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 a b s t r a c t

This paper presents a comprehensive analytical method for predicting the steady-state ascent path and tether pro-
file of high-altitude tethered spherical balloons under varying wind conditions. The model incorporates altitude-
dependent atmospheric properties and systematically accounts for all relevant external forces, including buoy-
ancy, aerodynamic drag, weight, and payload. The tether is discretized into segments, and static equilibrium 
conditions are evaluated sequentially from the balloon attachment point down to the ground anchor, yielding 
the complete tether profile and internal tension distribution analytically. The method is validated against a fi-
nite element model based on continuous cable elements, demonstrating strong agreement and confirming its 
accuracy. The analytical model is implemented in MATLAB, and a computation code has been developed to 
automate the analysis process and support rapid design iteration. The method calculates the balloon’s altitude 
and horizontal drift, as well as the tether’s shape and tension distribution, based on specified system parameters 
and wind conditions. It also supports inverse design, enabling users to determine the required balloon size and 
tether length needed to achieve specified altitude and drift targets. The proposed framework is flexible and has 
the potential to be extended to other tethered aerostat configurations, such as helikites and streamlined airships, 
provided their aerodynamic characteristics are properly characterized.

1.  Introduction

High-altitude tethered balloons are a typical class of lighter-than-
air aircraft constrained by long tethers and have been widely adopted 
in various applications, including persistent surveillance, public safety, 
emergency communications, atmospheric research, and rapid disaster 
response [1–5]. These systems offer several advantages over satellite-
based platforms, such as rapid deployment, lower cost, reduced latency, 
and localized coverage. Compared to ground-based communication sys-
tems such as communication towers, they also provide broader cover-
age, enhanced flexibility for repositioning, and improved signal propa-
gation [6,7]. Particularly in recent years, tethered balloons have become 
an increasingly critical technology for emergency response, playing a vi-
tal role in addressing both natural and human-induced disasters. They 
enable the rapid deployment of broadband wireless communication net-
works and can deliver essential public safety services in the aftermath 
of catastrophic events. As such, tethered balloon systems are considered 
a key component of reliable public safety networks and can contribute 
significantly to saving lives [8–10].

Compared with streamlined aerostats, spherical balloons generate 
greater drag force, resulting in increased lateral drift and reduced opera-
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tional altitude under crosswinds–both undesirable effects. However, due 
to their inherent simplicity, spherical aerostats remain a suitable choice 
for various applications [11]. Fig. 1 illustrates the tethered balloon sys-
tem considered in this study. It consists of a vehicle-mounted mooring 
platform, a long tether, and a helium balloon. The balloon serves as a 
platform for carrying payloads such as communication systems, which 
provide connectivity to users in the surrounding area. The tether fulfills 
two functions: it acts as a structural link between the balloon and the 
winch system on the mooring platform, and it serves as an optical com-
munication link between the balloon and the ground station. The winch 
system controls the tether by paying it out or retrieving it, enabling de-
ployment and regulating the outhaul and inhaul of the tether during the 
balloon’s ascent and descent. Key operational parameters of the system 
include the balloon’s altitude and horizontal drift, which together deter-
mine the size and location of the effective coverage area. This area can 
be represented as a circular region on the horizontal plane, centered 
at the balloon’s projected ground position. Its size depends primarily 
on the balloon’s altitude and the communication range of the onboard 
system. Therefore, the balloon’s altitude and drift are critical to system 
performance and constitute the primary focus of this study. In addition, 
the tether assumes a catenary-like shape due to the combined effects 
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Nomenclature

𝐴bal Cross-sectional area of the balloon, m2

𝐴tet Cross-sectional area of the tether, m2

𝐴𝑖 Cross-sectional area of the 𝑖-th tether segment after 
deformation, m2

𝐶𝐷 Drag coefficient of the balloon
𝐶𝑑𝑛𝑖 Normal drag coefficient of the 𝑖-th tether segment
𝐶𝑑𝜏𝑖 Tangential drag coefficient of the 𝑖-th tether segment
𝑑 Diameter of the tether, m
𝐷 Diameter of the balloon, m
𝐷𝑛𝑖 Normal drag force on the 𝑖-th tether segment, N
𝐷𝜏𝑖 Tangential drag force on the 𝑖-th tether segment, N
𝐸 Young’s modulus of the tether material, Pa
𝐹1 Horizontal force component at node I, N
𝐹2 Vertical force component at node I, N
𝐹3 Horizontal force component at node J, N
𝐹4 Vertical force component at node J, N
𝐹𝐵 Buoyancy force acting on the balloon, N
𝐹𝐷 Aerodynamic drag force acting on the balloon, N
𝑔 Gravitational acceleration, m/s2
𝐻 Given altitude, m
ℎ Altitude, m
ℎref Reference altitude for wind profile, m
ℎ𝑖 Midpoint height of the 𝑖-th tether segment, m
𝐾 Characteristic length parameter for tether 

discretization, m
𝐿 Initial, unstressed length of the tether, m
𝐿𝑒 Unstressed cable length, m
𝐿def𝑒 Deformed cable length relative to the initial 

unstressed length, m
𝐿𝑥
𝑒 Horizontal projection of the cable element, m

𝐿𝑦
𝑒 Vertical projection of the cable element, m

𝐿def Deformed length of the tether, m
𝑚env Mass of the balloon envelope, kg
𝑚load Mass of the payload, kg

𝑚𝑖 Mass of the 𝑖-th tether segment, kg
𝑛 Total number of tether segments
𝑃 Air pressure, Pa
𝑃0 Air pressure at sea level, Pa
𝑅 Universal gas constant for air, J/(mol·K)
𝑅He Gas constant for helium, J/(kg·K)
𝑅𝑒𝐷 Reynolds number of the balloon
𝑅𝑒𝑑𝑖 Reynolds number of the 𝑖-th tether segment
𝑆 Sutherland’s constant, K
𝑇 Tension force at balloon-tether interface, N
𝑇𝐼 Cable tension magnitude at node I, N
𝑇𝐽 Cable tension magnitude at node J, N
𝑇𝑖 Tension at upper endpoint of 𝑖-th tether segment, N
𝑇0 Temperature at sea level, K
𝑉 Volume of the spherical balloon, m3

𝑣 Wind speed, m/s
𝑣ref Reference wind speed, m/s
𝑤 Weight per unit length of cable, N/m
𝑊bal Total weight of the balloon and payload, N
𝑊tet Weight of the deployed tether, N
𝑋 Horizontal drift distance of the balloon, m
𝛼 Wind profile exponent
𝜃 Angle between tether and vertical direction at 

balloon, rad
𝜃𝑖 Angle of 𝑖-th tether segment relative to vertical, rad
𝜇 Dynamic viscosity of air, Pa·s
𝜇0 Dynamic viscosity of air at sea level, Pa·s
𝜌 Air density, kg/m3

𝜌0 Air density at sea level, kg/m3

𝜌He Helium density, kg/m3

𝜌tet Density of tether material, kg/m3

Δ𝐿𝑖 Elongation of 𝑖-th tether segment, m
FE Finite element
UHMWPE Ultra-high molecular weight polyethylene
HATASIM High-Altitude Tethered Aerostat Simulation
ISA International Standard Atmosphere

of the balloon’s pull, lateral wind forces, and its own weight. Both its 
shape and tension are crucial: the shape affects operational safety and 
effectiveness, particularly in environments with surrounding obstacles 
such as mountains, trees, or tall buildings, while the tension directly 
influences the structural integrity and safety of the system.

The main challenges in modeling a tethered balloon system stem 
from the complex interactions among the balloon, the tether, and atmo-
spheric winds [12–14]. The balloon is typically represented as a body 
in equilibrium under the combined action of buoyancy, weight, aero-
dynamic drag, and tether tension. These forces are strongly dependent 
on altitude, since air density, pressure, and wind characteristics vary 
significantly with height. The tether is typically considered as a flexi-
ble cable with negligible bending stiffness, carrying only axial tension. 
Its shape is governed by the distribution of tension along its length, re-
sulting in what is commonly referred to as a shape-finding problem in 
the analysis of tensile structures [15,16]. However, accurately modeling 
the long tether remains challenging and has been the focus of extensive 
research. Common approaches include discretizing the tether into lots 
of segments, employing lumped-mass models connected by springs and 
dampers, or using continuous finite element formulations. The Johns 
Hopkins University Applied Physics Laboratory [17] developed an ana-
lytical simulation of the two-dimensional dynamics of a tethered balloon 
subjected to a wide range of environmental conditions. The continuous 
tether was discretized into finite segments, with mass and forces con-
centrated at the tether nodes, which were connected by massless links. 

Coulombe-Pontbriand et al. [18] presents an experimental and numeri-
cal investigation of the dynamics of a tethered spherical helium balloon 
in outdoor conditions. Portable sensors were used to measure the bal-
loon’s motion, tether tension, and wind conditions. The measured data 
were then used to validate a 3D numerical model, in which the balloon 
is modeled as a rigid body subject to buoyancy, aerodynamic drag, and 
gravity, and attached to a tether represented by a lumped-mass model 
with internal stiffness and damping. The study highlights that the bal-
loon’s oscillations and surface roughness, combined with wind turbu-
lence, result in a substantial increase in the drag coefficient. Aglietti [19] 
proposed a three-dimensional dynamic finite element model in commer-
cial finite element (FE) software ANSYS in which aerodynamic loads are 
computed based on the relative velocity between a time-varying input 
airflow and the resulting structural velocities. The approach was applied 
to analyze the response of a tethered spherical aerostat to gusts, incor-
porating structural nonlinearity and capturing aspects of fluid-structure 
interaction between the aerostat and the tether. Unlike models using 
lumped masses connected by springs, beam elements in ANSYS were 
employed, allowing the inclusion of cable bending stiffness–which can 
be non-negligible in certain scenarios. Redi et al. [20] extended the 
finite element code to perform a comprehensive analysis of a lighter-
than-air tethered platform operating under realistic design conditions. 
Their model accounts for gusts in all three spatial directions and in-
cludes simulations of continuous atmospheric turbulence. Beyond these 
classical studies, several works have specifically addressed the dynamic
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control and parameter estimation of tethered systems in space applica-
tions. Smirnov et al. [21] and Malashin et al. [22] demonstrated that 
tether deployment in low Earth orbit is strongly influenced by longi-
tudinal and transverse wave propagation, which significantly affects 
tension variations and end-mass dynamics, and validated their models 
against flight data from Young Engineers’ Satellite 2 mission. Diakov 
et al. [23–25] extended these analyses to the control and parameter 
estimation of tethered systems for load transport and space debris re-
moval, showing that system stability and performance critically depend 
on tether properties, payload mass, and deployment strategies. Collec-
tively, these works emphasize that realistic dynamic modeling, includ-
ing wave propagation and feedback control, is essential for the reliable 
design and operation of tethered space systems. In the present work, 
we adopt a quasi-static assumption for the tether, focusing on the in-
teraction between the balloon and tether under lateral wind conditions. 
While this simplification neglects certain dynamic effects, it enables effi-
cient capture of the primary behavior of the tethered balloon system and 
provides a practical framework for preliminary design and operational 
analysis. This assumption is justified under steady-wind conditions, as 
balloon tethers experience large, steady tensions due to lift and wind 
forces, which generally stabilize the system. Under such conditions, the 
quasi-static model accurately represents the main tension and config-
uration without requiring full dynamic analysis. However, in gusty or 
rapidly varying wind conditions, dynamic modeling becomes necessary 
to account for oscillations and transient effects.

Study Rationale: As reviewed above, while many studies have exam-
ined the ascent behavior and dynamic response of tethered aerostats, 
several important gaps remain in the literature. Addressing these gaps 
constitutes the primary motivation of the present study.

First, there is a lack of rigorous validation against analytical or high-
fidelity numerical models. Validation against experimental data can 
be challenging, as factors such as wind gusts, balloon surface rough-
ness, and other uncertainties–such as sensor inaccuracies, unsteady at-
mospheric conditions, and dynamic balloon oscillations–cannot be ac-
curately controlled or measured. These issues often introduce signifi-
cant discrepancies between experimental results and analytical predic-
tions [26–28]. Therefore, an important step in model validation should 
include a direct comparison between discretized tether models and con-
tinuous cable finite element models. The former solves for the static 
equilibrium of the tether by applying force balance segment by seg-
ment, while the latter determines the tether shape by assembling the 
stiffness matrix and solving the system under prescribed boundary con-
ditions. Despite the importance of such a comparison, it has rarely been 
addressed in the existing literature. Second, there is limited availabil-
ity of open-source computational tools to enable rapid design iteration 
and community adoption. Most existing studies rely heavily on custom, 
author-developed codes, and there is a lack of openly available tools 
for the research community. This absence of shared resources [29,30] 
significantly limits the potential for rapid design iteration and collabo-
rative development [31]. Third, there is a lack of inverse design capabil-
ities that allow determining balloon and tether parameters for targeted 
operational requirements. Most existing models do not support inverse 
design–an essential feature for practical engineering applications. For 
example, under a given wind condition, one may need to determine the 
optimal balloon size or tether properties required to reach a specific alti-
tude or achieve a desired horizontal drift to cover a targeted area. These 
tasks demand computational tools capable of both fast iterative analysis 
and inverse problem solving.

To address these limitations, this paper presents the analytical for-
mulation of a tethered spherical balloon system under steady-state wind 
conditions. The model incorporates altitude-dependent atmospheric 
properties and systematically accounts for all external forces acting on 
the balloon and tether. The balloon is modeled as a rigid body with con-
stant volume, subject to buoyancy, drag, and gravitational forces, and is 
connected to the ground via a long tether. The tether is discretized into 
multiple segments, and static equilibrium is established by balancing 

the aerodynamic drag, self-weight, and tension forces of each segment. 
The proposed method is implemented in a MATLAB-based simulation 
tool called the High-Altitude Tethered Aerostat Simulation (HATASIM) 
code, designed to predict the quasi-static ascent behavior of tethered 
spherical balloons. The tool enables rapid and accurate computation 
of balloon altitude, horizontal drift, tether shape, and tension distribu-
tion for a specified balloon size and tether length under varying wind 
conditions. To verify the accuracy of the HATASIM code, a finite el-
ement (FE) model was developed using continuous cable elements to 
represent the deformation of the tether. Excellent agreement was ob-
served between the results of the HATASIM code and those from the in-
house FE simulation. To further demonstrate its utility, parametric stud-
ies were conducted to evaluate the effects of balloon size, wind speed, 
and tether length on system behavior, including balloon altitude, lateral 
drift, tether configuration, and tension distribution. Notably, inverse 
design analysis can be efficiently performed using the pre-computed 
database, enabling the determination of the required balloon dimen-
sions and tether length to achieve a specified deployment altitude and 
horizontal position. To support broader adoption and practical use, the 
HATASIM code has been made publicly available through a permanent 
GitHub repository https://github.com/SCU-AN-Group/HATASIM. It is 
worth noting that, although this work focuses on the ascent analysis of 
tethered spherical balloons, the developed method can be readily ex-
tended to model the ascent and dynamic response of tethered helikites 
or streamlined airships, provided that their aerodynamic characteristics 
are obtained through computational fluid dynamics or wind tunnel test-
ing [7,32–34].

The remainder of this paper is organized as follows. Section 2 de-
scribes the atmospheric modeling assumptions. Section 3 presents the 
analytical formulation, outlines the solution algorithm, and details the 
MATLAB implementation of the simulation tool. Section 4 introduces 
the finite element formulation using continuous cable elements and pro-
vides a numerical example comparing the analytical results with high-
fidelity FE simulations to verify the model’s accuracy. Section 5 applies 
the method to investigate the effects of balloon size, tether length, and 
wind conditions on the ascent behavior of the tethered balloon. Finally, 
Section 6 summarizes the key findings and discusses potential directions 
for future research and development.

2.  Atmospheric properties

The operational altitude of tethered balloons depends on the specific 
application, typically ranging from a few hundred meters to several kilo-
meters, and is generally confined to the troposphere [11]. For modeling 
purposes, the atmospheric environment is assumed to be ideal, with me-
teorological factors such as humidity and suspended particulate matter 
neglected for simplicity.

2.1.  Air temperature

According to the International Standard Atmosphere (ISA) 
model [35], within the troposphere, the temperature decreases by 
approximately 6.5 K for every 1000-meter increase in altitude. The 
atmospheric temperature as a function of altitude ℎ is given by:
𝑇 (ℎ) = 𝑇0 − 0.0065ℎ (1)

where 𝑇0 is the reference temperature at sea level (ℎ = 0), and is set to 
288.15 K.

2.2.  Air pressure

According to the ideal gas law and the hydrostatic equilibrium equa-
tion in the vertical direction of the atmosphere, the variation of air pres-
sure with altitude can be derived as [35]:

𝑃 (ℎ) = 𝑃0

(

1 − 0.0065 ℎ
𝑇0

)5.2561
(2)
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Fig. 1. Illustration of a typical operating configuration of a tethered balloon 
system, consisting of a vehicle-mounted mooring platform, a long tether, and a 
helium balloon that carries payloads.

where 𝑃0 is the standard atmospheric pressure at sea level and is set to 
101325 Pa.

2.3.  Air density

Combining the expressions for air temperature and pressure with the 
ideal gas law, the variation of air density with altitude can be derived 
as:

𝜌(ℎ) = 𝜌0

(

1 − 0.0065 ℎ
𝑇0

)4.2561
(3)

where 𝜌0 is the air density at sea level and is set to 1.225 kg∕m3.

2.4.  Helium density

Helium is a commonly used lifting gas for tethered balloons. To main-
tain a constant envelope volume, a valve system is employed to regu-
late the amount of helium such that the internal helium pressure re-
mains equal to the surrounding atmospheric pressure at all altitudes. 
Moreover, it is assumed that the balloon ascends slowly enough to re-
main in thermal equilibrium with the environment, implying that the 
temperature inside and outside the balloon is the same. Under these as-
sumptions, and by applying the ideal gas law to helium in conjunction 
with the altitude-dependent atmospheric model, the expression for the 
helium density can be derived analogously to that of air density:

𝜌He(ℎ) =
𝑃0

(

1 − 0.0065 ℎ
𝑇0

)5.2561

𝑅He
(

𝑇0 − 0.0065 ℎ
) (4)

where 𝑅He is the specific gas constant for helium is taken as 𝑅He =
2077 J/(kg⋅K).

2.5.  Air viscosity

Sutherland’s formula provides an approximation for how the dy-
namic viscosity of gases varies with temperature. Based on an idealized 
intermolecular force potential, the law is expressed as [36]:

𝜇(ℎ) = 𝜇0

(

𝑇
𝑇0

)1.5 𝑇0 + 𝑆
𝑇 + 𝑆

(5)

where 𝜇(ℎ) is the dynamic viscosity at altitude ℎ, and 𝑇  is the atmo-
spheric temperature at that altitude. 𝑆 is the Sutherland constant, an 
effective temperature characterizing the gas. For air, 𝑆 = 110.4K. The 
reference temperature is 𝑇0 = 288.15K, with the corresponding refer-
ence dynamic viscosity 𝜇0 = 1.79 × 10−5 Pa ⋅ s.

2.6.  Wind profile

The wind profile characterizes the variation of wind speed with al-
titude within the atmospheric boundary layer. The mean wind velocity 
𝑣(ℎ) at height ℎ is modeled using a power law that represents the Earth’s 
boundary layer:

𝑣(ℎ) = 𝑣ref

(

ℎ
ℎref

)𝛼
(6)

where 𝑣ref is the reference wind speed at height ℎref = 10m, and 𝛼 = 0.2
is the power-law exponent commonly adopted for neutral atmospheric 
stability conditions, also known as the wind shear exponent. Fig. 2 shows 
the variation of wind speed 𝑣(ℎ) as a function of altitude ℎ for different 
reference wind speeds 𝑣ref, ranging from 1m/s to 5m/s.

3.  Methodology

3.1.  Balloon modeling

This study considers the most commonly used spherical helium bal-
loon [37] as the object of investigation. The balloon is assumed to have 
a smooth surface and to maintain a constant volume during its ascent. 
Given that the ascent is sufficiently slow, the process is modeled as quasi-
static, implying that the balloon remains in a state of static equilibrium 
at all times throughout the ascent [7]. The corresponding free-body di-
agram illustrating the force balance on the balloon is shown in Fig. 3.

Therefore, the static equilibrium of the balloon is governed by the 
balance of forces in both the vertical and horizontal directions, which 
can be expressed as:
{

𝐹𝐵 −𝑊bal − 𝑇 cos 𝜃 = 0
𝐹𝐷 − 𝑇 sin 𝜃 = 0

(7)

where 𝐹𝐵 is the buoyant force, 𝑊bal is the total weight of the balloon 
and its payload, 𝐹𝐷 is the aerodynamic drag acting on the balloon, 𝑇  is 
the tension in the tether at the attachment point, and 𝜃 is the inclina-
tion angle of the tether relative to the vertical direction at the point of 
attachment. By solving Eq. 7, the tether tension 𝑇  and inclination angle 
𝜃 at the balloon attachment point can be determined, provided that the 
buoyant force 𝐹𝐵 , total weight 𝑊bal, and aerodynamic drag 𝐹𝐷 of the 
balloon are known. These quantities are all functions of the balloon’s al-
titude and are defined in detail in the subsequent sections. The explicit 
solutions for the tether tension and inclination angle are:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑇 =
𝐹𝐵 −𝑊bal

cos 𝜃

𝜃 = arctan
(

𝐹𝐷
𝐹𝐵 −𝑊bal

)
(8)

3.1.1.  Weight
The total weight of the balloon consists of the weight of the balloon 

envelope, the payload, and the enclosed helium gas. It is expressed as:
𝑊bal(ℎ) =

(

𝑚env + 𝑚load + 𝜌He(ℎ)𝑉
)

𝑔 (9)

where:

• 𝑚env is the mass of the balloon envelope,
• 𝑚load is the mass of the payload,
• 𝜌He(ℎ) is the helium density at altitude ℎ,
• 𝑉 = 4

3𝜋
(

𝐷
2

)3
 is the constant volume of the spherical balloon, and 𝐷

denotes the diameter of the balloon,
• 𝑔 is the gravitational acceleration.
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Fig. 2. Wind profile showing the variation of wind speed with altitude.

3.1.2.  Buoyancy
Since the balloon considered in this study has a spherical shape, it 

does not generate any aerodynamic lift under wind. The vertical force 
acting on the balloon is solely due to static buoyancy, governed by 
Archimedes’ principle. The buoyancy force at altitude ℎ is given by:

𝐹𝐵(ℎ) = 𝜌(ℎ) 𝑔 𝑉 (10)

where:

• 𝜌(ℎ) is the ambient air density at altitude ℎ,
• 𝑉  is the constant volume of the balloon,
• 𝑔 is the gravitational acceleration.

3.1.3.  Aerodynamic drag
According to classical fluid mechanics [38], the aerodynamic drag 

force acting on a spherical tethered balloon can be expressed as:

𝐹𝐷(ℎ) =
1
2
𝜌(ℎ) 𝑣2(ℎ)𝐴bal 𝐶𝐷, (11)

where:

• 𝜌(ℎ) is the air density at altitude ℎ,
• 𝑣(ℎ) is the horizontal wind velocity at altitude ℎ,
• 𝐴bal = 𝜋𝐷2∕4 is the projected frontal area of the balloon,
• 𝐶𝐷 is the drag coefficient, which depends on the Reynolds number 
of the balloon 𝑅𝑒D.

The drag coefficient 𝐶𝐷 for a smooth sphere exhibits a strong non-
linear dependence on the Reynolds number 𝑅𝑒D [39–41]. At very 
low Reynolds numbers (𝑅𝑒D ≤ 1), the flow is dominated by viscous 
forces (creeping flow), and 𝐶𝐷 follows Stokes’ law. As 𝑅𝑒D increases 
(1 < 𝑅𝑒D ≤ 103), inertial effects become significant, and the Schiller-
Naumann correction provides an improved estimate . In the interme-
diate regime (103 < 𝑅𝑒D ≤ 2 × 105), 𝐶𝐷 stabilizes around 0.47. Beyond 
the critical Reynolds number (𝑅𝑒D > 2 × 105), a drag crisis occurs due 
to the early transition of the boundary layer to turbulence, leading to a 
sharp drop in 𝐶𝐷 to about 0.2. This behavior is captured by the following 

piecewise expression:

𝐶𝐷(𝑅𝑒D) =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

24
𝑅𝑒D

, 0 < 𝑅𝑒D ≤ 1

24
𝑅𝑒D

(

1 + 0.15𝑅𝑒0.687D
)

, 1 < 𝑅𝑒D ≤ 103

0.47, 103 < 𝑅𝑒D ≤ 2 × 105

0.2, 𝑅𝑒D > 2 × 105

(12)

The Reynolds number of the balloon at altitude ℎ is given by:

𝑅𝑒D(ℎ) =
𝜌(ℎ) 𝑣(ℎ)𝐷

𝜇(ℎ)
, (13)

where 𝜇(ℎ) is the dynamic viscosity of air at altitude ℎ.

3.2.  Tether modeling

The tether is modeled as a flexible, homogeneous cylindrical rope. 
By gradually releasing it through controlled winch operation, a quasi-
static and stable ascent of the balloon is achieved. During this process, 
the tether is considered to have one end anchored to the ground and the 
other end pulled upward by the balloon, while the entire tether is sub-
jected to wind-induced aerodynamic forces. The released tether length 
increases incrementally, maintaining equilibrium at each step.

As illustrated in Fig. 4a, the tether is discretized into a finite number 
of straight, uniform segments, labeled sequentially from 1 to 𝑛, starting 
at the top (connected to the balloon) and extending down to the ground 
anchor. Each segment connects two adjacent nodes; specifically, the 𝑖-th 
segment spans from node 𝑖 to node 𝑖 + 1, with its center height denoted 
as ℎ𝑖 and its inclination angle 𝜃𝑖 measured relative to the vertical axis. 
The free-body diagram of the 𝑖-th segment is shown in Fig. 4b. This seg-
ment is subjected to the following forces: its self-weight 𝑚𝑖𝑔, the aerody-
namic force 𝐷𝑖, and the tension forces at its two ends, denoted as 𝑇𝑖 (at 
the upper node) and 𝑇𝑖+1 (at the lower node). The aerodynamic force 
𝐷𝑖 can be decomposed into two orthogonal components: a tangential 
component 𝐷𝜏𝑖, acting along the segment direction, and a normal com-
ponent 𝐷𝑛𝑖, acting perpendicular to the segment. It is assumed that the 
tension force 𝑇𝑖 is aligned with the inclination angle 𝜃𝑖 of the 𝑖-th seg-
ment, while 𝑇𝑖+1 is aligned with the inclination angle 𝜃𝑖+1 of the (𝑖 + 1)-th 
segment.
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Fig. 3. Free-body diagram of the tethered balloon.

By enforcing static equilibrium in both the horizontal and vertical 
directions at the center of each segment, the following equations are 
obtained:

⎧

⎪

⎨

⎪

⎩

𝑇𝑖 sin 𝜃𝑖 − 𝑇𝑖+1 sin 𝜃𝑖+1 +𝐷𝜏𝑖 sin 𝜃𝑖 +𝐷𝑛𝑖 cos 𝜃𝑖 = 0

𝑇𝑖 cos 𝜃𝑖 − 𝑇𝑖+1 cos 𝜃𝑖+1 − 𝑚𝑖𝑔 +𝐷𝜏𝑖 cos 𝜃𝑖 −𝐷𝑛𝑖 sin 𝜃𝑖 = 0
(14)

It should be noted that the segment weight 𝑚𝑖𝑔 is a function of the 
segment length, and the aerodynamic force 𝐷𝑖 is a function of the alti-
tude of the segment. Their expressions will be introduced in subsequent 
subsections. Given the tension force 𝑇𝑖 and inclination angle 𝜃𝑖 at node 
𝑖, the equilibrium equations above can be used recursively to determine 
the tension force 𝑇𝑖+1 and inclination angle 𝜃𝑖+1 at the next node:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜃𝑖+1 = arctan
(

𝑇𝑖 sin 𝜃𝑖 +𝐷𝜏𝑖 sin 𝜃𝑖 +𝐷𝑛𝑖 cos 𝜃𝑖
𝑇𝑖 cos 𝜃𝑖 +𝐷𝜏𝑖 cos 𝜃𝑖 −𝐷𝑛𝑖 sin 𝜃𝑖 − 𝑚𝑖𝑔

)

𝑇𝑖+1 =
𝑇𝑖 sin 𝜃𝑖 +𝐷𝜏𝑖 sin 𝜃𝑖 +𝐷𝑛𝑖 cos 𝜃𝑖

sin 𝜃𝑖+1

(15)

Since the tension force 𝑇1 and inclination angle 𝜃1 at the top node 
(node 1 attached to the balloon) can be obtained by solving the static 
equilibrium of the balloon, as provided in Eq. 8. Therefore, by iteratively 
solving Eq. 15, the tension force and inclination angle of each segment 
can be sequentially determined along the tether.

3.2.1.  Segment mass
To discretize the tether and ensure the accuracy of the results, each 

segment is assigned a sufficiently small characteristic length, denoted 
by 𝐾. The total deployed tether length 𝐿 is then given by:
𝐿 = 𝐾𝑛, (16)

where 𝑛 is the total number of discretized segments.
The mass of each segment can then be expressed as:

𝑚𝑖 = 𝜌tet𝐴tet𝐾, (17)

where 𝜌tet is the density of the tether material, 𝐴tet = 1
4𝜋𝑑

2 is the cross-
sectional area of the tether, and 𝑑 denotes the diameter of the tether’s 
circular cross-section.

3.2.2.  Aerodynamic drag
Each tether segment is subjected to wind, which induces aerody-

namic drag forces 𝐷𝑖. These forces are evaluated at the center of the 
segment, located at altitude ℎ𝑖. The total drag force is decomposed into 
two components: a tangential component 𝐷𝜏𝑖, corresponding to flow 
along the axial direction of the segment (i.e., along the cylinder), and 
a normal component 𝐷𝑛𝑖, corresponding to flow perpendicular to the 
segment (i.e., around the cylinder). These components are expressed as:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐷𝜏𝑖(ℎ𝑖) =
1
2
𝜌(ℎ𝑖) 𝑣2(ℎ𝑖) sin

2 𝜃𝑖 𝐴𝑖 𝐶𝑑𝜏𝑖

𝐷𝑛𝑖(ℎ𝑖) =
1
2
𝜌(ℎ𝑖) 𝑣2(ℎ𝑖) cos2 𝜃𝑖

√

4𝐴𝑖
𝜋

(𝐾 + Δ𝐿𝑖)𝐶𝑑𝑛𝑖

(18)

where 𝐴𝑖 is the deformed cross-sectional area of the segment, assuming 
volume conservation, and is given by:

𝐴𝑖 =
𝐴tet𝐾

𝐾 + Δ𝐿𝑖
(19)

The elongation Δ𝐿𝑖 of the segment is computed using Hooke’s law:

Δ𝐿𝑖 =
𝑇𝑖𝐾
𝐸𝐴tet

(20)

Here, 𝐸 is the Young’s modulus of the tether, and 𝐴tet is the initial (un-
deformed) cross-sectional area of the tether.

It should be noted that the drag coefficient 𝐶𝑑𝜏𝑖 can be approximated 
by the frictional drag coefficient of a flat plate, while 𝐶𝑑𝑛𝑖 corresponds 
to the pressure drag coefficient of a circular cylinder, as the flow perpen-
dicular to the tether direction resembles crossflow over a cylinder. Cal-
culations indicate that 𝐶𝑑𝑛𝑖 is typically two orders of magnitude greater 
than 𝐶𝑑𝜏𝑖; hence, the contribution of the axial drag component 𝐷𝜏𝑖 can 
be neglected in subsequent analyses.

The drag coefficient 𝐶𝑑𝑛𝑖 is modeled as a piecewise function of the 
Reynolds number of the tether segment 𝑅𝑒𝑑𝑖, following the formulation 
in [41,42]:

𝐶𝑑𝑛𝑖(𝑅𝑒𝑑𝑖) =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

8𝜋
𝑅𝑒𝑑𝑖(2 − ln𝑅𝑒𝑑𝑖)

, 0 < 𝑅𝑒𝑑𝑖 ≤ 1

1 + 10
𝑅𝑒2∕3𝑑𝑖

, 1 < 𝑅𝑒𝑑𝑖 ≤ 102

1.2, 102 < 𝑅𝑒𝑑𝑖 ≤ 2 × 105

0.3, 𝑅𝑒𝑑𝑖 > 2 × 105

(21)

The Reynolds number for the segment is defined as:

𝑅𝑒𝑑𝑖(ℎ) =
𝜌(ℎ)𝑣(ℎ) cos 𝜃𝑖

√

4𝐴𝑖
𝜋

𝜇(ℎ)
(22)

3.3.  Numerical implementation

For a given balloon tethered with a specified cable, and assuming 
that all relevant parameters–including wind conditions, balloon geom-
etry, and tether properties–are known, the ascent process is simulated 
by incrementally increasing the balloon’s altitude. At each altitude step, 
the corresponding horizontal drift of the balloon, as well as the tether’s 
shape and tension distribution, are computed using the governing equa-
tions described in the previous sections. The simulation method pro-
ceeds as follows.

Let 𝐻 denote the height of the center of the balloon, and ℎ𝑖 the 
height of the center of the 𝑖-th tether segment. The height ℎ𝑖 is computed 
recursively as:

ℎ𝑖 = 𝐻 − 1
2
𝐷 −

𝑖
∑

𝑗=1

(

𝐾 + Δ𝐿𝑗
)

cos 𝜃𝑗 +
1
2
(

𝐾 + Δ𝐿𝑖
)

cos 𝜃𝑖 (23)

where 𝑖 = 1, 2,… , 𝑛. Δ𝐿𝑗 is the elongation of the 𝑗-th segment, and 𝜃𝑗
is its inclination angle with respect to the vertical. In the analysis, the 
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Fig. 4. Tether modeling. (a) Discretization of the tether, (b) Free-body diagram of a tether segment.

Fig. 5. Flowchart illustrating the computational procedure for simulating the quasi-static ascent of a tethered balloon system.

segment length 𝐾 is set to a sufficiently small fixed value to ensure 
numerical accuracy, for example 𝐾 = 0.1 m.

Given the balloon altitude 𝐻 , the force balance on the balloon can 
be solved using Eq. 8 to determine the tether tension 𝑇1 and inclina-
tion angle 𝜃1 at Node 1. Then, the elongation Δ𝐿1 of the first segment 
is calculated, followed by its center height ℎ1 using Eq. 23. Using the 
force balance equations for the first segment (Eq. 15), the tension 𝑇2 and 
inclination angle 𝜃2 at the second node are determined. This process is 
repeated iteratively until the altitude of the final segment satisfies the 
condition 

ℎ𝑛 < 𝜀 (24)

where 𝜀 is a small threshold tolerance, e.g., 0.001m. Eq. 24 indicates 
that the 𝑛−th segment has effectively reached ground level. Once the to-

tal number of segments 𝑛 is determined, the total deployed tether length 
𝐿 and horizontal drift 𝑋 of the balloon can be computed as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐿 = 𝑛𝐾,

𝑋 =
𝑛
∑

𝑖=1

(

𝐾 + Δ𝐿𝑖
)

sin 𝜃𝑖,
(25)

After computing the system at a given altitude H, the altitude is incre-
mented by a step ΔH to calculate the system at the next altitude level. It 
is also important to note that the maximum balloon altitude 𝐻max must 
remain below a critical threshold, beyond which the total weight of the 
balloon and the deployed tether would exceed the available buoyant 
force. In other words, the following inequality must be satisfied at all 
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Fig. 6. Graphical user interface of HATASIM. (a) Input parameters. (b) Output results.
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Fig. 7. Finite element representation of a catenary cable.

times during the ascent:
𝑊bal +𝑊tet < 𝐹𝐵(𝐻), (26)

where 𝑊bal is the total weight of the balloon and payload, and 𝑊tet =
𝜌tet𝐴tet𝐿𝑔 is the weight of the deployed tether of length 𝐿, with 𝜌tet
denoting the material density, 𝐴tet the cross-sectional area, and 𝑔 the 
gravitational acceleration. 𝐹𝐵(𝐻) is the buoyant force at altitude 𝐻 , as 
defined in Eq. 10. This condition ensures that the system remains in 
quasi-static equilibrium and that the balloon can sustain the load. In 
numerical practice, when Eq. 26 is not satisfied, the altitude increment 
ΔH is multiplied by a small factor, called the step factor (e.g., 0.01), 
to update the altitude. This procedure is repeated until the condition 
is satisfied, allowing a more accurate determination of the maximum 
altitude the system can reach.

The solution procedure is summarized in the flowchart shown in 
Fig. 5 and detailed in Algorithm 1. This algorithm has been implemented 
in MATLAB R2023b to perform the simulation. To facilitate application 
of the method, a graphical user interface (GUI) called the High-Altitude 
Tethered Aerostat Simulation tool (HATASIM) was developed (Fig. 6). 
In the "Parameters" interface (Fig. 6a), users enter the required inputs 
for the balloon, tether, wind, and calculation precision, then press the 
"Results" button. The left panel displays the ascent path and final tether 
shape, while the right panel shows the tether tension distribution, as 
shown in Fig. 6b. The query text function can then be used to calcu-
late the altitude, drift, and tether shape at a prescribed released tether 
length, as well as the maximum tether tension at the balloon-tether in-
terface for safety checks.

4.  Method verification

In this section, we present a representative numerical example to 
demonstrate the effectiveness of the proposed method in predicting the 
ascent behavior of a tethered spherical balloon, and validate its accuracy 
by developing a finite element (FE) code for comparison.

4.1.  Finite element method

To verify the accuracy of the proposed analytical method, we devel-
oped a finite element (FE) code specifically tailored for cable structures. 
This FE procedure computes the deformed shape and tension distribu-
tion of the tether based on a prescribed unstressed tether length, bound-
ary conditions (including fixed and loaded ends), and distributed aero-
dynamic loads. The resulting numerical solution serves as a reference for 
validating the quasi-static equilibrium configuration and internal force 
distribution obtained from the analytical method.

Algorithm 1 Tethered balloon ascent simulation.
Require: Balloon altitude 𝐻 , balloon properties (𝐷,𝑊bal), tether 

segment length 𝐾, tether properties (𝜌tet, 𝐸, 𝐴tet), wind model 
(𝜌(ℎ), 𝑣(ℎ), 𝜇(ℎ)), ascent step Δ𝐻 , ground threshold 𝜀

Ensure: Horizontal drift 𝑋, total tether length 𝐿 at any balloon altitude 
𝐻 , and maximum balloon altitude 𝐻max

1: 𝐻 ← 1
2𝐷 ⊳ Balloon initially on the ground

2: while True do
3:  Compute buoyant force 𝐹𝐵(𝐻)
4:  Estimate balloon weight: 𝑊bal ← 𝑊env +𝑊He +𝑊load
5:  Estimate deployed tether weight: 𝑊tet ← 𝜌tet ⋅ 𝐴tet ⋅ 𝐿
6:  if 𝐹𝐵(𝐻) ≤ 𝑊bal +𝑊tet then
7:  break ⊳ Buoyancy insufficient for further ascent
8:  end if
9:  Compute balloon drag force 𝐹𝐷(𝐻)
10:  Solve balloon equilibrium to obtain 𝑇1 and 𝜃1
11:  Compute elongation: Δ𝐿1 ←

𝑇1𝐾
𝐸𝐴tet

12:  Compute center height of first segment: ℎ1 ← 𝐻 − 1
2𝐷 − 1

2 (𝐾 +
Δ𝐿1) cos 𝜃1

13:  Initialize 𝑖 ← 1, 𝐿 ← 0, 𝑋 ← 0
14:  while ℎ𝑖 > 𝜀 do
15:  Compute aerodynamic forces 𝐷𝑟𝑖 and 𝐷𝑛𝑖 at ℎ𝑖
16:  Solve segment equilibrium to get 𝑇𝑖+1 and 𝜃𝑖+1
17:  Compute elongation: Δ𝐿𝑖+1 ←

𝑇𝑖+1𝐾
𝐸𝐴tet

18:  Compute center height: ℎ𝑖+1 ← ℎ𝑖 −
1
2 (𝐾 + Δ𝐿𝑖+1) cos 𝜃𝑖+1

19:  𝑖 ← 𝑖 + 1
20:  end while
21:  Store 𝑛 ← 𝑖 ⊳ Number of tether segments from 𝐻 to ground
22:  Compute total drift: 𝑋 ←

∑𝑛
𝑗=1(𝐾 + Δ𝐿𝑗 ) sin 𝜃𝑗

23:  Compute total tether length (undeformed): 𝐿 ← 𝐾 ⋅ 𝑛
24:  Compute total tether length (deformed): 𝑙 ← 𝐿 +

∑𝑛
𝑗=1 Δ𝐿𝑗

25:  Update balloon altitude: 𝐻 ← 𝐻 + Δℎ
26: end while
27: return 𝑋, 𝐿 at any given 𝐻 , and 𝐻max ← 𝐻

In the FE analysis, the tether is discretized into multiple two-node 
curved cable elements. Consider an elastic catenary cable element 
stretched in the vertical plane, with unstressed elemental length 𝐿𝑒, 
Young’s modulus 𝐸, cross-sectional area 𝐴, and weight per unit length 
𝑤, as illustrated in Fig. 7. Assuming that the cable is perfectly flexible 
(i.e., incapable of resisting bending or compression) and that Hooke’s 
law governs the material behavior, the exact relationships between the 
horizontal and vertical projections of the element and the internal force 
components at its ends, as well as the deformed cable length relative to 
the initial unstressed length, are given by Pevrot and Goulois [43]:

𝐿𝑒
𝑥 = −𝐹1

[

𝐿
𝐸𝐴

+ 1
𝑤

ln
(

𝐹4 + 𝑇𝐽
𝑇𝐼 − 𝐹2

)]

, (27)

𝐿𝑒
𝑦 =

1
2𝐸𝐴𝑤

(𝑇 2
𝐽 − 𝑇 2

𝐼 ) +
𝑇𝐽 − 𝑇𝐼

𝑤
, (28)

𝐿𝑒
def = 𝐿𝑒 + 1

2𝐸𝐴𝑤

(

𝐹4𝑇𝐽 + 𝐹2𝑇𝐼 + 𝐹 2
1 ln

(

𝐹4 + 𝑇𝐽
𝑇𝐼 − 𝐹2

))

, (29)

where 𝐿𝑒
𝑥 and 𝐿𝑒

𝑦 are the horizontal and vertical projections of the cable 
element, respectively. 𝐹1 and 𝐹2 are the horizontal and vertical force 
components at node 𝐼 , and 𝐹3 and 𝐹4 are those at node 𝐽 . 𝑇𝐼  and 𝑇𝐽  are 
the tension magnitudes at nodes 𝐼 and 𝐽 , respectively. These quantities 
are related through the following expressions:

𝐹3 = −𝐹1, 𝐹4 = −𝐹2 +𝑤𝐿,

𝑇𝐼 =
√

𝐹 2
1 + 𝐹 2

2 , 𝑇𝐽 =
√

𝐹 2
3 + 𝐹 2

4 .
(30)

Therefore, only two force variables, namely 𝐹1 and 𝐹2, are independent.
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Fig. 8. Predicted ascent path of a tethered balloon with a diameter of 5 m under a reference wind speed of 3 m/s. (a) Evolution of the balloon’s horizontal drift and 
altitude as the tether length increases. (b) Tension force distribution along the tether. (c) Ascent path of the balloon and corresponding tether profile, color-coded 
by tension stress.

Fig. 9. Variations of (a) horizontal drift 𝑋 and (b) altitude 𝐻 of the tethered balloon as functions of the balloon diameter 𝐷 and tether length 𝐿 under a specified 
wind condition of 3m/s. The insets in (a) and (b) illustrate the variatins of 𝑋 and 𝐻 for three specific balloon diameters of 5, 7, and 9 m, respectively.
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Fig. 10. Variation of the net lift, 𝐹𝐿 = 𝐹𝐵 −𝑊bal, and aerodynamic drag, 𝐹𝐷, acting on the balloon as a function of balloon diameter 𝐷.

Fig. 11. Variation of the net lift, 𝐹𝐿 = 𝐹𝐵 −𝑊bal, and aerodynamic drag, 𝐹𝐷, acting on the balloon as a function of the reference wind speed 𝑣ref.

The element length projections 𝐿𝑒
𝑥 and 𝐿𝑒

𝑦 are written as functions 
of the nodal forces at node 𝐼 :
𝐿𝑒
𝑥 = 𝐿𝑒

𝑥(𝐹1, 𝐹2), 𝐿𝑒
𝑦 = 𝐿𝑒

𝑦(𝐹1, 𝐹2). (31)

Differentiating 𝐿𝑒
𝑥 and 𝐿𝑒

𝑦 with respect to the nodal forces 𝐹1 and 𝐹2, 
and arranging the results in matrix form yields:

[

𝑑𝐿𝑥
𝑑𝐿𝑦

]

=

⎡

⎢

⎢

⎢

⎢

⎣

𝜕𝐿𝑒
𝑥

𝜕𝐹1

𝜕𝐿𝑒
𝑥

𝜕𝐹2

𝜕𝐿𝑒
𝑦

𝜕𝐹1

𝜕𝐿𝑒
𝑦

𝜕𝐹2

⎤

⎥

⎥

⎥

⎥

⎦

[

𝑑𝐹1
𝑑𝐹2

]

= 𝐅
[

𝑑𝐹1
𝑑𝐹2

]

, (32)

where 𝐅 is the incremental flexibility matrix. The tangent stiffness matrix
𝐊 is defined as the inverse of 𝐅:

𝐊 = 𝐅−1 =
[

𝑘1 𝑘2
𝑘3 𝑘4

]

(33)

Noting that 𝑘2 = 𝑘3, the tangent stiffness matrix 𝐊𝑡 in terms of the four 
nodal degrees of freedom is given by:

𝐊𝑡 =

⎡

⎢

⎢

⎢

⎢

⎣

−𝑘1 −𝑘2 𝑘1 𝑘2
−𝑘2 −𝑘4 𝑘2 𝑘4
𝑘1 𝑘2 −𝑘1 −𝑘2
𝑘2 𝑘4 −𝑘2 −𝑘4

⎤

⎥

⎥

⎥

⎥

⎦

. (34)

The tangent stiffness matrix 𝐊𝑡 relates the incremental element nodal 
force vector Δ𝐟 = [Δ𝐹1 Δ𝐹2 Δ𝐹3 Δ𝐹4]𝑇  to the corresponding incremen-
tal nodal displacement vector Δ𝐮 = [Δ𝑢1 Δ𝑢2 Δ𝑢3 Δ𝑢4]𝑇 . Symbolic com-
putation in MATLAB was used to evaluate the required partial deriva-
tives and construct the stiffness matrix. It can be seen that 𝐊𝑡 depends 
on the current internal force components 𝐹1, 𝐹2, or the current geometry 
𝐿𝑥, 𝐿𝑦, it inherently captures the geometric nonlinearity of the system. 
It should be noted that the cable element typically exhibits negligible 
stiffness in its unstressed state. To initiate deformation calculations un-
der external loads, an initial stiffness is introduced by pre-stressing the 
cable via its self-weight. Specifically, 𝐹1 and 𝐹2 are initialized based 
on the deformation induced by gravity using the following well-known 
catenary approximations:

𝐹 0
1 = −

𝑤𝐿𝑒
𝑥

2𝜆
, (35)

𝐹 0
2 = 𝑤

2

(

−𝐿𝑒
𝑦
cosh(𝜆)
sinh(𝜆)

+ 𝐿𝑒
)

, (36)

where 𝜆 > 0 is a shape parameter determined by solving:

(𝐿𝑒)2 = (𝐿𝑒
𝑦)

2 + (𝐿𝑒
𝑥)

2 sinh
2(𝜆)

𝜆2
. (37)

Eqs.  (35)–(36) provide initial estimates for 𝐹1 and 𝐹2 from the unde-
formed geometry and self-weight. However, to account for cable stretch 
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Fig. 12. Ascent path and intermediate tether shape with tension distribution for the balloon of 5m diameter. (a) 𝑣ref = 2 m∕s. (b) 𝑣ref = 3 m∕s. (c) 𝑣ref = 4 m∕s. (d) 
𝑣ref = 5 m∕s.

Fig. 13. Effect of wind speed on the ascent behavior of the tethered balloon system. (a) Balloon ascent path and tether profile under various wind speeds. (b) 
Maximum tether tension and tension distribution along the tether at different wind speeds.
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Fig. 14. Inverse design demonstration examples. (a) Given a target drift and altitude, the corresponding balloon diameter and tether length are determined. (b) 
When the specified design cannot be achieved, the nearest feasible design point is provided. (c) For a specified tether length, the balloon diameter is determined to 
achieve a target drift. (d) For a given balloon size, the required tether length is determined to reach a target altitude.

due to internal tension, an iterative procedure is required to refine these 
estimates such that they satisfy the nonlinear force-displacement rela-
tions in Eqs.  (27)–(29). This procedure is well-documented in the liter-
ature [43] and omitted here for brevity.

Once the tangent stiffness matrix of the cable element is obtained, 
the deformation analysis of the tether proceeds by assembling the ele-
mental stiffness matrices into a global stiffness matrix. Since the cate-
nary cable element is inherently curved, the tether can be discretized 
using significantly fewer cable elements compared to the number of seg-
ments required in the force-balance analytical method described earlier. 
Appropriate boundary conditions are applied, including fixing the bot-
tom end of the tether to the ground and applying the resultant force 
from the balloon’s static equilibrium to the top end. Total aerodynamic 
loads acting on each cable element are computed and converted into 
equivalent nodal forces. The global nonlinear equilibrium equations 
are then solved using the Newton-Raphson iterative method. This stan-

dard nonlinear finite element procedure is well-documented in text-
books and is therefore not repeated here. The developed nonlinear FEM 
code has been implemented in MATLAB R2023b and will be made pub-
licly available via GitHub for academic use: https://github.com/SCU-
AN-Group/HATASIM.

4.2.  Numerical example

To be specific, yet without loss of generality, the balloon in this ex-
ample is assumed to have a diameter of 5 m, and the total mass of the 
balloon envelope and payload is set to 10 kg. The tether is modeled as 
ultra-high-molecular-weight polyethylene (UHMWPE), with a density of 
970 kg/m3, an elastic modulus of 95 GPa, and a circular cross-section 
with a diameter of 6 mm. The ascent of the balloon is simulated under a 
reference wind speed of 3 m/s measured at sea level. The key physical 
and simulation parameters are summarized in Table 1.
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Table 1 
Physical and simulation parameters for balloon ascent modeling.
 Category  Parameter  Value  Unit

Balloon
 Diameter 𝐷  5  m
 Envelope mass 𝑚env  5  kg
 Payload mass 𝑚load  5  kg

Tether

 Cross-section diameter 𝑑  0.006  m
 Density 𝜌tet  970  kg/m3

 Segment length 𝐾  0.1  m
 Elastic modulus 𝐸  95  GPa

Wind

 Reference wind speed 𝑣ref  3  m/s
 Reference height 𝐻  10  m
 Ground altitude ℎground  0  m
 Wind shear exponent 𝛼  0.2  –

Numerical Precision
 Initial step  1  m
 Step factor  0.01  –
 Tolerance  0.001  m

Given these physical parameters, the developed code is employed to 
simulate the ascent of the balloon by incrementally increasing its alti-
tude 𝐻 from zero. At each step, the corresponding horizontal drift 𝑋 and 
tether length 𝐿 are computed. Since 𝐻 , 𝑋, and 𝐿 are uniquely related 
through the quasi-static equilibrium of the system, any one of them can 
serve as the independent variable. To better reflect the practical process 
of balloon ascent–where the tether is gradually released–𝐿 is chosen as 
the input parameter in the analysis, while the resulting balloon altitude 
𝐻 and horizontal drift 𝑋 are recorded as outputs. Fig. 8(a) shows the 
variations of the horizontal drift 𝑋 and altitude 𝐻 of the balloon as 
functions of the released tether length 𝐿. It can be observed that the al-
titude increases rapidly at first and then approaches a plateau, whereas 
the horizontal drift increases slowly in the early stage and then grows 
more rapidly as the tether lengthens. Fig. 8(b) shows the tension force 
distribution along the tether during ascent. The blue and magenta solid 
curves represent the tension force profiles at released tether lengths of 
1000 m and 1656.7 m, respectively. It is observed that the tension in-
creases from the ground toward the top end attached to the balloon. 
As the tether is released, the maximum tension slightly decreases and 
eventually reaches a steady value. Fig. 8(c) illustrates the balloon’s as-
cent path in black, while the colored curves indicate the tether profiles 
corresponding to released lengths of 1000 m and 1656.7 m, respectively. 
The color represents the tension stress distribution along the tether. The 
maximum tension stress reaches approximately 19.02 MPa, which is sig-
nificantly lower than the failure strength of the UHMWPE tether mate-
rial, i.e., 1.06GPa. Finally, we would like to make two notes here. First, 
the numerical results obtained from the FEM approach are presented in 
Fig. 8(b) and (c) to verify the quasi-static equilibrium configuration of 
the tether. The close agreement between the FEM and analytical results 
confirms the validity and accuracy of the proposed force-based method. 
Second, the trends observed in ascent behavior and tension distribution 
are significantly influenced by key system parameters, including wind 
speed, balloon diameter, and tether length. The effects of these param-
eters will be analyzed in detail in the following sections.

5.  Application

5.1.  Parametric studies

With the method and simulation code described and validated above, 
the ascent of a given tethered balloon can be computed under user-
specified wind conditions. The input parameters that govern the sys-
tem’s behavior include the balloon’s geometric size (diameter), the total 
mass of the balloon and payload, and the tether’s physical properties, 
such as density, cross-sectional diameter, and elastic modulus. Given 
these inputs, the code calculates the resulting balloon altitude and hori-
zontal drift throughout the ascent. To further explore how these physical 
parameters influence the system’s ascent behavior, we conduct a series 
of parametric studies in this section.

First, we investigate the ascent behavior of balloons with different 
sizes. Using a reference wind speed of 3m/s, we vary the balloon di-
ameter from 2.63m to 10m, while keeping all other parameters–such 
as the total mass of the balloon and the tether properties, as listed in 
Table 1–fixed. The results of this parametric study are shown in Fig. 9. 
The insets in Fig. 9 illustrate the variations of horizontal drift 𝑋 and 
altitude 𝐻 during ascent for balloon diameters of 5, 7, and 9 m.  The 
figure reveals two key trends: (1) a balloon with a larger diameter can 
support a longer tether length, as expected, since a larger balloon gener-
ates greater net lift; and (2) for the same released tether length, a larger 
balloon reaches both a higher altitude and a greater horizontal drift. 
This behavior can be attributed to the fact that, as the balloon diame-
ter increases, the drag force acting on it also increases. Thus, both net 
lift and aerodynamic drag emerge as dominant factors governing the 
ascent of the tethered balloon. Fig. 10 presents the variation of net lift 
and aerodynamic drag with respect to balloon diameter. As the diam-
eter increases, both the net lift and drag increase; however, at higher 
altitudes, the net lift decreases more significantly than the drag. Conse-
quently, while a larger balloon initially achieves greater altitude due to 
increased lift, the reduced lift at higher altitudes causes drag to play a 
more significant role–resulting in a larger horizontal drift.

Next, to further investigate the trade-off between net lift and aero-
dynamic drag on the balloon’s altitude and horizontal drift, we analyze 
the effect of wind speed on the ascent behavior of the system while fix-
ing the balloon diameter at 5 m. Fig. 11 shows the variation of net lift 
and drag forces for a 5-meter-diameter balloon under different reference 
wind speeds (1 m/s, 2 m/s, 3 m/s, 4 m/s, and 5 m/s). As the balloon 
ascends, the net lift gradually decreases due to the reduction in air den-
sity at higher altitudes; however, wind speed has no direct effect on 
the net lift. In contrast, the aerodynamic drag acting on the balloon in-
creases significantly with higher wind speeds and continues to rise with 
altitude, driven by the increasing relative wind velocity. At lower wind 
speeds, net lift dominates, allowing the balloon to reach a higher alti-
tude with relatively limited horizontal drift. Conversely, at higher wind 
speeds, drag becomes more significant, resulting in a greater horizontal 
displacement.

Fig. 12a-d show the ascent paths and intermediate tether shapes at 
different wind speeds ranging from 2 m/s to 4 m/s. The results are 
summarized in Fig. 13a. As wind speed increases, the tethered balloon 
reaches a lower altitude while exhibiting greater lateral drift. Fig. 13b 
presents the maximum tension and tension distribution along the tether 
for various wind speeds. As expected, the tension force increases pro-
gressively from the ground anchor to the balloon, since the upper-
most point must support both the aerodynamic drag and the cumula-
tive weight of the tether. Notably, the trend of maximum tension with 
respect to tether length varies with wind speed: at lower wind speeds, 
the maximum tension decreases as the released tether length increases, 
whereas at higher wind speeds, the maximum tension increases with 
tether length. This contrast reflects the competing effects of buoyancy, 
tether weight, and aerodynamic drag under different flow regimes.

5.2.  Inverse design

Finally, inverse design is frequently used in practice to determine 
the appropriate configuration of a tethered balloon system in order to 
achieve a target drift and/or altitude. This can be accomplished by ap-
plying an optimization algorithm to a precomputed database generated 
using the simulation code. For example, Fig. 14a illustrates the resulting 
design parameters–balloon diameter and tether length–required to si-
multaneously achieve a specified drift and altitude. The method involves 
extracting the isolines corresponding to 𝑋 = 4000 m and 𝐻 = 4000 m 
from Fig. 9a and b, respectively, and identifying whether these two 
curves intersect. The intersection point represents the feasible design so-
lution, yielding a balloon diameter of 𝐷 = 8.42 m and a tether length of 
𝐿 = 6029.4 m, as shown in Fig. 14a. For the target values of 𝑋 = 2000 m 
and 𝐻 = 1500 m, no feasible design exists, as the corresponding isolines 
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do not intersect. In such cases, the nearest feasible design can be identi-
fied, as illustrated in Fig. 14b. This design suggests a balloon diameter of 
𝐷 = 5.89 m and a tether length of 𝐿 = 2674.3 m, which results in a drift 
of 𝑋 = 1830.15 m and an altitude of 𝐻 = 1677.04 m. Fig. 14c showcases 
a specific case in which the tether length is fixed at 𝐿 = 267.0 m and the 
target drift is 𝑋 = 150 m. Under these conditions, the required balloon 
diameter is determined to be 𝐷 = 3.39 m. Fig. 14d presents another case 
where the balloon has a fixed diameter of 𝐷 = 8 m, and the objective is 
to achieve a target altitude of 𝐻 = 4000 m. In this scenario, no exact so-
lution exists. The nearest feasible solution corresponds to a tether length 
of 𝐿 = 5764.8 m, which results in an actual altitude of 𝐻 = 3582.96 m.

6.  Conclusion

In this study, we developed a comprehensive simulation framework 
to model the ascent behavior of tethered balloons under various wind 
conditions. The method accounts for key physical parameters–including 
balloon geometry, payload mass, and tether properties–and accurately 
predicts the balloon’s altitude, horizontal drift, tether shape and tether 
tension distribution throughout the ascent. To validate the computa-
tional accuracy of the results, a finite element model was also developed 
for simulating the behavior of a flexible, continuous tether. Through sys-
tematic parametric studies, we demonstrated how balloon size, tether 
length, and wind speed collectively influence ascent trajectories and 
tension profiles. Notably, we observed that larger balloons tend to reach 
higher altitudes and experience greater horizontal drift, while stronger 
wind leads to increased lateral drift and reduced altitude. The relative 
dominance of net lift and aerodynamic drag varies across different wind 
regimes, shaping the overall ascent behavior. Furthermore, we intro-
duced an inverse design approach that enables the determination of 
balloon diameter and tether length required to achieve specified target 
altitudes and drifts. By leveraging a precomputed simulation database 
and isoline-matching techniques, we illustrated several representative 
design scenarios, including both exact solutions and nearest-feasible al-
ternatives when exact targets could not be achieved.

The proposed methodology directly addresses gaps in the existing 
literature: it provides a computationally efficient means of predicting 
the ascent behavior of tethered balloons, validated against a continuous 
finite element model, offers an openly available MATLAB tool to support 
broader adoption, and extends current modeling capabilities with an in-
verse design strategy not previously available for tethered balloon sys-
tems. Together, these features establish the approach as a practical and 
flexible tool for both forward simulation and design applications, with 
particular impact on the rapid design and optimization of tethered bal-
loon systems. At the same time, several limitations of the present work 
should be acknowledged. The model is developed specifically for spher-
ical balloons and may not directly generalize to streamlined aerostats. 
The current approach assumes quasi-static ascent and simplified atmo-
spheric conditions, excluding effects such as turbulence, humidity, and 
unsteady dynamics. Importantly, the validation performed here is nu-
merical, and future work should incorporate experimental validation to 
assess real-world fidelity.

Future work may focus on incorporating unsteady wind fields, bal-
loon deformation effects, and active control strategies to further enhance 
the model’s fidelity and applicability. The proposed method is also read-
ily extensible to simulate the ascent of tethered aerostats with arbitrary 
shapes, such as Helikites and airships, provided that the aerodynamic 
forces (e.g., lift and drag) are available through experimental measure-
ments or computational fluid dynamics simulations. In such cases, the 
force balance must account for both translational and rotational equi-
librium, and the placement of the tether attachment point(s), as well 
as the number of connecting tethers to the main line, becomes an im-
portant design consideration. Despite these complexities, the approach 
for calculating the tether shape and tension distribution remains consis-
tent with the method presented in this work. Future extensions may also 
include the effects of cable vibrations, dynamic ascent in time-varying 

wind fields, and the stability of the aerostat under gust conditions. In 
a gusty environment, for example, a sudden increase in wind load on a 
portion of the tether would induce local deformation, which could then 
propagate along the tether. Under such dynamic conditions, it would 
be necessary to analyze wave propagation in the tether, as has been 
performed for space tether systems [44].
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