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Abstract—Analytical expressions, which connected of the unmanned aerial vehicle parameters and
characteristics of landing's rope, are obtained. In particular, the relationship between the necessary
length of rope and the value of its stretching during the landing of the unmanned aerial vehicle is
determined. Meanwhile, additional dampers for the rope are not considered. The mathematical model of
the deceleration process of unmanned aerial vehicle during its landing on rope is based on Hooke's law
and Newton's 2nd law. One of the main assumptions at the development of the mathematical model is that
of the braking of the unmanned aerial vehicle after its coupling with the rope occurs with constant

acceleration.

Index Terms—Unmanned aerial vehicle landing; rope stretching; Hooke's law; unmanned aerial vehicle

overload.
I. INTRODUCTION

The unmanned aerial vehicles, launched from the
hands or from the starting guide track installation
(catapult), must have defined means for landing.
Sometimes, the Unmanned Aerial Vehicle (UAV)
launched in this way are equipped with a parachute,
with the help of which they are down to earth.

In recent years, specially designed landing
methods for UAVs without chassis have been
developed and applied: landing on rope or in a
special elastic net [1] — [3]. As a result of application
of these methods is increasing economic and
technical efficiency of UAV by increasing its
payload due to the lack of chassis on board. In
addition, the UAV landing with the help of devices,
which are realized such methods, can be carried out
on area of limited dimensions in a given place.

Known landing device [1], [3] contain: a rope
stretched perpendicular to the trajectory of UAV on
a place of landing, a brake hook and a shock
absorber located on the UAV. The device [1] has
also first and second gates. Schematically two main
moments of UAV landing on this device is shown in
Fig. 1. In Figure la is shown moment, when the
kinetic energy of UAV is equal zero and in Fig. 1b is
shown final moment of UAV landing, when the UAV
is immoveable. The height of the rope of first gate H1

is greater than the height of second one A2 on the
value AH = H1-H2, 5o that

AH > gL}/ (272,),

where g is the acceleration of gravity, L is the
distance between landing gates, which depends on
the rigidity of the brake rope and the characteristics
of the shock absorber; Vg is the UAV landing speed.

a

Fig. 1. The two moments of UAV landing:
1 is the hook; 2 is the elastic brake rope; 3 is the first gate;
4 are dampers; 5 is the second gate; 6 is the nonelastic
rope; 7 is the UAV
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Fig. 1. Ending. (See also p. 67)
II. PROBLEM STATEMENT

The purpose of this work is development of
calculation method of the UAV parameters landing
on the elastic brake rope.

Assume that trajectory of the UAV before

landing is in horizontal plane and at the UAV
landing on the brake rope; its kinetic energy is
parried by elastic ropes only.
Let the elastic rope between the supports of the
brake gates A and B have length L before UAV
landing and coupling of hook to rope is executed at
point O, as it shown in Fig. 2.

Fig. 2. To calculation of rope stretching during UAV
landing: A/ is the transversal lengthening of rope; vector
F is the force, which is imposed to point O by the UAV at
landing; vector F, Fs are the forces, which lengthen out

the rope from the left side and the right sides

III. PROBLEM SOLUTION

Assume that when the rope is hooked, an
absolutely inelastic impact occurs, i.e. the speeds of
the UAV and of the rope at the point of coupling
become equal. Then a uniformly decelerated motion
of the UAV with the rope on distance A/ during
time ¢ occurs. As a result, the UAV speed is reduced
to zero. Conditionally the complete solution of the
problem can be divided into two parts:

1) determination of the kinematic parameters of
the UAV motion while landing on the rope;

2) determination of the dynamic parameters of
the UAV motion.

To calculate the kinematic parameters of the
UAV motion, we write two equations with two
unknowns:

Ve (8) = at,

) 1
A= L
2

where a is the acceleration of breaking action of
UAVs at its coupling with a rope; V,, (#) =V, is the
landing speed of UAV.

For given values of V,, and Al solution (1) is
trivial and does not depend on the second part of the
complete solution of the problem.

Suppose that the engagement by the break hook
is performing in the middle of the rope. In this case

Fx= Fg and each half of the rope will be stretched
by a value

e J(z +4(2Al) -L)

The magnitude of the stretching of half the rope
Al according to Hooke's law is determined as

Alzﬂ(é) Al :im
'sE\2 ) boSEN2)

where F| is a tensile force of half the rope, Fi= Fx=
Fg; S is a cross-sectional area of the rope, £ is the
Young's modulus.

According to Newton's 2nd law, the magnitude of

the rope stretching force F =2F,sina, where
Al

NI

the mass of the UAV on acceleration at braking, i.e.
“4)

Equating the right-hand sides of equations (2)
and (3) with account (4), we obtain an equation for

2

3)

sina = is determined by the product of

F=mg,a.

. . A Al .
the quantity L at sino = —l: — in the
JE+A? L
form
L2
JE+aan - =22 5
(Al) N ()
mp,a .
where 1 =—2 is an accessory parameter.

After transformation (5) we can write this
equation in the form
n'g +2ng’ -4=0, (6)

where variable & = L / Al
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If we multiply (6) on n° and introduce the
designation x = ng, then receive

x'+2x —4n* =0. (7)

Using the solution of Descartes—Euler with help
by substitution x = y — 0.5, we reduce (7) to
“incomplete” type

y4—l.5y2+y—(%+4n2j=0. ®)
The roots of equation (8) equal one of the
following expressions J_r\/z—] J_r\/z J_r\/z_3 , and
Z,,2,,2, are roots of cubic
1
2 =0.752" +C,z—— =0, 9)
64

3.,
where.C, =—+n".
"~ T6 n
After replacement z = p + 0.25 and transformation

(9) we receive

p+np+n’/4=0. (10)

After Vieta’s replacing p=0-n"/(30)

and transformation (10) we receive a biquadratic
equation

2 6
PERL ] Ny (11)
4 27
where € = .
The roots of equation (11) are
T_l2
€10 = > . (12)
8(1J_r\/1+64r| /27)
L
But x=1—l=y—0.5>0, then must be

inequality y > 0.5, i.e. \/;> 0.5 and therefore p > 0.
Numerical solution (6) at different meanings n

(Fig. 3) indicates that: 1) at considered values of
parameters for the UAV and the rope exists only the
one decision (6); 2) it is necessary to take the
absolute value x when we find a solution of the task
from (8) — (12).

During boarding on the rope, the UAV will
experience an overload, magnitude of which is equal

M (13)

a
mrg, g g
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Fig. 3. Graph of function n’&* +2n&’ —4=0 at different
meanings M

Assuming that during the UAV brakes, its kinetic
energy passes into the potential energy of the
stretched rope, we can write

2
mFVVF2V =K (2All) (14)
2 o2
where K7 is the coefficient of rigidity of the brake
gates rope.

The value of K7 depends both on the properties of
the material and on the dimensions of the rope.

Dependence of the value Ky from the rope
dimensions and Young's modulus may be express in
the form

K, =22
L

Using (14) instead of (3) does not simplify a
solution of the task.

Let consider case of UAV landing on rope, when
AO # OB. For calculation values of forces F5 and
Fy we apply the principle of virtual displacements
[4], as it shown in Fig. 4, where is an angle of
infinitesimal rotation round point A.

k L b
Iy
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Fig. 4. Case of UAV landing on rope, when AO = OB

If we take away right-hand support by imposing
on the rope the reaction Fp, then the rope acquires an
one degree of freedom — an angular displacement
round support A. In this case we can write
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—FBs+Fs]:0,
e=1L-036, (15)
g =1, 30.
. lO
We receive from system (15) Fp = F T
(L_lo)

Analogical we can receive the value F, = F

IV. CALCULATION OF THE UAV PARAMETERS
LANDING ON ROPE

As an example, we will choose the UAV, which
has a takeoff weight of 20.00 kg and a flight speed
of 30 m/s. We choose the following changes of
value A/: in the range from 0.1 mto 1.5 m.

Solving system (1) and using equation (13) for
given data, we will receive numerical values for 7, a
and n, which are resulted in Table I. As follows from
the calculations, the braking distance A/= 0.1 m is
insufficient for UAVs of this type since it is possible
to destroy it at an overload of more than 458 units.

TABLE |

CALCULATED VALUES OF TIME, ACCELERATION

AND OVERLOAD
Transversal
lengthening of
rope Al,m | 0.1 1 1.5

Parameters
of the UAV motion
t,s 0.0067 | 0.067 | 0.1
a, m/s® 4500 450 | 300
n 458.72 | 45.87 | 30.58

Calculations were carried out for ropes with a
cross section S = 8 cm’= 8-10™ m’ (Table II), made
of silk threads (E, = 13.0x10° Pa [5]) and of rubber
(E. = 0.9x10° Pa). Calculations showed that the

required length of the rope made of silk threads is in
several times longer than the rope made of rubber at
same value A/.

TABLE II

CALCULATED VALUES OF THE LENGTH OF THE BRAKING
ROPE AND ITS EXTENSION DURING LANDING OF THE UAV

Rope material Rubber Silk thread
Al,m 1 1.5 1 1.5
n-10* 3125 | 2083 | 2.16 | 1.44
L,m 4.29 7.37 10.49 | 18.02
Al;, m 0.222 | 0.293 | 0.0945 | 0.124

V. CONCLUSION

In the paper analytical expressions are obtained,
which allow making an approximate calculation of
parameters of the UAV landing on the rope without
additional dampers. The above calculations showed
that the required braking ropes, without additional
cushioning devices (springs), may be used in
practice. But, during landing on a rope the UAV can
experience significant longitudinal overloads,
therefore it is necessary carefully select the
characteristics of rope.
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M. @®. Tyninun, I. B. Ynukans. Ha0au:keni od0uucjieHHs xapaktepucTuk npouecy nocaaku BIIJIA na tpoc
OTprMaHO aHAJITHYHI BUPa3H, IO 3B SI3YIOTh NMapaMeTpH Oe3MiJIOTHOrO JIITaJbHOIO anapara i XapaKTepHCTUKH Tpoca,
Ha SIKMWA BiH 3[iMCHIOE Mocanky. 30KpeMa, BH3HAYAETHCS CIIBBIJHOLIEHHS MK HEOOXiIHOIO TOBXKHHOI Kadewro i
3HAYEHHSIM HOTO BEJTMYMHHU PO3TATYBAHHS MiJ Yac Mocakyi OE3MiJIOTHOrO JITalbHOro anapara. [Ipu oMy, 101aTKOBI
aMOpTU3aTOpH Uil TpOoca HE PO3IIINAIOThCA. MareMaTHuHy MOJENb IPOLECY MOCAAKH Oe3IMUIOTHOrO JITalbHOTrO
amapara Ha TpOC 3aCHOBAHO Ha 3akoHi ['yka i 2-my 3akoHi HproroHa. OIHMM 3 OCHOBHHX NPHITYIIEHb ITijl Yac pO3pOOKH
MAaTEeMAaTUYHOI MOJENI € Te, MO0 TaJbMyBaHHS OE3MIJOTHOrO JITAABHOTO amapara, Iicias HOro 3YillkKH 3 TPOCOM,
BiJIOYBAETHCS 3 MOCTIHHUM MPUCKOPEHHSIM.

Karudosi cioBa: mocajka Oe3MJIOTHOTO JIITAIBHOTO arapaTa; po3TATYBaHHS KaHara; 3akoH ['yka; mepeBaHTa)KeHHS
0€3ITIIIOTHOTO JIITAJILHOTO anapara.
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H. ®. Tymuunun, U. B. Ynukanb. [IpuldauskeHHbIe BBIYUCICHUS XapaKTepucTHK nponecca nocaaku BIIJIA na
Tpoc

[lonmyueHbl aHaJIUTHYECKHWE BBIPAKEHHUS, CBS3BIBAIOIIME IapaMeTpbl OECHMIIOTHOrO JIeTAaTEeIbHOrO armapara Hu
XapaKTEepUCTUKU TPOca, Ha KOTOPBIM OH OCYIIECTBIISIET MOCAAKy. B 4acTHOCTH, oIpenensercss COOTHOLIEHHE MEXAY
HEOOXOAMMOHM JIMHOM Kalenss W 3HAYEHHWEM €ro BEJIMYMHBI DPACTSDKEHUS BO BpeMsl IOCAJKH OECIUIOTHOTO
JeTaTeNnbHOrO ammapaTta. [Ipy  3TOM, J[IONOJNHHUTENBHBIE aMOPTU3aTOpBl OISl Tpoca HE PaccMaTpPUBAIOTCS.
MaremaTuueckast MOZieb Ipoliecca MocaJKy OSCIMIOTHOrO JeTaTeIbHOrO anmaparta OCHOBaHa Ha 3akoHe ['yka u 2-M
3akoHe Hprorona. OmHMM W3 OCHOBHBIX JOIYLIEHUH NpH pa3pabdoTKe MaTeMaTHYEeCKOW MOJENH SIBJISETCS TO, YTO
TOPMOKE€HHE OECIMIOTHOIO JIETaTEIbHOTO amIapara, HOcie €ro CIENKH ¢ TPOCOM, IPOMCXOIUT C IOCTOSHHBIM
YCKOpEHHUEM.

KnroueBble cioBa: mocagka OecIIMIOTHOIO JIETaTENbHOIO alllapara; pacTsDKeHHUs KaHata; 3akoH ['yka; meperpyska
OECIIMIIOTHOr'O JIETATENILHOIO aIllapaTa.
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