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Abstract—The article proposes the algorithm of optimal control of unmanned aerial vehicle group
allowing to set maneuvers of unmanned aerial vehicles, to estimate the coordinates of current position of
unmanned aerial vehicle relative to specified trajectory, and to identify the optimal moments of group
maneuvers. The synthesized algorithm generates the optimal control of motion of current position mark to
the predetermined position taking into account the specified quality criterion, and calculates the optimum
time instant and the phase coordinate of unmanned aerial vehicle group separation.

Index Terms— Compound dynamic system; optimal control; branching path.

I. INTRODUCTION

Currently the unmanned aerial vehicles (UAVs)
are widely used to monitor crisis situations and
obtain on-line data in emergency area.

The UAVs are the most reliable and safe sources
of information for land groups during rescue
operations. The UAVs conduct operational
reconnaissance and detailed survey of the terrain, it
allows defining timely situation and making
decisions to coordinate actions of rescue teams.

To solve such tasks a group application of the
UAVs is promising.

The advantage of using the UAVs group
becomes obvious in tasks where it is possible to
divide a complex task into several particular tasks
performed by separate vehicles, e.g. during
monitoring large areas in a short time; for providing

Ground command post

communication with mobile subscribers for effective
interaction of ground search and rescue services; for
transportation and dropping small-sized loads to a
specified point at the operator’s command, that is
difficult when using single UAVs [5], [6].

At the same time, control of UAVs group is more
complicated than control of a single vehicle [7], [10].

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.

For group control of UAVs, this article proposes
to use a polyergatic system of motion control. The
functioning diagram of polyergatic system of UAVs
group motion control is shown in Fig. 1.
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Fig. 1. The polyergatic system of UAVs group motion control

© National Aviation University, 2018
http://ecs.in.ua



O.1. Lysenko, O.M. Tachinina, L.V, Alekseeva Algorithm of Optimal Control of UAV Group

115

In solving a general task planning of UAVs’
paths is assigned to the operator for such method of
control (Fig. 1).

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.

To solve these tasks the operator needs to have a
special decision-making device that, by performing

the function of "smart prompter", would help him to
set UAV maneuvers, to evaluate the coordinates of
their current location relative to a given path, and to
identify the optimal moments for group maneuvers.
This article covers process of development of the
algorithm for the "smart prompter" of ground
command post’s multifunctional display (MFD).

II. PROBLEM STATEMENT

To develop an algorithm for optimal control of
the motion of the UAV group, it is proposed to use
the theory of branching paths [8]. The concept of
applying this theory for solving the tasks of UAVs
group control is shown in Fig. 2.

Fig. 2. Information view on the operator’s MFD

During algorithm development the following
designations are used: RSP is the starting point of
route; EWP is the enroute waypoint; SP is the point
of separation of UAVs group (Fig. 2); A is the mark
of current position of the group A; (i = 1, 2) — mark
of current position of ith UAV after separation; @ is
the mark of given position of the group or a separate
UAYV; [ is the path of UAV group's movement with
route points, obtained as a result of navigation
calculation; 2 is the actual motion path; 3 is the actual
point of separation of the group; x or x; (i = 1, 2) —
distance between specified and current position of the
group or single UAV.

In order to reproduce physically the flight pattern
of UAVs group, the information (Fig. 2) can be
shown on the MFD, where the operator observes air
situation in emergency area, weather conditions,
monitors for position of cargo dropping target.

Due to the effect of various disturbances, the
current position of the UAVs group or single UAVs
differs from the specified one.

The “smart prompter” algorithm produces
optimal control of the current position mark to
specified position according to given quality
criterion and calculates the optimal time and phase
coordinate of the group separation.

The command values of optimal control and time
of separation are directed in the UAV’s airborne
control system for processing. The evolution of the
current position mark on the MFD near the program
path is usually described by deterministic or
stochastic linear differential equations [2].

Note that the metric of space in which the task is
solved is used as x or x; (i = 1, 2).

The possibility of representing the UAV group
with a single mark on the MFD along the path
between RSP points and 3 is explained by the fact
that the geometric dimensions of the UAV are less in
several orders of magnitude than the distance they
move, therefore this assumption is correct for the
optimization of branching paths [6].
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III. PROBLEM SOLUTION

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 [3], [4]:

X =, aqx(t) +, bqu(t) , (1)

q

where x(r) € E', u(r) € E', ¢ are indices of

path sections along which the UAVs are moving, 1
is the section of joint motion of the UAVs
group (¢ =1,11,12); 11, 12 are sections of motion

of detached UAVs after separation. The diagram of
the branching path is shown in Fig. 3.
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Fig. 3. The diagram of branching path.

The operator needs to specify the coordinate of
start point ,%(7,) of the UAV group's joint motion,
time 7, and coordinate of the UAV group separation
point ,%(#), in order the UAV “11” reaches the

point with coordinate | x(#,,) =4 in # = 6 s after

start of the joint movement and subsequent
separation and the UAV “12” reaches point
LX(,)=0692 after ¢, =4 s, where the

coordinates are measured in conventional distance
units, minimizing the criterion

f 2 +
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where ]F: 03, ]]F: 01, ]2F: 02, ]Q = 2, ]]Q = 1,
pO=1R=2;1R=1; ,R=1.

To solve task (1), (2), where it is assumed that
a = —25, na = —1, na = — 15, ]b = 1, ]]b = 05,
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

L) =— R b P(1),%(t)

=1,4q"=0,g=1112, g" = )
te[lqmtq](q_ aq - ’q_ :1 :q _l)a

where  P(t) is the solution of the differential
equation
) =— Pt),a—, aTqP(t)
P(t)bR' D" P @
+q (t)q a9 q (t) T 0,
for the corresponding boundary conditions
)=, F(qg=1112), ,P(t) )
=1 F =4y, P(t)) 41, P(1) (g =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 g =1 when the boundary value for auxiliary

variable P(t) is calculated taking into account the
P(t) and P(t) at
the left end of branches “1-11” and “1-12" at # = ¢,

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:

0=, x(zq)ch[\/g (t,~ 1) +<pq]ch*1 0, (6)

PO =, R{,a —i—\/gth[\/g(tq —t)—l—(pq}}qbﬂ’

te[tq* :tq] (q :laq* :0,q:11,12,q* :1),

values of the auxiliary variables

(7

where ¢,; = arth

b

1
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8,=,0,b R +,da (j=12),
(O} —arth{[—]a—i—] b*(,, P(1y) +5 P(E) + F)]sl 2},

5, =0, R+ a’.

The time #, of separation of the UAV group is
found from the condition | X(,)=,%). Then,
substituting 7, in the expressions for 7,, we calculate
the coordinates of separation point and further,
assuming in expression (6) that # = ¢ =0 at ¢ =1,

we find | x(%,) .
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As a result of the calculations, we
get, x(4,)=1.17, {,=1,094 s, ,x(#)=1.59. Figure 4
shows the graphs of joint and separate movement of
the UAV.

The scientific novelty of the proposed algorithm

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

lies in the fact that a branching path is considered as ~ PTOCCSS¢S.
1 X
L ()
P R 12
nx(,)
4L

4 6 t

Fig. 4. Graphs of joint and separate movement of the UAV

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.

IV. CONCLUSIONS

The article proposes the algorithm of "smart
prompter", which allows setting the UAV’s
maneuvers; evaluation the coordinates of the UAV’s
current position relative to the specified path; and
identification the optimal moments for group
maneuvers.

The synthesized algorithm produces the optimal,
as regards of a specified quality criterion, control of
the movement of the current position mark to a
specified position and calculates the optimal time
and phase coordinate of the UAV group separation.

The conducted research showed that the obtained
algorithm does not apply fundamental limitations on
the possibility of its realization.
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O. L. JIncenko, O. M. Taunnina, 1. B. AnexceeBa. AJIropuT™M ONTHMAJIBHOI0 KepyBaHHS IPyNo0 0e3miJIOTHUX
JiTAJTBHUX anapartiB

VY crarTi 3a1pONOHOBAHO &JITOPUTM ONTUMAJIBHOI'O KEPYBAHHS IPYIOK0 OE3IMIOTHHX JIITAJbHUX alaparis, 10 JT03BOJISIE
3a/1aBaTH MaHEBpPHU OE3ITIIOTHHUX JIITAIBHUX alapariB, OLIHIOBATH KOOPAMHATH ITOTOYHOTO ITOJIOEHHs Oe3ITIOTHOTrO
JITaJbHOIO amapara MIO/I0 3a/aHOI TPAEKTOpil, 1AEHTU(IKYBATH ONTUMaJbHI MOMEHTH 4Yacy BUKOHAHHS TPYHOBUX
MaHeBpiB. CHHTE30BaHUIl allrOPUTM BHPOOJISiE ONTUMAJIbHE, 3 YpaXyBaHHIM 33J1aHOTO KPUTEPIl0 SKOCTi, KepyBaHHS
PYXOM MITKH HOTOYHOI'O MOJIOXKEHHS JIO0 33JJaHOMY ITOJIOXKEHHIO 1 PO3paxoBye ONTUMAaIbHUN MOMEHT 4acy i (azoBy
KOOPAWHATY MOALTY TPYIU OC3MIJIOTHHX JIiTATBHUX amapaTiB.

Koarou4ogi ciioBa: ontumisaris; AWHaMi4Ha CUCTEMa; PO3TAY)KEHI TPAEKTOpii; ONTUMAalIbHA TPAEKTOPISL.
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A. N. JIvicenko, E. H. Tauunmna, U. B. AsekceeBa. AJIropuTM ONTHMAJLHOIO YIPAaBJEHUS TIPyNIoii
0eCIMIOTHBIX JIeTaTeJbHBIX ANNAPATOB

B craTbe mpeanioxkeH ajJropuT™ yIpaBiIeHHs TPYIIIOH OECITMIIOTHBIX JIETATENBHBIX anmapaToB, TO3BOJISIONINK 3a/1aBaTh
MaHEBpbl OECHHMJIOTHBIX JIETATENbHBIX AaNlapaToB, OLEHHWBATH KOOPJHMHATHI TEKYIIEro MOJOKEHHs OECIUIOTHOTrO
JIETATEIBHOrO alapaTa OTHOCHTEIHHO 3aJaHHOW TPACKTOPUH, MICHTU(GUIIMPOBATH ONTHMalIbHbIE MOMEHTHI BpPEMEHH
BBINOJHEHHS TPYMIIOBBIX MaHeBpoB. CHHTE3MPOBAHHBIN ANTOPUTM BBIPA0ATHIBAET ONTUMAIIBLHOE, C YIETOM 3aaHHOT'O
KpUTEpHs KauecTBa, YIPABJICHUE IBIKEHUEM METKH TEKYILEro MOJO0XKEHUS K 3aJaHHOMY IOJIOKEHHUIO U PACCUUTHIBAET
OINITUMAaJbHBIA MOMEHT BpeMeHH U (ha30BYI0 KOOPAWHATY pa3JIeJIeHUs TPYIIBI OECITMIOTHBIX JIETaTeNbHBIX armapaToB.
KirodeBbie cjioBa: onTUMU3alus; AMHAMUYECKas CUCTEMa; BETBSIIMECS TPAeKTOPHH; ONTUMAaJIbHAs TPAEKTOPHSL.
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