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Abstract: - The subject of this article is to analyze and select simulation tests in the field of issues related to
flight control systems for micro-class aircraft. The main purpose of the work is to develop an algorithm for the
flight control system, taking into account both the speed and direction of the wind acting on the UAV, which
are the key attributes that play a decisive impact on the disturbance of flight parameters and its correct
performance. What is more, atmospheric conditions determined by the influence of wind can produce
phenomena dangerous to aviation in the form of wind shear or blast from the back during the landing process of
the aircraft. The occurrence of the above situation may be the cause of stall phenomenon, which in turn may be
the cause of a dangerous aviation phenomenon (accident, incident, etc.). For the purposes of solving the
research problem, the article uses a mathematical apparatus in the form of equations describing the movement
of the aircraft and the forces and moments acting on it. Based on the mathematical analysis of the UAV object,
in the further part of the article, an algorithm was developed to estimate the impact of wind and an analysis of
measurement errors occurring during flights and their impact on the measured values, as well as the values
calculated on their basis. On this basis, charts have been developed defining clearly the various relationships. In
the final part of the thesis, based on the mathematical analysis, simulation tests and analysis of the results
obtained, the final conclusions and observations were formulated, which are reflected in practical applications.
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1 Introduction In turn, very important of their features are both the
According to the authors of this work, modern possibilities of vertical take-off and landing, so they
flying objects, including unmanned aerial vehicles, can be used in the implementation of transport tasks,
are not a homogeneous group, which should be as WeII_ as hover!ng capabilities useful Wh_en
particularly considered in relation to reconnaissance, performing  inspection tasks. Another key dis-
inspection and transport applications [1], [2]. advantage of_ these_vehlcles is the _hlgh power
The article compares the different types of aircraft, demand associated with t_he lack of bearing Sl_Jrfaces,
and the source of knowledge is a critical analysis of and the only source of lift are propellers driven by
the literature on the subject of research and engines. It should also be noted that not only the
experience gained while designing, performing drive unit is responsible for the entire load capacity,
flights on own unmanned vehicles and during but for the purposes of flight stabilization, the drives
participation in numerous professions related to constantly change their rotational speed, which in
inspection, rescue and transport tasks, e.g. Droniada, turn leads to significant energy losses [6], [7].

ERL (European Robotics League) Emergency Al_though losses can be partly co_mpensated for by
Robots, etc. The experience gained resulted in the using propellers with a larger diameter, however,
creation of guidelines for the proprietary unmanned using this technical approach, this type of solution
aerial vehicle V/STOL (Vertical/Short Take Off and simultaneously increases the inertia of the power
Landing), which can be used in transport missions unit. In addition, this inconvenience also affects the
and flight inspection [3], [4], [5]. maximum capacity and the_ real inability to Ia}nd
It should be noted that powered rotorcraft, i.e. multi- safely in the event of a failure of the propulsion
rotors are easy to fly, however they have significant system or damage to batteries or lack of fuel.
disadvantages associated with limited load capacity, Therefore, for a multi-rotor flight to be possible, it
speed and time of unattended operation. must be equipped with a flight controller that can

stabilize the vehicle in the air, e.g. by applying
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coordination of the functionality of all drives, which
is impossible for a human. In addition, it should be
remembered that thanks to the use of the
achievements of modern electronics and MEMS
(Micro Electro Mechanical Systems) microsystem
sensors, flights of this type of aircraft are possible.
(81, [9], [10].

In the case of airplanes or helicopters sufficiently
stable, this type of controller is not required for the
remote control task, but it should be noted that it
will be necessary for autonomous flights. Based on
the above redundancy that a multi-rotor can provide,
it depends on the number of engines and their
arrangement. In the case of a system with three or
four rotors, damage to one propulsion means that
this type of vehicle will not be able to stay in the air.
However, if the same situation happens in a six-
rotor system, as our experience shows, flight and
safe landing will still be possible. Attention should
also be paid to the high safety of multirotors in the
X8 system. It is a drone system with four arms, at
the ends of which there are two motors working in
opposite directions.

This system ensures very good stability and is very
resistant to loss of drive. If one of the engines is
damaged, the vehicle does not lose its fulcrum. The
advantage of this type of solution is also a
simplified design (it has only four arms) and
relatively small dimensions, compared to a multi-
rotor equipped with eight drives on eight
independent arms [11], [12].

A similar redundancy was observed for the Y6
system compared to the hexacopter system,
however, taking into account the mechanical design
of the multi-rotor, it is extremely simple. Typically,
the construction of this type of vehicle involves the
creation of a central attachment or a plate
(centerplate) to which all arms (usually 3 to 6), the
chassis and the rest of the required electronics and
systems are attached. This simplicity means that the
vehicles can be easily modified for various types of
tasks. An excellent example is the design of a
mobile laboratory, in which the vehicle not only
transports the device, but after a simple modification
forms part of it [13], [14]. Multirotors control is
based on the synchronized thrust regulation of each
drive, for which the flight controller is responsible.
Sophisticated control systems make this type of
structure extremely stable and easy to pilot, and
additionally, using the GPS (Global Positioning
System) system, they are able to extremely
accurately autonomously maintain their position
even in strong winds, which is the subject of
research in this article [15].
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2 Equations of motion

2.1 Aircraft flight rules

Complex aircraft equations include changes in flight
specifications, e.g. aircraft mass, moving part
dynamics, and design flexibility. For the purposes of
this study, the presented equations with a significant
degree of complexity have been simplified by
assuming that the aircraft is a rigid body with a
stable mass (no fuel consumption), the gravitational
force is constant and the Earth reference system has
been adopted as the main one. In addition, the XOZ
plane in the structural system is a plane of
symmetry, which is illustrated in the figure below

(Fig. 1).
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Fig. 1 Coordinate system for unmanned aerial
vehicle

It should be noted that the derivation of all
equations of motion is found in various literature,
for example [16], [17], and the work uses only

relevant for its purposes derived forms.

2.2 Equations of forces
Basic aircraft motion can be expressed using
Newton's second law of dynamics (1):

- - d —
F=Ma. =m—(V) 1)

- T . .
where F = [F,F,F,| - is force, a, - acceleration of
the aircraft's center of gravity, V = [u v w]” - flight
— T .

speed vector, M = [M,M,M,] - moment acting on
the aircraft, w = [p qr]" - rotational speed vector,
while I - internal matrix of the aircraft.

It should be noted that this rule only works for the
center of gravity of the aircraft, moreover, these
equations must be transformed into a reference

system associated with the aircraft structure,
according to equation below (2).
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d
Fg =TgF = mE(VB) + m(2p)Vp 2)
After substituting the relevant dependencies, 3 final
equations of motion in the structural reference
system (3) - (5) were obtained [18], [19]:

1
u =E(X+Tcos(er)) —gsinf +rv—qw ®)

g =t i )
v=— (Y) + g sin(p) cos(0) + pw —ru

1
W= = (Z + T sin(er)) (5)

+ gcosgcosf + qu —pv

where: Vg =[uvw]T - aircraft speed Vg =
[vw]T - acceleration in the structural system,
(F)g =[XYZ]" - aerodynamic force vector,
wg=[pqgr]" - angular velocity, Tp=
[T coser 0 Tsiner]” - thrust vector, and ey - is
the thrust angle, usually takes zero value to simplify
motion equations.

2.3 Equations of moments

From the equation (6) after transformation to the
structural reference system, using the transformation
matrix Tp; derived previously (earlier) and after
applying additional operations, finally used
equations of moments (6) - (7) were obtained [20],
[21].

d
M=—h

qt (6)

Mp = Igwp + plpwp (7
Then, assuming that XOZ is a plane of symmetry,
the elements in the internal matrix were zeroed,
which was derived in equations (8) - (9).

Ixx _Ixy _Ixz
Ip=|"Ly Ly -~y (8)
_Ixz _[yz Izz
Ly 0 Iy,
I'g=|10 L, 0 9)
Iy, 0 Iy,
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I
Zj = [x_Dx[L + [xzpq - (Izz - [yy)qr]

I
+ % [N —L,,qr (10)
D
— (byy — L )pd]
Lo M+ My —(,, —1,,)
q=7 T~ — Izz)pr
Iyy xxz ZZ2 (11)
- Ixz (p -Tr )]
o1
r= ILDZ [L + L,pq — (IZZ - Iyy)qr]
1
+ % [N —L,qr (12)
D
— (Lyy =L )pa]
After performing subsequent operations, the

resulting equations of moments acting on the
aircraft were obtained. The meaning of individual
terms is as follows: My = [L M + M; N]T itis a
moment vector and I, = I, 1,, — I2,.

ILe 0 0
Iy=|0 1L, 0 (13)
0 0 I,

Some cases can be expressed in the main axes, as
shown in the example of equation (13), so the
equations of moments simplify to (14) - (16) [22]:

. L—- (IZP B Iyp)qr

p ™ (14)
. M+ My -1, —1,,)pr
= 1) -
yp
N-(L, -1
;e (yp xzo)pq (16)
IZp

2.4 Equations of motion

It was necessary to use aircraft motion equations. In
this subsection they have been presented with
reference to the structural system and expressed in
the following form (17) - (19):

®=p+(qsing +rcosg)tanf 17)
6 =qcosp —rsing (18)
Y = (qsing + rcos @) sin((sec) 8) (19)
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2.5 Equations of navigation

The next important step was the presentation of
navigation equations. In this subsection they are
given in relation to the structural system and
expressed in the following form (20) - (23):

Xg

u
Ye|=Tip [U] (20)
ZE w
Xg = u(cos 6 cosy)
+ v(sin ¢ sin 8 cos P
— cos @ siny) (21)
+ w(cos ¢ sin 6 cos Y
+ sin @ siny)
vg = u(cos 8 siny)
+ v(sin¢ sin @ siny
+ cos @ cosy) (22)
+ w(cos ¢ sin @ siny
—sin¢g cosyY)
fl=.—z'E=usin9—vsin<pc059 (23)
— wcos @ cos b
3 Flight control algorithm  of
unmanned aerial vehicle in the

presence of a strong wind

In a special situation, when the aircraft is not
moving and the surrounding atmosphere flows in a
direction parallel to the X axis of the structural
system (as in the case of wind tunnels), it can be
assumed that the speed of the aircraft relative to the
surrounding air masses is equal to the flow velocity

of the atmosphere.
v

Fig. 2 A vector triangle of the wind

When considering some wind disturbances in the
atmosphere, the wind vector should be added to the
atmosphere velocity vector. The resulting vector is
the speed of the aircraft relative to the surrounding
air masses. Applying this principle on a flying
aircraft, the relationship is obtained that the speed of
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the aircraft relative to the atmosphere minus the
wind speed relative to the Earth is the speed of the
aircraft relative to the Earth (traveling speed) [23],
[24].
This situation is shown in Figure 2 and in equation
(24), where: V, - traveling speed of the aircraft, , -
speed in the aerodynamic system (relative to the
surrounding air masses), and Vy, - wind speed in the
Earth-related system.

V=V, +V, (24)
After expressing the wind speed components from
equation (24), equations (25), (26), (27) are
obtained: where: a - angle of attack, g - angle of
slide, y = 6 — a - angle of flight path, ¥ - course,
[x y z]T - traveling speed of the aircraft, V, - speed
in relation to the structural system.
For the following equations, it is assumed that the
tilt angle ¢ is equal to 0 [25], [26].

V,x =x —V, cosycosf cosy (25)
+ V, cosysinfsiny

Vwy =¥ —V, cosycosfsiny (26)
—V, cosysinf cosy

(27)

Vi, = 2=V, siny

For the algorithm taking into account wind, the
general form of calculation equations is needed,
thanks to which it will be possible to calculate wind
speed during aircraft maneuvers such as correct
bend, using a controlled angle of tilt.

To do this, express the speed of the aircraft relative
to the surrounding air masses in the Earth-related
reference system using the transformation matrix R?
and RY obtained in subsection 2.2.

The final, extended equations of the wind estimation
algorithm were derived as follows, according to the
following form (28):

Vivx x v,
Yoy | = y‘] — RPRY 01 (28)
Vivz zlgps 0

It should be noted that the equations (25), (26), (27)
discussed earlier are actually a simplified form of
equations (28) for the zero angle of tilt.

The calculation of the final wind speed is realized
on the basis of the calculation of the wind speed
vector (29).
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(29)

4 Results of simulation tests

In order to carry out algorithm tests and subsequent
simulations and error tests, a mathematical model of
the aircraft was necessary. It is available thanks to
the Matlab/Simulink program plug-in  called
Aerosim Blockset [27], [28].

All the equations of motion mentioned above have
been implemented in the model shown in Figure 3.
Because the wind affects the flight behavior of the
aircraft, it was required to create an external input
for implementation in accordance with the algorithm
specifications.

In addition, an additional component was introduced
to the model to map the influence of wind. The
model also includes control feedback loops, such as:
automatic pilot with inclination or tilt function,
inclination and deviation dampers, and servo
models. Thanks to the above functions, it was
possible to create several different flight paths to
implement different environments and scenarios for
testing the wind prediction algorithm [29].

4.1 UAV
simulations
This subsection describes the components of the
unmanned aerial vehicle used, on which a developed
wind estimation algorithm was introduced through
changes in the software. The parameters shown in
the table below (Table 1) were implemented in the
UAV model in Matlab/Simulink based on the
mathematical analysis.

Table 1 Technical data of the UAV model

model used in  computer

Technical data of the UAV

Wingspan [mm] 1400
Fuselage length [mm] 980
Surface of the wings [dm®] 38
Mass ready for flight [g] 1300
The drive battery Li-Pol 3S

[MAN] 2200
Material EPP foam

4.2 Computer simulation

This section describes the results of a computer
simulation study of the unmanned aerial vehicle
model presented above to determine the
effectiveness of the developed wind estimation
algorithm [31-34]. In turn, the correctness of the
wind prediction algorithm was tested using a
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simplified realistic aircraft model in the
Matlab/Simulink platform. The basics of this model
are taken from the sample models from the AeroSim
Blockset plug-in for the listed software.

7 [m]

2 [m]

=
0 1T = L

¥ mi
Fig. 3 Flight paths from computer simulation
The simplified realistic model has been extended to
implement an external wind and several basic
automatic pilots. Several different flight paths were
tested, and two examples shown in Figure 3.
The aircraft is exposed to wind at various speeds
when flying along these paths. An example of these
given wind speeds is given in Figure 4.
Calculated speeds using the wind speed algorithm,
were also presented on it.

d (path 1} |
path 2|_

ol
Fig. 4 Comparison of actual and estimated wind
speed values
Based on the results obtained, it can easily be seen
that the algorithm works correctly for simulation of
a random flight path, giving accurate and correct
calculation results (Figs. 5-8).

Ilr‘
5

N

o 100 200 300 400 S0

Time |s]
Fig. 5 Comparison of actual and estimated wind
speed values for measurements with added noise

Volume 14, 2019



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

However, in real conditions it is almost impossible
to achieve zero measurement error without the
influence of external sensor noise, so additional
white noise has been added to the measured values.
It is noticeable that when UAV flies (moves) at an
angle 90° from the wind direction, the error in
estimating wind speed is almost zero (Fig. 5, at
time: t = 75s,t = 205s and t = 325s).

It should be noted that in the graphs and analyzes
presented above, only white noise of the size
measuring sensor was assumed. Another dangerous
phenomenon is the general deviation or drift of the
values measured by the sensor. This type of error
may result in unexpected system behavior.

The next figure (Fig. 6) shows some deviation errors

in the measurement of the attack angles.
1]

Bias +1"
7 8 & i B_ms-.‘
£ A |7 Bias+6' i
= N | Bias 48 /
:; (1 f\‘-‘ll\, T - _1h
@ II'I / W\
3 T | W o eumrama | U | / \ Y
[ \ L \A\/___ L/ W
1]
0 100 200 300 40 500
Time [s]

Fig. 6 Comparison of actual and estimated wind
speed values with the calculated values with
different values of the angle of attack measurement
error
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>

0 5 10
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0 5 10
Time [s]

Fig. 7 The process of flight control during strong
winds at 10 m/s

4

y [m]

0 10 20 30
Time [s]

Fig. 8 The process of flight control during strong
winds at 30 m/s
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It is clear that different deviations have different
effects on the final calculation of the wind speed
value. For example, if all measured angle of attack
values are greater by 1° than their actual value, the
calculated wind speed is almost equal to or close to
the real wind speed.

On the other hand, if the measured values of the
angle of attack are greater than the real ones by 3°,
in most cases the calculated wind speed differs
significantly from its actual value.

5 Conclusions

This section summarizes the scope of work
performed and its effects. The wind estimation
algorithm has been developed and tested in several
realistic simulations in Section 4.2.

Based on the output, it can be clearly stated that the
calculations are carried out correctly and the results
obtained are in accordance with the actual values of
the measured parameters. An important aspect is
that during the simulation there were variable wind
conditions, which is a key element with which the
algorithm works.

In addition, measurement errors were analyzed and
their effect and impact on other measured values as
well as the final results of flight parameters
calculations were assessed.

Based on several of the aforementioned and
discussed error analyzes and simulation methods, it
was noticed that it would be advisable to develop
and implement some type of advanced filter, e.g.
Kalman's. This type of solution would ensure stable
operation and resistance to measurement errors.

The developed algorithm was then saved in the C
programming language and implemented into the
flight controller system software. For testing the
algorithm in a real environment, unmanned aircraft
of the Micro FunCub class was used, with technical
parameters given in Table 1.

During the flights, he carried out the instructions
correctly, hence the conclusion on the proper
functioning of the implemented software, however,
exact calculations are not known due to the inability
to save them.

In summary, the wind estimation algorithm used to
support the flight control system of an unmanned
micro-class aircraft has met the set requirements and
can improve the operation of existing software.

In addition, this algorithm can also be used to
compare data from the real environment with the

values  obtained during simulation  using
mathematical models in a virtual environment.
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