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Abstract

In this paper, we propose a tandem tethered balloon scheme as a solution for increasing the operating altitudes of balloons to near-
space altitudes of more than 20 km. By adding a middle balloon with a smaller volume than that of the top balloon in the middle weak
wind zone, this scheme partially offsets the weight of the tether above the middle balloon, thereby greatly increasing the operating alti-
tude of the tethered balloon. Another significant advantage of this scheme is that, when the working altitude exceeds 20 km, the opposite
directions of the winds at high and low altitudes can be exploited to reduce the horizontal displacement of the top balloon, raising the
safety factor and the wind-resistant capabilities of the tether. In this paper, a three-dimensional static model is established for the tandem
ultra-high-altitude tethered balloon, and a static equilibrium governing equation of the tandem ultra-high-altitude tethered balloon is
derived. In addition, a design method based on the principle of the tether safety factor has been proposed for the tandem tethered bal-
loon. For the first time, a sensitivity analysis was conducted for the tether resistance coefficient, balloon resistance coefficient, and balloon
lift coefficient for the design optimization and flight test stages. Finally, we analyzed the three-dimensional cross-sectional profile of the
tether, the maximum tension of the tether, the length of the tether, and the variation of the angle between the ground end of the tether
and the horizontal plane for a tandem tethered balloon system that remained airborne continuously for one month. This work confirms
that the model is viable in complex and variable wind field environments and capable of long-duration flights.
� 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Near space has a wide range of application prospects for
communication services, ground monitoring, aerial early
warnings, and scientific research (Doliveira et al., 2016;
Gonzalo et al., 2018). The United States, Japan, China,
South Korea, and other countries have conducted investi-
gations on prolonged airborne flight platforms for near-
space development, including the launch of near-space air-
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ships (Bents, 2011; Xu et al., 2020), solar drones (Hwang
et al., 2016; Zhu et al., 2014), long-duration super-
pressure balloons (Cathey, 2008; Saito et al., 2014; Yoder
et al., 2019), and ultra-high altitude tethered balloons
(Izetunsalan and Unsalan, 2011; Chiba et al., 2015).

Traditionally tethered balloons as long-duration aerial
platforms have been widely used for military early warning
and atmospheric surveillance systems as well as ground-
based observations. The representative altitudes achieved
by traditional tethered balloons are those of the 71 M bal-
loon of TCOM in the United States (Fig. 1) and the Jimu-1
balloon of the Chinese Academy of Sciences (CAS)
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Fig. 1. TCOM 71M tethered balloon in the United States.

Fig. 2. Jimu-1 tethered balloon of the Chinese Academy of Sciences.
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(Fig. 2). The 71 M balloon can carry a payload of 1800 kg
to an altitude of 4600 m and conduct continuous observa-
tions for up to 30 d (Jones and Schroder, 2001). The Jimu-1
tethered balloon of the Chinese Academy of Sciences
(CAS) set a record in May 2019 for rising to an altitude
of 7003 m, and the CAS is currently conducting research
on the 9000-m-altitude Jimu-2 balloon. The concept of
an ultra-high-altitude tethered balloon was proposed by
the Advanced Research Projects Agency of the United
States (Menke, 1967). The balloon floats in the strato-
sphere and is moored on the ground by a tether. Compared
to airships and UAVs, ultra-high-altitude tethered balloons
use very little energy and have the intrinsic advantages of
having fixed locations and long-duration flight capabilities.
They have provided a new avenue for developing the
stratosphere.

In addition to conventional applications, such as relays,
atmospheric observations, and radar early warnings, which
use ultra-high-altitude tethered balloons, the Jet Propul-
sion Laboratory in the United States proposed that long-
duration tethered balloons in the stratosphere at 22 km
be used for small rocket launching to effectively reduce
the fuel cost for the launch (Wilcox et al., 2011). Davidson
et al. (Davidson et al., 2012) proposed the use of an ultra-
high-altitude tethered balloon to inject particles into the
upper atmosphere to mitigate the problem of global warm-
ing. Davidson also compared this method with other meth-
ods of transporting materials to the stratosphere and
suggested that this method has cost and time advantages.
At the 2013 symposium ‘‘Airships: A New Horizon for
Science” hosted by the California Institute of Technology,
stratospheric tethered balloons were discussed as a separate
topic. This conference was centered around the idea that
tethered stratospheric balloons have broad application
prospects and research value (Miller et al., 2014).

TCOM analyzed the feasibility and parameter sensitivity
of ultra-high-altitude tethered balloons in the 1990s (Euler
et al., 1995; Badesha et al., 1996). Grant (Grant et al., 1996)
used the Newton–Raphson iterative method to solve the
two-dimensional dynamics equations of an established
high-altitude tethered balloon and analyzed the static and
dynamic lift-off processes of the system. Badesha and
Bunn (2002) established a two-dimensional dynamic simu-
lation model for stratospheric tethered balloons and a two-
dimensional wind field model, and they analyzed the
responses of the balloon and tether under horizontal and
vertical two-way airflow disturbances caused by a thunder-
storm. Akita (2012) proposed a sea-anchored stratospheric
tethered balloon that was easy to lift and recover and stud-
ied its feasibility.

Unlike conventional aerial vehicles, the performance of
an ultra-high-altitude tethered balloon cannot be assessed
using a single wind speed indicator, as it will be affected
by the entire vertical profile of the wind field simultane-
ously. Based on the target operating locations and times
of ultra-high altitude tethered balloons, none of the refer-
ences above specified the vertical profile of the wind field
at the location of the balloon and tether in advance, and
the maximum wind speeds in the strong wind zone of the
above studies were no greater than 31 m/s. In the second
part of this paper, we analyze the wind field in July at
the Siziwangqi Scientific Balloon Station in Inner Mongo-
lia. July is the month with the lowest wind speed. The anal-
ysis shows that the wind speed in the strong wind zone
reached 55 m/s. This poses a great challenge to the imple-
mentation of ultra-high-altitude tethered balloons, because
as the wind speed increases, the horizontal offset distance
of the balloon increases, the length of the tether increases,
and the balloon will bear a greater weight. Eventually, the
buoyancy of the balloon will not be sufficient to bear the
weight of the tether, and simply increasing the balloon
buoyancy will cause a direct increase in the tension in the
tether and reduce the tether safety factor. This will be ana-
lyzed in detail in the third section of this paper. In the ultra-
high-altitude tethered balloon study of Chiba et al. (2017),
the maximum wind speed in the strong wind zone reached
nearly 50 m/s, but the diameter of the tether reached
50 mm, and the weight of the tether alone exceeded 60 t.
At present, the maximum balloon payload of NASA scien-
tific balloons is only 6.35 t (Kubara, 1974). Thus, this
scheme has far exceeded the current technology level.
Costello et al. (2012) proposed the use of tethers with
streamlined cross-sectional shapes to reduce the drag force



2448 D. Zhang et al. / Advances in Space Research 66 (2020) 2446–2465
on the tether, thereby reducing the horizontal displacement
of the balloon. However, the manufacturing difficulty of
streamlined tethers and how to keep the streamlined shape
of the tether aligned with the wind direction at all altitudes
are the main problems to overcome.

During the winter–summer seasonal alternation, there
are latitudinal wind transition layers and weak wind speed
zones in the stratosphere (Belmont et al., 1975). By adding
a middle balloon that is small in comparison with the top
balloon in the middle weak wind zone, we can partially off-
set the weight of the tether above the middle balloon and
thereby substantially increase the operating altitude of
the tethered balloon. The analysis presented in this article
showed that, while the tandem tethered balloon can
increase the flight altitude, it can also take advantage of
the wind field characteristic that the wind directions at high
and low altitudes are opposite during the winter–summer
seasonal alternation, which reduces the horizontal displace-
ment of the balloon and the tether. The tether safety factor
did not decrease but actually improved.

In this paper, we propose the scheme of a tandem, long-
duration, ultra-high-altitude tethered balloon and system-
atically analyze the advantages, parameter sensitivity, and
flight stability of the tandem tethered balloon starting from
static modeling analysis and design method research. The
paper is organized as follows. In Section 2, we analyze
the wind field and present the structural components of
the ultra-high-altitude tethered balloon. In Section 3, a
three-dimensional static model is established for the
ultra-high-altitude tethered balloon. The static equilibrium
equation is derived, and a comparison is made between the
tandem tethered balloon and the single balloon in terms of
the improvements to the safety factor of the tether and the
wind-resistant capabilities. In Section 4, the design flow of
the tandem tethered balloon is presented. A systematic
analysis of the sensitivity to the tether diameter, the aero-
dynamic resistance coefficient of the tether, the aerody-
namic resistance coefficient of the balloon, the
aerodynamic lift coefficient, and the variation of the long-
duration flight parameters of the tandem tethered balloon
are presented in Section 5. The final part of the paper pro-
vides conclusions.

2. Tandem tethered balloon system in stratosphere

In studies of single-balloon ultra-high-altitude tethered
balloons (Euler et al., 1995; Badesha et al., 1996; Grant
and Rand, 1996; Akita, 2012; Chiba et al., 2017), the target
operating altitudes of the balloons were in the 20- to 25-km
range. Through analysis presented in Section 3, we found
that for a single-balloon scheme, as the operating altitude
increases, the safety factor of the tether decreases. Further-
more, at high wind speeds, the problem of insufficient
buoyancy will occur. By adding a balloon in the middle
weak wind zone with a volume that is small compared to
that of the top balloon, we partially offset the weight of
the tether above the tandem balloon. We can thereby sub-
stantially increase the operating altitude of the tethered
balloon. Moreover, with the tandem scheme, the safety fac-
tor of the tether increased. This was because as the operat-
ing altitude increased from 20 to 30 km, the wind field
characteristic that the wind directions are opposite for
the higher and lower altitude winds can be better used to
strengthen the balloon’s reverse drag force, offset the
cumulative drag force of the tether in the strong wind zone,
and reduce the horizontal displacement of the balloon,
thereby achieving the goal of improving the safety factor
and wind-resistant capabilities of the tether.

A prerequisite for studying the ultra-high-altitude teth-
ered balloon is an understanding of the vertical profile of
the wind field. Thus, we first analyze the wind field and
then present the structural model of the tandem ultra-
high-altitude tethered balloon.

2.1. Wind field environment

At different latitudes, the stratospheric zonal wind tran-
sition layer and the weak wind zone occur at different times
and altitudes and have different durations. In this work, we
specifically analyzed the wind field data of the Siziwangqi
Scientific Balloon station in Inner Mongolia (E111.9,
N41.78) for the month of July in 2019. The wind field
reversal in the N41.78� region actually lasts from the end
of May to early September. The month of July was chosen
for analysis because the wind speed in July was slightly
smaller, and the wind direction at an altitude of 30 km
was also more stable. The risks of conducting tests in other
months will be higher. A stratospheric platform at an alti-
tude of 30 km with a dwell time of one month has practical
importance for many applications, such as detection of
space particles and electromagnetic fields and for biological
space exposure experiments. The source of the data was the
European Centre for Medium-Range Weather Forecasts
(ECMWF), and the analyzed data are valid for regions at
the same latitude.

The wind velocity data in July were plotted as wind
speed and direction diagrams, as shown in Fig. 3. The ver-
tical profiles of the wind field at four times during a day in
July are shown, for a total of 124 wind speed and direction
curves. Each colored curve represents the vertical profile of
the wind speed or direction at a specific time. The wind
speed map shows that, from 8 to 15 km, there was a strong
wind zone with wind speeds exceeding 30 m/s for long
durations and reaching a maximum speed of 55 m/s. From
18 to 20 km, there was a clear weak wind zone with wind
speeds of generally less than 10 m/s. Above 20 km, the
wind speed increased slowly. In the wind direction dia-
gram, 0� represents a north wind direction, and 90� direc-
tion represents an east wind direction. The wind direction
diagram shows that there was a clear wind direction change
at 19–20 km. Below this altitude, the wind was predomi-
nately a west wind, and the wind direction gradually tran-
sitioned to a stable east wind above 20 km. It is precisely
this characteristic that allows a balloon to be positioned



Fig. 3. Wind speed and direction curves.
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in the upper eastward wind zone to partially or fully offset
the drag force on the tether in the strong west wind zone.

For convenience during the subsequent simulation anal-
ysis, we performed a statistical probability analysis of the
wind field data shown in Fig. 3 using the Kaplan–Meier
estimate method and obtained the probability distribution
of the wind field data shown in Fig. 4. The wind direction
curve represents the average of 124 wind direction data
points at each altitude in a month. The wind speed data
provided the 70%, 80%, 90%, and maximum wind speed
curves based on the empirical cumulative distribution,
and the maximum wind speed curve shows the maximum
wind speed at each altitude.
Fig. 4. Wind field probability distribution statistics.
2.2. Platform configuration

Honeywell, Vitro Corporation, and Goodyear Aero-
space Corporation proposed three tandem-style tethered
balloon structures for applications at an operating altitude
of 30 km and a payload-carrying capacity of 500 lb
(Menke, 1967). In all three schemes, one or more balloons
are installed at an altitude below 15 km to offset the weight
of the tether. However, due to the presence of the strong
wind zone at an altitude of 6–15 km, there is a high aero-
dynamic pressure, so all three schemes use streamlined bal-
loons composed of composite material. The streamlined
composite balloons are heavy and complicated to manufac-
ture. To provide the same net buoyancy, the balloons must
have a greater volume. This ultimately leads to a large,
complex, and costly system that cannot be applied in prac-
tice. The tandem-style tethered balloon scheme proposed
herein is different from the above schemes. We positioned
the middle balloon in the low-wind-speed zone at 20 km,
where the lower air density and low wind speed reduced
the aerodynamic pressure on the balloon. Thus, the middle
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balloon can be constructed from a low-cost polyethylene
film. It only requires the use of a small-volume middle bal-
loon to partially offset the weight of the tether, which can
dramatically reduce the system complexity and construc-
tion cost. A preliminary estimate shows that the cost of a
balloon made of a polyethylene film is one to two orders
of magnitude lower than the cost of a composite balloon.
In addition, the maximum volume of a streamlined teth-
ered balloon is 16,800 m3 (used in the United States),
whereas a super-pressure balloon made of polyethylene
film can reach a volume greater than 500,000 m3. Super-
pressure balloons made of polyethylene films are more
amenable to future upgrades of the system capabilities.

In the proposed scheme, the top balloon operates at
30 km, where the wind speed is distributed between 10
and 20 m/s, and the middle balloon operates near 20 km,
where the wind speed is distributed between 5 and 10 m/
s. The two balloons are located at altitudes where the
atmospheric density is low and the wind speed is much
smaller than that in the strong wind zone. Although the
aerodynamic pressures on the balloons are small, the bal-
loons require streamlined shapes or construction with com-
posite materials. According to Eq. (5) (discussed below),
the dynamic pressure generated by the wind on the top bal-
loon is 0.9–3.6 Pa, and the dynamic pressure generated by
the wind on the middle balloon is 1.1–4.4 Pa. Given that
the internal pressure of a 532,200 m3 super-pressure bal-
loon that NASA routinely flies may reach 180 Pa
(Cathey et al., 2017), the aerodynamic pressure here would
not affect the overall shape of the balloon.

Fig. 3 shows that the direction of the wind field at the
altitude of the top balloon is a stable east wind, and the
balloon can generate a stable westward aerodynamic resis-
tance, which is used to offset or partially offset the eastward
aerodynamic resistance generated by the tether in the
strong wind zone and to achieve the goal of reducing the
horizontal displacement of the tether and its weight. The
middle balloon operates near the altitude of 20 km and is
used to supplement the balloon buoyancy, which is coun-
teracted by the weight of the tether between 20 and
30 km. This increases the tether tension in the vertical
direction, further reduces the horizontal displacement of
the tether, and improves the system’s wind-resistant
capabilities.

The tandem balloon structure proposed in this paper is
shown in Fig. 5. A gondola is suspended at the lower end of
the top balloon. The main operating payload is installed in
the gondola. Solar cells are installed around the gondola to
provide renewable energy for the equipment in the gon-
dola. The middle balloon is connected to the middle of
the tether. The balloon is designed to have a connecting
cable inside that is fixed to the lower end of the balloon
and has an air-tight sliding connection at the top of the bal-
loon. The buoyant force of the balloon is transmitted to the
connecting cable through the lower connection point. The
tension in the tether is transmitted through the connecting
cable in the middle of the middle balloon without affecting
the films of the balloon, and therefore, the balloon main-
tains its original shape. The lower end of the tether is con-
nected to the ground winch, and the length of the tether is
controlled by the winch in real-time to adjust the operating
altitude of the top balloon. For example, as the wind speed
increases, the tether drift distance increases. The balloon
may be maintained at the required height by winding up
the tether with the winch on the ground. When the internal
temperature of the balloon rises too much and causes
excessive internal pressure in the balloon, the tether may
be retracted with the ground winch to lower the balloon
height and reduce the internal pressure.

The tether length of an ultra-high-altitude tethered bal-
loon is several to tens of times that of a conventional teth-
ered balloon. As it passes the strong wind zone with wind
speed of 50 m/s or greater, the cumulative horizontal drag
force can reach one half of the maximum tension of the
tether. Tether safety is critical to an ultra-high-altitude
tethered balloon (Menke, 1967). Fig. 6 shows the breaking
length (longest length that can be sustained under its own
weight) of six fiber materials: nylon, Kevlar, Vectran,
ultra-high-molecular-weight polyethylene (UHMWPE),
Zylon, and carbon fiber. After considering factors such as
cost, service conditions, strength, and creep, we selected
the UHMWPE-DM20 fiber manufactured by the DSM
Company in the Netherland for subsequent analysis.
Although the breaking length of the fiber was 316 km
and it has no advantages over high-strength UHMWPE-
SK99 and high-strength aramid fiber, the fiber has superior
anti-creep and anti-UV-aging properties that make it ideal
for stratospheric tethered balloon applications. Table 1
shows the parameters of the cables made of UHMWPE-
DM20 fibers. As shown, the breaking length of the cable
was 40% lower when compared to the breaking length of
the corresponding fiber. We used the cable parameters in
the subsequent analysis.

Launch and recovery of the tandem-style tethered bal-
loon system do indeed face greater challenges. An offshore
location would be a better test site and is worth attempting
(Akita 2012). For land-based launches, we should conduct
the launch in low-wind meteorological windows chosen
with the aid of meteorological forecasting and sounding
balloons. As for recovery, the payloads can only be para-
chuted down like that of high altitude balloons, but there
must not be obstacles such as power transmission lines
for the landing of the tether.

3. Static response of system

In this section, we derive the static equilibrium control
equation of the tandem tethered balloon shown in Fig. 5,
explain its working principle, and analyze the improve-
ments of the tether safety factor and wind-resistant capabil-
ities of the tandem tethered balloon over those of a single
balloon by comparison with the actual model.



Table 1
Parameters of DM20 cables.

Tether diameter (mm) 6 8 10 12 15

Linear density (g/m) 22.3 44.5 63.0 90.0 134.0
Breaking force (kg) 4107 8030 11,309 16,157 23,736
Breaking length (km) 184.2 180.4 179.5 179.5 177.1

Fig. 7. Forces on the balloon.

Fig. 5. Tandem style tethered balloon structure.

Fig 6. Comparison of breaking lengths of high-strength fibers.
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3.1. Derivation of governing equations

The forces on the balloon are shown in Fig. 7, where B is
the buoyancy of the balloon, Wb is the weight of the bal-
loon and the payload, Dbl is the aerodynamic lift of the bal-
loon, Dbd is the aerodynamic resistance of the balloon, F is
the tension in the tether connected to the bottom of the bal-
loon, and i is the serial number of the balloon.
The force equation of a balloon at steady state is as
follows:

FðiÞ ¼ DblðiÞ þDbdðiÞ þ BðiÞ �WbðiÞ; ð1Þ

where

B ¼ ðqair � qheÞV k; ð2Þ
Dbl ¼ qbsbCblk; ð3Þ
Dbd ¼ qbsbCbd cosui þ sinujð Þ: ð4Þ
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In these equations, V is the volume of the balloon, qair is
the atmospheric density at the altitude of the balloon, qhe is
the density of the helium gas in the balloon, qb is the
dynamic pressure of the balloon, and sb is the characteristic
area of the balloon, which is proportional to V2/3, Cbl is the
aerodynamic lift coefficient, Cbd is the aerodynamic resis-
tance coefficient of the balloon, and u is the angle between
the wind direction and the i-axis. The dynamic pressure qb
of the balloon is as follows:

qb ¼
1

2
qairv

2
air; ð5Þ

where vair is the wind speed at the altitude of the balloon.
The forces on a tether element are shown in Fig. 8,

where T(s) and T(s + ds) represent the tension at the upper
and lower ends of the tether element, respectively, Dn(s) is
the aerodynamic force on the tether element, k is the den-
sity of the tether, and ds is the length of the tether element.

The equilibrium relationship of the tether element is
given by

Tðsþ dsÞ ¼ TðsÞ þDnðsÞ � kgdsð Þk ð6Þ
The aerodynamic force on the tether element can be cal-

culated using the following formula:

Dn ¼ 1

2
CnqairdSt

ovair � ovair � i0ð Þi0j j ovair � ovair � i0ð Þi0ð Þ;
ð7Þ

where dSt is the characteristic area of the tether element,
and Cn is the normal drag coefficient of the tether.

The coordinate system o’i’j’k’ is the coordinate system of
the tether element, and i’ is the tangent direction of the
tether. This coordinate system is obtained by first rotating
the global coordinate system oijk around the k-axis by an
angle a and then rotating by an angle (�h) about the j-axis
of the new coordinate system.

The transformation relationship between the two coor-
dinate systems is expressed as follows:

i

j

k

2
64

3
75 ¼ o0oR

i0

j0

k0

2
64

3
75; ð8Þ
Fig. 8. Forces on a tether element and the coordinate systems.
where

o0oR ¼ R k; að ÞR j;�hð Þ; ð9Þ

R k; að Þ ¼
cosa �sina 0

sina cosa 0

0 0 1

2
64

3
75; ð10Þ

R j;�hð Þ ¼
cosh 0 �sinh

0 1 0

sinh 0 cosh

2
64

3
75: ð11Þ

Based on Eq. (6), the equilibrium relationship of the
tether element connecting the middle balloon is given by

Tðsþ dsÞ ¼ TðsÞ þDnðsÞ þ Fð2Þ � kgdsð Þk: ð12Þ
As an upper boundary condition, the tension at the top

of the first element at the top of the tether is equal to the
pull on the balloon:

Tð0Þ ¼ Fð1Þ ð13Þ
Solving Eqs. (6) and (12) using the above values of the

boundary conditions, the tension T of each tether element,
the angle h between the tether element and the horizontal
plane, and the angle a between the i-axis and the projection
of the tether element in the ij plane are obtained.

The position of each tether element may be calculated
with the following formulas so that the shape of the
three-dimensional profile of the tether can be obtained:

x ¼ xb �
R s
0 coshðsÞcosaðsÞds

y ¼ yb �
R s
0
coshðsÞsinaðsÞds

z ¼ zb �
R s
0 sinhðsÞds

8><
>:

ð14Þ

In the above calculations, the buoyancy and the aerody-
namic force of the balloon and the aerodynamic force of
the tether are all related to the atmospheric density at the
altitude in question. For the atmospheric density below
32 km, we used the United States Standard Atmospheric
Model 1976 (US St. Atmosphere, 1976), and its variation
with altitude h can be calculated from the following
formula:

qair ¼
1:225ð1�0:0065h=288:15Þ4:256 06 h6 11000m

0:3672expð�ðh�11000Þ=6341:62Þ 110006 h6 20000m

0:0889ð1þ0:0010 � ðh�20000Þ=216:65Þ�35:163 200006 h6 32000m

8><
>:

ð15Þ
3.2. Static analysis results for single and tandem balloons

We now compare and analyze the profile shape and ten-
sion of the tether for the four types of models shown in
Table 2 using the analysis method described above. The
analysis results are used to explain the working principle
of the tandem style ultra-high-altitude tethered balloon
(see Table 3). The model parameters are obtained from
the design method presented in Section 4. The tether safety



Table 2
Model parameters.

Model Single balloon model S1 Single balloon model S2 Tandem model T1 Tandem model T2

Target altitude 18 km 30 km 30 km 30 km
Payload weight 500 kg 500 kg 500 kg 500 kg
Ground altitude 1440 m 1440 m 1440 m 1440 m
Balloon volume 57,612 m3 452,062 m3 452,062 m3 407,589 m3

Balloon max diameter 54.6 m 108.5 m 108.5 m 104.8 m
Balloon height 32.8 m 65.1 m 65.1 m 62.9 m
Balloon weight 433 kg 1695 kg 1695 kg 1582 kg
Middle balloon volume / / 14,147 m3 14,209 m3

Middle balloon max diameter / / 34.18 34.23
Middle balloon height 20.51 20.54
Middle balloon weight / / 172.9 kg 173.4 kg
Tether length between the two balloons / / 10,174 m 10,200 m
Cbn 0.53 0.53 0.53 0.53
Cbl 0.1 0.1 0.1 0.1
Tether diameter 12 mm 12 mm 12 mm 12 mm
Linear density of tether 90 g/m 90 g/m 90 g/m 90 g/m
Minimum breaking force 16,157 kg 16,157 kg 16,157 kg 16,157 kg
Cn 1.17 1.17 1.17 1.17

Table 3
Comparison of model analysis results.

Model S1 Model S2 Model T1 Model T2

Maximum tension (kg) 5211.5 5211.6 5211.6 4615.9
h(hgnd) at 70% wind (�) 56.4 64.1 71.4 66.6
h(hgnd) at 80%wind (�) 47.5 53.9 63.7 57.3
h(hgnd) at 90%wind (�) 35.5 38.5 52.2 43.7
h(hgnd) at max wind (�) / / 28.5 13.9
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factor (KSF) for models S1, S2, and T1 were all equal to 3.1.
For model T2, KSF was equal to 3.5.

KSF is defined by the following formula:

KSF ¼ F tether
min

Tmax

; ð16Þ

where F tether
min is the minimum breaking force of the tether,

and Tmax is the maximum operating tension of the tether.
KSF works against the wind-resistant capabilities of the sys-
tem. The wind-resistant capabilities of the system may be
represented by the angle h(hgnd) between the ground end
of the tether and the horizontal plane. The larger h(hgnd)
is, the better the wind-resistant capabilities become. When
h(hgnd) is too small, the tether will touch the ground and the
balloon will not be able to stay aloft under adverse condi-
tions, such as excessive wind.

The factor KSF reflects the degree of safety of the tether
operation. The value of KSF for a traditional tethered bal-
loon is around 4 (Carroll, 1985). The analysis results for
single-balloon schemes S1 and S2 show that when KSF

was increased to more than 3, the balloon was unable to
remain airborne under high-wind conditions. Without
reducing the wind-resistant capabilities of the system, it is
challenging to increase the KSF values of ultra-high-
altitude tethered balloons.

The above models were analyzed numerically. Figs. 9–12
show the tether profiles under different wind fields and
changes in the tether tension under the maximum wind field
for the four different models. In the profile graphs, the
sources of the wind field are 70%, 80%, 90%, and 100% of
the maximum wind speed, and the average wind direction
is shown in Fig. 4. The figures only show the tether displace-
ment on the main displacement plane Y-Z. In the tether ten-
sion graphs, T is the tether tension, and Tx, Ty, and Tz are
components of the tether tension in the i, j, and k directions
of the global coordinate system, respectively.

The profile graphs show that, as the wind speed
increases, the tether displacements of the four models
increase rapidly and non-linearly. Figs. 9 and 10 show that
models S1 and S2 can accommodate a 90% wind speed
environment, but when the wind speed increases to the
maximum speed, models S1 and S2 have difficulties at an
elevation of 1760 m. At this altitude, the tether only under-
goes horizontal displacement, and TZ decreases to 0, indi-
cating that the system buoyancy is insufficient to support
the weight of the tether cable. The main reason for this
problem is that, as Eq. (7) indicates, the tether aerody-
namic force increases with the square of the wind speed.
This causes the horizontal displacement of the tether to
increase accordingly and increases the length and weight
of the tether. When the wind speed is excessive, the
increased weight of the tether will reduce the vertical com-
ponent of the tether tension to zero and eventually cause
the system to fail due to insufficient buoyancy.



Fig. 9. Profile shapes of tether under different wind fields and tether tensions under maximum wind field for Model S1.

Fig. 10. Profile shapes of tether under different wind fields and tether tensions under maximum wind field for Model S2.
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On the basis of Model S2, Model T1 is able to resist the
maximum specified wind speed if a middle balloon is added
with a volume of 3.1% of that of the top balloon at 20 km,
without changing KSF. Although the added middle balloon
provides only 900 kg of net buoyancy, by reducing the hor-
izontal displacement of the tether, the tether weight is
reduced, and TZ on the ground end reaches 1376 kg, pro-
viding a certain degree of wind resistance.

By suitably increasing the KSF of Model T1, we obtained
Model T2. A comparison of Models T2 and S1 shows that
the maximum operating tension of the tether of T2 is
reduced from 5211.6 kg for S2 to 4615.9 kg, and the corre-
sponding KSF increases from 3.1 to 3.5. Meanwhile, Model
T2 can resist wind speeds that Model S1 cannot. The
results showed that tandem models can simultaneously
increase KSF and improve the wind-resistant capabilities
compared to those of the single balloon models.

We next analyzed the principle by which tandem teth-
ered balloons increase KSF and the wind-resistant capabil-
ities. The following formula is an expression of h(hgnd):



Fig. 11. Profile shapes of tether under different wind fields and tether tensions under maximum wind field for Model T1.

Fig. 12. Profile shapes of tether under different wind fields and tether tensions under maximum wind field for Model T2.
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tanhðhgndÞ ¼ T zðhgndÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T 2

xðhgndÞ þ T 2
yðhgndÞ

q ð17Þ
The larger the value of h(hgnd) is, the smaller the hori-
zontal displacement of the tether is, and the greater the
wind-resistant capabilities are.

A tandem ultra-high-altitude tethered balloon improves
the wind-resistant capabilities in two aspects: increasing
Tz(hgnd) and decreasing Ty(hgnd). A comparison of the ten-
sion curves of tandem Models Tl and T2 and single balloon
Models Sl and S2 shows that, with the middle balloon in
place, TZ(hgnd) is increased, which increases h without
reducing KSF. Furthermore, a comparison of the tension
curves of Models S1 and T1 shows that with Model S1
operating at 18 km, Tx(hgnd) reaches 3709 kg. With Model
T1 operating at 30 km, due to the opposite direction char-
acteristics of high and low altitude winds, the drag gener-
ated by the tether and the drag of the top balloon
partially cancel each other, so that Tx first decreases and



Fig. 13. Maximum KSF for different wind directions and operating
altitudes.

Fig. 14. System design process.
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then increases, lowering Tx(hgnd) to 3014 kg. As Tx

decreases, h further increases and improves the wind-
resistant capabilities of the system.

To further compare the single and tandem balloon mod-
els, the maximum KSF that can be achieved by the two
models at different operating altitudes was calculated and
is denoted as max(KSF). We set the value of KSF when h
(hgnd) was 10� as max(KSF). The wind speed used in the cal-
culation was the maximum wind speed in Fig. 4. Analyses
were conducted for two wind direction conditions: using
the actual wind direction in Fig. 4 and using the constant
wind direction of 270�. The results are shown in Fig. 13.
The following conclusions can be drawn:

� For both the single and tandem balloon models, the
value of max(KSF) in the environment of opposite low
and high altitude wind directions is greater than that
in a constant wind direction environment.

� In both the constant wind direction environment and
the opposite low and high altitude wind direction envi-
ronments, max(KSF) for the tandem balloon model is
greater than that of the single balloon model.

� For a single balloon model, max(KSF) decreases with
increasing operating altitude. For a tandem balloon
model operating in an opposite low and high altitude
wind direction environment, max(KSF) increases with
increasing operating altitude.

4. Design method of tandem ultra-high-altitude tethered

balloon

The design method for obtaining the model parameters
shown in Table 2 is discussed in this section. The central
design concept of this method is for the tether to have a
constant KSF, i.e., the tension of the tether should be kept
the same at the locations of the middle and top balloons, so
that the strength of the tether is used optimally. The
detailed design process is shown below in Fig. 14.
The system input parameters are the wind field, the
operating altitude, and the payload (payload weight and
power consumption parameters). A preliminary analysis
is first made for the wind field and, based on the wind vari-
ations, a central region with low wind is selected as the
operating altitude hmid of the middle balloon. A diameter
of the tether is selected, and KSF is tentatively formulated
for the next design analysis. From Eq. (16), the maximum
allowable working tension Tmax of the tether is obtained.
The design parameters for the top balloon are then
obtained from Eq. (18) based on Tmax as the tether tension
boundary. The aerodynamic resistance of the balloon Dbd,
the aerodynamic lift Dbl, and the buoyancy B are all func-
tions of the balloon volume V1. Wb is the total weight of
the system, including the weight of the balloon and the
payload (including the weight of the power supply). For
extended periods of operation, the weight of a renewable
energy system also must be considered. With a known pay-
load, the total balloon weightWb can also be expressed as a
function of the balloon volume. Using Eq. (18), the volume
V1 of the top balloon may be obtained through iterative
calculations:
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ðDblðV 1Þ þ BðV 1Þ � W bðV 1ÞÞ2 þ D2
bdðV 1Þ ¼ T 2

max ð18Þ
Based on the static equilibrium equation in Section 3,

the tension in the tether element is calculated from top to
bottom until the operating altitude of the balloon hmid is
reached. Parameters of the middle balloon are then
designed based on the principle of a constant KSF in the
tether and using Tmax as the boundary of the tether tension.
Tx(hmid), Ty(hmid), and Tz(hmid) are the components in
Cartesian coordinates of the tension at the lower end of
the tether element at an altitude of hmid. The middle bal-
loon is connected at the lower end of this element. The vol-
ume of the middle balloon V2 can be calculated iteratively
as follows:

ðDbdðV 2ÞcosuðhmidÞ þ T xðhmidÞÞ2 þ ðDbdðV 2ÞsinuðhmidÞ
þT yðhmidÞÞ2 þ ðDblðV 2Þ þ BðV 2Þ � W bðV 2Þ

þT zðhmidÞÞ2 ¼ T 2
max ð19Þ

Continuing from top to bottom, the tension distribution
of the tether is calculated. When h is less than 0, the buoy-
ancy of the balloon is insufficient. In this case, KSF is
decreased or the diameter of the tether is increased, and
the tension is re-calculated until the ground is reached.
The angle between the tether element and the horizontal
plane is h(hgnd). The calculated results (balloon parameters,
diameter of the tether, and KSF) are saved to the database.

In the process described above, the different tether diam-
eters, KSF values and the corresponding h(hgnd) values, the
tether profile shape, and the tension distribution data are
stored in a database. Finally, a comprehensive selection is
made based on factors such as cost, manufacturability,
and implementation difficulty.
Fig. 15. Effects of different tether diameters on KSF and h(hgnd).

Fig. 16. Effects of different tether diameters on balloon volume (red curves
represent the top balloon volume). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
5. Parameter sensitivity and feasibility analysis for long-

duration flight

We now use the design method of Section 4 to analyze
the effects of the tether diameter and the aerodynamic
parameters of the balloon and tether on the performance
of the tandem tethered balloon system and to analyze a
long-duration flight of the system. The effect of the tether
diameter will be optimized using different tether diameters
in the design, and corresponding changes in max(KSF) and
the balloon volume will be analyzed.

Since the aerodynamic parameters of the tether and bal-
loon are affected by a number of factors, such as the shape
of the balloon, its surface smoothness, the attitude, and the
atmospheric viscosity, they are difficult to estimate accu-
rately. The assessment of the tether resistance coefficient
Cn, the balloon resistance coefficient Cbd, and the aerody-
namic lift coefficient Cbl will therefore proceed in two ways.
First, in the design optimization phase, the design of the
balloon will be carried out for specific analysis parameters,
and the effects of these parameters on max(KSF) and the
changes of the balloon volume will be analyzed for ideal
conditions. Second, during an actual flight test, errors in
the estimation or changes of the conditions can lead to
parameter changes in the flight process. For instance,
changes of the balloon attitude can lead to changes in
Cbd and Cbl. Changes in the surface condition of the tether
can change Cn.During this time, the volume and the weight
of the balloon would not change. To address such situa-
tions, the changes in tether tension and h(hgnd) caused by
parameter changes will be analyzed. In this analysis pro-
cess, the balloon volume and weight data came from the
tandem tethered balloon model T1 listed in Table 2.
5.1. Sensitivity to tether diameter

For different tether diameters and KSF values, the vol-
ume of the tandem balloon is designed using the design
method in Section 4 to provide a series of tandem balloon
models, while at the same time obtaining parameters that
characterize the wind-resistant capabilities: h(hgnd) and
KSF.

Figs. 15 and 16 show the changes of KSF, h(hgnd), and the
balloon volume for different tether diameters. The greater
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the tether diameter is, the larger max(KSF) is, and the more
advantageous it is for the system security. For example,
when the tether diameter is increased from 6 to 15 mm,
the value of max(KSF) increases from 2.5 to 3.8, but at
the expense of a larger top balloon (red line in Fig. 16).
This corresponds to a higher cost (for a larger balloon,
more tether fibers, and more helium gas). Fig. 16 also
shows that the volume of the middle balloon is at least
one order of magnitude smaller than that of the top bal-
loon and that, for a given tether diameter, the volume of
Fig. 17. Effects of Cn on KSF and h(hgnd).

Fig. 18. Effects of Cn on balloon volume.
the middle balloon corresponding to different KSF values
varied little (blue line in Fig. 16).
5.2. Sensitivity of aerodynamic parameters

The aerodynamic parameter sensitivity analysis was
divided into two parts. The first part was the system design
using the design method in Section 4 and the calculation of
the maximum KSF achievable for the aerodynamic param-
eters. The second part was the numerical simulation of the
static equilibrium equation using the method in Section 3
Fig. 19. Tether profiles for different Cn.

Fig. 20. Variation of maximum tether tension and length for different Cn.
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for the specific aerodynamic parameter changes of a given
system and the analysis of the effects of parameter changes
on the tether profile, tether length, and maximum tension.

In Figs. 17 and 18, the effects of the tether resistance
coefficient Cn are analyzed from an optimization and
design perspective. The smaller the tether drag coefficient
Cn is, the greater the achievable max(KSF) is through the
balloon design, without increasing the volume of the top
balloon. It is therefore important to reduce Cn in the design
stage by reducing the surface friction of the tether and
changing the cross-sectional shape of the tether.
Fig. 21. Effects of Cbd on KSF and h(hgnd).

Fig. 22. Effects of Cbd on balloon volume.
In Figs. 19 and 20, the effects of the tether resistance
coefficient Cn are analyzed from the perspective of a flight
test. For a system with a fixed balloon volume, a decrease
in Cn would not change the maximum tension of the tether.
The tether length needed to maintain a certain flight alti-
tude would be reduced, the maximum drift distance of
the tether would be improved, h(hgnd) would decrease,
and the system’s wind resistance would be enhanced.

Figs. 21 and 22 show the analysis of the effects of the
balloon aerodynamic resistance coefficient Cbd from a
design optimization perspective. The figures show that
the greater Cbd is, the greater the achievable max(KSF)
Fig. 23. Tether profiles for different Cbd.

Fig. 24. Variation of maximum tether tension and length for different Cbd.
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through the balloon design is, without making substantial
changes to the volume of the top balloon. For the same
KSF, the volume of the top balloon decreases slightly as
Cbd increases.

Figs. 23 and 24 show the analysis of the effects of the
aerodynamic resistance coefficient Cbd of the balloon from
the perspective of a flight test. The results show that for
balloons with fixed volumes, the maximum tether tension
increases monotonically with increasing Cbd. It is therefore
necessary to suitably amplify the Cbd estimation during the
design stage to avoid any decrease in KSF caused by an
underestimated Cbd and subsequent effects on the safety
Fig. 25. Effects of Cbl on KSF and h(hgnd).

Fig. 26. Effects of Cbl on balloon volume.
of the tether. The length of the tether changes non-
monotonically with respect to Cbd, reaching a minimum
when Cbd is ca. 0.9.

Figs. 25 and 26 show the effects of the aerodynamic lift
coefficient Cbl from a design optimization perspective.
Fig. 25 shows that Cbl has very little effect on max(KSF)
in the design optimization stage. Fig. 26 shows that as
Cbl decreases, the volume of the top balloon increases. This
indicates that the decrease in the aerodynamic lift in the
design stage may be compensated for by increasing the
Fig. 27. Tether profile for different Cbl.

Fig. 28. Variation of maximum tether tension and length for different Cbl.
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volume of the balloon, which does not affect max(KSF)
significantly.

Figs. 27 and 28 show the effects of the aerodynamic lift
coefficient Cbl from a flight test perspective. In a system
with a fixed-volume balloon, an increase in Cbl will reduce
the maximum deflection distance and the tether length and
increase h(hgnd). This is favorable for improving the wind-
resistant capabilities of the system, but it will increase the
maximum tension in the tether and decrease KSF, which
is detrimental to the tether safety.

The effects of the aerodynamic parameters are shown
in Table 4. The analysis results of the design optimiza-
tion stage and the flight test stage show that the smaller
the tether resistance coefficient Cn is, the greater the
advantage is both in max(KSF) and the wind-resistant
capabilities. The analysis of the design optimization
design stage shows that the greater the balloon resistance
coefficient Cbd is, the greater max(KSF) is. Furthermore,
the lift coefficient Cbl has very little effect on max(KSF).
Table 4
Effects of aerodynamic parameters.

Parameter Tether resistance coefficient Cn Balloon

Analysis in design
optimization stage

The smaller Cn is, the greater max
(KSF) is

The grea
(KSF) is

Analysis in flight test
stage

Cn does not affect maximum tension of
tether; as Cn decreases, horizontal
displacement becomes smaller, and
wind-resistant capabilities increase.

When C

tension o
decrease
horizont
wind-res

Fig. 29. Balloon and tether displac
However, the analysis in the flight test stage shows that
the greater is the balloon resistance coefficient Cbd is, the
greater max(KSF) is. Furthermore, the lift coefficient Cbl

has little effect on max(KSF). The analysis in the flight
test stage shows that an increase in either Cbd or Cbl will
cause the tether tension to increase and KSF to drop, and
a drop in either Cbd and Cbl will cause the tether hori-
zontal displacement to increase and the wind-resistant
capabilities to degrade. It is necessary to consider this
contradiction to ensure that the two parameters Cbd

and Cbl vary within safe ranges.
5.3. Feasibility analysis of long-duration flight

The model parameters listed in Table 2 are based on
models from the assumed maximum wind speed and aver-
age wind direction. We now analyze the feasibility of long-
duration flights using Model T1 in Table 2 and the 124
actual wind speeds and wind direction profiles in Fig. 3.
resistance coefficient Cbd Aerodynamic lift coefficient Cbl

ter Cbd is, the greater max Cbl does not affect max(KSF)

bd increases, the maximum
f tether increases, and KSF

s. When Cbd decreases,
al displacement increases, and
istant capabilities decrease.

As Cbl increases, the maximum tension
of tether increases, and KSF decreases.
When Cbl decreases, horizontal
displacement increases, and wind-
resistant capabilities decrease.

ement after a one-month flight.
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The tether length during the flight was controlled in real-
time using a winch system on the ground to maintain the
top balloon at an operating altitude of 30 km.

Fig. 29 shows the displacements of the balloon and the
tether in the Y and X directions for the 124 actual wind
fields in a month. The positive Y direction is the east,
and the positive X direction is north. The colors of the dis-
placement curves correspond to the colors of the wind field
in Fig. 3. For the sake of comparison, the displacement for
the maximum wind speed curve is also included in Fig. 29
as a black dashed line. The analysis results show that
Model T1, designed based on the maximum wind speed,
can adapt to various wind fields within a month, and the
maximum positive displacement of the tether in the Y
direction under the actual wind fields is smaller than the
displacement designed based on the maximum wind speed.
In the east and west directions, there is a switch of the wind
direction, which can be used to reduce the tether displace-
ment. Although there is no noticeable wind direction rever-
sal in the south and north directions, the wind speeds in the
south and north directions are statistically smaller, and the
maximum X displacement in the actual wind fields is still
Fig. 30. Tether and balloon parameter variation o
slightly smaller than the maximum displacement in the Y
direction.

Fig. 30 shows the maximum tether tension, tether
length, and h(hgnd) of the tethered balloon system in the
124 actual wind fields over a month. It also shows the vari-
ation of the altitude of the middle balloon. The range of
fluctuations for the maximum tension is 4870–5214 kg,
and the corresponding KSF range is 3.1–3.3 and never
decreases below the design value of 3. There is a negative
correlation between the total tether length and h(hgnd), so
both parameters may be used as wind-resistant capability
indicators for the system. The minimum value of h(hgnd)
is 29.4�, which is slightly larger than the value of 28.7�
designed for the maximum wind speed. This shows that
the wind-resistant capabilities of the system, designed for
maximum wind speed, are adequate. The winch system
on the ground only controls the operating altitude of the
top balloon, and the altitude of the middle balloon changes
accordingly, within a range of 19.84–20.2 km, and remains
relatively stable.

Based on the simulation analysis results for the wind
field over a month, a comparison of part of the h(hgnd) data
f Model T1 balloon after a one-month flight.



Fig. 32. Maximum tether tension and h(hgnd) variation during helium leakage.

Fig. 31. Comparison of h(hgnd) during long-duration flight for Models T1 and S2.

Fig. 33. Tether profile and changes of maximum tether tension during lift-off process at zero hours on 11 July.
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Fig. 34. Maximum tether tension at 124-time instances during lift-off.
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of Models T1 and S2 is shown in Fig. 31. The results show
that Model S2 has very small values of h(hgnd) at certain
times and no h(hgnd) at other times because it cannot resist
the wind speed at those times. At all times, Model T1 has a
greater h(hgnd) than Model S2, indicating that it has better
wind-resistant capabilities.

For the integrated balloon membrane material and
manufacturing technology, the helium gas leakage analysis
was based on a leakage rate of 5 L/m2/day. Thus, for the
top balloon of model T1, the leakage of helium was
0.459 kg/day, and the loss helium of middle balloon was
0.046 kg/day. After 31 d under the condition of maximum
wind speed, the maximum tether tension decreased by
106.1 kg, and h(hgnd) decreased by 3.3�. This indicates that
helium leakage had little effect on the 31-d flight (see
Fig. 32).

As launch is an important problem of the tethered bal-
loon system. We conducted simulation analysis of the
lift-off process for all the wind profile curves shown in
Fig. 3. Fig. 33 shows the tether profile and changes of max-
imum tether tension during the lift-off process at one of the
124-time instances. Fig. 34 shows maximum tether tension
at 124-time instances during lift-off. In terms of tether
safety, 21 of the wind field conditions (or 16.9%) are safe
for launch, another 16 wind field conditions exceeded the
design tension of the tether but by less than 20%, while
the remaining wind field conditions are very dangerous.
The results indicate that chosen of the meteorological win-
dows for launch is very important.

6. Conclusion

In this paper, a tandem ultra-high-altitude tethered bal-
loon model and a design method based on the principle of
constant KSF were proposed. The tandem tethered balloon
only requires the addition of a middle balloon with a very
small volume compared to that of the top balloon in tan-
dem in the weak wind zone. Such an addition can greatly
extend the operating altitude of the tethered balloon and,
by exploiting the wind field characteristics of opposite wind
directions at high and low altitudes, reduce the horizontal
displacement of the tether and improve the tether safety
factor and the wind-resistant capabilities.
In this paper, we established a three-dimensional static
model for a tandem ultra-high-altitude tethered balloon
and conducted a comparative analysis for tandem and sin-
gle balloon models. We also conducted a systematic sensi-
tivity analysis of parameters such as the tether diameter,
tether resistance coefficient, balloon resistance coefficient,
and aerodynamic lift coefficient and performed a feasibility
study of long-duration flights. The following conclusions
were drawn:

� Increasing the diameter of the tether and decreasing Cn

can both significantly increase max(KSF), but increasing
the diameter of the tether will increase the balloon vol-
ume and the system cost. Decreasing Cn does not change
the balloon volume and should be given preferred
consideration.

� Parameter sensitivity analyses conducted in the design
optimization stage and the flight test stage have different
importance for the system design and implementation.
For example, analysis in the design optimization stage
showed that increasing Cbd can increase max(KSF), and
variations of Cbl do not affect max(KS). However, anal-
ysis at the flight test stage showed that both Cbd and Cbl

should be kept at the design values or varied within a
small interval, because an increase of Cbd and Cbl will
reduce KSF, and a decrease will reduce the wind-
resistant capabilities. Both would adversely affect the
system.

� Simulation analysis results of a tandem tethered balloon
model designed for an assumed maximum wind speed
during a month-long actual wind field test showed that
the maximum tension of the tether and h(hgnd) were both
within the design ranges, confirming that the model is
viable for complex and variable wind field environments
and capable of long-duration flights.

The results of this paper are based on the static simula-
tion analysis of the stable dwelling characteristics of the
tandem stratosphere tethered balloon. The dynamic char-
acteristics of tandem stratosphere tethered balloons have
yet to be investigated. This article only presents a design
principle for the overall parameters. The stratospheric teth-
ered balloon system is a complex engineering system that
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faces many practical problems, such as pressure control,
altitude control, launching, and recovery. These problems
await further studies.
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