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YUCEJBHE MOJIEJTIOBAHHSA 3AJAYI 30BHIIINHBOI BAJIICTUKU 3
BUKOPUCTAHHAM AHAJITUYHOI'O NIJIXOY TA BI3YAJI3AIII
ATMOC®EPHOI'O ITIOTOKY METOJAOM CKIHYEHHUX EJIEMEHTIB

Purpose. Analysis of the dynamic characteristics of the cargo in the presence of the speed of its
carrier, taking into account the influence of the external environment and the determination of factors
that affect the operational characteristics and parameters for the dynamic system control.

Methodology. An approximate analytical approach to solving the nonlinear problem of external
ballistics of a system with time-dependent parameters, which is implemented using the asymptotic
perturbation method, and a numerical algorithm for modeling a dynamic process using a 3D software
complex and the finite element method, which allows to visualize the nature of the flow around the
object under wind load conditions.

Findings. An analytical approach to solving the nonlinear problem of external ballistics of a
system with time-varying parameters is proposed, as well as a numerical model, solution and visual-
ization of a dynamic process that can be applied in problems of mathematical physics and engineering
calculations.

Originality. The use of an approximate analytical approach to solving the nonlinear problem of
external ballistics, which includes a system of time-varying parameters, is a significant innovative
step. For the first time, a three-dimensional distribution of the free fall parameters under atmospheric
conditions was obtained depending on the time of free fall under the condition of an initial velocity
different from zero. Obtaining the characteristics of the distribution, taking into account the aerody-
namic quality of the object, made it possible to adapt the methods of analytical mechanics and differ-
ential equations with variable coefficients to the solution of the applied problem. The obtained char-
acteristic three-dimensional surface allows to perform a study of the aerodynamic quality of the object
under study using numerical methods and to visualize dynamic processes in three-dimensional space
in order to obtain a qualitative picture of the perturbation of the object by the air flow. This integrated
approach to the study of ballistic characteristics of cargo forms the scientific principle to perform
engineering calculations to solve the problem of controlling dynamic systems.

Practical value. An approximate analytical approach and a calculation model of the dynamic
process of a mechatronic unmanned system make it possible to increase its efficiency in the presence
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of an initial speed and ensure the accuracy of the application of ballistic cargo delivery systems in
real operating conditions.

Keywords: external ballistics, nonlinear system of differential equations with variable coeffi-
cients, 3-D and FEA-modeling, aerodynamic pressure, wind load, visualization of atmospheric flow.

Introduction. The use of air vehicles for the cargo delivery in the conditions of
man-made disasters consequences liquidation and the determination of the character-
istics of the complex dynamic systems components, taking into account the aerody-
namic parameters and the influence of the external environment, is relevant from the
improving their operational characteristics point of view. One of the effective methods
of delivering cargo to a given target is the free-falling method of dropping from low
heights and flight speeds of the carrier [1, 2].

A significant number of publications in the field of research is related to the cre-
ation of numerical and analytical mathematical models built on the basis of the theory
of external ballistics [3]. The peculiarity of the aerodynamic load is that its value sig-
nificantly depends on the shape of the cargo flowing around the wind stream.

The construction of analytical models of the object's behavior in the wind flow,
and even further analysis, encounter a few mathematical and computational difficul-
ties. In view of this, mathematical modeling of dynamic behavior in software com-
plexes that use 3D and FEA modeling [1, 3-6].

Main part. The use of air vehicles for the delivery of cargo to specified targets
allows considering the task in the formulation "stop over the object” or according to
the classic scheme [1]. In the first case, the load moves like a free falling body; in the
second - the cargo, moving towards the drop as one unit with the air vehicle, will de-
scribe a certain curve during the fall (Fig. 1). At a low speed (up to 50 m/s) and height
(up to 200 m) of the air vehicle flight, one of the primary problems of cargo delivery
accuracy is related to the presence of wind.The vertical component of air resistance
slows the fall, and the horizontal component makes the trajectory steeper compared to
the parabola that would be described by the load in a vacuum, and creates lag. The fall
speed of the load increases over time until the air resistance, which increases propor-
tionally to the square of the speed, reaches a value equal to the weight of the load.

Complete air vehicle flight dynamics model together with an environmental esti-
mation method is a multidimensional, highly complex nonlinear system of equations
requires the development of high-level guidance algorithms. Therefore, it is more log-
ical to consider low-order nonlinear equations of that model behavior with a closed
control loop system [7].

The dynamics of the point of mass m(t) system movement with an initial speed Vo
from a height h in the presence of a frontal flow Vg based on the nonlinear theory of
ballistics is considered. At the first stage, the scheme of the cargo motion and the sys-
tem of its loading by external forces at the instant point of the trajectory in the planar
section, which is presented in Fig. 1, is considered.

Multiple coordinate systems are generally required to obtain and understand the
dynamic behavior of an air vehicle and its associated cargo. At the same time, one
coordinate system is transformed into another using two basic operations: rotation and
shift.
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0 X
Fig. 1. Scheme of object motion and acting loads along the trajectory trace

The purpose of this work is a mathematical simulation and analysis of the dynamic
characteristics of the load in the presence of the velocity of cargo carrier, taking into
account the influence of the external environment and the determination of factors, that
affect the operational characteristics and parameters of the system's dynamics control.

The main parameters of the studied system are determined by the following rela-
tions [8]:

S ) x S y)
FC:CX-%'O.V (t) F :CX-%’O-V\,, )

where I_T)C, ?V —aerodynamic resistance forces of the structure with stabilizer, including F’Cm,
and wind load, respectively; Cx — drag coefficient (determined from experimental data in

the direction of movement; C’, — the lateral resistance coefficient, which is calculated from

the given initial conditions in the direction of the axis X; Sm, S.,, — area of the body middle
along the axis of rotation of the body and the orthogonal direction; p — air density.
According to Fig. 1, the angle of the direction of the body's velocity is determined
by relations:
sina:\ﬁ, COSaz\i. (2)
\Y Vv

In the formula for body velocity:

2
V()= Vi +V§ =V, 1+\/—X?_zvy(t). 3)
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y
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Rule exists, if obeys the following relation:

=<1, 4)

Flight dynamics, including, flying object trajectories, as well as issues of stability
and controllability during its movement. The study of trajectory tasks is carried out
under the assumption that a flying object is a material point that moves under the action
of applied forces. While studying the stability and controllability of a flying object, it
Is considered as a material body moving under the action of moments of these forces.

Most mechanical systems occur nonlinear properties under certain parameters of
external disturbance. In this work, a flat nonlinear system of forces is considered, tak-
Ing into account the nonlinear components of the motion of a material point with time-
varying parameters. According to Newton's second law, the basic system of differential
equations of the external ballistics of the dynamic process under study follows from
the projections acting on the mass m(t) forces, respectively, on the axis of the coordi-
nate system X and Y. That is, the projection on the abscissa axis:

> X :%[m(t)(vx +VoFVy ) |=-Fsina - F, (5)
on the ordinate axis:
d
>'Y :a{m(t)[vo +Vy (t)]}: F.cosa—m(t)g. (6)

To assess the nature of the dynamic behavior of the studied system, the following
parameters are introduced:

S
by =mLO, (7)
T ®
dy .
d—:: X, 9)
a(t)=f(t) (10)
m(t)=mgf (t). (11)

The system of equations in the projections on the axis in the form (5) and (6) is
reduced to the form:

Vi (1) + (1) Vi (£) + sy Vi (1), (t) = -a(t)- (Vo Yy )~ F,

f(t) | 12)
Vy (1) +a(t)Vy (t) = Vo V2 (t)— g

f(t)
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where: IEV:CX- L Swp
2 f(t) Mo

(13)

The final differential equation of the problem in the projection on the horizontal axis X:

Vig (1) +a(t) Vy (t)+gboitvx (t)Vy (1) =2(1), (14)

f(t)
where: (1) =—a(t) - (V, ¥ V) -F,. (15)

where & — small parameter.
For time-independent system parameters accepted as:

a(h)=0, f@®=1. (16)
The corresponding system of nonlinear differential equations (12) is transformed
into the form:

Vy (1) + &by -Vy (1) Vy (t) =9,

Vy (1) =bgVy (t)—g

To obtain an approximate analytical solution of the nonlinear differential equa-
tions system with variable coefficients (17), the asymptotic method of perturbation
with a small parameter, or a hybrid asymptotic approach based on the method of phase
integrals and the Galerkin orthogonalization principle can be applied [3].

In order to determine the aerodynamic drag forces that act on a body during a fall,
it is necessary to indirectly consider the shape. However, taking into account the heter-
ogeneity of the environment, namely turbulence, non-laminar flow etc., the analytical
determination of air resistance can introduce a high degree of integral error. The force
of air resistance cannot be expressed by a simple and accurate formula obtained on the
basis of theoretical conclusions. Air resistance is usually determined experimentally —
by blowing the body in a wind tunnel. However, the use of numerical methods of mod-
eling and analysis of the obtained results allows to increase the accuracy of the obtained
data and provide multi-iteration modeling of the i-th number of geometric parameters of
the body under different initial conditions. When modeling, it is possible to determine
the coefficient of aerodynamic resistance, as a value proportional to the speed pressure
and the force of air friction along the aerodynamic surfaces using turbulent flow models.

The numerical determination of the specified parameter will provide a ballistic
assessment of the quality of the body, in particular the characteristic time.

The use of a numerical approach based on FEA makes it possible to estimate the
influence of the specified parameters (7—11) on the dynamic behavior of the system
under study. A pressure difference between the windward and leeward sides occurs in
the air flow field relative to the centerline of the load. This difference creates aerody-
namic control forces and moments relative to its center of mass (Fig. 2), which allows
to achieve a vertical position at the moment of approach to the target and minimize
deviations in the horizontal plane.

(17)
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Fig.2. Pathlines and vectors of FEA calculated air flow while cargo free falling,
obtained via numerical simulation

The control forces and moments created by the surfaces of the planes of the load
must be sufficient to move it into such a position as to have minimal aerodynamic
resistance to the oncoming flow.

The static stability of the load can be defined as the tendency to return to a given
flight path after being dropped [9]. Determine the static stability of the load and the
location of the center of mass and the center of pressure on its floor. In free fall, the
wind force and the moment arm formed by the center of mass and the center of pressure
cause rotational motion around the center of mass and in the planes of available degrees
of freedom.

The margin of static stability of the load is defined as the ratio between the dis-
tance from the center of mass to the center of pressure and the diameter of the case (if
it has an axis of symmetry). As a rule, a high margin of static stability (> 1) provides
more stable indicators of rectilinear movement with increased resistance to external
forces to change the trajectory of movement.

The absence of turbulent flows, which is a condition for high accuracy of hitting
the target, is confirmed by the calculation in Fluid Flow. To formulate the condition of
cargo stabilization after dropping using Fluid Flow, the stabilizing moment around the
center of mass, which is formed by the forces on the surface of the aerodynamic planes,
was determined (if the cargo has a complex geometric shape).

To check out the developed approach correctness, the model has been bench-
marked with example parameters.

The dynamics of a material point with parameters are considered to represent the
mass and geometry parameters of the cargo to be delivered.

In fig. 3 the dependence of the time fall on the parameters of the studied system
and the height of the fall is presented.

Thus, on above mentioned, the control system allowed to increase the drop-deliv-
ery with higher accuracy, using the benchmarked relations.
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Fig. 3. Three-dimensional surface of the time fall dependence on parameters of the
studied system

Conclusion. A mathematical model of the external ballistics of the cargo is pro-
posed, taking into account the geometric characteristics and material in the presence of
the speed of the carrier. The results of numerical calculations based on computer alge-
bra, using 3D and FEA modeling methods for analyzing the dynamics of the studied
system according to the proposed parameters are given. The proposed approach proves
that the geometry of the shape-forming surface of the load, related to the aerodynamic
and initial parameters of the system under study, are significant factors affecting the
operational characteristics and control parameters of the dynamics of the system.

To check out the developed approach correctness, the model has been bench-
marked with example parameters of system. The dependence of the cargo drop time on
the parameters of the studied system and the drop height was obtained.

The obtained research results can be applied for the further formulation of the
analytical-numerical approach of the system with variable properties and the environ-
ment.
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AHOTAIIA
Merta. AHaTITUYHUN MIOX11 1 YMCENbHE MOJENIOBAHHS JMHAMIYHOTO TPOIECy 3a]adi 30BHIIIHbOI
OaJICTUKH BAaHTAXY 3a HASBHOCTI TOYATKOBOI MIBHIKOCTI 1 BIUIMBY MOBITPSHOTO CEPEIOBUIIA 3 Me-
TOKO BU3HAYCHHS (DaKTOPIB, 110 BILUIMBAOTH HA MAPAMETPU KEPYBAHHSI TOCIIKYBaHOK CHCTEMOIO.

Metoauka. HabmmkeHui aHamiTHYHUNA TIAX1A O pO3B 3Ky HENiHIMHOI 3a/1a4il 30BHIIIHBOT Oaic-
TUKH CUCTEMH 3 MapaMeTpamMu, 3aJIC)KHUMH BiJ 9acy, SIKHA peai3y€eThes 13 3aCTOCYBaHHIM aCHMII-
TOTHUYHOTO METO/Y 30YPEHHS, Ta YHCEIbHUN AJITOPUTM MOJICIIOBAHHS JUHAMIYHOTO TIPOIIECY 3 BU-
KopucTaasM 3D mporpaMHOTro KOMITJIEKCY 1 METOY CKiHUEHHHH €J1eMEHTIB, 10 JO3BOJISIE Bi3yali-
3yBaTH XapakTep OOTiKaHHs 00'€KTY B yMOBaX BITPOBOI'O HABAHTaXKCHHSI.

Pe3yabTaTH. 3anpornoHOBaHO aHATITUYHUHN MIJIX1]1 10 pO3B’sI3Ky HEJHIMHOT 3a1a4i 30BHILIHBOI Oa-
JICTUKU CUCTEMH 13 3MIHHUMH y 4Yacl mapaMeTpamH, 1 4hceabHa MOJEIb, PO3B’A30K 1 Bi3yasizallis
JMHAMIYHOTO MPOLECY SKI MOXKYTh OyTH 3aCTOCOBaHI B MPUKIIAJAHUX 3a/lauaX MaTeMaTU4HOT Pi3uKu
Ta IHKEHEPHUX PO3paxyHKaXx.

HaykoBa HoBu3Ha. BukopucranHs HaOIM>KEHOTO aHATITHYHOTO MIXO0AY /10 BUPIIIEHHS HEMIHIHHOT
3aJaui 30BHIIIHBOI OATICTUKH, KA BKIIIOYA€ CUCTEMY 3MIHHMX IapaMeTpiB y yaci, € 3HaYHUM 1HHO-
BallIiHUM KpokoM. Briepiie 6ys10 oTpuMaHO TpUBUMIPHUN PO3IMOALT TapaMeTpy Ma/liHHS BaHTaXy B
yMOBax arMoc(hepHOro BIUIMBY B 3aJIEKHOCTI Bijl 4acy BUIBHOTO MaJiHHA NMPH YMOBI MOYATKOBOI
HIBUAKOCTI, BIAMIHHOI Bii HyJisl. OTpUMaHHI XapaKTePUCTUKH PO3NOUTY 13 ypaxyBaHHSAM aepoiUHa-
MIYHO{ IKOCTI 00’ €KTY JO3BOJIMIIM aIaNiTyBaTh METOIM aHAIITUYHOI MEXaHIKH Ta Ju(epeHIiaTbHIX
PIBHSAHB 31 3MIHHUMHU Koe(illiEHTaMU J0 BUPILIEHHS NPUKIAAHOI 3a1a4l. OTpuMaHa XapaKTepUCTU-
YHa TPUBMMIpHA IMOBEPXHsI 103BOJISIE BUKOHYBATH JTOCIIIKEHHS aepOAMHAMIYHOT SIKOCTI JOCIIJIKY-
BaHOTO 00’€KTa 13 BUKOPUCTAHHIM YUCEJIIbHUX METO/IB Ta Bi3yasi3yBaTH AUHAMIYHI MPOLIECH Y TPH-
BHUMIpPHOMY MPOCTOPi 3 METOI0 OTPUMAHHS SKICHOI KapTUHH 30Y’KEHHs 00’ €KTa MOTOKOM TOBITPA.
Jlanuit iHTErpOBaHUH MIIX1A A0 TOCTIIKCHHS OIICTHYHUX XapaKTEPUCTHK BaHTAXIB opMye Hay-
KOBUH MPUHIMIT BUKOHAHHS 1H)KEHEPHUX PO3PaxXyHKIB /Ul BUPIIIEHHS 3aja4ul KepyBaHHS JUHAMIU-
HUMH CUCTEMaMH.

IpakTuyHa 3HaYuMicTb. HabnmmxeHnii aHaTITHIHAIN MAX1]T] 1 pO3paxyHKOBA MOJIETh TUHAMIYHOTO
MPOILIeCy MEXaTPOHHOI OE3MiIOTHOT CUCTEMH JTO3BOJISIOTH IMIBUIUTH 11 €EKTUBHICTh MIPH HASIBHO-
CTl TMOYATKOBOT MIBUJKOCTI 1 3a0€3MeUeHHS] TOYHOCTI 3aCTOCYBaHHS OaliICTUYHUX CUCTEM JTOCTABKH
BaHTaXIB B peaJbHUX YMOBAX eKCIUTyaTallil.

Kniouogi cnoea: 306niwns danicmuxa, HeliHitina cucmema OupepeHyiatbHux pigHsHb i3 3MIHHUMU

koeghiyienmamu, 3-D ma MCE-mooentosarnts, aepoOuHamivHull muck, impose Ha8aHmaddCeHHsI, Gi-
3yanizayis ammocgepHozo nomoky.
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