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Abstract. In the given research, we managed to achieve the desired result. The main task of the research was to solve
the problem of increasing the maneuverability of the unmanned aerial vehicle lateral movement by means of a direct
control of the lateral force.

In the given research, the model of the unmanned aerial vehicle lateral movement was considered. Based on the fact
that the unmanned aerial vehicle is moving in a three-dimensional space, a complete description of the movement is
characterized by the Euler equations.

There were provided methods for solving the problem of lateral maneuvering. The provided methods are important for
unmanned aerial vehicle which are distributing agricultural chemicals, and also which are maintaining surveillance and
terrain photography for which bank angle displacements are unacceptable, and high accuracy in lateral displacement
is required.

The second section simulates: lateral movement using coordinated turns; unmanned aerial vehicle lateral movement
when sliding with a bank angle unmanned aerial vehicle; lateral movement during a flat turn; unmanned aerial vehicle
lateral movement with direct control of the lateral force.

The simulation is based on the formulas derived and implemented in the software complex intended for modeling
control systems Mathlab-Simulink.

In the third section, with the help of simulation there were defined aerodynamic characteristics of unmanned aerial vehicle
control surfaces. For this, the ANSYS software was used, which allows solving a wide range of problems in the areas of
strength, heat, hydrogas dynamics, electromagnetism, as well as interdisciplinary analysis that combines all four areas.
The main purpose of the simulation was to develop a methodology for determining the aecrodynamic parameters that
characterize the effectiveness of a control when displacing the rudder or by turning the entire surface.

Because of the simulation, there were obtained the values of the parameters that confirm the high efficiency of the all-
moving stabilizer.

Key words: modeling; maneuvering control; ANSYS; system; unmanned aerial vehicle; aerodynamic; graphical
programming environment.

Anorauis. B naniit po6oti Oyna po3misiHyTa Mojeib OI4HOrO pyxXy O€3MiJIOTHOTO JITaJIbHOTO amapary. Buxomsun
3 TOTO, 110 OE3MIJIOTHOTO JIITAILHUI anapar pyXaeTbesi B TPHBUMIPHOMY IIPOCTOPI, TOBHUMH ONUC PYXY XapaKTepH3y-
eTbCst piBHsAHHAME Elinepa.

BuxsaneHo MeToau 1u1s BUpILIEHHS 3a/1a4i O0KOBOTO MaHEBpPYBaHHSI. 3aIlIpOIIOHOBaHI METO/IH € BaYKJIMBUMH JUIs OE3ITLIIOT-
HUX JITAJIbHUX aIlapariB, sSIKi BUKOHYIOTh aBialliliHi XiMiuHi pOOOTH, a TAKOXK BUKOHYIOTh CIIOCTEPEEHHSI 200 (POTO3HOMKY,
KyTOBI 3MIILICHHS 110 KPEHY, VIS SIKUX € HENPUHHATHIMH, Ta ITIOTPiOHA BUCOKA TOYHICTB 110 OOKOBOMY YXHJICHHIO.

VY apyromy po3aiii 3MOJIENIbOBAHO : O1YHMI PyX 3 BAKOPUCTAHHIM KOOPAWHOBAHUX PO3BOPOTIB; OIYHUI pyX JIITaIBHO-
TO arapary IpH KOB3aHHI 3 KpeHOM; O1YHMI pyX JITAIBEHOTO arnapary IpH IFI0OCKOMY PO3BOPOTI; O1YHHH pyX JIITaIbHO-
TO amnapary Ipu 0e3rnocepeJHLOMY KepyBaHHI OOKOBOIO CHIIOIO.
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Po3B’s130K Ta (opmaitizaliist onucy KiHeMaTH4HMX MapamMeTpiB 0a3yeThes Ha IU(pEepeHIliabHIX PIBHSIHHSIX OOKOBOTO PyXy
0E3MLIOTHOTIO JITAJILHOTO arapary Ta MaTeMaTHYHOTO MOJICIIFOBAHHSI, 1110 OyJIM BUBEJICHI B [IEPLIOMY PO3/IiIi poOOTH.
MogentoBaHHs OOyIOBaHE Ha OCHOBI ()OpPMYJI 1 pealli3oBaHe B MPOrPAMHOMY KOMILICKCI, 110 MPU3HAYCHCHUN IS

MoyieJIIoBaHHs cucteM kepyBanHs Mathlab-Simulink.

VY TpeTboMy po3iii 32 JONOMOTOI0 MOJIEIIOBAHHS BU3HAUSHO aepOANHAMIUHI XapaKTEPUCTHKH KEPYIOYHX [TOBEPXOHb
0Ee3MJIOTHOTO JIITAJILHOTO arapary. 3a [Uis [IbOro BUKOPUCTAHO mporpaMue 3abe3mnedcHus ANSY'S, sike 103BoJIsI€ BUPi-
IIyBaTH IIKPOKE KOJIO 33/1a4 B 00JIaCTSIX MII[HOCTI, TeIIa, IiIpora3oAnHaMiKH, eJIEKTPOMArHETU3MY, & TAKOXK MIXKJTHC-

LUIUTIHAPHOTO aHai3y, o 00'e1Hy€ BC1 YOTUPHU 00IaCTi.

OCHOBHOIO METOIO MOJIEIIIOBAHHSI OyJI0 BiJIIPAIIOBAHHS METOAMKH JUIsl BU3HAYEHHS aepOIMHAMIYHHUX [TapaMeTpiB, sIKi
XapaKTepH3yloTh e(heKTUBHICTh YIIPABIIHHS [IPU BIIXUIICHHI KepMa HarpsiMy a0o IUISIXOM ITOBOPOTY BCi€l MOBEPXHi.
B pesysnbrari MozietoBaHHs OyJIM OTpUMAaHI BiIMIOBIHI 3HAYESHHSI TApaMeTPIB SIKi, MiATBEPKYIOTh BUCOKY €(DeKTHB-

HICTB LILHONIOBOPOTHOT'O CTadlTi3aropa.

KoarouoBi ciioBa: monenoBaHHs; MaHeBpYBaHHsI ynpasiinas; cucrema ANSY'S; Oe3niyioTHuil JitanbHui amapar;

aepojrHaMika; rpadiyHe CepeIOBUIIE IPOrPaMyBaHHSI.

INTRODUCTION

The research paper set sights on how to increase the
lateral mode maneuver capability of unmanned aerial
vehicles (UAV) by directly controlling the side force.

The principal aim of the given research is to determine
the parameters and aerodynamic characteristics of the
control surfaces during the UAV lateral movement.

The control surface of UAV is the subject of
investigation.

The focus of this research are characteristics of the
control surfaces during the UAV lateral movement.

The following methods were used: comparative
analysis, consolidation, taxonomy and synthesis, data
science by means of application program package
Mathlab and cross-functional finite element analysis
(FEA) software ANSYS.

The obtained results have a certain practical
significance.

1. Differential equations of UAV lateral movement

1.1. Total linear model of UAV lateral movement

For as much as, UAV is moving in three-dimensional
space, and it itself has six degrees of freedom (6DoF),
then, according to this, a complete description of the
movement is characterized by six differential equations
(Euler equations). Solving equations of this type poses
some problems, which include non-linearity and their
multiplicity of connections. These problems can be
avoided by means of the following simplifications:

— separation of movement into longitudinal and
lateral;

— linearization of these equations, which transfers
them into an algebraic category with all the simplifications
for motion analysis and its modeling.

The lateral motion equation assumes independent
control in the roll and yaw axes, the determination of
translational motion along Y-axis and rotational motion
relatively to X and Z axes.

The equation of lateral motion(1.1.)connects
the moments acting around axis Z andaxisY,as well
as angular and linear parameters. These are rotation
rates and linear motions. Usually, deflection angles
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of rudder &, and ailerons$, act in the capacity
of control signals. If as wundisturbed motion,
we take 1-g flight with a small angle of attack
andpitchangle V, =0, V, =0, V, =VB, AV, =V ABthen
cosy=1, cos8=1sin9=0 and Aw, = A, Aw, = Ay
andlateral-directional equation acquire the form:

AR + AV + aPAB + alAy = 0;

A + @, A+ ay Ay +a, A = ay AS,;

(1.1)

Aj + a,) A+ apr Ay + a), AB = ay, AS;
where

aa:,L(ﬁj P a(u,.;L[aMy].
’ mV \ op ) 4 " 1, | oo,

) a2l a1l F
;ah =-— ;oay =-— ;
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a - LM g L[M,
VAT A

x

The task of lateral maneuvering can be solved in
several ways:

*  Well-done lateral control (in this case, effective
lateral movement of the aerial vehicles is observed),
however, this occurs with a loss of altitude (curve 1);

Y

Fig. 1. General patternof the UAV lateral movement

* control via elevator (curve 2),in this case, movement
in the direction of the axis Z occurs due to deviation in
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the heading. In this situations, we are not going to observe
the loss of altitude, but the control is complicated by the
availability of lateral stability connected with a restoring
moment relatively to the Y axis;

* linear movement maneuver in the direction of the
Z axis is implemented in the usual way for air pilotage
in 360 deg. steady turn (curve 4); in such a case, lateral
movement can occur without loss, but in this case,
complex control, both lateral in roll and longitudinal,
should be applied in order to increase the angle of attack,
which prevents the loss of height;

» the most effective and simplest method is the
method of direct lateral force control; in this case, we
observe highly-efficient linear movement maneuvering
in the Z-axisdirection and no loss of height (curve 3).

The proposed method of lateral control (without loss
of height and without angular displacement) is important
for such types of UAVs. These UAV’s are aerials
distributing agricultural chemicals, where the flight takes
place at a height of 2-5 m and any roll control will be
connected with the loss of height proportional to the flight
heights values, as well as UAV’smaintainingsurveillance
and terrain photography for which angular displacements
in roll are unacceptable, and high accuracy in lateral
deviation is required.

Fig. 2. General view of the UAV with direct lateral force
control

A general view of the UAV with direct lateral force
control is shown in Fig. 2, which shows the general view
and linkage parameters of a movement.

A characteristic feature of the design is the availability
of two vertical stabilizers that allow you to create a lateral
force Z. Concurrently, it should not create a moment
towards the Y axis, that is, without yawing.

Please note that this design has certain peculiarities:

* in order to ensure longitudinal stability during the
normal flight, the rear stabilizer must be of a larger size
I comparison to the normal scheme. This is connected
with the deterioration of longitudinal stability due to the
presence of the front vertical stabilizer;

* in order to avoid a destabilizing moment AM ,
side force control must be carried out by the all-moving
front stabilizer and the rudder of the rear stabilizer;

* such assumptions are permissible: during lateral
movement, a transverse restoring moment appears
AM  from the Z force, acting on vertical stabilizers (to
estimate its value, it is necessary to carry out calculations
and evaluate the degree of its influence on o, andvy;

* longitudinal stability of the proposed design
(without front stabilizer)will be reduced by the value of
front stabilizer imbalance. In this case, the rear stabilizer
should be enlarged or the front stabilizer should be operated
in feathering mode in the absence of side force control.

1.2. Simplified models of lateral movement

In many modes, with minor deviations, the roll and
direction controls can be considered separately. In such
cases, the equations of lateral motion in the absence of
sliding AP = 0 can be represented as

Ay + a, Ay = a,, AS,; (1.2)

in the second case, in the absence of a roll Ay =0 (in
flat turn mode) the equations of lateral motion can be
represented as
. e
{AB+A\V+aZAB—O, | (1.3)
A +a, A +a, AR = a,; A3,

Let's consider a simplified model of a coordinated
turn targeted at elimination of a lateral deviation. In this
case, a coordinated turn is characterized by a change in
direction without loss of a height. Please note that in this
case, in a manned flight, the loss of height is compensated
by the control of the elevation rudder in the longitudinal
channel.

Lateral movement during a coordinated turn (Fig. 3)
will be determined by the formula

t
AZ = [Vigydt (1.4)
0
where
vy — yawing angle
V — flight speed

Vz

Yav4
z

-
>

Fig. 3. Lateral maneuver scheme using a coordinated turn
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When applying roll and sideslip for lateral movement,
the equation of motion in the vertical and horizontal
planes will be as follows.

t
AH =AY = [V,di (1.5)
0
t
V, = [-g(l - cosy)dr (1.6)
0
AZ = [ gsin ydt (1.7)
t
Yo Y
¥

a7,

y

Fig. 4. Scheme of loss of a height during lateral movement
using a sideslip

In the flat turn mode (Fig. 5), the lateral movement
can be determined by the formula

AZ = [Vigydt (1.8)
0

A
Y

zZ

»
>

Fig. 5. A diagram of lateral movement using the rudder in flat
turn mode

2. Analysis of aerial vehicle control systems of
lateral movement

2.1. Development of the UAV model and
parameters determination

With the purpose of carrying out a comparative
analysis of the effectiveness of lateral control systems,
as an example, let’s consider an UAV with a mass of
m=100 kg and a flight speed of V=25 m/s. Geometric
characteristics and general view of the UAV are shown
in Fig. 6
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Fig. 6. Geometric characteristics and general view of the UAV
L=9m; b=0.75m; L =2,8m; L, =2,2m; b =1,5m; b, =1m

The wing area, wing airfoil were chosen from the
conditions of flight with maximum quality at a speed
of V=25 m/s. The Mynk-12 airfoil was chosen as the
wing profile. The aerodynamic characteristics of which are
presented in Fig. 7. In cruise mode o = 5°;Cy = 0,4; K =20.

A symmetrical airfoil NASA-0015 was chosen for
the vertical stabilizers with aerodynamic characteristics

(Fig. 8).

s, Myne 13

Arpeimmstner i bisebatsmewii iy te Vi ok 13

Fig. 7. Wing airfoil and its characteristics

Tipogur NASA 8911

L e T T P "

Fig. 8. Airfoil sections of vertical stabilizers and its
characteristics

2.2. Analysis of lateral maneuvering under
different types of input controls

In this section, we will simulate lateral control using
various methods, such as:

 lateral control in a coordinated turn mode;

* sideslip using a bank angle;

« flat turn mode;

* mode of direct control of a lateral force.

It is noteworthy that any maneuvering is optimized
in terms of minimum time, and in this particular case the
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principle of maximum control will be applied. Maneuver
time is limited to 10 seconds. Under these conditions,
the performance function is the maximum value of the
lateral displacement. AZ, . Maximum bank angle 15°.
Maximum deflection of governing surfaces —20°.

To simulate control, we will use generally accepted
blocks from the matlab Simulink library (Fig. 9).

J—»b—» =

Step Gain Transfer Fen Scope

Fig. 9. A typical scheme for simulating the control over
dynamic objects in matlab Simulink system

untitted'Signal Builder : Group 1

Signal 1

Time {sec)

Fig. 10. Design of input command which secures maximum
performance

Applied relay-type input signals (fig. 10), as control
signals, provide maximum performance.

2.2.1. Modeling of lateral movements
coordinated turns

For modeling, we use the equation of motion in
accordance with formula (1.4), the lateral displacement
will depend on the yawing angle and at a constant speed
it will be determined by the formula

via

2(m)

Fig. 11. Lateral deviation plot when while performing
a coordinated turn

As is shown on the plot, with a coordinated turn and
aileron deflection in order to create 15° bank angle, after
10 sec, UAV is displaced at A Z = 62 m without loss of
a height.

2.2.2. Simulation of the UAV lateral movement of
an aircraft when sliding with a bank angel y = 15°

In such cases, there is created a bank angle y = 15",
yaw angle remains unchanged Ay =0, after 5 seconds
the bank angle changes to reverse.

In order to evaluate, the development of the bank
angle over a time, the bank angle control was simulated,
the plot of which is shown in Fig. 12. It can be seen
from the plot, that the bank angel development y =15
is achieved during t = 6 sec. which is insignificant if to
compare to the entire process of lateral movement which
equals 10 sec.

The result of such lateral maneuvering shows that
UAV deviated in lateral direction at a value AZ = 62
mandlosses a height AH =20 m (Fig. 13, 14).

Fig. 12. Plot of bank angle development aimed at creation of
lateral sideslip

Fig. 13. Plot of lateral movement and loss of height while
sliding during t = 5 sec.

(] T 2 3 0 5 g 7 0 B %
tisec)

Fig. 14. Plot of height loss AH when sliding with a bank
angle of 15 degrees for 10 seconds

2.2.3. Simulation of the UAV lateral movement
during a flat turn

In this case, lateral movement is implemented via a
change of a course direction by means of deflecting the
rudder. Bank angle equals zero Ay =0 .

This movement is performed under the influence of a
control signal A8, andcounteracting recoverable moment
providing directional stability. In this case, the trajectory
is of indefinite character (Fig. 15), when averaging the
parameters AZ = 50m.
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Fig. 15. Change of yawing angle  during flat turn

i
[ S

2.2.4. Simulation of the UAV lateral movement
with direct control of the lateral force

In this case, we are simulating lateral linear movement
in the Z-axis direction using front and rear stabilizers by
deflecting the rudder and an all-moving front stabilizer.
For simulation, we calculate a force Fz = 250N which
equals to the lateral force of the aircraft with a bank angle
of 15 degrees.

In such a case, we achieve the lateral displacement
A Z =60 m after t = 10 sec, which is appropriate to an
aircraft with a maneuver in the coordinated turn mode.
Concurrently, control is greatly simplified. It is carried
out only through one linear channel and there are no
losses in height and rotation of the aircraft around any of
the axes (Fig. 16).

Sideforse (N=250N)

2m)
8 8 &8 8 8 3 8

tisec)

Fig. 16. Plot of UAV lateral maneuver using direct lateral force
control Fz

3. Determining the parameters and aerodynamic
characteristics of control surfaces using simulation in
the ANSYS system

3.1. Determination Control Surface Parameters

Stabilizing and control surfaces by the means of
vertical stabilizers provide us with lateral control and
way stabilization due to their dynamic characteristics
of step responses. Namely, damping coefficient { and
oscillation frequency . As a first step, we simulate
dynamic processes with different values of the indicated
parameters (Fig. 17).

The plot shows step responses that differ in damping
coefficient and oscillation frequency. From the point of
view of acceptable piloting, we choose a model with
parameters o =2 and {=0.7.

1-0=2=07;, 2-0=1;=0.7;
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Fig. 17. Step responses of directional stability with different
parameters of stabilizing surfaces

The necessary parameters of step responses can
be achieved by determining them from the following
dependencies

o’ =a, + %;
BT v
Most basically, the frequency of self-oscillation is
determined by the first component because the second one
has a small value in terms that the time constants 7;, 7,
are of a great importance. For a given o =2 geometric
parameter of the stabilizers, we define the correlation:

2
a = _1(6%} AM, =C?, iS,,AB (3.2)
Lo ¥ Ty

With a normal UAV layout (without a front stabilizer),
the needed area of the rear stabilizer, which can provide
necessary direction stability equals S = 0.25 m?,

Then we define the distribution of forces between the
front and rear stabilizers (Fig. 18), and also the areas of
stabilizers required for this. The front and rear stabilizers
differ in design. In particular, the front stabilizer is all-
moving, and the rear stabilizer, which provides stability
and controllability, is designed with a rudder deflection.

3.1)

Faz

Fzst

Fig. 18. The distribution of lateral forces between the front and
rear vertical stabilizers

Required value of lateral forces:
Fst1=110N; Fst2=140N;

The required area for the front and rear stabilizers is
determined by means of the following formulas:
2
Fst1=C'3, iS ;

yst 2 st12
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CSZ

yst

2
pV s - -7

5129 st
2

Fst2=C

yst82 = 4, (33)

Concordantly, the areas of the front and rear stabilizers
are equal

18,,=0.57m?, S,,=0.36m"

3.2. Determining the aerodynamic characteristics
of control surfaces using ANSYS system

The main purpose of the simulation is to develop a
methodology for determining the following aerodynamic
parameters: C;,, C); .

These parameters characterize the effectiveness of
control when deflecting only the rudder or by displacing
the entire surface.

The simulation consists of the following stages:

» simulation of geometric forms;

» simulation of the air masses flow with a speed
25 m/sec (fig. 19, 20);

* defining of parameters: distribution of pressure
and speeds (fig. 21, 22);

» defining of the total lateral force acting on the
control surface via different methods of generating the
control signal (fig. 21, 22).

Fig. 19. Simulation of a flow around front stabilizer

Fig. 20. Simulation of a flow around rear stabilizer

o R ——— .

BEtestd
[LE
BATee04
Ll

Ll LY
B ipel}

Fig. 21. Pressure distribution on the airfoil of the front
stabilizer

Fig. 22. Pressure distribution on the airfoil of the rear stabilizer

As a consequence of implementing a simulation, there
were defined the following values of the parameters:

82

C
C2=dn=_2=0,57

yst i
yst

=T,

yst
which show that the efficiency of the all-movable
stabilizer is higher than operation only with the rudder.
C62

n= =057,

yst

This equates to routine investigations, where the
efficiency factor n of the rudder relative to the entire
surface is n = 0,6—0,65.

CONCLUSIONS

Relevance of problem increase the lateral mode
maneuver capability of unmanned aerial vehicles by
directly controlling the side force is connected with
stepping up the requirements of lateral control, both in
terms of speed and accuracy, as well as the elimination
of adverse events, such as angular rotations and loss
of height. This is important for UAVs which are flying
at low altitudes or maintain surveillance and terrain
photography. Determination and formalization of linkage
parameters description are based on the differential
equations of lateral motion of the aerial vehicles and
mathematical modeling in the Mathlab-Simulink system.

With the help of simulation, there were defined
aerodynamic characteristics of UAV control surfaces via
ANSYS software.

The main purpose of the simulation in ANSYS was to
develop a methodology for determining the aerodynamic
parameters that characterize the effectiveness of a control
when displacing the rudder or by turning the entire
surface.

Because of the simulation, there were obtained the
values of the parameters that confirm the high efficiency
of the all-moving stabilizer.

The obtained results have a certain practical
significance.
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