6APUAHN PYKORUCU.

Received / Iloctynuia B pexakuuio 16.12.2024
Reviewed / Iloctynuiaa nociie penensuposanus 14.01.2025
Accepted / Ilpunsita k nyoaukanuu 20.01.2025

Mechanics

13



https://vestnik-donstu.ru

14

Advanced Engineering Research (Rostov-on-Don). 2025;25(1):14-22. eISSN 2687-1653

MECHANICS
MEXAHHUKA

W) Check for updates
BY

UDC 531.133.1 Original Theoretical Research
https://doi.org/10.23947/2687-1653-2025-25-1-14-22

Analysis of a Four-Legged Robot Kinematics during Rotational E E
1
Movements of Its Body .

Marecelino J. Fernando"~', Gasan R. Saypulaev' = D<, Musa R. Saypulaev E
National Research University MPEI, Moscow, Russian Federation

D4 saypulaevgr@mail.ru EDN: YINENP

Abstract
Introduction. Walking robots are widely used in industry due to their unique capabilities for moving on uneven and

complex surfaces. To provide high precision in controlling their movement, it is required to develop mathematical models
and algorithms for planning the robot movement along various trajectories. A key aspect of the motion control system of
walking robots is the planning of their leg movements. Despite significant advances in the field of modeling the kinematics
of quadruped robots, existing scientific publications do not provide a complete kinematic model for robots similar to the
Mini Cheetah. This research was aimed at the development of a kinematic model of a quadruped robot based on Mini
Cheetah, as well as the formulation of recommendations for optimizing its gait to provide rotation around various axes.
The creation of such a model will improve the smoothness and accuracy of the robot movements, which, in turn, will
increase its efficiency under real production conditions.

Materials and Methods. The process of constructing a kinematic model of the robot was based on the use of formulas for
the geometry of spatial motion of solids. To test the efficiency of the proposed algorithms for moving the robot legs when
performing rotational movements of its body, numerical modeling of the robot kinematics was used. Numerical
calculations were performed using the Wolfram Mathematica package.

Results. The laws of changing the endpoints of the robot legs during its rotation around the vertical axis were proposed.
The conducted numerical modeling of the robot kinematics covered the rotation of the body at the course, roll and pitch
angles. Based on the simulation results, it was established that the dependences of the rotation angles of the leg links were
periodic functions. The considered rotational movements of the robot platform could take place without the occurrence
of singular configurations.

Discussion and Conclusion. The results of numerical modeling of the robot platform rotation movements confirmed the
operability of the proposed leg transfer plan, which allowed for smooth movement of the robot body and avoidance of
singular configurations. The resulting kinematic model can be used to control the robot motion at the kinematic level
when moving along curvilinear trajectories. As a prospect for further research, it is worth highlighting the development
of a mathematical model of the dynamics of a four-legged robot, as well as the creation of laws for controlling its
movement at a dynamic level. This will significantly expand the functionality of the robot and increase its efficiency
under various operating conditions.

Keywords: four-legged robot, inverse kinematics, mobile robot, kinematic model, motion planning
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OpueuﬂaﬂbHoe meopemuyieckoe uccneoosanue
AHaJIM3 KMHEMATHKH 4YeTBEPOHOroro po6éoTa nNpu NOBOPOTHBIX ABHKEHHUSIX €r0 KOpIyca

M.K. ®epuango =, I'.P. Caiinyiaaes = D<, M.P. Caiinynaes

HammonansHeli nccnenoBatensekuil yausepeutetr «MOW», r. Mocksa, Poccuiickas denepanus

D4 saypulaevgr@mail.ru

AHHOTaNUs

Beedenue. laratomue poOOTH HaXOAT MIMPOKOE NPUMEHEHHE B MPOMBIIUICHHOCTH OJlarojiapsi CBOMM YHUKaJIbHBIM
BO3MOKHOCTSIM IIepEIBIKEHHS 110 HEPOBHBIM H CJIOKHBIM ITOBEPXHOCTAM. [y oGecriedeHns BEICOKOH TOYHOCTH yIIpaB-
JICHUS MIX IBW)KEHHEM Heo0X0IUMO pa3paboTaTh MaTeMaTHIeCKHE MOJIEIH U AJITOPUTMBI INTAHUPOBAHHMS IIEpeMEIeHHs
poboTa N0 Pa3IMYHBIM TpaeKTOpusIM. KITI0UeBBIM aClIeKTOM CHCTEMBI YIIPaBJIeHHs ABIKSHHEM LIaralolux poOOTOB sB-
JIsieTCsl IUTAaHUPOBaHKE TIepeMelieHnii ux Hor. HecMoTpst Ha 3HaYUTeNIbHbIE JOCTH)KEHHS B 00JIaCTH MOJIEITMPOBAHUS KH-
HEMaTHKH YE€TBEPOHOTHX POOOTOB, B CYLIECTBYIOIINX HAYYHBIX ITyOIMKALMAX HE IPEICTaBICHO IIOJHOLEHHON KHHEMa-
THYECKOH MOZIeNH Ut poOoTOB, aHanorndHbix Mini Cheetah. Ilens nanHo# paboThI 3aKiTodaeTcst B pa3padoTKe KHHEMa-
THYECKOH MOJIE/N 4eTBEpOHOroro podora Ha ocHoBe Mini Cheetah, a Taxoke B pOopMyIHpPOBaHHH PEKOMEHIAIUH 1O OTI-
TUMH3AIMN €ro TIOXOJKH /I 00ecIedeHus BpalleHns] BOKPYT pa3inuHbIX oceld. CoszaHne Takoi MOJIENH TTO3BOJHT
YIIYYIIUTh TUIABHOCTh U TOYHOCTH JIBU)KEHHH po00Ta, 4TO, B CBOIO OYEpE/lb, MOBBICUT €ro AP (PEeKTUBHOCTh B PeaIbHBIX
IIPOM3BOACTBEHHBIX YCIOBHSX.

Mamepuanst u memoost. IIpouiecc NOCTPOSHUST KHHEMATHUECKON MOJIENIM poOOTa OCHOBAH Ha MCHOJIB30BaHUH (HOpMYIT
TEOMETPHH POCTPAHCTBEHHOTO IBM)KEHHUS TBEPABIX Tel. s npoBepku 3pHeKTHBHOCTH MPEATIOKEHHBIX AITOPHTMOB
nepeMelieHus: Hor podoTa Mmpu OCYIIeCTBICHUH TOBOPOTHBIX ABWKEHHI ero KopIyca ObUIO0 IPUMEHEHO YHCIEHHOE MO-
JeJMpOBaHHe KMHEMATHUKH Po00Ta. YMCIEHHBIC pacdeThl BBHIIIONHEHBI C HCIOIb30BAaHHEM MATEMaTHYECKOTO MaKeTa
Wolfram Mathematica.

Pesynvmamut uccnedosanus. [IpeionkeHpl 3aKOHBI K3MEHEHHUSI KOHEYHBIX TOYEK HOT POOOTA IPH €T BPaIeHHH BOKPYT
BEpTHKaJIbHOI ocH. [IpoBesieHHOE YHCICHHOE MOJISTUPOBaHHE KHHEMATHKU pOOOTa OXBATHIBAJIO TOBOPOTHI KOPITyCa 110
yrilaM Kypca, KpeHa 1 Tanraxa. [1o pe3ynpraTraM MOACIMPOBaHUS yCTAHOBICHO, YTO 3aBHCUMOCTH YIJIOB IOBOPOTA 3Be-
HbEB HOT SIBJISIOTCS NEPHOINYECKIMHU (PYHKIUSMH.

PaccMoTpeHHBIE TTOBOPOTHBIC IBIDKEHHS IIAaTGOPMBI podoTa MOTYT HPOUCXOMUTH Oe3 BO3HUKHOBEHHS CHHTYJISPHBIX
KOH(UTYpanuii.

Obcyacoenue u 3axknrouenue. Pe3ynbTaThl YHCICHHOTO MOJCIUPOBAHMUS MOBOPOTHBIX JIBIKCHHH IU1aTGopMbl poboTa
HOATBEPUIH pabOTOCIIOCOOHOCTh NPEITI0KEHHOTO IJIaHa TIEPEHOCa HOT, KOTOPBIN MTO3BOJISIET OCYIIECTBIATD IIABHOE
IBIKEHHE KOpIyca poboTa W m30erath CHHIYJISIPHBIX KOHurypauuid. [lonydeHHas KHHeMaTHYecKass MOJEIb MOXET
OBITH MCIIOJIb30BaHA JIJIsI YIPABIICHUS JBIKCHUEM POOOTa Ha KWHEMAaTHYEeCKOM YPOBHE TP TIEPEMEILEHUIX 110 KPUBO-
JMHEHHBIM TpaeKTOpUsAM. B kadecTBe MepCreKTUBBI VIS JaIbHEHIINX HCCISIOBaHUN CTOUT BBIIEIHUTH pa3paboTKy Ma-
TEeMaTHYECKOI MOJIENIN AMHAMUKY YE€TBEPOHOTIOro pod0Ta, a TakKe CO3[aHKe 3aKOHOB YIPaBJICHHs €ro JBHKCHUEM Ha
JMHAMHYECKOM YPOBHE. DTO MO3BOJHT 3HAYUTENHHO PACIIUPUTE (DYHKINOHATIBHBIE BO3MOKHOCTH POOOTa M MOBBICHTD
3¢ PEKTUBHOCTD €ro PabOThI B Pa3IMYHBIX YCIOBHUIX SKCILUTyaTalluH.

KiroueBble c10Ba: 4YeTBEpOHOTHH POOOT, OOpaTHAas KWHEMAaTHKa, MOOWIBHBIA POOOT, KMHEMAaTHYECKas MOJEINb,
TUTaHUPOBAHKE JIBMXKEHHUS

BaarogapHocTH. ABTOPHI BRIPAXXalOT MPU3HATENHFHOCT KojuteraM ¢ kadeapst PMulIM «HUY «MDW» 3a 1ieHHBIC
3aMeuaHusl, BbICKa3aHHbIE B X0JI¢ PaOOTHI HaJl My OJIMKaI1eH.

Jas uutupoBanus. @epuango M.XK., Caitirynaes I'.P., Caiirrynaes M.P. AHanmu3 KHHEMaTHKH 9€TBEPOHOTOTO PoOOTa
MpH TMOBOPOTHBIX JBMXKCHUAX ero kopmyca. Advanced Engineering Research (Rostov-on-Don). 2025;25(1):14-22.
https://doi.org/10.23947/2687-1653-2025-25-1-14-22

Introduction. Currently, walking mobile robots are widely used to solve problems of observation and exploration of
territories [1]. An example of one of the common designs of such robots is the four-legged robot Mini Cheetah (Fig. 1),

developed at MIT Biomimetic Robotics Lab (https://biomimetics.mit.edu). These four-legged robots can move on various
types of terrain, unlike wheeled or tracked robots.
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Fig. 1. Four-legged robot Mini Cheetah !

The design of the walking robots under consideration includes a platform to which four legs are attached. Each of the
legs is a three-link manipulator. One of the key aspects of a walking robot is the topology of its leg structure [2, 3]. The
topology of the legs refers to the composition and arrangement of the links, as well as the hinges of the limbs of a four-
legged robot, which play an important role in providing its movement and stability. The development of an optimal
topology for the leg structure of quadruped robots is one of the challenges in engineering. The solution to this problem
not only helps to provide stable and efficient gait (locomotion) of the robot on various surfaces, but also makes its
mechanical design more reliable and energy efficient.

Another aspect that needs to be considered is the drive system applied in quadruped robots [4]. Different types of
drives are widely used in such robots, including pneumatic [5], hydraulic [6, 7], and electric [2, 6], each of which has its
own advantages and disadvantages.

Four-legged robots have complex kinematics due to a large number of degrees of freedom. The robot considered in this paper
has 18 degrees of freedom. To provide successful locomotion of four-legged robots, it is necessary to solve both direct and inverse
problems of kinematics, which allows organizing dynamic control of the position of the legs of these robots. This control should
provide the robot balancing, the ability to overcome various surfaces, and adaptation to various types of locomotion, including
walking, running and jumping. The direct problem of walking robot kinematics is to determine the position and orientation of the
robot platform based on the known rotation angles of the leg links. The inverse problem is to find the rotation angles of the leg links
that provide a given position and orientation of the robot platform.

Paper [8] described in detail the application of the Denavit-Hartenberg method for modeling the forward and inverse kinematics
of a walking robot. The study on the kinematic model of the robot was conducted with the aim of creating a gait algorithm.

The authors of [9] developed advanced kinematic and dynamic modeling methodologies based on the screw theory
for quadruped robots. The proposed methods accounted for different gaits and leg mechanism topologies using simplified
models of foot contact (e.g., a ball-and-socket model). Models were described for three separate phases of robot motion:
standing, walking, and unsupported (flying) phase. The developed control strategies used the presented models for gait
planning and jogging.

In recent years, scientists have been working on control and trajectory planning systems. The motion control method is the
basis of a four-legged robot, directly affecting flexibility, stability and the ability to adapt to various support surfaces [3].

The authors of [10] specified the design of a regulator for the force control of a four-legged robot. The main purpose
of the regulator was to equalize the forces acting on the robot during symmetrical gait, as well as to reduce disturbances
and absorb impacts.

In [11], a new motion control strategy for a quadruped robot that enabled it to navigate efficiently on uneven terrains
regardless of visual perception conditions was proposed. Paper [12] discussed the design of a motion controller for a
quadruped robot that used torque optimization and performance control to account for the impact of unpredictable external
forces such as surface irregularities.

Experimental studies devoted to the application of hierarchical controllers for motion control of quadruped robots
were presented in [13], illustrated by the ANYmal robot, and in [14], exemplified by the StarlETH robot.

In [15], the authors discussed the development of a quadruped robot designed for construction and emergency response
tasks. Their paper examined the statics, kinematics, and control system for the specific design of this robot.

Finally, in [16], a new central pattern generator model controller and gait switching tactic based on the Wilson-Cowan
model were presented. This development aimed to create a smooth robot gait and reduce the adjustment time in the
oscillating mechanical system.

Despite the development of the problem of modeling the kinematics of quadruped robots, in existing publications
there was no complete kinematic model of the motion of robots whose leg design was similar to the Mini Cheetah
robot (Fig. 1). Therefore, the objective of this work was to develop a kinematic model of a quadruped robot using the
example of the Mini Cheetah and to develop proposals for planning the movements of the robot links that could provide
the rotation of the robot around various axes.

! Massachusetts Institute of Technology. URL: https:/news.mit.edu/2019/mit-mini-cheetah-first-four-legged-robot-to-backflip-0304 (accessed: 07.11.2024).
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To achieve the stated goal, we needed to formulate the laws of change of coordinates of the endpoints of the robot legs
and angular coordinates of its body. It was also necessary to solve the inverse problem of robot kinematics to check the
operability of the proposed motion plan. The results obtained can be used to develop robot control at the kinematic level.

Materials and Methods. System Definition. The object of the study is a robotic system consisting of a rigid body
(robot platform) and four legs with three degrees of freedom for each of the legs. The links of the legs are connected to
the robot platform by several hinges, which are driven by electric drives. Angle B, is the angle of rotation of link O;4;
around the longitudinal axis of the robot body and characterizes the rotation of the plane of the leg (containing points
A;, B, K;) relative to the vertical plane of symmetry CXZ. And angles a;, B; characterize the rotation of links 4;B; and B;K;
in the plane of the leg. The hinges of the leg links at points O;, 4;, B; are controlled, i.e., the rotation of the leg links at
angles o;, o;, B; is provided independently by the corresponding drives.

Fixed coordinate system XYZ and moving coordinates Cxyz are introduced, where point C is the geometric center of
the robot platform (Fig. 2 a). The orientation of the robot platform is described by course angles y (rotation around axis z),
roll O (rotation around axis x) and pitch y (rotation around axis y), and the position of the robot platform is determined by
the coordinates of the geometric center x¢, yc and z¢ in the fixed coordinate system.

The distances along the longitudinal and transverse axes of the robot platform from the center of mass C and the
attachment points of the legs to the robot platform O; in the moving axes x;yiz; are specified by py; and p,;. The lengths of

the links are designated as 7, = ‘Ol-A,-I, I, = ‘A,-B,-I, 1, = ‘B,-K,-I (i=14) (Fig. 2 b).

O, 0,

a)

Fig. 2. Kinematic diagram of the robot:
a — top view of the robot body; b — side view of the robot leg

In projections onto the axes of the fixed coordinate system XYZ, the position vector of the endpoint of the leg K; (or the point
in contact with the surface) is determined from the formula:

P =Tc + 1 yg, (7001' + Foui + L pi (FAiBi +’_;Bil<i))’ (D
where 7o =(x¢  ye  zZe )T — position vector of the geometric center of the robot platform C; I'yy = I'y['eI"y — rotation

matrix, which is calculated as the product of the elementary rotation matrices by the course, roll, and pitch angles. The
rotation matrices included in equation (1), have the form:

cosy —siny 0 1 0 0
Iy =|siny cosy 0| Ty=0 cosO -—sin0 |,
0 0 1 0 sin® cosH @)
cosy 0 siny 1 0 0
r,=( 0 1 0 |, Tg=|0 cosB; —sinp,; |

—siny 0 cosy 0 sinP, cosP;
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Other radius vectors included in equation (1) are determined from the expressions:
- T - . T
rcoi :(sz P yi 0) , Yoidi :(0 =1y sin3; -, COSB;) ) 3)
- . T . T
Fugi =(—lhcosa; O —lsinoa;) , Fpg=(-lycose, 0 —l,sing;) ,
here, the superscript “T”” means the vector transpose operation.
After performing intermediate calculations on the right side of equation (1), taking into account expressions (2) and (3), we

obtain projections of the position vector rx; for each leg.
Differentiating equation (1) with respect to time, we obtain a kinematic model in the form:

v =ve +Jy (qwey)qawﬁi)qWey +J; (qwey:qa(pﬁi)qWBi’ 4
where g,q, = (¥ 6 y)T — vector of angular generalized coordinates of the robot platform; g,e; = (B, o, ©; )T — vector
of angular generalized coordinates of the robot leg links; vy, = (%5, Vi Zx )T — vector of linear velocity of the endpoint of
the i-th leg; ve=(%c Jye Zc )T — vector of linear velocity of the geometric center of the robot platform;

Jo (qwev G oopi ),J ; (q“,ey G oopi ) — matrices of coefficients for the corresponding vectors of generalized velocities.

Research Results. To analyze the rotational motions of the robot by solving the equations of motion geometry (1) (or
integrating the kinematic equations (4)), we set the initial conditions for the rotation angles of the leg links and the laws
of change in the velocities of the endpoints of the legs vx;, the geometric center of the robot platform vc¢ and the vector of
angular generalized coordinates gy, Considering the rotational movements of the robot platform, we assume that the
geometric center is stationary during the movement v¢ = 0.

As the initial position of the leg links, we take the following angle values @;, o, ; (i = ﬁ) for each of the legs:
¢,(0)=120°, &, (0) = 60", B, (0)=0".(i =1,4). (5)

The given combination of angle values @;, o, B; (7 = l,_4) corresponds to the robot standing on semi-bent legs, which

is presented in a simplified visualization (Fig. 3) made in Wolfram Mathematica. The following values of the robot
geometric parameters were used in the visualization: [o=0.15m, /; =0.45m, [, =0.45 m, py1 = px2 = —px3 = —pwus = 0.5 m,
Pyt = P2 =—Py3 = pya = 0.25 m.

/’l_f___i___f____i___i
|

Ty
B ]

Fig. 3. Simplified visualization of the robot initial position

To perform periodic rotary movements of the robot platform, limited only by the roll angle, we set the laws for
changing the orientation angles of the platform in the form:

G(t):eo +ASil’l[27‘C%J, '\/(t):'\/o, W(I)ZWO’ (6)

where yo = 0°, 8o = 0°, yo = 0° — initial values of orientation angles; A = 0.2 rad and 7'= 20 s — constants characterizing
the amplitude and period of oscillations by angle. Since it is optional to move the legs when the robot platform is rotated
along the roll angle, the coordinates of the contact points of the legs with the support surface remain unchanged (vx; = 0):

Xk (t) =Xy (0) Vi (t) =Yk (0) Zgi (t) =0. (i = 1,...,4) , @)
where xx;(0) and yxi(0) — initial coordinates of the contact points of the robot legs with the support surface.

Solving equations (1) with respect to (2) and (3), when substituting the program motion (6) and (7), we obtain the
dependences of the rotation angles ¢;, a;, B; of the leg links (Fig. 4).


https://vestnik-donstu.ru/

Fernando MJ, et al. Analysis of a Four-Legged Robot Kinematics during Rotational Movements of Its Body

Fig. 4. Roll angle turn simulation results: a — angles ai(f); b — angles ¢,(¢); ¢ — angles Bi(?)

According to the results of the simulation presented in Figure 4, it can be noted that the rotation angles of the leg links
are harmonic functions. As a consequence, it can be mentioned that the rotations of the robot platform around the longitudinal
axis of symmetry of the robot (6) can be performed without tearing the contact points of the legs from the surface.

To perform periodic rotary movements of the robot platform, only in pitch angle, we set the laws for changing the
orientation angles of the platform in the form:

8(¢)=06,, y(t):y0+Asin(27t%j, v () =y, )

When the robot platform rotates along the pitch angle, the transfer of the legs is optional, and the coordinates of the
points of contact of the legs with the supporting surface remain unchanged.

Solving equations (1) taking into account (2) and (3), and substituting program movements (7) and (8), we obtain the
dependences of the rotation angles ¢;, a;, ; of the leg links (Fig. 5).

o

a, [0F%
65"
1= 3,4 125
i= 1’2 * . 115
50 105
5 10 15 4s 5 10 15 4s
a) b)

o
i

0.60

056

0.52

5 10 15 4s
)

Fig. 5. Pitch angle turn simulation results: @ — angles 0:(¢); b — angles ¢i(¢); ¢ — angles Bi(?)
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According to the simulation results presented in Figure 5, it can be noted that the rotation angles of the leg links are
harmonic functions. As a consequence, it can be mentioned that the rotations of the robot platform around the transverse
axis of symmetry of the robot (8) can be performed without tearing the contact points of the legs from the surface.

To perform rotation around axis Z, we consider the laws of changing the orientation angles of the robot platform in the form:

9(’)=90’ Y(f)=Voy \;/(l)=\|/0—wzt, 9
where o, = 0.085 rad/s angular velocity of rotation of the robot platform.

To provide the rotation of the robot around the vertical axis, it is required to plan the movement of the legs. Let us
consider the case when the trajectories of the contact points of the legs in projections onto the horizontal plane XY belong
to a circle of radius p. In this case, we will assume that the axis, around which the rotation of the robot platform occurs,
passes through the geometric center of the platform. Then, the expressions for the coordinates of the endpoints of the legs
can be determined from the relations:

Xk = PSin(szB +oy ) Y1 = _pCOS(O‘)ZA13 +0oy )
Xg2 =Psin(®.Ay +0,), Ygs =—pcos(0.Ay+a,),
X3 =psin(0 A +03), ygs= —pcos(o) A +as),
Xgq =Ppsin(®.Ay +0y), Ygs=—pcos(0.Ay+oy),

).
(10)
Zgl =Zgy = {sgn(sm( j} :| hy sin mj,
T
Zgy =Zga = l:sgn[sm[——nD+l} hy sin[%—n},

1

where p=+/p% +p%; O; = arctan(py,- /p X,-) — angle characterizing the position of the endpoint of the i-th leg at the

initial moment of time; 4x = 0.3 m — maximum height to which the endpoints of the robot legs rise; 71 = 6 s — time of
one step; A3, A4 — auxiliary functions used to provide a piecewise assignment of the change in the coordinates of the

endpoints of the legs:
A= [sgn[sin (%)J+l](r)mod(]})+(t +%—(f—%)mod(ﬂ )J,
1

A24=[sgn(sin(%—nn+I:l-(t+%jmod(ﬂ)+(f—(t—Tl)mod(Tl)).

an

1
Here, function (f)mod(T)) returns the remainder of the integer division ¢ by 7). The piecewise character of the
coordinate change assignment is associated with the consideration of gaits (elementary leg movements), in which a
sequential transfer of the crossed legs is performed.
Solving equation (1) with respect to (2) and (3), when substituting the program movement (9)—(11), we obtain the
dependences of the rotation angles ¢;, a;, B; of the leg links (Fig. 6).

o

ai:o (Pia
60 60 i
50 1E 50 "'
0 il 40
30 | 30%
20+
10 20 30 40 50 60 ¢s 10 20 30 40 50 60 ¢5s
a) b)

i=1 i=4

¢

Fig. 6. Course angle turn simulation results: @ — angles ai(f); b — angles ¢i(¢); ¢ — angles Bi(?)
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The simulation results show that the dependences of the rotation angles of the leg links are periodic functions and, as
a consequence, the considered rotational movements of the robot platform can take place without the occurrence of
singular configurations. Thus, the proposed plan for transferring the legs (10), (11) during rotation around vertical axis Z
is suitable for implementing the rotation of the robot at an arbitrary angle .

Discussion and Conclusion. The constructed mathematical model of kinematics allows for the determination of the
angles in the joints of the robot leg links, which must be provided to implement the desired movement of the robot
platform. The obtained results of numerical modeling of the rotary movements of the robot body confirmed the operability
of the developed kinematic model for assessing the implementation of the specified robot movements, taking into account
the limitations and dimensions of the structure.

In cases where the robot platform performs a flat motion (at zero pitch and roll angles), the constructed mathematical
model of kinematics coincides with the published results of other authors. The results obtained in this paper are a
generalization and refinement of the equations that couple the rotation angles of the robot leg links with the position and
orientation of the robot platform.

The application of the developed kinematic model (1), (4), as well as the proposed plan for transferring legs (10), (11)
during rotation around the vertical axis, will allow constructing control at the kinematic level for the robot movement
along curvilinear trajectories. This approach will significantly expand the robot functionality and increase its performance
efficiency under various operating conditions.
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Abstract

Introduction. Thermal performance of materials based on triply periodic minimal surfaces (TPMS) is becoming
increasingly important in view of the growing interest in materials with special thermophysical properties and their
applications in engineering, energy, and other fields. Since these materials have unique structural and functional
characteristics, understanding the relationship between their geometry and thermal parameters plays a key role in
optimizing their use. Despite the considerable attention paid to the problem, the study of the relationship between the
geometry of porous structures and their thermal characteristics remains incomplete. Existing scientific papers cover
only individual options, and a complete understanding of the effect of complex micro- and macrostructure on thermal
conductivity requires further study. The current gap in scientific knowledge is the lack of systematization and
generalization of existing data, which complicates the development of universal approaches to calculating thermal
conductivity in such materials. The objective of this study was to develop simplified formulas for calculating the
effective thermal conductivity of porous structures based on S-type TPMC cells proposed by Fisher and Koch. The
authors also set the task of analyzing the heat-conducting process in a plate with given porosity parameters. This will
improve the understanding of the thermodynamic processes occurring in such systems.

Materials and Methods. To achieve the stated objectives, mathematical modeling was performed, including the solution
to the boundary value problem taking into account the identified correlations. A cellular structure made of PETG plastic
and having pores consisting of identical repeating elements was considered. These elements formed a three-dimensional
minimal surface that corresponded to the Fisher-Koch model. The analysis was performed using two methods:
calculations in MathCAD based on the finite difference method, and modeling in ANSYS using the finite element
method. In this case, the effect of the geometric parameters of the porous structure on its thermal characteristics was
taken into account.

Results. The research results represented a numerical solution to the thermal conductivity problem for a porous plate,
taking into account the symmetrical boundary conditions of the first kind, and the presence of internal heat sources that
remained constant in time and considered the topological features of the material. In the course of the study,
temperature distributions were obtained, both in the spatial coordinate and in time. The change in heat flow depending
on variations in the plate porosity coefficient was estimated. The graphs of isotherm distribution and their speed of
movement were constructed and analyzed, which allowed for a deeper understanding of the heat transfer dynamics in
the system under consideration.

Discussion and Conclusion. The obtained mathematical dependences demonstrate the degree and nature of the effect of
porosity on the distribution of heat flux density. It has been found that changes in the porosity of the plate can both
increase and decrease the intensity of heat transfer, which provides reaching the required values of thermal resistance of
the material. The obtained results are consistent with the findings presented in other studies on similar topics, which
opens up opportunities for their application in further research. These results can be useful in designing thermal
protection systems for heat-generating equipment, as well as for heat and mass transfer paths of heat-mechanical
equipment and other applications. The solutions are presented in an accessible and understandable form, which makes
them easy to use for a wide range of researchers and engineers, and does not require expensive software or specialized
computing equipment.
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AHHOTaNUs

Beedenue. Tepmuueckne XapakTepUCTUKH MaTEPHAJIOB, CO3JaHHBIX Ha 0a3e TPHIKIbI NEPUOANYECKUX MHUHUMAIBHBIX
moBepxHocteit (TIIMIT), craHOBsTCS Bce O0jiee BaKHBIMM B CBETE POCTA HHTEpPECa K MaTepraiaM ¢ 0COOBIMH TEILTO(H-
3WYECKUMH CBOMCTBAMH M MX IPUMEHEHHSIM B MH)KEHEPHH, DHEPTeTHUKE U JApYyTrux obiacTsx. Ilockonbky 3T Marepua-
76l 00JIalaf0T YHUKAIbHBIMH CTPYKTYPHBIMH M (YHKIHOHAIBGHBIMU XapaKTEPUCTUKAMH, IOHUMaHHE B3aUMOCBS3H
MEXIY UX TeOMETpHEl 1 TemIo(hU3NIECKIMH MTapaMeTpaMH UrpaeT KIIOYEeBYIO POJIb B ONTHMHU3AIUHN UX HCIOJIb30Ba-
Hust. HecMoTps Ha 3Ha4MTENbHOE BHUMAHHUE, yJEJICHHOE MPOOJIeMe, HCCIEA0BAHUE B3aUMOCBI3U MEXIY IeOMeTpueh
TIOPHUCTBIX CTPYKTYP M UX TEPMHUYECKHMHU XapaKTEPUCTUKAMH OCTaeTcsl HemoyHbIM. CyIIecTBYyIONe HayqHble paboThI
OXBaTbIBAIOT JIMIIBL OTJACIIBHBIC BapUAHTBI, a IOJIHOC IMMOHHUMAaHUC BIIMAHUA CII0>KHOM MHUKPO- U MAKPOCTPYKTYPhI Ha
TEIUIONIPOBOAHOCTH TpeOyeT manbHelniero n3ydenns. CymecTBYIOMUi npoden B HaydHOM 3HAHWHU 3aKJIFOYaeTCs B He-
JIOCTaTOYHOW CHCTEMaTH3allui U 00OOLICHUH CYLIECTBYIOIINX AaHHBIX, YTO 3aTPYAHSET pa3paboTKy yHHBEpCAIbHBIX
MIOJIXOJI0B K PacyueTy TEIUIONPOBOAHOCTH B TaKMX MaTepHaiax. Llenbio TaHHOTO McCIenoBaHus SBISUIACh pa3paboTka
YIPOIIEHHBIX (GopMyJT [Uisi pacyera rnokasarens 3Qp(PeKTUBHON TEeMIONPOBOIHOCTH TOPUCTHIX CTPYKTYP, OCHOBaHHBIX
Ha TIIMII-sgelikax tuna S, npeatoskeHHbIX dumepom u KoxoM. ABTOpBI Tak:ke CTaBUIIM 3a]ady aHaJIN3a TEILUIOIPO-
BOJTHOTO TIpoIiecca B INIACTHUHE € 33JaHHBIMU MTapaMeTPaMH MOPUCTOCTH. JTO MO3BOJIUT YIIYyYIIUTh MOHUMAaHHE TEPMO-
JUHAMHYECKUX IPOLECCOB, IPOUCXOSIINX B TAKHX CHCTEMAX.

Mamepuanvt u memoowvt. JI1s1 NOCTHXEHHsI TOCTABIEHHBIX IeJel TPOBEJIEHO MaTeMaTHYeCKOe MOJIEIUPOBAHHUE,
BKJTIOYAIOIIEEe PEIICHHE T'PaHMYHON 3aJadd C yYeTOM BBIIBICHHBIX Koppessnuid. PaccmarpuBaeTcs saencras KOH-
CTPYKIHA, U3rOTOBJICHHAA U3 PETG-mnactuka u uMmeromias 1mopbl, COCTOAIMUEC U3 OJUHAKOBBIX IMOBTOPAIOMIUXCA DJIC-
MEHTOB. DTH 3JIEMEHTH! (POPMHUPYIOT TPEXMEPHYIO MHUHUMAIILHYIO TOBEPXHOCTh, KOTOPAs COOTBETCTBYET Monenn Pu-
mepa-Koxa. AHanu3 npoBOJHJICS C MCIOJIB30BaHUEM JBYX MeToaoB: pacuerbl B MathCAD, ocHOBaHHBIE Ha METO/E
KOHEYHBIX pazHOCTeH, n MojenupoBanie B ANSYS MeToI0M KOHEUHBIX 3JIEMEHTOB. [Ipy 3TOM yUIHTHIBAJIOCH BIHMSHHE
IeOMETPUYECKHX MapaMeTPOB IMOPUCTON CTPYKTYPHI Ha €€ TeIUIOPHU3NIECKUE XapaKTEPUCTUKH.

Peszynomamut uccnedosanus. Pe3ynpTaTbl UCCIEAOBAHUS IPEACTABIAIOT COOOH YMCICHHOE PEUICHUE 3a/1aud TeTulo-
MPOBOAHOCTHU IJIA HOpMCTOﬁ IJ1IaCTUHBI, IpUHUMAasA BO BHUMAaHUC CUMMETPUYHBIC TPAHUYHBIC YCJIOBUA NIEPBOTO poaa U
HaJIMYUe BHYTPEHHUX MCTOYHHMKOB TEIUIa, KOTOPBIE OCTAIOTCS IOCTOSIHHBIMHM BO BPEMEHH M YUHTHIBAIOT TOIOJIOTHYE-
CKHe 0COOEHHOCTH MaTepHaia. B xone paboThl OBUTH MOJTyYEHBI pacupeielieHHs] TeMIIepaTypbl Kak Mo MPOCTPAaHCTBEH-
HOW KOOpAWHATE, TaK U BO BpeMeHH. OeHEeHO N3MEHEHHE TEIIOBOTO TIOTOKA B 3aBHCUMOCTH OT BapHanuil Koaddurm-
€HTa MOPHUCTOCTH TUIACTUHBI. [10CTpOEHBI M TPOaHaIM3UPOBAaHbI IPaUKH PACIIPEeNIeHNs] U30TEPM U CKOPOCTHU UX TIe-
pEeMeEIIeH s, 94TO MO3BOIAET Ooee rTyO0KO MOHATh ANHAMUKY TETUIONEPEadr B pacCMaTpUBaeMOil CHCTEME.
Obcyxcoenue u 3axniouenue. IlonydeHHbIe MaTeMaTHUECKUE 3aBUCUMOCTH AEMOHCTPUPYIOT CTENIEHb U XapaKTep BIIH-
STHUSI TIOPHCTOCTH Ha PACIpeieNiHNe MIIOTHOCTH TEIIOBOTO MOTOKA. BEIJIO yCTaHOBIEHO, YTO M3MEHEHUS B TOPUCTOCTH
TUTACTUHBI MOTYT KaK YBEJIMYUTh, TAK U YMEHBIINTh HHTEHCUBHOCTh TEIIONEPEHOCA, YTO TIO3BOJISIET JOCTHIaTh HEO0-
XOAMMBIX 3HAUCHMI TEPMHUYECKOTO CONPOTUBICHHUA Marepuana. [lormydeHHbIe pe3yabTaThl COTNIACYIOTCS C BBIBOJAMH,
W3JI0)KEHHBIMU B JIPyTUX UCCIIECAOBAHUSIX aHAJIOTUYHON TEMATHKH, YTO OTKPBIBAET BO3MOXKHOCTH JJISl UX IPUMEHEHHS B
JaMbHEHIINX UCCIEIOBAaHMAX. DTH PE3YIbTaThl MOTYT OBITH MOJE3HBI IPU MPOCKTUPOBAHNH CHUCTEM TEIUIOBOH 3alTUTHI
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JUIs TEIUIOBBLACIISIONIEro 000pyI0BaHUS, a TAKXKe AJI TEIIOMAacCOOOMEHHBIX TPAKTOB TEIJIOMEXaHU4ECKOro 000pyno-
BaHUS U JIPyTUX NPHIOKECHUH. Pelenus npeacraBieHbl B JOCTYITHON M MOHATHOH (opMe, YTO 00JIeryaeT ux MCHOIb30-
BaHME KaK JUIsl IIUPOKOTO Kpyra UccieoBareneil, Tak 1 HHXEHEPOB, 1 He TpeOyeT NPUBIICUSHHUS TOPOTOCTOSIIIETO TIPO-
IPaMMHOTO 00€CTIEYEHHSI WK CIICIAATN3UPOBAHHON BEIUUCINTEILHON TEXHUKH.

KurodeBble cjioBa: TpHXKAbl IEPUOANYECKHE MUHUMAIIbHBIE MIOBEPXHOCTH, Tononorus dumepa-Koxa S, mopucrocts,
BHYTPEHHHE HCTOYHHUKH TEIUIOTHI, YUCIEHHOE pPELICHUE, TEIUIONPOBOIHOCTb, METOJ KOHEUHBIX JIEMEHTOB, METOJ
KOHEUYHBIX Pa3HOCTEH, CKOPOCTh pacIpOCTPAHEHHS TETIOTHI

BaarogapHocTH. ABTOpPHI BBIPOKAIOT OJIATOAAPHOCTh PEHAKIMK JKypHAla M PEICH3CHTaM 3a BHHMATEIHLHOC
OTHOIIICHHE K CTAThE.

dunaHcupoBaHue. VccienoBaHrne BBHIIONHEHO 3a CYET CPEACTB rpaHTa Poccuiickoro Hay4dHoro (oHAa (IPOEKT
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TOTIOJIOTHEH TPIKIBI TEPUOANYCCKIX MHUHHUMAIBHBIX TOBepXHOCTeH. Advanced Engineering Research (Rostov-on-Don).
2025;25(1):23-31. https://doi.org/10.23947/2687-1653-2025-25-1-23-3 1

Introduction. Porous materials are widely used in various industries, such as metallurgy [1], microelectronics [2],
and construction [3]. Their unique properties, due to the presence of cavities and voids filled with gases that conduct
heat poorly, make them ideal for use in the production of thermal insulation [4]. The urgency of this problem is related
to the need to improve energy efficiency in various areas, which is an important aspect in the context of sustainable
development. In light of this, in [4], the authors developed an energy- and resource-saving technology for producing an
effective porous heat and sound insulation structural material, which emphasizes the importance of research in this area.

A comparative analysis of the literature shows that the problem raised by the authors has been sufficiently studied,
but there are still a number of aspects that require more in-depth study. Paper [5] presents modern porous thermal
insulation materials, including the use of silicate raw materials in their production. In [6], various types of porous
material matrices are studied, and it is emphasized that the geometric size of the sample (specifically, its thickness,
optimal for sound absorption — about 20 mm) significantly affects their characteristics. In addition, it should be noted
that porous materials have a lower mass compared to homogeneous media, which makes them mostly attractive for use
under conditions of mass and size restrictions, such as the aviation [7] and space industries [8]. In the context of the
petrochemical industry, studies conducted by Mazitov A.A. [9] demonstrated the capabilities of a new web application
for mathematical modeling of non-stationary oil flow in a porous medium, which emphasizes the importance of porous
materials in this area as well. Paper [10] clearly demonstrated the relevance of the analysis of the mechanical properties
of porous plastics, since an applied methodology for calculating the vibrations of piezoceramic porous plates was
developed using the finite element method.

Despite their advantages, such as low weight, high strength characteristics and predictable thermal properties,
porous materials have disadvantages related to the stochastic distribution of pores and the anisotropy of their properties,
which complicates the mathematical and physical analysis of transport processes. In this regard, the analysis of a
material with a porous structure created on the basis of triply periodic minimal surfaces (TPMS) is of considerable
interest, since it demonstrates predictable properties depending on the geometric characteristics of the elementary cells.

Thermal properties of materials based on TPMP are actively studied in scientific circles [11]. To model the
processes occurring in porous media, both numerical [12] and analytical methods are used. However, one of the main
problems remains the search for a qualitative connection between the thermophysical characteristics [13] and the
geometry of porous media [14]. In this context, the study of the temperature field in porous bodies, taking into account
their geometric characteristics and cell porosity, as well as the application of modern numerical methods and
algorithms, is an area with high potential and considerable topicality. The development of numerical algorithms capable
of describing the behavior of temperature by coordinate and time, as well as heat flow depending on changes in the
porosity coefficient, allows for a more accurate and effective approach to the design of heat exchangers and the
development of thermal protection of equipment.

Thus, the objectives of this research were to study the process of thermal conductivity in a porous plate with a given
porosity made of PETG plastic, and to search for dependences to determine the coefficient of effective thermal
conductivity of such materials based on Fischer-Koch S cells. To achieve this goal, a problem of thermal conductivity
in a porous plate was formulated and solved, and an analysis of the obtained solutions was performed. The results of
this study can be useful for practitioners in the design of heat exchangers and in other areas of application.
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Materials and Methods. The object of the study is a porous plate made of PETG material with a wall thickness of
0.0001 m. Its heat capacity is 1,050 J/(kg'K), density is 1300 kg/m?, and thermal conductivity is 0.2 W/(m-K). Figure 1
shows a sketch of this plate created using the ANSY'S software package. The plate is formed from elementary Fisher-
Koch cells in the S topology. The initial conditions are set as follows: the temperature at the initial moment of time
To = 20°C, the temperature on the plate surface is Tcr = 100°C, and the power of the heat source is 500 W/m?>.

Mathematical Formulation of the Problem. The mathematical formulation of the problem under consideration is
as follows: (1) — (4) [15]:

00(& Fo) 0°©(& Fo)

(1- +Po- 4; 1
0=9) 0 oe2 ? W
Fo>0; 0<&<l;
©(&0)=0; (@)
0(1,Fo)=1; 3)
F
8@(?‘;, 0):0, @)
23
_ 2
£=2, @= r=Ty ; Fo=a—szt; po-— &L ; Az}\—s,
! Ter =Ty l keﬁ’A'(TCT_T)o Aoy

where ® — relative excess temperature; § — dimensionless coordinate; Fo — Fourier criterion (dimensionless time);
Po — Pomerantsev criterion; 7' — temperature, °C; x — coordinate, m; T — time, s; 7cr — wall temperature, °C; To —
initial temperature, °C; [ — cell size, m; 4 — coefficient; gy — power of internal heat source, W/m3; a, = XA,/ cp; —
thermal diffusivity coefficient.

Fig. 1. Plate illustration

Research Methods. In the study of thermal conductivity in porous materials, a combination of two approaches was
used: representative volume elementary (RVE) and computational homogenization. This methodology was
implemented on Fisher-Koch S TPMP cells to calculate the effective thermal conductivity [15]. The effective thermal
conductivity coefficient of the material was determined from formula [16]:

L =k -0,73-(1-0),
where A, — thermal conductivity coefficient of the frame material; ¢ — porosity [17].
The density of the porous material was determined from formula [18]:
Poy =P, (1-9),

where p; — density value of the material from which the cell is made.
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The geometric characteristics of the cellular structure are the determining factors on which the degree of porosity of

the material depends. They were calculated using the mathematical expression:
¢=1-Vimun /V,

where Vrrvmn — cell volume; V' — cube volume.

Numerical Solution. The solution to problem (1) — (4) was obtained by the finite difference method [19].
According to this method, a space-time grid with coordinate steps A§ and time steps AFo is introduced. In this case:

& =iA i=0,I; Fo, =kAFo; k=0K, (5)

where 7, K — number of steps along coordinate & and time Fo, respectively.

On grid (5), the grid functions ®f»‘ =0 (&, Foy) are introduced [20]. Using the explicit approximation scheme of
differential operators, problem (1) — (4) takes the following form [21]:
. O -0f 0f, -20f+0}

i+l .
A-(1-9) o AE? 2+ Po- 4;
0 =0;
O =1
k+1 _ @k
O =0y _
Ag

2.5 million grid cells were used in the calculations.

Two key limitations were established during the calculations. First of all, the PETG material was characterized by
constant and predetermined thermal parameters. It was also assumed that heat exchange occurred exclusively on
surfaces with specified boundary conditions, while the remaining cell faces were thermally insulated.

In the course of the study, it was found that using a grid containing 2.5 to 3.0 million cells leads to an optimal
solution to the problem. Increasing the number of grid elements does not significantly affect the accuracy of the
solution, but drastically increases the time costs and complexity of the process.

To confirm the correctness of the results obtained in the MathCAD environment, the authors conducted additional
modeling in the ANSYS system. The dynamics of temperature changes is graphically presented in Figure 2.

2C
100.020

Fig. 2. Change in temperature in the cell
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Research Results. Figure 3 shows the calculation results obtained by the finite element method (FEM) and the
finite difference method (FDM). The analysis of the results allows us to conclude that the dimensionless
temperatures obtained by the two methods are in satisfactory agreement. By analyzing the computational
experiments, it is established that the Fisher-Koch S-type TPMP cell retains its structure (there are no internal
intersections, complete filling of pores, etc.) in the wall thickness range 0 <8 <0.002 m. The time evolution of
isotherms and the dynamics of their speed mode are shown in Figures 4, 5. A notable feature is that in the process of
time development, each isothermal line is formed on the surface with a characteristic initial speed inherent in it. It is
noteworthy that an increase in the porosity of the material causes an increase in the heat flow over the entire time
interval of the research, which is clearly demonstrated in Figure 5. The dependence of the heat flow density on time
with varying porosity is shown in Figure 6.

T, °C
900 s _
600 s —— ek
——— /

75 - //

—
_39%——_?_—4-// /
50 -

_._—-——f—//
25 ==
0
0.00 2.50- 1073 5.00- 107 7.50- 107 X, m

Fig. 3. Temperature distribution by coordinate:
——— — solution according to FDM; — — ——— solution according to FEM

Fo
0.8
0.6
0.4

0.2

0.0
0.00 0.25 0.50 0.75 g

Fig. 4. Graphs of isotherm motion at coordinates depending on time at:
©=0.1(1);0.2(2); 0.3 (3); 0.4 (4); 0.5(5); 0.6 (6); 0.7 (7); 0.8 (8); 0.9 (9)

v

2// Y
o"’//:ii/’////

0.0 0.3 0.6 0.9 Fo

Fig. 5. Distribution of isotherm velocities in a porous plate at:
0=0.2(1);0.5(2);0.7(3); 0.9 (4)
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Fig. 6. Heat-flux density distribution at:
¢ =10.75(1); 0.80 (2); 0.85 (3); 0.90 (4);

Discussion and Conclusion. In the course of the study, a mathematical model of heat transfer for a flat porous plate
based on the Fisher-Koch prefractal S type TPMP was developed. The accuracy of the solution was confirmed by
comparison with alternative calculation methods, such as finite-difference and finite-element analysis. The maximum
deviation of the results according to the Chebyshev norm did not exceed 3%.

One of the significant advantages of the proposed approach is the ability to calculate the temperature distribution
and heat losses in porous media without using complex computer programs and expensive computing equipment. The
expressions obtained for the temperature function significantly simplify the process of engineering calculations of heat
transfer in such materials.

The numerical modeling results, consistent with fundamental studies on thermal conductivity [20], methods for
specifying boundary and initial conditions [15], as well as with various approaches to numerical calculations [11], open
up new prospects for further scientific research. In particular, the developed approach can be applied to the analysis of
one-dimensional heat transfer in porous media, including the calculation of temperature distribution, heat fluxes, and
effective thermal conductivity coefficients of materials based on TPMP.
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Effect of Periodic Fluctuations of Cutting Mode Parameters
on the Temperature of the Front Face of a Turning Tool
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Abstract

Introduction. Modern research aimed at improving the efficiency of the workpart procedures emphasizes the importance
of taking into account the effect of periodic disturbances on the cutting dynamics. However, few works consider
uncontrolled periodic disturbances, whose sources are spindle units and the supporting system of the machine. These
disturbances also have a significant impact on the final quality indicators of the cutting process. Therefore, an urgent task
in the mechanical engineering technology is to establish patterns of the effect of uncontrolled disturbances on the
dynamics of the cutting process, which is particularly important for the development of systems for the automated
selection of operating conditions or vibration diagnostics systems. This research is aimed at determining the mechanism
of influence of periodic fluctuations of processing parameters caused by vibration disturbances on the temperature of the
front face of the turning cutter, which is the key indicator of the development of diffusion wear of the carbide tool.
Materials and Methods. The study of the effect of periodic disturbances on the temperature of the front face of the tool
was performed in two stages. At the first stage, based on a full-scale experiment on finishing longitudinal turning of
blanks made of I0GN2MFA steel with cutters with T15K6 hard alloy plates, the parameters of the disturbance model in
the system were identified, namely, the oscillatory accelerations of the tool under its wear. The vibration characteristics
of the 16K20 universal lathe were measured using a vibration stand assembled on the basis of AP2089-100-3.3-02B
vibration transducers, with a signal sampling frequency of 10 kHz. At the second stage, a digital study of the simulated
disturbances and their effect on the dynamics of the cutting process was carried out. The results of the experiments were
analyzed to compare the calculated maximum temperature of the front face of the tool at the moments when one of the
specified output parameters of processing, obtained as a result of digital modeling, reaches an extreme value under the
impact of periodic disturbances.

Results. 1t has been established that fluctuations in the parameters of operating cutting modes caused by periodic
disturbances lead to temperature fluctuations in the contact zone of the tool and the blank. The greatest impact on the
temperature in the cutting system under study was exerted by the combination of processing parameters at the moments
of reaching extreme feed values. However, when fluctuations in cutting depth and speed reached extreme values, no
significant changes in contact temperature were observed.

Discussion and Conclusion. The results of the conducted research emphasize the importance of analyzing the effect of
periodic disturbances on pulse changes in contact temperature in the processing zone. The presented model of the
relationship between tool vibrations and temperature in the cutting zone can be used to optimize turning modes. The
criterion of optimality is the minimization of tool wear, which is determined on the basis of an analysis of temperature
fluctuations and vibration activity signals of the tool.

Keywords: fluctuations of cutting modes, longitudinal turning, feed drive vibrations, front face temperature, plastic
deformations
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

Bunsinue nepuoauyeckux (GuykTyauuii napaMeTpoB pe;KMMOB Pe3aHUsl HA TeMIepaTypy
nepe/iHeil NOBEPXHOCTH TOKAPHOIO pe3na

E.B. ®omunos = D4, B.E. I'sunxuiaus =, A.A. Mapuenko ™', K.I'. Illyuyes
JloHCKOM rocy1apCTBEHHbIN TEXHUYECKUI yHUBEPCUTET, T. PocToB-Ha-JloHy, Poccuiickas denepanus

P4 fominoff83@mail.ru

AHHOTAIUSA

Bgeoenue. CoBpeMeHHBIE UCCIIEI0BaHMs, HAIIPaBJICHHbIE HA MOBBIIEHNE 3P (HEKTUBHOCTH IPOIIECCOB 00PaOOTKH JeTajeH,
MO/TYEPKUBAIOT BAXKHOCTh yU€Ta BIHMSHHS MEPHOIMUYECKUX BO3MYIIIEHHH Ha TMHAMUKY pe3aHusi. OJJHaKo HeMHOTHe paboThl
paccMaTpuBaOT HEYIpaBIsIeMble EPHOIMUECKIE BOSMYIIIEHHUS, HCTOYHUKAMH KOTOPBIX SIBJISIFOTCS IIMTHHAEIBHbIE Y37IbI U
HECyIlasi CHCTEMa CTaHKa. DTU BO3MYIIIEHHUS TaKXKe OKa3bIBAIOT 3HAUUTEIILHOE BIMSIHUE HA KOHEYHbIE [I0Ka3aTeI KauecTBa
nporecca pesanust. [loaToMy akTyansHOM 3aga4eii B 001aCTH TEXHOJIOTUH MAIIMHOCTPOSHHNS CTAHOBHUTCS PACKPBITHE 3aKO0-
HOMEPHOCTEH BIMSHHS HEYIPABIAEMbIX BO3MYILECHUH Ha JUHAMUKY MPOIECCA PE3aHMS, YTO OCOOCHHO BayKHO JUIS paspa-
0OTKHM CHCTEM aBTOMAaTU3MPOBAHHOTO BHIOOPA TEXHOJIOTMUECKUX PEKUMOB MITH CHCTEM BHOpOANarHocTHKY. Llens 3Toi pa-
OOTBHI 32KIIIOYAETCS B ONIPE/ICIICHUH MEXaHNU3Ma BIIUSIHUS [IEPHOIMUYECKUX (QIIyKTyaluid mapameTpoB 00paOOTKH, BHI3BAHHBIX
BHUOPAIIMOHHBIMU BO3MYILECHIAMH, Ha TEMIIEpaTypy NepeaHeil MOBEpXHOCTH TOKAPHOT'O Pe3la, YTO SIBIISIETCS OCHOBHBIM
rokazaresieM pa3BuTHs 1] (Hy3MOHHOTO H3HOCA TBEPAOCIUIAaBHOTO HHCTPYMEHTA.

Mamepuanst u memoost. VccnenoBanne BIUSHIUS IEPUOANIECKUX BOMYIIEHUH Ha TeMIlepaTypy HepeaHel moBepXHo-
CTH MHCTPYMEHTa NPOBOAWIOCH B JIBa 3Tamna. B mepBoMm sTarne Ha 6a3e HaTYpHOrO 3KCIEPUMEHTA 110 YHUCTOBOMY IIPO-
JOJIHOMY TOUYCHHIO 3aroToBOK u3 ctanu 10 H2M®A pesnamu ¢ miactiuaamu TBEpa0ro crutaBa T15K6 Obuty uaeHTH-
(unMpoBaHkl MapamMeTpbl MOJIENT BO3MYIICHHI B CUCTEME, a UMEHHO KoJieOaTeIbHble YCKOPEHUsSI HHCTPYMEHTa B TPO-
1ecce ero m3Hoca. BubpanuoHHble XapaKTePUCTUKN HCIIOIh3yEMOT0 YHHBEPCAIBHOTO TOKapHOTo cTanka 16K20 m3me-
PSUTHCH C TIOMOIIBIO BUOPOCTEHAa, COOpaHHOTO Ha OCHOBE BHOpompeoOpazoBateneit AP2089—-100-3.3—-02b, ¢ wacTtoToit
nuckperusanuu curaana 10 xI'n. Ha BTopom sTare npoBoauinocs nuppoBoe HCCIEA0BAaHUE MOACINPYEMBIX BO3MYIIIEHUH
1 UX BIWSHHS HAa JUHAMHKY TIpoIiecca pe3aHust. Pe3yIpTaTel ONBITOB aHATM3UPOBAINCH C [EBI0 CPABHEHMS PACUETHON
MaKCHMAJIFHOH TeMIepaTypsl MepeiHel MOBEpXHOCTH MHCTPYMEHTA B MOMEHTHI, KOTJja OJWH W3 33JaHHBIX BBIXOJHBIX
rapameTpoB 00pabOTKH, MOJIYUYEHHBIH B pe3yibTare Hu(ppoBOr0 MOJACIUPOBAHMUS, JOCTUTACT IKCTPEMAIILHOTO 3HAUCHHUS
T10]] BO3I€HCTBHEM TIEPHOINUECKUX BO3MYILCHHH.

Pe3ynbTaThl HecsieoBaHMsl. Y CTAaHOBJIEHO, YTO (DIIyKTYaIlly NapaMeTPOB TEXHOJIOTMUECKNX PEKIMOB Pe3aHHsl, BEI3BaH-
HBIE MIEPHOJIMTYECKUMHI BO3MYILIEHUSIMH, TIPUBOJIAT K KOJIEOAHUSIM TEMIIEPaTyphl B 30HE KOHTAKTa HHCTPYMEHTA C 3ar0TOB-
koii. Han0onplee BiusiHNE Ha TEMIIEPATypy B UCCIIELyEMOM CUCTEME PE3aHusl 0Ka3allo coYeTaHue apaMeTpoB 00padoTKH
B MOMEHTBI JIOCTHIKEHUSI AKCTPEMAIbHBIX 3HaueHuid nojnayun. [1pu aTom, Koraa GiyKTyaiun riyyOuHbI 1 CKOPOCTH PE3aHuUs
JOCTUTAJTU OKCTPEMAJIBHBIX BEJIMYNH, 3HAYUTCIIBHBIX HW3MEHEHHI TEMIICpATYypPbl KOHTAKTa HE Ha6HIOJIaHOCB.

OO0cyxaeHne U 3aKiai04enne. Pe3ynbTaTel IpoBeIEHHOTO UCCIIEAOBAHUS MTOJYEPKUBAIOT BAXKHOCTh aHAIN3a BIUSHUS
MIEPUOANIECKUX BO3MYIIICHNI Ha UMITyJIbCHbIE N3MEHEHHS KOHTAKTHON TeMIepaTypsl B 30He 00paboTku. [IpuBenénnas
MO/JIENTb B3aUMOCBSI3H MEXy BHOpAIlMsAMH HHCTPYMEHTA U TEMIIEPaTypOl B 30HE PE3AHMUSI MOXKET OBITh MCIIOIb30BaHA
JUTSL ONITUMHM3AINH PEKUMOB ToUeHUs. KpuTepreMm onTHManbHOCTH BBICTYIIAeT MUHUMH3AIHS H3HOCA HHCTPYMEHTA, YTO
OTIpEJICTISIETCSI HAa OCHOBE aHAIN3a TEMIIEPATYPHBIX KOJICOAHNWIH M CUTHAIOB BUOPAMOHHON aKTHBHOCTH HHCTPYMEHTA.

KioueBble ciioBa: (QayKTyannu peXMMOB Pe3aHHs, IPOJOJIFHOE TOUCHHE, BHOpAIMK MPHBOAA MOAAY, TeMIlepaTypa
Tiepe/iHe TOBEPXHOCTH, IIACTHYECKHE JIeopMalii

Bnaroaapﬂocnl. ABTOpLI BbIpAXKarOT 6JIal"O,HapHOCTI> peaaKkiuu U pCUCH3CHTAM 3d BHUMATCIIbHOC OTHOLICHUEC K CTAThE
1 YKa3aHHBIC 3aME€YaHUsl, KOTOPBIC [TO3BOJINIIN MMTOBBICUTH €€ KAa4€CTBO.
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Introduction. Metal cutting is a complex nonlinear process characterized by irreversible transformations of
mechanical energy into thermal energy. Plastic deformations and friction processes between the material and the front
and back faces of the tool form the main set of factors that directly affect the intensity of heat generation in the contact
zone. In turn, this determines the level of wear and cyclic resistance of the cutting tool (CT). In the traditional
consideration of the effect of temperature on the wear resistance of cutting tools, it is common to speak about the average
value of this parameter in the cutting zone. However, it should be emphasized that the pattern of the temperature
distribution on the contact areas [1] and in the volume of the tool material [2] also significantly affects the tool life period.

Cutting temperature is an important indicator of the thermal dissipative properties of wear-resistant coatings [3], the
efficiency of using lubricating and cooling processing aids (LCPA) [4], and the selection of conditions for supplying
LCPA to the cutting zone [5]. Temperature control is particularly important when cutting without using LCPA [6] or with
their minimal use [7]. Evaluation of the thermal state of the cutting zone is of primary importance when processing blanks
made of materials with low thermal conductivity [8], as well as when selecting optimal cutting conditions that provide a
given surface quality of the part [9] and minimal wear of the cutting tool [10].

In this paper, the contact zone of the chip with the front face of the tool in the area of secondary plastic deformations
(SPD) is considered as a heavily loaded tribosystem. The contact area and its speed depend significantly on the cutting
modes [11, 12]. In accordance with the scientific approach of A.V. Chichinadze and K.G. Shuchev, the temperature
distribution along the length of a heavily loaded tribocontact is described on the basis of the analysis of the surface
plastically deformable microvolume in the blank (chip), which is considered as a zone of quasi-viscous flow of the
material. This process is related to the heat release due to viscous dissipation of friction energy [13]. The key factors, that
determine the contact temperature in a real cutting system and are considered as input parameters in the resulting
mathematical model, may evolve, e.g., through changing the length of contact along the front surface of the tool with
increasing wear, and also manifest themselves in the form of periodic fluctuations in the cutting operating practice.

Periodic fluctuations are deviations of the control system parameters, which are primarily affected by spindle group
runouts and kinematic disturbances. As a result of spindle runouts, periodic variations in the area of the cut layer occur,
which, in turn, causes a change in the parameters of the dynamic cutting system. These data are confirmed by the results
of studies conducted by A.V. Push [14]. Fluctuations in the parameters relative to their nominal values can cause periodic
or pulsed changes in the temperature distribution on the surface of the tribocontact “front face-chip”, along with such
factors as adhesion and diffusion processes, as well as tribochemical reactions. Thus, a set of values of the parameters of
cutting operating practice at each moment in time determines the change in temperature in the cutting system. The study
of this relationship is based on both physical and mechanical experiments and a digital model of the dynamics of the
cutting process [15, 16]. Unlike previously conducted studies, the experimental and analytical models presented in the
article allow for a virtual assessment of temperature variation caused by fluctuations in cutting mode parameters. Pulse
energy loads on the tool, determined using a digital model and caused by thermodynamic processes in the contact zone,
can serve as a basis for predicting tool life and determining cutting modes by the criterion of minimizing resource costs
for processing the blank. At the same time, the digital model of the system takes into account experimentally obtained
data on the dynamics of the cutting process, received during full-scale tests using a vibration stand and a dynamometer,
which allows reaching the most reliable results.

The objective of this research was to increase the efficiency of the cutting process by determining the mechanism of
the effect of periodic fluctuations in the parameters of the processing modes on the temperature of the front face of the
turning cutter, which is the main indicator of the development of diffusion and oxidation types of wear of the carbide tool.
In the future, the presented mathematical models and methods will allow determining such cutting modes in which
temperature variation in the contact zone “front surface — chips” will be minimal.

Materials and Methods. The experiments were conducted under natural conditions during external longitudinal
turning without cooling the blanks with a diameter of d = 120 mm, made of I0GN2MFA stainless steel using T15K6
carbide plates with a special coating. The cutting speed was V= 130 m/min, feed — s = 0.15 mm/rev, and the cutting
depth — = 0.5 mm. The cutting geometry was as follows: rake angle y = 10°, clearance angle a = 10°, plan approach
angle @ = 95°, and the plate vertex radius » = 0.5 mm. The average temperature in the cutting zone was measured by the
relative thermal emf method, using a laboratory measuring stand for turning model STD 201.1 and digital converters from
National Instruments, while preliminary calibration of the thermocouple was performed.

The vibration characteristics of the universal lathe 16K20 used in the experiments were recorded by the vibration
stand, which was assembled on the basis of vibration transducers A603CO01. For data processing, an external ADC/DAC
module E14-440 was used, which provided signal conversion from vibration sensors, as well as a signal amplifier. The
sampling frequency was 10 kHz per data acquisition channel. The sensors were installed on the cutter in three orthogonal
directions relative to the blank — longitudinal, transverse, and tangential. Digital data processing was performed using
Signal Processing Toolbox in the MATLAB software environment.
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The model of the dynamic cutting system is represented by a set of three interconnected subsystems. The first
subsystem provides the movement of the cutting tool relative to the blank, setting the operating cutting modes, as well as
the inertial-dissipative properties of the system. The second subsystem is responsible for elastic deformations and cutting
forces acting on the cutting tool. The third subsystem implements a block for generating uncontrolled disturbances, whose
source are kinematic disturbances from the machine drive system and spindle unit runouts [15].

Uncontrolled disturbances affect the resulting velocity vector of the tool tip relative to the blank, as well as the cutting
force of the tool. When modeling the dynamics of the treatment process, it is necessary to disclose the formation of the
values of the parameters of the cutting speed V' (mm/s), feed rate s (mm/rev), and cutting depth #(mm). For each
parameter, they are represented by the sum of the value specified by the control system (Vo, so, f,), deformation
displacements & (mm), and the rates of deformation displacements n = dH/d = {nx, Ny, Nz} (mm/s), as well as vibration
disturbances A = {Ax, Ay, Az} (mm). Vibration disturbances are periodic functions of time in their structure, they can be
represented as:

A ()= 4, sin(w,1),

n=l1

k
vE(1)=dA, /di=" 4,0, cos(0,),
n=1
where 4,, ®, — respectively, the amplitudes and frequencies of the oscillators disturbing the tool movement in the
directions i = {X, Y, Z}, determined experimentally. The final representation of the operating cutting modes is modeled
in the following form:

V=Vy=nz+v3;
5= I (VZ_T]X +v§)dt;
-T9

t=ty—Hy+Ay,

where 19 = 1/Q — time of one revolution of the part, s; Q — frequency of rotation of the part, Hz; V> = 50 - Q, mm/s.

The evolutionary change in the contact length /. along the front bevel and wear along the rear surface of the plate /4,
was determined using a metallographic inverted microscope LaboMet-14, which was equipped with a digital visualization
system. In this case, the geometry of the plate was taken into account. The shrinkage coefficient of the chips was estimated
by the weight method using laboratory scales of the Massa-K-150-1 type.

To construct a theoretical temperature distribution along the contact length, the dependence proposed by Chichinadze-
Shuchev was used:

[ONY] [OX%) X 3 X 1 X 2 X
T(x,h)= + | —ky-a, +1-2-k, - fa ———exp| —-ky -a, |-erfc(k, - /a —) ||
( ) ko+m X Py [Vc 2°4d 2 2 Ve x p(Vc 2 2} fe(k, 2 VC)J
o 2
V,

2

C
-1

where x =0... [ /2; ®wo>—initial density of the heat source in the blank:

k-t
90 H (2)

t,h -(1 - exp[—k ;HD

where 4 — thickness of plastically deformed layer in chips; @9 — maximum volume density of heat source from friction
forces in the tool body, W/m?; go — specific friction power for the front face, W/m?; ki » — localization coefficients of
heat absorption source for the tool and blank, respectively, m™'; a, — thermal diffusivity coefficient of the blank, m?/s;
A12 — thermal conductivity coefficient of the hard alloy and the blank material, respectively, W/m-°C; V. — speed of the
chip movement along the front face, m/s; T, — average shear stress on the front face, Pa; f,, — melting temperature of the
blank material, °C; k — temperature coefficient, °C, k = 7.143-10 t,,,; ty — temperature difference inside the plastically
deformed layer, °C; i — thickness of the secondary plastic deformation zone in the chip, m.

O =
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where 4, — contact area, m?; P, — contact perimeter, m; oy — heat transfer coefficient of the tool material, m?/°C.

The calculation of the temperature distribution according to dependence (1) was performed taking into account the
change in the thickness of the plastically deformed layer along the length of the contact. The type of dependence 4 = f{x)
was determined separately for each of the combinations of parameters V, s and ¢ at the moment of fluctuation through
modeling the deformation processes in the chips using the finite element method according to the technique [17].

Research Results. An increase in the contact length on the front face of the cutter due to wear processes contributes
to a growth of temperature, which reaches its maximum values as the cutting system approaches critical wear. According
to the results of a full-scale experiment, the cutting system reaches the critical wear value on the rear face of the tool %
h;=0.12 mm (Fig. 1 a) in 24 minutes, the contact length on the front face by this time is /, = 0.445 mm (Fig. 1 b), the
length of the SPD section is /;= [,/2 = 0.2225 mm.

200 um
=

b)

Fig. 1. Evaluation of wear of the plate working faces:
a — contact area on the front face; b — contact area on the back face

Figure 2 a shows the real-time temperature change for the last pass of the life tests. The processing time for each pass
was 5.97 minutes, and the length of the linear section of the machined surface of the blank was 300 mm. An increase in
temperature was recorded over time during each experiment (Fig. 2 b), as well as a growth of the average temperature in
the experiment with an increase in the number of passes performed by the cutting plate. The average actual temperature
in the cutting zone for the last pass was T, = 921°C with an average amplitude 27.6°C (Fig. 2 b).
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Fig. 2. Evaluation of the thermodynamic state of the cutting zone during life tests:
a — average temperatures for each completed pass;
b — temperature in the cutting zone for the last pass.

The values of the chip shrinkage coefficient based on the results of the full-scale experiment were 2.61-2.85, which
confirmed the adequacy of the calculated values used for modeling (Table 1). Based on the analysis and processing of
vibration acceleration data (Fig. 3 a), their power spectrum was determined. It is presented in relative units to the

dispersion in Figure 3 .
The spectral characteristic clearly shows three main peaks, which actually determine the fundamental resonant
frequencies of the system based on the data of the measuring complex installed on the machine support system.

dV/dt, mm/s?

20

40

2.0 2:5 3.0 3.5 4.0 4.5 T,

Q(f) IRro) T — T — T T

p ]

04 - §=0.441
f=122Hz

0 100 200 300 400 500 600 700  f,Hz
a)
Fig. 3. Experimentally measured characteristics of the cutting process:

a — oscillatory accelerations of the tool tip in the tangential direction;
b — vibration signal spectrum dV/dz
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After identifying the parameters of vibration disturbances, we consider their effect on the trajectories of operating
cutting modes in a digital simulation model of the cutting process using the example of changing the trajectories of the
cutting speed (Fig. 4).

V, m/min T T T T T T

130

125 1 1 1 1 1 1
1,310 1,312 1,314 1,316 1,318 1,320 1,322 1,324 1,s

Fig. 4. Example of cutting speed trajectories V taking into account vibrations in the digital model
The analysis of the system dynamics at the stage of stabilization of the tool wear intensity (t = 20-25 min), at the moments
of extreme fluctuations in cutting modes, showed that the maximum calculated temperature of the front face 7ij{", reached

according to dependence (1) atx = /; for nominal values of the parameters V, s and ¢, was 1,097.25°C (Table 1).

Table 1
Calculated Values of Cutting Process Parameters at Fluctuation Moments
State of the parameter v
at the moment of ¥V, m/min | s, mm/rev | ¢, mm K, . T ,°C Ar,°C
. m/min
fluctuation
nominal 130.0 0.150 0.500 2.797 46.47 1,097.25 -
V—max 135.1 0.151 0.541 2.861 47.08 1,100.31
V—min 124.4 0.189 0.524 2.641 49.23 1,115.38 18.130
s—max 130.5 0.225 0.548 2.524 51.47 1,141.75 61.919
s—min 132.1 0.101 0.463 3.101 42.03 1,079.83
t—max 133.8 0.177 0.552 2.658 48.90 1,112.37 15.120
t—min 132.7 0.146 0.446 2.861 45.43 1,098.56

Let us consider the maximum cutting speed V. = 135.1 m/min, which, according to the digital modeling results, is
periodically repeated in the studied time interval. At this moment, the feed and cutting depth take values s = 0.151 mm/rev
and = 0.541 mm (Fig. 5 q, b, ¢).

V, m/min s, mm/rev
135 |
0.16
130
0.15
1,321.876 1,321.900 T, 1,321.876 1,321.900 1,8
a) b)
7, mm
0.55

0.50

1,321.876 1,321.900 T,
¢

Fig. 5. Cutting mode values at maximum cutting speed:
a — cutting speed; b — feed rate; ¢ — cutting depth
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As a result of this combination of cutting conditions, the maximum contact temperature at the moment of fluctuation
increases slightly (Table 1). When the cutting speed reaches the lowest value (124.4 m/min), the accompanying change in the
parameters s and ¢ causes an increase in the maximum temperature to 1,115.38 °C, as shown in Table 1. In this case, temperature
fluctuations reach Ay = 18.13°C. At extreme values of the cutting depth in combination with the change in speed and feed at
this moment, an increase in the contact temperature is observed up to a maximum of 1,112.37°C (Table 1). The greatest effect
on the temperature of the front face in the studied cutting system is exerted by extreme values of feed at the moment of
fluctuation (Fig. 6 a, b, ¢).

s, mm/rev

¥, m/min
135
0.20

130

0.15 WA &R I il - - - -t -
1,449.776 1,449.800 T,S 1,449.776 1,449.800 1,8
a) b

t, mm

0.55

0.50

1,449.776 1,449.800 7,8
9
Fig. 6. Cutting mode values at maximum feed:
a — cutting speed; b — feed rate; ¢ — cutting depth
The combination of processing modes, when parameter s reaches its maximum, leads to an increase in the contact

temperature 1 I[;II;X to 1,141.75°C, while at minimum feed, its decrease to 1,079.83°C is observed (Table 1).

The curves characterizing the temperature distribution along the length of the tribocontact on the front face, according
to dependence (1), are shown in Figure 7. For the initial point of x-axis, the calculated values of the temperature obtained
due to heat generation in the zone of primary plastic deformations (PPD) are indicated.

Tnn7 OC
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1,000 ==k
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— ; s
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800 et
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Fig. 7. Temperature distribution in the SPD section on the front face
at nominal (1), maximum (2), and minimum (3) feed values s
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Discussion and Conclusion. During the combined experiment, changes in the trajectories of the processing modes
were recorded, which were caused by vibration disturbances in the cutting system under study. The research determined
the values of these changes for quasistatic moments, when the speed, feed or depth of the cut layer reached their
extreme values as a result of fluctuations. It was established that at the maximum feed deviation amplitude, the greatest
temperature variation on the front face of the tool was observed throughout the entire section of the time trajectory. In
the considered scenario, a significant feed deviation in combination with a fluctuation in the cutting depth caused a
periodic redistribution of cutting forces and a significant change in the dynamics of deformation processes in the zone
of primary plastic deformations.

As a result of these phenomena, the greatest deviations in the chip shrinkage coefficient Ka and its sliding speed Ve
were observed, which significantly affected the contact temperature in the tribosystem “cutter face — chip”. It is interesting
to note that the smallest temperature changes occur at maximum cutting speed and depth values, since the combination
of actual machining modes at the time of such fluctuations level out possible significant deviations in the tribocontact
temperature. Thus, the cutting system under study at the given machining modes is subject to the vibration characteristics
of the feed drive, which cause undesirable temperature fluctuations on the front face of the cutter.

This statement necessitates a revision of the traditional understanding of the dependence of the cutting process
temperature on the processing modes, specifically considering that the cutting speed is the most significant parameter
determining the temperature changes in the contact zone. However, it should be noted that most papers on this topic are
based on single-factor experiments, where only one parameter of the cutting system is changed, and its contribution to
the temperature variation is assessed, while the effect of vibrations generated by the system itself on the dynamics of heat
generation still remains uncertain [18, 19]. Thus, the integral value of temperature is actually analyzed.

The results of this study establish the features of the relationship between operating cutting modes and temperature,
considering it not as an integral value, but as a changing trajectory. This trajectory demonstrates a periodic process of
constant energy accumulation and its release in the cutting zone, whose dependence on fluctuations in cutting modes
caused by kinematic disturbances is extremely important. Fluctuations in the tool movement trajectories relative to the
part contribute to an increase in the amplitude of temperature variation, which, in turn, causes local overheating of the
tool and an increase in the intensity of wear of the tool material against the background of an increase in the amplitude of
the thermo-EMF signal.

Thus, the results of the conducted study emphasize the need to analyze the effect of periodic disturbances on pulse
changes in contact temperature in the processing zone. The proposed model of the relationship between tool vibrations
and temperature in the cutting zone explores new horizons for selecting optimal turning modes in order to minimize tool
wear based on the analysis of calculated temperature variation from the tool vibration activity signal. Such experimental
results can serve as fundamental data for developing a new approach to assessing the temperature in the cutting zone,
which would take into account a wide range of values of operating modes.

Using the amplitude of temperature fluctuations in the vibration monitoring and compensation systems as an additional
parameter for assessing the optimality of cutting modes can significantly improve the stability of the process and reduce
the temperature in the cutting zone. This approach is especially relevant for metal-cutting machines that have been in
operation for a long time, which are characterized by significant periodic disturbances of the cutting system from the feed
and main drives.
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Abstract

Introduction. Vacuum ejectors operating on the Venturi principle are used in various industries and are essential
pneumatic devices. An important characteristic of a vacuum ejector is the vacuum depth it creates, where the maximum
vacuum value is obtained in a certain range of supply pressure. Failure to comply with the supply pressure affects the
performance of the ejector itself and automated vacuum systems in general. One of the options for solving this problem
is to establish the recommended range of supply pressure in a fairly narrow pressure range, at which a guaranteed value
of vacuum depth is reached without using the maximum capabilities of the ejector. At the same time, the technical
literature does not provide the values of the dependence of the vacuum depth on the supply pressure over the entire range
of ejector operation, which the authors would like to draw attention to in this work. The research objective was to conduct
experimental studies on establishing the true values of the maximum vacuum depth depending on the magnitude of the
ejector input pressure.

Materials and Methods. To conduct experimental research, a special stand was designed, manufactured and used, which
allowed for the study of vacuum ejectors operating on the basis of the Venturi principle. This stand provided setting the
exact vacuum value depending on the input supply pressure for ejectors with a nozzle diameter from 0.1 to 4.0 mm, which
completely covered the entire range of ejectors used in real sectors of the economy. Vacuum ejectors of the VEB, VEBL,
VED and VEDL families manufactured by Camozzi were investigated in the range of the inlet supply pressure of the
ejector from 2.0 to 6.5 bar. The true values of the vacuum depth were determined experimentally depending on the value
of the input supply pressure for each ejector, as well as the maximum values of the vacuum depth reached by each ejector
at the corresponding value of the input supply pressure.

Results. It was experimentally proved that the recommended values of the input supply pressure given in the catalogs of
ejector manufacturers did not always correspond to the true values. It was shown that the character of the obtained graphs
also differed. In this regard, it was necessary to adjust the value of the input supply pressure to reach the maximum
vacuum depth for each type of ejector.

Discussion and Conclusion. The results of the conducted experimental studies allow for a rational choice of vacuum
ejectors depending on the required technological tasks. This will ensure the operability of automated vacuum systems and
the performance of the ejector itself. The research results can be used by all ejector manufacturers to adjust their basic
catalogs and relevant recommendations for the use of these products.

Keywords: vacuum depth, vacuum ejector, supply pressure of ejectors
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AHHOTaNNA

Beeoenue. BakyyMHBIE 35KEKTOPHI, paboTalomIie 0 NPUHIHNITY BeHTypH, TPUMEHSIOTCS B PAa3IUYHBIX OTPACIAX IMpPO-
MBIIUJIEHHOCTH U SBJISAIOTCS] HE3aMEHUMbBIMU MTHEBMATUYECKUMU YCTpOHCTBaMU. Ba)kHOHM XapaKTepUCTUKON BaKyyMHOTO
KEKTOPA SBJISIETCS cO3/laBacMasi TIIyOuHa Bakyyma, I'/ie MaKCUMaJlbHOE 3HaUeHHE BaKyyMa JIOCTHIaeTCs B ONpe/IeNeH-
HOM HMHTEpBaye MUTAIOIIET0 NaBiIcHUs. HecoOIroieHie MUTArOIIEro JaBICHUS BIISIET Ha TIPOU3BOAUTEIEHOCTS CAMOTO
KEKTOpa M aBTOMATU3UPOBAHHBIX BaKYyMHBIX CHCTEM B 11esIoM. OJTHUM U3 BAPHAHTOB PEUICHUS TaHHOUW MPOOIEMBI SIB-
JIIETCSl YCTAHOBJIEHUE PEKOMEHAYEMOro Juana3oHa MUTAIOUIEro JaBJIeHHs B JOCTATOYHO Y3KOM HHTEpBase JaBJICHUH,
MIPU KOTOPOM JIOCTHTAETCs TApAaHTUPOBAHHOE 3HAUYEHNE TITyOWHBI BaKyyMa, HE UCTIOIb3YsI MAKCUMAJIbHBIE BOBMOKHOCTH
KekTopa. [Ipu 3ToM B TEXHUYIECKOH INTepaType HE MPUBOIATCS 3HAYCHUS 3aBUCUMOCTH TITyOWHBI BAKYyMa OT MTUTA0-
HIEr0 ABJICHUS HA BCEM JMana3oHe pabOThl 2KEKTOpa, Ha KOTOPBIC aBTOPBI XOTEIH ObI 0OpaTHTh BHUMAHHE B PAMKax
MaHHOM paboThl. Llems paboThl — TIpOBENCHHE YKCICPUMEHTAIBHBIX UCCICIOBAHUN MO YCTAHOBIICHUIO (PaKTHUYCCKIIX
3HaUYEHUH MaKCUMAIbHOHN TTTyOWHBI BAKYyMa B 3aBUCUMOCTH OT BEJTMYMHBI BXOJHOTO JABJICHUS DKEKTOpa.
Mamepuanst u memoowt. J11s1 IpoBeICHUS SKCIICPUMEHTAIBHBIX HCCICIOBAHNH OBIT CIPOCKTHPOBAH, U3TOTOBIICH U HC-
0JIb30BaH CICIUATBHBIA CTCH]I, TO3BOJIIFOIINI OCYIIECTRIATH HCCIICIOBAHUS BAKYYMHBIX 3)KEKTOPOB, paOOTAOIINX Ha
OCHOBe npuHLUIA BenTypu. JlaHHBINA CTEHI O3BOJIAET YCTAHOBUTH TOUHOE 3HAUEHUE BaKyyMa B 3aBUCUMOCTH OT BXOJ-
HOTO MUTAOIIETO JABJICHHUS TS 9)KEKTOPOB, UMEIOIIMX auaMeTp coruia oT 0,1 10 4,0 MM, 9TO MOTHOCTHIO IEPEKPHIBAET
BECH JIMAIa30H MKEKTOPOB, IPUMEHSIEMBIX B PEAIBHBIX CEKTOpPaxX SKOHOMUKH. bblN Hccie10BaHbl BAKYYMHBIE 35KEKTOPBI
cemeiicte VEB, VEBL, VED u VEDL npowusBoacta komnanuu Camozzi B HHTEPBaJie BXOHOTO MUTAIOIIETO JTaBICHHUS
kekTop ot 2,0 10 6,5 6ap. DKCIEePUMEHTAIBFHO OTPENSISUTNCH (paKTHIecKne 3HAYCHNUS TIyOHHEI BAKYyMa B 3aBHCHMO-
CTH OT BEJINYMHBI BXOHOTO MUTAIOIIETO JABICHHUS I KaXKIOT0 MKEKTOpa, a TAK)KE MaKCHMAIIbHBIC 3HAUCHHS TTy OMHBI
BAaKyyMa, IOCTHUTa€Mble KaXKIbIM 2KEKTOPOM MPU COOTBETCTBYIOLIEM 3HAUEHUU BXOJHOTO MUTAIOLIETO 1aBICHUS.
Pezynomamul uccnedosanus. DKCIIEPUMEHTATBHO JOKa3aHO, YTO PEKOMEHJyEeMbIe 3HAUEHHUs BXOJHOTO MHTAIOIIETO
JABJICHUS TPUBEICHHBIX B KaTajxorax (pupM IPOHU3BOIHUTENCH KEKTOPOB HE BCETIa COOTBETCTBYET NEHCTBUTEIEHBIM
3HayeHusM. [Toka3aHo, YTO OTIIMYACTCSA M XapaKTep MOJIYYCHHBIX IpauKkoB. B 3Tol cBA31 HEOOXOIMMO BBOAUTH KOP-
PEKTHUPOBKY BETMYMHBI BXOTHOTO IMUTAFOIIETO JABICHUS U TOCTHIKCHUST MAaKCUMAITbHOH TITyOHMHBI BaKyyMa JUIs Kax-
JIOTO THIIA MKEKTOpa.

Obcyrncoenue u 3axntouenue. Pe3ynpTaTsl POBEICHHBIX SKCIIEPHUMEHTAIBHBIX HCCIECIOBAHUH MTO3BOJISIOT OCYIIECTB-
JISATH PAIlMOHATIBHEIN BEIOOP BAKYYMHBIX 3KEKTOPOB B 3aBHCUMOCTH OT TPEOYEMBIX TEXHOJIOTHICCKHX 3a1a4. DTO rapaH-
THPOBAaHHO 00eceyuT paboTOCIOCOOHOCTh aBTOMAaTH3UPOBAHHBIX BaKyyYMHBIX CHCTEM M TPOU3BOIUTEIHHOCT CaMOTO
MKEKTOpa. Pe3ynbTaTsl UCCIeNOBaHU MOTYT OBITh MCIOJIB30BAHBI BCEMU (PHPMaMH U3TOTOBHTEISIMU 3KEKTOPOB IS
KOPPEKTHPOBKH WX 0a30BBIX KaTAJIOTOB U COOTBETCTBYIOIINX PEKOMEHIANNH 110 TPUMEHEHHUIO 3TUX MU3IEIIHH.

KaroueBble ciioBa: I"J'Iy6I/IHa BaKyyMma, BaKyyMHLIﬁ IKEKTOP, MUTAOIIEC JABJICHUC 35KEKTOPOB

BaarogapHoctu. ABTOpBI BBIPXKAIOT TIIIyOOKYIO OJaroflapHOCTh PELEH3EHTaM M PEIKOJUIErHMH JKypHaia 3a
BHUMATEJILHOE OTHOIIEHHUE K CTAThE M YKa3aHHbIEC 3aMEUYaHUsI, KOTOPHIC TO3BOJIUIIN YIIYUIIUTh KAYeCTBO CTATHH.

Jas murupoBanus. Casayk C.1., Ymepos 2./, AGaynrasuc A.Y. VccnenoBanue ONTHMAaIBHON TITyOHHBI BaKyyMa, CO31aBaeMOi
PKEKTOPOM B 3aBUCUMOCTH OT BEJMYMHBI [HTAIOIIEr0 jaBieHus. Advanced Engineering Research (Rostov-on-Don).
2025;25(1):43-51. https://doi.org/10.23947/2687-1653-2025-25-1-43-51

Introduction. Currently, in various industries, the technological movement of products and parts is carried out using
industrial robots equipped with vacuum suction cups, whose operation is performed using an ejector [1] based on the
Venturi principle. Manufacturers offer a wide range of ejectors [2, 3], which create a vacuum of varying depth depending
on the supply pressure [4], which meets the specific needs of production.
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The optimum value of the air supply pressure at the inlet of the ejector, at which the maximum vacuum depth is
reached, can be defined as the optimum pressure. Deviation of this pressure from the specified value causes a decrease in
the vacuum depth, which, in turn, negatively affects the performance of both the ejector and the suction cup, and also
increases energy costs. Thus, providing optimal supply pressure for the ejector in order to reach maximum productivity
and reduce energy costs becomes an urgent task.

When studying ejectors from manufacturers such as Camozzi, Festo, Schmalz, SMC Pneumatics, and others, it has
been noted that only a small number of manufacturers publish in their catalogs the exact vacuum values depending on the
supply pressure for different types of ejectors. The information is mainly presented in the form of a general diagram
corresponding to the entire range of ejectors of a certain type, without taking into account the diameter of their nozzles.

The practical experience of the authors of the article, as well as long-term cooperation with various production sites
using vacuum ejectors, made it possible to identify significant discrepancies between the true and tabulated values of
supply pressures and the corresponding values of vacuum depth. Therefore, studies aimed at determining the exact
dependences of the maximum vacuum depth created by the ejector on the input supply pressure, with the aim of reaching
minimum energy costs, are of considerable interest. A more in-depth study of these parameters is possible using a
specially created experimental stand, which allows for a high degree of accuracy in determining the specified parameters,
which, in turn, can contribute to an increase in the productivity of the entire system.

Numerous studies are devoted to the use of vacuum ejectors [5] and vacuum technology [6]. The authors draw
attention to the theory of vacuum [7] and its physical foundations [8], but do not sufficiently focus on the practical side
of its use. In [9], specific cases of practical application of vacuum are considered; in [10], experimental studies with an
improved ejector nozzle are presented; and in [11] — flow modeling. However, in modern scientific literature, practically
no attention is paid to issues concerning the dependence of the magnitude of the resulting vacuum on the input supply
pressure and the parameters of vacuum ejectors. Descriptions of the characteristics of vacuum ejectors can be found
mainly in reference literature, such as catalogs of vacuum equipment manufacturers, for example, the Italian company
Camozzi or the German company Schmalz.

In [12], it was proposed to change the geometric dimensions of the ejector nozzle, which allowed increasing their
productivity. In experimental work [13], the results of a study were presented in which the angle of inclination of the
ejector mixing chamber was changed, which also contributed to increasing its productivity. In [14], the author attempted
to study the main characteristics of vacuum ejectors and proposed a methodology for experimental research, which
received a logical continuation in [15].

Taking into account all of the above, the authors set themselves the objective of conducting experimental studies to
determine the true values of the maximum vacuum depth depending on the magnitude of the ejector input pressure.

Materials and Methods. To conduct full-scale studies of vacuum ejectors, a special stand [15] was used. It was
developed by the authors of the article and presented in Figure 1.

1 2 3 6 7 8 9 10 1213 14

Fig. 1. Stand for conducting experimental research
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Table 1
Components of Stand for Conducting Experimental Studies
Designator Type/Model
1 | Air inlet valve Ball valve V2E-316-PP-1/4
2 | Inlet unit Modular air preparation unit MC104-N-5-FL
3 | Control pressure gauge Pressure gauge M063-R12
4 | Electronic drive with regulator Gear motor 80YT25WGV22H/80GK 150H with controller WS-L (25W)
5 | Main regulator with shut-off valve Pressure regulator MC104-R05 with ball valve V2E-316-PP-1/4
6 | Control pressure gauge Pressure gauge M063-R12
7 |Tee

Pressure sensor MIDA-DI-15-RS485-0.15(0.25; 0.5)/0-1.6 MPa-064-

8 | Pressure sensor M?20-DIN C

9 | Distribution manifold Manifold 3053 1/4-3L-1/8

Standard deformation manometer with conditional scale, model 11202,

1 trol t
0 | Control manometer accuracy class 0.4 16 kgf/cm?); SM

11 | Tested ejector

Pressure sensor MIDA-DA-15-RS485-0.15(0.25; 0.5)/0-0.1 MPa-064-

12 | Absolute pressure sensor M20-DIN C

13 | Tee

14 | Computer monitor

Standard deformation vacuum gauge with conditional scale, model

1 1
> | Control vacuum gauge 11201, accuracy class 0.4 (-0.1 MPa); SVG

16 | Computer Only the keyboard is shown conditionally

17 | Sensor controller Communication device MIDA-US-410

The study examined the VEB, VEBL, VED and VEDL vacuum ejectors manufactured by Camozzi [8] in the range
of input pressure feeding the ejector from 2.0 to 6.5 bar. The main objective of the study was to establish the true values
of the vacuum depth depending on the magnitude of the input supply pressure for each of the ejectors. In addition, it was
necessary to experimentally determine the maximum vacuum depth values that each of the ejectors was capable to reach,
as well as the input supply pressure corresponding to these vacuum depth values. The parameters obtained will
subsequently be needed to conduct the following series of experiments aimed at establishing the time of creating vacuum
in a volume of one liter at various specified vacuum depths.

For each ejector from the families under consideration, at least 17 experiments were conducted. In this case, for each
individual experiment, its own fixed rotation speed of the flywheel of the main pressure regulator 5 was set. The purpose
of these settings was to provide maximum smoothness of the change in parameters, as well as to exclude the omission of
any significant events during the experiment.

Research Results. Below are the graphs of the dependence of the change in vacuum depth on the value of the supply
pressure obtained as a result of the experiment for the ejector series (Fig. 2—5). The comparison of the obtained data with
similar parameters of the ejectors provided in the Camozzi catalog is also performed.
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Fig. 2. Vacuum depth change dependence diagrams from the supply pressure value for VEB series ejectors
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The experimental data analysis shows that for the VEB-05H ejector, the maximum vacuum depth reaches 90.5%
(residual pressure 96 mbar) at supply pressure of 4.73—4.74 bar. According to the information provided in the
manufacturer’s catalog for the VEB-05H ejector, the optimal supply pressure is 4.5 bar, while the vacuum depth of 82%
should be reached, which corresponds to a residual pressure of 182 mbar. This value is consistent with the diagram in the
manufacturer's catalog, which shows the dependence of the vacuum depth on the value of the supply pressure for the VEB
family of ejectors. The authors have found that for the VEB-05H ejector at a supply pressure of 4.5 bar (recommended
value from the manufacturer), the vacuum depth is also 88.65% (residual pressure 115 mbar).

As for the VEB-07H ejector, the experimental data has shown that its vacuum depth reaches 89.34% (residual pressure
108 mbar) at a supply pressure in the range of 4.07—4.08 bar. Comparing with the data provided by the manufacturer for
the VEB-07H ejector, it is found that the optimal supply pressure for this device is also 4.5 bar, at which the vacuum
depth should be 85% (residual pressure 152 mbar). This value does not correspond to the values presented in the
company's catalog, which shows the dependence of the change in vacuum depth on the value of the supply pressure for
VEB family ejectors. It is found that at a supply pressure of 4.5 bar (recommended value for operating the VEB-07H
ejector), the vacuum depth reaches 88.65% (residual pressure 115 mbar). Thus, the existing discrepancies between the
experimental data and the information provided by the manufacturer require additional analysis and may indicate the need
to revise the recommended operating parameters of the ejectors.

It has been experimentally established that for the VEB-10H ejector, the vacuum depth reaches 86.9% (residual
pressure 132.6 mbar) at a supply pressure of 4.9 bar. The data provided by the manufacturer of the VEB-10H ejector
indicate that the optimal supply pressure is 5 bar, while the vacuum depth should reach 85% (residual pressure 152 mbar).
This value corresponds to the dependence diagram presented in the manufacturer's catalog, which demonstrates the
change in vacuum depth depending on the value of the supply pressure for VEB family ejectors. In the course of the
study, the authors have found that for the VEB-10H ejector at a supply pressure of 5 bar (the value recommended as
optimal for the operation of this device), the vacuum depth reaches 86.8% (residual pressure 133.5 mbar).

Of particular interest is the unusual behavior of the dependence graph in the supply pressure range from 4 to 4.2 bar (Fig. 3).
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Fig. 3. Unusual behavior of the graph

For the VEB-15H ejector, it has been experimentally established that the vacuum depth reaches 89.24% (residual
pressure 109 mbar) at a supply pressure of 4.75 bar. The data provided by the manufacturer of the VEB-15H ejector
indicate that the optimal supply pressure is 4.5 bar, provided that the vacuum depth reaches 85% (residual pressure 152
mbar). This value probably corresponds to the diagram presented in the company's catalog, which demonstrates the
dependence of the change in the vacuum depth on the value of the supply pressure for the VEB family of ejectors. In the
course of the studies, it has been found that for the VEB-15H ejector, with a supply pressure of 4.5 bar recommended by
the manufacturer as optimal for its operation, the vacuum depth reached 85.69% (residual pressure 145 mbar).

Particular attention should be paid to the sharp drop in vacuum values in the supply pressure range from 2.95 to 3.0
bar (Fig. 2). The reasons for this behavior of the graph are expected to be studied in the future as part of the development

of a mathematical model of the ejector.
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Fig. 4. Vacuum depth change dependence diagrams from the value of the supply pressure for VEBL series ejectors

The experimental data analysis shows that for the VEBL-05N-T1 ejector, the vacuum depth reaches 88.06% (residual
pressure 121 mbar) at a supply pressure of 4.2 bar.

The information from the manufacturer on the VEBL-05N-T1 ejector indicates that the optimal supply pressure is 4.5 bar,
while the residual pressure in the vacuum line should reach 160 mbar. The data correspond to the graphs presented in the
manufacturer's catalog, which demonstrate the dependence of the change in vacuum depth on the supply pressure value for
VEBL family ejectors. In the course of the conducted research, it has been established that for the VEBL-05N-T1 ejector
with a recommended supply pressure of 4.5 bar, the residual pressure in the vacuum line is 127 mbar, which corresponds to
a vacuum depth of 87.47%.

For the VEBL-07N-T1 ejector, it has been experimentally established that the minimum residual pressure in the
vacuum line reaches 133 mbar (86.87%) at a supply pressure of 4.1 bar.

The data provided by the manufacturer for the VEBL-07N-T1 ejector, indicate an optimal supply pressure of 4.5 bar.
At the same time, the residual pressure in the vacuum line should reach 150 mbar. This value is confirmed by the diagram
provided in the manufacturer's catalog, which illustrates the dependence of changes in the vacuum depth on the supply
pressure for VEBL family ejectors. The results of the conducted studies show that for the VEBL-07N-T1 ejector, with a
supply pressure of 4.5 bar recommended by the manufacturer as optimal for its operation, the residual pressure in the
vacuum line is 142 mbar, which corresponds to a vacuum depth of 85.99%.

As for the VEBL-10N-T2 ejector, it has been experimentally established that the minimum residual pressure in the
vacuum line reaches 133 mbar, which corresponds to a vacuum depth of 86.87% with a supply pressure of 4.22 bar. The
data, provided by the manufacturer for the VEBL-10N-T2 ejector, indicate an optimal supply pressure of 4.5 bar, while
the residual pressure in the vacuum line should reach 150 mbar. This value corresponds to the diagram presented in the
manufacturer's catalog, which illustrates the dependence of changes in the vacuum depth on the value of the supply
pressure for the VEBL family of ejectors. The conducted studies show that for the VEBL-10N-T2 ejector, with the
manufacturer's recommended supply pressure of 4.5 bar, the residual pressure in the vacuum line is 138 mbar, which
translates into a vacuum depth of 86.38%.
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Fig. 5. Vacuum depth change dependence diagrams from the feed pressure value for VEDL series ejectors
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The experimental data analysis shows that for the VEDL-05N-T1 ejector, the minimum residual pressure in the
vacuum line reaches 130 mbar (vacuum depth 87.17%) at a supply pressure of 4.0 bar. The data, provided by the
manufacturer for the VEDL-05N-T1 ejector, indicate an optimal supply pressure of 4.5 bar, while a residual pressure of
170 mbar should be reached in the vacuum line. This value corresponds to the diagram of the dependence of the change
in the vacuum depth on the value of the supply pressure for the VEDL family of ejectors given in the manufacturer's
catalog. The conducted studies show that for the VEDL-05N-T1 ejector with a feed pressure of 4.5 bar (the value
recommended by the manufacturer as optimal for the operation of the VEDL-05N-T1 ejector), the residual pressure in
the vacuum line is 142.6 mbar, which corresponds to a vacuum depth of 85.99%.

It has been experimentally established that for the VEDL-07N-T1 ejector, the minimum residual pressure in the
vacuum line reaches 207 mbar (79.57%) at a supply pressure of 3.4 bar. The data provided by the manufacturer for the
VEDL-07N-T1 ejector indicate an optimal supply pressure of 4.5 bar, while the residual pressure in the vacuum line
should reach 150 mbar. This value corresponds to the diagram of the dependence of the change in the vacuum depth on
the value of the supply pressure for the VEDL family of ejectors given in the manufacturer's catalog. The conducted
studies show that for the VEDL-07N-T1 ejector at a supply pressure of 4.5 bar (the value recommended by the
manufacturer as optimal for the operation of the VEDL-07N-T1 ejector), the residual pressure in the vacuum line is
256 mbar, which corresponds to a vacuum depth of 74.73%.
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Fig. 6. Vacuum depth change versus supply pressure diagrams for VED series ejectors.

The experimental data analysis shows that for the VED-07 ejector, the minimum residual pressure in the vacuum line
reaches 98 mbar (90%) at a supply pressure of 3.63 bar. The data provided by the manufacturer for the VED-07 ejector
indicate an optimal supply pressure of 5 bar, in which case a vacuum of 90% should be reached (residual pressure of 101
mbar). This value does not correspond to the diagram of the dependence of the change in the vacuum depth on the value
of the supply pressure for the VED family of ejectors given in the manufacturer's catalog. The conducted studies show
that for the VED-07 ejector at a supply pressure of 5 bar (the value recommended by the manufacturer as optimal for the
operation of the VED-07 ejector), the residual pressure in the vacuum line is 124 mbar, which corresponds to a vacuum
depth of 87.76%.

It has been experimentally established that for the VED-09 ejector, the minimum residual pressure in the vacuum line
reaches 90 mbar (91.12%) at a supply pressure of 4.34 bar. The data provided by the manufacturer for the VED-09 ejector,
indicate an optimal supply pressure of 5 bar, in which case a vacuum of 89% depth should be reached (residual pressure
111.5 mbar). This value does not correspond to the diagram of the dependence of the change in the vacuum depth on the
value of the supply pressure for the VED family of ejectors given in the manufacturer's catalog. The conducted studies
show that for the VED-09 ejector at a supply pressure of 5 bar (the value recommended by the manufacturer as optimal
for operation of the VED-09 ejector), the residual pressure in the vacuum line is 98 mbar, which corresponds to a vacuum
depth of 90.33%.

Of interest is the sharp drop in the vacuum depth value and the occurrence of fluctuations in the vacuum depth readings
in the range of supply pressure values from 3.95 to 4.4 bar (Fig. 6).

Discussion and Conclusion. The moment of occurrence of oscillations, recorded during all experiments, was
accompanied by noticeable changes in the exhaust sound. We believe that this type of behavior may be associated with a
sharp change in the air flow pattern, which may indicate the presence of a manufacturing flaw in this ejector. To confirm
this conclusion, it is necessary to conduct additional experiments with other ejectors from this series. Furthermore, it is
worth considering the possibility of studying the surface of the ejector channel in order to assess the accuracy of geometric
shapes and the quality of surface treatment.
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According to the results of the conducted experimental studies of vacuum ejectors, it can be concluded that the actual
values of the vacuum depth vary depending on the magnitude of the input supply pressure, and differ from the values
provided by the manufacturer. In addition, the character of the graphs also has its own differences. Specifically, the
behavior of the graph in Figure 3 indicates the possible presence of manufacturing flaw in the ejector channel. In this
regard, it is important to construct a mathematical model of ejectors, which allows us to study the factors that determine
such a specific behavior of the graph at the model level. Understanding these factors will help develop recommendations
for improving the technological processes of manufacturing vacuum ejectors.

In this regard, it is necessary to introduce an adjustment to the value of the input supply pressure to reach the maximum
vacuum depth for each type of ejector, which will affect the performance of both the ejectors themselves and the
automated vacuum systems.

The research results obtained can be useful for all ejector manufacturers for the purpose of adjusting their basic
catalogs and corresponding recommendations for the use of these products. In the future, the authors plan to continue
a series of experiments aimed at determining the time of creating vacuum in one liter of volume at various specified

vacuum depths.
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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.

Keywords: pneumatic actuator, discrete pneumatic valves, sliding control, multicriteria optimization, surrogate models
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Opueuﬁaﬂbﬂoe amnupuveckoe uccnedosaue

Hcnoan3oBanue CYPPOraTHbIX M0}1e.11e17i IpHU MOCTPOCHUHN MHOKECTBA HapeTo MO3UIIUOHHOTI'0
JICEKTPOIMMHEBMATHYICCKOI'O IPUBOAA ¢ TMCKPETHBIMUA ITHEBMOPACHPEACIUTECIAMHA
M.O. leiikun"= D4, C.H. Yepkacckux =, JI.B. lIuaun"~', B.B. ®enenkon

HanuonansHelii uccnenoBarensekuil yausepeurer « MOW», . Mocksa, Poccuiickas denepanus
P4 sheykinmo@mpei.ru

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].
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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.
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b)

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.

X, mm

100 +

50

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 t,s

position

— — — setting

a)

2.5 1

0.0

—2.5 1

-5.0 T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 6s

b)

Operating mode
[\ (98] AN W

T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 t,s

¢

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, =

0.255 A1

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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Abstract

Introduction. Controllability analysis is a required stage for the correct formulation and solution of any optimal control
problem. This problem becomes specifically relevant in the context of optimizing systems with distributed parameters,
which are described by partial difference equations. Such problems include the considered problem of optimization of the
shape of the nozzle of a hydrocannon. The optimal nozzle should provide the maximum value of the functional expressed
through the average force of the impulse of the jet of a hydrocannon. The relevance of this research is due to the lack of
a unified approach to the analysis of controllability of systems with distributed parameters, which complicates the correct
formulation and solution of optimization problems. In particular, previous attempts to solve the problem of hydrocannon
nozzle optimization using classical variational calculus were unsuccessful due to ignoring aspects of controllability. The
objective of this research was to apply a new approach proposed by V.K. Tolstykh to controllability analysis to solve the
problem of optimal design of the shape of a hydrocannon nozzle.

Materials and Methods. The research method used was controllability analysis based on the Tikhonov conditional
correctness of the inverse problem. This approach allowed us to identify the conditions for the existence of the gradient
of the objective functional and construct a regularization of the solution to the inverse problem using adaptive gradient
methods. It was of current interest for multiextremal problems, including the problem of the optimum nozzle shape. It
was solved by a direct extreme approach in the form of direct maximization of the objective functional based on its
gradient. In the process of research, a nonlinear, quasi-one-dimensional mathematical model of isentropic water flow in
a hydrocannon nozzle was used. The flow was considered inviscid, compressible, and subsonic.

Results. As part of the research, controllability conditions were obtained that allowed us to radically simplify the problem
of optimizing the shape of the hydrocannon nozzle. It was found that in order to correctly determine the gradient of the
objective functional, it was required to narrow the solution area of the conjugate problem to a small rectangular area. The
use of adaptive gradient methods with satisfactory step factors provided for the regularization of the solution. For the first
time, two optimum shapes of the hydrocannon nozzle were found. The first shape provided a local maximum of the
objective functional, the second — a global maximum of the functional with a restriction on the expansion of the nozzle.
Discussion and Conclusion. The results obtained show that it is impossible to perform a directed search for an optimal
solution using the Frechet derivative without taking into account controllability conditions. The first proposed approach,
in combination with the desired adaptive gradient optimization methods, allowed us not only to correctly formulate the
optimization problem, but also to find optimal nozzle shapes that provided the maximum average pulse force of the
ultrajet. In some cases, for the stability of the solution, it was necessary to introduce expansion limitation of the nozzle
beyond the barrel of the hydrocannon. This made it possible to meet the requirements of the controllability theorem and
guaranteed the correctness of the results obtained. The theoretical relevance of the research is in the development of
controllability analysis methods for systems with distributed parameters, which creates new opportunities for solving
similar problems in other areas. The research results can be used to optimize devices operating on the basis of pulsed jets,
as well as for further study of more complex models of fluid flow.
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OleZLlHa]leoe meopemu4deckoe uccnedosatue

AHaJIN3 yNPaBJIsieMOCTH U ONITUMH3ALMS (POPMBI COIIA THAPONYIIKH HA OCHOBE NPAMOI0
IKCTPEMAJIBHOI0 MoaAX0Aa
B.K. Tosctbix ', FO.B. Imutpyk = <

JoHeukuii rocynapcTBeHHBIN yHUBEpcuTeT, [oHenk, [lonenkas Haponnas PecrryOnuka
D mail@tolstykh.com, loktyushina.julia@yandex.ru

AHHOTAIUSA

Beeoenue. AHanu3 ynpaBiisieMOCTH SIBJISIETCSl HEOOXOIMMBIM 3TAIIOM JIsi KOPPEKTHOM MOCTAHOBKY U PElIIeHHs JIF00O0i 3a1auK
OIITUMAJIFHOTO YIIPABIICHHA. JTa MpobieMa CTAHOBUTCSI OCOOEHHO aKTyaIbHOH B paMKax ONTUMHU3AIMH CHCTEM C pacrpe/iesieH-
HBIMH [IapaMeTpaMu, KOTOPBIE OMUCHIBAIOTCS YPABHEHUSIMHU B YACTHBIX IPOM3BOAHBIX. K TakuM 3a1auaM OTHOCHTCSI paccMaTpH-
BaeMast 3a/1a4a OTITHMH3AIIH (POPMBI COTIIAa THAPOIYIIKH. ONTHMAaIEHOE COTIIO JOIDKHO 00ECTICUYNBATh MAKCHMAIEHOE 3HAYCHINE
(hyHKIIOHAJA, BRIPAYKaeMOT'0 Yepe3 CPEIHIOI CHITY MMITYJIBCA CTPYH THAPOITYIIKA. AKTYaTbHOCTD JaHHOTO HCCIEIOBAHS 00Y-
CIIOBJIEHA OTCYTCTBHEM €IMHOTO MOAXOJA K aHAIM3Y YIPABISIEMOCTH CHCTEM C PACpPENeNEHHBIMY TAPaMETPaMU, UTO 3aTpy/-
HSIET KOPPEKTHYIO IOCTAHOBKY U pELIEHHE 33/1a4 ONTUMU3aLMu. B yacTHOCTH, Ipebl Iy e TOMNBITKY PELLEHUS 3a0a41 OTITUMH-
3all1K COIUTA THAPOITYIIKH C UCTIOJIb30BAHUEM KIIACCHYECKOr0 BAPUALMOHHOTO UCUKCIIEHHS HE YBEHYAIUCh YCIIEXOM U3-3a UTHO-
PHMpPOBaHMS acTIeKTOB YIpapisieMocTH. Llenbio jaHHON paboThI SBISUIOCH IPUMEHEHHE HOBOTO MOIX0/a, TpeyiokeHHoro Tor-
ctbix B.K., k aHaimsy ynpasisieMoCTH [u1s pelieH s 3a/1a4i ONTHMAaJILHOTO Au3aifHa (hOpMBI COTLIA THAPOITYIIKH.
Mamepuanvt u memoowvi. B xauecTBe MeTO1a UCCIIEAOBAHUS HCIIOJIB30BAJICS aHANN3 YIIPABISIEMOCTH, OCHOBAaHHBIN Ha
YCIIOBHOHM KOPPEKTHOCTH 1m0 THXOHOBY 00paTHOM 3amaun. Takoi moaxo 1 MO3BOJUII BEISIBUTH YCIIOBHUS CYIIICCTBOBAHUS
rpajiieHTa 1eneBoro GyHKIMOHANA U TOCTPOUTh PETYJISIPU3ALIMIO PEIlICHHsT 0OpaTHOW 33/1a4n alallTUBHBIMU TPATUCHT-
HBIMH METOJaMH. DTO aKTyaJbHO JJIsi MHOTOAKCTPEMAIIbHBIX 3aJ[a4, B TOM YHUCIE Ul 33Ja4l ONTUMAlbHON (OpMBI
cormra. OHa pemanachk IPsIMBIM KCTPEMAJIBHBIM ITOIX0I0M B BH/I€ HETIOCPEACTBEHHON MAKCHMU3AIINH [IEIEBOTO (PYHK-
LIMOHAJIa Ha OCHOBE €ro rpaJueHTa. B mpouecce ncciaenoBaHus UCIOJIb30BajIach HEJIMHEHHAs, KBa3UOIHOMEpPHAsl MaTe-
MaTHU4eCcKasi MOAENb H303HTPOINYECKOr0 TEYEHUS BOJIBI B COILJIE TUAPOIYIIKHU. TeUeHre IPU 3TOM CUUTAIIOCh HEBSAZKUM,
C)KMMAEMBIM U JJ03BYKOBBIM.

Peszynomamut uccnedosanusn. B paMkax vccieoBaHus ObUIN MOJTYYEHBI YCIOBHS YIPaBIsEMOCTH, KOTOPBIE TTO3BOJIHIIH
paluKaIbHO YIIPOCTUTH 3a]ady ONTUMH3ALMH (OPMBI COTUIAa THAPOIYIIKA. Y CTaHOBIICHO, YTO JUISi KOPPEKTHOTO OIpe-
JIeJICHUs TPpajiveHTa 1iejeBoro (hyHKIHMOHaa HEOOXOAUMO CY3UTh 00JIaCTh PELICHUS CONPSDKEHHOW 3a/lauu JI0 MaJlon
MIPSMOYTOJIBHON obnacTu. Mcnonb30BaHue aganTHBHBIX IPAJNCHTHBIX METOJOB C YJOBJIETBOPUTEIbHBIMHU IArOBBIMU
MHOXKUTESIMU 00ECIIeUIIIO PEryJIsipru3aliiio penieHus. BriepBole Obln HalIeHbI JIBE ONTUMAaIbHBIE ()OPMBI COTLIA TH/I-
pomymiku. Ilepsas hopma obecrnedrBaeT JOKaIbHBIH MAKCUMYM II€JeBOr0 (hyHKIIMOHAJIA, BTOpas — II00ATbHbIH MaK-
cUMyM (YHKIIMOHAJA TIPH OTPaHHMYCHUH Ha PAaCIIMPEHHE COILIA.

Obcyrncoenue u 3akntouenue. 11oxydeHHbIe pe3yIbTaThl TOKA3bIBAIOT, YTO HAIPABICHHBINA TIOMCK ONTUMAJIBHOTO pellie-
HUSI HEBO3MOKHO OCYIIECTBUTH 10 IIpon3BogHON Dpemre 6e3 yuera ycaoBuil ynpaBisieMoCTH. BriepBrie npeniioKeHHbIN
MTOJIXO/, B COYCTAaHUH C HEOOXOIUMBIMHU aTalITHBHBIMH TPATUCHTHRIMA METOJJAMH ONTHMHU3AILINH, TIO3BOJII HE TOJIBKO
KOPPEKTHO MOCTAaBUTH 33a4y ONTHMHU3AIINH, HO U HAWNTH ONITUMANIbHBIE (DOPMBI COIIIIA, 0OECTICIMBAOIIIE MAKCHMAITb-
HYIO CPEIHIOI0 CHITy MMITYJIbca YIbTPAacTpyH. B HEKOTOPBIX ciydasx Juisi oOecredeHus] yCTOMYMBOCTH PEILeHUs TIOTpe-
6oBasIOCh BBEJICHUE OTPaHMYCHNUS Ha PACIIMPEHUE COILIA 3a MPEJEIIbl CTBOJIA THAPOITYIIKH. DTO ITO3BOJIMIO BHITOJIHHUTH
TpeOOoBaHUS TEOpPEeMBI 00 YIIPABIIEMOCTH M TapaHTHPOBAJIO KOPPEKTHOCTH MOIYYEHHBIX Pe3yJbTaToB. TeopeTrndeckas
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3HaYMMOCTh IIPUBEJCHHOTO HCCIIEIOBAHUS 3aKII0YaeTCs B Pa3BUTUH METOJIOB aHAIN3A YNPaBIIEMOCTH JUISl CUCTEM C
pachpeseneHHbIMU [TapaMeTpaMHt, YTO CO37aeT HOBBbIE BO3MOXKHOCTH Ul PELICHUS] CXOXKHX 337ad B IPYTUX 00JacTsX.
PesynbTraTsl paboThl MOTYT OBITH IPHMEHEHBI ULl ONTHUMHU3ALUH YCTPOWCTB, PabOTAIONIMX HAa OCHOBE HMITYJIGCHBIX
CTpYH, a TaKkKe s JaJbHEHIIero HCCIei0BaHus Ooee CI0KHBIX MOAENEH TeUeHHs )KUAKOCTH.

Kirouessble ciioBa: ¢opmMa comia, COIIIO THAPOMYIIKH, CHJIA MMITYyJIbCa CTPYH, OTPAaHUYEHHE HAa PACIIUpPEHHE COIIa,
MaKCHMH3aIHs IeIeBOro (GyHKIMOHANA, TPAJUCHT

BaarogapHocTi. ABTOPHI BEIpa)KalOT MPU3HATEIFHOCTD 3 IJIOJJ0TBOPHBIC 00CYK/IEHHS MaTepraoB paboThl HAYYHBIM
KOJUIEKTUBAaM Ka(eJp KOMIBIOTEPHBIX TEXHOJIOTHHA M oOmmielt ¢usnku JIoHenKkoro rocyAapcTBEHHOTO YHHBEPCUTETa U
JIoHemKoro MHCTUTYTa TOCYNApCTBEHHOH MPOTUBOIIOKAPHOW ciry>kObl MuHucTepcTBa Poccuiickoit deneparnuu 1o
JieJIaM TPaXKIaHCKOH 00OPOHBI, Ype3BBIUAIHBIM CUTYAIMSAM M JIMKBUIALMH TTOCIIEICTBUI CTUXUHHBIX O€JICTBHH.

®unancuposanue. VMccnenosanus nposoguwmick B ®T'BOY BO «JIOHI'Y» npu ¢unancoBoil momnepxkke A30Bo-
UYepromopckoro mMaremarndeckoro nenrpa (Cornmamenne ot 27.02.2025 Ne 075-02-2025-1608), a Takxke B paMmkax
rocOpKeTHOH TeMbl «Pa3paboTka MHTEIUIEKTYAIBHBIX CHCTEM aHaju3a M IPOTHO3MPOBAHMS COCTOSHHS IPHPOIHO-
texHrmyecknx 00bekToB (FRRE-2023-0012)» (Homep rocpeructpanmu 124012400344-1).

Jas uutupoBanus. Toncteix B.K., Imutpyk FO.B. Ananus ynpasisieMoCTH AJ1sl CUCTEMBI C pacpeeieHHIMU MapaMeTpamMu
B 3aJaye ONTUMAIBHOIO JW3aiiHa (OpMBI corula THAPONYIIKH. Advanced Engineering Research (Rostov-on-Don).
2025;25(1):65-76. https://doi.org/10.23947/2687-1653-2025-25-1-65-76

Introduction. Despite the significant amount of research on the control theory, there is still no unified approach to
the analysis of controllability for systems with distributed parameters. Existing studies are usually limited to
considering controllability as the possibility of transferring a system from an initial state to a given final state [1].
However, this approach turns out to be insufficient for optimization problems of spatially distributed systems described
by partial differential equations. Controllability by the final state does not guarantee controllability by the conditions
specified in the objective functional, which makes the analysis of such systems complex and non-obvious. In this
paper, the authors use the concept of controllability proposed by V.K. Tolstykh [2] and apply it to find the optimal
shape of the hydrocannon nozzle.

Hydraulic cannons designed to generate pulsed jets of high-pressure liquid are widely used, e.g., in the mining industry
to destroy rocks [3]. The efficiency of such devices largely depends on the shape of the nozzle [4], which makes the task of
its optimization urgent. Despite significant interest in this problem, existing papers, such as the works of Zuikova Z.G. [5],
Zubov V.I. [6], and Atanova G.A. [7], are primarily theoretical. These authors formulated the required conditions for
optimality, but the numerical results were not supported by evidence of their optimality. Moreover, as it is shown in this
research, the previously obtained “optimal” nozzle shapes are not such. Thus, despite multi-year research, the problem of
designing an optimal nozzle shape remains unsolved.

The solution to this complex problem is possible only through using a direct extreme approach with original adaptive
gradient methods described in the work of V.K. Tolstykh [8]. The objective of this work was to apply the new approach
proposed in [2] to the analysis of the controllability of a system with distributed parameters for the problem of optimal
design of the hydrocannon nozzle shape. Thus, the article is aimed at developing the controllability theory for systems
with distributed parameters and demonstrating its practical applicability using the example of optimizing the shape of a
hydrocannon nozzle.

Materials and Methods. The essence of the direct extreme approach is the direct maximization of some objective
functional using gradient methods:

J(u) :I I(v,u)dm—)max, ocQ,
provided that D(v,u)v=00nQ.

Here, the control (in our case — function of the nozzle shape along the length x) u(x) € U(S), S = (x4, x») — domain

b (1)

of control definition, U — admissible set of controls, v(x, f) € V(ﬁ ) — state of the nonstationary process of ultra-jet

formation on the closed space-time set {x, t} = Q. Operator D includes a specific type of differential equations of water
flow in a hydrocannon and acts on v. Objective function /(v, ) is defined on the set ®, and its value clearly depends on
the parameters v and u.
The direct approach does not use any intermediate conditions (e.g., required optimality conditions), but solves the
problem immediately:
Ux = arg maxJ(u), 2)

where u, — optimal control.
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The original problem with the equations of the distributed system (v, u)v = 0 is characterized by a direct mapping;:
U(s)-r(Q),s<q.

At the same time, optimization problem (1) is inverse. Such problems are usually ill-posed in the classical sense [9].
The solution to direct and inverse problems differs significantly. The latter require regularization of the solution to narrow
the set of possible solutions U to the compact of correctness U € U, which leads to conditional correctness according to
Tikhonov. In the direct extreme approach, regularization is performed by gradient methods.

According to the definition of controllability [2], the distributed system in problem (1) will be controllable
by u(x) € U(S) with respect to objective functional J, when the inverse problem of mapping the elements of space V(o)
of model states into element u, is correct according to Tikhonov, provided that max J:

V((D)ijﬂ,l* eU(S), ocQ.

Next, when solving problem (2), we will perform a controllability analysis and obtain controllability conditions that
can allow us to correctly formulate and solve the problem of optimizing the shape of the hydrocannon nozzle using
gradient methods [10].

Paper [8] describes in detail the formulation of the problem under consideration for subsonic, axisymmetric flows of
compressible fluid in smoothly changing channels. Let us recall it in the form required for further research. The isentropic
motion of water in the nozzle is described by a quasi-one-dimensional, quasi-linear hyperbolic system of equations [11]:

ov ov

Dv=—+A4—+F=0Ha Q. 3)
ot Ox
The state of the system is characterized by vector function v = {p, w} € W Q), where p — density of water, w —
wop
speed of water. Operator D = %+ A§+ F, its matrix A(v) =| ¢? and vector F(v,u)= [((l))} ¢ = pwud(x — x,),
x — w
p
. . . , Bnp"!
© — Dirac theta function, x, — beginning of the nozzle at the end of the barrel of hydrocannon, ¢* = ——— — square
Po
of the speed of sound in water, B and n — constants in the equation of state of water in theta form.
The control is described by the formula:
1 do(x)
u(x)= eU(S), S=(x,x). 4
( ) G( x) dx ( ) ( b) ( )
[ ule)dg

Here, 6 — nozzle cross-sectional area, 6(x) =0 e , X € [Xa, Xp], 04 = 0(x4). In the barrel of the hydrocannon,

when x < x,, there is no control u(x), and free term ¢ = 0.
Boundary and initial conditions of problem (3):

ﬂ+£[(£} —lijoan,
dt m,\\pg

p=poonly,y Uy,
v(x,20)=(po,wy) on T.
Here, m, — piston mass, po — density of water at atmospheric pressure, wy — speed of water and piston before it
starts flowing into the nozzle. The boundaries of process I' for domain Q, are shown in Figure 1. The type of Q) is important
for the controllability analysis.

&
15} I
Fhl
% B
T, Q
rhO
I, | R
Xpo Xp2 Xa Xp ;

Fig. 1. Area of water flow in the hydrocannon
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We specify Q. The origin of coordinates is aligned with the nozzle entrance x,, and # — time of the beginning of water
flow into the nozzle. On the one hand, the water is limited by the piston moving in the barrel of the hydrocannon along
the trajectory I, and on the other hand — by the free surface of the inflow I'y from # to # and the outflow I'y; from #
to #. The line of the initial state of system (3) is I'o, coordinates x,0 and x,, — initial and final positions of the piston. The

specified I'-lines for Q form the closure of Q . The domain of definition of the control § = P, (Q| ), 1.e., forx>x, S

xX>x,
is the projection of a part of domain Q onto x axis.

The optimization problem (optimal design of the nozzle shape) is formulated as follows: it is necessary to find the
control u(x) that delivers the maximum to the functional:

o[ T, -2 )

The objective functional is set at @ = [y, i.¢., at the nozzle exit of the hydrocannon, and determines the average force
of the jet on a possible obstacle [12].
The gradient algorithm for maximizing functional (5) has the form:
uk”(x):uk(x)+kaJ(uk;x), xeS, k=0,1..., (6)
where k — iteration number; b* — step multiplier that controls the rise to max J in the direction of gradient V.J*.
The gradient is the functional Frechet derivative J,, which can be found from the first variation of the objective

functional &J = <J,;,6u> Here, the angle brackets denote the scalar product, in this case, in the conjugate control

u(s) -
space U*(S). The superscript * denotes conjugacy.

It should be noted that sometimes the gradient of a functional on a Hilbert space is confused with the Frechet derivative
of this functional [13]. Derivative J,(u; x) may be insensitive to the control u(x) on the entire set S or on parts of S of
nonzero measure. Therefore, in the general case, J,(u; x) in (6) will not indicate a reliable direction of correction u* for
the directed search for the optimal solution u, (x). The gradient from the Frechet derivative can be obtained only when
the controllability conditions are realized.

Approaches to solving problems of hydrocannon nozzle optimization with the aim of maximizing the average jet
impulse force [5], the functional depending on the flow parameters [6], and maximizing the outflow velocity [7] were
mentioned earlier. In these papers, after varying 8/, a formal expression for derivative J, was obtained. It depends on the

solution f = (f;, ) € V*(Q) of the linear conjugate hyperbolic problem:

—g—ATal-i-FV'Tf:OonQ. @)
ot ox
The superscript 7 means transposition, F, — deriva F tive of the free term F with respect to v. Boundary and initial
(terminal on I'z) conditions:
i ( m pf 2

— |+ =0onl ,
dt Fapj Sip :

f1=00nrb0,

, , 2poC Wy,
Pofi+wpfo+1, =0, 1w|0J = ZPoT W o Ty,

L=t
fi=0,f,=00onT,.
Frechet derivative J,, is sometimes called the residual or gradient. It is more convenient to represent it in operator form:
Jo(;x)=Ug f(x,)=U"f(x,1)+xJ €U"(S). ®)
Here, the conjugate inhomogeneous operator Uy = U* + kJ, U— conjugate homogeneous operator, the dot denotes
the location of argument f'of the operators, kK — weight coefficient for equalizing the computational noise of the numerical
solution of the original and conjugate problems [8]. Expression (8) contains the value of the functional in the form of the
number J. This is the value of derivative /.
The heterogeneity of operator U7, is a consequence of the dependence of the objective function /(w, u) on the control u.

Such a dependence is a rare feature of optimization problems and can significantly complicate the calculation of the gradient.

The value of homogeneous operator U in derivative (8) has the form:
t t

U= Frfa={" pwha,

Tpo Lpo

where integration is performed from the lower nonlinear boundary I's (Fig. 1) when water flows into the nozzle.
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The meaning and objective of the conjugate problem is to map derivative /,, (sensitivity of J to w) from domain  to
domain S, where the gradient and control are defined. Such a mapping with the help of fis done using the intermediate
set Q < Q, which, according to controllability, specifies the correct domain 7*(€) of the definition of the homogeneous
operator U*, so that in expression (8) from J,, we obtain gradient V.J.

That is, the conjugate problem implements the mapping:

7 (@) -1 (Q).
Next, using operator U* : /*(€2) — U*(S), we can obtain the gradient from Frechet derivative .J,:
LU > Uhf], =V eU"(S).

Domain Q is determined from the controllability analysis.

Research Results. The requirements for controllability conditions within the framework of the direct extreme
approach are formulated in the following theorem (for the proof, see [2]).

Theorem. The mathematical model (v, #)v = 0 in problem (3) is controllable by u(x) on S with respect to functional J if:

1) there exists domain V*(2), Q — Q of a correct conjugate state, which is the domain of definition of operator U”
with its values in the gradient domain U*(S);

2) operator U* — non-degenerate;

3) algorithm (6) for u® € U uses satisfactory regularization parameters b,

We start with the first and most difficult requirement of the theorem. First, it is necessary to verify the classical correctness
of the original and conjugate problems. Original (3) and conjugate (7) systems are of the hyperbolic type. The eigenvalues
of the matrices 4 and AT are the same. Therefore, in both systems, the characteristics &; » will be the same — as the trajectories
de,»

of the propagation of disturbances in the plane (x, ) along the characteristic directions =wzc . The conjugate waves

generated by derivative I, » €V (w) at the nozzle exit I'n = o, will move with the same characteristics as the original

ones, but in the opposite direction. The initial condition for the conjugate problem is specified on the terminal line I'.

All characteristics in domain Q emerge from the boundary sections dQ with known solutions given by the boundary
conditions. In the case of shock-free wave flows (it is precisely such flows that are considered in this research), the
characteristics of the same family do not intersect, and at the intersection of two characteristics of a different family &;
and & at any point Q , a solution to the hyperbolic system of two equations [14] can be found in the form of two-
dimensional vector functions v and f.

To find the domain of operator U”, it is necessary to conduct an analysis and identify the existence of the following
sequence of mappings, starting from the control u € U(S) and ending with gradient V.J € U"(S):

'
[W|w

The problem under discussion can be described more simply. First, objective functional J(u), specified on «, must be

uniquely uniquely

U(S)su flg €V (@) —F—U"(S).

sensitive to the control defined on S (sensitivity is characterized by derivative 7, | ). Second, from the set of conjugate

solutions on the entire €, it is necessary to select such a subset Q, where the conjugate solutions f | o Will uniquely
depend on the values of the objective functional in the form 7, | . There may not be such a dependence on the entire

domain Q . Thirdly, the set @ must provide operator U* with the ability to map the conjugate states /' | o Into U*(S). This

mapping is represented by the last branch, where operator U" from the obtained domain of definition V*(€) can produce

a mapping into the domain of values U’(S). where there is gradient AJ = U}, f | o

From the correctness of the original direct problem, it follows that any functions u(x) € U(S) will uniquely affect the
value of the derivative of the objective function 7, on @ = 'y through the characteristics &, if at least one of them has
passed through the entire nozzle. The loss of such effect is possible in the presence of dissipation in the system, but this
is not the case with isentropic flows. That is, there is a left branch of mappings in (9):

U(S) BM%IM(D.

Let us proceed to identifying the set Q, required for domain V*(€2) of the definition of operator U*. Term "4,|® in the
boundary condition of conjugate problem (7) causes perturbations of the conjugate solution f- They propagate in the form of
waves along the characteristics of the first family &, in the reverse time direction from the nozzle exit toward the piston (Fig. 2).
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Fig. 2. Space-time diagram of domain © with redundant domain ®

These disturbances propagate along the entire nozzle and transfer information about the objective functional from the
points w to the points on S = (x4, x5). On the piston, the waves described by the characteristics of the first family &, are

reflected and, changing the direction of their propagation, continue to transfer information received from &; about

disturbances I, ,,» adding new information about the piston motion. This process of wave reflections from the piston and

from the inner part of the nozzle continues until the moment #.

Starting from the moment #; and below, two conjugate waves &; and &, generated by different values of 7, and with
unnecessary information (noise), at a minimum, will arrive at the same point of some sections of the set S from the piston.
And below the characteristic &;, which came out of the nozzle below ¢/, unnecessary information from the nozzle will be

added. This information is not needed, since it does not contain information about the optimization goal from 7, | .

Figure 2 shows an example of a possible set € (the entire area shaded with different densities under the upper
characteristic & from x, to x3). In this case, Q corresponds to the Frechet derivative J,. In domain €, under characteristic
& (reflection &;, which came out at #,) and under &; (which came out at ¢#;), a light area of ambiguous influence of the

values of function 7 "4,|m on the conjugate state f'is formed. Obviously, that it is pointless to solve the conjugate problem

and calculate the gradient in such a domain Q.

It is reasonable to limit ourselves to considering (Fig. 2) the conjugate state of f'on the part of 2, enclosed in the rectangle:

Q= (x,,%,)x(t,5).

In this case, rectangle Q,; should be considered too large if the piston is relatively close to the beginning of the nozzle,
affecting the conjugate state.

In this rectangle Q, the set Q (shaded with different density in Figure 2 from ¢, to ;) will correspond to the redundant
set o. That is, in the objective functional J, the interval (#;, ) will be redundant. At the same time, in the considered
domain Q, there may be unacceptable interference on the left (low density of shading in Q;) for calculating gradient V.J.

Redundancy o is eliminated by further reducing Q; to £ = ¢, i.e., when # corresponds to the start of the outflow (Fig. 3 a).

L |
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Fig. 3. Space-time diagrams of correct domains € for determining the gradient:
a — Q in domain Q2; b — Q in domain Q3

In this case, the entire domain of a sufficient solution to the conjugate problem is narrowed to an even smaller

rectangle:
Qz :(xa, xh)x(t3 =t1, tz)

Here, the piston will not “interfere” with the display 7|, —umiquely lo -

If the technical conditions for designing a hydrocannon allow for an even greater reduction in the flow time # — #,
then the solution rectangle of the conjugate problem can be reduced even further, to rectangle Q3 with a corresponding
triangular domain Q (Fig. 3 b):

Q, :(xa, xb)x(tl, tz).
Here there is a minimally sufficient set @, to form the domain of definition ¥*(€2) of operator U*.
It is in the obtained domains €, located inside £, and Q; (Fig. 3), that there is a domain of definition *(€2) of operator

U* with a unique mapping of the derivatives 7,, , by means of finto the domain of values of gradient U“(S).

Conjugate problem (7) and its solution in the rectangles Q, 3 become significantly simpler:
—dl—AT£+Fv/Tf =0on Q,,,
dt dx '
f=0onl,uUl,, (10)

Pofi+wyfo+1,=00nT,.
Here, I'; = x4 % (t1, t2). Now there is no impact of the piston from line I',, and there is no flow into the nozzle at the

boundary I's.
Formula (8) for calculating the gradient of the objective functional also takes a simplified form (there is no nonlinear

integration boundary I'):
t
VJ(u;x):U*@f:.[zpwfldH-KJ, xe(x,,x). (11)
4
The resulting set Q © Q,; will correctly define domain V() of the definition of operator U*(2) with the range of

values in U*(S). The corresponding expression for the time required to form such © depends on the characteristics of the

first family &; and has the form:

b dx
>t +J- , 42t (12)
X, W+c

That is, firstly, the upper characteristic &; must pass through the entire nozzle from x; to x,. Secondly, the start of the
outflow #; should not be less than the moment #; of the start of the entry of waves reflected from the piston into the nozzle.
This expression is the controllability condition in the problem under consideration. In this case, the remaining branches

of the mappings are fulfilled (9):

I’ uniquely;\f|Q U* U* (S)

Wio
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Now we discuss requirement 2) in the theorem on the nondegeneracy of operator U”. Let us start with operator Up,,

which defines gradient (8). If the objective function 7 did not depend explicitly on the control u, then U =U" and the
set of conjugate states in the kernel fir = {f: U'f=0 on S} would be zero for an unbounded optimal control u,. In our
case, for Uj;, the values of the elements of the kernel f;. will not be zero, i.e., the optimal control will correspond to
non-zero conjugate states. The subscript & means the absence of a zero kernel. Obviously, if U* was nondegenerate,
then operator U, will also be nondegenerate. The nonhomogeneity of operator U in our problem leads only to a shift

in the zero kernel of the homogeneous operator U".
We estimate the possible degeneracy of the homogeneous operator U™, It is obvious that for any values of p and w, the

)
result of integration in U™ f = I pwf,dt can become zero on S only when f; = 0 on Q. This means that operator U is
41

nondegenerate, and therefore, Uf; is also nondegenerate.

The last requirement of the theorem remains. Regularization in the direct extreme approach is provided by:

— selection of the initial approximation #° € U;

— subsequent steps of algorithms of type (6) with a satisfactory regularization parameter, i.e., with parameter 4%, that
does not take the control #*'! beyond the compact set U.

Paper [8] describes the required regularizing gradient methods for algorithm (6) in the problem under consideration.

Thus, all the requirements of the theorem for providing controllability are met. The distributed system (3) is
controllable by u(x) on S according to functional J (5) under condition (12).

Results of Using Controllability Conditions for a Hydrocannon. The parameters of the experimental setup were
borrowed from the research of A.N. Semko [15]:

— origin x, = 0;

—nozzle length x;, = 0.253 m;

— initial position of the piston with the left boundary of water x,0 = —0.28 m;

— piston mass m, = 2.25 kg;

— initial velocity of the piston and water m¢ = 76.2 m/s;

— water density at atmospheric pressure po = 10° kg/m?;

— hydrocannon barrel radius R, =33 - 10> m;

— start of water flow into the nozzle 7 = 0.

The original problem was solved in a complex closed domain Q , and conjugate problem — on a small rectangle
Q ) = [xa, X, ] X [tl, tz] . Two spatial grids were constructed, each containing 50 steps. The first grid was movable and was
used to calculate the water flow from the piston to the nozzle exit section, while the second grid was stationary and was

designed to describe the nozzle shape. The number of layers over time was variable and reached 103. The exact value
depended on the nozzle shape and was determined by the final time . The original and conjugate problems were solved

by the method of characteristics on identical movable grids in € and in Q, , respectively.

The start of the jet flow from the nozzle was observed at #; = 2.7 - 10 s. The average value of the impulse force of
the obtained jet was estimated by objective functional J(u) in the interval & —# =3 -10*s. This interval was

dx

approximately 2 ' . In this case, the begin time of the flow #; > #3, i.e., the piston did not affect the flow. Thus, the

x, WHC
specified time #, satisfied the controllability condition (12).

In [8], the required adaptive computational extremal algorithms were implemented taking into account the
controllability conditions described here. And the optimal nozzle shapes obtained for the first time were presented.

In Figure 4, nozzle 1 corresponds to the internal local maximum of functional J(u), and nozzle 2 — to the edge
maximum under the constraint on nozzle expansion: u(x) < 0, Vx € S. The first nozzle practically has the shape of a cone,
while the second one provides that the objective functional reaches a global maximum, whose value J is approximately
three times greater than the value obtained for the first nozzle.
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Fig. 4. Optimal shapes of hydrocannon nozzles

The initial approximation #°(x) was set in the form of a pipe — as a continuation of the cannon barrel. At the first
iterations of nozzle narrowing, functional J(u) grew with its convexity (growth of the norm V.J). Then, the convexity
changed to concavity (decrease of the norm V.J), at the end of which there were very small regions of maximum (minimum
norm VJ with concavity of the functional) with a subsequent convex minimum. Nozzle 1 was obtained in the local
maximum. The transition through these local extrema was further accompanied by unlimited convex growth of J(u). Only
adding a constraint on the control made it possible to stop the uncontrolled expansion of the nozzle on the boundary with
reasonable shape 2.

Recall that attempts were previously made to obtain a satisfactory solution using the classical calculus of variations. To

do this, the authors [5] and [7] used relaxation methods to find root . from the required optimality condition J,;(u; x)=0

(the Frechet derivative J, on the incorrect © from Figure 2). However, this approach did not give the desired results.
Moreover, it requires an additional restriction on the nozzle exit area to prevent its collapse. Such collapse also confirms the
incorrectness of using J, (u; x) for the directed search for u,(x) without isolating the controllability domain € inside Q, 5. In
other words, instead of the Frechet derivative, it is required to obtain a gradient with the justification.

Discussion and Conclusion. The research results show that the application of the controllability analysis proposed in [2]
made it possible to identify the key controllability conditions (12) required for the correct formulation and solution of the
problem of optimizing the shape of the hydrocannon nozzle.

According to the controllability conditions, the optimization problem must be set and solved in a small rectangular
domain Q, or even Q3, and not in a large and complex domain Q. This is due to the fact that the nozzle shape optimization
problem with a statement in Q does not reduce the Frechet derivative J, to gradient V.J, which makes it impossible to
search for the optimal solution. It was this circumstance that caused failures of the previous studies, where the optimality
of solutions was not proven.

Our recommendations are as follows: first, perform a controllability analysis until the correct controllability domain € is
identified, and then, for the resulting Q, identify the solution region of the conjugate problem (in our case, it is €, or {3) and

find the variation &J = <J " 8u> . Next, you can continue the controllability analysis and obtain gradient V.J from derivative

U*(s)
J,.. It is with the help of € inside €, 3, that you can find the value of gradient V.J(u; x), which is distributed along the entire
nozzle and uniquely corresponds to the objective functional of the problem J(u). And then, you can purposefully search for the
optimal nozzle shape.

The major advantage of the proposed approach is the use of a direct extreme method, which allows for direct
maximizing the objective functional using gradient algorithms. This provides not only for the clarity of the controllability
analysis, but also the possibility of obtaining numerically confirmed optimal solutions.

The theoretical value of the research is in the development of controllability analysis methods for distributed parameter
systems, which opens up new prospects for solving similar problems in other areas. Further research can be aimed at
expanding the method for more complex fluid flow models, as well as optimizing other devices operating on the basis of
pulsed jets.
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