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Jyna IO.B., Yepnokoa A.B. mHayk.kep. a.T.H., npod.Kosamescekuii C.B.
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Kpamamopcwk, /[/IMA). OBPOBKA MATEPIAJIIB 3 HAKJIAJTAHHAM
MNOCTIMHOI'O TA 3MIHHOI'O MATHITHHUX IIOJIIB
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HTYY «KIII im. 12ops Cikopcokoeoy), a.1.H. npod. Isanos B.O. (Vkpaina, m.
Cymu, Cym/Jy). TMJIBHIMEHHSI E®EKTHUBHOCTI CHUCTEMM
BEPCTAT - IPUCTPIH - IHCTPYMEHT - JETAJIb IIPH
OBPOBJIEHHI JETAJIEHX HA BEPTHUKAJIBHO-®PE3EPHOMY
BEPCTATI

IIynaa M.C., T'opeubka A.€., HazapoBa O.C. (Vkpaina, 3anopixcocs, HY
«3anopizvka HOLIMEeXHIKA») JOCILI)KEHHS CUCTEMMA
ABTOMATHUYHOI'O KEPYBAHHS EJIEKTPOITPUBOAOM
IT'OJIOBHOI'O PYXY NO3JTOB KHbO-CTPYT'AJIBHOI'O BEPCTATA

Cenuk H.IO. mayk. xep. k.T.H., gon. Creupko A.€. (Vipaina, m. Jlvsis,
Vipaincoka  axaodemiss  opykapmcsa). TIABUIIEHHSI PECYPCY
JNETAJEA TOJITPA®IYHUX MAIIUH KOMILJIEKCHUM
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41.

42.

43.

44,

45.

46.

47.

METOJIOM JU®Y3IHHOT O HACUYEHHA

Cupox JI.M., Hayk.kep. A.T.H., npO(b.ISOBaJIeBCLKI/IP“I C.B. (Vkpaina, m.
Kpamamopcok, [J/IMA) CUTHATYPHHUU NIIXIJTA YV 3ABE3IIEYUEHHI
KUTTEBOI'O HUKJTY BUPOBIB MAIIMHOBY 1YBAHHHI.

Cuawoxk  J.M.,Emens B.B., IInaunenxko J.0. Hayk.kep. [I.T.H.,
npod.Kosanescekuii C.B. WpraiHCZ, m. Kpamamopcuk, Jl/IMA) TIPOEKT
XAB-HEHTPY IHHOBAINIMHUX TEXHOJIOI'TU

CkipniunikoBa A., Hayk. kep. K.aL.H., goun. Komesa JI.B. (Vkpaiuna, wm.
Kpamamopcok, J/IMA) POBOTHU3ALIA TA ITH®OPMATU3IALIA -
BIIVIUB HA @®IBUYHY KVYJIbBTYPA TA @®OPMYBAHHA
KOMIETEHIIN MOJIOJI

Toxkaps /I.B., Epumenko O.B., Ilayrina T.B. (Vipaina, m. Xapkie, XHA/IY)
PECYPCHA  OHIHKA  BIPOBA/UKEHHSI CYIIYTHUKOBHUX
HABITA-IIIMHUX CUCTEM Y JOPOXXKHbOMY BYAIBHUIITBI

Iuoyaenko B.O., Boponuos B.C.,_. (Vkpaina, m. Kuis, KIII im. leops
Cixopcwvroeo) OTJIAA] TEXHOJIOI'TI SELECTIVE LASER MELTING.

IMumvuao A.Jl. Hayk.kep. k.T.H. Tynynos B.1. (Vkpaina, m. Kpamamopcuwk,
MIMA). AHAJII3 TEXHOJIOT'TYHUX METOAIB 3MIIIHEHHS
3YBYATHUX NOBEPXOHbB JIETAJIEM MAIIIUH.

IImaTko B.A. Hayk. kep.: K.T.H. Omiinuk C.1O. (Vkpaina, m. Kpamamopcok,
JIIMA). AHAJII3 CYUACHOTI'O TEXHOJOI'TYHOI'O OCHAUIEHHSA
NJISI MEXAHIYHOI OBPOBKH JIPIBHUX BAJIIB

CEKIIA 2 - SECTION 2
(MAH 3 HayKOBO-NIPOMUCJI0BOTO NPodiio)

Ilaii b. T., Kyas6auko O.M. yuni 10 kaacy (Vxpaina, Mapiynones.

Komynanonuuit 3axnao «Mapiynonvevkuii mexuiynuil aiyeiy Mapiynonascokoi

micvkoi paou Joneywkoi ob6nacmi) MATTYHUM KBAJIPAT I METOJIU
HOro nosyJJOBA

Hixtenko L.P., yyennust 11kj., HayK.Kep. yduTenb (i3HMKH Ta MaTEMaTHKU
Konecuukos C.O. (Vkpaina, C. Anopiiska, Auopiiecoxuti 33C0O) I — III cm.
Anopiiscokoi  cinbcokoi paou Cnos’smcvkoco pationy Jloneyvkoi 001.)
ICTOPUYHI HOTATKH BIAKPUTTS E®EKTY JAOIIJIEPA TA
MOro 3ACTOCYBAHHSI

KazakeBuu VY. 3., yuenuns 10 kjaacy, Hayk.kep. K.T.H., mor. Kapuayx C.I'.
(Yrpaina, m. Cnossncok, 30L1 Ne 6, m.Kpamamopcwok,/{J/IMA) PO3POBKA
METOJIUKH IOAO BUBOPY CITIOCOBY PO3AIJIEHHSA ITPOKATY
HA MIPHI 3ATOTOBKH 3 3ACTOCYBAHHSIM TPAJUIIMHUX 1
CHUHEPTETUYHUX KPUTEPIIB
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10.

11.

12.

13.

Mapuenko A.M., yuennus 11kJ1., Hayk.kep. yautensb ictopii [lleBuenko O.M.

(Ykpaina, C. Anopiiska, Awnopiiecokuii 33C0O) I — III cm. Auopiiscoxoi

cinbevkoi paou Cnos’sincvkoeo pationy Jloneyvkoi 061.) OCOBJIUBOCTI
PO3BUTKY HAIIOHAJIBHOI THHOBAIIIMHOI CHUCTEMH
VKPAIHU B 20-ti pp. XXI c¢r. B KOHTEKCTI ICTOPH ii
®OPMYBAHHSI

MemxoB A.l. Hayk.kep. K.T.H., o1 Cyootin O.B., yuurens Xximii AKCEHKOBA
E.B. (Vkpaina, m. Kpamamopcox, 301 Ne 16, J[/IMA) BYT'JIEKUCJINU
I'A3 SAK JIDKEPEJIO OPTTAHIYHOI'O ITAJINBA

Homep J1.O., yuenuns 11kJ., HayK.kep. yuntens marematuku [lixrenko C.I.

(YVxpaina, c. Anopiiexa, Anopiiecoxuit 33CO I — III cm. Anopiiscvkoi cintbcokoi

paou Cnog’sancvkoco pationy /Joneywvkoi o6a.) ICTOPISA BUHUKHEHHSA
KOMBIHATOPUKU TA I'AJTY3I BUKOPUCTAHHS

Ouaiiinuk /1. 5. , Kyas6auko O.M. yuni 10 knacy (Vkpaina, Mapiynons.

Komynanonuui 3axnao «Mapiynonecokuti mexniunuil aiyetly Mapiynoavcokoi

Mmicekoi  paou  Jloneyvkoi obnacmi) _ IIOBYJOBA EKOHOMIYHOI
MOJEJII 3A 1OITIOMOI'OIO TEOPII IT'OP

Iepeneauns I'., yaens 11 ki., HayK.Kep. yuurtens iHGopmatuku bem A.M.
(Vrpaina, m. Kpamamopcox 33CO No22) RFID TA 3BAMOK HA ARDUINO

Moakoa3una A., yuenuus 10 k., Hayk.kep., K.T.H. KyJjik T. O. (Ykpaina,
M. CaoB’siicbk, 3OLINe6, m. KpamaTopebk, IJIMA) JOCJIILIKEHHSA
MNPOLHECY ®OPMYBAHHS MIKPOPEJIBE®Y ITPOKATY

Mpoxuasinuuk J.J., Hayk.Kep. y4UTeIb MaTEeMaTHKH biasBChKa B.B_..
(Vkpaina, m. Kpamamopcwx, 30l Ne26) 3ACTOCYBAHHS TEOPII
KOMIVIEKCHUX YUCEJ Y ®I3UILI TA TEXHIII

Copokina K.®., yuenuns 9 kJj., HayK.Kep. y4uutenb marematuku Kamixina
O.M. (Vkpaina, Byeneoapcokuii HABYAIbHO-BUXOBHUIL KOMNJIeKC

«Ionimexuiunuu niyet-3acanvroocgimus wixoaa I-11 cmyneniey Byeneoapcvkoi

Micokoi  paou  Jloneyvkoi  obaacmi) uHOPIBHS[.JII)HI/Iﬁ AHAJII3
JOOIJIBHOCTI 3AMIHU TPAAUIIMHUX IIIIPYYHHUKIB HA
EJEKTPOHHI

Topcbknii .M., Kingenko M. 1. (Vkpaina, m. Cnos'sncex, 30ILIINe6)
IMPUCKOPEHUN METOJ BH3HAUYEHHSI 3MIHHU CTIMKOCTI
OCHO-BOI'O HMHCTPYMEHTY 13 HBHJIKOPIKYUYOI CTAJI
P6M5 IIICJSA OBPOBKH B IMIIYJbCHOMY MATHITHOMY
moJiI

Myasra 10.0., yuenuus: 10 k., HayK.Kep. yauTelb MaTteMaTuku PsOomanka

JLB. (Vkpaina, c. Anopiisxa, Anopiiscoxuii 33CO I — III cm. Anopiiecokoi

cinvcokoi paou Cnos’sncokoeo pationy Joneyvxoi 061.) MATEMATHUYHE
MOAEJIFOBAHHSI
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Haitof Anas, Yuan Fang, Wang Yaoyao, Shkvar Ye.O. (P.R.China, Jinhua,
College of Engineering, ZINU).

IMPROVEMENT OF AERODYNAMICS AND DYNAMICS OF HIGH-
SPEED VEHICLES WITH THE USE OF MICROBLOWING AND CLUS-
TERED NVIDIA GPU-ACCELERATED EMBEDDED PLATFORM

The advantages of high-speed train as an object of the intermittent micro-blowing
application through the streamlined surface are introduced. The corresponding mathematical
model is elaborated and the computations of the external flow around a train body are
performed. The promising new concept of real-time visual data processing for improvement of
flight controllability during take-off and landing, based on MPI and massively-parallel GPU-
accelerated technologies of computations and clustering NVIDIA Jetson Nano embedded
platform is proposed.

Haseodeni  nepesacu  ucoxowguoxicnoco noizoa Ak  00'ekma  3acmocy8aHHs
nepepuguacmo2o Mikpogoygy uepez oomiuny nosepxtio. Po3pobneno 6ionogiony mamemamuymy
mooenv Ha ochosi RANS nabnudcenns i 6UKOHAMI PO3PAXYHKU 306HIUHBO20 0OMIKAHHS KOPNYCY
WBUOKICHO20 nomsAzy. 3anponoHo8aHO HOBY NEPCNeKmusHy KOHyenyilo 00poOKu GI3yanbHUX
OaHUX 8 peanrbHOMy Huaci 01 NIOBUWEHHS KepOo8aAHOCMI NOJNbOMY HA 31b0Mi Ma Nocaoyi,
sacnosany nHa MPI ma macusno-napanenvuux mexuonociax GPU-npuckopenux obuucienv Ha
K1acmepu3zogarii 60yoosanii niamgpopmi NVIDIA Jetson Nano.

The perfect aerodynamic design of modern high-speed vehicles is one of the
most relevant aspects of their aerodynamic performance, energy consumption
efficiency and controllability. Due to the highly optimized shape of modern high-
speed vehicles, currently the promising research directions in this field are
associated with aerodynamic drag reduction by changing the structure of turbulent
energy exchange in the neighborhood of streamlined surface. The semi-empirical
mathematical models of near-wall turbulent exchange processes, developed by
prof. Shkvar Ye.O. [1], allow to reliably describe the mechanism of manipulating
the properties of turbulence and mean flow in cases of both separate and combined
application of the mentioned above drag reduction methods and the optimal
superpositions of their parameters and functioning modes can be reasonably
chosen. These methods have been successfully applied for providing the numerical
analysis of aerodynamic drag of different vehicles. In particular, the perspectives
of promising method of microblowing (injecting a small amount of air through the
streamlined surface into the boundary layer) have been analyzed from different
points of view, associated with its advantages and technical problems that should
be solved for its successful and efficient implementation for both aircraft high-
speed train design elements.

Numerous studies [1-3] give grounds to assert that already traditional for the
aviation industry blowing technologies are perspective in railway transport,
especially for high-speed trains. The use of blowing technologies in the railway
sector has several advantages:

12



- the proposed blowing technology does not affect the stability of the railway
vehicle, since the direction of motion is determined by the fixed direction of the
rails and under normal operating conditions (in the absence of a strong side wind)
it does not cause dangerous flow separation modes;

- the application of blowing technologies is expedient, first of all, for high-
speed trains, since it most effectively acts on friction drag D;. The shape of the
streamlined surface of the aircraft fuselage or the underwater part of the ship's hull,
submarine or torpedo is very similar to the shape of the head part of the car, but the
train is much more stretched and, accordingly, the aerodynamic drag to the
movement of the high-speed train will be formed to the greatest extent due to the
friction component, which determines the feasibility of using blowing exactly to
minimize Ds;

- the effects associated with the effect of air compressibility, such as the
appearance of shock waves and their strong interaction with the boundary layer,
which are unavoidable in the flow around the outer surfaces of the most common
transonic airplanes in civil transport aviation, are not relevant and should not be
taken into account as factors that negatively affect the efficiency of blowing
technology realization;

- for blowing the air can effectively be bled from the frontal part of the head
car, and then to redistribute it along the streamlined surface. It allows to reduce the
overpressure near the stagnation point and, in addition, to reduce the pressure drag
Rp due to the centralized air bleeding required for blowing system operation, in the
vicinity of the forward stagnation point.

Thus, the microblowing seems to be efficient, reasonable and practically
applicable to high-speed trains (Fig. 1) and mathematical modelling of its
intermittent realization and further efficiency analysis is the goal of the presented
research.

Penetrable
sections in the
streamlined
surface

Fig. 1. The principal idea of intermittent microblowing realization through the
array of permeable sections of streamline surface (or its part) of high-speed train

The conducted research was based on a unified and simplified high-speed

train geometry and working conditions, namely: 8 carriages 25 mx3.4 mx3.8 m
(length x width % height) train with total length 25x8=200m (Fig. 1), 100 m/s
(360 km/h) cruising speed and symmetrical flow around it. The most important
problem is to get the aerodynamic characteristics of a long (200 m) high-speed
(about 100-125 m/s and more) train with presence of small value of locally
distributed blowing velocity (about 0.1 m/s). This problem has been solved by its
effective decomposition into two following conjugate parts: (1) Modeling of the
flow around 3D high-speed train without considering the blowing effect in a big
13



domain, covering the whole train body; (2) Independent modelling the turbulent
boundary layer in small enough domain, localized in the vicinity of train external
surface. Such decomposition is possible because of two reasons: (1) Blowing
effect, due to its localization near streamlined surface, affects effectively only on
the skin friction coefficient, which under non-separation conditions can’t change
the parameters of pressure distribution over train body. So, pressure distribution
can be calculated only once for the case of blowing absence; (2) The boundary
layer parameters can be determined independently for different kinds of blowing
influence on the base of known pressure distribution, when blowing is absent.

The developed turbulent flows over a flat plate with a single perforated
section (Fig. 2a) and through the set of three penetrable sections (Fig. 2.b),
experimentally studied by Kornilov, Boiko [3], has been simulated numerically.

Cr
0,003 [
0,0025 |

0,002

0,0015

0,001 [

b

0,0005- R TN I T T S T
1 12 14 16 18 2 1 12 14 16 18 x,m

Fig. 2. Local skin friction coefficient distribution Cs(x) along the flat plate with different kinds of
penetrable sections: lines — numerical prediction of without blowing (line 1), with uniform
blowing, C,=0.00277 (line 2) and non-uniform blowing, C,=0.00344 (line 3). Circles —
corresponding experimental data, obtained by Kornilov, Boiko [3]

The applicability of intermitted microblowing has been tested for the high-
speed train in the form of a set of transversal penetrable sections with Ax,, =10m,

intermitted by impenetrable sections, with the same width Ax (Fig. 1). The obtained
distributions of Ci(x) are illustrated by Fig. 3 ( C,=0.0025). The obtained
distributions of C, allow to get the total skin friction coefficient of train’s body

Secern L [
C;%—jcfdx,where S

mid 0
train, S, =12m? - area of its middle section, L=200 m — train length. For the flow
without microblowing this coefficient is cC_,=0.2916, for the uniform
microblowing c_, =0.04351and in case of non-uniform intermitted microblowing
C.,_, =0.1336. Thus, uniform microblowing with C,=0.0025 allows to reduce skin
friction drag in C_,/C,, =6.7times, but can’t be realized practically due to high risk

of flow separation. Nevertheless, periodically intermitted microblowing with the
same intensity C, is not so dangerous and requires only a half of secondary air

—2420m? - area of external streamlined surface of a

extern
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flux. Moreover, as it can be seen from Fig. 3, the distribution C¢(x) for intermittent
blowing (line 3) is localized closer to line 2 that corresponds to uniform blowing
than to line 1, which is related to no blowing case. According to the results of
numerical predictions it allows to achieve the skin friction drag reduction in
C.,/C. ,=2.18times. In real physical conditions the intermittent microblowing
expected to be even more effective due to lower relaxation rate over impermeable

sections of streamlined surface than it was predicted on the base of the developed
numerical model.

G _
0,002
: 1
0,0015 |
0,001 [ =
0,0005 |
O -| IR TR N N T T B 1 | T O T |

0 20 40 60 80 100 120 140 160 180

Fig. 3. Local skin friction coefficient as a function of the length of perforated section for:
1 —no blowing; 2 — uniform blowing C,=0.0025; 3 — intermittent blowing C,=0.0025

In addition, the principally new concept of improvement of flight
controllability and safety, based on realization of multi-channel continuous
automatic visual monitoring of high-speed vehicle surrounding, massively-parallel
GPU-accelerated NVIDIA Jetson platform, Message-Passing Interface (MPI),
CUDA and Artificial Intelligence data processing and functioning in real-time
mode, is proposed as a perspective additional source of flight state information and
for coordinating the current flight data from other sensors and reasonable
synthesizing the required control laws. Previous research results in this field under
the guidance of prof. Shkvar Ye.O. were associated with multithreaded
implementation of GPU-accelerated processing of visual content and the developed
OpenMP-based algorithm demonstrated low efficiency losses (up to 6.7%) for
GPU-accelerated visual data processing of several (up to 4) independent threads,
coming from 4 differently located identical video- cameras using the embedded
computational platform NVIDIA Jetson TX1 [4]. In the current stage of this
research direction we have changed the computing paradigm from OpenMP
multithreading to multiprocessing based on a combination of MPI technology for
scaling computational resources. As a result, the computational platform was
modified to more scalable clustering system, consisting of several very compact
NVIDIA Jetson Nano nodes with 128 GPU cores and 4GB RAM each, linked by

Gigabit Ethernet switch (Fig. 4).
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Fig. 4. Design of architecture of
the distributed computational
NVIDIA GPU-accelerated

The triple-channel mode of MPI-based visual-data processing is
demonstrated by Fig. 5.

Fig. 5. MPI GPU-accelerated processing of video
data for horizon recognition in real-time mode

Obviously, the reliability of the proposed clustering system is much higher
compared to any multicore computing device, because even if one node of this
cluster fails, the rest of nodes will work and interact each other independently, so
in this case we simply get a failure of one of several information sources without
losing the functionality of the computing device as a whole.

Conclusions

1. The conducted numerical predictions of turbulent boundary layers over
flat plate with both uniform and non-uniform microblowing demonstrated quite
good agreement to the corresponding experimental data.

2. The periodically intermitted microblowing through the streamlined
surface of high-speed train, simulated numerically, demonstrated its promising
potential that will be further studied in details theoretically and experimentally.

3. The proposed MPI-based scalability of parallelism of NVIDIA Jetson
GPU-accelerated real-time processing of video-content is more productive and
reliable in comparison with its previously realized multithreaded version, so it can
be recommended for use in various modern high-speed vehicles.
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KPUBBIE B MEXAHUKE

B pabome paccmompusanu Oguoicenue mena 6 cunosom none. Cuna F, oeiicmgyiowas Ha

MamepuansHylo mouKy, AGNAeMmMcs 6eKMOPHOU (yHKYuel moyKu npoCcmpancmea r, 6eKmopa cKkopocmu

dar dar
o08udCceHUs ;U epemenu tmeF =F (r,d— t).B 00nux cayuasx ¢ynkyus F 3a6ucum moavko om r, Kax,

t)
Hanpumep, cuia miAcomeHus HENno0BUNCHO20 yernmpa,e 0py2ux caydasiax F 3aeucum monvko om

dar .
CKOpOCI’l’luE, Kak Hanpumep, 6 ciydae c60000H020  OBudicCeHuUAmena 6 COnpomueBiArouleucs

cpede.PaCCMompueaﬂu omoeJbHble Cﬂyuau,an.deuofceHue 6 YEeHmpajibHOM CUIO060M nOﬂe,deuJ/ceHue 6
napaiieibHom Cuiloeom n0]l€,06u9fC€HZ/l€ MamepuaﬂbHoﬁ mouykKu 6 noje cuj mﬂeomeyuﬂ,deu:)fceyue
yecmuysvl C INEKMPUHECKUM 3Clp}100ﬂ/l 6 INEKMPOMACHUMHOM nOﬂe,()euofceHue yecmuyvl 6 NOCNMOAHHOM
INNEKMPOMACHUNTHOM NOJie.

The paper considers the motion of a body in the field of forces. The force F acting on a material
point is a vector function of a point in space r, a vector of the velocity dr / dt and time t, ie. F=F (r, dr/
dt, t). In some cases the function F depends only on r, such as, for example, the gravitational force of a
stationary center, in other cases F depends only on the velocity dr / dt, as, for example, in the case of free
motion of a body with resistance from the environment in which it is located.We have considered
individual cases, for example, motion in the central force field, motion in the parallel force field, motion
of a material point in the gravitational force field, motion of electrically charged particles in an
electromagnetic field, motion of particles in a constant electromagnetic field.

BBenenue

IIycth MaTepuasibHasi TOYKa JIBUKAETCS 110 BEKTOPOM KpUBOM Y B
npoctpancTBe. [lycTh mapamerp t 0003HauaeT Bpems, s — IJIMHY AYTH Ha KPUBOM.
MoxeM paccMaTpuBaTh IJIMHY OYTHW Kak QyHKIWio BpemeHu t. Torjma BennynHa

ds o o
EﬂBJ’IHCTCH BCIINYNHOU CKOpOCTI/IV JABUXXCHUS TOYKU II0 KpI/IBOI/I.BeKTOp CKOpOCTI/I

V HaIpaBJIEH M0 KacaTeJIbHOU MPSIMOU K KPUBOWY:

4 _ _gds
V—Tt—T’SE.

dv o o
BekTop yckopenus I JIE)KUT B COIIPUKACAIOLIEUCATITIOCKOCTU KPHUBOU
2 2
dv " (ds) des
— =Ty =T |\) T
dt tt 5s \dt S qe2
Tak kak 1o 3akoHy HbprOTOHA yCKOpE€HME MPONOPUHUOHATIBHO JAEHCTBYIOIIECH

Ha Teno cuieF,To yeM OoJbllie HCKpEeBIeHa TPACKTOPHUS JBIKCHUS,TEM OObIIIast
CHJIa IEUCTBYET Ha JBWXKYLIYIOCS TOUKY.ECIu MarepuanbHas TOYKa JBUKAETCS I10

o o ds
KPHUBOU C ITOCTOSHHOU CKOPOCTBIOV = a = C,TO BCKTOpP YCKOPCHMJ HAIIPaBJICH I10

TJIABHOM HOPMAaJIM KPUBOW,IPUYEM BEIUYMHA YCKOPEHUS paBHaKC2 raeKkpuBu3Ha
KpuBoi.Takoe JBHIKEHHME ONMCBHIBACT,HAIIPUMEP,YaCTULA C  JJIEKTPUUYECKUM
3apsiIOM B MarHUTHOM I10JIE.

Teno nBuxkaerTcs noj AEMCTBUEM KaK BHEIIHUX CHJI (B CUJIOBOM IIOJIE),TaK U
NOJ1 IEUCTBUEM BHYTPEHHUX CUL,HATIPUMEDP PEAKTUBHBIX CHJL.
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PaCCMOTpI/IM ABH)KCHHEC TE€JIa B CHJIOBOM HOHC.BY}ICM cuyuTrarb, 4TO CHJIA

F,neiicTByromas Ha MaTepuaIbHYIO TOYKY,SIBIISIETCS BEKTOPHOW (YHKIIMEH TOYKU

dar
IPOCTPAHCTBA,BEKTOPA CKOPOCTU IBWKEHUS U BpeMeHu tr.e. F = F (T,E,t).B
OJHUX ciydasx (yHKUUS F3aBUCHUT TOJIBKO OT I,KaK,HapUMEp,CUja TATOTECHUS
HEMOJABM)XHOTO  LIEHTpa,B  Jpyrmx  ciaydasxF  3aBUCHT  TONBKO  OT

dar
CKOpOCTI/IE,KaK,HaHpI/IMep,B clry4dae CBO60I[HOFO JABHUXKCHUS TCi1a B
COMPOTUBJISIONIEHCS cpenie.3anuIeM ypaBHeHUsI IBIDKEHUSI B O0IIEM BU/IE:

d?r dr
m&r—F(r %),
dat? dt

PaCCMOTpI/IM OTACJIBbHEBIC CIIy4YaH.

JIBuKeHHE B IIEHTPAJIbHOM CHJIOBOM IOJI€

[Tycte cumna F,mpuiokeHHAass K TOYKE,IPOXOAMT 4epe3 (PUKCHPOBAHHYIO
TOYKY MPOCTPAHCTBA,HAIPUMEP dYepe3 Hadalo KOOPAUHAT.JTO O3HAYAET,uTO
F=A(r,v)r, tne A(r,v)ckamapHas ¢yakuus.Torna TpaekTopus ABMKEHUS
JIOKUT B HEKOTOPOH IIIOCKOCTH,IIPOXOISAIICH Yepe3 Hayallo KOOPAMHAT.

VYpaBHEHHE ABUKEHUS UMEET BU/T
d?r
m-—— = A(r,v)r. 1)
dr o

ITokaxkem,dTo BEKTOPHOE MIPOU3BEJICHUE [r, E] €CTb HOCTOSTHBIA
BekTOop./eticTBuTensHO B cuity (1) numeem

d dr d?r y)

—I|r,—=|=|r,—|==Irr]=0.

dt['dt] [’dt2 m[’ ]

dar
Nrak, [r, E] = ¢.YMHOXas 3TO YPaBHEHUE CKAJLIPHO Ha T, IIOJIy4YaeM

([r,%],r) =0=(cr1).

CrnenoBaTenbHO,KOOPANHATHI TOYKHU TPAaeKTOPUU YIIOBIIETBOPSIIOT
YPAaBHEHHIO IUIOCKOCTH,IIPOXOJAIIECH 4Yepe3 HadaJlo KOOpPAMHAT.OJTa IIOCKOCTh
ONpEeAENseTCsl HAYaJlbHbIM IIOJIO)KEHUEM TOYKM M HAYAJIbHBIM BEKTOPOM
ckopoctu.liMeer mecto U oOpaTHOoe yTBepxkaAeHUe:Eciu e6ce mpaekmopuu
MAmMepuanbHol MOYKU,HAX00SAUUecss 8 NOCMOAHHOM CUTOBOM NOJE,ABNAIOMCS
NJIOCKUMU KPUBbIMU,MO 8Ce CUNbl NOAA HNpPOX0O0Am uHepe3 OOHYy U My Jice
HENnoOBUICHYIO MOYKY ULU NAPALLETbHbL HOCIOSHHOMY 8EKMOpY.

JIBUsKeHHe B NapauieIbHOM CHJIOBOM I10JIe

[Tycte cuna F mapannensHa MocTOSHHOMY BeKTOpY a ,T.e. F = A(7,V) a, r1e
A(r,v) — ckamspHas ¢yHkius. Torna kpuBasi JIEKHUT B IJIOCKOCTH,IapajyieIbHON
BEKTOpY d.

Bnonbe Tpaektopum paBwxkenus r(t) dyHkuus A(r,v) OyaeT HEKOTOPOM
(GyHKIIMEH BpeMeHH t.

O603HaUNM

o) = J; A(r(®),v(D)dt.

Wurerpupys ypaBuenue (1),nmonyqaem
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me () = 4 (t)m + ag(®) .

mr(t) =r(ty)m+ mvyt +a ftto p(t)dt .

CrnenoBaTenbHO, TPACKTOPHUS JIEKHUT B IUIOCKOCTH BEKTOpPA @ M HAYAJIBHOTO
BEKTOpPA CKOPOCTH V.

ﬂBl/l)KeHI/Ie MaTepHaJILHOﬁ TOYKH B I10JI€ CHJI TATOTCHUSA

[Tonoxum F = — %,rz(e L - HEKOTOPOE MOCTOSHHOE MOJIOKUTEIBHOE YUCIIO.
VpaBHEHHE ABIKEHUS
d?r ur
miE= "
yMHOXUM cKkaysipHo Ha dr/dt. Torna momy4um
d (dr\? dr? d 1
mg (%) =5 =t @)

BBenem KoOpAMHATHI B IPOCTPAHCTBE TaK,YTOOBI IJIOCKOCTH X, Y COBIAJa C
IUIOCKOCTBIO  JIBMOKEHMS TOYKM,M B ITOM IUIOCKOCTH BBEAEM IOJSPHBIC
KoopauHatel p U @.Ilomoxum

X =pCcosq, y = psing
Torna

dr)?2 __(ap 2 2 (d(p)2
(dt) - (dt) tria) -
Wurerpupys ypaBHenue (2),Haiiiem
d_p)z 2 (d_so)z _ a4k
m[(dt +p7 (3, —A+p, (3)
rae A — HeKoTopasi MocTostHHas. BbIlie Mbl HallUTM COOTHOILICHHE [r, %] =c.

[TpoexTupys ero Ha oCh Z,110JIy4aeM ypaBHEHHE

dy dx
X——y—=2C(g -
dt dt
B nonspHbIX KOOpAUHATAX OHO 3aNIUCBIBAETCS MIPOCTO:
2de
— = (. 4
P ae 0 (4)

d
Bripazum orcrona d—f u nojactaBuM B (3).Toraa nonyuum

2 2
d c
m (—p) +9l=a+4+%,
dat p? p
o dp dt
OTCIOI[a Hanjacm E ,nonyquHoe BI)Ipa)I(eHI/Ie YMHO)I(I/IM Ha % I/I,yLII/ITbIBaSI

(4),narimem
1N 2
d; 1 2
— | =—c-+c ) +c
o 1 ( p 2 3

rae C; — TMocTossHHBIC.VIHTerpupys 3TO YpaBHEHHE,ITONYy4aeM YpaBHCHHE

TPAaeKTOPHHU
1
= Ca + /c3 cos(p — @),
['me,—HavyaapHOE 3HAYCHHUE yIia @.9TO ypaBHEHHE KOHUYCCKOTO CEUCHHS
¢ (hoKycoM B TOJIIOCE.
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JABUKeHNe YaCTHLbI € JJIEKTPUYECKUM 3aPAA0M B JIEKTPOMATHMTHOM I0JI€
IIycte wacTMma maccbl M U ¢ JIEKTPUYECKUM 3apsAoM e JBUXKETCS B

MPOCTPAHCTBE TMOJI JACHUCTBUEM JJEKTpHuecKoro mnojs E w marHutHOro mosd

H.Dnektpuueckass cuiia,IelCTBYIONIAas Ha YacTUIy 