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Abstract—In the article is proposed the design of the rotational-catapult system for take-off and landing of
unmanned aerial vehicles and determined the algorithm of its functioning. The features of the rotationally-
catapult system operation with horizontal and inclined position of the catapult rotational disk are considered
in detail. The peculiarities of the rotationally-catapult system functioning include the fact that, on the one
hand, the wing span of the unmanned aerial vehicle is limited by the size of the rotating disk of catapult, and
an increase in the size of which leads to increased consumption of materials, energy costs, and etc. On the
other hand, structural elements of the wing and the unmanned aerial vehicle as a whole, depending on their
distance from the rotation axis of catapult and their spatial position, will be affected by centripetal forces of
different magnitude and direction, which can damage these elements. In the work an expression for the
directing cosines of the unit centripetal acceleration vector is obtained for steady rotational motion of the
catapult at its arbitrary inclined position, which makes it possible to simplify the calculation of the
unmanned aerial vehicle dynamics motion. The article also provides an example of calculating the landing
of unmanned aerial vehicle with characteristics an "Orbiter 3" onto a rotating catapult disk.

Index Terms—Rotatable catapult; rotating disk of catapult; rotationally-catapult system.

I. INTRODUCTION

TABLE 1. BLOCK DIAGRAMS OF THE MECHANISMS
At decreasing a distance of take-off and landing OF STARTING DEVICES
for unmanned aerial vehicles (UAVs) the ) } ) }
possibilities of them using are flared. Just there are No.|  Starting device Starting device scheme
many means of take-off and landing for the UAVs of 1| With translational PN
aircraft schematic view. movement of UAV T
The essence of the most famous method, which
allows doing to do both takeoff and landing of an
aircraft, is to transform the design of the engine and /
or an airframe, which changes the angle of |2 | Withgyration ofthe
inclination of the engines thrust relative to the UAV around
aircraft. In this case take-off and landing is horizontal axis
implemented vertically and a flight — horizontally.
But this method has a series of disadvantages, 3 | With gyration of the
namely, owing to additional mechanisms is UAV around
increased the UAV weight and is decreased flight vertical axis
time, load capacity and reliability.
The other method, which is adequate only for the 4 | With gyration of the
UAV take-off, to use assistive devices: catapults, UAV around
rocket boosters and so on. The series of such devices vertical axis
is shown in Table I. involving of
The scheme no.3 is the most rational constructive catapult engine _
. . .. . 5 With linear guiding
decision for UAV take-off, as it is shown in »
ways and additional
research [1]. ) ) . inertial elements
In this paper is also described scribed the device
of catapult, for which a patent [2] is received.
This catapult device involves of gear for initial 6 | With linear guiding
velocity determination and direction of the UAV ways and dampers
flight at its separation from catapult. General view of
catapult with UAV is shown in Fig. 1.
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Fig. 1. General view of catapult with UAV and counter
weight: / is the vertical axis of the catapult rotation; 2 is
the double-arm lever; 3 are knee rafters; 4 is the platform;
5 is the UAV; 6 is the counter-weight

Considerable disadvantage such catapult is that
after UAV launching with help of catapult for its
landing it is necessary additional gadget.

Rotatable catapult (RC) [3] for launching and
landing aircraft has complex construction, which is
including of moving platform on catapult, slide-rails,
damper and other. However, its efficiency and
fitness for work is not sufficiently researched.

II. PROBLEM STATEMENT

In the article is set to modernize of RC

construction [3] and appraise its capacity for work.

For task solution it is necessary:

e determine list of the RC functional elements
and to carry out some improvements to its
construction;

e scribe an algorithm of the RC work;

e determine the magnitude and direction of the
forces acting on the UAV at different variants
its landing on the RC;

e cstimate the stopping distance of the UAV
during landing upon RC.

III. PROBLEM SOLUTION

For task solution it is supposed the automatized
rotationally-catapult system (RCS), which has two
main functional elements (Fig. 2):

1) operating mechanism, which has rotating disk
of catapult (RDC) with an engine for its and, as
minimum, three free-running lifting jacks (in Fig. 2
is shown four ones) with the engines and swing
supports on them ends;

2) control unit, which sends commands from
operator to operating mechanism and executing the
keeping track of an performance accuracy these
commands; and operator.

The rotationally-catapult system at UAV take-off
works in the following way.

The rotary disk of the catapult 3 with a radius R
is located in a horizontal position (Fig. 3), in which
the axis of the support 1 RDC is in a vertical
position.

Ty

operator

Fig. 2. The automatized RCS: / is the catapult fulcrum
axis; 2 is the fulcrum bearing; 3 is the RDC; 4 is the UAV
retaining pin at take-off; 5 is the UAV; 6 is the balancer;
7 are lifting jacks; & are swing supports; 9 is the
foundation; /0 is the intercoupler; // is the control unit;
12 is the operator; /3 is the RDC engine; /4 are lifting
jacks engines

Fig. 3. The horizontal position of the RDC at take-off

The UAV take-off can produce with help of
inclined RDC also.

The UAV 5 is located on retaining pin 4, which
fixates it’s distantly R from axis 1 to projection of
the UAV 5 centre of mass on RDC 3 surface.

Onwards, at the command of the operator 12,
through control unit 11 and an intercoupler 10 are
started the UAV 5 engines and the engines 13 for
RDC 3. At the same time operator 12, with account
initial conditions of the UAV take-off, sets both an
angular rotation speed of the fulcrum bearing 2
relatively axis "OY" and, accordingly, rigidly bound
to him RDC 3, and direction of UAV flight after its
separation from catapult.

In case of value o

ygiv

reaching, trigger

mechanism of the retaining pin 4 operates at the
command of block 11 and under action of centripetal
force, which acts on UAV 5, his separation occurs
from retaining pin 4. Farther, UAV 5 makes a free
flight at condition R=R, or, if R<R,, with
beginning is motion on RDC 3 and after this the free
flight.
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The engines 13 turn off and rotation RDC is
finished after UAV 5 separation from RDC 3.

On unmoving RDC upon the UAV will act
weight force and support reaction. If RDC rotates,
ie. =0, upon the UAV will also acts the
centripetal force (F,,), which is neutralized by force
from support. The centripetal force, which acts upon
UAV onto RDC at value linear velocity V' = const in

the line of vector R , is equal
F = mV* /R, (1)

where m, is the UAV mass.

It is known that the linear velocity value of an
each RDC point is proportional to value of the RDC
angular velocity o,

V=0, R. ©)

It is follows from (1) — (2) that a value F, is

proportional to values of the radius R and ®’, and a
given magnitude of take-off velocity will
achievement at RDC angular velocity

O =Vi /R 3)
It is follows from analysis (3) that at given value

V. it is necessary to increase magnitude R for

th

decreasing value ® Besides, the UAV wingspan

ygiv *
L,,, which can install on RDC is proportional a value
R at that it is rightly so next inequality

R,>L, /2. )

At the same time, the value R increasing adducts
to an increasing of the RDC inertia moment.

As known that an inertia moments of the thin
hard disk with radius R and mass m are equal
I,=mR*/2 I.=1.=mR*/4, ie are
proportional the value R*.

Consequently, with an increase in the value of R,
the requisite torque for the RDC increases also
proportionally to R*,

In this case also more integral-hp motors are
necessary for lifting jacks.

The RDC construction at the UAV landing is
shown in Fig. 4. This construction peculiarity is that
the RDC 3 plane is turned relatively axes "OX" (or
"OZ ") on given angle o , which is equal the UAV
angle attack on the trajectory its motion 15 (thin
dashed line) at landing. Besides, rotation of the RDC
3 plane is required for an UAV having a roll angle
Y, before landing [4].

and

giv 2

The value V), according (3), defines highest

possible meaning of an RDC angular velocity at
landing ®,,

(D/an = I//an /R/an > (5)

where Ry, is the distance between the catapult
fulcrum axis and the UAV landing spot, namely, the
projection point of the UAV center mass on the RDC
at the moment it touches the undercarriage.

The length of the UAV stopping distance 16 at its
landing upon RC (thick dashed line) is defined: 1) a
frictional coefficient between chassis and RDC
surface; 2) a value V), and, accordingly, a value
®,,; 3) a RDC degree of tilt. After undercarriage
touching of RDC the UAV engine is turn off and a
value ©,,, is beginning to decrease to zero.

At realization of the UAV take-off and landing
method with help of RCS it follows to account its
one important peculiarity. This peculiarity is due to
the fact that during take-off and landing of UAVs
using a flat horizontal surface of the RDC, the
resultant sum of the vectors of the force of weight
and centripetal force depends on the distance
between of rotation axis and the UAV centre of mass
only (Fig. 5). On the inclined RDC this resultant
depends on the spatial position of the UAV also.

During rotation of the inclined RDC, the uneven
load on the UAV structural elements can lead to
their irreversible deformation or destruction.

At the same time at UAV landing on flat surface
arise in desirable deformations of undercarriage tires
(see Fig. 5).

When the flat rotating surface of the RDC is
tilted by an angle &, the deformation of the chassis

tires decreases (Fig. 6), but, in this case, due to the
action of the centripetal force the normal component
of the sum of the forces acting on the support is
changed.

In Figures 5 and 6 the UAV fuselage is

perpendicular to the vector R. With another position

of the UAV fuselage relative to the vector R during
take-off from the RDC, difficulties arise in ensuring
its stabilization in the initial part of the flight.
Similarly, in the case of UAV landing on the RDC in
the line of the collinear to vector R, difficulties
arise in ensuring the stabilization of an unmanned
aircraft in the initial part of its movement on the
RDC.

To determine the direction of the centripetal
acceleration vector, it is possible use the spatial
polar coordinate system (Fig. 7) centered at the
intersection of the axis of rotation of the RDC with
the plane of rotation of the UAV center of mass. The



96 ISSN 1990-5548 Electronics and Control Systems 2020. N 2(64): 93-98

relations connecting the polar coordinates p,y,@
and the rectangular coordinates x, y, z have the
form [5]:
X =pCoSyYCcosQ,
y=pCcosysinQ, (6)
z =psiny,
where p,y,¢ is the polar radius, longitude and
latitude of the point M.

Fig. 6. The
undercarriage tires on
the inclined surface

Fig. 5. The undercarriage tires
on the horizontal surface, where
G is the UAV weight; Fy; is the
friction force; NV is the support
reaction

IV. CALCULATION OF LANDING UAV TYPE
"ORBITER 3" ON THE ROTATING DISK OF A CATAPULT

Flight characteristics of the UAV type "Orbiter 3"
are given in Table II.

TABLE II. FLIGHT CHARACTERISTICS OF THE UAV TYPE
"ORBITER 3"
Name De‘signaﬁion, Value
dimention

Takeoff mass, kg m 20
Payload, kg P, 3
Wing span, m L, 3.6
Duration of the flight, hour Ty 6-8
Maximum speed km/h V max 140

A. The UAV landing in the direction perpendicular

to vector R

Let the UAV is landing on the inclined rotating
disk of the catapult (see Fig. 4) with a speed of
¥, == 20 m/s and with an angle of attack of {=0a =

= 0.25 rad. We also assume that the UAV center of
mass, at the moment of its contact with the RDC, in
the polar coordinate system is determined by the
following initial data w =0, =0, p=3m.

Height of the UAVs centre mass over the RDC
will not be considered.

The value of the friction coefficient between the
UAV chassis and the RDC surface both in the
longitudinal and transverse directions is f'= 0.35.

It is assumed in the calculations, that the kinetic
energy of the UAV is spent: 1) only on the work of
friction forces (see Fig. 5), when it moves with equal
deceleration on the RDC; 2) on the work of friction
forces and the change in the potential energy of the
UAV (Fig. 8).

At 1-st case the value of braking acceleration
(ay) at given initial data is a,, =(Ncos(0.25)f)/m,

ie. a, =(189.91-0.35)/20~3.32(m/s?), and the

UAYV braking time until it stops completely relative
to the RDC is #,,= 3.48 s at condition that during this
time the UAV will move around a circle with a
radius R = 3 m and parry, for example, at the cost of
its own operating controls, centripetal force and
overturning moment.

At 2-nd case the value a,, =[(Ncos(0.25)f) +
+Gsin(0.25)]/m  is
Ay o © = 5.75(m/s).

and is

increased equal

0 X Gsin (£)

Fig. 7. Relationships between
the polar and Cartesian
coordinate systems

Fig. 8. The scheme of
forces acting on the UAV
in the plane "ZOY"

On unmoved RDC the braking distance at 1-st
case is 120.36 m, at 2-nd case is 69.61m. If, at the
moment of UAV landing, the angular speed of the
catapult disk rotation towards the moving UAV,
according to (5), will be equal
®,,, =20/3~6.67 (rad/s), and then decrease to

zero in 6.02 s and 3.48 s, respectively, then the UAV
will be unmoved on the RDC relative to the Earth.
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To reduce the braking time and braking distance,
it is follows: 1) to direct the UAV speed vector at the
time of landing towards the axis of the RDC
rotation; 2) after the moment of landing, keep the
direction of the UAV speed vector to the axis of the
RDC rotation.

B. The UAV landing in the direction collinear to
vector R

If the angular velocity of the catapult's disk is
relatively small, then it is possible to land the UAV
in direction of the rotation axis of the RDC, while
parrying the overturning UAV moment of forces
using aerodynamic (or gas) rudders.

In this case, the centripetal force F,, will damp
the landing speed of the UAV more actively. The
calculated values of the centripetal force (F,,) and
friction force (F}) for three cases of UAV landing on
the RDC, which are given in Table III, confirm this
position. In Table III the value radius R defines the
distance between the UAV centre of mass and an
axis of the RDC rotation at moment of landing.

As it follows from obtained calculations only one
braking distance from Table 3 is satisfied necessary
condition s = 4.14 (m) < 5. Otherwise, the UAV has
not time to stop before an axis of the RDC rotation.

TABLE III. CALCULATED CHARACTERISTICS OF THE UAV
LANDING ON THE RDC
Radius R, m 3 5
An angular velocity o, , rad/s | 5 3 3
The centripetal force, F,,, n 240 540 900
The friction force, Fj, n 66.5 66.5 66.5
The value acceleration, ag,y,
m/s 15.32 | 30.32 | 48.32
The braking time, 7, s 131 |0.66 | 0.41
The braking distance, s, m 13.05 | 6.6 4.14

V. CONCLUSIONS

In the article is proposed the design of the
rotational-catapult system for take-off and landing of
UAVs and determined the algorithm of its
functioning.

The features of the RCS operation with
horizontal and inclined position of the catapult
rotational disk are considered in detail.

The peculiarities of the RCS functioning include
the fact that, on the one hand, the wing span of the
UAV is limited by the size of the RDC, and an
increase in the size of which leads to increased
consumption of materials, energy costs, and etc.

On the other hand, structural elements of the
wing and the UAV as a whole, depending on their
distance from the axis of rotation of the airborne
aircraft and their spatial position, will be affected by
centripetal forces of different magnitude and
direction, which can damage these elements.

The above calculations demonstrated the
principle possibility of using a rotationally-catapult
system for the UAV take-off and landing.
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M. ®. Tyniuun, I. O. Crenanenko. O6eprajbHO-KATANYJIGTHUN NMPUCTPIH MJIA 3/Jb0TY i mocaaku 0e3niJIOTHOTO
JITAJBHOr0 anapary

VY crarTi 3anmporOHOBAaHO KOHCTPYKIIIO POTAIliifHO-KAaTAIyJbTHOI CHCTEMH ISl 3JIbOTY Ta IOCAAKH Oe3MiJOTHOrO
JITAJBPHOTO anapaTry Ta BU3HAYEHO aITOpUTM ii (yHKHiOHYBaHHsA. J[OKJIaAHO pPO3MISTHYTO OCOOJIMBOCTI poOOTH
pOTalifHO-KaTayIbTHOI CHCTEMH 13 TOPU3OHTAJIHFHUM 1 HAaXWICHHM IOJIOKEHHSM OOEPTOBOTO MHMCKA KaTamyJIbTH.
OcoOnuBicTIO  (DYHKITIOHYBaHHS pOTAI[ifHO-KATAYJIBTHOI CHCTEMH € Te, IO, 3 OTHOro OOKy, po3Mip Kpuia
0e3ITIOTHOTO JITaJIBHOTO anapary oOMexXeHHH po3MipaMu 00epTOBOro JMCKa KaTaITylIbTH, a 30UTBIIEHHS HOro po3MipiB
MPU3BOANTH 10 30UNBLIEHHS CHOXHBAaHHS MarepiaiiB, BUTpAT €Heprii, Tomio. 3 iHmOro OOKy, Ha KOHCTPYKTHBHI
eIEeMEHTH Kpwia i Oe3MUIOTHUH JiTalbHUH amapaT B ILJIOMY, B 3aJ€KHOCTI BiJ IX BiJcTaHi 10 oci oOepraHHS
KaTamyJabsTH 1 IPOCTOPOBOTO IOJOKEHHS, OYAyTh IISITH NOIEHTPOBI CHJIM PI3HOI BEJTMYMHU 1 HANpPSMKIB, SIKI MOXYTh
TIOIKO/INTH 11l €JIeMEeHTH. Y po0OTi OTPUMAaHO BUpA3 JJIsl HANPSIMHUX KOCHHYCIB OMUHUYHOIO JOLEHTPOBOTO BEKTOpa
MIPUCKOPEHHS ISl CTIHKOro OOEpTOBOrO pyxXy KaTamylbTH B II JOBUIBHOMY HaxXWJIEHOMY IIOJNOXKEHHI, IO Ja€e
MOXKJIMBICTh CIPOCTHTH OOYMCIICHHSI JTUHAMIKK PyXy OE3IUJIOTHOrO JITAJBHOTO amapary. Y CTarTi TakoK HaBeleHO
MIPUKIIa]] OOYMCIIEHHS TOCaIKU OE3MiJIOTHOrO JITAIBHOTO amapary 3 Xapakrepuctukamu «Opbitep 3» Ha oOepToBHI
JIICK KaTamyJIbTH.

KarwuoBi cnoBa: o0epraibHO-KaTanmylbTHUNA INPUCTPiH; OOEPTOBHH IUCK KaTaIyIBTH; pOTAlliiHO-KaTalylIbTHa
cucTeMa.
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H. ®. Tymuuun, HU. A. Crenanenko. BpamarejbHo-KaTamyJbTHasi cHCTeMa /Jisi B3J1eTa M TOCAIKH
0eCIUJIOTHOIO JIETATEJIBLHOI0 annapara

B crarbe mpemiokeHa KOHCTPYKIUS BpallaTeIbHO-KATAMYIBTHOH CHCTEMBI IS B3JIETa M TMOCAIKU OCCHHMIOTHOTO
JICTATeJILHOTO almapaTa W OMNpeNnelieH alroputM ee¢ (GyHKIMOHMpoBaHHA. IIoAPOOHO pPACCMOTPEHBI OCOOCHHOCTH
paboThl BpaIlaTeIbHO-KATAYJIBTHOW CHCTEMBI C TOPH3OHTAIBHBIM U HAKIIOHHBIM TOJIOKCHUEM BPAIIAIOIIETOCs IUCKa
KaTamynbThl. K 0COOCHHOCTAM (hYHKIIMOHHUPOBAHUS BpaIaTeIbHO-KATAYIBTHOW CUCTEMBI OTHOCUTCS TO YTO, C OTHOMN
CTOpOHBI, pa3Mep KpbUla OCCIMIOTHOTO JICTATEILHOTO alapaTa OrpaHHYeH pa3MepaMy Bpallalolierocs aucKa
KaTaIyJbThl, & YBEJIUUCHHE €r0 pa3MEPOB MPUBOINT K YBEITMYCHHUIO ITOTPEONICHUS MaTePHAJIOB, 3aTPAT YHEPTUH U TOMY
nmofgo6Hoe. C Ipyroil CTOPOHBI, Ha KOHCTPYKTHBHBIE AJIEMEHTHI KPblIa U OCCIMIOTHBIN JIeTaTeIbHBIH ammnapar B IIEJIOM,
B 3aBHCHUMOCTH OT HX PACCTOSHHSA JO OCH BpallleHWs KaTamylbThl W MPOCTPAHCTBCHHOTO IONOXKCHUSA, OYIyT
JIECTBOBATh IIEHTPOCTPEMUTENbHBIE CUJIBI PA3MYHON BEIUYMHBI M HAMNpaBIEHHs, KOTOPhIE MOTYT MOBPEIUTH ATH
3NIEMEeHTHI. B pabore monydeHo BhIpaKCHHE I HAIPABISIONMX KOCHHYCOB EIMHUYHOIO IICHTPOCTPEMHUTEIHHOTO
BEKTOpa YCKOPEHHS JUIsi YCTOWYMBOTO BPAIATENLHOTO JIBIDKEHHSI KaTamyabThl B €€ IPOU3BOJIHHOM HAKIOHHOM
MTOJIOXKEHHUH, YTO JAeT BO3MOXKHOCTH YIIPOCTUTH BBIYHCICHUS TUHAMUKU JBHKCHHS OCCIHIOTHOIO JICTATEIbHOTO
anmapara. B cTatbe Takke MNpPUBENCH NPUMED BBIUMCICHHS IMOCAJKH OCCIMIOTHOTO JIETAaTEIBHOrO armmapara ¢
xapakreprcTiukaMu "OpOutep 3" Ha BpaIIAIOIIUICS TUCK KaTamy/IbThI.

KiiloueBble cj0Ba: BpallaTelbHO-KATANYIBTHAS CHCTEMa; BpAIAIOIIMNCS JUCK KaTamyjlbThl, BpalareiabHO-
KaTamylbTHasl CUCTEMA.
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