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APPLICATION OF FUZZY LOGIC METHODS TO DEVELOP A QUADCOPTER
LANDING CONTROL SYSTEM

The article addresses a pressing scientific and applied problem related to the automation of the
landing process of unmanned aerial vehicles, in particular quadcopters, which today occupy a leading
position among the various types of drones and are widely employed in both military and civilian domains.
The landing stage constitutes an obligatory phase in the operation of such aircraft, yet at the same time it
is one of the most complex, since in its final stage the vehicle must ensure safe contact with a solid
surface. Consequently, the development of an effective algorithm and system for automatic quadcopter
landing becomes the central objective of the conducted research.

Existing landing control solutions based on ultrasonic, infrared, thermal, or radio signals require
the use of additional equipment, which complicates their integration into small and medium-sized aerial
platforms. In this context, the most rational approach is considered to be the use of the quadcopter’s
onboard camera in combination with a specially designed landing marker placed on the platform,
constructed from simple geometric figures that are easily recognizable from altitude.

To achieve the stated objective, a mathematical model of quadcopter motion was created in the
Matlab Simulink environment. This model takes into account the thrust of each of the four propellers,
thereby enabling the reproduction of the aircraft’s displacement along the coordinate axes and the
simulation of landing scenarios. The automatic control system was implemented using a fuzzy controller,
which operates on the basis of three input variables representing the deviations of the current coordinates
from the target landing point along the x, y, and z axes. The outputs are expressed as thrust forces for
each motor. A total of thirty fuzzy inference rules were constructed, ensuring adequate responsiveness to
deviations from the designated trajectory and altitude.

Experimental investigations conducted in the modeling environment confirmed the effectiveness of
the proposed solution. All tests demonstrated stable guidance of the quadcopter toward the designated
marker and successful completion of the landing process. The average value of the static error after
landing corresponds to the requirements of the technical specification and is regarded as acceptable for
automated landing systems designed for platforms with limited surface area. The dynamics of the process
were characterized by the absence of significant oscillations and overshoot, a smooth reduction of speed
in the final phase, and reliable attainment of the designated point.

The obtained results indicate that the proposed approach possesses substantial practical value and
may be effectively employed for the creation of real-world quadcopter landing control systems.

Keywords: UAV, quadcopter, automatic landing, Al control, fuzzy logic.

Introduction. At present, unmanned aerial vehicles are increasingly penetrating various
sectors of modern society. In addition to their obvious military applications, they are also employed
to address a wide range of civilian tasks, including those requiring a high degree of automation
throughout the entire process of UAV operation. Landing constitutes one of the mandatory stages in
the exploitation of aerial vehicles, while at the same time being a rather complex procedure, since at
its final stage the aircraft must ensure safe and reliable contact with a solid surface [1]. It should
also be emphasized that quadcopters represent one of the most extensive categories of UAVS.
Consequently, the issue of providing fully automated landing of quadcopters is of considerable
relevance, and it is precisely this problem that is addressed in the present study.
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The objective of this work is to reduce the amount of time required from the human operator
of an unmanned aerial vehicle to complete a flight mission, which can be achieved through the
automation of the landing process. Moreover, provided that this process is implemented with
sufficient quality, the prospect of creating fully autonomous aerial systems becomes feasible, since
landing is one of the most complex operations such systems must perform.

Literature review and problem statement. A significant number of scientific and technical
publications are devoted to the study of UAV motion control systems and, in particular, landing
procedures. For instance, in [2], the onboard equipment of unmanned aerial vehicles intended for
solving a wide spectrum of tasks is examined in detail. This includes the determination of
navigational parameters such as angular velocities and accelerations, as well as the execution of
navigation and control functions during flight along a predetermined trajectory. Additionally, the
issues of stabilizing the angular orientation of the vehicle in flight and transmitting telemetry data
on navigational parameters through the appropriate communication channel are considered.

In the majority of publications, UAVs are analyzed in the context of their application within
specific sectors. Thus, [3] investigates the use of unmanned aerial vehicles in industry as a whole,
as well as in particular branches, with a more detailed focus on their role in the marine sector. The
text provides an extensive overview of current challenges and presents methods that may be
employed for their resolution through unmanned technologies. The article also emphasizes the
importance of integrating automatic control systems into UAVs and discusses both the technical
aspects of drones and the interrelation between their components. An example of software used to
operate unmanned aerial vehicles is also provided.

The issues of UAV control designed for specialized fields are also addressed in [4-6]. In these
studies, the structure and features of control systems for UAVs designed for landing on moving
platforms are proposed and described.

Although the studies mentioned above devote limited attention to the landing problem itself,
they may nevertheless prove useful for the objectives of the present research. This is because, as has
already been stated, during landing on a designated small-area platform, it is necessary to ensure the
movement of the aircraft, which essentially corresponds to the regular flight regime. Therefore, the
aforementioned works are considered valuable for addressing landing control as well.

A more comprehensive consideration of UAV landing control is found in [7]. This work
describes multirotor UAVSs, which, at the most basic level, include quadcopters equipped with four
rotors. The article examines the possibilities of implementing an automatic takeoff and landing
system for small autonomous unmanned aerial vehicles. It substantiates the use of systems based on
computer vision technology, employing optical capture of marker tags. It is emphasized that, for
effective localization of key points of the UAV or the landing strip in computer vision systems
during automatic takeoff and landing, the use of markers is necessary. The article further provides
an analysis of different marker arrangements and variations in marker tag implementations.
However, it should be noted that the work is largely conceptual in nature and does not offer a ready-
made solution for the development of a UAV landing control system.

An important feature of this work lies in the fact that all algorithms related to image
recognition (or computer vision, as termed by the authors) are proposed to be executed on ground-
based computing systems, with data from the UAV’s cameras transmitted via a radio channel. Such
an approach has both significant advantages and considerable drawbacks [8]. The evident advantage
is the reduction of the overall weight of the aerial system due to the use of ground-based
computational modules. However, a critical disadvantage is that, should communication be
disrupted or lost, it would become impossible to land the vehicle in automatic mode, and in the
absence of the option for manual landing, this would inevitably lead to a crash. Consequently, this
study proposes not to transfer the recognition module for landing markers to ground systems but
rather to simplify the corresponding algorithm by designing the marker itself in a special,
maximally simplified form. This approach will form the basis for further development in the present
research.

60



Thus, after analyzing the problem of unmanned aerial vehicle landing as well as the existing
solutions, several conclusions can be drawn. First, the issue of UAV landing is of exceptional
relevance due to their increasingly widespread implementation across diverse areas of modern
society. Second, landing methods based on the use of ultrasonic, infrared, thermal, and radio signals
require additional equipment, which makes them unsuitable for small and medium-sized vehicles.
Third, from both an economic and weight—dimensional perspective, the most efficient approach is
to employ the onboard camera of a quadcopter for performing landings on a prearranged
platform [9]. Finally, as reference signals for such a platform, it is advisable to use an image that is
clearly distinguishable from altitude and based on simple geometric primitives such as rectangles,
circles, and line segments.

Consequently, there arises the necessity to develop a control system for the automatic landing
of quadcopters that relies on the recognition of a specifically designed pattern indicating the
designated landing site and based on Al-principles [10].

Materials and methods. During flight, the orientation of UAV propulsion units may be
arbitrary with respect to the coordinate axes, taking into account the need for maneuvering and
performing various turns. However, during the landing process, it is possible, without loss of
generality, to impose a specific orientation of the vehicle, for example, as illustrated in Fig. 1, a. In
this case, the thrust of propellers 1 and 3 determines movement along the Ox axis, while propellers
2 and 4 govern displacement along the Oy axis. It is evident that under such an arrangement, the
action of the pairs of forces generated by the propellers located diagonally opposite each other does
not interfere with one another: the difference in forces F; — F3 defines movement along the Ox axis,
whereas the difference F, — F4 defines motion along the Oy axis.
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Figure 1 - Example of quadcopter orientation during landing: propellers 1-3 are responsible
for displacement along the Ox axis, and propellers 2—4 are responsible for motion along the Oy axis
(a top view is shown, with the Oz axis directed out of the plane of the figure): a — xOy plane, b —
xOz plane

Let us now consider a case involving the difference F; — F3, which is illustrated in the zOx
plane in Fig. 1, b. Fig. 1, b shows the arrangement of forces that influence movement along the Ox
axis. The complete system of equations describing the motion of the quadcopter is as follows:

dx — (Fl_IF3)r

dy _ (FZ_IF4)r
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Let us now examine the software implementation of the presented mathematical model
describing the motion of the drone. In the idealized case of this model (in the absence of external
disturbances, which sufficiently corresponds to reality under conditions without sharp wind gusts),
there are four inputs representing the thrust forces of the UAV engines. These are implemented

using inport blocks in the Simulink system. The outputs of the model are the three coordinates of
the vehicle — x, y, and z — for which three outport blocks are used. The general view of the already

implemented mathematical model is presented in Fig. 2.
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Figure 2 - Schematic representation of the mathematical model of the motion of a quadcopter-
type UAV body, implemented in Matlab Simulink.

This implementation in the Simulink environment can serve as a mathematical model of the
motion of a quadcopter-type unmanned aerial vehicle. This model makes it possible to test the
adequacy and performance of the corresponding control system.

The automatic control system itself is implemented using a fuzzy controller [11]. In the
developed control system, three input variables are defined. The first input corresponds to the
difference between the current x coordinate and the coordinate X, of the intended landing point,
denoted as deltaX. For this parameter, a range from -100 to 100 meters is applied. The second input
is the difference between the current y coordinate and the coordinate y, of the intended landing
point, denoted as deltaY, with the same range of -100 to 100 meters. The third input corresponds to
the difference between the current z coordinate and the coordinate z, of the intended landing point,
denoted as deltaZ, and for this characteristic the range from 0 to 100 meters is used.

As output variables, four thrust forces F1, F,, F3, and F4 are defined, which correspond to the
propellers of the quadcopter (the distribution of force numbers along the respective axes was
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specified earlier and illustrated in Fig. 1). The variation range of these forces is set from 0 to 10 N.
Since the modeling is performed on a small vehicle with a mass of about 2 kg, a total thrust capacity
of 40 N is considered sufficient to execute rather sharp maneuvers, including rapid altitude changes.

For the input variables deltaX and deltaY, five linguistic terms are assigned: NB (Negative
Big), NM (Negative Medium), Z (Zero), PM (Positive Medium), and PB (Positive Big). For the
variable deltaZ, three terms are used: Z, PM, and PB. Each output linguistic variable is
characterized by three terms corresponding to the values "small,” "medium," and "large".

For the fuzzy control system, fuzzy inference rules were designed, amounting to a total of 30
rules, which are displayed in Fig. 3. The rules are structured in such a way that control of motion
along the Ox axis and motion along the Oy axis are implemented independently, with 15 rules
assigned to each axis. The number of 15 rules per axis results from the fact that the linguistic
variables deltaX and deltaY are described by five terms each, while deltaZ contains three terms,
leading to a total of 3x5 = 15 possible combinations for each axis.

I (deltaX is NB) and (deltaZ is Z) then (F1 iz PB)(F3 is PM) (1) -
. I (deltaX is NB} and (deltaZ is PM} then (F1 is PM)(F2 is Z) (1}
I (deltaX is NB} and (deltaZ is PB) then (F1 is PB}(F3 is Z) (1)

. If (deltaX is PB) and (dettaZ is Z) then (F1 is PM}(F3 is PB) (1)
_If (deltaX is PB) and (dettaZ is PM) then (F1 is Z)(F3 is PM) (1)
I (deltaX iz PB) and (deltaZ i= PB) then (F1 is Z)(F3 is PB) (1)

. If (delta’’ is NB) and (dettaZ is Z) then (F2 is PB)(F4 is PM) (1)

. If (delta iz NB} and (dettaZ is PM) then (F2 is PM)(F4 is Z) (1}
. If (delta’’ is NB) and (dettaZ is PB} then (F2 is PB)(F4 is Z) {1)
10. If (detta is PB) and (dettaZ is Z) then (F2 is PM)(F4 is PB) (1)
11. If (deltaY iz PB) and (deltaZ iz PM) then (F2 iz Z)(F4 iz PM) (1)
12. If (delta is PB) and (deltaZ iz PB) then (F2 is Z)(F4 is PB) (1}
13. If (dettaX is Z) and (dektaZ is Z) then (F1 is PM}(F3 is PM) (1}
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Figure 3 - Rule base of fuzzy productions designed for the automatic landing system of UAV.

The rules were formulated in accordance with a general logic. The greater the deviation along
the x or y coordinate, the larger the difference must be between the two thrust forces responsible for
movement along that axis, thereby enabling the vehicle to shift rapidly in the desired direction. At
the same time, another important factor is taken into account: if the altitude is relatively high, the
total value of the two forces acting along the Ox or Oy axis must not be too large, which allows for
accelerated descent. Conversely, as the altitude decreases, the total thrust of each pair of propellers
is reduced, ensuring a gradual and smooth descent of the quadcopter [12].

All the rules implement the previously described logic, according to which a high altitude
corresponds to its rapid decrease, a large deviation along the x-axis corresponds to a significant
difference in thrust between F; and F3, and a large deviation along the y-axis corresponds to a
significant difference in thrust between F, and F,.
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The rule base was analyzed for consistency both manually and by means of examining the
fuzzy inference surfaces provided by the Matlab Fuzzy Logic Toolbox. The developed fuzzy
control system was imported into the fuzzy controller, which was subsequently integrated into the
overall system combining the previously constructed quadcopter body dynamics model and the
control subsystem, as shown in Fig. 4. This integrated system was employed to evaluate the quality
of the obtained solution, with the evaluation process described in the following subsection.

Thus, based on the individual models obtained, a comprehensive system was constructed for
investigating the performance characteristics of the proposed solution, with these models
incorporated as subsystems (subsystems in Simulink terminology). The results of this investigation
are presented in the next subsection.

Results. For the developed system, it is essential to conduct procedures aimed at assessing the
quality of its operation, and such an evaluation can be effectively carried out using the model
previously implemented in Matlab Simulink. After integrating the proposed solutions into a single
framework, a series of tests was performed to examine the behavior of the aerial vehicle under
different input conditions.
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Figure 4 - System designed for testing the operation of the developed control solution.

The results of the conducted experiments revealed the following features of system behavior.
The quadcopter consistently directed its motion toward the detected point of the intended landing
site. The static error at the completion of the landing process did not exceed approximately 1.3
meters, which can be considered a satisfactory value for fully automated landings within a landing
area of several meters in size. Overshoot was practically absent, and the landing process was
predominantly aperiodic in character, ensuring stable descent dynamics. These observations are
clearly illustrated in Fig. 5.

The final segment of the trajectory is shown in enlarged form in Fig. 6.

The descent in altitude corresponding to the trajectory shown in Fig. 5 is presented in Fig. 7.
It is evident that the process initially occurs with a steep decline, but as the vehicle approaches the
supporting surface, its motion becomes increasingly smooth and gradual.

Conclusion. Analysis of the data presented in Fig. 5, as well as in other graphs (not presented
due to the limited article size), makes it possible to specify the value of the static error along the
coordinates. In Fig. 5, this error amounts to approximately 1.27 meters, while the average over four
experiments equals 1.2 meters. This value can be regarded as fully acceptable and corresponds to
the requirements set by the technical specification for the development. On the curves shown in Fig.
3.9 (and similar), it is possible to identify distinct segments reflecting the transition from rapid
motion, generated by the fuzzy control system at a considerable distance from the landing point, to
medium-speed movement (in the region of x = 80-100), and finally to low-speed motion with
precise positioning on the designated marker (approximately after x = 100).
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Figure 5 - Example of the quadcopter’s motion from the initial point (0;0), where the landing

marker was first identified, to the designated landing point, which was initially detected at
coordinates (115; -115).
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Figure 6 - Concluding part of the trajectory, displaying both the intended landing point (ILP)
and the actual landing point (ALP).
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Figure 7 - Decrease in altitude over time corresponding to the motion in the xOy plane shown
in Fig. 5.

Therefore, based on the analysis of the obtained results, it can be concluded that the
developed solution demonstrates satisfactory performance characteristics and may be recommended
for implementation in an actual aerial vehicle for the purpose of controlling automatic landing
processes.
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3ACTOCYBAHHA METO/IB HEUYITKOI JIOT'TKH JJIs1 PO3POBKHA CUCTEMUW KEPYBAHHS
IHOCAJIKOIO KBAJIPOKOIITEPA

Y cmammi pozenanymo axmyanvny Haykoeo-npukniaomy npoonemy aemomamu3sayii npoyecy
nocaoku 0Oe3ninomHux JiMAnbHUX anapamie, 30Kpema KeaopoKonmepis, sAKi CbO20OHI nocioaiomo
npogione micuye cepeo pizHo6UOI6 OPOHIE MA 3HAX00AMb WUPOKE 3ACHOCYBAHHA AK Y GIICbKOGIIl, MaK i y
uueginwhin cghepax. Eman nocadku € 00606’°a3k06010 hazoro excniayamauii anapamy, aie 600HO4AC 0OHI€IO
3 Hauoinbuwi CKAAOHUX, aodice 6 Ii 3A6epuiANbHINl YACMUHI anapam mae 3ade3neyumu Oe3neuHuil
Konmakm 3 meepooio noeepxueiro. Came momy po3pooKa egeKmusHozo anzopummy ma cucmemu
A6MOMAmMUYHOT NOCAOKU K8AOPOKONMEPIE 8UCHLYNAE KNIOU0GOI0 MEH 010 RPOBEOCHO20 00CTIOHCEHHS.

Icuywui pimienna no ynpaeninHI0 NOCAOKOI0, 3ACHOBAHI HA YIbMPA3EYKOGUX, IHppauepeonux,
meniosux uu padiocuzHanax, LOmpeoyroms 000amK08020 001AOHANHA, WO YCKIAOHIOE 3ACMOCYBANHA IX
HaQ manux i cepeoHix NIMANbHUX anapamax. Y ybomy Konmexcmi Haudinb payionaIbHUM nidX000M
GU3HAEMbCA GUKOPUCHANHA WIMAMHOI KAMepU K6adpOKOnmepa ma CheyiaibHo po3poodnenozo mapkepa
Ha nOCcaoKoeiit naamepopmi, wo cKi1a0aAEMbCa 3 HPOCMUX 2COMEMPUUHUX (i2yp, 1€2KO PO3NIZHAGAHUX 3
eucomu.

Jna oocaznennsa memu cmeopeHa MameMamuina Mooensb pyxy KeaopoKonmepa y cepeoosunii
Matlab Simulink. Y mooeni epaxoseano msazy KodcH020 3 UHOMUPLOX Hponeepie, wio 0038011€
géiomeopumu nepemiieHHs anapamy 630083 KOOPOUHAMHUX ocell ma eionpayioeamu cueHapii
nocadku. Cucmema agmomMamu4n020 Kepy6aHHA Peaniz08ana HA OCHOGI HEUimK020 pezynamopa, Oas
AKO020 GU3HAYEHO MPU 6XIOHI 3MIHHI — GIOXUIEHHA NOMOYHUX KOOPOUHAM 60 UiNb060i MOUKU NOCAOKU
3a ocamu x, y ma 7. Ha éuxo0i ghopmyromocs Kepyroui ennueu y uziaoi cun mazu 01s KOHCHO20 08UZYHA.
Bcvozo noodyoosano 30 npasun newimkozo euseedenHs, AKI 3a0e3neuyromy adeKeammue peazysanHs Ha
8ioxunenna 8i0 Yinboeoi MpacKmopii ma eucomu.

Ilposeoeni excnepumeHmanvHi  OOCHIOHCEHHA Y  CEPeOOBUUIl MOOEIO6AHHA  3ACEIOYUNU
ehekmuenicme  3anponoHo6an020 piuteHHn. Yci mecmu nokazanu cmaodinbHe CHPAMYGAHHA
Keaopokonmepa 00 NO3HAUEHO20 MapKepa ma ycniwine 3aseepuienna npouecy nocaoxu. Cepeone
3HAUEeHHA CMAamuyHoi RNOXUOKU niciA nOcaoku 8i0nosioac 6uMo2am mMexHIYUHO20 3A60aHHA i
86AIICAEMBCA NPUHHAMHUM 0711 (A8MOMAMU3Z06AHUX CUCMEM ROCAOKU HA 00MmedceHi 3a naouieio
naamdghopmu. /lunamika npouecy XapaKmepusyeanacsa 6i0CYMHICHI0O 3HAUHUX KOJIUGAHb | nepesuLeHb,
NIIAGHUM 3HUMCEHHAM WUOKOCHI Y (hinanvHill (hazi ma eneeHeHUM 00CAZHEHHAM NOZHAYEHOI MOYKU.

Ompumani pe3ynomamu cei0o4amo, Wi0 3ANPONOHOGAHUIL RIOXI0 MAE O0OCMAMHIO RPAKMUYUHY
UiHHICMb ma moice OYyMuU GUKOPUCHAHUINL O/l CHBOPEHHA PealbHUX CUCHeEM KepPY8aHHs HOCAOKOI
K8aopokonmepis.

Kniouoei cnosa: BIlI/IA, keadpoxkonomep, aemomamuuna nocaoka, Il ynpaeninmusa, Heuimka
nozika.
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