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Abstract:

Recently, the Small Low-Altitude Long Endurance (LALE)
solar-powered aircraft gained attention in the commu-
nity. A reliable mathematical model of the aircraft and
solar radiation should be available to design such a plane.
This paper addresses the problem of measuring solar
radiation in flight and validating its model. The configura-
tion of the measurement system was described in detail.
Moreover, the Multiplex Funcub NG was used as the
intermediate research platform. The results of flight tests
conducted in two different geographic locations in Poland
confirmed that the proposed models enable precise pre-
diction of the amount of harvested energy. The maxi-
mum solar radiation intensity measured in September at
around noon was 829,3 W/m?. Achieving perpetual flight
functionality is possible in these conditions, provided that
the aircraft has very low power consumption and a high
wing aspect ratio. The obtained data can be used in the
design process of the AZ-5 solar-powered plane.

Keywords: Solar-powered UAV, Solar energy model,
Flight tests, Mathematical modeling, Solar radiation
measurement

1. Introduction

Low-Altitude Long-Endurance (LALE) solar-
powered aircraft have gained significant attention
in the community over the last decades. These
platforms are characterized by their versatility,
which encompasses a range of applications, including
both civilian and military operations (such as
surveillance, search and rescue, or continuous
pollution monitoring). However, realizing perpetual
solar flight remains a complex and demanding task.
The development of a research platform with such
capabilities requires considering a set of variables.
First, it is essential to note that perpetual solar flight
may only be completed under specific conditions.
The current stage of technology development
enables energy generation from solar radiation
with limited effectiveness, primarily limited by the
efficiency of solar cells. Widely available solar cells
are characterized by an efficiency of up to 23%.

On the other hand, the newest technology avail-

able for the space industry provides solutions with
efficiency above 30%, and top-edge technologies have

Figure 1. Visualization of the AZ-5 UAV research
platform

proven products with efficiency above 40%. Geograph-
icallocation is also a critical factor in assessing the pos-
sibility of performing a perpetual solar flight. With the
change of geographical latitude, the amount of solar
radiation and the maximum Sun position over the
horizon vary significantly. Additionally, the amount
of solar radiation delivered to Earth’s surface is a
function of seasons. There are specific regions on the
planet that allow for perpetual solar flight. Due to
operations at low altitudes, additional factors, such
as continuously varying weather conditions, should
be considered - including the strength and direction
of wind, cloud coverage, updrafts, and even thunder-
storms.

The author’s main objective is to develop a ded-
icated unmanned aerial vehicle (UAV) research plat-
form named AZ-that can perform solar flight (Fig. 1
and Fig. 2).

The development of the platform reached its final
stage. The first version of the plane, named AZ-5A
(configuration without photovoltaic installation), suc-
cessfully completed the flight tests. The second proto-
type, AZ-5B (version with photovoltaic installation), is
under development.

Nevertheless, developing new construction is a
multidisciplinary process that demands considerable
effortand coordination of diverse tasks. Therefore, the
authors decided to support development works by a
commercial RC plane as an intermediate test platform.
Its designation is to perform avionics integration and
verify its functionality in flight tests. A system for mea-
suring and acquiring sun radiation intensity during
flights has also been developed.
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Figure 2. Basic dimensions of the AZ-5 UAV research
platform

As a result, a set of unique flight parameters has
been obtained. A different trajectory has been verified
during flights, starting from manual flight and finish-
ing on circular patterns with different radii.

1.1. Related Work

Up to this time, particularly in recent years, numer-
ous trials have been conducted to develop small
solar-powered UAVs. However, only a few prototypes
realized the perpetual flight. A research team from
Switzerland performed one of the most advanced
research studies. Noth [1-3] successfully developed
the Sky-Sailor aircraft. Oettershagen made essential
contributions to the field of small solar-powered UAVs,
which led to the development of AtlantikSolar [4, 5].
In [6, 7], he presented a set of flight data logs from
perpetual flights. In [8], he validated the proposed
solar power model. Dwivedi et al. published a series of
papers [9-12] describing MARAAL aircraft. Dantsker
etal.[13,14] developed Solar Flyer UAV and presented
test results from long-endurance flights. Weider, with
his team [15] developed SunSailor UAV. In Poland,
there are only a few examples of research concen-
trated on this technology. Among them, the AGH Solar
Plane [16] is notable.

To design the solar-powered aircraft correctly, the
amount of solar radiation that can be collected must
be precisely estimated. The UAV can perform complex
maneuvers, and the solar cells can change the orien-
tation with respect to the direction of the incoming
radiation. Up to this time, several researchers have
addressed the need to develop an accurate energy
harvesting model for solar-powered UAVs [17-20]. Li
et al. [21] presented a simulation that could predict
the amount of collected solar energy and was par-
tially validated by flight trials. Hrovatin and Zemva
[22] presented and validated a model in a flight test
using a small UAV named Bramor ppX. Rajendran and
Smith [23] also proposed a model that can be used for
predicting solar radiation and sizing UAVs. Morton and
Papanikolopoulos [24], as well as Sineglazov and Kara-
betsky [25], proposed a simple approach, suggesting
that the captured solar power could be modeled using
a sinusoid. However, the presented results were not

validated against the experimental data in sufficient
detail.

It is essential to note that creating reliable energy
models for flying platforms requires considering sev-
eral key phenomena. Such a model should be inte-
grated, at the very least, with the kinematic descrip-
tion of motion. Often, the simple point mass models of
the aircraft are adopted [26,27]. The geometry of the
system must be taken into account. Zhang et al. [28]
included each wing segment’s dihedral in the model’s
bank angle. Ji et al. [29] investigated the mismatch
loss problem in detail. Wu et al. [30] considered the
equipping of a Z-shaped wing in solar cells. Most of
the models are developed under the assumption of a
clear sky [31]. For example, Huang et al. [32] reported
the energy harvesting model and simulated the results
for several cities in China, but again without experi-
mental verification. However, neglecting clouds could
significantly overestimate the total collected energy.
For HALE aircraft, the reflected component could be
neglected [33], but for small UAVs flying at low alti-
tudes, this issue is not apparent. Gao et al. [34] sug-
gested that for UAVs operating at very high altitudes,
the influence of the roll and pitch angles on the amount
of collected energy can be neglected. This assumption
seems to be very rough. Martinez et al. [35] concluded
that the roll angle can be ignored for predicting the
amount of solar energy that UAVs can collect when
the Sun is at high elevation, but not in the morning
and evening (when the Sun is low above the horizon).
Lee and Yu [36] considered the atmospheric trans-
mittance. A detailed energy model for solar-powered
UAVs was described by Wu et al. [37, 38]. Brizon [39]
presented a solar energy model for HALE platforms.
He investigated the influence of several factors (lati-
tude, longitude, and trajectory type) on the amount
of collected energy. Meyer et al. [40] presented a sim-
plified approach for predicting the amount of solar
energy that UAVs can collect, but the method was not
experimentally validated. Park et al. [41] developed
a ground-based virtual flight system that mimics the
real UAV’s dynamics and compared results with those
from simulation.

The technology of LALE UAVs is not fully mature.
Many of the aforementioned models were not suffi-
ciently validated. To make the model realistic and prac-
tically usable, its parameters must be carefully tuned.

1.2. Contribution

The primary contribution of this research is the
description of solar radiation measurements evalu-
ated in flight using a small UAV. The developed equip-
ment is small, lightweight, and low-cost, making it
suitable for adoption on other platforms. The aircraft
and solar radiation models were developed and imple-
mented in MATLAB/SIMULINK. These models were
validated with the obtained data. The developed sim-
ulation might be used to design photovoltaic installa-
tions on solar-powered aircraft.
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Figure 3. Test platform used in the experiments

The structure of the paperis as follows. Chapter 2.1
describes the test platform. The solar radiation mea-
surement system was presented in part 2.2. Section
2.3 shows mathematical models of the aircraft and
solar radiation models. In part 2.4, the ground mea-
surements of the power consumption were reported.
Chapter 3 presents the results of the flight tests and
model validation. The paper concludes with a sum-
mary of the main findings and their implications.
Finally, further research directions are suggested.

2. Methods
2.1. Intermediate Test Platform

The Multiplex Funcub NG RC airplane was used
as a test platform (Fig. 3). The aircraft features a
traditional design, characterized by a high-mounted
wing, single engine, fixed landing gear, and a tailwheel
configuration. It is characterized by ease of use and is
frequently used as a training platform. The airplane
has been modified in comparison to its original equip-
ment.

Takeoff mass was m = 1,96 kg, wing area was
Sy = 0,399 m?, span b,, = 1,41 m, chord c,, = 0,23
m, and overall length 1,050 m. Moments of iner-
tia were obtained experimentally using a bifilar pen-
dulum and are equal: I, = 0,07598 kg-m?, Iy, =
0,09504 kg-m?, I,, = 0,12134 kg-m?. The product of
inertia I,,, = 0,00259 kg-m? was calculated using the
CAD model. The airplane’s standard equipment con-
sists of a ROXXY BL C35-42-930 KV electric motor,
a ROXXY BL Control 740S-BEC electronic speed con-
troller, an APC 12x6E propeller, and a set of Hitec HS
55+and HS 65HB servos. Power is provided by a single
3S package of 3200mAh capacity produced by Dualsky.
The airplane is controlled using a Futaba T14SG radio
controller and a Futaba R7008SB receiver module.
Originally, the model weighed 1,380 kg with a wing
loading of 3,46 kg/m?. Modifications have been per-
formed to adapt the aircraft for test platform function-
ality. Additional equipment (equivalent to 42% of its
initial weight) caused an increase in platform weight
to 1,960 kg, resulting in a wing loading increase up
to 5,66 kg/m?. Weight change is naturally connected
with the reduction of maximum flight duration.

BH1750 © &=

Light Sensor

Figure 4. BH1750 light sensor

Among additional equipment, it is possible to dis-
tinguish the following hardware: the Cube Orange,
Here2 GPS receiver, airspeed sensor, ultra-long range
radio modem RFD 868x, FPV camera with vision trans-
mitter AV TS832, 2 x Adafruit BH1750 light sensors,
Arduino microcontroller with Datalogger Shield V1
equipped with RTC DS1307 and SD memory card slot,
9V backup battery for powering the Arduino and addi-
tional ballast needed to balance the test platform prop-
erly. To reduce unpredictable platform behavior, it has
been decided to disable the flaps operation.

2.2. Solar Radiation Measurement System

The solar radiation measurement system was
developed in cooperation with the School of Engineer-
ing and Built Environment (and Aviation) at Griffith
University (in Brisbane, Australia).

Typically, the solar irradiance is measured using
pyranometers or photovoltaic reference cells. How-
ever, such sensors are expensive and large, making
it problematic to install them on small UAVs, such as
Funcub. Due to this reason, it was necessary to develop
a customized, relatively low-cost solution that could
serve as an alternative to high-grade sensors.

The system consists of the following components:
two identical light sensors BH1750 (Fig. 4) located at
the end of the wings (at the top surface), 3D printed
sensor holders mounted with Velcro (Fig. 5), Arduino
microcontroller, DataLogger shield V1.0 RTC DS1307
with SD card reader dedicated for Arduino, 32GB
microSD card, 9V rechargeable lithium-ion battery
and connection cables.

The data recorder is based on the Arduino board
(Fig. 6).

The measurement system has been designed to
be completely independent of autopilot hardware. To
synchronize data registered by the autopilot and the
developed system, a signal responsible for aileron
deflection has been recorded to a microSD card.

Measurement system functionality has
been obtained by programming the Arduino
microcontroller using dedicated libraries. The data
acquisition system communicates with light sensors
and saves recorded information to the microSD card.
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Figure 5. Sensor mounted on the surface of the left wing
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Figure 6. Completed set of solar radiation measurement
system

Figure 7. Microcontroller protocol communication test

The first stage of the communication protocol
checks was completed using two microcontrollers
(Fig. 7).

Integration of the light sensor required setting
individual IP addresses for each device. In further
steps, a complete system was assembled on the sta-
tionary test bench (Fig. 8a).

The developed system estimates solar irradiance
(a radiometric quantity) using information about illu-
minance (a photometric quantity).

The BH1750 light sensor outputs the illuminance
(expressed in lux) directly. A set of preliminary mea-
surements has been completed, providing that the sen-
sor’s reading has been saturated at around 32000 lux.
However, in outdoor conditions at noon, the illumi-
nance can achieve more than 110000 lux. For this rea-
son, it was necessary to modify the default setup and
increase the sensor’s reading range to the required
value. Improvements have been made with the change
of device resolution, focusing on software code modifi-
cation. Next, the procedure included a light sensor cal-
ibration from lux to power expressed as W/m? deliv-
ered by the Sun to Earth’s surface, which was accom-
plished using the Solar Survey 100 irradiance meter
(Fig. 8b). Finally, data were logged on the microSD at a
frequency of 10 Hz. Additionally, the data stream was
synchronized in time with the selected single refer-
ence signal from the autopilot (right aileron deflection
angle). This allowed for the simultaneous analysis of
the flight logs (from the autopilot) and the solar radia-
tion measurement system.

The system successfully completed the stationary
tests. It has been integrated with the RC airplane
research platform in the next step. Sensors were
mounted on the upper wing surface. The distance
between devices is equal to 1,16 m. Additionally, the
surfaces of both sensors were aligned with respect
to each other. Minor mounting inaccuracies might
influence the quality of the results. Nevertheless, this
method was deemed sufficient for testing purposes.
Because the airplane wing has a small inclination, it is
expected to obtain slightly different readings from the
light intensity sensor, as its vectors are not parallel.

Due to the fact that wires and sensor holders
are located on the wing’s upper surface and are not
integrated into the structure, the airplane’s aerody-
namic characteristics may be slightly influenced, caus-
ing increased drag force.

2.3. Aircraft Flight Simulation

A detailed mathematical model of the aircraft was
developed to predict the amount of solar energy that
can be collected during the flight.

2.3.1. Equations of Motion

It was assumed that the aircraftis a rigid body with
6 degrees of freedom. The coordinate systems used
in the model are presented in Fig. 9. The navigation
frame O, x,,y,,Z, is used to describe the position of the
aircraft. Origin O, of the body-fixed frame 0,x;,y; 2,
is attached to the center of mass of the plane. Addi-
tionally, Oyx,y,2, was used as the intermediate frame
(axes of the Oyx,y,2, are parrarel to O, x, Yy, Zy, ). More-
over, to define the aerodynamic properties wind frame
0., X YwZy and wind-laboratory frame Oy,; X1 Vw1 Zwi
were used.

The equations of translational motion are as fol-
lows:

U 1 Xb 0 —-R Ql|[u
V]=—|r?|-(R 0 =P[|V 63)
wl ™|zl |- P ol||lw
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Figure 8. (a) Stationary test stand during experiments in
Brisbane (b) Solar Survey 100 irradiance meter

where U, V, W - components of the velocity vector
(in body axes), P, Q, R - roll, pitch, and yaw angular
rates, X?, Y?, Zb — axial, side, and normal forces (the
upper-right superscript defines the coordinate system
in which the quantity is expressed). The equations for
rotational motion are:

p L? 0 —R Q
Ql=11|Mb[-11 R I
R NP -

where L?, MP, N? - total external moments with
respect to the aircraft center of mass, I - inertia matrix
of the form:

Ixx _Ixy _Ixz
I=|-Lyx I, —Ly 3)
_sz _Izy Izz

Xl

Zh Zu

Figure 9. Coordinate systems used in the model

It was assumed that the aircraft possesses the ver-
tical plane of symmetry, so Iy, = I,,, = 0.

Quaternions were used to describe the altitude of
the aircraft:

éo 0 P €o €
é 1{-Pp 0 —R Q e e
== — kE 4
é, 2l-0 R e e,|
é3 _R _Q P e3 e3

where k - constant such as kh;;,,; < 1 (h - the size of the
numerical integration step). It was assumed that k =
1.Inthatway E = 1— (e + e? + eZ + e2) is adjusted
in each iteration, and it normalizes quaternion norm
to 1.

Velocity components in 0,,x,y,z, are computed
from the relation:

2 2

Xn el +e?—e2—e2 2(ee; —epes)
y = 2 (eges —e1e;) €2 —e? +e?—e?
In 0€3 162 0 1 2 3
Zn 2 (e1e3 — epez) 2 (ege; — eze3)

2 (epe; —eqe3) || U
2 (6263 - eoel) V
ef —e? —es +eil|lw

(5)
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2.3.2. Gravity Loads

The gravity loads in body-fixed frame Opx,y,z,
frame were calculated as:

—sin @
FP = mg|sindcos O (6)
cos dcos O

The torque generated by the gravity force is zero
because the origin 0y, of the Oy, x};, V2, frame coincides
with the center of mass of the plane.

2.3.3. Aerodynamic Loads

The aerodynamic forces in the body-fixed frame
are:

b 1 2 p %’l
F = EthOtSTw%b Cl‘;v (7)
_C\Z/Vl

where p - air density, V;,; - airspeed, S,, - wing
area, and CY', CY!, C¥'! - coefficients of the drag, side,
and lift forces, respectively (in wind-laboratory frame
OwiXwiYwiZwi)- The Ty_p is transformation matrix
from 0,,x,,,, 2, frame to O,x,y,z, frame:

cosacosff —cosasinf —sina
Twop = sin 8 cosf 0 (8)
sinacosff —sinasinff cosa

where «, § - angles of attack and sideslip, respectively.
Aerodynamic moments with respect to the center of
mass are:

L by, C)
M2y = pV2STyop [wCif (9)
2 b, CY
w

where C}¥, Cy, CY - rolling, pitching, and yawing
moment coefficients, respectively (in wind frame).
The aerodynamic coefficients of forces were calcu-
lated as [42,43]:

wi 9w

CYt = Cl + Cla+ CYLa? + Cfy oo + CY} 8k
2Viot E
(10)
Pb Rb
cwl = cwl 4 cwl cwl w cwl w
e (e T/ (T
+ C;{JA 54+ C;f;R Sr (11)
Col = O+ Ol + OIS Loyl (12)
z =Lz, Zg & Zg 2Wiot Zg, OF

where 5 - elevator deflection (positive trailing edge
down), &, - aileron deflection (positive trailing edge
down) calculated as mean of deflections for left and
right ailerons:

Sa1 — bar
2
Additionally, 8, - rudder deflection (positive trailing

edge left).
The moment’s coefficients are:

6p = (13)

w w w w PbW w RbW
I = Cly + Cly + Clt g + Cly e
0 0

Figure 10. Aerodynamic coefficients of the airplane (a)
drag (b) side force (c) lift force (d) rolling moment (e)
pitching moment (f) yawing moment

Gl Bu+ Gl B (14)
CY = CW, + Ca +C, ZQVC,_» "t Gy, (15)
Pb,, Rb,
G = Gl + Gy + Cl g™ + ™
+ Gl B4+l B (16)

The total speed is:

Vot = J(U —Uy) Py - VW)Z + W - Ww)z
(17)
where Uy, Vi, Wy, - wind velocity vector components
in the body-fixed frame Oy x},y,zp. A detailed descrip-
tion of the wind model can be found in [44, 45]. The
angle of attack was calculated as:

Wy

a= atanm (18)
and the angle of the sideslip is:
V="
[= asin (19)
Vtot

The aerodynamic characteristics of the plane were
calculated using XFLRS5 software. The coefficients (for
undeflected control surfaces) are presented in Fig. 10.

Force coefficients are related in O,,;Xx;VwiZwi
frame, and moments (with respect to the center of
mass) in Oy,; X1 Vw1 Zw: frame.

The stability and control derivatives of the Funcub
plane are presented in Table 1.
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Table 1. Stability and control derivatives of the Funcub plane

Longitudinal Value Unit | Lateral-directional Value Unit

cyl 0,01920 - Cyl 0 -
cy! 0,01653 | 1/rad Yy -0,26240 | 1/rad
cyl 1,53900 | 1/rad? 54 -0,07607 | 1/rad
Cxy 0,29927 | 1/rad Cyt 0,22320 | 1/rad
C,V{;E 0,00989 | 1/rad c;j;A 0 1/rad
cy! 0,14840 - c;glR 0,11450 | 1/rad

Y 4,22000 | 1/rad Y 0 -
cy! 7,08930 | 1/rad cty -0,00789 | 1/rad
cr,, 0,49847 | 1/rad Y -0,46079 | 1/rad
i, 0,03794 - oy 0,10362 | 1/rad
cy -1,68900 | 1/rad a -0,14324 | 1/rad
C,‘;IVQ -9,69450 | 1/rad Cl‘jS/R 0,01302 | 1/rad

Cise -1,20320 | 1/rad o 0 -
C,‘{‘;; 0,14330 | 1/rad
Cy, -0,02406 | 1/rad
Crr -0,10615 | 1/rad
cyY, 54 0 1/rad
CT‘{’SR -0,05460 | 1/rad

N
0.1
0.12 0.09
0.1 0.08

0.08

0.06
o" 0.06 -

0.04 | 0.05

0.02 | 004

0.03

15000
2 0.02
80

0.01

5000

w [obr/min] 0 o v

ot [mis]

Figure 11. Thrust coefficient

2.3.4. Propulsion Model

Data of the propeller were obtained from the
dataset provided by the manufacturer (APC Pro-
pellers). The propulsive forces were calculated as:

E? =[T, 0, 0] (20)

The propeller thrust was calculated using the for-
mula:

T, = pn?DpCr (21)

where p - air density, n - angular rate of the propeller,
D,, - propeller diameter, and Cr - thrust coefficient
(Fig. 11).
The moments with respect to the aircraft center of
mass were also taken into account:
MB, = FOXED + J,@,x0 (22)
T
where 72 = [0,37 0, 0] - position vector of the
propeller hub in body-fixed frame, J, - moment of
inertia of the rotating masses, @, = [@, 0, 0] -the

180°

Horizon

Figure 12. Solar azimuth and elevation angles

angular rate of the propeller and Q= [P, Q, R] -
vector of angular rates of the plane.

The presented mathematical model of the aircraft
was implemented in MATLAB/SIMULINK R2023a
with Update 5. The equations of motion were inte-
grated numerically using a 4th-order fixed-step solver
(Runge-Kutta) with a time step size of 0,001 s.

2.3.5. Solar Radiation Model

The solar radiation model was developed to pre-
dict the amount of received solar radiation. The posi-
tion of the Sun was parametrized using azimuth and
elevation angles (Fig. 12) [23].

Solar declination was calculated as follows
[46,47]:

6= 23,45si 560 (284 +n) 23
= 23,45sin| n (23)

where n = 1...365 is day of the year (15! January = 1).
Next, the Sun hour angle tgr was estimated using the
relation:

tst = tisr + ter + (lsr — lpocar) 4 min/° (24)

where: t; sr - Local Standard Time, tzr — equation of
time, lgr - Standard Longitude and [;,.4; - Local Lon-
gitude. The equation of time is given in the form [47]:

tgr = 229,2(0,000075 + 0,001868 cos B
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—0,032077sinB — 0,014615 cos 2B [ cos® 0 sin®
— 0,04089 sin 2B) (25) o 1 0
|—sin® 0 cos®
whereB = (n— 1) %. Solar elevation angle a,; is [46, [cosW —sin¥ 0
48]: sinW cos¥® O
0 0 1
ap; = asin(sin§ sing + cosé cosg cosh) (26) -
COS 0, COS Uy
Azimuth angle a,, was obtained from the relation sin a,, cos ag; 34
[48]: sin ag,

(sind cos¢@ — cosd sing cosh)
s

Ay, = aco (27)

COS Qg
The inverse cosine trigonometric function returns val-
ues in the range from 0° to 180°. If the hour angle is
negative, then a,,= 360°—a,,. In that way a,, falls in
range from 0° to 360°.

The ASHRAE clear sky model was used to predict
the amount of solar radiation received by the sensors.
The changes in extraterrestrial radiation during the
year are modeled as [46]:

I=1,(1+0,034 360n 28
=l P USRCOS| 365 25 (28)

where the Solar constant is I;= 1353 W/m?. Optical
air mass m was calculated in the following way [46]:

1
m =
sina,; +0,50572(6,07995+a,;)

-1,6364 (29)

where ., - solar elevation angle (this value should be
expressed in degrees).

The total irradiance is the sum of the beam, dif-
fused, and reflected components [49, 50]. The beam’s
normal irradiance per unit area, (which is perpendic-
ular to the sun rays) [46,51] was obtained as:

—rbmb

Ib,N =Je (30)

The diffuse horizontal irradiance per unit area on a
horizontal surface [46,51]:

Id,h = Ie_Tdmd (31)

The coefficients 7, and t; depend on the geographical
location and vary during the year. Some tabulated val-
ues can be found, for example, in [46]. The coefficients
b and d were obtained from the following relations
[37,46,51]:

b=1,219 — 0,0437, — 0,151t, — 0,2047,7, (32)
d = 0,202 + 0,852, — 0,00774 — 0,3577,74 (33)

In Oy xp, ¥, Zp frame the unit vector along the z;, axis (in
the negative direction) have the following components
fA=[0, 0, —1]T [28]. Next, the value of the cosine of
the angle between the direction of the incoming solar
rays and the line that is perpendicular to the surface
of the wings was calculated as [29,37,39,51,52] :

1 0 0
cosi=7n-/0 cos® —sind
0 sin® cos @

After several mathematical operations, the result is
[51,52]:

cos A = cos a,sin ag(cos Wsin @
— cos ®sin Wsin ©)
— COS ¢, COs g (sin Psin ¥
+ cos ®cos Wsin 0)

+ cos ®sin a,cos O (35)
When the cos A is known, it can be used to calculate
the amount of received power from the unit area [32,
51,53].

The sensors are installed only on the upper surface
of the wing. If the surface of the sensor is oriented
in the direction opposite to the Sun, then the direct
componentis [26,37,54]:

>
Pt iz e
The diffuse irradiance is:
Py = Igpcos?2 (37)
The solar radiation on the horizontal surface is:
In =Iyysina, +1gp (38)

For low attitude also, the reflected component was
taken into account [55]:

P. = p,Ipsin’A (39)

where p, - ground reflection factor (assumed 0,05).
The total received irradiance is:

Psa=Pb +Pd+PT (40)

The solar radiation model was implemented in
MATLAB/SIMULINK and integrated with the numeri-
cal flight simulation of the aircraft (Fig. 13).

Moreover, the presented model of the Sun’s posi-
tion was validated by comparing the results obtained
from SIMULINK with those from the website https:
//www.suncalc.org. Next, the model was used to
predict the amount of solar radiation and prepare the
flight scenarios for the real experiments.


https://www.suncalc.org
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Figure 13. Solar radiation model implemented in SIMULINK

2.4. Aircraft Power Consumption Measurements

During research, it was required to estimate the
power demand and energy consumption of the indi-
vidual subsystems (electric engine, autopilot, teleme-
try, and sensors). The total energy consumption of
the system is recorded in the flight logs. However, the
power module used to monitor the battery state must
be properly calibrated.

A series of ground tests was conducted to obtain
the amount of power required by the components of
the electric systems. Voltage and current were mea-
sured manually using a voltmeter (connected in par-
allel) and an ammeter (placed in series) between the
main battery and autopilot.

It should be noted that a secondary power source
powers the solar radiation measurement system. The
obtained results are presented in Table 2.

The energy consumption by the electronic compo-
nents is practically constant. The power required by
electronics is much smaller (below 3% of the total
maximum value) than the power necessary to drive
the electric motor. Increasing the angular speed of
the motor results in a significant drop in the battery
voltage.

3. Results
3.1. Flight Tests

A series of flight tests was conducted at different
times of the day to collect the data. The experiments
were evaluated at two locations: Zalesie (52,266874°,
20,751108°) and Przasnysz (53,009749°,20,929911°)
airfields (Fig. 14).

The primary objectives of the experiments were to
collect data on flight parameters and solar radiation,
which are essential for validating the developed math-
ematical models.

The weather conditions were good, with low cloud
coverage (in both locations). In Zalesie, the wind gusts’
maximum speed was no more than 3 m/s, but in Prza-
snysz, it was significantly higher (up to 6 m/s). The
aircraft was controlled remotely by an experienced

Figure 14. Aircraft ready to start at the runway in
Przasnysz airfield.

drone pilot. The experiments were realized in two
flight modes: manual and semi-automatic. Addition-
ally, the second operator observed the flight param-
eters (e.g., speed, altitude, battery state of charge)
using the Ground Control Station. In that way, the
aircraft ensured that it would correctly and safely
complete the predefined mission scenario. The flight
logs obtained from the autopilot were analyzed using
Mission Planner software (https://ardupilot.org/plan
ner/) and UAV Log Viewer (https://plot.ardupilot.org
/#]).

Next, the developed models were validated using
the obtained data. The input data to the model (geo-
graphic coordinates, date, and time of the trials) were
set according to the measured data. The flight trials
were documented with photographs, so it was possi-
ble to obtain the level of cloudiness. The flight logs
were aligned in time with data from the solar radi-
ation measurement system. In order to calculate the
cross-correlation of two discrete-time signals (aileron
deflection), the MATLAB function “xcorr” was used.

In the subsequent paragraphs, selected results
from the experiments are presented.

3.2.Case 1

This test was performed in Zalesie on 2023-09-08
(year-month-day). The data logging process started
at 16:38:56 (HH:MM:SS, hours, minutes, and seconds)
Central European Summer Time (CEST).


https://ardupilot.org/planner/
https://ardupilot.org/planner/
https://plot.ardupilot.org/#/
https://plot.ardupilot.org/#/
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Table 2. Power consumption of system’s components
Test case Voltage [V] | Current [A] | Power [W]
Solar radiation measurement system 9.11 0.075 0.683
Avionics + propulsion (main motor off) 12.40 0.575 7.130
Avionics + propulsion (main motor on - at cruise RPM) 9.55 29.460 281.343
Avionics + propulsion (main motor on - maximum RPM) 8.80 70.270 618.376

52.2685°N

52.268°N

52.2675°N

52.267°N

Latitude

52.266°N

52.2655°N
20.749°E  20.75°E 20.751°E  20. 752 E 20.753°E 20.754°E
Longitude

(a)

W mw WWW

250 300

| WWWMM W\)\WW

250

Roll
o

Pitch ]
°

)
S

400

SE A A

(b)

[l

Yaw

0 50 100 150 200 250 300

¢l
P
) MMMM hﬂk

0 150 300
tls)

50

Current [A]

o
X 299.9
5r Y 7.839

. . . . . |
0 50 100 150 200 250 300
t[s]

Energy [Wh)

(c)

Figure 15. Aircraft flight parameters (a) position (b) roll,
pitch, yaw angles (c) battery voltage, current, and
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Figure 16. Solar illuminance, radiation intensity, and
energy (case 1)

The aircraft took off at 16:45:54. In that case, the
UAV was piloted only in manual mode. The aircraft
flight path is presented in Fig. 15a (data has been
cropped to the time range of interest). As can be
observed, the pilot has frequently repeated trajecto-
ries similar to airfield traffic patterns (in the counter-
clockwise direction when looking from the top). Small
yellow arrows in Fig. 15a mean the direction of motion.
The white arrow indicates the solar azimuth (the direc-
tion of the sun’s rays). At the start, the solar azimuth
was 249,57° and the elevation was 22,04°. Azimuth
is measured from North in a clockwise direction, and
elevation from the horizontal plane (please see the
convention in Fig. 12). The roll, pitch, and yaw angles
are presented in Fig. 15b. In Fig. 15c, the battery volt-
age, current, and the total amount of energy consumed
by the aircraft are shown.

The measured roll angle was between -48,16° and
+20,74° (the plot is asymmetrical because the aircraft
performed left turns). From the yaw angle plot, it can
be concluded that approximately 8 full loops were
evaluated in flight.

The voltage decreases slowly with time. The cur-
rent has the highest amplitude at the beginning of
the mission because then the aircraft performs the
start and the ascending flight. To realize the mission
7.84 Wh of energy was spent.

In Fig. 16, the measured solar illuminance is pre-
sented. The measured solar illuminance was con-
verted into solar radiation intensity using calibration
coefficients that were obtained experimentally. Then,
the obtained results were integrated in time to esti-

mate the energy that could be collected (per 1 square
meter).
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The maximum possible amount of solar radiation
intensity is approximately 554,6 W/m?2. The ampli-
tude varies significantly due to changes in altitude.
The radiation received by sensors strongly correlates
with the roll and pitch angles. The aircraft performed
a set of maneuvers. The intensity depends strongly on
the angle between the incoming ray and the sensor’s
surface.

Moreover, it can be observed that the data from
both sensors differ a bit. The main reason for that phe-
nomenon is the wing’s dihedral angle and the sensors’
minor mounting imperfections.

The amount of energy increases monotonically
with time. The data from sensor 1 indicate that col-
lecting 14.78 Wh of energy (from 1 square meter) is
possible in these conditions. Using data from sensor
2, it was found that this result is slightly higher, 15.41
Wh.

The experimental radiation intensity values are
in close agreement with the model predictions. The
model overestimated the amount of collected energy
(17,35 Wh).

The typical overall efficiency of photovoltaic sys-
tems that are used on solar-powered UAVs is around
20% [7]. This means that theoretically, the 2.956 Wh
of energy can be obtained (using sensor 1 data).
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Figure 19. Approximate aircraft location at energy peak
(case 1, enlarged view)

The Multiplex Funcub NG is unable to achieve
perpetual flight using only solar energy because the
energy required for propulsion is significantly higher
than the amount of energy that can be harvested from
solar radiation.

It is worthwhile to take a closer look at the results
to understand the relationship between the Euler
angles and the amount of solar radiation received. The
selected data portion (from 20 s to 50 s) is shown in
Fig. 17 and Fig. 18 to make the details more visible.

One of the peaks of the solar radiation occurred
approximately at time 31.6 s (please see the datatip in
Fig. 17). Then, the aircraft was banked on the left wing
(roll angle is negative and equal to around -32°) and
moved at the yaw angle of 350° (from South to North).
That means the solar radiation sensors were pointed
in the direction of the oncoming radiation. The sketch
of the aircraft location on the analyzed portion of the
flight path is presented in Fig. 19.

On the other hand, in 50 s, the amount of received
solar radiation is relatively small because the aircraft
moved from North to South, and the roll angle is ~4.5°
(the sensors were not pointed directly to the Sun).

3.3. Case 2

Scenario 2 was also completed in Zalesie on 2023-
09-12. The data logging in autopilot was initiated at
13:07:02 CEST. The plane took off at 13:14:42. In this
experiment, the aircraft was piloted in both manual
and semi-automatic modes. The resulting flight path
is presented in Fig. 20a. The plane moved in a counter-
clockwise direction. The solar position (azimuth and
elevation) was 193,19° and 41,23°, respectively.

The roll angle (Fig. 20b) was in the range from -
56,25° to +29,17°. Also, the pitch angle was between
-41.31° to +31.09°. The yaw angle indicates that the
aircraft realized more than 11 loops.

The current (Fig. 20c) drops rapidly after 320 s
because the plane landed and then was taxiing on the
runway. The aircraft spent 10,83 Wh of energy during
the mission.

In Fig. 21, the solar radiation measured in the sec-
ond flight trial is shown.
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Figure 20. Aircraft flight parameters (a) position (b) roll,
pitch, yaw angles (c) battery voltage, current, and
consumed energy (case 2)

The solar radiation intensity exhibits a sinusoidal
pattern corresponding to changes in the orientation
angles. The maximum value of solar radiation inten-
sity is 829,3 W/m? (significantly higher than in case
1). From sensor 1, it was estimated that collecting
45,21 Wh of solar energy is possible (per 1 square
meter). Using sensor 2, this value was estimated to be
45,26 Wh.
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Figure 21. Solar illuminance, radiation intensity, and
energy (case 2)
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Figure 23. Solar illuminance, radiation intensity, and
energy (case 2, enlarged view)

The model predicted that the amount of energy
that can be harvested is 45,65 Wh, which is close to
the real values.

Again, assuming the aircraft can be equipped with
solar panels (1 square meter in area) and the energy
can be harvested with an efficiency of 20%, the
obtained value is 9,042 Wh.
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In this case, the amount of harvested energy is
still insufficient to cover the instantaneous energy
demand. Moreover, from a practical point of view, the
hypothetical system cannot accumulate energy for the
onboard batteries (because the energy consumption
of 10,83 Wh was higher than production). As a matter
of fact, it would not be possible to achieve perpetual
flight functionality over a longer period.

In Fig. 22 and Fig. 23, the selected data portion
(from 220 s to 260 s) is shown in an enlarged view.

One of the energy peaks occurred at time 245,6 s.
The aircraft performed a left turn and was banked on
the left wing (roll angle is —27,25°, please see Fig. 22).
This means the solar radiation sensors were pointed
toward the incoming sunlight. The situation scheme
with the selected portion of the flight path is presented
in Fig. 24.

3.4.Case 3

In case number 3, the experiment took place in
Przasnysz on 2023-09-21. The data logging system
was initiated at 15:41:26, and the plane taxied for a
while. Next, the aircraft took off at 15:45:17. The plane
started and landed in manual mode, but most of the
mission was realized in loiter mode. The radius of the
circular trajectory (Fig. 25a) was larger when com-
pared to case 2. Solar azimuth and elevation angles
were 234,53° and 24,41°.

The roll angle (Fig. 25b) varied significantly from
-45,75° up to 73,12°. To fulfill the mission, 12,28 Wh
of the energy was spent by the onboard electronic
system (Fig. 25c).

The light radiation intensity is presented in Fig. 26.

The maximum measured value of the radiation
intensity is 701,6 W/m?2.

Using data from sensor 1, it was calculated that
20,93 Wh of energy can be collected (from 1 square
meter of surface). Data from sensor 2 indicates a
bit lower value of 19,01 Wh. The model predictions
(20,72 Wh) are between the values from both sensors.

The enlarged view of the selected data portion is
shown in Fig. 27 and Fig. 28.
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Figure 25. Aircraft flight parameters (a) position (b) roll,
pitch, yaw angles (c) battery voltage, current, and
consumed energy (case 3)

For the selected part of the trajectory, the aircraft
performed two rapid turns (please see Fig. 29). In the
first turn, it was banked to the left, and as a result, the
wing shaded the solar radiation sensors. Between 40 s
and 50 s, the irradiance was smaller than 60 W/m?
(the curve is practically flat for this time range). In the
second turn, the aircraft banked on the right wing. The
maximum roll angle occurred at 55.7 s and is equal to
36,06°.
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Figure 26. Solar illuminance, radiation intensity, and
energy (case 3)
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As a result, the sensors were pointed directly at
the Sun. In Fig. 28, at 55,7 s, the local maximum of the
signal was observed.

4. Conclusion

This paper presents the methodology for in-
flight solar radiation measurements using a small
unmanned aerial vehicle.
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Figure 29. Approximate aircraft location at energy peak
(case 3, enlarged view)

Among the main goals of the conducted research,
the following stages can be distinguished: avionics sys-
tem integration and testing, flight experiments, data
acquisition from the flight and solar systems, analy-
sis of recorded data, and performance of computer
simulations based on the obtained results. Completed
works are the intermediate stage of developing the
primary research platform - the AZ-5 solar UAV -
and can be directly implemented based on the gained
experience.

To adapt the RC airplane for research platform
requirements, a set of modifications has been made.
Among them, itis possible to distinguish the solar radi-
ation measurement system and additional avionics
integration. The undeniable drawback of the modifica-
tions is an increase in platform weight, and therefore,
areduction in its total flight time.

Experience from the development of the solar radi-
ation measurement system, e.g., hardware program-
ming and conducted functionality tests, proved that
its subcomponents should be selected with particu-
lar care. Sensor quality, including sampling frequency
and accuracy, is a key factor influencing the final
results. Another significant aspect is light sensor cal-
ibration, which allows for direct conversion from lux
to W/m? It is essential to note that the proposed
measurement device has lower accuracy than high-
performance grade irradiance meters. However, it
allows for the collection of quantitative data at a rea-
sonable cost.

The next research goal was to validate a solar
radiation model. From recorded flight data obtained
at two locations in Poland and at different times of
day, a representative dataset consisting of 3 flights has
been selected. All flights have been performed in good
weather conditions, with small to moderate cloud cov-
erage and wind gusts of less than 3 m/s in Zalesie and
up to 6 m/s in Przasnysz. Flight conditions have been
incorporated into the simulation model, including air-
plane orientation angles, exact time (date, hour, and
minute), flight duration, and geographical location. As
aresult, an irradiance function was obtained.
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A comparison of simulation data with recorded
data demonstrated the high quality of the mathemat-
ical model and its accuracy at a level of around 90% or
above.

Moreover, some results may be initially confusing
and not meet the above requirement. Namely, as can
be observed from the radiation intensity figures, there
are regions where the simulation model differs from
the recorded values by more than 10%. This phe-
nomenon is observed when an airplane flies below 25
m above ground level or remains on the ground in
Zalesie. It is caused by the fact that the research plat-
form was placed in the shadows cast by local objects
(tall trees), and direct sun radiation components did
not contribute to the solar radiation measurement. In
fact, the developed solar radiation simulation model is
assumed to be a valuable simulation device capable of
reflecting actual flight conditions.

Lastly, an assessment of the modified Multiplex
Funcub NG research platform'’s capability to perform
perpetual solar flights is also considered. Analysis
of battery voltage, current, and energy consumption,
as well as solar illuminance and estimated irradi-
ance, yields several conclusions. The average power
required during the performed flight tests varies from
approximately 77 W to 142 W, depending on the
flight mode selection and wind conditions. Flights
performed in automatic mode with small wind gusts
provide the lowest energy consumption. Flying with
strong winds causes the highest energy usage.

During completed tests, the average possible
power production from the hypothetical photovoltaic
system varies from 17.6 W to 35 W, assuming an
overall efficiency of 20% and complete coverage of
the wing’s upper surface (0,399 m? for Funcub NG).
A battery capacity of 35.52 Wh would not allow for
accumulating enough energy to continue flights dur-
ing lower Sun positions above the horizon (morning
and evening hours).

The above analysis clearly states that the inter-
mediate research platform Funcub NG cannot achieve
perpetual solar flights because it requires a significant
amount of energy. The data obtained will be used
to design and develop the photovoltaic installation
of the AZ-5 solar-powered aircraft. This aircraft (in
contrast to Funcub NG) was specially designed and
had much lower energy consumption and a high lift-
to-drag ratio.
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