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Summary

The article is devoted to the devel opment of technical possibilities for organizing the energy sup-
ply of UAVs. Through the Controlled blocks of the optical system, an issue aimed at identifying
and solving possible problems that will occur in the process of power supply of drones due to alter-
native energy sources and ground-related power sources distributed in different areas was develop-
ped. Taking into account the possibilities of power supply distribution and attenuation in the areas
where power sources are located, the possibilities of application of UAV s for control of the research
object at a stable flight height have been studied and solved. A study of the limiting conditions and
threshold values required for the power of signals received from afood sourceis presented.
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1. Introduction

At present, the methods of powering UAV's or drones have expanded somewhat and include, in
addition to conventional fuel and electric batteries, also energy-saturated laser beams. At the same
time, according to [1], the supply of drones in the air with energy can aso be carried out using
concentrated radio emission at a frequency of 5.8 GHz. For this purpose, drones must be equipped
with an antenna and appropriate rectifiers.

According to [2], the efficiency of the laser method of supplying energy to drones largely
depends on the correct distribution of the transferred energy between the power unit and command
and control units. In this case, the optimization criterion can be the achievement of the maximum
flight time.

Asnoted in [3], the method of supplying drones with energy using alaser beam can be applied in
smart city projects, where both high-atitude and low-flying drones are used. At the same time,
while high-altitude drones are powered by solar panels, low-flying drones are supplied with energy
using laser beams. The effectiveness of such combined power is achieved by optimizing the joint
flight of a group of drones at different heights. According to [4], the issues of optimizing the
operation of drones powered by a laser beam cannot be reduced to setting convex optimization
problems, and the solution to these issues involves taking into account the drone’s flight path. As
noted in [5], the efficiency of energy delivery to drones by a laser beam largely depends on the
degree of focusing of the beam, and the selection of the location of ground recharge stations in the
form of the Internet of Things (IOT). It is indicated that the efficiency of the laser method of
powering drones can be higher compared to other methods of power supply.

It is noted in [6] that, to drones, a laser beam can perform both the function of guiding and
energy delivery. In this case, the power of the laser beam and the photodetector unit must be
matched to avoid time losses during recharging.

As noted in [7], the transmission of several kilowatts over distances of several kilometers has
already been achieved by the method of laser energy delivery. At the same time, the possibilities of
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further optimization of energy transfer using a laser beam are far from being exhausted. This article
discusses the possibilities of optimizing the energy transfer of laser beams to drones, taking into
account the impact of atmospheric factors. In two versions: (a) laser feeding of drones from the base
station; (b) combined use of laser power and solar panels.

2. Suggested method

2.1. Powering adroneusing a laser

According to [8], the power of the laser beam at the input of the photo- receiving node of the
drone is defined as

3440 exp (—sL)

'Pz':'z = _,TL:%::{.-_;_- (1)

where: P istheinitial power of the laser beam; L is the distance between the laser beam source
and the drone; =-is the attenuation coefficient of the laser beam due to absorption and scattering;
g *-is the expansion index of the laser beam due to factors such as diffraction, turbulence, thermal
effects, etc.; 5- is the area of the photodetector.As shown in [8], o does not depend on the initial
beam power P and for the further analysis carried out at afixed wavelength, expression (1) at

S=const can be represented as
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3,44-%
where: £ = —- = canst.
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It is evident that the beam attenuation factor € is not a constant value in the conditions of an
actual drone flight. The drone can fly in areas of clean or polluted atmospheres. In this case, the
indicator £ will be determined by the degree of atmospheric pollution in the zone where laser energy
delivery is supposed. Therefore, it is possible to formulate the problem of the optimal choice of the
flight zone, where ¢ will optimally depend on some arguments.

The optimization problem is formulated as follows. how to optimally choose the area for feeding
drones with energy in flight, if it is possible to vary the values of P and L. by selecting the
appropriate feeding station from a plurality of such stations, united in a distributed network.

Let us assume that the zones of possible laser feeding on the plane (x, y) are combined into a
distributed network of laser feeding stations for a group of UAVsflying at different heights (Fig.1).
The operation zones of the recharge stations are shown as a set of rectangles with equal dimensions
(Ax, Ay, Az). Each of these rectangles denotes a limited space characterized by the attenuation
coefficient of the laser beam ¢;, ¢; 1, j — 1,1 ¢; #= ;5 i = .
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Fig. 1. A distributed network of laser feeding stationsfor a group of UAVsflying at different altitudes.
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The laser feed network serves a set of UAV's, denoted as elements of the set {;}. At the sametime,
thei- thedrone (k;) lies at aheight h; where h,,,... < Az. When entering the laser recharge zone, the
flight altitude does not change. To recharge the drone &, enters the rectangle numbered | without
changing the flight altitude and being strictly perpendicular above the feeding laser d; receives at
the input of its photodetector the power determined by analogy with (2) in the form

cPiexp(—sk;)
p!u! = T (3)

If we require that all drones receive the same power equal to c,, we get

Pg — G._-hl--ﬂ-:'PLEh[:'. (4)
Next, we introduce the function
== z(h), (5
i.e., the drone at height h must be fed in the area where the beam attenuation coefficient is given
by (5).

It can be required that the total power X, P, be limited to c,, i.e.

(R exp (sl ki)
n Fa XplE gl __
i=1 - = Co- (6)

We are also interested in the sum-proposed indicator of the network performance, which
characterizes the marginal conditions for carrying out recharge for given h;.
a =3 e(h). ™
Passing to the continuous notation (6), we express as
fnhmnx £, -h-exp [s(h)-hldh _ - (8)

Expression (7) is expressed as )
a = [I™ ¢(h)dh. (9)
Based on (8) and (9), we compose a variational optimization problem for calculating (h) ...
The variational optimization functional F of the type of the neoclassical Lagrange problem is
composed in the form

F= J}hman[h)dh —.-1 [Iﬁhmnx GL-hi.Exp[sl:h:-h]n!h _ Cl}]. (10)

C

According to the Euler method, the solution to the optimization problem (10) must satisfy the
condition

d{é_l:h:I_J.-r-_-?!:-st::p[aih'-h:} .
ds(h) - v (11)
From (11) we get
1— .»'.-c-_-h‘-e:_:n[s(m-h] —0. (12)
From (12) we get
expl[e(h) - h] =M:_h3 (13)
or 7
e(k) — ﬁ lnﬁ. (14

Taking into account (14) and (8), we calculate A.
We have

f;max gh” _« dh = €y (15)
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From (15) we get
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?"'nnx 1 —_
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From (16) we get
1 Romas it
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Taking into account (14) and (17), we obtain

e(h) = i lnTT-:;?ﬂ;. (17)
ek, -

Therefore, if thereisarestriction of type (8) on the total power of the lasers used, and aso under the
condition that the altitude of flights fed by the laser is unchanged, subject to condition (17),
according to which the UAV flying at a height h must be fed at a station where at a specified
altitude the attenuation coefficient is determined by the value determined by expression (17), the
most complete activation of recharge stations is possible when the target functiona F or the
performance indicator of the recharging network (7) reaches a maximum.

1.1. Sharing laser power and solar panelson drones

Consider the option of a joint power supply of drones using laser beams and solar energy. This
option is shown schematically in Fig. 2. As can be seen from the diagram presented in Fig. 2.
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Fig. 2. Schematic representation of UAV power supply using a laser beam and solar energy.

The UAV is powered by two sources, i.e. from the sun and laser radiation. In this case, the UAV
is in a position where its upward movement will further weaken the laser beam at the input of the
photodetector, but at the same time, the percentage of attenuation of solar energy at the input of the
photodetector will increase. Therefore, we can expect the presence of such an optimal height L, ...
at which the total attenuation is minimal, and the energy supplied to the UAV is maximum. In
contrast to [8], we will consider the case when the UAV power supply occurs in parallel and we
should determine the optimal UAV flight altitude, at which the energy loss due to the influence of
the atmosphereis minimal.

We estimate the attenuation of solar energy at the input of the solar battery based on the
following assumption: We consider that the solar beam is attenuated in the interval L, defined as
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Lo=Lom — Ly, (18)

where: L _.,-3KB/Ba/IEHTHaA To/LWMHA atmoc is the equivalent thickness of the atmosphere; L, -
UAV flight altitude.

Taking into account (1), the solar radiation power at the input of the upper photodetector is
defined a

Psz':'z (LI}) = PE‘.I:I ’ EIP[—IKLD], (19)

where: P,-is the power of solar radiation at the outer boundary of the equivalent atmosphere; m-
optical air mass; L -is the depth of UAV penetration into the equivalent atmosphere.

At the same time, as L, increases, the power of the laser beam P;;, at the input of the lower
photodetector increases according to the law

'PL':'z = 'PFIT ’ exp[_E(Lnrm - Ll}:]r (20)

where: P¢ -the initial power of the laser source; ¢ is the attenuation index of the laser beam due
to assistance and scattering.

Let us consider two options for calculating L. a which the total energy at the inputs of the
photodetector nodes of the UAV reaches an extremum.

1. Algebraic averaging method

2. Geometric averaging method

In the first case, the total energy P, at the UAV inputsis determined as

Pyr = aty- Pog - 2xp[—mLol + (1 — a )Py, - expl—e(Loem — Lo)], (21)

where: e, < 1;

Obvioudly, at a certain value of L ;the total energy ¥,z must reach an extremum. Therefore, we
get the condition:

aPop _
= 0. (22)

Taking into account condition (22), from (21) we have
ay- Pogm-exp[-mLp]l = (1 —a )P, - exp[—s(Lypm — Ly)] - 2. (23)
From (23) we get
exp[—mLy+ (L o — Lo)] = ﬂ (24)
From (24) we find: e
exp[—Ly(m+e) +el,,,.]= %gf—“ (25)
Logarithmizing (25) we get T
—Ly(m+e)+el,,,=In [(%:}) G‘E ] (26)

or
(27)

Lol +6) - e = [ [225) (2]
From (27) we find:

_ 1 moey P:s_l:-
LE'E'?GS I In [(Efl—:r-_}) (Pfa )] + EL“””' (28)

Thus, when solving (28), the energy at the inputs of the UAV photodetector nodes reaches an
extremum.

An analysis of the extremum type (24) is carried out by taking the second derivative with respect
to L ;. We have:

d* e, o -
r”_;f = aipc.ﬁrn_gxp[_m{"ﬁ] + (1 - cxlefﬂs-exp[—s(LMm - LI})] (29)
From the condition % <: 0 we calcul ate the maximum condition.
‘o
2 = Pfﬂszam_[_su'nr.-rr—.{-n :']_ (30)
1—a, B, om”exp[-mi,]
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It is obvious that inequality cannot be satisfied, because On the left we aways have a positive
number, and on the right, we aways have a negative number. Therefore, when solving (28), the
total energy at the UAV inputs reaches a minimum and the choice of flight atitude at the level
L gem — Lo, istheworst from an energy point of view.

1. Conclusions

The problem of optimizing the process of feeding a group of drones flying at different heights at
stations of a distributed network of feeding stations containing booster lasers is formulated and
solved under conditions of a limitation on the total power of booster lasers. A general indicator of
the limiting possibility of laser feeding in such a network is proposed in the form of the sum of the
beam attenuation coefficients in the zones of the indicated stations. The procedure for determining
the power of feeding lasers, depending on the flight altitude, is determined, at which the proposed
overal indicator can reach a maximum. The problem of optimizing the joint use of laser feeding
and solar batteries on drones was also formulated and solved.

References

[1] B.Sakharkar, Electric Sky is developing new wireless tech to remotely power drone flights,
December 12, 2021, https://www.inceptivemind.com/el ectric-sky-whisper-beam-tech-remotel y-power-
drone-flights/22443

[2] M. S. Bashir, M. S. Alouini, Energy optimization of alaser-powered hovering-UAV relay in optical
wireless backhaul// TechRxiv, Preprint, 2021. https://doi.org/10.36227/ techrxiv.17087309.v1.

[3] Y. Du, K. Wang, K. Yang, G. Zhang, Trajectory design of laser-powered multi-drone enabled data
collection system for smart cities. https://core.ac.uk/download/ pdf/287613409.pdf

[4] J Ouyang, Y. Che, J. Xu, K. Wu, Throughput maximization for laser-powered UAV wireless
communication systems. https.//www.researchgate.net/publication/
326215831_Throughput_Maximization_for_Laser Powered_UAV_Wireless Communication_Systems

[5] M. Lahmeri, M. Kishk, M. Alouini, Charging techniques for UAV-assisted data collection: is laser
power beaming the answer, https://www.researchgate.net/
publication/356345160_Charging_Techniques for_UAV-
assisted Data Collection_Is Laser Power Beaming_the Answer/link/61963c9207be5f31b7944134/downlo
ad

[6] P. Anand, R. Pandiargjan, P. Raju, Wireless power transmission to UAV using LASER, beaming/
International Journal of Mechanical Engineering and Research. ISSN 0973-4562. Vol. 5 No. 1. 2015.

[7] T.Nugent, Jr. Jordin, T. Kare, Laser power beaming for defense and security applications.

[8] https.//www.researchgate.net/publication/253609485 Laser_power beaming for defense and secu
rity_applications
R. Mason, Feasbility of laser power transmission to a high-atitude unmanned aerial vehicle.
https://www.rand.org/pubs/technical _reports/TR898.html

368


www.inceptivemind.com/electric-sky-whisper-beam-tech-remotely-power-
www.researchgate.net/publication/
www.researchgate.net/
www.researchgate.net/publication/253609485_Laser_power_beaming_for_defense_and_secu

