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Abstract—The article is devoted to perfecting one of the perspective methods of take-off and landing
without airfield, namely, gas-dynamic method. At first, this method accounts an application unmanned
aerial vehicle with the aerodynamic controls. However, at the unmanned aerial vehicle take-off and
landing with help of external gas-dynamic devices, exists a problem of its stabilization at small velocity of
flight. Authors took out a patent on technical solution of the unmanned aerial vehicle stabilization at the
unmanned aerial vehicle take-off and landing with help of external gas-dynamic devices, but there is not
numerical proof of proposed solution efficiency. To this effect the mathematical model and calculation
algorithm of automatic unmanned aerial vehicle stabilization system during take-off and landing in a
gas-dynamic complex are developed. The calculations have proven that by using two gas-dynamic devices
of matrix type the fundamental possibility appears of stabilizing unmanned aerial vehicle at its near-zero
speeds, while the aerodynamic controls are not effective. The mathematical model of unmanned aerial
vehicle motion in an artificial air flow is based on the equations of the longitudinal motion dynamics. The
peculiarity of the proposed model is that during the stabilization of the angular motion of the unmanned
aerial vehicle uses a partial flow around the unmanned aerial vehicle body additional artificial airflow.

Index Terms—Gas-dynamic complex; automatic stabilization system; artificial air flow.

I. INTRODUCTION

For practice realization of the gas-dynamic
method for take-off and landing it’s necessary to
solve a task of the unmanned aerial vehicle (UAV)
stabilization at small velocity of flight [2], [4]. The
peculiarity of this task is that the UAV control
elements at small velocity of flight are not effective.
At such regime the UAV stabilization is usually
provided with the help of control jet [1]. However,
mechanism of the jet deflector may complicate
control system and decrease the payload weight.

The solution of the task is proposed in [2].

The functional scheme of the UAV automatic
stabilization system (AUSS) with the gas-dynamic
take-off and landing contains a gas-dynamic complex
(GDC) 1 (Fig. 1), which houses the main 2 and
auxiliary 3 matrix type gas-dynamic devices (GDD),
control unit 4, connected on the one side with the
ground equipment of the radiocommunication 5, and
on the other with a sensor unit 6 for measuring the
position of the UAV 7 relative to the GDC 1. In
addition, the control unit 4 is connected to the main 2
and the auxiliary 3 matrix type GDDs.

The AUSS part on the UAV side is comprised by
control system 8, which is connected to the roll, yaw
and pitch angles setting device 9, with the block of
angular position sensors and angular velocities 10 of
the UAV 7, with the equipment of the radio

communication 11, and the block 12 compares the
signals from the roll, yaw and pitch angles setting
device 9 and from the block 10. When the UAV
deviates from the set angle position from the block
12, a signal is sent to the control system 8, otherwise a
signal is sent to the data registration unit 13.
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Fig. 1. Functional scheme of the system of automatic

stabilization of the UAV with the gas-dynamic take-off
and landing

Before take-off the given take-off angles of the
roll, yaw and pitch are set in the AUSS. Upon the
UAV take-off, the artificial air flow (AAF) is created
in such a way that it is directed vertically upwards
and has the required speed so that the UAV starts to
rise upwards under the action of the ram-air flow. For
example, when lifting UAV, signals, proportional to
the flying angles of the roll, yaw and pitch are fed to
the comparison unit from the block of UAV position
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sensors. In case of the UAV deviation from a given
position, signals are transmitted to the control unit of
the ground equipment 4 using the radio
communication device, then redistribution of the
velocity field of the AAF from the auxiliary GDD 3 is
carried out.

Redistribution of the field of speed of the AAF
occurs in such a way as to eliminate the deviation of
the UAV from the set angle position without
decreasing the total direct force action of the AAF on
the UAV.

II. PROBLEM STATEMENT

The main task of work is to test efficiency of the
UAYV angular stabilization with help of two matrix
type gas-dynamic devices.

For this purpose it is necessary:

e to develop a mathematical model and
algorithm for calculation of UAV angular motion at
GDC;

o to conduct calculation of the angular motion of
the UAV with given aerodynamic characteristics with
the included angular stabilization system.

Despite the fact that the AUSS is an automatic, the
external pilot must carefully monitor the UAV modes
of take-off and landing.

III. PROBLEM SOLUTION

The equations of the UAV short-period motion
may be presented as [3]:

mV,0=P o+Y, —mgcosO,

2z(‘bz :Mz’

. (1)
S=0,

oa=9-0.

where g is the gravity acceleration; m is the UAV
mass; V is the UAV velocity; Y, is the lifting force,
acting on the UAV; M, is the pitching moment; /_ is
the moment of inertia of the aircraft with respect to the
associated axis "OZ"; 3 is the pitch angle; O is the
angle of inclination of the velocity vector V to the

horizon line; o is the angle of attack; ®, is the

angular velocity of the UAV with respect to the
associated axis "OZ".

The controlling transverse force and the control
torque acting on the UAV are created with the help of
the GDDs of the matrix type on the command from
the command control unit, as shown in Fig. 1, on
which GDD 3 and GDD 2 - horizontally and
vertically placed gas-dynamic devices. In this case,
the command control unit performs general control of
the take-off and landing processes of the UAV, and
the gas-dynamic complex includes the measuring
equipment unit and the GDC control system.

Measurement of the angles and angular velocities
of the UAV is performed not only with the help of
on-board measuring instruments, but also with the
help of a block of measuring instruments located on
the GDC.

When the UAV leaves a predetermined range of
changes in the angles of roll, pitch and yaw, the
command control unit performs switching on
reinforced operation regime of the defined part of the
fans, under or in front the UAV, thereby providing a
parrying of the angular deviation. As example, Fig. 2
shows the UAV, which is out of permissible range of
changes in the pitch angle 3, and the creation of

disturbing force Y and the appropriated torque M
for parrying of the pitch angle using the GDD 3. Here
the AAF velocity V, allows cancel out the UAV
weight [4] and AV is the additional value of the AAF
velocity, which namely creates the disturbing force
and the torque M

Let us consider analytically the creation of control
forces and torques by the example of a longitudinal
channel. We factorize the additional transverse force
AY,, which is created on the part of the surface of the

* . . .
UAV S under the action of excessive ram air

(pAV?) /2, into the following components:

2
ay, = @

oAY,
f a+
Ja oS

*

s,

AY, . . o
5 < is the partial derivative of the AY, by
o

where

OAY, . . .
value o 6S*a is the partial derivative of the AY,

by value S”.

Fig. 2. The functioning of the GDC during parrying
of the UAV angular deviation

The moment of forces created by the additional
transverse force by AAF on the streamlined part of
the UAV is equal to:
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M _ =rRcosy =rRcos3=rAY,,

where 7y is the angle between the total aerodynamic
force R, which is created by the AAF, and the force
Y ; ris the shoulder of force R relative to the centre

of mass (CM) of the UAV.
Let us decompose the moment of the forces M,
into three terms, the first two terms being given by the
aerodynamic properties of the UAV, and the third
term determines the perturbing effect of the GDD on
the UAV:
e M, O .
oo 0w, oS

)

Let centre of mass of the UAV is located in the
middle of its fuselage, which has a form of cylinder.

The transverse force and the perturbing moment
of this force acting on the UAV as a result of the
action of the gas-dynamic device are equal:

2
AY, :[cj"“p—Vaaf S*},
2 )
000 Vg otye
M. =|Clp=2ts'T" |,

where ["=r is the distance between the centre of mass
of the UAV and the point of application of the total

disturbance force, and [ =S" /d (d is the cylinder
diameter).

Then the partial derivatives of the transverse force
and the perturbing torque (4) will be the following:

. o V2
(A7, =Cp==t,
V2. s ©
M s = % 5 Laaf
( z) X p 2d
If substitute the values of the partial derivatives
and coefficients into system (1), taking into account
conditions P =0 and mgcos®~0 at ® ~ /2, then

obtain:

2 o

@:C)?O"p—Vaaf S+ Y a,

2mV mV
S=o_,

c Vasz : o e (6)

0, = 2d g 2§17 g,

IZ IZ IZ
a=9-0.

The resulting system of differential equations (6)
with variable coefficients, which allows us to
describe the motion of a UAV in an alternating flow,

is not linear. Its analytic solution is complicated and,
therefore, it is proposed its fourth-order Runge—Kutta
numerical solution.

The simulation of UAV motion was carried out by
solving the Cauchy problem for system (6) with
initial data of the form:

3t =0)="9,,
0. (1=0)=0,, (7)
O(t=0)=0,.

Two types of calculations were carried out: with
and without the AUSS.

Calculation of the characteristics of the UAV
during take-off was carried out according to the
following scheme:

1) Set the initial data of the UAV, the mode of its
flight, the characteristics of GDD 2 and GDD 3.

2) By formula (6), the right-hand sides of the
differential equations with the chosen step of
integration are calculated;

3) At each step of integration, the condition of
finding for pitch angle in predetermined interval is
checked. If the pitch angle enters a predetermined
interval, then the condition for achieving by the
angular velocity ®. a predetermined interval is
checked.

4) If ®._ enters a predetermined interval, then the

stabilization system is switched off, the next

integration step is calculated.
Let’s rewrite the system of equations (6) in the
form:

$=0w,,

o, = kS +k,9+ k.,
O=k,S +ksa,
a=3-0.

)

Preliminary calculation of the coefficients of the
system of equations (8) ki,...,ks was conducted using
Microsoft Office Excel. In Figure 3 is a screenshot of
the calculation of the coefficients of the system of
equations (8).

Cx Po  Vaaf m Via Iz d
08 124 30 30 30 40 04

Sz glaaf) qlgen) KMz/omz KMz/al CY/al Mz/omz Mz/al Y/al
08 558 1116 -01 01 25 7142 7142 4464

51 60,68 kil 3884
K 178
k3 17,86
k4 0,191 kil 0153
ks 3,507

Fig. 3. Screenshot of the calculation table of the

coefficients (8)
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(o)
2
The mathematical model of

the angular motion of UAV |«
with stabilization

’ 3
Integration program

(calculation of the right part of
the system (8))

heck the correspondence of the
UAV position by the pitch angle to
the specified conditions

Check the correspondence of the
UAYV position by the angular velocity
to the specified conditions

Disabling the system
of stabilization

End of ’
processing
Fig. 4. Simplified block diagram of the algorithm for
calculating of the UAV angular motion

A simplified block diagram of the algorithm for
calculating the angular motion of the longitudinal
channel of a UAV with an included stabilization
system is shown in Fig. 4.

A description of the block diagram of the
algorithm for solving the problem is given below:

1) In Block 1 is the input of initial data and
calculation of the coefficients of the system (8).

2) Block 2 describes the mathematical model of
the angular motion of the UAV with stabilization by
means of the GDD from the gas-dynamic take-off and
landing complex.

3) Block 3 calls the standard (Runge—Kutta)
integration program, that is, the calculation of the
right part of the system (8).

4) The correspondence of the UAV pitch angle to
the specified conditions is checked.

5) The correspondence of the UAV angular
velocity to the specified conditions is checked.

6) Disabling the system of stabilization.

7) End of processing.

A. Selection and justification of the initial data

Flight characteristics of the hypothetical UAV,
which were used in the calculations, are given in
Table I.

TABLE I FLIGHT CHARACTERISTICS OF THE
HYPOTHETICAL UAV
Name Designation, Value
dimention

UAYV mass m, kg 30
Hull length /,m 4
Moment of inertia I, kg-m2 40
of UAV
Hull diameter d, m 0.4
Area of the axial S, m’ 1.6
section of the UAV
hull
The derivative of m* 0.1
pitch moment ’
coefficient by angle
of attack
The derivative of me: 0.1
pitch moment ’
coefficient by angular
velocity o,
The derivative of o 2.5
transverse force by !
angle of attack
Drag coefficient of o 0.87
the hull of a UAV *
(cylinder) at its
transverse flow

The delay in the transmission of data from the
sensors determining the angular position of the UAV
was not taken into account. The loss of the speed of
the GDD at a distance from the edge of the fan to the
hull of the UAV was also not taken into account.

The UAV take-off and landing simulation was
carried out under the following modes of the GDC
(Table II).

TABLE II CALCULATING MODES OF UAV FLIGHT

Name Designation, Value
dimention

Speed of GDD 2 V, m/s 15, 30, 45

Speed of GDD 3 V, m/s 15, 30, 45
Air density at p, kg/m’ 1.25

the ground
Algorithm was realized in programming

environment Matlab 2018a using Symbolic Math
Toolbox, which provides an opportunity to work with
systems of ordinary differential equations and greatly
simplifies the implementation of calculations.

B. Calculation of the UAV’s angular motion without
and with inclusion of stabilization system

Under given initial conditions (see Table I and II),
the dynamics of the angular motion of the
longitudinal channel without the inclusion of the
stabilization system is characterized by a significant
increase of the UAV angular velocity, as shown in
Figs 5-7.
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Fig. 5. Calculation of the UAV's angular motion at initial
conditions: (a) 8, =10"; ®_, =0; ©, =0;(b) 9, =0;

®,, =10 © =0

Calculations indicated in Fig. 5 are carried out at
the same speeds of horizontal and vertical GDDs:

|4 =V,

hor. aaf vert. aaf >

_ 2 2
V= \/V hor. aaf +V vert. aaf *

In Figure 5 the time range of take-off isup to 0.3 s
and ¥} Vet aar =30 (m/s). At further the

interval of time calculations of the UAVs angular
motion is decreased to 0.1s. With help of the AUSS, at
given initial data, the pitch angle is decreased from 10
degrees to zero during 0.09 s (Fig. 6). On this interval
time the UAV angular velocity reaches of level minus
4 rad/s, and the angle of inclination of the velocity
vector V' to the horizon line isn’t changed practically.
Parry of the UAV angular velocity from 10 deg/s to
zero is reached during 0.01 s (Fig. 7).
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Fig. 6. Simulation of CC work at counteracting of the
initial pitch angle 10 deg
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Fig. 7. Simulation of CC work at counteracting of the
initial angular velocity 10 deg/s

IV. CONCLUSION

In work the mathematical model and the
algorithm for calculation of UAV motion at GDC
with and without the angular stabilization system
are developed.

Conducted calculations showed principal
possibility to use the proposed stabilization system,
which allows parry of the UAV perturbed angular
motion at its take-off and landing.

These  calculations allow  define the
requirements to the angular position and angular
velocity sensors also.

However, the mathematical model and the
algorithm of the UAV perturbed motion calculation
need modified, namely: 1) in mathematical model
add models of sensors, which measure the UAV
angular position and its angular velocities should be
added; 2) include to the algorithm of the AUSS work
and mathematical model the switching element,
which will be turning on and off the AUSS.

Besides, it follows to specify more accurate of the
UAYV aerodynamic characteristics.
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M. ®. Tyniuun, B. P. Mukonaituyk. Cradurizaniss 0e3miJIOTHOrO JiTAJBLHOr0 amapara B ra3olMHAMIiYHOMY
KOMILIeKCi

PoboTy mpuCBsUEHO BIOCKOHAJIECHHIO MEPCIEKTHBHOIO METONY O€3aepoApPOMHOrO 3J7bOTY 1 MOCAIKH Oe3MiIIOTHOTrO
JITaIbHOTO arapara, a came, ra3o0JJMHaMivHOro Metony. JlaHuii MeTol, B IIepIly Y4epry, po3paxoBaHuil Ha Oe3MiIOTHHIA
JITaNbHUH anapar 3 aepoAMHAMIYHUMH OpraHaMH ynpasiiHHs. [Ipu 3mb0Ti 1 mocaui 6e3MiIOTHOr O JIiTAIFHOT O anapara,
3a JIONOMOTOI0 30BHIIIHIX Ta30[MHAMIYHHUX IIPHCTPOIB, iCHYe IpoliiemMa Horo cralinizamii Ha MajMX IIBHUAKOCTSIX
MOJNBOTY. 3arnaTeHTOBAHO TEXHIYHE pillleHHs cTalimizamii Ge3miJIOTHOro JIITATFHOrO amapara Mij 4ac HOro 3iboTy Ta
MOCAJIKU 33 JOMIOMOT'OI0 30BHIIIHIX T'a30IMHAMIYHHUX IIPUCTPOIB, ajie HEMA€e YHCEIBHOIO MiATBEPIKEHHS €PEKTUBHOCTI
3aIpOIOHOBAHOTO pilieHHs. [y 1boro po3po0IeHO MaTeMaTHYHy MOJENb 1 alrOpUTM PO3PAaxXyHKY aBTOMAaTHYHOI
chucreMr crabumizanii Oe3MUIOTHOTrO JITAJBHOTO amapaTa MijJ 4Yac HOro 3JbOTY Ta IOCAJKH B Ta30JHHAMIYHOMY
koMmIutekci. HaBeneHi po3paxyHKH ITOKa3ajl MPHHIMIIOBY MOXKIIMBICTh cTa0iii3anii Oe3MiJIOTHOrO JITaJbHOTO anapara
JUISL or0 OJIM3BKOHYJIBOBHX INBUAKOCTEH, KOJU aepoAMHAMIUHI OpraHu KepyBaHHS He e(eKTHBHI, 32 PaxyHOK JBOX
ra30/IMHaMIYHUX MPUCTPOIB MATPUYHOro THIy. MaTeMaTW4Hy MOAENb PyXy OE3IJIOTHOrO JIITAJBHOrO amapara B
IITYyYHOMY TIOBITPSHOMY TMOTOII 3aCHOBAaHO Ha pIBHAHHAX JHMHAMIKK TIO3J0BXKHBOr0 pyxy. OcoOmuBicTh
3ampONOHOBAHOI MOJENi IMOJIATae B TOMY, IO JJIsA CTaOimi3alii KyTOBOro pyxy OE3MJIOTHOrO JIITaJbHOTO amapara
3aCTOCOBYETHCSI YACTKOBE OOTIKaHHS KOPIyCY OE3MUJIOTHOrO JITAJIBHOTO amnaparta JOAaTKOBUM INTYYHHM MOBITPSHUM
MIOTOKOM.

Karou4ogi ciioBa: ra3onuHaMiqHui KOMIUIEKC; CHCTEMa aBTOMATHYHOI cTalimi3amil; ITyYHUI TOBITPSHUH HOTIK.
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H. &®. Tymumun, B. P. Mukonaiiuyk. Craduwimsanusi OecHUJOTHOIO JIeTATEJBHOIO amnmapara B
ra3ofiMHAMHUYEeCKOM KOMILIEKCce

PaboTa mocBslieHa COBEPILICHCTBOBAHUIO OJHOTO M3 NEPCIEKTHBHBIX METOIOB 0€3a3pOJpOMHOrO B3JieTa M IOCaIKH
OECIMIIOTHOrO JIETATENILHOTO aIllapara, a IMEHHO, T'a30lMHaMUYEcKoro Metona. /laHHbIil METON, B MEPBYIO ouepenb,
paccunTaH Ha OECIMIIOTHBIN JIETaTeNBHBIH armapar ¢ a’poAMHAMUYECKHMMHU opraHamu ynpasieHus. [Ipu B3iere u
nocasike OECIMJIOTHOrO JIETATEFHOTO amlnapaTa, ¢ IOMOIIbI0 BHEUIHUX Ta30JJHHAMHYECKHX YCTPOWCTB, CYIIECTBYET
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npobJieMa ero CTa0MIM3allid Ha MAaJIbIX CKOPOCTSX MOJieTa. 3alaTeHTOBaHO TEXHHYECKOE pElIeHUE CTaOWIIN3aluu
OECIIMIIOTHOTO JICTATSIBHOI'O alapara IIPH ero B3JIETe ¥ MOCaKe C TIOMOIIBIO BHEIITHUX T'a30JHHAMUYECKUX YCTPOMCTB,
HO HET YHUCICHHOTO TMOATBEpKACHUSA 3((eKTUBHOCTH NpemIoKeHHOro pemenus. Jlms 3toro paspaboTana
MaTeMaTHYeCKasi MOJICIb U aJiTOPUTM pacyeTa aBTOMATHYCCKOM CUCTEMBI CTAOMIU3aIIMK OCCITUIIOTHOTO JICTATSIBLHOIO
anmapaTa IpUd €ro B3jJeTe M IMOCaJAKe B Ta30JMHAMHYECKOM KoMIulekce. [IpuBeneHHble pacdeThl IOKa3aln
MPUHIMITHATBHYI0 BO3MO)KHOCTh CTaOWJIM3aluH OCCHHMIOTHOTO JICTATeIBHOIO ammapara IMPH €ro OKOJIOHYJIEBBIX
CKOpPOCTAX, KOTJa a’3pOAMHAMHUYCCKHEC OpraHbl YIPaBICHUS HE A(PQPEKTHBHBI, 3a CYCT IBYX TIa30JAWHAMHYCCKHX
YCTPOMCTB MaTPUYHOIO THIMA. MaTeMmaThdeckas MOJENb JBM)KCHUS OECHHJIOTHOTO JICTATENILHOrO ammapara B
HCKYCCTBEHHOM BO3IYIITHOM IOTOKE OCHOBaHAa Ha YPaBHEHHUSIX JWHAMHKH IPOIOIBHOrO ABMKeHHS. OCOOCHHOCTH
TIPE/ITIOKEHHOW MOJIETH 3aKIII0YAETCsl B TOM, YTO JUIS CTAOMIM3alUK YIIIOBOTO JIBMKEHUS OECTIIMIIOTHOIO JIETATELHOT O
ammapaTta MPUMEHSACTCS YaCTUYHOE OOTeKaHWe KOopiyca OSCIHMIOTHOIrO JIETAaTEIBHOIO ammapara JOIOJTHUTEIHLHBIM
HUCKYCCTBEHHBIM BO3JIYIIHBIM ITOTOKOM.
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