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Abstract

The main aim of this research is development of the mathematical model. Developed model will allow
deeper, qualitative and faster selection of the proper values of coefficients that are necessary for optimal and
effective interaction between the human and machine. Methods. In order to develop a mathematical model of
unmanned aerial vehicle control in a single control channel, the classical model of aircraft control was
applied. Comparative analysis of turn execution in manual and semiautomatic control modes of unmanned
aerial vehicle by remote pilot was applied. Results. The mathematical model “Remote pilot — Remote
Control System — Unmanned Aerial Vehicle” under change of unmanned aerial vehicle heading on
horizontal plane was proposed. The model takes into account the remote pilot’s actions during airplane
control, as well as of aircraft maneuverability when it is equipped with radio control and has a flight
controller with several modes of operation. Discussion. The proposed model gives a possibility to analyze
peculiarities of different control modes used for unmanned aerial vehicle operation. Select the proper values
of coefficients that are necessary for optimal and effective interaction between the human and the machine.

Keywords: automatic control system; control device; mathematical model; remote pilot; unmanned aerial
vehicle.

1. Introduction coefficients must allow the remote pilot control the

Today engineering systems can be made compatible ~UAV effectively.

with human characteristics and limitations only by
means of quantitative analysis and experiment. The
behavior of both man and machine can be described
in comparable terms [1]. The use of Unmanned
Aerial Vehicles (UAV) is urgent and has to be
analyzed as interaction of the man and the machine.
During control of UAV on the distance in “semi-
automatic” and “manual” control modes with the
help of the video camera or Combined Flight
Instrument (CFI) the problem of interaction of
remote pilot and UAV arises. Its nature primarily
lies in the difference of human (remote pilot) and
machine properties. In our case, there is the
difference of UAV and interface through which
important data for the remote pilot passes. Modern
flight controllers and means of
receiving/transmitting  commands  allow  fast
adaptation of aircraft to automatics. But a problem
of defining the proper coefficients arises when the

2. Analysis of the latest research and publications

Research on determination of conditions and type of
control during maneuvering of aircraft is presented
in work [2] which shows that when the aircraft is
equipped with automatic control system it performs
the tasks most effectively.

The most important task for a UAV is execution
of the entire flight program in spite of all possible
negative factors. Reference literature on the theory
of automatic control was analyzed [3].

Tasks of UAV control are interconnected with
the problem of interaction between the man and
machine [4]. The latest literature about UAV
application to various tasks under main flight control
modes is analyzed [5].

3. Aim of research

The main aim of this research is development of the
mathematical model that will allow deeper,
qualitative and faster selection of the proper values

Copyright © 2017 National Aviation University
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of coefficients that are necessary for optimal and
effective interaction between the human and
machine.

The UAV has to be directed at the necessary
heading when the remote pilot observes on the screen
the CFI and interacts with the UAV through the
remote control system. The model shows the real
heading of the UAV through CFI at the Route
Turning Point (RTP). Selection of proper values of
coefficients is necessary for optimal and effective
interaction between the human and machine.

4. Research results

The mathematical model “Remote pilot — Remote
Control System — Unmanned Aerial Vehicle” under
change of the UAV heading in horizontal plane was
proposed. The model takes into account the remote
pilot’s actions during airplane control, as well as
aircraft maneuverability that is equipped by radio
control and has a flight controller with several
modes of operation. A statically stable aircraft was
used in the model.

Law of coordinated rudder deflection for UAV is
described by equation:

5 = mj |:tanl(8maxekt(_K coswt—cosincoz)]
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where 5, is the law of rudder deflection; Bp.x is the

maximum possible UAV lateral divergence from
flight direction, that is given at a given distance from
the next RTP (Dgrp) still possible entering of UAV
on routing line (RL) (Bm.x depends on overload,
which have (An,)); V is the UAV speed; K is the
exponential coefficient, the value of which is
advisable to change during flights in the range 0 < K
< 0,1 to provide appropriate control at different
modes of flight: take-off/cruising flight/landing;  is
the angular frequency which is limited by lateral
component (Vz) of aircraft speed and angular
velocity of control surface deflection (® gefics); ¢ 1S
the current time of maneuver execution; m} /m are

derivatives of rudder moment while slide and
deflection of rudder.

Dynamic properties of the remote pilot are
described by non-linear, discrete, nonsteady function
with random variable coefficients. The remote pilot
as a link of the automatic system “Remote pilot —

Remote Control System — UAV” can be presented
with a transfer function [6] as follows:

KOKN(TIP+1) ePT
(T,P +1)(T, P+1)

W,(P) = . O

where K| is the link amplifying coefficient; K y is the
amplifying coefficient that takes into account
neuromuscular reaction of remote pilot; 7) is the
time constant of remote pilot adjustment, as forcing
link of automatic system; 7, is the time constant of
remote pilot inertness; 7y is the time constant of
neuromuscular reaction of remote pilot; t is the time
constant, that characterizes remote pilot reaction
latency on external factors; P is the Laplace
transform.

Ap
e e x &P+ Ky
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Fig. 1. Block diagram of transfer function
implementation.

In Fig. 1, the first element with a transfer
function describes the delay of the remote pilot's
reaction on the difference of CFI readings which is
in front of the eyes of the remote pilot on GCS
display (variant: difference between the desirable
and available heading which is defined visually
when the UAV is controlled “from side”) and the
needed heading on the RTP which is described in the
task.

The second element describes the remote pilot’s
inertance and his attempts to compensate for it with
more energetic actions of UAV control device.

The third element, inertial link of the first order,
describes the muscle influence of the remote pilot on
the UAV control device.

The block diagram of UAV control contour in
UAV targeting process on RTP on inclined surface
is presented in Fig. 2.

Unmanned aerial vehicle movement in horizontal
projection is regarded as the most complex. While
targeting remote pilot has to control UAV in such a
way for condition fulfilled:

A, =0,()-0,, (1) (3)

where
¢, (¢) —sight angle in horizontal plane;

¢,,, (1) —heading angle of marker position;
Ag, () - targeting error (control parameter).
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Fig. 2. Block diagram of UAV control contour
The element of the block diagram that deals
with horizontal projection is described by equation
(4), which links control §, (remote pilot’s reaction
on control parameter) with input signal Ag, :

L,P+L K,
"T,P+1" T, P+l

Input and output signals of the links which
characterize the remote pilot’s reaction latency on
the discrepancy parameter in general is linked by
correlation:

8,(P)=[K0 xe‘”]Atph ()

Z(t)y=KX(t—-1), (5)
where,
Z (t) — output signal of control device of
directional axis;
K = K Ky — remote pilot amplifying coefficient;
K(t—7) = e " parameter that characterizes

remote pilot inertness;
X =A@ — control parameter.

This correlation gives the possibility to consider
the signal latency which comes to remote pilot’s
model input on time (7). Then given signal without
distortions comes to input of the next link.

Taking into account (5) we express (4) in the next
form:

() =aAQ, (1 1)+ a,AQ, (1 —1)—a; X

. (6)
A, (t—1)—a,0,(0)
where,
K, T K T, +T
a, = h1h;a2= h D a = 2 "
T, Ty, T, Ty, T, Ty,
1
a, = 5 (7
T, Ty,
K, =K Ky, (8)

A, (t-1)=¢,(t-1)~0,, (-1 )

For convenience of taking into account of the

remote pilot’s influence on law of control devices

deflection (1) equation (6) takes the following
form:

250)= 4D+ -D-aMB0-00) 0,
a,
AX(1) =K, T, Apt —1) + K, A, (t —1) -
(T3, + Ty, )X A8, (1) -8, (1)
where,

AS,(t) — parameter of UAV control device
position change during the influence of the remote
pilot on UAV control in directional axis.

Conformity of UAV control device deflection
AS,(t) and rudder AJ, () established by selection
of the amplifying coefficients values of control
devices damper UAV (exponential curve, dual-rate

and travel limit) in directional axis and has next
form:

(11)

AS,()=A8,(OK],  (12)

Model conformity in real cycle is established by
the selection of such values of the coefficients at
which the average quadratic deviation of the total
dissipation of optical vision center of the video
camera on ground (total dissipation of aviation
means) of targeting corresponds to the given value.
Initial values of coefficients were taken according to
the recommendations [6, 7] that are equal to the
following values:

K, =3K,=0257T, =LT,=1;  (13)

The values of coefficients are taken from the
radio transmitter Futaba used in the field experiment
[8].

The coefficients were refined in the simulation
process. Data analysis that carried out in work [4]
indicates that the remote pilot’s amplification
coefficient K, influences the established error. With

increasing Kj, we need to increase K ; accordingly

and vice versa.

The value of transfer process significantly is
influenced by coefficient 7, (time constant of
remote pilot’s preparation as the forming link of the
automatic system). This is explained by the fact that
under decreasing 77, the remote pilot compensates
his reaction latency faster on divergence of
positions’ alignment of CFI and the desired UAV
heading.

The wvalue of T, and Ty, in the given
mode A@, (¢) transfers an insignificant influence.

For the lateral channel, there are the following
coefficient values:
Ky,>3,506<T,<15s;

T,<0,8s; Ty<0,08s;t=0,3s. (14)
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These coefficients support the values of the
remote pilot’s model.

While targeting the UAV by ground markers in
horizontal projection, equation (12) with equations
that describe the UAV control model (1) form a
closed system of  differential  equations:
mathematical model “Remote pilot — Remote
Control System — UAV”. Solving the given system
of equations we can obtain the control devices

deflection law considering the remote pilot’s
actions:
— for rudder:
ﬁ B —kt _K _ .
_omy i Buaxe " (—K cosmrf —msin )
o, = 5, [tan [ v +
my ;
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In order to check the developed mathematical
model test flights were conducted on the UAV
airplane type equipped with RC equipment and
flight controller [9]. UAV control modes used
during flights include: manual control mode when
the UAV executes commands directly through radio
channel, flight controller stabilizers are not engaged.

The second control mode was semiautomatic
control mode when all stabilizers were engaged (on
three axes) [10].

The task of test flights was in UAV’s heading
change in horizontal plane from 0° to 24° (from RTP
1 to RTP 2) without the change of flight altitude.

Actually, the UAV reacts on stick deflection
according to linear law. When the remote pilot
switches to semiautomatic control mode, a turn is
executed similarly to exponential law. This indicates
that the stabilization units of the UAV counteract its
turn, i.e. the stabilization units are trying to

immediately return the aircraft to its initial position.
The airplane reacts with inertance on control devices
so the turn itself is delayed. Therefore, the UAV
requires more distance and time to execute a turn.

As follows, to execute a more intensive turn the
manual control mode is more beneficial. It is quite
problematic to change control mode for the remote
pilot (this may increase latency on time parameter
for decision-making process of the UAV remote
pilot). So we can recommend deactivation of the
heading stabilizer while roll and pitch stabilizers are
enabled for semiautomatic control mode in flight
controller.

5. Conclusions

1. It was determined that the remote pilot should
use of manual control mode in rudder channel for
quick UAV setting on the desired heading. At the
same moment, pitch and roll channels should be set
on semi-automatic control mode.

2. Results of mathematical modeling and flight
tests performance show that finding of coefficients
that reflect the law of control surfaces deflection is
an important factor in adjustment process of contour
“Remote pilot — Remote Control System — UAV”.
Incorrect adjustment of channel transfer coefficient,
in particular of the lateral channel, leads to
excess/decrease of desired deflection values. This
significantly complicates the hold of the UAV on
heading and putting of the UAV on the necessary
RTP.

3. To solve problem of modeling of the
interaction of remote pilot and unmanned aerial
vehicle a mathematical model was developed. The
model considers the features of the human-remote
pilot contour and features of machine contour, i.e.
the UAV.

4. The UAV contour takes into account the main
geometrical and dynamical characteristics of the
aircraft: wing area, overload on channel, airspeed,
angular velocity, time for maneuver execution,
derivatives of rudder moment and air density.

5. Contour of the human-remote pilot describes
latency of the remote pilot’s reactions, remote
pilot’s inertance and his attempts to compensate
for this by more energetic actions of the UAV
control devices as well as inertial link of the first
order, i.e. muscular influence of the remote pilot
on the UAV control devices.
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MaremaTH4Ha MOJeJIb KepyBaHHs 0e3MiJI0OTHUM NOBITPAHUM CYJIHOM B OJJHOMY KaHaJIi KepyBaHHSA
HarionansHuii aBianifinuii yaisepcuret, npoci. Kocmonasra Komapoga, 1, Kuie, Ykpaina, 03680
E-mails: 'kharch@nau.edu.ua; * belkaaden@gmail.com;

Meta: ['o0BHa MeTa TOCHIIKEHHS — CTBOPEHHS MaTeMaTHYHOI MOJENI MOJeNb KepyBaHHS OC3MiIOTHUM
MOBITPSTHUM CYJHOM B OJHOMY KaHasl KepyBaHHs. CTBOpEHa MOJENH JTO3BOJIUTEL OUTBII TIIMOOKO, SKICHO 1
MIBUJIIIE MigiOpaTH TMOTPIOHI BEJIUYMHU KOCQIIIEHTIB, HEOOXiTHUX JJIi ONTUMAIBbHOI 1 e(eKTUBHOI
B3aeMOJil JMoMuHM 1 MammHU. Metoam: J[isi CTBOpEHHS MaTeMaTHYHOI MOJEN KepyBaHHS O€3MiJIOTHUM
MOBITPSHUM CYAHOM B OIHOMY KaHalli KepyBaHHsA OyJI0O 3aCTOCOBAHO KJIACHYHY MOJENb KepyBaHHIT
NOBITPSIHUM CYyJHOM. ByJo 3acTocoBaHO TOpIBHSUIBHUE aHalli3 BUKOHAHHS IOBOPOTY OMEpaTOpPOM
0E3MiJIOTHOTO MOBITPSIHOTO CyJHA B PYYHOMY Ta HalliBaBTOMAaTHYHOMY pPEXHMi KepyBaHHs. PedyabraTm:
3anporoHoBaHa MaTeMaTHYHa Mojenb «Omneparop — cHCTeMa JHCTAHIIIMHOTO KepyBaHHS — O€3MiIOTHE
NOBITPSHE CYIHO» i Yac 3MIiHM HANpSAMKY IO Kypcy B TOPH3OHTaNBHIN IUTOmMHI. MoJens BpaxoBye mil
oreparopa IMiJ Yac KepyBaHHsA OE3MiJIOTHUM MOBITPIHUM CYAHOM, MaHEBPEHICTb MOBITPSIHOTO CyJHA
o0NaJHaHUM CHCTEMOIO JUCTAHLIHHOTO KEpyBaHHS Ta IOJBOTHUM KOHTPOJIEPOM i3 MOXIIHBICTIO BUOOPY
JEKUTHKOX PEeXUMIB KepyBaHHSI. OOroBopeHHs1: 3amporioHOBaHa MOJIETh Ja€ MOXUIMBICTE IIPOaHaTi3yBaTH
0cOOMMBOCTI PI3HUX PEXUMIB KEpyBaHHs OC3MUIOTHUM MOBITPSIHUM CYIHOM, SKi 3aCTOCOBYIOTHCS IPH
(yHKUiIOHYBaHHI 0O€3MiIJIOTHOTO MOBITPSHOTO cyAHa. Bubip BinnmoBigHUX Koe(illieHTiB Ha Pi3HUX PEKUMax
KepyBaHHS OC3IIJIOTHUM ITOBITPSHAM CYIHOM JIO3BOJISIE ONTHMAILHO Ta €(hEKTHBHO B3AEMOIIATH JTIOAMHI 3
MAIUHOIO.

KirouoBi cjioBa: aBToMaTHYHa CUCTEMa KepyBaHHS; OE3MIJIOTHE MOBITPSIHE CYJHO; MaTeMaTH4Ha MOZETb;
OIIEpaTop; OpraH KepyBaHHS.
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Hean: I'naBHas wnenp ucciaeqoBaHUS - CO3JaHME MaTeMaTHUECKOW MOJENUM MOJENb YIIPaBJICHUS
OecnIOTHBIM BO3AYIIHBIM CYyJIHOM B OJHOM KaHaye ympasieHus. Co3zJaHHasi MOJIENIb MO3BOJHUT Oolee
riyOOKO, KayecTBEHHO M ObIcTpee MomoOpaTh HY)KHbIE BEIMYMHBI KOA((OHUIMEHTOB, HEOOXOIUMBIX IS
ONTUMANBHON W 3(GEeKTUBHOW B3aUMOJICHCTBHS deJoBeka ¥ MamuHbl. Metoabl: [ cozmaHus
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MaTEeMaTHYECKOW MOJCIM YIPaBIeHUS OCCIUIOTHBIM BO3AYIIHBIM CYJHOM B OJHOM KaHalle YNpaBJICHUS
OBLTO MPUMEHEHO KJIACCUYECKYIO MOJICNb YITPABJICHHUS BO3AYIIIHBIM CYTHOM. BbUT MpHMEHEeH CpaBHUTEIbHBIN
aHaIW3 BBITOJHECHUS TOBOPOTa ONEPATOPOM OCCIWIOTHOTO BO3IYIIHOTO CyJHA B PYYHOM W
MOJIyaBTOMaTHUECKOM peXuMe yrpaBiieHus. Pesyabrathi: [lpeayoskeHHas MaTeMaTHUYecKas MOJCIb
«OnepaTop — cHuCTeMa JUCTAHIIMOHHOTO YIpaBlICHUS — OCCMHIOTHOE BO3IYIIHOE CYAHO» BO BpeMms
W3MEHEHUS HAIIPABJICHHUS 10 KypCY B TOPU3OHTAIBLHON TIOCKOCTU. MOJIeNb yUUTHIBAET JICHCTBUS OrepaTropa
NpY yTpaBlieHHH OSCIMIOTHBIM BO3AYLIHBIM CYJHOM, MAaHEBPEHHOCTh BO3AYIIHOTO CyAHA 000PYIOBAaHHBIM
CUCTEMOU TUCTAHIIMOHHOTO YIPABJICHUS U TIOJICTHBIM KOHTPOJICPOM C BO3MOXHOCTBIO BEIOOPA HECKOJIBKUX
pexxuMoB yrpasieHus. Qocyxnenue: [IpeioskeHHas MOJIeNb MO3BOJSIET MPOAHATU3UPOBATh OCOOCHHOCTH
Pa3INYHbIX PEKUMOB yhpaBJICHUA 6€CHI/IHOTHBIM BO3YLIHBIM CyJHOM, IIPUMCHIACMBIX Inpu
(hyHKIIMOHUPOBAHUM OECIIJIOTHOTO BO3JYIIHOTO CyjaHa. BeIOOp COOTBETCTBYMOMMX KOI(DPHUIIMEHTOB Ha
Pa3IMYHBIX PEXKUMAaX YIPABICHUS OCCHUIOTHBIM BO3AYIIHBIM CYJHOM TMO3BOJISICT ONTUMAIbHO U
3(PEeKTUBHO B3aMMOCHCTBOBATH YETIOBEKY C MAIIMHOM.

KaroueBble ciaoBa: aBTOMaThyeckas CHCTEMa YOPAaBICHHS, OECIHMIOTHOE BO3IYIIHOE CYIHO;
MaTeMaTh4yecKasi MOZIelb; OTIepaTop; OpraH yIpaBICHHUS.
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