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Abstract: Solar UAVs (unmanned aerial vehicles) have experienced important development in recent
years. The use of solar free energy is not neglected in the present energy crisis, with the intention to
move toward green energies. However, an important problem arises concerning the limited amount
of solar energy available on board UAVs. Until now, high-aerodynamic-efficiency configurations have
been used. These configurations use high-aspect-ratio wings. However, high-aspect-ratio wings have
some disadvantages regarding their excessive elasticity and weak bending resistance in the housing
section. Additionally, the aircraft maneuverability is reduced. In this work, a study is proposed
on a solar UAV configuration that sacrifices high aerodynamic efficiency for a higher surface area
available for solar cells. In this manner, the amount of energy available on board the UAV is increased,
and the UAV structure becomes more rigid and robust. The presented UAV fits better with more
complex evolutions, is more maneuverable and the wingspan is much reduced. This UAV is more
compact, can maneuver better in the take-off and landing phases, and the necessary storage space
is considerably reduced. This paper highlights the performances that can be achieved using this
kind of UAV and explores whether these performances are enough for some applications. Using an
on-board energy balance, the possible performances of this new configuration is studied. As this
is a preliminary study, the precision level is not very high, but it offers an image concerning the
possibilities of this new configuration.

Keywords: UAV; aerodynamic efficiency; electrical power

1. Introduction

It is well known at present that society needs to move away from fossils fuel energy
toward green energies. One of these energies is solar energy, and its implementation in
aviation is an interesting research topic currently. However, there are some problems
concerning solar energy in UAVs. The greatest problem is the very limited amount of
energy possible to be obtained on a UAV using solar cells. It is well known the maximum
solar radiation on the ground is around 1000 W/m?, and it increases by several percent
at higher altitudes. The energetic efficiency of the best performing solar cells is around
25-30%, and this is obtained using silicon mono-crystalline solar cells. Optimistically
speaking, the amount of energy possible to be obtained is around 250-300 W/m?. A light
airplane such as a Cessna 172 has a 16.17 m? wing surface and 134 kW engine power.
Taking into account the previous data and supposing that the entire wing is covered with
solar cells, it is possible to obtain a maximum of 4.84 kW of electrical power. With 25%
supplementary energy using fuselage- and empennage-mounted solar cells, this comes to
6.06 kW in total. This represents only 4.5% of a Cessna 172’s engine power. Additionally,
this power can be obtained only at maximum solar radiation. Solar radiation changes
significantly throughout the day, from dark in the night to the maximum at noon. In
conclusion, it can be said that the solar energy available is not enough for commercial
applications in aviation.
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Special applications such as experimental UAVs for surveillance and even pseudo-
satellites have been studied. UAVs and even manned aircraft (with one person) with
propulsion based only on solar power have been built. All of these applications have
the overall configuration in common. They follow a maximum aerodynamic efficiency
and, by consequence, high-aspect-ratio wings. Many studies have been performed in this
direction [1-8]. Experimental studies have been performed on these configurations [9] and
numerical multi-physics simulations [10]. The experience of a flight around the world on a
solar aircraft was described in [11]. As was expected, based on the aerodynamic principles,
all of these studies led to a high-aspect-ratio wing of the aircraft. This configuration ensures
maximum aerodynamic efficiency. This type of UAV includes Atlantik Solar, developed
at the University of Zurich (Figure 1a [1]); Sky Solar, smaller and also developed at the
University of Zurich (Figure 1b [2]); and the Sun project, developed at the University of
Hong Kong (Figure 1c [3]). These are relatively small UAVs with wingspans between 2 and
6 m. A stratospheric airship with electric motors fed from solar cells was proposed in [4]
(Figure 1d). However, large-scale projects were also developed in this period, including
pseudo-satellites such as Zephir from Airbus (Figure le) [10] and ELHASPA from DLR
(Figure 1f) [10]. These projects are aircraft with wingspans of tens of meters. Despite their
large wingspan, their payload is small. For example, the Zephir 8 project weighs 60 kg, has
a 25 m wingspan and a 5 kg payload.

() (d)

(e)

Figure 1. Cont.
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Figure 1. Different solar UAVs and aircraft. (a) Atlantik Solar from Zurich University; (b) Sky Solar
from Zurich University; (c) Sun project from Hong Kong University; (d) Stratospheric airship, solar
powered; (e) Zephir project from Airbus; (f) ELHASPA project from DLR; (g) Helios project from
NASA,; (h) Solar Impulse project.

Large aircraft with wingspans of tens of meters also include Helios (Figure 1g [2]) and
Solar Impulse (Figure 1h [2]). The Helios project has a 75 m wingspan and weighs 726 kg.
The project Solar Impulse has a 72 m wingspan, weighs 2.3 tons and carries a one man crew.
All of these UAVs and aircraft were designed for research purposes and to beat the altitude
or flight time records of their time. Flight time grew from a few hours to a few days of
continuous flight. Future research will build pseudo-satellites with five-year flight time.

The defining characteristic of these aircraft is their large wingspan, low weight and
high-elasticity structure. The huge deformation of the Helios aircraft can be observed in
Figure 1g. These high stresses led to the in-flight disintegration of the aircraft in 2003.

In order to reach a very low weight for these aircraft, modern composite materials
based on carbon fiber and Kevlar are used. Their high resistance capabilities with respect
to classical aviation alloys are exploited to the maximum. Trying to reduce the structure
weight as much as possible can lead to an exaggerated elasticity. The aircraft integrity is
therefore in danger in some closed evolutions. Only the Solar Impulse project has higher
rigidity. It was designed to fly around the world with a man on board, and so special
attention was paid to its flight safety. Its structure weighs 2.3 tons with a 72 m wingspan,
3 times heavier than Helios with a 75 m wingspan.

These configurations have some important disadvantages in addition to the structural
strength being reduced to minimum and the exaggerated elasticity. Atmospheric currents
significantly influence an aircraft’s flight, causing reduced maneuverability. This is the
price paid by designs aimed at breaking world records.

Studies concerning solar aircraft are presented in [12,13].

The experience gained in these projects led to the conclusion that flight using only
solar energy is very difficult to realize. Gradually, these studies moved toward hybrid
propulsion based especially on batteries and solar cells or batteries, solar cells and fuel
cells. In this case, it is useful to have very good power management between the power
sources on board. This kind of study can be found in [14-16]. In addition to studying
power management systems, [17] studied the solar cell matrix for UAVs through numerical
simulations. An optimization of electric motors used for UAVs is descried in [18]. Authors
will continue to seek superior-performance electrical motors to be used on UAVs.

In addition to [4], there are other studies proposing airships with electrical motors
driven by solar energy (see [19]).

Better energy management on board can be sustained by aircraft trajectory optimiza-
tion. Important studies appeared in this field—see [20,21]. Experimental studies on UAVs
are presented in [22].

An interesting review concerning many aspects linked to the UAV domain can be
found in [23]. This review discussed the possibility of using different UAV configurations,
their performance, communication possibilities, battery recharge systems, security issues
and so on.
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Based on these results, the studies concerning solar aircraft are very advanced, and
more and more new developments continue to appear. Researchers are gradually discarding
studies concerning the design of aircraft for breaking world records using solar energy.
Attention is focusing more and more on hybrid propulsion systems to save as much energy
as possible using solar cells alongside other energy sources. It seems that this is the most
realistic direction for using solar energy in aviation. Optimizations of different aspects
of solar aircraft or hybrid-propulsion aircraft are the object of the most recent studies in
this field.

In the following, a new configuration of solar airplane is proposed. Then, the hori-
zontal flight and climb performance are studied using the available and necessary power
method. Additionally, a configuration for the electrical on-board system is defined and an
estimation of its function is provided using MATLAB/Simulink simulation. In this work,
the performance obtained with the new configuration is compared with the performance of
a solar airplane with a high-aspect-ratio wing.

2. A New Configuration of a Solar Cell UAV

All the studies mentioned in the previous section were oriented toward designing
solar UAVs with the maximum aerodynamic efficiency, neglecting structural robustness
and maneuverability. In this way, solar aircraft with a high wingspan and very low payload
were designed. Solar Impulse has a 72 m wingspan and can carry one single person;
meanwhile, a Boeing 747 has a 70 m wingspan and carry over 350 persons.

This work proposes a solution to decrease the dimensions (namely the wingspan) of
solar UAVs. It is not suggested that this configuration will reach the performance of UAVs
presented in the introduction, but the capabilities offered by this configuration are explored.

This study started from the configuration of the Creative Aircraft UAV. This aircraft
was built at the University of Craiova. Its configuration is presented in Figure 2. In the
following, this configuration is referred to as the glider configuration. This glider is a
UAYV with a 3 m wingspan, a 1.2 m length, a 0.26 m housing chord, a 2.2 kg mass and
40 solar cells on board on the upper face of the wing. This represents the maximum possible
number of solar cells for this configuration. The wing airfoil is FX 63-120 and the horizontal
empennage airfoil is NACA 0008.

Figure 2. Creative Aircraft configuration (glider configuration).

The authors sought to obtain an UAV with the same wingspan as this glider con-
figuration, but also to increase the solar energy produced by the solar cells as much as
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possible. This meant increasing the upper flat surface of the UAV. The wing chord and the
empennage chord were increased and a configuration of a lifting fuselage with a flat upper
surface was adopted. A first sketch of the top view is shown in Figure 3 [24]. The authors
succeeded in placing 136 solar cells on the UAV, nearly 4 times more than on the glider
configuration. The available energy will increase proportional to the number of solar cells.
The authors refer to this configuration as the Newsolar configuration.
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Figure 3. Solar cells disposition on the upper surface of Newsolar.

In order to improve the global lift of the UAV, a lifting fuselage configuration was
adopted, with a “T” section, as shown in Figure 4.

Figure 4. Fuselage section of the Newsolar.

The authors adopted a canard configuration. It is well known that this configuration
offers better aerodynamic qualities than a classical empennage. In a canard configuration,
both the wing and horizontal empennage have positive lift. The UAV’s global lift is the
sum of the wing lift, horizontal empennage lift and fuselage lift in this case. In the classical
configuration, the horizontal empennage has usually a negative lift. The global lift of the
UAV is the difference between the wing lift and the horizontal empennage lift. This is the
reason why the configurations in Figure 1 have a very small horizontal empennage with
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respect to the wing, placed at a great distance from the wing. The horizontal empennage
provides a small amount of negative lift and decrease the global lift very slightly with
respect to the wing lift. The great distance of the horizontal empennage from the center
of gravity produces enough of a pitch moment for the aircraft to achieve longitudinal
equilibrium.

All of these considerations led to the configuration modelled in XFLR 5 and presented
in Figure 5. Some solutions were used in this configuration (as presented above) to improve
the global lift of the UAV. The wing aspect ratio, however, remains small (around 5), unlike
the configurations above 20 for the aircraft in Figure 1. It is not suggested that adopting
these solutions will compensate for the losses in aerodynamic efficiency, but the purpose is
to improve the performance as much as possible.

Figure 5. Configuration of Newsolar.

In order to avoid shading the upper surface solar cells, vertical empennages are
removed from the wing tip and oriented downward instead. This represents a vulnerability
of the aircraft in the take-off and landing phases. It thus requires higher landing gear (not
presented in Figure 5), but the fuselage configuration also requires a higher landing gear,
so this inconvenience is accepted.

The airfoil is NACA 64-215 both for the wing and horizontal empennage. The geomet-
rical data for Newsolar are in Table 1.

Table 1. Geometrical data for Newsolar.

Wing Horizontal Empennage
Span (m) 271 1.68
Surface (m?2) 1.62 0.6
Mean aerodynamic chord 0.587 0.36
Aspect ratio 59 4.68

Using XFLR 5, the aerodynamic qualities for the both configurations are estimated—
glider and Newsolar. These are presented in Figure 6.



Energies 2023, 16, 3778 7 of 19

Cl(alpha) polars CI(Cd) polars
1.5 I I I I \ 1.5 \ \ \
— glider configuration | | | |
] == proposed configuration ! b < o ]
| |
Re] kel -
2 0.5 @ 05rf----—g»T---- e -1
[0 () | |
£ £ ! !
2 0 2 o- | === glider configuration | ____ |
el o == proposed configuration
o) 3} l l l
-0.5 05N e ety
: 1 1
| | |
-1 1 | | |
-15 -10 -5 0 5 10 15 0 0.05 0.1 0.15 0.2
Attack angle [deg] Cd [non-dimensional]
Aerodinamic efficiency for the considered configurations

50
40F - N

w
o

N
o

Cl/Cd [non-dimensional]
S

-10

Attack angle [deg]

Figure 6. Aerodynamic polars for glider and Newsolar configurations.

It can be observed that Newsolar presents a lower lift and a higher drag. This means
that it obviously has less aerodynamic efficiency. The authors therefore seek to establish
the effect of this lower aerodynamic efficiency, taking into account the fact that Newsolar
has a bigger surface are and four times more electrical energy.

An estimation of Newsolar’s mass was provided in [24]: “we supposed the skin, for
wing, horizontal empennage and fuselage consists in two layers of carbon fiber fabric with
80 g/m? density. Total surface of top projection is around 3.84 m?. Supposing doubled
this surface results 7.68 m? carbon fiber covered surface. Taking into account there are two
layers results 1.228 kg carbon fiber. It was considered 1:1 ratio carbon fiber/epoxydic resin.
Total 2.457 kg outer structure mass. Supplementary, it was considered a reinforcement
internal structure, consisting of spars and ribs, with 700 g mass. Other elements: main gear
legs 2 x 300 g, nose leg 150 g, battery 400 g, solar cells 884 g, electric motors 2 x 150 g,
receiver, servos and other components 250 g. Entire total 5.741 g. It seems a realistic
estimation taking into account the aircraft dimensions. It was supposed only 400 g battery
because it is used mainly on take off and in closed man oeuvres in the rest of the time the
aircraft is driven by solar energy.”

For solar cells, the same solar cells were used as for Creative Aircraft (Maxeon C60)
solar cells with 3.42 W output power and 22.5 efficiency, one of the highest atpresent. The
mass of one solar cell was 6.5 g. The solar cell dimensions were 125 x 125 mm. The total
output power for the 136 solar cells was465 W. For Creative aircraft, 40 solar cells offer only
136 W of output power. The solar cells Maxeon C60 are mono-crystalline silicon solar cells
and have the advantage of being flexible. Even when small cracks appear in the bending
process, the solar cell remains functional until it is completely cracked.
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3. Performances Comparative Estimation

In order to obtain a more conclusive comparison between the possible configurations,
Creative Aircraft was scaled up two times, so that it could receive 136 solar cells on the upper
surface of the wing. This meant a 4-fold surface increase and the wingspan increased 2-fold.
This configuration will be referred to in the following as the scaled glider configuration,
and it has a 6 m wingspan. It is supposed that the aircraft’s mass increases proportionally
with the aircraft’s surface area. So, from the 2.2 kg glider mass, it reached an 8.8 kg glider
mass and 465 W of electrical power on board. The aerodynamic polars were considered the
same as the Creative Aircraft polars, presented in Figure 6. Aerodynamic polars are modified
with respect to the Reynolds number, but in this case we can neglect this variation.

In conclusion, we compare three configurations: glider, Newsolar and scaled glider.
Their characteristics are presented in Table 2.

Table 2. Constructive data for the compared configurations.

Glider Newsolar Scaled Glider

Span (m) 3 2.7 6
Wing surface (m?) 0.725 1.7 2.9
Number of solar cells 40 136 136
Solar cells output power (W) 136 465 465
On-board equipment’s consumed energy (W) 15 50 50
Power consumed for propulsion (W) 76 275 275
Propulsion power in cruise mode (W) 54 192 192
Loading batteries electrical power (W) 45 90 90
Electric motor maximum power (W) 350 700 700
Maximum propulsion power (W) 233 465 465
Aircraft mass (kg) 2.2 5.74 8.8
Payload mass (kg) 0.766 2 2
Total mass (kg) 2.966 7.74 10.8

The payload was considered to be 2 kg for Newsolar and for the scaled glider. For
the glider configuration, it was considered to be the same percentage of aircraft mass as
Newsolar that means around 35% of aircraft mass.

Regarding the power distribution, around 11% of energy from the solar cells was
consumed by the on-board equipment in the glider configuration. For Newsolar, this was
around 21%. From the remaining power, in a cruising regime, some of the power is used
for battery loading and some is used for propulsion. However, the propulsion power is
not the same as the electrical power of the electric motor. The electric motor has around
95% efficiency and the propeller has around 70% efficiency. It the propeller efficiency is
considered constant, even when it is modified with respect to the flight regime.

The electric motor is fed at its maximum power using energy from the solar cells and
batteries simultaneously. In this case, it is important that the electrical motor operates at
maximum power. The glider configuration has one motor with a maximum power of 350 W.
The other two configurations have two motors of the same type, so the electric motors’
maximum power is 700 W. Considering electric motor efficiency and propeller efficiency,
this provides 233 W propulsion power for the glider configuration and 465 W for the other
two configurations.
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3.1. Horizontal Flight Performances

Using the available and necessary power method, we calculated the performance of
the three configurations.

The necessary power for a horizontal flight is

V3
Ppec = pTSCdr (1)
the flight speed for a lift coefficient is
2mg
= S 2
5 @)

and thus the necessary power for a horizontal flight is

]2 32 Ca
Ppec = ][TS(mg) @ 3)

For the glider configuration, the results obtained for the necessary power and available
power are presented in Figure 7a, those for Newsolar are depicted in Figure 7b and those
for the scaled glider are presented in Figure 7c. The necessary power for both an empty
and loaded UAV is considered. At a low flight speed, a slight difference appears between
the two situations, but for higher flight speeds, this difference vanishes. This difference is
considerably higher for Newsolar due to its lower aerodynamic efficiency.

Available and necesary power for glider configuration Available and necesary power for proposed configuration
500 T T T T 1400 T T T T : :
| | | | | | | | | |
| | | | | | | | | I
2000 — — — — [ [ o [y A 1200 == necessary power - UAVempty '~~~/ ~ ©
T ! ! —— necessary power - UAV loaded |' !
== necessary power - UAV empty 1000+ === available propulsion power (Y A
= necessary power - UAV loaded : : :
g 300 { === available propulsion power —- :— ————— g 800 | _ ‘L ]
1] | 9]
2 2
& 200 ! & 600
400
100
200
0 1 1 1 1 1 1
100 gO 40 60 80 100 120 140 160
V [km/h] V [km/h]
(a) (b)
Available and necessary power for glider scaled configuration
1200 T . i
== Necessary power - UAV empty
10004 = Necessary power - UAV loaded | s |
=== Available power

Y010 A S SR Y A
z
5 600k - - - - —q--q ]
S
o
o
/Y] E S
200 N e —
‘ 200
V[ km/h]
(c)

Figure 7. Available and necessary power for horizontal flight: (a) glider configuration; (b) Newsolar
configuration; (c) scaled glider configuration.
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In Table 3 it is observed for the scaled glider that the horizontal flight performance
changes slightly with respect to the performance of the glider configuration. A greater
difference appears in the maximum speed with the maximum electrical motor power.
As is expected, the horizontal flight performance decreases for Newsolar. The maximum
horizontal flight speed decreases, but it remains at an acceptable value. The minimum
flight speed increases, but not by very much. Taking into account the advantages in
structural rigidity and maneuverability, it can be said that this configuration is interesting
for some applications.

Table 3. Minimum and maximum flight speeds.

Glider Newsolar Scaled Glider
Minimum speed (km/h) 28 32 26
Maximum speed only solar cells (km/h) 107 74 116
Maximum speed at maximum electrical 170 102 135

motors power (km/h)

Here, we highlight that the maximum speed for the glider configuration and for the
scaled glider configuration is obtained from a power balance. In fact, these configurations
have very elastic structures and it is possible that their maximum speeds will be limited to
lower values due to aero-elastic considerations.

All of these studies apply to 0 m altitude in standard atmosphere.

3.2. Climbing Performances

The necessary power in a climbing flight is

& .
Precy = PTscd +mgV siny @)

In this situation, the flight speed on a climb slope 7 is

_ |2mgcosy
V—Mipscl ®)

Because the climb slope is small for these aircraft, it can be approximated as cosy = 1,
so the flight speed on the climb slope 7 can be approximated with Equation (2). The
necessary power for the climb on slope  becomes

B 3 3/2& . 2m7g . ng (F sin 7y
pnec\/p:(mg) Cl3/2+mgs1n7\/;mg 0S C,3/2+ Nl (6)

Using the same necessary and available power method, we obtained the results
presented in Figure 8. The graphs in Figure 8 were considered for climb slopes between 0
and 30 degrees with 2-degree steps. Aircraft masses were considered only for the loaded
situation. Based on the results in Figure 8, we obtained the climb characteristics presented
in Figure 9. The graphs in Figures 8 and 9 apply to for climbing at the maximum electrical
motor power. Considering climbing with the power offered by solar cells in the same
conditions as horizontal flight, we obtained the results presented in Figures 10 and 11,
respectively. The slopes and loads of the aircraft were the same as in Figures 8 and 9.

From the presented graphs, the maximum climbing speed at 0 m altitude is presented
in Table 4.
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Table 4. Maximum climbing speeds.
Glider Newsolar Scaled Glider
Maximum climbing speed only with solar
1.5 1 1.5
cells (m/s)
Maximum climbing speed with maximum 75 45 4

electrical motor power (m/s)

Available and necessary power for climb - scaled glider configuration
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Figure 8. Necessary and available power for climbing at maximum electrical motor power: (a) glider
configuration; (b) Newsolar configuration; (c) scaled glider configuration.
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Figure 9. Cont.
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Figure 9. Climbing characteristics at maximum electrical motor power: (a) glider configuration;
(b) Newsolar configuration; (c) scaled glider configuration.

Available and necessary power for climb - glider configuration

: : ‘ ‘ ‘ Available and necessary power for climb - proposed configuration
3000 T T T T - .

! ! ! ! ! | | | | | |
1200k - - - 4oLt _1_ | | | | |
R
ecessary power for,
R S | ] . | | Necessary power
1000 | ts:ﬁ)nps:siergdtlmb 20001 — - - — — - __ gonsiderad climt ]
| | |
T 800 ----d----L---d-___L g :
9] ® 1500 - — —————|——— 5 - — - - — 1
% 600 - - - 4 ——— - - — -1 g | /
o o |
1000 = = == = = =1~ ~ -
400F - - -4 - - - - ! z
|
5001 — = — +Avaitable power -
2001 - - - - 2 Avfailéibflefpawa | _Lonly solér cells
.=onlysolar.cells %
L 0 40 60 80 100 120 140 160

50 60 V [km/h]

V [km/h]

(a) (b)

Available and necessary power for climb - scaled glider configuration
T T T T T T T

|
3500 — — -\ — — — L — — —I— — — [
| | | | |
| | | | |
3000 —— - —— 17— ——|— — — necessarypower for- —
| |
2500k — — < - L 1o slopes |

|
|
|
|
|
| cpnsidered climb
|
|
|
|
|

Power [W]
N
o
o
o
T
|
|
P

1500 — = - = = = T = = ==

1000 - - - -

500

180

Figure 10. Necessary and available power for climbing using only solar cells: (a) glider configuration;
(b) Newsolar configuration; (c) scaled glider.

In Table 4, an interesting fact can be noted. By scaling the glider configuration in
order to obtain the same electrical power from solar cells, the climbing characteristics decay
considerably. The maximum climbing speeds are almost equal to those for Newsolar. From
this point of view, Newsolar is better. It is more convenient to build a smaller aircraft that is
more compact, lighter and has the same payload.
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Figure 11. Climbing characteristics using only solar cells: (a) glider configuration; (b) Newsolar
configuration; (c) scaled glider configuration.

3.3. Gliding Characteristics

Concerning the gliding characteristics, the relation is

1
tgYmin = arctg ((Cl/cd)) (7)

Using the data in Figure 1c, the minimum gliding slopes are presented in Table 5.

Table 5. Minimum gliding slopes.

Glider Newsolar Scaled Glider
(C1/Ch) max 45 9 45
Ymin[°] 1.3 6.4 1.3

The glider configuration has an obviously better gliding performancs. Newsolar, in the
absence of propulsion power, has a large descending slope, but this can be accepted if the
idea is to obtain a more compact and maneuverable aircraft.
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4. Electrical Systems Configuration

As was mentioned before, the on-board electrical systems for this kind of UAV with
solar cells are, in fact, hybrid. They usually have as their electrical power sources either
solar cells and batteries or solar cells, batteries and fuel cells [14-16]. For the aerodynamic
configurations considered previously, a hybrid system with solar cells and a battery is
chosen. The battery sustains the electrical system in take-off and climbing. After that, in
cruise mode, the batteries are charged using some of the energy from the solar cells. The
ensemble configuration of the on-board electrical system is the same for all of the studied
configurations, but the components’ parameters are different. This configuration modelled
in Simulink is presented in Figure 12.
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Figure 12. Hybrid electrical system for studied UAVs.

Alongside the power sources mentioned previously, the system contains a MPPT
(maximum power point tracker) for the solar cells” output. This maintains the solar cells at
the maximum power point. The MPPT output and the battery are in parallel on the input
of a DC/DC boost converter. This raises the output battery voltage from 24 VDC to 28
VDC—the value of the DC bus voltage. Both electric motors and other electrical consumer
fed from this voltage are considered. The on-board electrical load is modelled by a variable
resistor that follows the load profile. In the scheme, there are other components that permit
us to measure voltages and currents at interesting points.

In order to simulate the electrical system’s functioning, the components” parame-
ters have to be specified. These parameters are presented in Table 6. Only the glider
configuration and Newsolar configuration are considered here.
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Table 6. Electrical system parameters.

Glider Newsolar
Number of solar cells 40 in series 4 groups 1 n para}llel, gach one
having 34 in series

Nominal voltage of the solar cells (V) 0.682 0.682

Current at 1000 W/m? solar radiation (A) 6.24 6.24
Battery nominal voltage (V) 24 24
Battery nominal capacity (Ah) 18 45
DC bus nominal voltage (V) 28 28

We also need to define a mission profile in order to obtain the system’s behavior. It
was mentioned that the Newsolar configuration is not designed to obtain a continuous flight
performance. The authors seek to investigate the possibility of using use this configuration
in daily missions, as long as solar radiation exists. It is considered that this UAV takes off at
dawn and climbs, at the maximum climb speed allowed by the batteries, to 2000 m altitude.
After that, it executes a horizontal flight all day long with the maximum speed allowed
by the solar cells in the conditions mentioned previously. Even 30 min, the UAV executes
maneuvers with maximum electrical motor power for 2 min. When the battery charging
level drops under 23%, after sunset, the UAV descends along the minimum-gliding slope at
a speed corresponding to the minimum power for horizontal flight. The consumed power
in each phase and the time taken are presented in Table 2. The on-board equipment is
considered consume the power specified in Table 2 continuously.

The horizontal flight-maneuver cycle is repeated 30 times throughout a summer day.
Solar radiation over the course of a summer day at medium latitudes is shown in Figure 13.
The final phase is considered as gliding from 2000 m to 0 m with the on-board systems
in function.

Radiation variation arround a day

1000

2

]
(o)
S
S

600

Radiation [W /m

Figure 13. Solar radiation over the course of a summer day at medium latitudes.

With the load profile in Table 7 and system parameters in Table 6, we obtained by
means of numerical simulations the results in Figure 14 for the glider configuration and the
results in Figure 15 for the Newsolar configuration.
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Table 7. Load profile of the considered mission.
Glider Newsolar
Flight Phase
Power (W) Time (s) Power (W) Time (s)
Take off 365 40 750 40
Climb to 2000 m 365 267 750 445
Horizontal flight 91 1800 325 1800
Maneuver 365 120 750 120
Horizontal flight 91 1800 325 1800
Maneuver 365 120 750 120
Gliding 15 5000 50 1580
400 Power balance in the glider system | Variation of battery state of charge
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% 100 i I 1 204
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Figure 14. Electrical system behavior for glider configuration.
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Figure 15. Electrical system behavior for Newsolar configuration.

It is noticed that both UAVs are capable of flight for the entire daylight period of the
day at medium latitudes. The glider configuration is capable of executing a supplementary
45 min flight after sunset. The Newsolar configuration can fly only for 30 min after sunset.
The estimated distance covered is around 1684 km for the glider configuration and 1132 km
for the Newsolar configuration (around 67% of the distance).

The Newsolar configuration considered in this paper, compared to the glider configura-
tion, is capable of carrying 250% larger payload, even though its fly speed is only around
70% of the glider configuration’s fly speed. It also has a higher structural strength than
the glider configuration. The energy consumed by the payload on board the Newsolar



Energies 2023, 16, 3778

17 of 19

configuration is 3 times greater than the energy consumed by the glider configuration. So,
the Newsolar configuration, even though it has lower aerodynamic efficiency, is suitable for
carrying a considerably larger payload with the same wingspan as the glider configura-
tion. According to the estimations in this paper, a glider configuration required to carry a
payload with the same characteristics as Newsolar needs to have a wingspan that is two
times larger. It is true that the glider configuration scaled for this payload would obtain
a higher fly speed and will cover a longer distance in the same time. However, there are
many applications that do not require a very high fly speed. For example, some surveil-
lance applications do not need a very high speed, while some sophisticated equipment
may be required, which is heavier and consumes more energy. In agriculture, crop state
observation can only be performed in the daytime and does not require a high fly speed. A
smaller airplane which is easier to store and is capable of carrying a payload that permits
a detailed observation, is therefore useful in this situation. In the energy industry, for
high-voltage overhead lines inspection, it is useful to have a more maneuverable airplane
that is not as influenced by the atmospheric currents as the glider configuration. These
observations are currently obtained using multi-rotor drones, which have a considerably
lower autonomy than solar aircraft. The geological observation of some areas requires more
complex equipment that is heavier and consumes more energy. This is another possible
application for this aircraft.

5. Conclusions

The Newsolar configuration is capable of fulfill a mission with a continuous flight
throughout the daylight period of a summer day at medium latitudes with the profile
proposed in Table 7. In these conditions, it can be said that the option to build UAVs with
lower aerodynamic efficiency but with more electrical power obtained from solar cells is
interesting. This kind of UAV is useful for missions that do not need continuous flight
during the nighttime. The payload of Newsolar is 2.5 times heavier than that of the glider
configuration and consumes nearly 3 times more electrical power. The wingspan is the
same for both configurations, but the wing surface area and the surface area covered by
solar cells are considerably larger. The general configuration of this UAV is more robust,
with the same wingspan, but the UAV is 67% longer. The covered distance in this mission
by Newsolar is 67% that covered by the glider configuration.

The performance of the scaled glider is estimated to be similar to that of the glider
configuration. From this point of view, the scaled glider configuration is better. However,
this UAV has twice the wingspan of Newsolar, a more elastic and vulnerable structure, and
less maneuverability.

The main contribution of this work is providing a first study concerning the trade-off
between the aerodynamic efficiency and amount of solar energy that can be obtained
on board a UAV. A new solar airplane configuration is proposed, and it is compared
with present existing solar airplane configuration. The possible performance that can be
achieved by this configuration is compared with the performance of this existing solar
airplane. This study should be followed by other detailed studies and a design phase for
this configuration until it is ready to fly.

A conclusion mentioned at the end of Section 1 is that pure solar flight is not useful
for commercial applications. It is more realistic to use hybrid propulsion with batteries
and solar cells or batteries, solar cells and fuel cells on board. Solar energy is used in order
to save as much as energy as possible from other sources, but it cannot provide the entire
amount of energy needed for UAVs with other applications than breaking records.

It is important to note that the Newsolar configuration can be improved and optimized
from different points of view and for different missions. This study simply highlights that
this configuration, with less aerodynamic efficiency but with more solar energy produced
on board, can be interesting for future applications.
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