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Abstract

Purpose: The purpose of this article is to present the algorithms of control of unmanned aerial vehicles (UAVs) as part
of the information robot. Methods: The article considers the method of the theory of optimal control of dynamic systems,
which was used to stabilize the UAV on a given trajectory, taking into account a possible change in the purpose of the
movement. Results: The first algorithm allows: to estimate the coordinates of the UAVs current position relative to a
given trajectory; to develop the optimal control of the UAVs movement to a specified position taking into account a
predetermined quality criterion; as well to identify the optimal points in time for the UAVs group maneuvering. The
second one allows to stabilize the UAVs on a given trajectory, taking into account the possible change of the target
movement at each time point on a selected interval, and to calculate the optimal time point and phase coordinate of the
UAVs group separation. Discussion: The proposed algorithms will allows, depending on the course of events, to promptly
optimize the UAVs trajectories and redirect them to the required emergency zone in order to obtain accurate operational
data about the victims, as well as to coordinate the actions of rescue teams.

Keywords: unmanned aerial vehicles; optimal control; branching path

1. Introduction received from the sensors, and retransmitting the
received data in real time to the control center.

At the same time, control of UAVs as part of the
information robot is more complicated than control of
a single vehicle [3, 4, 7, 8]. This is due to the fact that
in addition to control of flight and actions of vehicle
itself, it is necessary to provide a certain relationship
and consistency of its actions with other participants
of the group, taking into account the group task [5].
For group control of UAVs, this article proposes to
use a polyergatic system of motion control [9]. In
solving a general task planning of UAVSs’ paths is

Currently, the problems of preventing and eliminating
emergency situations (ES) of natural and man-made
nature are becoming more acute and urgent. The
current trend in the use of unmanned aircraft systems
for emergency prevention, liquidation of
consequences of natural, man-made, environmental
disasters indicates the increasing role of robotic
aircraft systems of various types and purposes.

One of the promising areas of development of
robotic aviation systems designed to liquidate the
consequences of emergency situations, as well as to

provide information and telecommunication support
for search and rescue operations is creation of an
information robot (IR) based on the UAVs.

IR is a compound dynamic system (CDS) [10],
which elements are: basic UAV (UAV carrier); a
group of (possibly different) UAVs (flying drones).
All elements of IR equipped with multi-sensors, and
exchange information with each other through the
common information and telecommunication
network. The base UAV is used as an air platform for
delivery and initial deployment of drones in the area
under study; for collecting, accumulating,
preliminary processing of operational information

assigned to the operator for such method of control.

The operator should solve a navigation task, i.e.
assign a program path for the UAVs group, phase
coordinate of group separation, time period when
separation is allowed. However, in addition to a
navigational task, there is the task of retaining
(stabilizing) the group and single UAVs on the
program path of motion and assigning the most
favorable time for separation within a specified time
interval.

2. Analysis of the research and publications

The efficiency of using the IR will depend on spatial
coordinates and time instants when the structural
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transformations occur, as well controlling IR’s
components as they move along the path branches in
time intervals between sequential structural
transformations.

The paths of such CDS in the modern scientific
literature have been called ‘branching paths’,
knowing that they consist of sections of joint
movement of constituent parts and segments of its
individual movement to the target along separate path
branches.

The prototypes in theory of such systems are
systems considered in the publications of Bryson E.,
Ho Y. [1], Aschepkov L. T. [2], Sage A.P.,
White Ch.C. [11] and others.

3. Problem statement

However, all these publications were of a theoretical
nature and did not contain detailed study, which
would provide to design a computer-aided technology
of optimal branching path automated synthesis and
optimal control of CDS for each specific case.

Therefore, the scientific problem, related to
improvement and development of methods of
designing branching paths that would allow to solve
on a real time basis the tasks of CDS’ definition
optimal paths of this type, is actual.

Moreover, there is still the task of adjusting the
program trajectory of UAV traffic taking into account
the changing operational situation in the emergency
zone [5]. This article is devoted to the development of
an algorithms that allow to stabilize UAV on a given
trajectory of motion with allowance for possible
retargeting at any given time in a given interval.

4. Problem Solution

4.1. Algorithm 1. Algorithm of stabilization of
UAYV on a given trajectory

It is assumed that the UAV group consists of two
vehicles, the navigational task has been solved and the
linear deterministic model of motion of the mark of
current UAV position relative to the specified position
is considered [1, 11]:

q X =q 8gX(t) +¢ byu(t), €))

where 0|X('[) c€E!, qu(t) €E!, q— indices of path

sections along which the UAVs are moving,
I-section of joint motion of the UAVs group
(g=1,11,12) ; 11, 12 - sections of motion of detached

UAVs after separation. The diagram of the branching
path is shown in Fig. 1.
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Fig. 1. The diagram of branching path

The operator needs to specify the coordinate of start
point | X(f,) of the UAV group's joint motion, time f;
and coordinate of the UAV group separation point
1 X()), in order the UAV «11» reaches the point with
coordinate |, X(t;;) =4 in t;; =6 sec after start of the
joint movement and subsequent separation and the
UAYV «12» reaches point |, X(t;,) = 6,92 after t,, =4

sec, where the coordinates are measured in conventional
distance units, minimizing the criterion [2]

]
1
1= )+ [ Qo m + Rum)]dt +
o 2)
2 bj
+Y 1] Flsz(tlj)+f [lelsz(t)+llejuz(t)]dt ,
j=t to
where F=0.3; 1F=0.1; 1,F=0.2; 1Q=2; 1Q=1;
12Q:1; 1R:2;11R:1; 12R:1.

To solve task (1), (2), where it is assumed that ;a= —
2,5; na=-1; pa=-1,5; 1b=1; 11b=0,5; 1,b=0,5, we use
Bellman's principle of optimality [1].

On the assumption of (1) - (2), the expression for
optimal control value will have the form

~ 1 WT "
JU=—qRp" P, R(),

where te[tq*,tq] (q=1Lq =0;0=1112;q =1),

)

P(t) — solution of the differential equation
T
PO=—4PM)a—qa (P(t)+
+qP()ybR' 0" P —, Q
for the corresponding boundary conditions:
Pty =, Fla=1112),
P(t) =, F+,, P(t)+, P(t)(@=1).
The main difference between the proposed
algorithm for the optimal control calculating (3) - (5)

from the known one is in the boundary condition (5)
for q=1 when the boundary value for auxiliary

q

4)

)

variable |P(t;) is calculated taking into account the
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values of the auxiliary variables |, P(t) and ,P(t) at
the left end of branches «1-11» n «1-12» at t =1t

Using expressions (3)-(5) for the scalar problem
(1)-(2), we obtain the following analytical
expressions for calculating the phase coordinates and
auxiliary variables included in the expression for
optimal control calculating:

aX=q X(t) |34 (ty 1) +94Tch "o, (6)

PO =4 R{ga+ [ thlf5, (t, —)+9q1} -4 b2, (D)

where e[t .t ](@=1q =0;0=1112q =1),
1

(Pij :arth (_1ja+1jb21jF ljR_l)Sljz ,

8j=1;Q 1j0* R ;8" j=(1.2),

1
o = arth|(— a+ b7(, P(6) + 1,P(E) + F )3, 7.

The time f; of separation of the UAV group is
found from the condition | X(f)=;, X(f,). Then,

substituting f; in the expressions for f;, we calculate
the coordinates of separation point and further,
assuming in expression (6) that t=t, =0 at q=1,
we find | X(fy) . As a result of the calculations, we get
X&) =117, £ =1,094 sec, x(f)=1,59.

Fig. 2 shows the graphs of joint and separate
movement of the UAV.
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Fig. 2. Graphs of joint and separate movement of the UAV

The scientific novelty of the proposed algorithm
lies in the fact that a branching path is considered as
a model of UAVs group motion in the ergatic control
system for the first time. Holding (stabilization) on
this branching path is carried out by a criterion
minimizing total energy expenditures and allowing to
improve quality of transient processes.

Until now the task of holding a group of UAVs on
a branching path was solved without considering the
branching effect. The article for the first time
proposes the algorithm how to take into account the
branching effect in the task of UAVs group
stabilization (holding). In this case, the time instants
and coordinates for breaking-up of UAVs group are
optimally selected.

4.2. Algorithm 2. Algorithm of stabilization of
UAV on a given trajectory of motion with
allowance for possible retargeting

The physical meaning of the problem is as follows.
During the search operation in the emergency zone,
the dispatcher can receive information about several
possible areas of stay for objects that require prompt
assistance. If the implementation of a search
operation in the areas of possible stay of objects
consecutive to guide the UAV and each of these
areas, it could lead to an increase in the search
operation time and negative consequences.
Therefore, it is advisable to choose one of the zones
(for example, the most probable one based on the



16 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2020. N2(83): 13-19

primary signs) and send the UAYV to it, but at the same
time consider the possibility of its retargeting upon
receipt of operational information about the stay of
the object in another zone.

The dynamics of the movement of the marker of
the current position of the UAV relative to the
trajectory specified by the dispatcher and directed to
the target, originally chosen as the true one, is
described by a linear scalar equation [8, 9].

X=ax(t) +au(t), (8)
telty, t ]ty =const, t =var, X(t)) = X, X(t;) = Xs,
where X,, X; —is a known quantities.

A similar equation, but with different values of the
coefficients, describes the dynamics of the movement
of the marker of the current position of the UAV
relative to its possible trajectory to the second target:

x°(m) = bx’(m) +pu’ (m), 9)
nelnte], teft’, t"1Cty, t; ], T=const,

tf = var, x’(1) = x(1), X’(tf) = Xy,

where X, —is a known value or function of 7.

It is required to optimize the process of
stabilization of the UAV on the primary chosen
trajectory so that the criterion

ty

I:fyu2dt—>

to

min
u(t)tefto.te .
u® () nef . t]

(10)

reached a minimum value under the condition that
inequality:

t‘C

K

|0:f(pu02dn—> A <0, A>0,A=A(1).(11)

According to [1, 11], the optimal control, which
delivers the minimum of the Hamiltonian

H (x,u,A,t) = yu® +A(ax + au), (12)
is calculated by the formula:
a
u(t) = ——M, 13)
2y
where A(t) satisfies the equations:
Mty =—ak(), tety, t 1\, 1] (14)

t' t
M) =At)+a f At)dt 4+ f X(ndv(r),teft, t”], (15)
t t

t
¢+ [dv(m)-1,6>0,dv(1)> 0, dv()1* =0.
t

According to (15), to calculate A(t) in the interval
[t.t"] it is necessary to know ko(r), t1€[t’,t"]. For

calculation A°(t) it is necessary to find the optimal

trajectory described by equation (9).
As aresult of solving the system of equations

£° () = bR’ (m) +BA° (n);
» () =-bXm),nelr, 1],
where G°(m) =—B(2¢)"'’(n), n€[1, 1], —is the

control minimizing the Hamiltonian
HO(x%u?, 2%, m) = ou® +2°(bx® +pu’), we obtain

(16)

ko(n) =0, exp[—b(n - r)], (17)

22 (n) —zliT(cho exp[—b(n—t)]+ Ciy exp[b(n —1:)}. (18)

Considering that
£0(1)=R(v), teft, t"] (xp) = X,
HO R (2, u’ (1), A (15 ), (1)) = 0,

we write the system of three equations

2

—¢, +c, =X(1),
Zb(p Ao Xo ()

%Cxo exp[—b(tﬁ —r)]—l—CXO exp[b(rﬁ —t)] = Xy, (19)

€, G0 =0,

with three unknowns ¢, ,c, and 1, from which we

c
X0
find ¢, as a function of X(t) and <. It follows from

(17) that X(1) =¢, (X(1), 7).

Substituting A’ (1) = Gy, (X(1), 7). into equation
(15), and solving it together with the equation for
)A((t) , we find the optimal trajectory and control of the
system (8) in the time interval. [t't"]. Outside the
interval [t',t"] equation (1) should be solved together
with equations (13), (14).

Let a=1, a=2, y=1, b=15, B=15, ¢o=1,
t, =0, X(t,)=8, X;=0,2415, X, =0,2231, t'=0,5,

t"=2,5, A=2¢b/p*[y*(t)— X2, te[t’, 1],
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where
y(t) = 0,0347 exp[2(t—t')]+ 7,7434exp[~2(T—1')].

Then we obtain that {=0,8721, dv(t)=p(t)dr,
w(t)=0at tet,t'\[t;,t,]. and p(t)=0,4905 at
telt,t,], t,=1,3166, t, =1,5773.

Herewith, the optimal trajectory of the system (8)
consists of three sections (Fig. 3):

R (t) = 8,1313exp(—t) — 0,1313exp(t), t[t,, t,1;

2 (t) = y(t), telt, t,];
() =1,197exp(t, —t), te[t,, t;],
where t; =3,1780, each of which corresponds to the
optimal control.
aD(t) =8,1313exp(~t), telty, t];
G (t) =11,6151exp[—2(t —t')]—0,1735exp[2(t —t)],
telt,t,];

44 () =1,197exp(t, —t), telty, t;].
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Fig. 3. Graphs of the optimal trajectory with an alternative

In the time interval [t,,t,] the motion of the
system occurs by restriction because

1% =2¢b/B*[R*(t) - y* ()] =0.

The optimal value of the time of arrival of the
system (9) to the point X, is calculated by the
formula:

1 =1/bIn[X(t)/ X\ ]+ 1= 0,6666In k(1) +T+1,
Teft,t].

The optimal value of the criterion (10) I = 32,1025
which is somewhat larger than the value I =31,9708
of the same criterion, calculated on the condition that
the system (8) goes from point x(t,) to point x(t;)
along the trajectory X(t) (8) without taking into
account the constraint (11).

However, the point x(t;) is reached in this case in
time t =3,5>f;; and with violation of constraint
(11) in the interval [t',,t",], where t', =1, t", =2.

We consider a simplified solution of the problem,

when the motion of the system (1) in the time
intervals [t,,t',] and [t",,t;] occurs along a trajectory

constructed without allowance for the constraint, and
in the interval [t',,t",] to limit.
Then the criterion (10) has the meaning
1 =32,3338 > 1. Ratio (I-1)/(1-1)=2,756 shows
that the use of necessary conditions for the optimality
of a trajectory with an alternative makes it possible to
almost in 3 times reduce the deterioration of the
criterion (10) that would arise in the case of motion
of the system (8) along the trajectory of the simplified
version of the solution of the problem. The numerucal
values are specified in relative units.
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5. Conclusions

In the article is proposed the algorithms of
stabilization of an unmanned aerial vehicle on a given
trajectory of motion, which allows to estimate the
coordinates of the current position of the UAV
relative to a given trajectory and to identify the
optimal moments for the execution of UAV
maneuvers.

The synthesized algorithms generate the optimal
control of the movement of the marker of the current
position of the UAV to the given position with
allowance for possible retargeting at each instant in a
given interval with the given quality criterion.

The conducted researches showed that the
received algorithms do not impose fundamental
limitations on the possibility of its realization.
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AJIropuT™MH KepyBaHHs iHpopmaniiiHum po6oTom Ha 0a3i 0e3MVIOTHUX JiTAJbHUX anapaTiB
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Meta: MeToro [aHOi CTaTTi € BUKJIAJCHHS aNTOPUTMIB KepyBaHHS O€3MUIOTHUMHM JIiTATBHUMHU anapaTaMu
(BILJIA) y ckmani indopmariitHoro podora. MeToau: Y CTaTTi PO3TIITHYTO METOJ TEOpPil ONTHMAaILHOTO
KEepyBaHHS TUHAMIYHUMHU CUCTEMaMH, KU 3acTocoByBaBcs Ais crabimizanii BITJIA Ha 3amaHniii TpaekTopii
PYXY, 3 ypaxyBaHHSAM MOXIHUBOI 3MiHU Limi pyxy. Pesyabraru: [lepmmii anroput™ H03BOJISE OLIHIOBATH
KoopauHatu motoyHoro mnonoxeHHs bBIIJIA mono 3amaHoi TpaekTopii, BHUPOONATH ONTHUMAaJbHE, 3
ypaxyBaHHSIM 33JJaHOTO KPUTEPItO SKOCTi, kKepyBaHHs pyxom BITJIA 1o 3amanoi i, a TakoXK iJeHTU(IKyBaTH
ONTHUMaJbHI MOMEHTH 4Yacy BUKOHaHHs rpymnoBux wmaHeBpiB BIUJIA. [lpyruii anroput™ H03BOIISIE
crabinizyBatu BIIJIA Ha 3amaHiii TpaekTOpii, 3 ypaxyBaHHSIM MOJIMBOI 3MiHHU I[iTi PyXy B KO)KEH MOMEHT
gacy Ha 3aJlaHOMYy IHTEpBaNi, a TAaKOX PO3paxyBaTH ONTHMAIBHHA MOMEHT 4Yacy i ()a30By KOOPAHWHATY
posninenss rpynu BITJIA. O6roBopenHs: 3anponoHOBaHi aJrOPUTMHU JO3BOJISATE B 3AJIE)KHOCTI BiJl PO3BUTKY
HaJ3BUYAHHO CHTyallii omnepaTuBHO onTuMidyBatn Tpaekrtopii pyxy BIUIA 1 3gilicroBatm  ix
TIepeHAITUTIOBAaHHS B HEOOXiTHY 30HY HaI3BUYAMHOI CUTYAITii I OTpUMAaHHS TOYHOI orepaTUBHOT iH(opMarrii
PO MOTEPIIJIHNX, & TAKOX JJISI KOOPAHUHALIT Jii pSITyBalbHUX KOMaH].

KuarouoBi ciioBa: 0e3MMiIOTHI JTiTabHI arapaTv, ONTUMAIBHE KEPYyBaHHS, PO3TATYKEeHA TPAEKTOPIs

E.H. Taunnuuna' A. M Jlbicenko’.

AJITOPUTMBI yIIPpaBJIeHUs] HH(POPMALMOHHBLIM PO00TOM HA 0a3e 0eCIUJIOTHBIX JIETATEJIbLHbIX
anmaparTos

! HanmonaneHsIi aBualMoHHBIH yHHBepcuTeT, npoc. Jlio6omupa I'y3apa, 1, Kues, Ykpauna, 03058

2 Haumonanbabiit TeXHHUECKHT Yuusepcuret Ykpaunsl «KI11» um. U. Cukopckoro, mp. [Tobdenst, 37,
Kues, Ykpauna, 03056

E-mails: 'tachinina5@gmail.com; “lysenko.a.i.1952@gmail.com

Heus: Llenpro qaHHON CTATHH SBISETCS U3I0KEHHE AITOPUTMOB YIIPABJICHHUS OCCIIMIOTHBIMH JIETaTENbHBIMU
anmapatamu (BI1JIA) B cocraBe nH(pOpMannorHOTO podoTa. MeToabl: B cTarbe paccCMOTPEH METOXl TEOpUHU
ONITUMAJIbHOTO YNPABICHUSA AWHAMUYECKHMH CUCTEMaMHM, KOTOPBIN IpuMeHsuics i crabunu3anuu BITJIA
Ha 3aJJaHHON TPaeKTOPUHU JABIKEHHS, C YIETOM BO3MOXHOTO M3MEHEHHs IIeNH JABIKEHUS. Pe3yjbTaThl:
[lepBBlil anropuT™M NO3BOJSET OIEHMBATH KOOPAMHATHI Tekyuiero mnosoxkeHus BIIJIA oTHocuTensHO
3aJaHHOW TPAaeKTOPHH, BEIpabaThIBaTh ONTHUMAIBHOE, C YUETOM 33JaHHOTO KPUTEPHUs KayecTBa, YIIPAaBICHUE
nemxenneM BITJIA x 3amaHHOW e, a TakkKe HACHTU(QUIMPOBATH ONTHMAJIbHBIE MOMEHTHI BPEMEHU
BBHIMOJIHEHUsT TpynmnoBeix MaHeBpoB BIIJIA. Bropoii amroputm mo3Bonsier crabunusupoBarbs BIIJIA Ha
33JJaHHON TPAeKTOPHUH, C YUYETOM BO3MOXKHOIO U3MEHEHHA LIEJIN ABMIKEHUS B Ka)KIbli MOMEHT BPEMEHH Ha
3aJaHHOM MHTEpBale, a TAKXE pPACCUUTATh ONTUMAIbHBII MOMEHT BpeMEHH M (ha30BYIO0 KOOpAMHATY
pasnmenenus rpynnsl BIUIA. O6cyxnenue: I[lpemioxeHHBIE aaTOPUTMBlI IO3BOJISIT B 3aBUCHMOCTH OT
Pa3BUTUSl 4YpE3BBIYAHO CHUTyallUd OIEpPaTHBHO ONTHMHU3HMPOBAaTh Tpaekropun gAswkeHus bBIIJIA u
OCYIIECTBIATh UX IIEpEHAlCIMBAaHUE B TPeOyeMy0 30HY Ype3BbIYaifHON CUTyallMH IJIS IOJIy4eHHs TOYHOH
OTepaTUBHOM MH(POPMALIMK O TOTEPIEBIINX, a TAKXKE I KOOPIAWHAIINH JeHCTBUN crlacaTeIbHBIX KOMaH/I.
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