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Abstract: Stratospheric airships with a solar array have demonstrated overwhelming superiority in
many aspects, such as earth observation, meteorological survey, and communication relay. The so-
lar array supplies sufficient power for the airship to be in flight for months, but excessive heat is
also transferred to the airship, causing high overpressure of inner gas. However, the optimal ar-
rangement of the insulation layer on the airship has not been investigated. The theoretical method,
including the geometry, thermal, and energy models, is developed and validated. The distribution
of the temperatures and power of the solar cells, with different installation angles on the curved
surface, is investigated. The thickness of insulation layer has a significant effect on the solar output
power and internal pressure of the airship. An optimized configuration of the insulation structure
is proposed, in order to improve the total output energy of solar array. The optimized configuration
of insulations helps to reduce the structural mass by 24.9% and increase the payload mass by 9%.
Moreover, the optimized arrangement improves the output energy of solar array in a year, and the
maximum improvement is 8.2% on the winter solstice. The work displays the optimization of the
thermal insulation layer for the stratospheric airship with a solar array, in order to improve the
everyday energy acquirement during flight in a year.

Keywords: stratospheric airship; solar array; thermal insulation layer; multidisciplinary

optimization; long endurance; renewable energy

1. Introduction

A stratospheric airship, also known as a pseudo-satellite [1], is an ideal platform for
high-resolution observation, atmospheric monitoring, and uninterrupted communication
[2]. Long-term flight in the stratosphere for several months requires adequate energy. The
development of flexible, thin-film materials and conversion efficiency makes solar cells
an essential part of renewable energy system on this long endurance vehicle [3].

Research progress, regarding the utilization of the photovoltaic (PV) array on the
stratospheric airship, has been spectacular during the past one or two decades [4,5]. Garg
et al. [6] proposed a method to estimate the incident solar energy on the airship hull pro-
files. The arrangement and area of solar panel was designed based on required energy per
day. Wang et al. [7] studied the variation of the output power of solar cells with the head-
ing direction of airship on the summer and winter solstice. Appropriate flight directions,
at different times of the day, were advised when the cell efficiency was low. Alam and
Pant [8] developed a method to optimize the layout of the PV array in different seasons.
The area of the solar cell array can be minimized on the premise of the energy require-
ments for specific days. Li et al. [9] presented a numerical model to simulate the output
power of the solar array with the thermal effect. The output power of solar cells was over-
estimated when the excessively high temperatures of them were neglected. Du et al. [10]
investigated the curve surface of the airship and optical paths on different solar cells. The
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output power and total energy were overestimated, without consideration of angular
losses.

With the in-depth study on predicting the energy conversion of solar array on the
stratospheric airship, scholars are conscious of the excessive rise in internal temperature,
caused by the considerable irradiation absorbed by photovoltaic cells [11,12]. Wang and
Yang [13] conducted steady and unsteady simulations of two stratospheric airships, de-
veloped in Japan. The temperatures of inner gas and upper film for the airship with PV
array were higher than those of another airship. Li et al. [14] pointed out that the PV array
may the aggravate superheat of the airship at noon because the solar absorptivity of the
PV array was higher than that of the airship hull. They also stated that if the emissivity of
the PV array was higher than that of the airship hull, the temperature of the upper part of
the airship hull would be lower than the bottom part at night, which was called “super-
cool”. The variation scope of the temperature of lifting gas was expanded, so the structural
strength of the airship was affected. Sun et al. [15] proposed a mathematical model to
describe the solar radiation on the solar array. A three-dimensional temperature profile of
airship with PV array was presented. The difference between the maximum and mini-
mum film temperatures exceeded 20 K.

In order to reduce the significant impact of the PV array on airship temperature, a
thermal insulation structure between cell units and outer film was adopted. The insulation
structures of the solar array on the stratospheric airship refer to the same structure on the
satellite [16]. Sun et al. [17] applied the honeycomb sandwich structure and analyzed its
equivalent thermal conductivity. The temperature difference between the upper and
lower surface was calculated and in good agreement with the experimental results. Li et
al. [18] summarized the common layouts of the insulation structure. The temperature dif-
ferences of insulation structure, with various combinations of parameters, under different
irradiation conditions, were compared. Meng et al. [19] researched the optimal structural
parameters of the photovoltaic module with the maximum temperature difference and
output power. The independent variables were the thickness and interval of the insulation
layer.

Up until now, the researches on insulation structure were concentrated on increasing
the temperature difference between the flat solar module and airship film. Once the struc-
tural parameters were determined, they would be applied to the other hundreds of solar
cell modules on the vehicle. The influence of different installation angles of solar cell units
in the airship body reference frame was not considered [20]. Moreover, only the output
power of a single solar cell, under different irradiation intensities, was studied. The dis-
tribution of output power of solar cell units with insulation layers during the flight pro-
cess has not been evaluated. The output energy should be maximized by reasonable ar-
rangement of the thermal insulation layers.

In this paper, the geometry model of the solar array on the curved surface of airship
is firstly introduced. The thermal and power models of the solar powered airship with
thermal insulation layer between photovoltaic array and film are developed and vali-
dated. The thickness of thermal insulation layer has a notable effect on the output energy
of the solar array and maximum differential pressure of airship. The traditional and opti-
mized configurations of the insulation layer are obtained. The results indicate that the
optimized layout functions to decrease the structural weight of insulation layer and im-
prove the capacity to accommodate payloads. The distributions of the temperature and
output power of the solar cells with different configurations of insulations are analyzed
and compared. The optimized arrangement of the insulation layer significantly increases
the output energy throughout the whole year, without breaking the structural integrity of
airship film. The multidisciplinary optimization study has valuable reference for reducing
the structural weight and improving the everyday output energy of solar powered air-
ships during flight in a year.
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2. Theoretical Method
2.1. Spatial Geometry Model

Figure 1 shows the description of the spatial position and attitude of airship. The
O,X%,¥,Z, and O,XY,z, are earth reference frame and body coordinate frame, respec-
tively [21]. The axis O,X, points to the north. The positive directions of axes O,y, and
O,z, areeastand downward perpendicular to the ground. As for the body reference sys-
tem, the origin O, is located at the airship stern. The O, X, axis coincides with the geo-
metrical longitudinal axis of the airship, pointing to the nose of the airship. The O,z, axis
is in the symmetrical plane and directs downward. The O,y, axisis perpendicular to the
%,0,Z, plane and points to the right. The positive yaw motion moves the nose of the air-

ship to the right. The positive pitch motion raises the nose of the airship and lowers the
stern. The positive roll motion lifts the left side of the airship and lowers the right side.

Xij
|-t >
r(x)
/ Roll§
Ob : 4 »b
‘ \
‘\
Pitch & . 297
Zy )
Y Yo Cell unit
Yaw
Zij
Oy Xg(North)
Zy yq(East)
Airship film

Figure 1. Schematic of airship with solar array.

The surface equation of the airship in the body coordinate frame is:
F=y*+2°-r’(x) 1)
where r is the rotation radius of the hull, according to standardization models, given by

the National Physics Laboratory [22], and is written as:
b

2

= a; —(x-a,)” 0<x<a,
r(%)=1, : @)
a al-(x-a,) a,<x<a-+a,

where a and a, are the lengths of the semi-major axis, and a, =+/2a,. b is the length
of the semi-minor axis.

The upper limit of differential pressure is derived according to the mechanical prop-
erty of the film of airship hull and can be calculated by:

2-d; -0,
ARy = ——+ 3)
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where d, is the thickness of film, o, is the tensile strength of film, and r,, isthe max-

imum radius of curvature of film.
The differential pressure of the airship is:

AP = Phe - Patm (4)

where P,

is the pressure of ambient air at the flight altitude [23], and P, is the pres-
sure of the buoyancy gas and can be obtained by:

mhe ‘R 'The

p, = The % e 5
" Mhe 'Vhe ( )

where m,, is the mass of helium, M,, is the molar mass of helium, R is the ideal gas
constant, T,, isthe temperature of helium, and V,, is the volume of helium.

The installation of the solar cells on top of the airship is described by the central angle
y and X; coordinate [24]. The other two coordinates of the center point of the cell unit

in the body reference system can be derived by:
Yy =1(x;)-sin(7;) (6)

z; =—r(x;)-cos(y ). @)

The area of the solar cell unit is:

A =r(xij)-dy/.dx-,/1+r’(xij)2 : ®)

The normal vector of airship surface in the body reference frame is defined by:

B (6F oF 6FJ \/[aFJZ [aFT [aFJZ
M=l — /|l = | = | | — 9)
aXij 8Yij aZij aXij 8yij aZij

oF oF oF

where % , ¥y and , are calculated by:
2-b”-(x; - a,)
6Xij 2~b2-(xij—a2)

2

a

(10)

a, <X <a+a,

—=2-Y; 11)

=2y (12)

The normal vector of the cell unit in the earth coordinate frame is [25]:
ﬁij =Ry 'ﬁb,ij (13)

where R} is the transformation matrix from the airship body coordinate system to the
earth reference frame.
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2.2. Thermal Environment

Figure 2 shows the thermal environment of the stratospheric airship with the solar
array. The external solar radiation includes direct solar, diffuse solar, and albedo radia-
tion. The external infrared radiation consists of atmosphere and ground infrared radiation
[26]. A certain proportion of the solar irradiance can be converted to electrical power
through the solar array, but the majority of the solar energy is transformed to heat as a
thermal load on the airship. Convective heat transfer also exists between airship and ex-
ternal atmosphere [27]. The internal thermal environment is composed of infrared radia-
tion of the film, inner gas infrared radiation, and convection between the film and internal

gases [28].
. Directsolar
\;ad iation
s\\ Scattered radiation

Heat load from ~ Atmosphere
Convection between  Photovoltaic array / infrared radiation

inner gasand film %/

Film infrared
External radiation

convection “\\
Albedo solar\/ \ .
radiation \/ Ground infrared

radiation

Ground
Figure 2. Thermal environment of stratospheric airship with solar array.

2.3. Power Model

Figure 3 shows the photoelectric process of solar array on the airship. The total out-
put power of solar array is determined by [29]:

Pev =i R (14)

where m and n are the numbers of units in the axial and circumferential directions,
respectively.
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Figure 3. Photoelectric conversion process of solar cell units.

The output power of a single cell unit B is:

Pij =Tl 'F:eff,ij (15)

where 7; is the conversion efficiency of the solar cell, as a function of temperature [30],

obtained by:
iy =M _|C1|'(Tpv,ij _To) (16)

where 7, is the conversion efficiency under standard test conditions, T, is the standard
temperature of 298.15 K, and ¢, is the attenuation coefficient.
is:

The effective incident radiation energy on the cell unit Py ;

al 0|
Pary = (Poy + Py + PR,ij)' Trl ( l) (17)

) and

7, (0) are effective transmittance of encapsulation, with incident angles of 6; and 0°,

bijs Psij-and By are direct, diffuse, and reflected radiation, and 7, (9

where P ;

respectively. 7, (0 ) is calculated by:

w0 (0)=1-5(7(6,)+(0))) 18)

where T, (9

ij) and T, (0”) are the reflection coefficients of transverse-electric and trans-

verse-magnetic [31].
The govern equation of the solar cell unit temperature T, ; is [32]:

Mgy iCev 'TPv,ij = PD,ij + Ps,ij + PR,ij -B—-F

ij conv,PV —ex,ij Pcond,PV—ins,ij - I:)IR,PV—atm,ij (19)

where m,, ; isthe mass of photovoltaicarray, Cp, is the specific heat of the photovoltaic

is the

array, T, ; is the change rates of the photovoltaic array temperature, F,

conv_ PV _ex,ij

external convection heat transfer of the unit, P,

energy between the solar cell unit and insulation layer, and Py ,, p,; is the absorbed

wd_pv_insij 1S the conduction heat transfer

infrared radiation from the sky.
The direct solar radiation on the unit is:
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PD,ij = Hy - Cpy - I 'Aj (20)

where ¢, is the absorptivity of solar cell, A; is the unit area, and 4 is the discount

factor of direct radiation, defined by:

I o R R
|nij .ns| n; -Ng < 0,—arccos(—=m ) < 6, < 7 +arccos( Earth )

i = Rearn + Rean +1 (21)
0 else

where R, 1is the radius of the Earth, and fij is the direction vector of sunlight in the
earth reference frame and can be expressed by:

Ay =(cosé, coso

€086, sind,,;,sin6, ) (22)

where @, is the azimuth angle of sun.
The absorbed diffuse solar radiation from the sky of the cell unit is:

Py = %-(1—cosez,ij ) ey - 1s - A (23)
where 6,; is the included angle between the normal vector and gravity acceleration di-
rection f, =(0,0,1) [33], calculated by:
0, =arccos[ ?” ﬁj ] (24)
AR
The reflected radiation on the unit is:
Pri = Orij "oy 1o A (25)

where 6 ; is the self-shadowing coefficient, defined by:

P 1 n;-n, >0
“100 e[, <0 (26)
The conductive heat transfer between PV unit and insulation structure is:

P A Tij _Tins,ij (27)

cond PV ine ) ' dPV /)LPV +dins,ij /ﬂ’ms
where A, and A, are the thermal conductivity of solar cell and insulation layer, and
Oy is the thickness of insulation layer. The conductive heat transfer between insulation

structure and film obeys the same law as:

P A Tins,ij _Tfilm,ij (28)

cond e fim : dins,ij /ﬁ"ms + dfilm /ifilm

The incident angle ¢; for calculating the 7, («9 i ) , considering angular loss, is:

5 )

= 1}
= 1}

ij

=i
>

ij

0; = arcco{



Aerospace 2022, 9, 83

8 of 18

2.4. Optimization Method of Insulation Layer Configuration

The incident solar radiation and temperatures of solar cells vary with their positions
on the airship film. Therefore, the thicknesses of thermal insulations under each solar cell
should be optimized to increase the total output energy of the solar array, especially when
the airship flights with insufficient solar irradiance. As shown in Figure 1 and Figure 3,

the thicknesses of insulation layers d, (7,X) are expressed as the function of central an-
gle ¥ and x coordinate in the body reference system, O,X,Y,Z,, on the curved surface

of the airship.
The objective of the optimization is to obtain maximum output energy of solar array
during a day and can be written as:

t=teng

max: E,, = _[ P, (t)dt . (30)

t=0

Considering the actual flight of stratospheric airship, four constraints are adopted, as
follows:

Constraint I: Considering the carrying capacity of airship, the thicknesses of insula-
tion layers cannot be infinity large, and the upper bound is determined as d,, .

dins,ij < dmax (31)

Constraint II: The maximum differential pressure of airship, AP,

during a day

should not exceed the limit of differential pressure, AP,

mit - 1he maximum hoop stress of

the airship film will be greater than the tensile strength when the AP, is larger than
AP

limit *
AI:)max < AI:’Iimit (32)

Constraint III: The center of gravity should be kept in the O,%,z, plane to ensure the

lateral static stability of the airship [34]. The thicknesses of the insulation structures, at the
symmetrical position, relative to the O,%,z, plane, should be the same.

dins (7,X) = dips (=7, %) (33)

Constraint IV: In order to prevent the array from being overturned, the thicknesses
of the insulation structures should be uniform in the direction of flight.

dins (yixl)zdins (}/' XZ) (34)

Based on the above constraints, the optimization process is simplified to search for
the optimal thicknesses of the insulation layers, d,, (), with different central angles, » .

The particle swarm optimization method [35] is adopted to solve the problem, which uses
a set of particles with the properties of location, |, and velocity, v.The location space of
particles, L ,is m dimensional and each dimension correspondsto d;, (7, ), dis (7,) -

s (7 ) - The velocity space of particles, V, ,is m dimensional and each dimension cor-
responds to the change rate of d,(7,),dy (7,),--- dips (7 ) - The fitness value of the par-

ticle is the output energy, E,,, during a day. The update equations of the location and

out 7

velocity for each particle are written by [36]:
X =X v (35)
Vik+1 = a)'vik 6N ( pgest,i - Xik )+ G-I (ggest,i - Xik ) (36)

where K is the number of iterations in the range of 1,2,...,k,,, @ isinertia weight, C

and C, are learning factors, I, and I, are uniform random numbers in the range of
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[0,1], Py is the personal best location, and g, is global best location. The optimiza-

tion process of the insulation arrangement, using particle swarm optimization, is shown
in Figure 4.

Initialize a set of particles with
random locations and velocities

Calculate fitness value Eyt of each
particle

Is current Eqyt better than the
fitness value at location ppest?

Update personal best location ppest
and corresponding fitness value

Is current Eqyt better than the
fitness value at location gpest?

Update global best location gpest
and corresponding fitness value

<

A
Update location and velocity of
each particle

Do the group of particles
converge?

Output optimal location with
maximum Eqyt

End

Figure 4. Flow chart of insulation configuration optimization.

3. Results and Discussion
3.1. Model Validation
In order to verify the theoretical method, the experimental result, recorded by

Harada et al. [37], is used. The measured points of the maximum temperature of the solar
array was from 8:00 am to 16:00 pm in June 2003. The simulated results were obtained
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under the same conditions. The comparison of the simulated and measured values is pre-
sented in Figure 5. The simulated curve coincides with the measured points, and the de-
viations between them are less than 1.5%, from 10:00 a.m. to 14:00 p.m. The maximum
deviation is below 9.7%. Therefore, it is valid to adopt the current method to predict the
thermal performance of airship with solar array.

340 - —=— Simulated
—e— Measured

300

Maximum temperature of solar array (K)

Time (h)

Figure 5. Comparison of simulated and measured results.

3.2. Simulation condition

The flight requirements and overall design parameters of the solar powered airship
are shown in Table 1. At the altitude of 20 km, the west—east component of the wind is
greater than the north-south component, based on analysis of the six hourly interval wind
data of Jiujiang (30° N, 116° E) in 2020 and 2021 [38]. Therefore, the flight direction of the
airship is defined as east-west. The minimum change interval of the insulation thickness
for the configuration optimization, with the proposed method, is 0.1 mm.

Table 1. Requirements and overall design parameters of airship.

Requirements Value Design Parameters Value
Flight altitude, km 20 Volume of airship, m? 71,897
Location Jiujiang

(30° N, 116° E) Semi-major axis length @, m 53.8

1 January~31 De-

Working date cember Semi-major axis length a,, m 76.2

Flight direction East-west Semi-minor axis length 0, m 16.3

Airspeed, m/s 15 Total mass, kg 6392

Payload capacity, kg 650 Film mass, kg 2140

Thickness range of insulation layers, 0.5-15 Helium mass, kg 882
mm

Central angle range, ° -90~90 Propulsion system mass, kg 957

Allowable stress of skin, MPa 52.5 Storage battery mass, kg 1130

Limit of differential pressure, Pa 1254 Solar array mass, kg 398

3.3. Effect of Insulation Configuration

As for Jiujiang (30° N, 116° E), the strongest solar irradiation occurs on the summer sol-

stice, the 172nd day of 2021, and the airship has the highest overpressure. Figure 6 shows the
variations of output energy and maximum differential pressure, AP, , and marks up the tra-

ditional configuration of the insulation, with a constant thickness of 7.1 mm. The total energy



Aerospace 2022, 9, 83

11 of 18

acquirement and maximum differential pressure, AP, both increase when the thickness of
insulation layer decreases. The small thickness of the insulation layer is beneficial for the solar
array to transfer heat to the film and helium, so decreasing the thickness of the insulation layer
functions to increase the average temperature of the inner gas. With the increase of the helium
temperature, the differential pressure increases. As for the traditional configuration, the con-
stant thickness of the insulation layer should not be less than 7.1 mm, in order to ensure that

the AP does not exceed the limit of differential pressure, AP,

it - I order to maximize the

output energy and minimize the structural mass of the thermal insulation layers, a constant
thickness of 7.1 mm is adopted as the traditional configuration for the solar powered airship.

~ 1450
—=#— Output energy .
7.2 O APy g
® Maximum energy - 1400 \;é
7.1 ® APyt af
<
— 1350 &
bl -
9, 7.0 5
> o
S 6o - 1300 &
2 =
2 1<
5 et
a 6.8 4 - 1250 ©
=] £
O -
6.7
- 1200 g
E
6.6 3
L 1150 =
6.5 ——

— T T T T T
0.5 2.5 45 6.5 8.5 10.5 12.5 14.5

Thickness of insulation layer (mm)

Figure 6. Variations of total energy and AP, , with the thickness of the insulation layer.

Figure 7 depicts the configurations of the traditional and optimized thermal insula-
tion layer. As for the traditional layout, the thicknesses of the insulation layers, under
different solar cells, are the same as 7.1 mm. For the optimized layout, the thicknesses of
the insulation layers, with the central angle, y, from 0° to £30°, are thickened to 15 mm,

while the others are thinned to 0.5 mm. The parameters of the airships with the above two
configurations of thermal insulation are displayed in Table 2. For the airship with the op-
timized layout, the mass of the insulation structure is decreased by 58.5 kg, and the reduc-
tion rate is 24.9%, compared to the traditional arrangement. It is indicated that the payload
mass of the airship can be increased by 58.5 kg.

0 - = Without insulation
15 | —— Traditional
il —— Optimized
~ 10 -
g ]
~" 5 _
[72]
8 o
g 0
= ]
= _
|_

-—=90

Figure 7. Configurations of traditional and optimized insulation layers.
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Table 2. Comparison of airships with traditional and optimized insulation layers.

Parameters Traditional Layout Optimized Layout
Insulation layer mass, kg 235 176.5
Limit of differential pressure, Pa 1254 1254
Maximum differential pressure, Pa 1253.9 1253.8

3.4. Comparative Analysis

Figure 8 describes the distribution of the incident solar irradiation intensity at 12:00
on 11 November 2021. The illumination intensity of the solar cells with the central angle,
v, of —47° is the highest. The incident solar irradiance decreases when y changes from

-47° to + 90°. However, the irradiation intensity of solar cells with y from -90° to 0° is
higher than that of solar cells in a symmetrical position with » from 0° to 90°.

Irrudmncef\u\".‘"ml)
— 1200

1 1000

1 800

z coordinate (m)

600

Figure 8. Distribution of irradiation intensity on solar array.

Figure 9 and Figure 10 show the distribution of solar cell temperature with the tradi-
tional and optimized configuration of the insulation layer at noon, respectively. The dis-
tribution of the cell temperature, with traditional layout insulations, shows the same trend
with illumination intensity. Compared to the solar cells with the traditional configuration,
the temperatures of the cells with the optimized layout of the thermal insulation layer
decrease or increase to different degrees. The temperatures of solar cells with a central
angle, y, of -90° to -30° decrease by 14~26 K. The temperatures of solar cells with » of
-30° to 0° increase by 4~9 K. The temperatures of cells with y of 0° to 30° have no obvious
change. The temperatures of cells with y of 30° to 60° have a maximum increase of 7 K.

The optimized configuration effectively influences the heat exchange process and, there-
fore, changes the distribution of the solar cell temperature.
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Temperature(K)

340

300

z coordinate (m)

20 240

Figure 9. Distribution of solar cell temperature with traditional layout.

Temperature(K)

340

300

z coordinate (m)

280

240

Figure 10. Distribution of solar cell temperature with optimized layout.

Figure 11 displays the distribution of the solar cell output power, with the traditional
configuration of the insulation layer, at 12:00. The output power of cells with the central
angle, y, of -90° to —6° is basically the same. The output power of solar cells with » of
—47° is not significantly higher than that of the other cells with y of -90° to —6°, despite
the maximum illumination intensity. The output power of cells decreases as the y
changes from -6° to 90°.

Figure 12 demonstrates the distribution of the output power with the optimized con-
figuration of insulations. The solar cells with a central angle y of -47° to -30° have the

maximum increasement of output power. The output power of solar cells with y of -90°
to —47° also increases. The output power cells with » of =30° to 0° decreases, but the
magnitude of change is lower than that of the cells with y of —47° to -30°. The output
power of the solar cells with y of 0° to 90° has no obvious change.
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20
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Figure 11. Distribution of output power with traditional layout.

Qutput pow er(“’;"ml)

150

125

z coordinate (m)

0
410 - ate ()
50 § coordind

Figure 12. Distribution of output power with optimized layout.

Figure 13 depicts the output power and differential pressure, AP, during the day,
with the traditional and optimized layouts of insulation layers. The output power of the
solar array with optimized thermal insulations is higher than that of traditional insula-
tions from 8:00 am to 16:00 pm. The maximum increase of the output power is 9.9% at
11:58 am. The values of the total energy of solar array with traditional and optimized con-
figurations of insulations during the day are 4.32 and 4.60 GJ, respectively. The output
energy is improved by 6.5%, with optimized layout of thermal insulations. The optimized
configuration of the insulation layer results in the rise of differential pressure during the
daytime, and the maximum differential pressure is 1190.2 Pa at 12:10 pm. The limit of
differential pressure, AP, , of the investigated airship is 1254 Pa, so the structural integ-
rity is guaranteed.



Aerospace 2022, 9, 83

15 of 18

160 —=— Power-optimized | 1409
—e— Power-traditional
140 - —=— AP-optimized
—e— AP-traditional L 1200
120

- 1000

=

o

o
1

- 800

Output power (kW)

- 600

]
1
Differential pressure AP(Pa)

20 - 400

T T T T T 200
0 4 8 12 16 20 24

Time (h)

Figure 13. The output power and differential pressure, AP, with the traditional and optimized
configurations.

Figure 14 compares the variation of output energy of solar array and maximum dif-
ferential pressure, AP, , on different dates of a year, with the traditional and optimized
configurations of the insulation layers. The maximum values of the energy acquirement
and AP, occur on June 21, when the solar irradiation is highest at the investigated loca-
tion. It is also indicated that the optimized insulation layer functions to improve the en-
ergy output throughout the year. The maximum increasement of the total output energy
during a day is 8.2%, on Dec 21, when the energy acquirements of the solar powered air-
ship with traditional and optimized insulations are 4.02 and 4.35 GJ, respectively. The
AP . of the airship with an optimized layout of the insulations is higher than that of the
airship with traditional layout on most dates of the year, and the maximum derivation is
77.6 Pa.
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Figure 14. Variation of output power and total energy on different dates.

The results from the conducted analysis indicate that, compared with the traditional
arrangement, with constant thickness of the insulation layer under each solar cell unit, the
optimized configuration decides the thicknesses of the insulation layer under the solar
cells according to their solar irradiation intensity. The thicknesses of the insulation layers



Aerospace 2022, 9, 83

16 of 18

References

under the solar cells with sufficient solar irradiation decrease, so as to improve the output
power of the solar array. Meanwhile, the thicknesses under other cells increase to avoid
an excessive rise of differential pressure of the airship. Based on the multidisciplinary op-
timization method, the everyday output energy of solar powered airships can be im-
proved during flight in a year.

4. Conclusions

The arrangement of the insulation configuration plays an important role in the tem-
perature and output power of solar array. This paper discusses an optimized layout of
insulation to improve the total output energy of the solar array. The theoretical method,
consisting of spatial geometry, thermal, and power models, is developed and validated.
The optimized configuration of the insulation structure on the curved surface of the air-
ship is obtained and compared with the traditional layout with constant thicknesses. The
conclusions are drawn as follows:

1.  The thickness of the insulation layer has a significant influence on the output power
of the solar array and maximum differential pressure of the airship. Decreasing thick-
ness is beneficial for reducing the average temperatures of the solar cells, hence in-
creasing energy acquisition. However, a thin thermal insulation layer results in the
temperature rise of the inner gas of the airship, causing an increase of differential
pressure, which could lead to structural failure of the airship film.

2. The optimized configuration significantly reduces the total weight of the thermal in-
sulation layers. Meanwhile, the limit of the maximum differential pressure is not ex-
ceeded. The thicknesses of the optimized insulation layers vary with the central an-
gles. For the investigated airship, the thicknesses of the insulation layers with a cen-
tral angle from 0° to + 30° are thickened, and the others are thinned. The decreased
mass of insulations can be used to increase the capacity of carrying payload.

3. The optimized layout of the insulations improves the output energy of the solar array
throughout the entire year. In the long time period, the optimized arrangement func-
tions to increase the energy acquirement and maximum differential pressure, espe-
cially on dates when the solar radiation are insufficient (before and after the winter
solstice). The maximum increase of the total output energy during a day is 8.2% on
the winter solstice. The proposed method plays an essential role in the long endur-
ance mission of stratospheric airships.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L.; software, Y.L. and Z.X.; valida-
tion, Y.L., Z.X., and H.D,; investigation, M.L.; data curation, M.L.; writing —original draft prepara-
tion, Y.L.; writing —review and editing, H.D; visualization, H.D.; supervision, M.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China, grant num-
ber 51775021; the China Postdoctoral Science Foundation, grant number 2021M700322; and the Post-
doctoral Fellows of “Zhuoyue” Program of Beihang University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Gonzalo, J.; Lopez, D.; Dominguez, D.; Garcia, A.; Escapa, A. On the capabilities and limitations of high altitude pseudo-satel-
lites. Prog. Aerosp. Sci. 2018, 98, 37-56.

2. Frezza, L.; Marzioli, P.; Santoni, F.; Piergentili, F. VHF Omnidirectional Range (VOR) Experimental Positioning for Stratospheric
Vehicles. Aerospace 2021, 8, 263.

3. Mano, S,; Ajay Sriram, R.; Vinayagamurthy, G.; Pillai, S.N.; Pasha, A.A.; Reddy, D.S5.K.; Rahman, M.M. Effect of a Circular Slot
on Hybrid Airship Aerodynamic Characteristics. Aerospace 2021, 8, 166.



Aerospace 2022, 9, 83 17 of 18

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Pande, D.; Verstraete, D. Impact of solar cell characteristics and operating conditions on the sizing of a solar powered nonrigid
airship. Aerosp. Sci. Technol. 2018, 72, 353-363.

Xu, Y.; Zhu, W.; L, J.; Zhang, L. Improvement of endurance performance for high-altitude solar-powered airships: A review.
Acta Astronaut. 2020, 167, 245-259.

Garg, A.; Burnwal, S.; Pallapothu, A.; Alawa, R.; Ghosh, A. Solar Panel Area Estimation and Optimization for Geostationary
Stratospheric Airships. In Proceedings of the 11th AIAA Aviation Technology, Integration, and Operations (ATIO) Conference,
Virginia Beach, VA, USA, 20-22 September 2011.

Wang, H.; Song, B.; Zuo, L.J.]. o. A. Effect of High-Altitude Airship’s Attitude on Performance of its Energy System. J. Aircr.
2007, 44, 2077-2080.

Alam, M.L; Pant, R.S. Multidisciplinary approach for solar area optimization of high altitude airships. Energy Convers. Manag.
2018, 164, 301-310.

Li, J; Lv, M; Tan, D.; Zhu, W.; Sun, K.; Zhang, Y. Output performance analyses of solar array on stratospheric airship with
thermal effect. Appl. Therm. Eng. 2016, 104, 743-750.

Du, H.; Zhu, W.; Wu, Y.; Zhang, L.; Li, ]J.; Lv, M. Effect of angular losses on the output performance of solar array on long-
endurance stratospheric airship. Energy Convers. Manag. 2017, 147, 135-144.

Dai, Q.; Cao, L.; Zhang, G.; Fang, X. Thermal performance analysis of solar array for solar powered stratospheric airship. Appl.
Therm. Eng. 2020, 171, 115077.

Shi, H.; Chen, J.; Hu, L.; Geng, S.; Zhang, T.; Feng, Y. Multi-parameter sensitivity analysis on thermal characteristics of strato-
spheric airship. Case Stud. Therm. Eng. 2021, 25, 100902.

Wang, Y.; Yang, C. Thermal Analysis of a Stratospheric Airship in Working Process. In AIAA Balloon Systems Conference, 2009.
Li, X.; Fang, X.; Dai, Q. Research on Thermal Characteristics of Photovoltaic Array of Stratospheric Airship. J. Aircr. 2011, 48,
1380-1386.

Sun, K.; Yang, Q.; Yang, Y.; Wang, S.; Xie, Y.; Sun, M.; Chen, X.; Xu, J. Numerical Simulation and Thermal Analysis of Strato-
spheric Airship. Procedia Eng. 2015, 99, 763-772.

Kim, H.K,; Han, C.Y. Analytical and numerical approaches of a solar array thermal analysis in a low-earth orbit satellite. Adv.
Space Res. 2010, 46, 1427-1439.

Sun, K.; Zhu, M.; Liu, Q. Membrane Material-Based Rigid Solar Array Design and Thermal Simulation for Stratospheric Air-
ships. Adv. Mater. Sci. Eng. 2014, 2014, 192707.

Li, J.; Lv, M,; Sun, K.; Zhu, W. Thermal insulation performance of lightweight substrate for solar array on stratospheric airships.
Appl. Therm. Eng. 2016, 107, 1158-1165.

Meng, J.; Liu, S.; Yao, Z.; Lv, M. Optimization design of a thermal protection structure for the solar array of stratospheric air-
ships. Renew. Energy 2019, 133, 593-605.

Tang, R.; Wu, T. Optimal tilt-angles for solar collectors used in China. Appl. Energy 2004, 79, 239-248.

Atmeh, G.; Subbarao, K. Guidance, Navigation and Control of Unmanned Airships under Time-Varying Wind for Extended
Surveillance. Aerospace 2016, 3, 8.

Khoury, G.A. Airship Technology; Cambridge University Press: Cambridge, UK, 2012.

Gemignani, M.; Marcuccio, S. Dynamic Characterization of a High-Altitude Balloon during a Flight Campaign for the Detection
of ISM Radio Background in the Stratosphere. Aerospace 2021, 8, 21.

Yang, X.; Liu, D. Renewable power system simulation and endurance analysis for stratospheric airships. Renew. Energy 2017,
113, 1070-1076.

Despotovic, M.; Nedic, V. Comparison of optimum tilt angles of solar collectors determined at yearly, seasonal and monthly
levels. Energy Convers. Manage. 2015, 97, 121-131.

Yang, X.; Zhang, W.; Hou, Z. Improved Thermal and Vertical Trajectory Model for Performance Prediction of Stratospheric
Balloons. J. Aerosp. Eng. 2013, 28, 04014075.

Gao, X.-Z.; Hou, Z.-X,; Guo, Z,; Liu, J.-X.; Chen, X.-Q. Energy management strategy for solar-powered high-altitude long-en-
durance aircraft. Energy Convers. Manag. 2013, 70, 20-30.

Yang, X. Prediction of thermal behavior and trajectory of stratospheric airships during ascent based on simulation. Adv. Space
Res. 2016, 57, 2326-2336.

Zhang, L.; Li, J.; Wu, Y.; Lv, M. Analysis of attitude planning and energy balance of stratospheric airship. Energy 2019, 183,
1089-1103.

Yamawaki, T.; Mizukami, S.; Masui, T.; Takahashi, H. Experimental investigation on generated power of amorphous PV module
for roof azimuth. Sol. Energy Mater. Sol. Cells 2001, 67, 369-377.

Martin, N.; Ruiz, ].M. Calculation of the PV modules angular losses under field conditions by means of an analytical model. Sol.
Energy Mater. Sol. Cells 2001, 70, 25-38.

Khan, F.; Baek, S.-H.; Kim, ].H. Wide range temperature dependence of analytical photovoltaic cell parameters for silicon solar
cells under high illumination conditions. Appl. Energy 2016, 183, 715-724.

Dai, Q.; Fang, X.; Li, X.; Tian, L. Performance simulation of high altitude scientific balloons. Adv. Space Res. 2012, 49, 1045-1052.
Anoop, S.; Velamati, R K.; Oruganti, V. Aerodynamic characteristics of an aerostat under unsteady wind gust conditions. Aerosp.
Sci. Technol. 2021, 113, 106684.



Aerospace 2022, 9, 83 18 of 18

35.

36.

37.

38.

Kennedy, J.; Eberhart, R. Particle Swarm Optimization. In Proceedings of the Icnn95-international Conference on Neural Net-
works, Perth, WA, Australia, 27 November-1 December 1995.

Gangadhar, A.; Manikandan, M.; Rajaram, D.; Mavris, D. Conceptual Design and Feasibility Study of Winged Hybrid Airship.
Aerospace 2021, 9, 8.

Harada, K.; Eguchi, K.; Sano, M.; Sasa, S. Experimental Study of Thermal Modeling for Stratospheric Platform Airship. In
ATAA’s 3rd Annual Aviation Technology, Integration, and Operations (ATIO) Forum, Denver, CO, USA, 17-19 November 2003.
Hersbach HBell BBerrisford PBiavati GHoranyi AMunoz Sabater JNicolas JPeubey CRadu RRozum ISchepers, D.; et al.
Thépaut, J-N. ERA5 Hourly Data on Single Levels from 1979 to Present. Copernicus Climate Change Service (C3S) Climate Data
Store (CDS). 2018. Available online: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=over-
view (accessed on 1 December 2021).



