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Abstract

Objective: the various goals were set in the given research, such as: to carry out flights and perform
standard maneuvers on different control modes, to gather flight data from unmanned aerial vehicle flight
controller; to select the data according to the performed maneuvers in the corresponding flight control
modes,; to perform decoding of raw logged data for further analysis; and to prepare data for their
substitution into the developed mathematical model at yaw control channel. Methods: experimental flights
have been conducted according to a clearly defined flight mission for obtaining specific on-board records
from the appropriate unmanned aerial vehicles control channels. Board data were analyzed and decoded.
Comparison of the real values of angular velocity obtained during flight in rudder control channel under
different control modes was conducted. Results: the initial data of the unmanned aerial vehicles turn
performance in the manual and semiautomatic control modes were obtained taking into account the
sensitivity scale factor. Based on the real values of angular velocities the angular velocity dependence on
time was constructed taking into account the unmanned aerial vehicles control mode. Data obtained from
rudder control channel, angular velocity, were converted from raw to real values and ready for verification
of designed mathematical model. Discussion: it can be stated that remote pilot performs maneuvers more
smoothly in the semiautomatic control mode since the self stabilization of the system is achieved through the
influence on the part of automatic control system.

Keywords: automatic control system; data logging; flight controller; mathematical model; remote pilot;
unmanned aerial vehicle.

1. Introduction

In recent decades, the development of unmanned
aerial vehicles (UAVs) has been of great interest,
and different kinds of autonomous vehicles have
been studied and developed all over the world. In
particular, UAVs have many applications in
emergency situations; humans often cannot come
close to a dangerous natural disaster such as an
earthquake, a flood, an active volcano, or a nuclear
disaster [1].

The issue of autonomous operation is one of the
most important for today. Since the implementation
of a complex task in manual control mode imposes
many restrictions on a remote pilot (RP). Because of
the limitations typical of human, UAVs have to be
equipped with a flight controller (FC). The choice of
the FC is made based on the reliability of the
operation and the manner of execution of the

planned mission, as well as based on the price /
quality ratio in the context of small UAVs with
weight up to 15 kg [2].

Beginning with 2009, team of developers from
the USA presented and applied the Ardupilot FC.
The work on the open source FC has attracted much
attention from like-minded people, so the project
succeeded, developed rapidly and continues to
evolve today [3].

FC ArduPilot is a full-fledged solution for a
UAV. In addition to remote controlled piloting, FC
ArduPilot allows automatic control over a
previously created route.

The given FC supports the flight execution by
points. The FC allows two-way transmission of
telemetry data from the aircraft to the ground control
station (GCS) which includes phone, tablet, laptop,
and data logging in the built-in memory of FC.

Copyright © 2018 National Aviation University
http://www.nau.edu.ua
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The key features of flight controller ArduPilot are
the following:

1) 3 axis gyroscope, accelerometer, magneto-
meter;

2) on-board radio and telemetry communication;

3) real-time telemetry data transmission;

4) 6 degrees of freedom in InvenSense of
accelerometer and gyroscope MPU-6000;

5) sensor of barometric pressure MS5611-
01BAO03;

6) board controller Atmel ATmega2560-16AU
and ATMEGA32U-2 chip for processing and USB
functions.

Flight data recording on UAV and concurrent
real-time data transmission on GCS is an important
parameter of the chosen “platform”. This feature
provides flight data processing in terms of analysis
of the current characteristics and testing out the
settings made by the remote pilot.

2. Analysis of the Latest Research and
Publications

The ArduPilot system, as an open source solution, is
designed to fit a wide range of airframes. Also, it
requires the user to program the code to fit a
particular aircraft type and tune up the PID gains to
achieve the desired performance. This involves a
steep learning curve and requires time to adjust the
gains. Within the time constraints inherent to term
projects it is necessary to streamline the process and
develop a set of instructions aimed to minimize the
challenge involved [4], [11].

Now that the basic aerodynamic forces acting on
the selected drones are clarified, we can create a
control system that uses these forces to make the
drone do what was planned. But in order to control a
position, the position should be specified, and for
this an inertial measurement unit is started. Inertia
describes the tendency of objects at rest to stay at
rest and objects in motion to stay in motion. In other
words, inertia embodies Newton’s first law of
motion [5].

Integrated circuits measure rotation. And such
integrated circuits are called gyroscopes. In UAVs,
gyroscopes are used to stabilize rotation [6].

By combining accelerometers to determine the
direction of gravity and using gyroscopes to identify
the rotation rates of UAVs, the aircraft keeps its
level with the horizon and is prevented from
spinning around [7].

UAV onboard equipment, especially flight
controller (FC), provides a possibility to record in-

flight parameters through whole flight. Therefore, all
data can be analyzed on the ground.

3. Aim of research

The main aim of research is verification of the
coefficients in the theoretical mathematical model
(1) with the help of data that was obtained from
flight recorder of UAV FC.

The specified FC supports three flight control
modes: Manual/Semiautomatic/Automatic.

The objectives of the research were identified as
follows:

— during the flight it is necessary to perform
standard maneuvers on different control modes;

— to gather flight data from UAV FC;

— to select the data according to the performed
maneuvers in the corresponding flight control
modes: Manual and Semiautomatic;

— to perform decoding of raw logged data for
further analysis;

—to prepare data for their substitution into the
developed mathematical model at yaw control
channel.

4. Research results

Equipped with FC, UAV passed tuning and
calibration of main sensors. Sensors are the main
source of information about the current attitude of
UAV in the air.

Sensor calibration is an important procedure for
the correct operation of the UAV navigation system
and stabilization at all control modes.

Semiautomatic control mode uses current data of
the inertial system sensors for UAV attitude error
compensation under the influence of wind, etc.

In order to perform verification of the developed
mathematical model (1), it is necessary to decode
flight data from the experimental flight of the
selected UAV’s. The important parameters for the
current research are obtained from Digital Motion
Processor MPU-6000, shown on Fig. 1.

Fig. 1. General view of Motion Tracking
device MPU-6000
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6-axis Motion Tracking device that combines a 3-
axis gyroscope, 3-axis accelerometer, and a Digital
Motion Processor (DMP) all in a small 4x4x0.9 mm

package.
For precision tracking [8] of both fast and slow
aircraft motion, the parts feature a user-

programmable gyroscope full-scale range of £250,
+500, £1000, and +2000°/s (dps) and a user-
programmable accelerometer full-scale range of
+2g, +4g, +8g, and +16g.

Fig. 2. UAV M-10 “OKO-2”
used in experimental flights

The basic settings of the gyroscope of MPU-6000
correspond to the angular velocity measurement
range +£2000°/s. Gyroscope sensor raw data are
recorded according to word length 16 bit of Analog-
to-Digital convertor with sensitivity scale factor,
which specifically ranges angular velocity £2000°/s
equal to 16,4 LSB/°/s (Least Significant Byte) [8].

Conversion that takes into account the sensitivity
scale factor, precise/real value of angular velocity
data can be obtained at any time of the flight was
used.

Results of the UAV yaw turn performance are
presented in Table 1 at Manual and Semiautomatic
control modes taking into account the sensitivity
scale factor.

For execution of the experimental flights, the
mobile Unmanned Aerial Complex (UAC) M-10
“OKO-2” [9] of SPCUA “Virazh” was used.
General view of UAC is shown on Fig. 2. UAV
remote pilot performed maneuvers at Manual and
Semiautomatic control modes.

In Fig. 3 UAV flight path performed by RP in
Manual control mode is shown. The trajectory is
obtained from telemetry recording on the GCS,
which is used during the flight for monitoring
(creation / modification of the flight mission) and
UAV control at take-off, horizontal flight and
landing.

The yaw turn performance by UAV was the
target maneuver of research. Time for maneuver
execution was 15 seconds in each control mode.

Table 1

Raw to real data conversion at flight control modes

Manual Semiau?o.matic
(Stabilize)
Time, Raw Real Raw Real
S data, value, data, value,
LSB/°/s °/s LSB/°/s °/s
1 177 10,8 310 18,9
2 121 7,37 297 18,1
3 178 10,85 273 16,64
4 189 11,52 292 17,8
5 111 6,77 310 18,9
6 279 17,0 250 15,24
7 278 16,9 202 12,31
8 224 13,65 275 16,77
9 155 9,45 173 10,55
10 -27 -1,64 -3 -0,18
11 -20 -1,21 123 7,5
12 -132 -8,05 -4 -0,24
13 -292 -17,8 -70 -4,26
14 -234 -14,27 64 3,9
15 -100 -6,09 -41 -2,5

Fig. 3. UAV performing yaw turn
in Manual mode

The UAV’s flight path performed by RP in
Semiautomatic control mode is shown in Fig. 4. The
trajectory is obtained from telemetry recording on
the GCS.
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Fig. 5. Comparison of Gyroscope real values at Z (yaw) axis control channel in Manual/Semiautomatic modes

A graph shown in Fig. 5 is based on the real
values of angular velocities and reflects dependence
of the angular velocity on time, taking into account
the UAV control mode.

The obtained values of the angular velocity
sensor are required for the verification of the pre-
designed mathematical model “Remote pilot —
Remote Control System — UAV” [10]. Model
component m? /mY takes into account UAV angular
velocity in the rudder control channel [11].

Control devices deflection law considering the
remote pilot’s actions in rudder control channel is
represented by the following equation:

i —kt s
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Such a formulation of the mathematical formula
and the performed experiments allow perform
further mathematical calculations in the MathCad
programme.

5. Conclusions

1. The software and hardware components of
Ardupilot are analyzed as FC for UAV type M-10
“OKO-2".
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2. Experimental flights have been conducted
according to a clearly defined flight mission for
obtaining specific on-board recorded data from the
relevant UAV control channels.

3. The initial data of the UAV turn performance
in the Manual and Semiautomatic control modes are
obtained taking into account the sensitivity scale
factor.

4. Based on the real values of angular velocities
the angular velocity dependence on time is
constructed with regard to the UAV control mode.

5. It has been proved that the remote pilot
performs maneuvers more smoothly in the
Semiautomatic control mode, which is observed
from the angular velocity data obtained in the rudder
control channel.

6. The data obtained from rudder control channel,
specifically information about angular velocity, were
converted from raw to real values and ready for
verification of the designed mathematical model.
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3acTrocyBaHHS JaHUX 0OPTOBOro camonucus 1Jis1 Bepudikanii MaTeMaTHIHOI MoOAeIi AUCTAHIIITHOTO

mijiora

HamionansHwmii aBianiiHuil yHiBepcureT, nmpoct. Kocmonasra Komapoga, 1, Kuis, 03058, Ykpaina

E-mails: 'kharch@nau.edu.ua; *belkaaden@gmail.com

MeTta: mpoBeCTH eKCIEpHUMEHTAIBHI ITOJBOTH Ta BHKOHATH CTaHAAPTHI MaHEBPH Ha PI3HUX pPEKUMax
KepyBaHHA. 3i0paTH aHi MOJBOTY 3 MOJLOTHOTO KOHTpOJiepa Oe3MiIOTHOTO MOBITPSHOTO cyaHa. Bubparn
JaHi BiANOBIIHO A0 BHKOHAHMX MAaHEBPIB y BIANMOBIAHUX peXHMax MONbOTY. BukoHaTH posmm@poBKy
HeoOpoONeHNX NaHWX Ui MOJANbIIOTO aHamizy. IlimroryeaTw pgaHi migcTaHOBKM Ta Bepudikamii B
pO3po0IieHy MaTeMaTH4Hy MOJENb Y KypcoBOMY KaHaii kepyBaHHs. Metoau: ExcriepuMeHTalbHI TOTBOTH
MIPOBOAMJIMCS BIATIOBIAHO 10 YITKO BHM3HAUYEHOI IMOJILOTHOI MICIT JJI1 OTPUMAaHHS CIEIiaIbHUX OOPTOBHX
3aITUCIB 3 BIJMOBIIHUX KaHAJIB KepyBaHHs OE3MiJIOTHOTO MOBITPSHOTO cynHa. JlaHi miansararoTs aHami3zy Ta
nekonyBaHHIO. [TOpiBHSAHHS pealbHUX 3HAYCHb KyTOBOI HIBHJIKOCTI, OTPUMAaHUX IIifl Yac MOJbOTY B KaHail
KEpyBaHHS PyJIeM HAIllpSIMKY Ha 0OpaHUX pexuMax KepyBaHHs. Pe3yJbTaTH: IPOBENCHO eKCIIEPUMEHTAbHI
MOJIbOTH Ta OTPHMaHiI KOHKpPETHI OOPTOBI 3amuiCH 3 BIANOBIMHWX KaHAIB KEpyBaHHA OE3ITIJIOTHOTO
MOBITPSTHOTO cyAaHa. OTpUMaHO TIEPBUHHI JaHI BUKOHAHHS IMTOBOPOTY OE3ITIJIOTHOTO MOBITPSHOTO CyJIHA B
pexumax «Pyumit» Ta «HamiBaBToOMaTnaHUI 3 ypaxyBaHHAM KoedimieHTy MacmTabyBaHHS dyTiMBoCcTi. Ha
OCHOBI 3HAUCHb PEAJbHUX KYTOBHX IIBUAKOCTEH IOOYIOBaHA 3aJ€KHICTh KYTOBOI IIBHIKOCTI Bia Hacy 3
ypaxyBaHHSIM PEKUMY KepyBaHHsS O€3MUIOTHOTO MOBITPSHOTO cyaHa. [laHi OTpuMaHi 3 KypcCOBOTO KaHaITy
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KEepyBaHHS, BJIACHE KYTOBa IIBHJKICTh, TIEPETBOPEHI 3 «CHPUX» [0 PEaTbHUX 3HAYCHb Ta TOTOBi 10
Bepudikallii B po3po0iieHiii MaTeMaTuyHii Mojeni. O0roBopeHHs: J[McTaHIIHUI MUIOT BUKOHYE MaHEBPU
IUIaBHIIIE B PEKHUMIi HAIlliBABTOMAaTUYHOMY PEKUMI KePYBaHHs, BHACHIIOK BIUIMBY YaCTHMHU aBTOMATUYHOI
CHUCTEMHU KE€PYBaHHS, CHCTEMH CAMOCTIHHOT CTa0Lmi3allii MOJI0KEHHS Cy THA.

KirouoBi cioBa: aBroMaTHyYHa cHCTEMa KEpyBaHHs; OE3MIIOTHE MOBITPSIHE CYAHO; AWCTAHIIMHUN MiIOT,
3aIlUC JaHUX; MaTeMaTHYHA MOJIEIIb; IOJIbOTHUM KOHTPOJIEP.

B.II. Xapuenko', .M. MaTuitunk’

IIpumeHeHne [OaHHBIX OOPTOBOrO camMomMcua s BepU(PUKANMH MaTeMaTHYeCcKOl MoJean
AUCTAHIIMOHHOTO MUJIOTA

HaunonanbHblll aBUalMOHHBIM YHUBEpPCUTET, Ipoci. KocMonasTa Komapoga, 1, Kues, 03058, Ykpauna
E-mails: 'kharch@nau.edu.ua; > belkaaden@gmail.com

Leab: mpoBeCTH KCIIEPUMEHTANBHEIE TIOJIETHl U BBHIMMOJHUATH CTAHIAPTHBIE MAHEBPHI HA Pa3HBIX PEKUMax
ynpasinenusa. CoOpaTb JaHHBIE TOJETa C IMOJETHOTO KOHTpoJuiepa OECHHJIOTHOTO BO3AYIIHOTO CYAHA.
BriOpaTe naHHBIE B COOTBETCTBHH C BBITIOJHEHHBIMM MaHEBPAMH B COOTBETCTBYIOIIMX PEXHMax MOJETa.
Brimonnute pacundpoBky HeoOpaOOTaHHBIX JaHHBIX IJISL TMOCIENYIOMIETr0 aHanu3a. [loATOTOBUTH AaHHBIE
MOJICTAHOBKH W BEpU(PHKALIMHU B pa3pab0TaHHYI0 MaTEeMaTHIECKYIO MOJICb B KypCOBOM KaHale YIPaBJICHUSI.
MerToapl: 3KCIIEpUMEHTAIbHBIE MOJIETHl MPOBOAMWINCH B COOTBETCTBHU C YETKO OIPE/IENCHHON IMOJIETHOU
MHUCCHEH IS TONYYEHHUS CIEIHaJbHBIX OOPTOBBIX 3alHCEH MO COOTBETCTBYIOIIMM KaHAJIOB YIIPaBIICHUS
0ecIUIOTHOrO BO3AYIIHOTO cyAHA. JIaHHBIE MOANIEKAT aHANINU3Y U JeKoaupoBaHUio. CpaBHEHHE peabHBIX
3HAYCHHUH YTIIOBOW CKOPOCTH, MOJYYEHHBIX BO BPEMS IOJIETa B KaHAJIE YIIPaBIEeHU PyJeM HalpaBlIeHUs Ha
M30paHHBIX peXHMax yIpaBiieHUs. Pe3yJbTaThl: MPOBENEHBI SKCIIEPHUMEHTANBHBIE TOJETHl U TMOTydYeHBI
KOHKpETHbIE OOPTOBBIE 3allMCH W3 COOTBETCTBYIONIMX KAaHAJIOB YIPABIEHHUS OECTHMIOTHOTO BO3AYIITHOTO
cynHa. IlomyuyeHpl TMepBUYHBIC JaHHBIC BBIMONHEHHUS MOBOPOTAa OECIHMIIOTHOTO BO3AYIIHOTO CyAHAa B
pexxumax «Pyunoit» wu «llomyaBTOMaTmdeckuit» ¢ ydetroM kodddummeHTa MacmTaOMpOBaHUS
YyBCTBHUTENBHOCTH. Ha OCHOBE 3HaUeHWI pealbHBIX YTIIOBBIX CKOPOCTEH MOCTPOEHA 3aBUCUMOCTH YTIIOBOH
CKOPOCTH OT BPEMEHH C Yy4YeTOM peXHMa YINpaBIeHHs OECHUIOTHOrO BO3AYIIHOTO cyaHa. JlaHHBIE
MOJyYeHbl M3 KYpPCOBOI'O KaHalla YIpaBJeHUS, COOCTBEHHO YIJIOBas CKOPOCTh, NpeoOpa3oBaHHBIE U3
«CBIPBIX» K pPeaJbHBIM 3HAYCHUSIM M TOTOBBI K BepH(UKauu B pa3paOOTaHHOW MaTeMaTHYECKOW MOJEIH.
OO0cy:kneHue: TUCTAaHIMOHHBINA NHJIOT BBHIIIOTHIET MaHEBPHI OoJiee TIIAaBHO B MOIYaBTOMATHYECKOM PEKUME
yOpaBieHHUd, B pe3yJbTare BO3ACHCTBUS 4YacTH aBTOMATHYECKOM CHCTEMbl YNPABICHHS, CHUCTEMBI
CaMOCTOSATEIHHON CTa0MIN3AIMH TTOJI0KEHUS Cy THA.

KiarwueBble cjoBa: aBTOMaTv4YeCKad CHUCTEMa  YIPaBJICHUA, OecnuiIoTHOE BO3AYHIHOC CYOHO,
JUCTaHIIMOHHBIN OWJIOT, 3allMCh JaHHBIX, MaTeMaTHYCCKasA MOJCIIb, MOJICTHBIM KOHTPOJLIEP.
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