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1. Introduction

The stratospheric airships are aerostats that fly in the strato-
sphere, can be used for scientific observation, ground monitor-
ing, and long-term communication tasks [1,2]. To achieve the
long-term station-keeping mission, renewable energy systems are
needed to provide continuous energy input to the propulsion,
avionics, and load systems.

The renewable energy system is mainly composed of PV arrays,
energy-storage batteries, and energy management systems [3].
Power is generated by PV arrays during the day to power propul-
sion and airship-borne systems, while excess energy is stored in
energy storage batteries for electricity at night. At present, the con-
version efficiency of PV arrays and the energy density of energy
storage batteries are not high enough, which becomes one of the
main factors restricting the flight time of stratospheric airships.

As the energy source of the airship, the layout of PV array, solar
cell temperature, and conversion efficiency all affect output per-
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formance. Wang and Shi firstly proposed a numerical simulation
model for curved solar arrays [4,5]. Li analyzed the effect of tem-
perature on the output characteristics of PV arrays by establishing
a thermal model of solar cells [6,7] Pande also conducted a similar
study [8]. Du analyzed the impact of the loss of incident angle on
the output capacity of PV array [9].

Since the photoelectric conversion efficiency of solar cells will
not significantly improve in the short term [10], how to increase
the output capacity of photovoltaic arrays on the surface of air-
ships by other methods has become a research hotspot in recent
years. The solar tracking device is an effective way to increase the
output capability of PV arrays [11,12]. Lv designed a rotatable PV
arrays system, which can increase the output of PV arrays by more
than 40% [13,14]. Zhu analyzed the influence of the stratospheric
airship attitude on the output of the PV array and proposed a
strategy for the best yaw angle [15]. Zhang analyzed the attitude
planning scheme of airship fixed-point station-keeping with a ro-
tatable PV array [16].

The above research on the airship energy system focuses on
increasing photovoltaic array capacity through some strategy. En-
ergy balance between day and night is also essential to fulfill the
mission requirements of the trans-month flight. The stratospheric
wind field is relatively stable, with small changes in the short
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term, but substantial differences in different latitudes [17]. In areas
with high wind speeds, large-capacity energy storage batteries are
necessary for station-keeping at a fixed point. Nevertheless, con-
sidering the actual load capacity of the airship, it is not feasible to
have a high battery quality ratio. Therefore, finding other ways to
store surplus solar energy is necessary.

Solar-powered aircraft generally use the potential energy of
gravity to store solar energy by changing the flight altitude [18,19].
However, changing the cruising altitude caused a drastic change
in the internal pressure of the airship, so this flight strategy is
not suitable for stratospheric airships. For airships cruising at a
constant altitude, adjusting the day and night flight speed is con-
sidered as an effective strategy to improve the endurance [20].
Yang proposed that by adjusting the power of the day and night
propulsion system, the stratospheric airship’s endurance can be
dramatically increased [21]. Ozoroski also proposed a position en-
ergy concept to evaluate the station-keeping capability of the air-
ship [2]. However, there are still few studies on how to use wind
energy storage to achieve regional station-keeping under different
wind field conditions.

This paper aims to improve the endurance performance of the
airship in a specific wind field by optimizing the day and night
energy distribution. The structure of this article is as follows: Sec-
tion 2 introduces the curved PV array output model and the re-
quired power model. Then the flight strategy model and energy
management model are established in Section 3. Based on these
numerical models, the result and discussion are presented in Sec-
tion 4. Finally, the conclusion is given in Section 5.

2. Renewable energy system model
2.1. Stratospheric irradiation model

Solar radiation consists of direct, reflected, and scattered radi-
ation. Radiation reflected by clouds would not illuminate the PV
array located in the upper part of the airship. Hence, the strato-
spheric airship radiation model consists of direct radiation and
scattered radiation. The intensity of direct solar radiation Iy can
be expressed as:

1+ ee - cos(04ay)
1—e2

(1)

Ijo=1h-Ip-(

Where I is the solar radiation intensity constant, 1367 W/m?. e,
is the eccentricity of the Earth’s orbit, which is 0.0016708 [22].
Bday is the diurnal angle and can be expressed as:

Oday = 27T - (dn — Ny)/365.24 (2)

Where d, is the nth day of the year and N; is a leap year correc-

tion term which can be calculated with:

year — 1985
4

Where 75, is the atmospheric transparency, and the atmospheric
transparency in the stratosphere can be defined by:

Ny = 79.6764 + 0.2422 - (year — 1985) — int( ) (3)

7, =0.5- (670.65~amr + 670.9Samr) (4)

amr = I;—” [V/1229 + (614 - sin(65))2 — 614 - sin(Oys)] (5)
0

Where amr represents the air mass ratio. Py is the pressure at
the altitude of the airship, Pg is the sea level pressure that has a
reference value of 101330 Pa. As shown in Fig. 1, the formula of
solar height angle 6y, solar declination angle 6; and solar hour
angle 6po,r can be given by:
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Fig. 1. Various angles of the solar irradiation.

Oys = sin~! (sin(6g)sin(¢) + cos(64)cos(¢p)cos(BOnour))

64 = [0.3723 4 23.2367 - sin(B4qy) + 0.1149 - sin(264qy)
—0.1712 - sin(30gqy) — 0.758 - cos(gqy) (6)
+ 0.3656 - c05(204ay) + 0.0201 - c0S(364ay)]

Ohour =15 (t — 12) - /180

Where ¢ is the local latitude. Accurate solar time ty, time differ-
ence e and solar day angle 64,y can be expressed as:

th =ts 4+ /60 + (L — 120)/15
e =9.87 - sin(204qy) — 7.53 - c05(6gqy) — 1.5 - sin(Bgqy) (7)
Oday =360 - (dy — 81)/364 - /180

Where A is the local longitude. The scattered radiation intensity
Igp is defined by:

_05-1p- sin(0g) - amr(1 — tp)
- amr —1.311y

Ian (8)
Finally, the stratospheric radiation calculation formula is expressed
as:

Ig =1Igo + Ian (9)

2.2. Curved array irradiation model

The solar cell array on the upper surface of the airship is
curved, and its curvature is consistent with that of the airship
[23]. In order to establish an accurate radiation model, the finite
element method is introduced. The entire PV array is divided into
micro-elements, which can be regarded as planes, and the sum of
all micro-elements receiving radiation is the radiation of the PV
array. The airship surface governing equation can be expressed as:

F=x*+2"— f4(y) 0<y<lL (10)

Where L is the axial length of the PV array. The micro-element
area dA can be calculated with:

dA=df -dy -r-v1+dr? (11)

Where 6 is the laying angle, and r is the radius of the correspond-
ing circular section. The average vector of the micro-element in the
body coordinate system can be given by:
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Fig. 2. Finite element model of the PV array.
—
nij = (Njjx, Nijy, Nijz)
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Transformation matrix from body coordinate system to inertial
coordinate system can be given by:

CoCy SoCySy—SyCyp SeCyCy+SySy
R=| CoSy SoSySp+CyCyp SoSyCy —CySy (13)
—So CoSy CoCy

Where ¢, 6, and  are the roll angle, pitch angle, and yaw angle in
the body coordinate system [24]. The microelement average vector
in the body coordinate system and the irradiation vector in the
inertial frame Fs) can be expressed as:

T T
(Mijix, Nijiy, Nijiz) = R - (jjx, Nijy, Nijz)

— . . (14)
ng = (—cosfys - cosHas, —cosOys - Sinfas, —sinbys)

The angle between the irradiation vector and the microelement
normal vector can be expressed as [25]:

%
1 n
Qjj = COS |7

i n
ijl = bs
R (15)

ijt| - 77 5]

As shown in Fig. 2, when the angle between the irradiation
vector and the microelement normal vector is obtuse, the radia-
tion intensity of the microelement is the absolute value of the dot
product of the two; when the angle is acute, the irradiance value

of the microelement is 0. The intensity of direct radiation I;jo and
scattered radiation of microelements I;j, can be expressed as:

0 0< i

Qjj < —

ljp=y &> o T 2
‘nijl'ns"ldo E ojj <7 (16)

ni:
lin=05-1— =) - Ian
| ij1

The total irradiation intensity and irradiation power of the mi-
croelement can be given by:

Pij = (lijo + Iijn) - dAjj (17)
2.3. Solar cell thermal model

The multilayer structures of PV array from top to bottom are
thin-film solar cell, adhesive film, intermediate layer and thermal

Fig. 3. Schematic diagram of heat transfer of solar cells.

insulation layer [26]. The energy equation of the thin-film battery
layer can be expressed as:

dT
mic1—— = Qqgo + Qan — Qout — Qir — Q12
Qout = hout . (Tl - Tairh) (18)
Qir=¢c-0 - (TT = Tgy)

where Qgo and Qgp are direct radiation energy and scattered ra-
diation energy respectively, Qo is the external convection heat
dissipation, Q; is the infrared radiation energy, and Q13 is the en-
ergy transferred from the thin-film cell layer to the adhesive films,
see Fig. 3. g, is the infrared emissivity with a value of 0.75 [6].
o is Stephen Boltzmann’s constant. The energy equations of other
layers can be given by:

dT,
mnCn = Qn—1.n— Qn.n+1
19
(Sn+l ( )

Qn,n+1 = (Tn Tn+1)/(_

)dA

An
Where my, ¢y, 8, and A, are the mass, specific heat capacity,
thickness, and thermal conductivity of the nth layer material, re-
spectively. The temperature of each layer of PV array can be given

by:
t
Ty = Too + f dT, (20)
0

An empirical formula for the efficiency of single-crystal silicon
solar cells as a function of temperature is given by:

nij=0.22 —8.3e~*. (Ty —250) (21)
]

The thermal effect on the power output of PV array is shown
in Fig. 4. In summary, the output power of the PV array can be
expressed as:

m n

Pev =22 miPi (22)
i=1 j=1

2.4. Required power model

As shown in Fig. 5, the stratospheric airship energy system
is mainly composed of PV array, energy storage batteries, energy
management systems and loads [27]. The total output power of
airship can be expressed as:
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Fig. 4. Thermal effect on output power of PV array.
Ptotal = Pprop + Pavio + Pmeqs + Pload (23)

Where Pgyj, is the power of the avionics system, Ppeqs is the
power of the measurement and control system, and Pjqq is the
power of the load system, merge them into Pg¢pers. Propulsion sys-
tem power Pprop can be given by:

Pprop = Fr Vairspeed/(r]prop Nmot) (24)

Where 7,r0p is the propeller efficiency, and 7o is the motor
efficiency. The thrust of the airship propulsion system can be ex-
pressed as:

1
Fr= E/OairhsrefCD Vﬁ,-rspeed (25)

Where Vgirspeed is the airspeed of airship, Syf is the cross-sectional
area at the maximum shaft diameter, and Cy is the drag coefficient.
The airspeed Vgirspeed Of airship can be expressed as the vector sum
of the ground speed of the airship and the local wind speed:

— — —
V qirspeed = V ship + V wind (26)
3. Position energy storage strategy

The traditional airship station-keeping strategy is fixed-point
(FP) with constant airspeed during day and night [28,29]. Obvi-
ously, in the airspace with high wind speed, the FP strategy cannot
fulfill the requirements of long-endurance missions. Similar to the
gravity potential flight strategy for solar-powered aircraft [19,30],
the position energy storage strategy (PES) can store extra energy
during the daytime in the wind field potential energy to improve
the wind resistance and endurance.

As shown in Fig. 6, the airship flies to the upper wind area
at high speed by supplying surplus solar energy to the propulsion
system during daytime and reduces the propulsion power to float
back to the original position at an airspeed below the wind speed
during nighttime. Therefore, it is feasible to increase the utilization
rate of solar energy and the average airspeed of the airship through
the PES strategy. Besides, the location energy storage strategy is
closely related to wind speed and irradiation intensity, so it is
necessary to establish a flight strategy model and an energy man-
agement model to cope with various environmental conditions.

3.1. Flight strategy model

The core of the PES strategy is to determine the daytime air-
speed, and nighttime airspeed. Since the propulsion power has a
cubic relationship with the airspeed of the airship, maintaining a
constant speed can maximize the average airspeed when the avail-
able energy is constant [31]. As shown in Fig. 6, the airship flight
phase of PES strategy can be expressed as:

Stage 1: Fly backward at low airspeed Vpjgp

Stage 2: All solar energy is used to accelerate the airship.

Stage 3: The airship flies to the upper wind area at airspeed
Vday. Meanwhile, the excess energy charges the energy storage
battery.

Stage 4: As the intensity of solar radiation decreases, the airship
decelerates.

Stage 5: The airship floats back to the starting point at airspeed
Viay-

The change in solar energy and the power required for the air-
ship are shown in Fig. 7, t; and t; are the acceleration start time
and end time, while t4 and t5 are the deceleration start time and
end time, respectively. Therefore, the cruising speed of the airship
Vairship €an be expressed as:

Viigne ifto <t <ty
2(Ppv — Pothers)Nprop
pairhCD Sref
Vairspeed = | Vday ift2 <t <ty (27)
2(Ppv — Pothers)Nprop )%

PairhCD Sref
ifts <t <tend

1
)3 ifti<t<ty

iftg<t<ts

Vnight

Airspeed at nighttime is mainly determined by energy storage bat-
tery capacity. The maximum airspeed at night can be expressed
as:

2( Qnightmax — Pothers Atnight) Nprop
Pairh Cp Sref Atnight

1
Vnightmax = ( )3 (28)

Where Atyjgne is nighttime and Qpighemax is the maximum avail-
able energy during nighttime, which can be calculated by:

ty sunset
Qnightmax = MNdepthMdischarge Ebattery + / PPth + PPth
sunrise ty

(29)

Where 7geptn is discharge depth of battery, and 7gischarge is dis-
charge efficiency of battery. The forward distance during the day-
time needs to balance the backward distance during night time.
Besides, in order to ensure enough surplus energy to charge the
energy storage battery, it is necessary to set the maximum air-
speed. The airspeed during daytime V44, can be given by:

Vreq ifvreq = Vdaymax

. (30)
V daymax if Vieq > Vdaymax

Vday =

Where Viq is the required airspeed at daytime, and Vgaymax is
maximum available airspeed. When Qcharge and 7gepeh Epattery are
equal, the corresponding airspeed is Vgaymax. In order to achieve
regional residence within the scope through the PES strategy, opti-
mization goal can be given by:
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Fig. 5. Renewable energy system of stratospheric airship.

Fig. 6. Schematic diagram of PES strategy.

Fig. 7. Energy balance based on PES strategy.

According to Eq.

Vairspeed =

Viighe ifto <t <ty
(Z(PPV — Pothers) Nprop
pairhCDSref

Vaay ifta <t <ty
2(Ppv — Pothers)Nprop
PairhCp Sref
ifts <t <tena

1
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1
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Fig. 8. Flow chart of energy management.

Z(Qnightmax*PotherSA[night)r]prop 1 C—
. — ] _
(27) and Vpigntmax = ( PairhCh Sref Almighe )3 (28), optimiza

tion goals can be translated into:

ty tg
goal: min(Vgqy(ts —t2) + / Vairspeeddt + / Vairspeeadt (32)
t1 t3

- Vm’ghtmax(24 —t5+1t1))
3.2. Energy management model

In order to achieve the flight strategy, an energy management
model based on the PES strategy is established, as shown in Fig. 8.
The total power consumed by the airship can be expressed as:

1
Piay = E,OairhCD Sref Vgay + Pothers
(33)

1
Phignt = EpairhCD Sref V,?,-ght + Pothers
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Table 1
Airship parameters.

Geometric Parameter

Energy system parameter

Length, m 220 Efficiency of solar cells (273 K) 0.2
Diameter, m 54 Battery energy density, Wh/kg 330
Envelope area, m2 33000 Center angle of PV array, ° 90
Volume, m3 380000 Efficiency for motor 0.93
Ceiling altitude, m 20000 Efficiency for propeller 0.77
PV array area, m? 2200 Battery capacity, kWh 700
According to Eq.
Vnight ifto<t<ty
2(Ppv — Pothers)Nprop .1 .
( PR f <t <ty
LairhCD Sref
Vairspeed = | Vday ift2 <t <ty
2(Ppv — Pothers)prop .
others Tlprop)§ ifta<t<ts
Pairh Cp Sref
Viight ifts <t <tepg
Pday = 3 PairhCp Srer V 3y + Pott
(27) and @ 2l ref ¥ day others (33), the energy

Phight = %pairhCD Sref Vr?ight + Pothers
management model can be represented explicitly in Fig. 10. Fur-
ther, the function of SOC over time can be calculated by:

t1 (Pnight/Ndischarge—PPv) .
S0Co — [ Prsi/ishane—P00) e if g < <ty

0.1 t1<t<t

. t3 (Ppv—Pday) .
S0C=401+ ftz Ncharge Ebattery dt iftp<t<ts (34)
1 ift3 <t <ts
1— t1 (Pnight/ndischarge_PPV)dt lftS < t < tend

to E battery

Where SOCy is the value at the initial time, ncparge and Ngischarge
are the charging efficiency and discharging efficiency, respectively.

4. Result and discussion

In this section, in order to analyze the impact of location en-
ergy storage strategy on airship endurance performance, firstly, the
airship energy harvesting and output are discussed. Meanwhile,
taking Sanya as a case, an analysis of PES strategy is carried out.
Finally, the impact of PES strategy on energy system configuration
under different flight environments is analyzed. The basic parame-
ters of stratospheric airship are listed in Table 1.

4.1. Energy harvesting and consumption analysis

During the long-endurance station-keeping of the airship, lati-
tude, date, and yaw angle will have a significant impact on solar
energy. Therefore, it is crucial to evaluate energy harvesting by
airships. The daily production capacity of PV array per unit area
throughout the year in China is shown in Fig. 9 and Fig. 10.

At low latitudes, the solar energy changes steadily within one
year, with the highest in summer solstice and the lowest in the
winter solstice. When the yaw angle is 0°, the annual output en-
ergy varies from 1550 Wh/m? to 1750 Wh/m?. Compared to low
latitudes, solar energy in high latitudes is slightly higher in sum-
mer and significantly lower in winter, and the difference reached
1250 Wh/m?2. From May to August, the radiant energy value is
higher in the high latitude regions, while the radiant energy value
is higher in the low latitude regions in the rest of months.

For the 90° yaw angle, from Fig. 10, the annual changes in solar
energy have the same trend as the 0° yaw angle, while the year-
round solar energy is significantly lower. The irradiation input in

Fig. 9. The contour maps of output energy of unit area solar array on 0° yaw angle.
(For interpretation of the colors in the figure(s), the reader is referred to the web
version of this article.)

Fig. 10. The contour maps of output energy of unit area solar array on 90° yaw
angle.

summer is reduced by about 400 Wh/m?2, while the difference in
winter is even higher, reaching 500 Wh/m?2. This occurs due to the
sun rises from the east to the west, and the solar cells are ar-
ranged along with the airship longitudinally, resulting in a larger
average incidence angle of the north-south direction radiation vec-
tor. In winter, as the altitude angle of the sun becomes smaller, the
variation of the incident angle of the irradiation vector has a more
significant effect on solar energy.

Compared with traditional aircraft, airships have large inertia
and windward area and low cruise speed. The influence of wind
field on energy consumption of the airship is another critical fac-
tor of energy balance. As shown in Fig. 11, increasing the angle
of attack and sideslip will increase the drag coefficient sharply.
Fig. 12 shows the change of airship propulsion power with air-
speed at different sideslip angles. When the sideslip angle is 10°,
the propulsion power is doubled, and when the sideslip angle is
40°, it is increased by 40 times. Obviously, the effect of the sideslip
angle on the airship energy balance is much higher than the effect
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Fig. 11. Airship drag coefficient changes with the angle of attack and sideslip angle.

Fig. 12. Airship propulsion power varies with sideslip angle.

of the yaw angle. Although flying at a 0° yaw angle will increase
the PV array capacity to a certain extent, considering the additional
consumption of propulsion power, the airship should maintain a
0° side slip angle to resist wind. The stratospheric wind direction
is usually east-west. Since the stratospheric wind field is usually
east-west, the 90° yaw angle should be used as the basis for the
design of the PES strategy.

4.2. Case study

According to Section 4.1, at the low latitudes, the annual radi-
ation changes are more gentle. Therefore, the regular dates in the
Hainan region (spring, summer, autumn, and winter solstice) are
selected as the study case. The daily average wind field data corre-
sponding to the date is shown in Table 2. The simulation period is
48 h. The value of soc at the beginning of the simulation is 0.65.

Table 2
Average daily wind speed and direction in Hainan on different
days.
Date Wind speed (m/s)  Wind direction (°)
Spring equinox 16.1 280
Summer solstice ~ 21.5 80
Autumn equinox 174 90
Winter solstice 10.5 265

The results of energy balance history are shown in Fig. 13,
where the red line represents solar input energy, the blue line rep-
resents the total power consumed by the airship, and the green
line is the SOC of energy storage battery. On the winter solstice,
due to the low wind speed, the airship can be stationed at a fixed
airspeed (FP strategy), the total power is constant at 17.3 kw, as
shown in Fig. 13(b). The energy storage battery is far from the
depth of discharge, and the minimum SOC reaches only 0.6 in the
second night. The lowest SOC is 0.6 on the second night time, far
from reaching the discharge depth. During most of the day, the
energy storage battery is fully charged.

However, for seasons with high wind speeds, the FP strat-
egy cannot meet the requirements of long-term regional station-
keeping missions, so the PES strategy is necessary. According to
Fig. 13(a), on the spring equinox, the airship recedes at 15 m/s
airspeed at night and starts accelerating to 8.25 h at 8.07 h, reach-
ing 17.8 m/s airspeed and flying forward at constant airspeed until
17.5 h, decelerating to 15.1 m/s at 17.8 h, finally float back to the
initial position. During the whole process, the battery is charged
from 8.25 h to 11.5 h, and maintains a full charge state until 16 h.
Similar to spring equinox, the wind field in autumn equinox is
larger. In order to balance the retreat distance at night, the air-
speed during the day is higher, reaching 20.8 m/s; meanwhile, the
battery full charge time is delayed to 12 h. As shown in Fig. 14, on
the vernal equinox and summer solstice, the flight ranges of the
airship are 52 km and 112 km, respectively, which are acceptable
for gigantic stratospheric airships performing communication relay
missions.

As to summer solstice, the results of energy and power history
are represented in Fig. 13(b), the airspeed and distance history is
represented by the red lines in Fig. 14. The airship begins to fly
backward at a 15.5 m/s airspeed until 7.4 h, then all the solar
energy is used for acceleration. After reaching the daytime air-
speed of 26.9 m/s at 8.8 h, the airship keeps the constant speed
to 16.3 h and then decelerates to the airspeed of 15.5 m/s due to
the weakening of irradiation intensity. It can be seen that in a 24-
hour energy cycle, the utilization rate of solar energy reaches 100%.
Although all solar energy is used for propulsion and energy stor-
age, the airship still shifts 300 km from the initial position during
the 48 h simulation. It is because the PES strategy is to improve
the wind resistance by adjusting the day and night energy distri-
bution, but the total energy is constant. The summer solstice wind
speed exceeds the upper limit of the airship design average air-
speed.

It can be seen that even if the PES strategy is adopted, the air-
ship cannot achieve long-term station-keeping on the date when
the wind speed exceeds the available airspeed of the airship.
Therefore its applicability needs to be discussed. Fig. 15 shows
the maneuver strategy corresponding to the Hainan wind field
throughout the year, where green dots, red dots and blue dots rep-
resent FP strategy, PES strategy and MFS strategy, respectively. It
can be inferred that the energy shortage in the night from January
to June and September is solved by the PES strategy. In June-
August, wind speed is between available airspeed and maximum
airspeed most of the time, so it is almost impossible to perform
long-term missions. However, for short-term reconnaissance mis-
sions in fixed areas, it is possible to increase the endurance by
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Fig. 13. Energy balance history on different dates in Hainan.

Fig. 14. Distance and airspeed history on different dates in Hainan.

increasing the initial position potential and initial electrical energy,
which can be called maximum potential energy (MPE) strategy.
Take the summer solstice as an example, and the radius of the
mission area is 150 km. The distance history of the airship with
different initial conditions is shown in Fig. 16. When the initial

Fig. 15. Maneuvering strategy corresponding to wind speed throughout the year.

SOC is 0.6, the airship flies back quickly and floats out of the
mission range at 6.94 h, as shown by the black line. When the ini-
tial SOC increases to 0.8, the available airspeed on the first night
increases, and the retreat distance decreases, resulting in a signif-
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Table 3

Monthly average wind seed over cities of different latitudes in China (m/s).
City Latitude JAN FEB MAR APR MAY JUN JUL AUG SEP OCT Nov DEC
Sanya 18.31 11.6 131 16 8 15.56 19.2 24.5 23 18.7 14.6 13 11
Haikou 20.03 11.56 143 11.2 13.33 14.56 18.36 19 201 17.46 9.6 722 11.66
Hongkong 22.2 13.66 14.6 12.36 12.03 133 1743 18.7 194 16.36 8.73 9.16 14.2
Guangzhou 23.62 16.2 17.6 12.8 12.2 11.03 172 18.5 18.76 13.16 8.63 10.03 15.9
Fuzhou 26.08 18.6 184 14.8 12.46 9.2 14.4 16.2 17.73 12.96 9.9 149 18.9
Changsha 28.23 20.6 18.9 15.8 13 9.3 121 18.1 19.46 125 11.6 16.2 24.8
Wuhan 30.6 249 221 15.56 14.2 10.5 11.6 17.6 171 115 12.7 194 281
Nanjing 32.07 303 251 16.9 14.8 111 11.83 17.7 15.76 12.6 141 20.2 29
Xian 34.27 318 23.76 15 15.46 13.7 12.7 16.2 14.2 1313 149 211 244
Lanzhou 36.07 355 26.2 15.7 14.7 13.73 1313 13.56 11.55 123 16.1 219 24.5
Taiyuan 3797 35.6 25.6 18.43 176 13.33 14.43 12.53 10.43 121 14.03 241 27.03
Beijing 39.93 383 238 20.03 20.7 14.8 103 10 9.6 12.83 14.7 225 314
Shenyang 41.84 37 243 21.53 10.3 153 10.2 8.63 10.5 11 133 229 32.6
Wulumugqi 43.82 35.7 258 249 204 143 10.5 84 9.6 115 16.2 21.7 209
Haerbin 45.89 351 233 23 20.2 16.2 13.16 9 12.6 131 11 22 28.5

Fig. 16. Displacement history under different initial conditions.

icant increase in the endurance to 24.14 h. Further, endurance in-
creases to 29.02 h when the initial SOC is 1. As shown by the blue
line, the airship does not reach the upper boundary of airspace,
and part of the position potential energy is wasted. In order to
fully exploit position potential, the initial position is set to 60 km.
The airship reaches the mission airspace boundary at 15 h and
31.7 h, and finally, flows out of the mission range at 49.51 h, whose
endurance is increased by 58% compared with the initial position
of 0 km. Therefore, it is feasible to pre-store excess position po-
tential energy in the previous day to enhance the ability to resist
short-term high-speed wind fields.

4.3. Impact of PES strategy on energy system configuration

According to Section 4.1, the PES strategy can solve the prob-
lem of energy shortage in some months. The wind speeds in the
month change considerably different latitudes, as shown in Table 3,
besides, flight airspace is another limitation to PES strategy. There-
fore, this section mainly discusses the impact of PES on airship
energy system configuration under different airship flight condi-
tions.

4.3.1. Impact of airspace position and range

Energy system configuration changes with airspace range and
average wind speed. In the middle and high latitudes, the irradia-
tion intensity is low in January and December, and the wind speed
is tremendous, which is not suitable for airship flight [16]. There-
fore, select February to November for analysis.

Fig. 17 shows the mass of the energy system in different
airspace ranges, where the green and red bars represent the PV
array mass and the energy storage battery mass, respectively. It
can be seen that compared with the FP resident strategy, using the
PES strategy as a design basis can reduce the total mass of energy
system to varying degrees. In the summer at low latitudes, when
the flight range is 100 km, 200 km, and 300 km, the total mass
of the energy system decreases by 7.5%, 19.7%, and 29.2%, respec-
tively, while this value is only 2.4%, 4.6%, and 4% in winter at low
latitudes. This is due to the low radiation intensity in autumn and
winter in high latitude areas, which is the main factor limiting the
airship’s wind resistance, not the battery capacity. Therefore, the
PES strategy is more suitable for areas with high irradiation inten-
sity.

Moreover, the PES strategy can significantly reduce the mass of
the energy storage battery, and at the same time, the mass of the
PV array will increase to a certain extent. When the average wind
speed is the same, compared with the FP strategy, the PES strategy
will lead to an increase in the total energy required due to the
difference in day and night speed, which needs to be considered
in the baseline design of the airship.

4.3.2. Impact of wind speed

From May to July, as the latitude increases, although the irra-
diated energy is relatively close, the wind speed is gradually de-
creasing, as shown in Fig. 10 and Table 3. Fig. 18 shows the energy
system quality corresponding to different wind speeds when the
irradiation intensity is fixed. At the designed wind speed of 10 m/s,
the maximum mass reduction of the energy system is only 7.9%,
so the fixed-point residence strategy is more suitable. However, at
wind speeds of 15 m/s, the PES strategy in 100 km airspace has
more advantages. At wind speeds of 20 m/s and above, the mass
reduction effect of the 300 km PES strategy is most apparent. The
higher the average airspeed, the more advantageous the PES strat-
egy. It can be speculated that as the airspace increases, the location
energy storage strategy can reduce the quality of the energy sys-
tem more, but the airspace range cannot be increased indefinitely,
and 300 km is a more reasonable planned airspace range.

4.3.3. Effect of battery energy density

The relatively low energy density of lithium batteries is one
of the main factors affecting the long-term station-keeping of air-
ships. Renewable fuel cells, due to their ultra-high energy density,
can replace lithium batteries in the future as a better choice for
airship energy storage systems [32][33].

A comparison of the batteries with varying energy density is
conducted in this study, as shown in Fig. 19 With the energy den-
sity of energy storage batteries increasing, the total mass of energy
system continues to decrease. When the energy density of battery
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(a) Fixed point

(¢) 200km

(b) 100km

(d) 300km

Fig. 17. Stratospheric airship energy system configuration under different airspace ranges.

Fig. 18. Energy system configuration at different wind speeds.

is low, the PES strategy can significantly reduce the mass of energy
system, especially during the high wind speeds of June to Septem-
ber. With the increase of energy density, the advantage of the PES
strategy is weakened. When the energy density of battery reaches
1000 wh/kg, the mass gap of energy system with different strate-
gies maneuver is small, while the PES strategy of 100 km range is
still the optimal strategy in most months.

Besides, it is worth noting that PES strategy of 300 km will in-
crease the total quality of energy system in some months whose
wind speed is relatively low. This occurs due to the PV array has
become the dominant factor affecting the mass of the energy sys-
tem, causing that the excessively large diurnal speed difference
results in the mass of PV array to an additional increase.

5. Conclusion

In this paper, a maneuvering strategy and an energy manage-
ment strategy for stratospheric airships based on position energy
storage are proposed, and the feasibility is analyzed through a case.
Moreover, the energy system configuration problem based on the
PES strategy is studied, which has certain value for the design of
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Month
(a) 250wh/kg

Monih
(c) 750wh/kg

Month
(b) 500wh/kg

Month
(d) 1000wh/kg

Fig. 19. Comparison of energy system mass under different energy densities of battery.

stratospheric airships The main conclusions can be summarized as
follows:

(1) By balancing the energy input and output of the airship, the
east-west course should be used as the design basis.

(2) The night energy shortage problem in Hainan from January to
June and September can be solved by PES strategy.

(3) On summer solstice when the available airspeed is less than
the wind speed, the endurance time can be increased from
6.94 h to 49.51 h by pre-storing position potential and electri-
cal energy.

(4) Taking the PES strategy as the design basis can reduce the total
mass of the energy system, and has more advantages in areas
with higher irradiation energy density and higher wind speed.
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