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Abstract

The station-keeping mission is one of the common missions of stratospheric airships. Its movement is sensitive to wind due to the
large size and low airspeed of stratospheric airships. When the wind speed exceeds the maximum airspeed of the airship, the airship
may fly out of the given mission region. Therefore, station-keeping trajectory planning is a new trajectory planning problem that has
never existed before. A rapidly exploring random tree algorithm for station-keeping(RRT-SK) is proposed to solve the trajectory plan-
ning problem under multiple constraints of the airship, and an artificial potential field method (APF) considering wind field and relative
position is designed as the objective function of the RRT-SK algorithm, both of which form the RRT-SK strategy used for the strato-
spheric airship station-keeping trajectory planning under multiple constraints. A multidisciplinary model is developed to simulate mul-
tiple constraints on the airship flight, including the energy model, thermal model, propulsion model, and kinematic model. The
performance of the RRT-SK strategy is demonstrated in this multidisciplinary model with real wind fields. The results show that the
multi-constrained station-keeping problem can be solved by the RRT-SK strategy. Compared with the conventional strategy, the
RRT-SK strategy can improve the success rate of the airship’s 24-h stationing flight and well cope with the impact of wind field changes
and stationing area changes. Moreover, the RRT-SK strategy has better advantages in actual long-duration use.
� 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been a growing interest in
stratospheric airships. As high-altitude platforms, strato-
spheric airships can remain at an altitude of 20 km for
weeks, months, or even years. Therefore, stratospheric air-
ships have great potential for applications in areas that
require long periods of time to remain stationary, such as
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communications relay, meteorological research, and Earth
observation (Colozza and Dolce, 2003; Du et al., 2019b).

Compared to conventional air vehicles, stratospheric
airships are one of the few aircraft that require station-
keeping trajectory planning. Stratospheric airships rely on
buoyancy to maintain their altitude, and in order to obtain
a larger carrying capacity, stratospheric airships require a
large capsule to store helium, resulting in a large windward
area and a high drag coefficient characteristic, whose
motion is susceptible to wind (Mueller et al., 2004;
d’Oliveira and Melo, 2016). Therefore, there is an urgent
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need for trajectory planning to avoid the change of position
of the airship due to the wind influence.

Trajectory planning for the airship is a multi-
constrained optimization problem, limited by location con-
straints, and also by energy and temperature constraints.
The airship are usually solar-powered, and the energy gen-
erated in a day is limited, and the airships need to plan a
proper trajectory to ensure that the energy will not be
exhausted. The pressure differential in the airship’s capsule
is positively correlated with temperature. As the sun heats
the capsule during the day, the capsule pressure differential
rises with its temperature, and the risk of capsule explosion
increases with an excessive capsule pressure differential.
The main method to reduce the capsule temperature is to
accelerate air convection by maintaining a high airspeed
(Alam et al., 2023). Therefore, trajectory planning strate-
gies designed for the stratospheric airship must be able to
solve the multi-constraint planning problem.

The stratospheric airship must continue to move for-
ward in order to withstand the wind and dissipate the heat
when it is used for the station-keeping mission. As a result,
a trajectory planning strategy is required for the station-
keeping mission. For this scene, there are few algorithms
exist. Regarding energy consumption, Zhang and Shan,
respectively, proposed a station-keeping strategy in one
dimension (Zhang et al., 2020; Shan et al., 2020). Research-
ers from Google conducted a height adjustment analysis of
the station-keeping problem based on unpowered balloons
(Bellemare et al., 2020). Zhang proposes a solution to solve
the regional coverage problem based on multiple strato-
spheric airships, but without considering the effects of
strong winds (Zhang et al., 2022a). Because in practice
the airship’s trajectory needs to be adjusted in accordance
with the predicted wind field, it is necessary to develop a
trajectory planning strategy for the station-keeping mission
in two-dimensional space.

Researchers have proposed many kinds of trajectory
planning algorithms for different problems. In the past,
the optimal path was considered as the shortest path, and
the determined algorithm was used to find the shortest path
(Souissi et al., 2013). As the problem evolves, the optimal
path is now associated with energy consumption and
region avoidance. To solve these complex problems,
researchers have changed from using deterministic algo-
rithms to using uncertain algorithms (Aggarwal and
Kumar, 2020). The typical algorithms include Random
sampling search algorithms, such as probabilistic road
map (Liu et al., 2023); Best search algorithm, such as Dijk-
stra’s algorithms, A*, D* (Bai et al., 2023; Wang et al.,
2023; Jin et al., 2023); Visibility Graph (Ou et al., 2023);
bio-inspired planning algorithms (Zhang et al., 2022b).
Nevertheless, almost all algorithms do not guarantee fast
convergence, let alone real-time planning in stratosphere
wind fields with rapid change. Among all the path planning
algorithms, Rapidly-exploring Random Tree (RRT) pro-
posed by LaValle (LaValle et al., 1998), is proved to be fast
convergence and computational efficient, thus enabling
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online implementations. RRT algorithm is a random sam-
pling algorithm for state space. This method is probabilis-
tic complete and non-optimal. Through collision detection
of sampling points, it avoids the large amount of calcula-
tion caused by the accurate modeling of space, and can
effectively solve the path planning problem of high-
dimensional space and complex constraints (Zhao et al.,
2023).

Since the wind significantly affects the airships’ motion,
station-keeping mission trajectory planning is a unique
problem to take into account for the airship. Because
almost all of the aforementioned algorithms are created
for point-to-point scenarios, the artificial potential field
method (APF) is introduced as a computationally effective
guidance scheme in this paper to address the issue of no ter-
mination point. The artificial potential field method (APF)
(Sigurd and How, 2003; Kitamura et al., 1995) is com-
monly used in local path planning. The concept of ‘‘field”
in conventional mechanics is introduced into this method.
It is assumed that the vehicle moves under this virtual force
field, but there is a limitation in that it is easy to fall into
local minima. Combined with the randomness of the
RRT, the APF local minimum problem can be avoided.
Based on the artificial potential field method, the station-
keeping potential energy is introduced to evaluate the
station-keeping ability of the stratospheric airship. With
the potential energy of the airship as the objective function,
the trajectory that meets the requirements of the station-
keeping mission can be obtained by the strategy this paper
proposed.

The main contributions of this paper are as follows:
First, the station-keeping mission trajectory planning prob-
lem of the stratospheric airship is firstly investigated in
two-dimensional space, considering multiple constraints
during the airship flight, such as energy constraints and
thermal constraints, to ensure the feasibility of the trajec-
tory. Second, a new trajectory planning strategy is pro-
posed for solving the no-endpoint trajectory planning
problem, which will be met in the station-keeping mission.
Compared with (Zhang et al., 2020; Shan et al., 2020;
Bellemare et al., 2020), the RRT algorithm is properly
modified in order to solve the endpoint-free problem, and
the APF method is introduced as the objective function
of the RRT algorithm to bias the random sampling to
the optimal solution. Later on, potential energy functions
are designed for the airship station-keeping mission,
including position potential energy and wind field potential
energy, which together with the airship battery energy con-
stitute the airship stationing potential that can be used to
evaluate the optimal position of the airship.

The structure of this paper is as follows: In Section 2,
system modeling and problem formulation are presented.
In Section 3, rapidly exploring random trees for station-
keeping(RRT-SK) strategy is introduced along with inte-
gration of the APF. In Section 4, a multidisciplinary model
is established as an example to simulate the multiple con-
straints encountered when planning the trajectory of the
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airship. In Section 5, simulations are performed to demon-
strate the effectiveness of the proposed strategy. Finally,
Conclusions are provided in Section 6.

2. Problem statement

2.1. System modeling

In this brief, the airship is modeled as a rigid body, thus
the aeroelastic effects of the airship can be ignored.

Firstly, as shown in Fig. 1, an inertial coordinate system
is established. The origin On is located anywhere in the
same horizontal plane as the airship, and Onxn-axis and
Onyn-axis point to north and east respectively.

Unlike conventional air vehicles, the balance of the
stratospheric airship is provided by buoyancy (Khoury,
2012), which results in a natural stabilizing moment about
the roll axis and pitch axis. Unless gas leaks and wind
effects change the altitude of the airship, the balance of
gravity and buoyancy keeps the altitude of the airship at
a fixed value for a long time. The following assumptions
are made:

Assumption 2.1. Changes in roll and pitch angle are little
enough to be ignored.
Assumption 2.2. The airship altitude change is ignored in
this research.

Based on the above assumptions, the simplified kine-
matic equations of the airship can be expressed as (Wang
et al., 2021; Zhang et al., 2022a)

_x ¼ v cos cþ wx

_y ¼ v cos cþ wy

�
ð1Þ

where ½x; y�T denotes the vector of position of the airship, v
is the airspeed of the airship, c 2 ½�p=2; p=2� is the yaw
Fig. 1. The reference coordinate system.
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angle between the airspeed and the positive direction of
Onxn-axis, wx and wy are the components of the wind.

2.2. Problem formulation

Let xðtÞ ¼ ðn; dÞ 2 X be the measurable state of the sys-
tem, where d 2 Xn is other n states related to the airship

trajectory planning. and u ¼ ðv; cÞT 2 U be a control input
in the set U of admissible controls. Then, the differential
system can be written as

_x ¼ f ðx; u;wÞ ð2Þ
where f is the vehicle system model.

X ¼ R3þn is the state space. It is divided into two sub-
sets. Let Xfree be the set of admissible states.
Xobs ¼ X=Xfree is defined as the obstacle state needs to be
avoided. The initial state of the system is xinit 2 Xfree.

The path planning algorithm is given a rendezvous set
Xgoal 2 Xfree . To achieve its mission, the airship has to
reach Xgoal while avoiding obstacles and minimizing a per-
formance criterion J defined as

Jðt0; tf ; uÞ ¼
Z tf

t0

f 0ðxðtÞ; uðtÞ;wðtÞÞdt þ kðxðtf ÞÞ ð3Þ

where f 0 : R3 � R2 � R2 ! R and k: R3 ! R are C1.

3. Trajectory planning framework

3.1. Rapidly exploring random trees for station-keeping

(RRT-SK)

RRT(see Algorithm 1) is a trajectory planning algo-
rithm whose function is to finally obtain an approximate
optimal path connecting the initial point and the end-
point by imitating the growth of the tree after determin-
ing the initial point and the end point (Karaman and
Frazzoli, 2010; An et al., 2021). The principle of the
RRT is described in Algorithm 1. Since the purpose of
the station-keeping mission is to stay in a mission area
for a long time, the RRT algorithm needs to be
improved to make path planning within a mission range
rather than reaching a target point. Therefore, the exten-
sion method of the node in the RRT algorithm should be
changed accordingly. The improved RRT algorithm can
be divided into the following steps:

(1) Generate random points in the mission area.
(2) The branch extends from the initial point to the ran-

dom point. The extension length is determined by the
objective function J.

(3) Repeat the step (1)-(2). All nodes of the tree extend
to the random points generated in Step3, which is shown
in Fig. 2. Besides, Feasibility test is required in process of
branch extension.

(4) Merge neighbor nodes into a minimum cost point.
(5) Keep extending the tree until get one or more feasible

path with specified step length.



Fig. 2. Example of RRT-SK strategy extension.
Function build_RRT_SK ðin :K2 N�;
xinit 2 Xfree;Dt 2 Rþ; out : GÞ
G �xinit
costðxinitÞ �0
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Algorithm 1. RRT algorithm

timestepðxinitÞ �0 i ¼ 0
repeat

xrand  random_state(Xfree)
G RRTSK_extend(G; xrand )

until iþþ > K
return G

Function RRT_SK_extend ðin : G; xrand ; out : GnewÞ
V �G:Node
foreach xðjÞ 2 V do

ðxj;new; uÞ � steerðx; xrandÞ
if feasibleðxðjÞ; xnewÞ then

V �V [ fxnewg
costðxnewÞ �costðxðjÞÞþcostðxðjÞ; xnewÞ
timestepðxnewÞ �timestepðxðjÞÞ

þtimestepðxðjÞ; x Þ
Function

RRT ðin :K2 N�; xinit 2 Xfree;Dt 2 Rþ; out : GÞ:
G �xinit
costðxinitÞ �0
i ¼ 0
repeat

xrand �random_state(Xfree)
xnearest � nearest(G; xrand )
ðxnewÞ � steerðxnearest; xrandÞ
if collision_freeðxnearest; xnewÞ then

G �G [ fxnewg
end

until iþþ > K
return G
new

Rnear �near_verticesðxnew;GÞ
V �mergeðV ; xnew;RnearÞ

end

end

return G

Function merge ðin : V ; xnew;Rnear; out : V Þ
forall xnear 2 Rnear do

if timestepðxnearÞ ¼timestepðxnewÞ
and costðxnearÞ <costðxnewÞ then

xmin �xnear
end

end

V �V n ðRnear n xminÞ return V
The principle of the RRT-SK as a path planner is
described in Algorithm 2. Let G be the exploration tree,
E be the set of connection edges of the tree, and cost
ððx1; x2ÞÞ be the minimal cost from x1 to x2 according to
the objective function J defined in (3). Let cost (x) also
be the total cost to arrive at x, that is cost(x) =
costððxinit; xÞÞ.

First, the initial state xinit is added to the tree G. Then, a
state xrand 2 Xfree is generated randomly. The
RRTSK extend extends all nodes of the tree G to xrand

according to a step length d which is defined by steer func-
tion. In steer function, a control input u is calculated
according to some specified algorithm. In this brief, APFs
are used as an algorithm to make J minimized.

Then the system model is integrated from tnearest to
tnearest þ DT , to find a new state xnew , that is

xnew ¼ xnearest þ
Z tnearestþDT

tnearest

f x; uð Þdt ð4Þ

A feasibility test (feasible function) is performed: if xnew and
the path between x and xnew lie in Xfree, and control input u
is constraints satisfied, then xnew is added in V.
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Next, the RRT-SK algorithm tries to merge neighbor
vertices at the same time step. The near vertices function
will search the tree G for a set of other vertices with the
same time step in a neighborhood Xnear � V of xnew. The
state xmin 2 Xnear that minimizes the cost is chosen to be
the reserved vertices. Therefore, other vertices in Xnear will
be replaced by xmin, including their state and cost. Besides,
the existing connecting edge from the last step to the
replaced vertices will be removed.

Algorithm 2. The RRT-SK strategy
These steps are repeated until the algorithm reaches K
iterations. Thus, the RRT-SK strategy will improve the
optimality of the solution over time even after the first solu-
tion is found.

Compared with RRT, RRT-SK modifies the following
points to meet the needs of station-keeping trajectory
planning.



Fig. 3. Wind potential energy.
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(1) All nodes of tree G are extended during an iteration
instead of the nearest node in RRT. Thus allowing more
iterations within a set of admissible states rather than
reaching a final state.

(2) The step size and control input to the random state is
determined by some algorithm rather than a fixed step size
in RRT.

(3) Feasibility test during extension instead of collision-
free test to take control constraints into account.

(4) Timing information is taken into account for trajec-
tory planning rather than a path planning algorithm like
RRT.

(5) The merge function was introduced to solve the data
explosion problem.

3.2. State generation using artificial potential fields(APF)

Station-keeping mission is a common mission of the
stratospheric airship, which requires the airship to keep
floating within the specified distance from the mission
point (Du et al., 2019a). The conventional airship trajec-
tory planning strategy is to make the airship fly towards
a fixed point by adjusting the heading angle, and the air-
speed is a variable that varies according to the distance
from the fixed point. This method does not maximize the
use of energy. For example, when the wind speed is low
during the day, the airship needs very little energy to main-
tain its position, and the extra energy generated by the
solar array will not be stored after the energy storage bat-
tery is fully charged, which causes a waste of energy. But at
night, energy is often scarce because there is no solar input.
Similar to the gravitational potential energy storage strat-
egy of solar aircraft, the airship can fly to the upwind area
with extra energy during the day to offset the energy short-
age at night. But the airship can not blindly fly to the
upwind area without considering the mission boundary.

Based on this, in order to fly to the upwind area while
considering the mission boundary, we propose a trajectory
planning method based on the airship potential energy.
The airship can be considered to have a higher wind poten-
tial energy (see Section 3.2.1) in the upwind area. And sim-
ilar to the wind potential energy, the location potential
energy (see Section 3.2.2) can be defined by the airship’s
location relative to the mission boundary. Together with
the energy storage battery of the airship, the airship poten-
tial energy function is designed as the objective function to
optimize the trajectory, that is

E ¼ Elocation þ Ewind þ Ebattery ð5Þ
where Ebattery is the energy of storage battery, which can be
expressed as

Ebattery ¼ SOC � Emax ð6Þ
where SOC means state of charge of the battery, and Emax

denotes the maximum capacity of the battery.
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3.2.1. Wind potential energy

As shown in Fig. 3, the potential energy under northerly
wind can be understood as follows considering the wind
field, if the airship wants to keep the location(point A)
unchanged for a period of time Dt, the airspeed is required
to be equal to the wind speed, i.e.V airspeed ¼ V wind . During
this time, energy Q is required to maintain the location
of the airship. However, If the airship flew to a specific
point B in the upwind zone in advance, even if the airspeed
of the airship V airspeed ¼ 0, it can still reach point A after Dt.
In another word, the energy Q is saved by flying to the
upwind area. Energy Q can be regarded as stored in the
potential energy of the upwind field, which reduces the air-
ship’s energy consumption for wind resistance.

Suppose the airspace center point is the 0 potential
energy point, the wind speed is V wind , the wind direction
blows from point B to point A, and the wind potential
energy at point B is

Ewind ¼ Pprop � Dt ð7Þ
where Pprop is the propulsion power when the airspeed of
the airship is equal to the wind speed, which maintains
the location of the airship unchanged, expressed as

V airspeed ¼ V wind ð8Þ

Pprop ¼ 1

2
qairSref CDV 3

wind=ðgpropgmotÞ ð9Þ

where Sref is the cross-sectional area at the maximum shaft
diameter, and CD is the drag coefficient.

Dt in Eq. 7 is the time required for the airship to fly with-
out energy from point B to point A,

Dt ¼ y
V wind

ð10Þ

The wind potential energy on a line perpendicular to the
wind direction is at the same value. As shown in Fig. 3, the
line passing through the origin and perpendicular to the
wind direction is the zero potential energy line. Suppose
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the direction of the wind field is vwind , and the potential
energy of the wind field at any point ðx; yÞ in the mission
area is

Ewind ¼ 1

2
qairSref CDV 3

wind=ðgpropgmotÞ

� x sin vwind þ y cos vwind
V wind

ð11Þ

where V wind is wind speed, and vwind is wind direction.
3.2.2. Location potential energy

Since the stratospheric airship need to stay in a mission
area for a long time, suppose its mission area is as shown in
Fig. 4, with the center point as the origin, the east direction
as the positive direction of the x-axis, and the north direc-
tion as the positive direction of the y-axis to establish a
coordinate system. The center of the mission area is the
best position that can handle the wind in different direc-
tions, and a certain amount of energy is needed by the air-
ship to fly to the best place. From the perspective of the
potential energy field, this part of the energy is stored in
the location potential energy. Suppose the location poten-
tial energy of the center is 0, the distance from the center

is R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
, and the location potential energy Eloc con-

sumed to fly to the center at the current speed can be
expressed by the following

Eloc ¼ �PpropT loc ð12Þ
where Pprop is the power of the propulsion system at the
current speed, and T loc is the time needed to fly to the cen-
ter at the current speed. If the current airspeed is
V airspeed ; Pprop and T loc can be expressed as

Pprop ¼ 1

2
qairSref CDV 3

airspeed=ðgpropgmotÞ ð13Þ

T loc ¼ R
V airspeed

ð14Þ

Thus the positional potential energy can be expressed as
Fig. 4. Location potential energy.
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Eloc ¼ � 1

2
qairSref CDV 3

airspeed=ðgpropgmotÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
V airspeed

ð15Þ
4. Multidisciplinary modeling

Many constraints need to be considered in the strato-
spheric airship trajectory planning, including energy con-
straints, thermal constraints, position constraints, etc.
Considering these constraints requires multidisciplinary
modeling, including energy modeling, thermal modeling
and propulsion power modeling.
4.1. Energy model

4.1.1. Solar radiation model

The types of solar radiation can be divided into direct,
scattered, and reflected radiation, which can be assessed
from the methods introduced by Iqbal and Muhammad
(Iqbal, 2012); Kreith, Frank, and Kreider (Kreith and
Kreider, 1978) respectively.

Direct solar irradiance ID in the stratosphere is
expressed as

ID ¼ sh � I0 � ð1þ ee � cosðhDÞ
1� e2e

Þ ð16Þ

where I0 is the solar radiation intensity constant, which is
1367 W =m2; ee is the eccentricity of the Earth’s orbit, which
is 0.0016708 (Foster and Aglietti, 2010), hD is the diurnal
angle and can be expressed as

hD ¼ 2p � ðdn � NrÞ=365:24 ð17Þ
where dn is the nth day of the year and Nr is a leap year cor-
rection term which can be calculated with

Nr ¼ 79:6764þ 0:2422 � ðyear � 1985Þ

� intðyear � 1985

4
Þ ð18Þ

sh in Eq. 16 is the atmospheric transparency, and the atmo-
spheric transparency in the stratosphere can be defined by

sh ¼ 0:5 � ðe�0:65�amr þ e�0:95�amrÞÞ ð19Þ

amr ¼ PH

P 0

� ½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1229þ ð614 � sinðhHSÞÞ2

q
� 614

� sinðhHSÞ� ð20Þ

where amr represents the air mass ratio. PH is the pressure
at the altitude of the airship, P 0 is the sea level pressure that
has a reference value of 101330 Pa. As shown in Fig. 5, the
formula of solar height angle hH , solar declination angle hD
and solar hour angle hhour can be given by

hH ¼ sin�1ðsinðhDÞ sinð/Þ þ cosðhDÞ cosð/Þ
� cosðhhourÞÞ ð21Þ



Fig. 5. Various angles of the solar irradiation.
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hD ¼ ½0:3723þ 23:2367 � sinðhDÞ þ 0:1149 � sinð2hDÞ
�0:1712 � sinð3hDÞ � 0:758 � cosðhDÞ
þ0:3656 � cosð2hDÞ þ 0:0201 � cosð3hDÞ�

ð22Þ
hhour ¼ 15 � ðtn � 12Þ � p=180 ð23Þ
where / is the local latitude, tn is accurate solar time, which
can be defined by

tn ¼ ts þ e=60þ ðk� 120Þ=15 ð24Þ
where ts is standard time, e is time difference, and k is the
local longitude. Time difference e is defined by

e ¼ 9:87 � sinð2hDÞ � 7:53 � cosðhDÞ � 1:5 � sinðhDÞ ð25Þ
The scattered radiation intensity IS is defined by

IS ¼ 0:5 � I0 � sinðhdÞ � amrð1� shÞ
amr � 1:31sh

ð26Þ

The reflected radiation IR is described by

IR ¼ ratm � ID ð27Þ
where ratm is the reflectivity that can be approximately
adopted as 0.18 for a clear sky and 0.57 for overcast sky.
Fig. 6. Finite element model of the PV array.
4.1.2. PV array model

The solar cell array on the upper surface of the airship is
curved, and its curvature is consistent with the airship
envelope shape (Tang et al., 2023). 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 ¼ x2 þ z2 � f 2ðyÞ 0 6 y 6 L ð28Þ
where L is the axial length of the PV array. The microele-
ment area dA can be calculated with

dA ¼ dh � dy � r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r0ðxÞ2

q
ð29Þ
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where h is the laying angle, and r is the radius of the corre-
sponding circular section. The average vector of the micro-
element in the body coordinate system can be given by

nij ¼ ðnijx; nijy ; nijzÞ
¼ ð@F

@x ;
@F
@y ;

@F
@zÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð@F
@xÞ

2 þ ð@F
@yÞ

2 þ ð@F
@zÞ

2
q ð30Þ

Transformation matrix from body coordinate system to
inertial coordinate system can be given by

R ¼
ChCw ShCwS/ � SwC/ ShCwC/ þ SwS/

ChSw ShSwS/ þ CwC/ ShSwC/ � CwS/

�Sh ChS/ ChC/

2
64

3
75 ð31Þ

where / , h , and w are the roll angle, pitch angle, and yaw
angle in the body coordinate system (Sun et al., 2015). The
microelement average vector in the body coordinate system
and the irradiation vector in the inertial frame ns can be
expressed as

ðnijIx; nijIy ; nijIzÞT ¼ R � ðnijx; nijy ; nijzÞT ð32Þ
ns ¼ ð� cos hH � cos hD;� cos hH � sin hD;� sin hH Þ ð33Þ

The angle between the irradiation vector and the
microelement normal vector can be expressed as (Dai
et al., 2012)

aij ¼ cos�1ð nijI � ns
jnijI j � jnsjÞ ð34Þ

As shown in Fig. 6, when the angle between the irradia-
tion vector and the microelement normal vector is obtuse,
the radiation 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 ij0 and scattered radiation of
microelements I ijh can be expressed as
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ID;ij ¼
0 0 6 aij < p

2

jnijI � nsj � Id0 p
2
6 aij < p

�
ð35Þ

IS;ij ¼ 1

2
� IS � ð1� nijz

jnijI jÞ ð36Þ

The irradiation power of the microelement can be given
by

P ij ¼ ðID;ij þ IS;ijÞ � dAij ð37Þ
The power generated by the battery array can be

expressed as

PPV ¼
X
i¼1

X
j¼1

gijP ij ð38Þ

where g is the conversion efficiency of PV array, which is
related to capsule temperature of the airship,

gij ¼ 0:2� 0:0007 � ðT env � 250Þ ð39Þ
4.2. Thermal model

The temperature of the airship affects the internal pres-
sure of the capsule. The temperature difference between
day and night in the flying environment of the stratospheric
airship is huge. Therefore, in order to maintain the shape of
the capsule at night, it is necessary to keep the air pressure
high, but experiments show that capsule will be heated in
the daytime and result in an increase of the air pressure,
which will cause irreversible damage to the capsule mate-
rial. Therefore, controlling the gas temperature inside the
capsule has a great impact on the endurance of the airship.
One of the most important ways is to speed up the airship
in order to accelerate the heat transfer, which is closely
related to the airship trajectory planning.

The gas temperature inside the capsule is only related to
the envelope temperature, and the rise and fall of the tem-
perature of the gas and the envelope are generally the same.
To simplify the calculation, the following assumption is
made:

Assumption 4.1. the temperature difference between the
internal gas and the envelope can be ignored, thus the
temperature of internal gas can be replaced by envelope.

In the calculation of solar radiation to the envelope,
Because the projected area of the sun on the skin is related
to the solar radiation angle, in order to simplify the calcu-
lation, the following assumptions is made:

Assumption 4.2. the envelope area is set to a constant value
Sref , which is the ground projection area of the airship.

If the surface area of the airship is Senv; Sref can be
expressed as

Sref ¼ 1

4
� Senv ð40Þ

The thermal control equation of the airship envelope
with conservation of energy is
999
menvcenv
dT env

dt
¼ Qsun þ Qout ð41Þ

where subscript ‘‘env” represents the envelope. On the right
side of the equation, Qsun is solar energy input, and Qout

means the convective heat transfer from the envelope to
the external environment.

The solar radiation received by the airship is composed
of three parts, namely, direct Qsun;D, scattering Qsun;s, and

reflectionQsun;R,

Qsun ¼ Qsun;D þ Qsun;S þ Qsun;R ð42Þ
The direct sunlight received by the airship is

Qsun;D ¼ ae � ID � Aref ð43Þ
where ae is the envelope absorptivity for direct radiation
from the sun.

The solar light scattering received by the airship is as
follows

Qsun;S ¼
1

2
� IS � Sref ð44Þ

Ground and cloud reflection the airship receive is as
follows

Qsun;R ¼
4

3
� IR � Sref ð45Þ

The energy transferred from the external environment to
the airship envelope is

Qout ¼ hout � ðT air � T envÞ � Senv ð46Þ
where the heat transfer coefficient hout between the envelope
and external environment is the same as the heat transfer
coefficient between the PV array and external environment.

4.3. Propulsion power model

The airspeed of the airship is determined by the propul-
sion motor RPM, and the motor RPM is related to energy
consumption. Propulsion system power Pprop can be given
by

Pprop ¼ F T vairspeed=ðgpropgmotÞ ð47Þ
where gprop is the propeller efficiency, and gmot is the motor

efficiency. The thrust generated by the propulsion system
can be expressed as (Gao et al., 2013)

F T ¼ 1

2
qairSref CDV 2

airspeed ð48Þ

where Sref is the cross-sectional area at the maximum shaft
diameter, CD is the drag coefficient.

5. Result and discussion

5.1. Case study

To verify the station-keeping strategy, a mission sce-
nario based on the existing airship model is established.



Q.-c. Luo et al. Advances in Space Research 73 (2024) 992–1005
The mission requires keeping a station in an area for one
day (24 h). The center point of the area is in Beijing
(40 N, 116E), and the radius of the mission area is
100 km. The starting time is set to 19:00, at which time
the battery of the airship is usually full of charge. The wind
field used is the real wind field at the location on July 15–
16, 2021, and the solar irradiation is also set according to
the time and location. The basic parameters of the strato-
spheric airship are listed in Table 1.

The goal of optimization is to maximize the total energy,
in other words, to minimize the total energy consumption.
Therefore, the cost function for optimization can be
expressed as

J ¼ � _E ¼ �ð _Eloc þ _Ewind þ _EbatteryÞ ð49Þ
The rate of change of energy storage battery can be

expressed as

_Ebattery ¼
Xm
i¼1

Xn

j¼1
gijpij � Pprop � Pavio � P load ð50Þ

where Pavio is the power of the avionics system, Pload is the
power of the load system, both of which can be regarded as
constants when conducting trajectory planning.Pm

i¼1
Pn

j¼1gijpij represents the output power of the airship’s
solar array, Pprop is the power consumed by the propulsion
system, which is related to the airspeed V airspeed of the
airship.

According to the requirements of the actual airship, it
needs to meet the position constraints, the airship capsule
temperature constraints, and the airship battery energy
storage constraints.

In summary, the optimization problem can be expressed
as.

maxfJg St. constraints:
D < 100km

T env < �30�C
SOC > 0%

SOCend ¼ 100%

8>>><
>>>:

ð51Þ

State quantity:

x ¼ ½x; y; T env; T array ;Ebattery � ð52Þ
Control amount:

u ¼ ½V airspeed ; c� ð53Þ
Table 1
The airship parameters.

Parameter Value Parameter Value

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, m2 2200 Battery capacity, kWh 700

1000
where D is distance to the center of the mission area, SOC

is the percentage of battery energy, SOCend is the percent-
age of battery energy at the end time and c is the yaw angle.

After an optimization cycle (24 h), the energy battery
needs to be fully charged, so as to ensure the sustainability
of the next flight. The optimized trajectory is shown in
Fig. 7. The red circle is the mission area, the green line is
the optimal trajectory, and the gray line is the potential tra-
jectory of the algorithm attempt. The airship did not fly out
of the mission area during the whole flight process. After
an optimization cycle, the airship position is 57.98 km
away from the center point. The airship’s parameters dur-
ing the cycle are shown in Fig. 8. The maximum tempera-
ture of the capsule is �34.18�C, the minimum SOC of the
airship is 3.80%, and the final SOC is 100%, all of which
meet the mission requirements.

This typical scenario demonstrates the ability of the
RRT-SK strategy to resist the wind by flying upwind of
an impending strong wind in advance to have more space
to be forced to retreat when the strong wind arrives. Which
direction is upwind and how long to fly upwind is automat-
ically determined by the strategy. This feature ensures that
the airship is still able to extend its station-keeping time in
other wind scenarios, the generalization of which will be
discussed in Section 5.3.
5.2. Comparison

There are two conventional station-keeping strategies,
namely, target-oriented strategy and wind-oriented strat-
egy. Similar to the RRT-SK strategy, the control amount
is the airship’s heading angle and airspeed, and then plan
the trajectory. The following is a brief introduction:

(1) The target-oriented strategy makes the airship
always head for the predetermined target point. Airship’s
heading angle will be determined by the relative position
between the target point and the airship, and the airspeed
is a fixed value determined by the energy constraint within
an optimization cycle.

(2) The wind-oriented strategy takes into account the
impact of the wind on the airship. The airship’s heading
angle is always facing the wind direction and keeps the air-
ship flying against the wind. In this way, the relative
ground displacement can be reduced as much as possible.
The airspeed is set according to the solar radiation and
usually adopts different airspeeds according to the local
time. In the daytime with strong solar radiation, the airship
has more energy and adopts a higher airspeed V Day , with no
solar cell charging at night, using a lower airspeed V Night.

A comparison of the constraints considered in the air-
ship trajectory planning strategies is shown in Table 2.
Compared with the conventional strategy, the cost function
of the RRT-SK strategy takes wind field, target, location
constraints, and other constraints into account.

Compared with the conventional strategy, the optimiza-
tion parameter potential energy of the RRT-SK strategy



Fig. 7. Optimized trajectory generated by the RRT-SK.

Fig. 8. Parameters of the airship during an optimization cycle.

Table 2
The constraints considered in the airship trajectory planning strategies.

Strategy Wind field Target Location
constraint

Other
constraints

Target-oriented � 	 � �
Wind-oriented 	 � � �

RRT-SK 	 	 	 	
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includes wind field, target, location constraint, and other
constraints.

For comparison, the target-oriented strategy and the
wind-oriented strategy are employed on the same mission
scenario as in Section 5.1. A simulation was raised to test
the effectiveness of the three strategies on different dates
in 2021. Station-keeping in the mission area for 24 h and
meeting the constraints is considered a success day.

Fig. 9 shows the average wind speed of the mission area
for one day in 2021. The results of the simulation are
shown in Fig. 10, where navy blue represents the RRT-
SK strategy, lake blue represents target-oriented strategy,
and red represents wind-oriented strategy. It can be seen
that success days are concentrated in the five months with
low wind speeds, from April to September. If the average
wind speed of the day exceeds the maximum airspeed of
the airship, the airship’s station will not be able to keep
under any strategy. In the low wind speed months, the
RRT-SK performs the best, with the number of success
days all exceeding or equal to the wind-oriented strategy,
and the target-oriented strategy performs the worst.

Taking June 16, 2021 as an example, the airship trajec-
tory and status curves for 24 h under different strategies are
shown in Fig. 11, Fig. 12. Under the three strategies, wind
speed in the area of the airship is almost the same from 0 h
to 10 h, at 6 h the RRT-SK does not choose to fly at high
airspeed to resist the wind like other strategies, but reduces
the airspeed to 0 and drifts with the wind, because the
RRT-SK strategy regards the current wind direction as
the direction of the total energy increase. After 24 h, the
distance between the airship location and the center point
of the area under the RRT-SK strategy is 56:34% and
44:33% better than the target-oriented strategy and wind-
oriented strategy, respectively.

The trajectory followed by the RRT-SK strategy
appears to be the longest, while the energy consumption
is roughly the same for all three strategies, which is due
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to the different flight heading angles. Fig. 13 shows the
wind field in the mission area, it can be seen that the wind
speed at the beginning of the mission is a north wind of less
than 5 m/s, then the wind speed gradually increases to 5–
10 m/s, the wind direction changes between northwesterly
and northeasterly, and finally at 18 h of the mission time
the wind speed becomes stronger to over 10 m/s, which is
beyond the range of the airship’s ability to withstand,
and at this time, the airship following the other two strate-
gies other than RRT-SK will be blown out of the mission
area. The RRT-SK does not waste energy to resist the east
or west wind component in the early hours, and flies as far
upwind as possible to resist the strong north wind after-
ward, the characteristic of long-time planning of the
RRT-SK allows the airship to store the energy in the wind
potential when the wind speed is small so that it will have
more energy to resist the strong wind that came later.

5.3. Universality analysis

According to Section 5.1, the RRT-SK strategy has
advantages in this scenario, but its universality cannot be
proved. This chapter will discuss the applicability of the
algorithm when the mission scenario changes, such as the
wind field, position constraints, energy constraints, and
the airship capabilities change.

5.3.1. Impact of wind field change
When the wind field changes, the potential energy of the

wind field will change accordingly. If the airship always



Fig. 9. The average wind speed of the mission area for one day.

Fig. 10. Success days in 2021.
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flies to the upwind area, the airship will be in a disadvanta-
geous position if the wind direction changes. This problem
can be avoided by the random characteristic of the RRT-
SK. After the flight begins, the RRT-SK will extend the
potential flight path in all directions, ensuring the opti-
mization of the algorithm. Therefore, the RRT-SK can
cope well with the impact of wind.

Fig. 14 shows the success rates of the three strategies at
different wind speeds and mission area radii. The success
rates of all three strategies remain high at a wind speed
below 8 m/s, with wind speed increases, the difficulty of
the station-keeping mission increases. The success rate of
the RRT-SK strategy remains ahead at different wind
velocities, and maintains a chance of success when the wind
speed exceeds the wind resistance of the other two
strategies, e.g., at the radius of 50 km with a wind speed
of 9–10 m/s, at the radius of 100 km with a wind speed
of 10–11 m/s, and at the radius of 200 km with a wind
speed >11 m/s.
Fig. 11. Comparison of trajectories generated by different strategies.
5.3.2. Impact of position constraints

The change of mission area directly affects the wind
resistance of the airship, and the RRT-SK is the least sen-
sitive to the change of area radius compared to the conven-
tional strategy, which is determined by the energy storage
characteristics of the RRT-SK wind field. For example,
when the mission area radius is small, a short period of
strong winds will cause the airship to fly out of the area
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and lead to mission failure, and if the mission area
increases, the airship can resist the strong winds for a
longer time. Fig. 14 shows the mission success rate under



Fig. 12. Comparison of flight parameters under different strategies.

Fig. 14. The success rates at different wind speeds and mission area radii.

Q.-c. Luo et al. Advances in Space Research 73 (2024) 992–1005
different mission radii R. As the mission radius decreases
from 200 km to 100 km, the success rate of target-
oriented strategy under 8–9 m/s wind speed decreases sig-
nificantly, and the success rate of all three strategies under
9–10 m/s wind speed decreases, and the reduced success
rate is the RRT-SK>wind-oriented>target-oriented = 0.
When the mission radius is reduced to 50 km, only the
RRT-SK maintains a certain success rate at 9–10 m/s wind
speed. The RRT-SK uses the properties of the wind field
potential energy to keep the airship in the upwind region.
When the wind speed increases, the airship can retreat a
longer distance without flying out of the mission area,
and therefore can withstand stronger winds for a longer
time.
5.3.3. Long time validation

The mission time of the cases shown in 5.1 is one day,
and although it directly reflects the superiority of the
Fig. 13. Wind field in
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RRT-SK strategy in resisting strong winds, the actual use
of the region resides often for several weeks, and the effect
of the strategy used for a long time needs to be validated.
Compared to one day mission, the starting position of
the day after when running for a long time will be the same
as the position at the end of the previous day, and the posi-
tion will be inherited. Since the one-day missions under all
three strategies were successful on the dates after Septem-
ber 18th (see Fig. 15), the starting time of the simulation
is chosen as 19:00 on September 18th, the mission area
radius is 100 km, and the wind field is the same as the
actual wind field in 5.1. The results in Fig. 16 show that
the RRT-SK strategy flew for 508 h until October 8, while
the target-oriented strategy and the wind-oriented strategy
flew for 324 h and 320 h, respectively, and flew out of the
mission area on September 31. The station-keeping time
of the RRT-SK strategy exceeds the conventional strategy
by at least 56.79% in long-time simulation.

In contrast to the single-day simulation, the target-
oriented and wind-oriented strategies also failed to survive
the strong winds on September 31, while the RRT-SK
the mission area.



Fig. 15. Calendar chart indicating the one-day mission success days.

Fig. 16. Comparison of flight parameters under different strategies.
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obtained a better upwind location on September 31 com-
pared to the single-day simulation, ensuring that it
remained within the mission area despite the strong winds.
Moreover, the airship under the RRT-SK remained within
the mission area for 2 days after October 6, which was not
achieved by the single-day simulation. The results show
that the RRT-SK has significant advantages in actual
long-duration use.

6. Conclusions

In this article, a mission scenario of the stratospheric
airship regional residence is proposed and analyzed. We
proposed the RRT-SK strategy, a strategy for the existing
multi-constraints station-keeping mission, which is based
on rapidly exploring random trees algorithm and artificial
potential fields. Moreover, a multidisciplinary model for
the stratospheric airship was built and a case study of the
RRT-SK was conducted and compared with other conven-
tional strategies. The results fully prove the superiority of
our strategy. And the universality discussion suggests that
the RRT-SK strategy is applicable when mission scenarios
change. There still remain some challenges, such as changes
in the airship altitude due to sudden vertical winds, and tra-
jectory planning with the limited airship control perfor-
mance. In future work, we will consider the impact of 3D
wind fields and introduce dynamic modeling in trajectory
planning to enhance the usability of the strategy in reality.
1004
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