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Abstract: Solar-powered aircraft can perform long-term flights with clean solar energy. However,
the energy derived from solar irradiation is influenced by the time of year and latitude, which
limits the energy acquisition ability of solar aircraft with a straight-wing configuration. Hence,
unconventional configurations based on increasing wing dihedral to track the sun are proposed to
improve energy acquisition at high-latitude regions in winter, which may involve power loss caused
by mismatch in the photovoltaic system. However, mismatch loss is seldom considered and may
cause energy to be overestimated. In this paper, the energy acquisition characteristics of a joint-wing
configuration are presented based on the simulation of an energy system to investigate the mismatch
power loss. The results indicate a 4~15% deviation from the frequently used estimation method and
show that the mismatch loss is influenced by the curved upper surface, the severity of shading and
the circuit configuration. Then, the configuration energy acquisition factor is proposed to represent
the energy acquisition ability of the joint-wing configuration. Finally, the matching between the
aircraft configuration and flight trajectory is analyzed, demonstrating that the solar-powered aircraft
with an unconventional wing configuration is more sensitive to the coupling between configuration
and trajectory.

Keywords: solar-powered aircraft; joint-wing configuration; energy system; partial shading; configuration
energy acquisition factor

1. Introduction

Solar-powered aircraft are capable of performing long flights lasting for a day and
night, or even several weeks, while relying on solar energy [1]. During the daytime, they
can harvest solar energy by photovoltaic (PV) arrays, which are mainly installed on their
wings, and convert solar energy into electricity, which can be used directly by propulsion
systems and other airborne equipment. At the same time, the excess energy is stored by
rechargeable batteries for maintaining flight at night. High-altitude long-endurance (HALE)
solar-powered unmanned aerial vehicles (SPUAVs) have a latent capacity for high flight
altitudes (>20 km), a wide coverage range and extremely long flight endurance; compared
to satellites and airships, they are easier to deploy and have higher mobility [2,3].

Most solar-powered prototypes have the conventional configuration of straight wings
with low wing load and high aspect ratio. The HP03 in the “Helios” series of UAVs
developed by NASA, with a wingspan of 75 m and aspect ratio over 30, is a typical
example [4]. Another example is the Zephyr series of UAVs. Zephyr 7 has a weight of
53 kg and a wingspan of 22.5 m, which broke the world record with a 336 h flight on
9 July 2010 [5,6]. Afterwards, Zephyr S achieved continuous flight for nearly 26 days and
broke the previous record in 2018 [7]. Solar Impulse is the only one that has been able to
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fly a person on solar power; its wingspan is 63.4 m, longer than Boeing 747-300, and its
weight is 1600 kg, less than 0.5% of the takeoff weight of Boeing 747-300 [8]. The design of
solar-powered aircraft is severely limited in both energy acquisition and energy storage,
mainly due to the low efficiency of solar cells and low specific energy of rechargeable
batteries, which account for a large proportion of the total weight (from 1/3 to 1/2). For
example, the lithium battery of AtlantikSolar weighs 2.92 kg, accounting for 42% of the
total weight of 6.93 kg [9].

The conventional design also has disadvantages related to structure and flight range.
The wing structure, having low stiffness and strength, is prone to deformation or even
damage, which contributed to the fall of the “Helios” drone, the experimental failure of
Facebook’s Aquila and Google’s Solara 50, and Google’s shift to the high-altitude ball [10].
It is still a considerable challenge for solar-powered aircraft to achieve long-term flights in
high-latitude areas in winter because a small sun elevation means a large angle of incidence
on PV modules, low direct solar irradiance and limited energy harvesting.

Unconventional wing layout designs are developed to extend the latitude and flight
window of solar-powered aircraft; their main design concept is increasing dihedral and
actively tracking the sun to increase the solar power captured. Such designs include the
“*”-shaped wing configuration, the wing-sail configuration and the “Z” (“N”)-shaped
morphing wing configuration. The “*”-shaped wing configuration was proposed to handle
a high flying attitude with a low solar elevation angle and has the potential to realize sun-
seeking eternal flight between the latitudes 65° and 76° [11,12]. The wing-sail configuration
is developed by installing wing-sail or other active photovoltaic (PV) modules in the
structure of solar-powered aircraft to improve the energy-harvesting ability [13]. The
innovation of the “Z”-shaped morphing wing configuration was realized in “Odysseus”,
developed by Aurora [14], and further studied in research exploring different aspects,
including the morphing control without relying on actuators [15], optimal flight planning
and flight control and the comparative analysis of the energy margin and energy input [16],
and a similar configuration of deflectable wingtips with experiments [17]. An increase in
wing dihedral provides the potential to improve the energy acquisition under the condition
of low sun elevation. The joint-wing layout, because of its advantage in structure [18]
and flexibility of design, is also a promising choice for solar-powered aircraft, but relevant
analyses are lacking.

However, the traditional evaluation method based on the assumption of coplanar
PV cells may underestimate the power loss caused by mismatch and partial shading
because of the neglect of electrical characteristics. Simulations and experiments [19,20] of
PV arrays with MPPT [21] indicate dramatic power loss under partial shading, which is
seldom scrutinized in the energy balance design of solar aircraft. Therefore, comprehensive
research of the energy acquisition characteristics of solar aircraft while accounting for
partial shading, as well as the energy system, should be further studied on the basis
of simulations [22,23], flight experiments [24], circuit reconfiguration [25] and energy
management [26], among other aspects.

To validate the superior energy acquisition of unconventional designs, the accuracy of
the evaluation of energy acquisition is crucial. The electrical characteristics of this kind of
platform under the partial shading condition need to be considered in energy acquisition
estimation. Energy acquisition calculation methods applied to solar-powered aircraft with
unconventional designs need to be proposed.

2. Modeling

The method of estimating the energy acquisition of solar-powered aircraft with uncon-
ventional designs is shown in Figure 1. The traditional method based on the proportion
of shadow area [16,17] may overestimate the energy acquisition because of 2 types of
mismatch: mismatch in solar modules and mismatch in solar arrays. Mismatch in solar
modules is caused by the nonuniformity of irradiation on solar cells in the same solar
module. It usually leads to decreases in the current and power on account of the common
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series connection of solar cells. Mismatch in solar arrays is caused by the nonuniformity
of irradiation (because of shading or different orientations) on solar modules in the same
solar array. It usually leads to a multipower peak and a power decrease.

Energy acquisition estimation

Traditional method in energy considering mismatch loss
acqu151t|0n estimation Wing section 1
7 77777774
. . = .
Wing section | S ~ T'otal Number of
””””’l S ‘é{lar panels: Ny
SS
Total area: S, Number of solar panels in

. . L. shadow: Ng
Direct irradiation: Gp,

QQ.
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Mismatch loss in solar modules ~ Mismatch loss in solar arrays

Figure 1. Energy acquisition estimation of solar-powered aircraft.

To take the mismatch loss into account, the estimation method of solar-powered
aircraft applied to the joint-wing layout includes models of solar irradiance and the energy
system and the calculation of the irradiation state of the solar modules and arrays.

2.1. Solar Irradiance Model and Transformation

The ability of the aircraft to acquire energy is mainly determined by solar irradiance.
The inputs of the solar irradiance model can be divided into two main parts: solar geometry
inputs and atmospheric parameter inputs [27]. Thus, the input parameters of the model
include: the altitude above sea level H, the number of days from 1 January d,, the latitude
¢s, the longitude L, and the local standard time f5. The output parameters of the model
include: the direct solar irradiance G, the sun elevation angle «, the sun azimuth angle ¢,
and the time of sunrise and sunset tg,;,rise and tsypset-

The direct solar irradiance Gp can be calculated based on the KSK1997 model as [28,29]:

0.5
my = (1229 + (614sin(a))?) ~ — 614sin(«) 1)
0.0065H \>-256 1 o
real(1 — 25522 ) @2 30
MH = 5.256 (2)
real (1 — QO06OH)>™ g, 0 < 30°
Gp = Gsc - [1 4 0.033 cos(360° 3d6”5)] -[0.476(e065mH o009 )] ©)

where G is the solar constant of 1367 W/m?, m is relative air mass measuring the optical
path of sunlight, mpy is the air mass after altitude correction, and my is the air mass at
sea level.

The solar irradiance is a mixture of multiple irradiances, which can be divided into
beam, diffuse isotropic, diffuse circumsolar and albedo components. The irradiation under
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shading is also a mixture of the components with their contributing factors. The irradiation
under shading G, is calculated from the original unshielded irradiation intensity Gp.

Gsh = ksp - Gp 4)

where kg, varies from 1 to 0 with the increase in Gp. When Gp is relatively low, G, is
low, but kg, is close to 1; in other words, the radiation under shading is more attenuated at
higher values.

The position of the sun can be defined by the elevation angle « and the azimuth angle
s, which can be calculated as:

360°(d,, + 284)

6 = 23.45° sin( ) 5)

365

Ei = 9.87sin(W) — 753 COS(%nS_gl)) -15 sin(W) (6)

L.—L E
tr=ts+ "Gz + g5 7)
w = 15°(tr — 12) 8)
a = arcsin(sin(¢s) sin(d) + cos(¢s) cos(d) cos(w)) 9)

sin(a) sin(¢s ) —sin(4)

arccos( cos(2) cos(o. ),w <0

s = (@) cos(¢s) (10)

sin(a) sin(¢s)—sin(6)
cos(a) cos(¢s)

—arccos( ),w>0

where ¢ is the sun declination angle, w is the hour angle, 7 is the true solar time considering
the error of the standard time fg, L, is the longitude of the standard time in China and
defined as 120°E, and E; is the difference between the true solar time and the mean solar
time. It must be clarified that the azimuth angle s = 0° when the sun is in the north. The
value of ¢s gradually increases to 180° when the sun rotates clockwise before noon, which
means that w < 0. After noon, the value of s continues to increase by more than 180°, in
other words, jumping to —180°, causing the function problem f(x) = arccos(x). Therefore,
the calculation of s should be classified.

The direction and value of solar irradiance in the Earth-fixed coordinate system can
be determined according to the equations above. The direction of solar irradiance in
the aircraft-carried vertical frame coordinate system can be converted by the coordinate
transformation matrices Ty and Tgy:

Vx Vy
VW2 V2412
Try = -V Vx (11)
VV2HWW2 V212
0 0 1

where Tgy is the coordinate transformation matrix from the Earth-fixed system to the
aircraft-carried vertical frame, and Vx and Vy are the components of the velocity of the
aircraft on the X- and Y-axes.

The coordinate transformation matrix Tpy from the aircraft body-fixed coordinate
system to the aircraft-carried vertical frame is:

cos f cos P cosfsiny —sin@
Tpy = | sin¢gsinfcosyp —cos¢siny singsinfsiny —cos¢cosy singcosd | (12)

cos¢psinfcosyp —singsiny cos¢sinfsiny —singcosyP cos¢cos
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where ¢, 6 and ¢ are three Euler angles that indicate the aircraft attitude: the yaw angle ¢,
the pitch angle 6 and the roll angle ¢.

The three components of the direction of irradiance in the aircraft body-fixed coordi-
nate system can be expressed as:

Xsal ar
Ysolur

Zsalur

— cos(ele) cos(azi) — cos(ele) cos(azi)
=Tpy - Ty |: — cos(ele) sin(azi) ] =Ty - TeyT |: — cos(ele) sin(azi) ] (13)
sin(ele) sin(ele)

2.2. PV Array Model

PV arrays can be divided into three levels by scale: PV cell, PV module and PV array.
The PV module is formed by connecting and encapsulating PV cells, sometimes multiplying
bypass diodes to avoid mismatch. A series of PV modules are connected to an array. All of
them have similar output characteristics under uniform irradiation.

The intersection point of the I-V curve and voltage axis is the open-circuit voltage
Voc, and the intersection point with the current axis is the short-circuit current Isc. The
maximum value P, of the P-V curve is the maximum power point (MPP) of the PV array.
The output power of the PV array is affected by the load. Only when working at the MPP
(I = Ly, V = Vy) can the maximum power P = P, = I[,;V;; be achieved, which is the
reason for installing a maximum power point tracker (MPPT) to adjust the load and track
the MPP.

The equivalent circuit for a PV cell based on the single-diode model consists of the
photocurrent source Iy, the diode, the parallel resistance R and the series resistance Rgpy.

The output current I can be expressed using the equivalent circuit in terms of the
output voltage V [30]:

aURg+V) V + IR

=1, —Iple AT —1) (14)

Rsu

where Ij is the dark saturation current of the diode, A is the emission coefficient of the
diode, T is the absolute temperature of the p-n junction of the diode, ¢ = 1.6 x 107¥C is
the electric charge, and k = 1.38 x 10~2% J /K is the Boltzmann constant. The photocurrent
I,;, with temperature correction can be calculated as:

Gpv
Ipw = (Isc + Ke(T = 298)) 37550 (15)
where Gpy is the irradiation intensity on the PV cell, and K; is the temperature coefficient
of Isc. The calculation of Gpy should consider the incident angle inc of the irradiation on
the PV cell.

Gpy = Gcos(inc) (16)

Generally, the values of Lpn, Io, A, Rs and Rgp are not provided by PV cell manufac-
turers; instead, the values of V¢, Isc, Vi and I, under standard test conditions (STC,
G = 1000W/m?, T = 298 K) are given, and the I-V curve can be easily measured. The
unknown parameters can be determined through numerical methods based on the data
extracted from the I-V curve.

When shading occurs, some of the PV cells in PV arrays are under low-illumination
conditions and limit the output power of the entire array if there is no bypass diode. The
maximum output power and the output current at MPP are approximately proportional to
irradiation, as the output voltages at MPP rarely change. As a result, the maximum output
power Py, can be estimated by the product of irradiation intensity G and the efficiency
solar N the conceptual design. The estimation may overestimate the power under low-
illumination conditions.
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2.3. MPPT and DC Model

Many MPPT algorithms are capable of handling the multipeak value problem caused
by partial shading, such as swarm-based particle swarm optimization (PSO), ant colony
optimization and heuristic methods such as simulated annealing, grey wolf optimization
and firefly algorithms [31]. Most global optimization algorithms involve swarming and
randomness to jump out of local optimal values. In addition, hill-climbing algorithms and
their modifications are still widely used in engineering because of their simplicity and ease
of implementation. The modification of variable step size and stop oscillation conditions
increases the tracking speed and decreases oscillation loss near the peak.

The MPPT based on a modified timed reset and stop oscillation conditions was
implemented with the Matlab function in Matlab/Simulink, as shown in Figure 2. If
the output power increases, the direction of perturbation is maintained; otherwise, the
direction is reversed. A controller that can reset the MPPT was added to jump out of a local
optimal solution when it works under nonuniform irradiation intensity.

ﬁ S < b >V s control
Control
Zero-Order ’ m - —Pldv Lyls
v old memoryV 4 . e @ o f
>+ pla fon fen D
memoryD
@ J_\_L >I m P p | ResetValue
| >l 03 ¢
Zero-Order memoryl ‘ —
Hold1 ese
o P8O ResetValue

Figure 2. MPPT model based on modified hill-climbing algorithm.

The output of the MPPT is the duty cycle of a DC-DC (direct current to direct current)
buck converter. The converter can change the load of the circuit to bring the working point
of a PV array to MPP. Input voltage V], input current I, output voltage V and output
current Ip of an ideal converter in continuous mode are related by the following equations.

Vo = VD (17)

Io=1;/D (18)

where duty cycle D has a range of 0-1. Hence, the output voltage is less than the input
voltage. The working frequency of a general converter is too high for a 24 h simulation.
Therefore, the function of the DC-DC converter is simplified by a function of load. The
equivalent load Regq;, of the DC-DC converter and the original load R,,; can be expressed by:

Requ = Rori/D2 (19)

2.4. Modeling of Wing Section Considering Shading

The irradiation condition on solar cells can be obtained by a geometric method, which
has a lower computational cost than the Monte Carlo method, thanks to the rectangular
shape of the wings of solar-powered aircraft. Rectangles representing wing sections in
the aircraft-body axis coordinate system can be expressed by the parameters of the wing,
including the coordinates of the wing root leading edges Xyng and Zying, the chord length
of the wing Cyng, the wingspan Ly, the sweep angle x and the dihedral angle vy, as
shown in Figure 3. The shading states of points on a wing section can be determined by an
OR operation of all shadows cast by the wing sections above.
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Figure 3. Wing sections and parameters of joint-wing layout.

The shadow of the wing can be determined once the direction of solar irradiance is
obtained from the solar irradiance model. The components of the direction are defined

as Xsotars Ysotar and Zgyj,, and the point of the shadow (Xo, Yo, Zg) should satisfy the
line equation:

x—XO - ]/_YO - Z—ZO
Xsolur Ysolur Zsolar

The function of another plane is determined by 3 points (X;,Y;,Z;),i=1,2,3 and the
plane equation below.

(20)

x—Xl Xz*Xl Xg*Xl
y—Yl . Yz—Yl X Y3—Y1 =0 (21)
Z—Zl Zz—Zl Z3—Z1

The normal vector of the plane is:

Xnorm X2 - Xl X3 - Xl
Ynorm = YZ - Yl X YS - Yl (22)
Znorm Zy— 71 Z3— 24

The projection (Xproj, Yproj, Zproj) coordinates of the point (Xo, Yo, Zo) on the plane can
be obtained through a matrix operation.

XOYsolar - YOXsolar

Xproj Ysotar = Xsolar 0 X0Zsolar — ZoXsolar
Yproj = Zsolar 0 —Xsolar Xy Xo—Xq X3 —X; (23)
Zproj Xnorm  Ynorm Znorm vspace3pt | Y1 |- | Ya—=Y1 | x| Y3—Y;

Zy Zy— 7y Z3— 7y

After, the quadrilateral shadow of the rectangle representing the wing section is
determined. Whether a PV cell at coordinates P(X .1, Yeer1, Zeer) is in the shadow can be
determined according to the relation of the four vectors from the position of the PV cell to
the end points of the quadrangle (X;, Y;, Z;),i = 1,2,3,4, as shown in Figure 4.
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3. Integration of Simulation Models

The energy system model integrated above is based on Matlab/Simulink, as shown in
Figure 5. Irradiance input is the local irradiation intensity on a set of solar cells. The DC
with MPPT and the load are modeled as a controllable potentiometer connected to the solar
arrays. The MPPT is reset when the power loss lasts for a while.

% L1 il D

Lylp Requ
m Check >V
solar + % ol
G lap25_3.mat |-e-» Pestimated Control —{ Control DC-DC
overl _3.
Irradiance Input solar = — [ Psimulated MPPT ‘
Solar A f(x) 0 ‘ MPPT reset control Psimulated
olar Array
5@ ‘ Pesumated

Efficiency*Area

@

Figure 5. Model of energy system.

4. Energy Acquisition Analysis Based on 24-h Flight Simulation

The simulation of the output characteristics of the joint-wing layout in a 24 h flight
was performed to reveal the effects on power losses, including those of the curved surface,
shading condition and PV circuit configuration. A circular flight path was set with a radius
of 36 km. The airfoil was FX 63-137. Other parameters used in the simulation are shown in
Table 1.

Table 1. Settings of the simulation.

Parameter Value Parameter Value
Flight attitude 20 km Position of wing sections 1, 2 (—=6.1m, 0, —2.7 m)
Flight date 173 (22 June) Position of wing sections 3, 4 (0,0,0)
Flight latitude 40° N Chord length 2m
Flight longitude 120° E Wingspan 30 m
Flight time 0-24h Dihedral angle of wing sections 1, 2 10°
Flight path 36 km circling Sweep angle of wing sections 1, 2 15°

Solar arrays in the same position relative to the chord length on the surface of the
wings have the same normal vectors, as solar aircraft typically have flat wings without
tapering. As a result, they have the same output current, which is suitable for a series
connection. Other solar arrays with different positions can be connected in series or in
parallel, requiring a tradeoff between voltage and current. The combination of high voltage
and low current reduces the line loss caused by resistance. However, at the same time, a
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5000 -

converter with a wide voltage conversion range is needed. In addition, the voltage should
be matched with the charging voltage of the energy storage battery as well as the working
voltage of avionics and load equipment. The solar array of a wing section witha 3 x 6
series—parallel (SP) circuit configuration with bypass diodes was selected for the simulation,
as shown in Figure 6.
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Figure 6. PV circuit configuration of a wing section.

4.1. Effects of Curved Surface and Mismatch

The simulation results of the output power are shown in Figure 7. The continuous
curve in black is the output power in the simulation, and the dashed curve in red is the
output power estimated by the product of the efficiency of PV arrays, MPPT and local solar
irradiance on the PV cells. The integral of power, the energy acquisition in a day, is shown
in Table 2.

imulation Result RO
-------- Sttt oy — T
4000 e -
z -
g o0or Z 3000
.%- 2000F ézooo»
1000 |- C= 1000 - I
. 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Time (h)
(@) (b)
Figure 7. Output power of different wing sections over a period of 24 h. (a) Output power of wing
section 3. (b) Output power of wing section 4.
Table 2. Total energies obtained in a day.
Wing Section 1 2 3 4 Sum
Energy acquisition in 24 h by simulation (kWh) 37.42 37.42 37.68 35.80 148.31
Energy acquisition in 24 h by efficiency (kWh) 39.47 39.47 39.86 37.81 156.61

Mismatch loss 5.49% 5.49% 5.78% 5.64% 5.60%
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Series 1, coplanar

Serics 2, coplanar

A special feature of the unconventional configurations is indicated by the dissimilarity
of the overall trends between the curves in Figure 7a,b, which is caused by varying the
direction and wing dihedral. The shading condition occurred in the morning, with a time
range of 6:30-7:30, during which depression occurred and the two curves have larger gaps,
resulting in more than 50% power loss in the interim, as shown in the enlarged view of
Figure 7b. Therefore, the estimation based on only solar efficiency will underestimate the
power loss and be less accurate under shading conditions.

The mismatch loss of wing sections 1 and 2 has a value of 5.49% and is caused by
the curved upper surface of the wing, which can be explained by the inconsistency of
irradiation input to PV modules, as shown in Figure 8. The 18 curves of 18 modules can be
divided into 3 series because PV modules whose curves are in the same series are mounted
along the span direction, which means that they are coplanar.

Module Input of Wing Section 4
900 - -

Series 3, coplanar s : i .
800 e 6 inputs in cach scrics

700 - &

T

500 +

53
radiance (W/m”)

-‘, 400 - Shading occurs

= 300 !

Local Ir

200 - A \
100 - UJ
ARNEED -2d

Lo ANNING
01234567 89I10I1112131415161718192021222324
Time (h)

(a) (b)

Figure 8. Irradiation inputs to PV modules. (a) PV modules on airfoil curve. (b) Irradiation inputs of
wing section 4.

The mismatch loss caused by partial shading is 0.11%, obtained by the difference
between the total loss and the wing surface loss in Table 2. The sudden drops in the curve
in Figure 8b illustrate the occurrence of shading, corresponding to the fluctuation of the
output power. The loss is not significant; however, it will rise under frequent shading
conditions.

4.2. Effects of the Severity of Shading

To probe into the energy acquisition under more severe partial shading, a larger
overlapping area of the wing sections and more frequent shading were simulated. The
increase in the overlapping area can alleviate the torsion stress at the actual joint structure
of the wing sections, but it aggravates the frequency of shading. The sweep angle is set to 0,
and the positions of wing sections 1 and 2 are gradually moved so that the overlapping
area, if viewed from above, varies from 0 to 100%, as shown in Figure 9. The simulation
results of the energy acquisition of wing sections 3 and 4 (1 and 2 are not influenced by
shading) are shown in Figures 10 and 11.

Overlapping Area 0% »  100%

Figure 9. Proportion of overlapping area.
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Figure 10. Output powers of different overlapping areas in 24 h. (a) Output power of wing section 3.
(b) Output power of wing section 4.
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Figure 11. Energy acquisition of different overlapping areas. (a) Total energy of wing section 3.
(b) Total energy of wing section 4.

The energy harvested in a day decreases with the increase in the overlapping area,
and the power loss increases as well, indicating that the estimation without mismatch will
be less accurate when the shading is severe. The lines in yellow and green show the main
decrease in the output energy caused by shading from 14:00 to 17:00. Then, the overlapping
area increases to 25%, as well as the time range of shading, as indicated by the line in cyan.
However, the green line, which represents the values before shading occurs, has the same
trend as the line in yellow; in other words, the main cause of the decrease is the time range
of shading. Later, the overlapping area continues to increase, and all lines in cyan, blue, red
and black are descending, which means that the main cause of the decrease is the severity
of the shading, since the time range of partial shading almost covers the whole flight. The
output power is reduced on account of shading in two aspects: time range and severity.
Once the overlapping area of wing sections reaches 50%, the power loss is up to 20%. When
the upper and lower wing sections are not staggered, the overlapping area between them
reaches 100%, and the difference is as high as 50%.

The energy harvested by the aircraft is the sum of the energy harvested by the four
wing sections. Therefore, the energy losses of the whole aircraft caused by mismatch are
4.9%, 9.4%, 11.4%, 11.3%, 15.0% and 15.5% when the overlapping area is the reference value,
0%, 25%, 50%, 75% and 100%, respectively. The mismatch loss of the reference overlapping
area is caused by the curved surface and different orientations of PV modules.

4.3. Effects of Different PV Configurations

Different circuit configurations of PV modules were studied to alleviate the power
loss under partial shading. The different configurations of PV arrays that have the same
output characteristics under STC were also modeled and simulated. The configurations
include the series—parallel (SP) configuration, the total cross-tied (TCT) configuration and
the bridge-linked (BL) configuration, as shown in Figure 12. The configurations without
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bypass diodes were simulated, as well. The results of the simulations are shown in Table 3
and Figure 13.
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Figure 12. Models of different PV configurations. (a) SP circuit configuration. (b) BL circuit configu-
ration. (¢) TCT circuit configuration.

Table 3. Energy acquisition of wing section 3 in a day of different PV configurations.

SP BL TCT
Circuit Configuration
without Diode with Diodes without Diode with Diodes without Diode with Diodes
Energy Acquisition (kWh) 29.18 30.31 29.34 30.65 29.47 30.66
Compared to SP with Diodes —3.7% 0 —3.2% 1.1% —2.8% 1.2%
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Figure 13. Energy acquisition of different circuit configurations. (a) Output power of wing section 3.
(b) Output power of wing section 3.

The results reveal the positive impact of bypass diodes and the TCT configuration.
The TCT configuration with bypass diodes harvested the most energy, more than 1.2%
of the most common SP configuration with diodes, while the SP configuration without
diodes harvested the least energy, less than 3.7% of the SP configuration with diodes. The
PV modules without bypass diodes decreased the current of the whole series when it was
shaded, causing greater output power loss, as the power of the SP configuration without
diodes remained low, with values forming a straight line from 15:00 to 17:00 in Figure 13a.
The TCT configuration with bypass diodes had less power loss under the shading condition,
as shown in Figure 13b.

The deviation of various circuit configurations can be explained by the I-V curve of
the PV arrays under partial shading conditions, as shown in Figure 14. The distribution,
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number and location of the peaks of different configurations are the same; in other words,
the deviations are mainly caused by the local peak shape of the curve instead of the
overall trend.
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Figure 14. Output characteristics of different circuit configurations. (a) Partial shading conditions.
(b) I-V curve.

5. The Energy Acquisition Ability Obtained by the Configuration Energy
Acquisition Factor

5.1. The Configuration Energy Acquisition Factor

In addition to continuous simulation, the energy system model can be used to illus-
trate the inherent energy acquisition ability of a specific configuration by calculating a
configuration energy acquisition factor picg4 that indicates the energy acquisition ability
versus the illumination direction, expressed by ap and g, as shown in Figure 3.

P
ag, = (24)
VCEA( P lpB) Hsolar * G- Asolur

where P is the output power, i, is the efficiency of the solar arrays, G is the solar
irradiance on the aircraft, and Ay, is the total area of solar arrays.

While the total output power of solar arrays under STC }_ Ps7c is tested, the output
power of the aircraft P can be obtained as:

G . Hsolar 2 PSTC (25)

P = pcea(ap, ¥p) - 1000W/m2  sorc

Therefore, jicg 4 characterizes the energy acquisition response to different irradiation
inputs. The pcp4 values of the straight-wing layout and joint-wing layout in the aircraft
body-fixed coordinate system demonstrate the energy acquisition ability of different layouts,
as shown in Figure 15. Their inhomogeneity determines the inhomogeneity of irradiation
and energy. The arrows are the normal vectors of solar modules.
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Figure 15. Energy acquisition ability in aircraft body-fixed coordinate system. (a) yicp4 of straight-
wing layout. (b) icpa of joint-wing layout.
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Both wing configurations gain more energy when the sun elevation is high. However,
Figure 15b shows a collapsed area along the direction of the wing section overlap, indicating
the power loss caused by partial shading and mismatch. Another noteworthy phenomenon
is that the energy acquisition when ap = 0° and g = 180° is greater than the energy
acquisition when ag = 0° and g = 0°. This is due to generally backward normal vectors of
the upper airfoil.

The influences of different dihedrals were also studied. ycpa versus ap and p of the
joint-wing layout when wing dihedral = 10° and 30° are shown in Figure 16. The increases
in dihedral improve the energy acquisition ability at low ap, especially when 5 is near
90°, but reduce the energy acquisition ability at high ap. It is remarkable that the collapsed
areas have complex geometry, which indicates that the changes in the dihedral angle have
complicated effects on the energy acquisition ability because of the interaction between
partial shading and the energy system, mainly reflected in the mismatch of PV arrays. The
depth of the collapsed areas reveals considerable power loss occurring in the condition of
partial shading, illustrating the necessity of accurately modeling the energy system.

0.8

0.6

0.4
W Dihedral=10°
I Dihedral=30°
0.2

180150 90

120 75

Configuration energy acquisition factor

‘ o 45 60
0 15 ag (°)

s (°) 0
Figure 16. Energy acquisition factor versus ag and ¢p.

5.2. Optimal Flight Direction

The output power can be calculated by transforming the flight path into the path of
solar direction in the aircraft body-fixed coordinate system once the picp 4 of the aircraft
is computed. Then, the energy acquisition of a geometrically complex configuration with
a specific energy system can be quickly obtained while considering the mismatch. For
instance, the path of the solar direction corresponding to a circular flight path with a radius
of 36 km is shown in Figure 17. The path can be optimized to the optimal ¢, where jicpa
takes the maximum value at a specific ap; in other words, the maximum energy is harvested
if the flight maintains the optimal ap.

Path of solar direction

X (m)

Figure 17. Energy acquisition estimation based on Fcg.
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The optimal g of the joint-wing configuration and straight-wing configuration at
each ap was extracted by finding the maximum pycg4 value, as shown in Figure 18. At low
«p, the joint-wing configuration gains the biggest advantage when ¢ is near 90°, while
the straight-wing configuration shows the best energy acquisition at high ap. The optimal
yp values of the straight-wing are almost all 180° because of the backward airfoil shape.
It is notable that the optimal ¢ values of the joint-wing layout are along the edge of the
irregular collapsed area, which demonstrates that the optimal 5 flight strategy of the
joint-wing configuration needs careful calculation.

0.8

joint wing (30°)
joint wing (10°)
straight wing

Configuration energy acquisition factor

60 80

v ©) @)
Figure 18. Optimal ¢ with the value of jicp4.

The energy acquisition of two configurations in a day with different flight strategies
is compared in Figure 19 and Table 4. The joint-wing layout configuration with larger
dihedral benefits the most from the change in strategy, the energy increase of which is
5.54% compared to the output power curve with many sags and 55% more than the energy
increase of 3.57% for the straight-wing configuration.
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Figure 19. Output power of different configurations with different flight strategies.

Table 4. Energy acquisition of different configurations with different flight strategies.

Flight Strategy
Configuration Energy Increase
Circling Flight along Optimal yp
Joint-wing layout (dihedral = 10°) 146.218 kWh 151.299 kWh 3.47%
Joint-wing layout (dihedral = 30°) 137.746 kWh 145.382 kWh 5.54%
Straight-wing 147.484 kWh 152.743 kWh 3.57%
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The different sensitivities illustrate that more attention should be paid to the selection
of the flight strategy or optimization of the flight trajectory for a configuration with severe or
frequent shading. Configurations with larger wing dihedrals have better performance when
the solar elevation relative to the aircraft ap is low, making them suitable for application
in winter and at high latitudes; however, they may encounter greater power loss caused
by shading. Different configurations adapt to different irradiation conditions defined by
altitude and time. The matching between irradiation and energy acquisition characteristics
determines the most applicable configuration.

6. Conclusions

In this paper, the energy acquisition model of solar-powered aircraft with a joint-wing
design accounting for partial shading and the mismatch problem is established by the
integration of a solar model, an energy system model and wing geometry. The effects of
the airfoil surface, the severity of shading and circuit configurations are analyzed to clarify
the energy acquisition characteristics when considering mismatch based on a 24 h flight
simulation. Then, the configuration energy acquisition factor is proposed to describe the
inherent energy acquisition ability of a specific configuration as well as flight optimization.
The main conclusions can be summarized as follows.

1.  Mismatch should be considered in the energy acquisition estimation of unconven-
tional solar-powered aircraft involving partial shading; otherwise, the energy will be
overestimated by 4~15%. The simulation results show that dramatic power loss of
over 50% occurs under shading conditions, leading to notable energy loss, especially
when the shading is frequent or severe, and is influenced by wing dihedral, the upper
chamber, the flight trajectory and the energy system. Among them, the geometry of
the layout design has prominent effects, while the effects of circuit configurations and
airfoils are less than 4.9% and 5.5%, respectively.

2. The energy acquisition ability of solar aircraft with unconventional designs can be
characterized by the configuration energy acquisition factor. The response of energy
acquisition to different irradiation inputs can be visually compared and matched with
flight missions. Careful estimation is needed, as the irregularity of the collapsed area
indicates sudden changes in energy harvesting.

3. Solar-powered aircraft with unconventional designs are more sensitive to the flight
path, which makes flight strategy development important. Configurations with more
shading problems benefit more from the change in strategy. A flight along the optimal
azimuths along the edge of shading gains 3.4% more energy.

This study mainly emphasizes the necessity to consider the mismatch problem of solar
arrays in solar-powered aircraft with unconventional configurations when estimating the
energy acquisition. Further studies may focus on the multidisciplinary optimization of the
design [32], flight path optimization [33] and energy management [34] for solar-powered
aircraft with unconventional configurations. Hopefully, the flight range of solar-powered
aircraft will be extended.
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