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Abstract

Extending Flight Time and Range of eVTOL Aircraft via Modularity and Novel Design

by

Karan Pradeep Jain

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Assistant Professor Mark Mueller, Chair

Electric vertical takeo� and landing (eVTOL) aircraft are employed in several applications
such as aerial photography, delivery, search and rescue missions owing to their compactness
and ability to hover. However, they inherently have lower endurance and range as compared
to their �xed-wing counterparts. Existing approaches to address this issue have explored
increasing the mechanical, electrical, or aerodynamic e�ciency of the system, replacing the
batteries of the drone on ground stations, recharging them in-
ight via large wireless chargers
or laser power beaming, and several other innovative solutions exist.

Given the demand for long-duration 
ights and long range for applications such as drone
delivery and urban aerial mobility (UAM), this dissertation explores various ways to increase
the endurance of eVTOLs by adding modularity and incorporating novel design and talks
about the interesting challenges that arise from them.

We begin by calculating how the 
ight time of an eVTOL is a�ected by simply adding more
battery. We �nd that there is a fundamental 
ight time limit for hovering eVTOL that
cannot be exceeded by just adding more battery. This motivates the exploration of new
designs and approaches to improve their endurance.

First, we explore a simple approach of tethering a series of multirotors to a power source. We
evaluate the power requirements to run such a system which helps in design optimization and
can be used to guarantee electrical safety. We discover that there exists a critical boundary
of thrusts the multirotors can produce that cannot be exceeded due to fundamental electrical
limitations. The boundary can be manipulated by changing the voltage of the power supply
or the resistance of the cables. We also compare the power consumption for one tethered
quadcopter and two tethered quadcopters and show that for large quadcopters far enough
from the anchor point, a two-quadcopter system consumes lesser power.

Next, we explore the idea of using the multirotor battery in stages to discard the discharged
portion of the battery which results in lower power consumption due to reduced mass. We



2

�nd that even if we stage the energy source continuously (e.g. gasoline in a combustion
engine), there still exists a fundamental 
ight time limit that cannot be exceeded. We
consider two optimal staging problems that aim to maximize the 
ight time and present
analytical or visual solutions which are validated experimentally.

Then, we present the idea of 
ying batteries { modular batteries that can 
y to a mission
quadcopter, dock with it, power and recharge it in-
ight, and 
y away after discharging,
allowing us to repeat the process. This approach lifts the limitation due to energy storage.
We present an analysis to evaluate the constraints that need to be satis�ed to unlock unlim-
ited endurance for eVTOL aircraft. We then discuss a stochastic model that can be used to
predict the probability of success of a long-duration mission when using 
ying batteries.

Lastly, we present a computer vision-based solution that can be used to get the 
ying batter-
ies system working in the real world. The solution involves using purely onboard sensing for
the mission vehicle via a combination of an inertial measurement unit (IMU) and a camera
that can generate pose measurements with respect to the 
ying battery. Measurements from
these sensors can be fused to generate relative state estimates that can be used to dock two
vehicles in-
ight with a centimeter-level precision.

We strive to experimentally validate the analysis and proposed approaches presented through-
out this thesis.
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Chapter 1

Introduction

Electric vertical takeo� and landing (eVTOL) aircraft [1] are a class of aerial vehicles that can
hover, and take o� from, and land on, a small space, as opposed to conventional �xed-wing
aircraft that require long runways. As a result, they have emerged as a leading candidate in
urban air mobility (UAM) [2] considerations. Companies such as Joby aviation [3, 4], Wisk
Aero, Lilium, etc. have raised billions of dollars to develop eVTOL \air taxis" [5].

Miniature versions of eVTOL aircraft are typically seen in the form of a multicopter. An
example is shown in Figure 1.1. These are employed in a number of useful tasks, including
search and rescue, package delivery, cinematography, and inspection, among many additional
functions [6, 7, 8, 9, 10].

Although eVTOLs are simple and useful machines, they inherently have lower endurance
and range as compared to �xed-wing aircraft [11]. The low endurance is primarily due to two
reasons { (i) electric energy sources (batteries) have orders of magnitude lower speci�c energy
compared to combustion-based fuels [12], and (ii) hovering eVTOLs cannot take advantage
of the high lift-to-drag ratio like �xed-wing aircraft. Moreover, there is a demand for long
eVTOL 
ight time for applications such as surveillance, picking fruits [13], cleaning high-rise
buildings, and �re�ghting. There is also a need for a long eVTOL range for applications
such as package delivery [14], and transporting people via air taxis [15].

In this dissertation, we focus on solving the �rst issue via novel approaches that focus on
the hardware design of the vehicles, and system architecture, to mitigate the endurance and
range constraints due to limited energy storage.

1.1 Motivation { 
ight time of a hovering eVTOL

In this section, we analyze the 
ight time of a single battery-powered hovering eVTOL and
show that there exists a fundamental limit to the 
ight time. Speci�cally, we show that
the achievable 
ight time only increases up to a certain point, as more battery is used on a
vehicle.
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Figure 1.1: A custom-built quadcopter with motion-capture marker balls.

We model the aerodynamic power consumptionpi of an individual propeller i to be
related to its thrust f i as

pi / f
3
2

i : (1.1)

This can be derived from actuator disk theory [16], or from mechanical analysis of hub torque
and rotational speed [17].

Assuming constant speci�c energyeb, the total available energyEbatt in a battery will be
eb times the battery's mass.

Let m0 be the \dry" mass (mass of all components of the eVTOL, excluding the battery),
and let � be the fraction of thetotal vehicle mass that is the battery mass so that the total
vehicle mass is 1

1� � m0 and the battery mass is �
1� � m0.

For a hovering eVTOL, the individual propeller thrusts scale proportionally with the
vehicle's total mass. The electric power drawpelec can be written as,

pelec = kp

�
1

1 � �
m0

� 3=2

; (1.2)
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Figure 1.2: E�ect of battery mass on normalized hovering 
ight time. After the peak at
� = 2

3 , a larger battery reduces 
ight time.

where the power consumption coe�cientkp is determined by propeller design, gravitational
acceleration, and powertrain e�ciency. We assume these parameters are constant for a given
vehicle.

The available 
ight time t 
ight can then be related to the vehicle massm0, and battery
mass fraction:

t 
ight =
Ebatt

pelec
=

eb
�

1� � m0

kp

�
1

1� � m0

� 3=2
/

�
p

1 � �
p

m0
: (1.3)

This relationship is plotted in Figure 1.2, showing that vehicles with relatively small
batteries expect to see a strong improvement in total 
ight time with increasing battery
mass, until a peak where the battery takes up two-thirds of the vehicle's mass. Note that
this is a fundamental limit for a self-contained battery-powered eVTOL which cannot be
exceeded by adding more battery.

This analysis motivates the study of novel methods to exceed the 
ight-time limitation
imposed by (1.3).
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1.2 Literature survey

We present a literature survey of existing innovative approaches that aim to increase the
endurance and range of eVTOL aircraft.

Broadly, we can classify the approaches into two types: self-contained and externally as-
sisted. Self-contained methods typically involve increasing mechanical or electrical e�ciency
or the use of optimization-based methods over objectives such as 
ight time or range. One
such approach is exploiting the e�ciency of a �xed-wing and hovering ability of eVTOLs
by converting them into a hybrid aerial vehicle [18]. Manipulation of vehicle structure by
tilting rotors to increase e�ciency is shown in [17]. Tilting the propellers of an eVTOL in
forward 
ight direction to reduce drag area and hence power consumption is shown in [19].
An online strategy for optimizing e�ciency by altering 
ight parameters (e.g. speed) over
a trajectory is presented in [20]. The analysis of a solar-powered aerial vehicle, which can
potentially 
y for a long time, is shown in [21]. However, such a vehicle requires a large wing
span, is sensitive to weather conditions, and is not suitable for indoor settings.

Externally assisted methods typically involve the use of �xed stations or mobile vehicles
for the replacement or the charging of energy sources. Battery swapping at a �xed ground
station has been presented in [22, 23], and on a mobile ground base has been shown in [24].
One limitation of ground-based swapping stations is an interruption to the mission. For
example, if an eVTOL's mission is monitoring a target, then going to a ground station for
battery replacement could result in a mission failure.

Currently, unlimited 
ight time has been demonstrated either by tethering the eVTOL to
a power source [25], or by power beaming via microwave [26] or LASER [27]. While a tethered
quadcopter has limited 
ight reach and maneuverability, in applications such as atmospheric
analysis[28], construction/industrial inspections[29], surveillance[30], or aerial manipulation,
the choice of tethering the quadcopter is a reasonable trade-o� between reach and extended

ight. Their uses have also been demonstrated in a variety of commercial applications such
as picking fruits in an orchard [13] and cleaning buildings and wind turbine blades. Power
beaming via LASER has a limited range (typically up to a kilometer [31]) and requires line
of sight, so increasing the range of the eVTOL would entail having several LASER sources
along the path which could be quite expensive because of the high �xed cost of installation
of several LASERs and high variable cost due to low e�ciency (typically less than 20% [32]).

Lastly, we have alternative energy sources that bring us out of the electric energy realm,
but are still an important consideration for the objective of long-duration 
ight of VTOL
aircraft. Fuel cell powered multirotors have been shown to have almost twice as much
endurance as a lithium polymer battery-powered multirotor [33]. Hybrid electric power has
also been explored for multirotors [34], and there are hybrid-powered drones in the market
with a 
ight time as high as 13 h. This is due to the orders of magnitude higher speci�c
energy of combustion fuels as compared to Lithium-ion batteries [12].

The takeaway from this survey is that most methods for extending the endurance of
eVTOL aircraft either have an incremental e�ect or bring about some other restriction such
as limited reach (e.g. tethering) or unreasonable cost (e.g. LASER power beaming). Even
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exploring alternate energy sources such as gasoline only increases the 
ight time by a �nite
amount in the best possible case, which is proven in [35].

1.3 A note on experimental hardware in this
dissertation

We note that most eVTOL components (e.g. motors, propellers, batteries, 
ight controllers)
can be manufactured at scale, which allows eVTOLs to be built at relatively low costs.
This has allowed for the widespread adoption of eVTOLs as industrial tools, as platforms
for various forms of research and entertainment, and as the leading candidate in urban air
mobility.

Thus, in this dissertation, the approaches for extending their endurance and range are
developed such that they do not signi�cantly reduce the simplicity of the vehicle or increase
its cost, ensuring that any proposed changes to the conventional eVTOL design align with
the original reasons for their widespread adoption.

Finally, because this dissertation is primarily concerned with techniques that tangibly
impact the endurance of eVTOLs, each proposed concept is experimentally validated and
demonstrated via 
ight experiments.

1.4 Dissertation outline

The dissertation is organized in increasing order of payo� to the eVTOL endurance and
range, which is also positively correlated with the complexity of the system.

Chapter 2: Tethered Power for a Series of Quadcopters: Analysis and Ap-
plications. We begin with the simplest approach of mitigating energy storage constraints
{ by plugging in the aerial vehicle to a power supply via a tether. This eliminates any

ight time limitation due to the energy source. However, this comes with the tradeo� of
limited reach of the vehicles, which is governed by the tether length. We present a power
analysis for a series of multirotors connected to a power supply with respect to the thrust
of each multirotor which guarantees electrical safety and helps in design optimization. We
also experimentally demonstrate the use of a two-quadcopter tethered system as compared
to a one-quadcopter tethered system in a cluttered environment, such as passing through a
window and grasping an object over an obstacle. A video of the proposed approach can be
viewed at https://youtu.be/I7NbjkcJqZg .

Chapter 3: Staging energy sources to extend 
ight time of a multirotor UAV.
Next, we present an approach where an aerial vehicle can eject the used portions of its
energy source, getting rid of dead mass. This helps reduce power consumption and increases
the 
ight time of the vehicle. We also show that a multirotor powered by an internal
combustion engine (essentially having a continuously staged energy source) has an upper
limit on achievable 
ight time independent of the available fuel mass. Lastly, we validate
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the analysis with 
ight experiments on a custom two-stage battery-powered quadcopter. We
achieve a 19% increase in 
ight time using the batteries in two stages as compared to a single
stage. A video of the proposed approach can be viewed athttps://youtu.be/CUjPCRUO66U .

Chapter 4: Unlimited endurance for eVTOL aircraft using Flying Batteries.
In the remainder of the dissertation, we explore and demonstrate the concept of in-
ight
battery swapping, in a manner substantially di�erent from the conventional understanding
of battery swapping. Speci�cally, instead of having a complicated and heavy mechanism to
swap batteries on a mission vehicle, we make the spare batteries modular by giving them the
ability to 
y and connect to the mission vehicle in 
ight. We call such a spare battery a \
y-
ing battery" { a small eVTOL carrying a secondary battery that can dock with the mission
vehicle, and power the mission vehicle while also recharging the mission vehicle's onboard
(reserve) battery. We present a 
ight time analysis that takes the power consumption into ac-
count to come up with requirements on the recharging rate that enable unlimited endurance
for the mission vehicle. We also develop a stochastic model to characterize the probability of
success of docking and that of the entire mission, which requires several 
ying batteries dock-
ing and undocking along the way. We perform a long-duration 
ight experiment involving
repeated docking, battery switching plus recharging, and undocking of several 
ying batter-
ies. At the end of the experiment, the primary battery on the mission vehicle is observed
to be nearly fully charged, which proves that the energy storage restriction on endurance is
successfully eliminated. Importantly, the unlimited endurance does not involve a complex
battery swapping mechanism, is unrestricted in range, and is not associated with a large
increase in overall mass or size, leaving the mission vehicle in fundamentally the same safety
class. A video of the proposed approach can be viewed athttps://youtu.be/PpJIo4HXl_Q .

Chapter 5: Docking two multirotors in midair using relative vision measure-
ments. Finally, we explore methods to port the 
ying battery concept in a practical setting
{ with purely onboard sensing. The method we present is a partial solution to the problem.
It solves the problem of precise relative localization of two eVTOL vehicles that allows them
to dock reliably. We use a combination of two sensors { (i) an inertial measurement unit
(IMU) to get acceleration and angular velocity measurements, and (ii) a camera-marker pair
where a light-weight, low-cost camera installed on the mission vehicle which can look at a
marker installed on the 
ying battery to get relative pose measurements. The measurements
from these sensors are fused via an EKF to estimate the relative pose of the mission vehicle
with respect to the 
ying battery, and its absolute roll and pitch. These estimates are then
used to control the mission vehicle and dock it with the 
ying battery, which requires a
centimeter-level precision. The docking using purely onboard sensing for the mission vehi-
cle is demonstrated experimentally to be repeatable and reliable. A video of the proposed
approach can be viewed athttps://youtu.be/m9YqOm3VtTM.

Finally, the major contributions and �ndings are summarized in Chapter 6.
The materials in this thesis are based on the following papers:

ˆ Karan P Jain et al. \Tethered Power Supply for Quadcopters: Architecture, Analysis
and Experiments". In: arXiv preprint arXiv:2203.08180 (2022)
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ˆ Karan P Jain et al. \Staging energy sources to extend 
ight time of a multirotor
UAV". in: 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). IEEE. 2020, pp. 1132{1139

ˆ Karan P Jain and Mark W Mueller. \Flying batteries: In-
ight battery switching to
increase multirotor 
ight time". In: 2020 IEEE International Conference on Robotics
and Automation (ICRA) . IEEE. 2020, pp. 3510{3516

ˆ Karan P Jain et al. \Modeling of aerodynamic disturbances for proximity 
ight of mul-
tirotors". In: 2019 International Conference on Unmanned Aircraft Systems (ICUAS).
IEEE. 2019, pp. 1261{1269

ˆ Karan P Jain, Minos Park, and Mark W Mueller. \Docking two multirotors in midair
using relative vision measurements". In:arXiv preprint arXiv:2011.05565 (2020)

1.5 Contributions of this dissertation

In this section, the contributions of this dissertation are listed chapter by chapter.

Chapter 2: Tethered Power for a Series of Quadcopters: Analysis
and Applications.

ˆ We formulate the power consumption from the power supply as a function of quad-
copter thrusts and study the in
uence of various parameters such as tether resistance
and input voltage. The power analysis shows the existence of a critical boundary of
thrusts beyond which it is electrically impossible to produce the thrusts.

ˆ We show a power comparison for a �xed end-e�ector quadcopter position (see Fig-
ure 2.2) between one tethered quadcopter and a two tethered quadcopter system, tak-
ing into account the power analysis and catenary forces from the tether. This allows
us to �nd con�gurations where two quadcopter system has a lower total power con-
sumption that frees up thrust capacity for the end-e�ector quadcopter, increasing its
maneuverability and agility.

ˆ We demonstrate applications of a system of two tethered quadcopters { 
ying through
a corridor and picking up an object in a space with obstacles.

Chapter 3: Staging energy sources to extend 
ight time of a
multirotor UAV.

ˆ The design space for multirotors with various discrete staging con�gurations is explored
by analyzing the e�ect on 
ight time with respect to the energy storage mass.



CHAPTER 1. INTRODUCTION 8

ˆ Flight time performance is also analyzed for a continuously staged source { an internal
combustion engine driving propellers.

ˆ Using energy sources in multiple stages as opposed to a single stage is shown to bene�t

ight time analytically and is validated experimentally.

ˆ The environmental impacts and use cases of staging are assessed to realize specialized
areas where the bene�ts of staging can be exploited, for example in industrial settings,
emergency situations, or for interplanetary exploration missions.

Chapter 4: Unlimited endurance for eVTOL aircraft using Flying
Batteries.

ˆ We present a 
ight time analysis to predict the 
ight time added by the 
ying batteries,
and evaluate speci�c constraints on the recharging rate and the energy content of the
primary battery that are necessary for unlimited 
ight duration.

ˆ We develop a stochastic docking model as a design tool to choose parameters for
the docking mechanism and trajectory that maximizes the probability of success of
a mission. Monte Carlo simulations are done to characterize this success probability
theoretically. This is then experimentally validated for various docking mechanism
designs.

ˆ We experimentally validate that 
ying batteries can unlock unlimited endurance from
an energy storage perspective. This is done in an indoor 
ight space using a motion-
capture system for localization. The battery switching circuit design is updated to
include a charging circuit to recharge the primary battery (onboard the main vehicle).
The recharging rate is chosen based on the constraints from the 
ight time analysis to
unlock unlimited endurance. Moreover, the mechanical design of the docking mecha-
nism is modi�ed based on the stochastic model to improve the reliability of the system,
and the probability of success of docking.

Chapter 5: Docking two multirotors in midair using relative
vision measurements.

ˆ We derive a complete 6 degree of freedom (DoF) localization of one multirotor with
respect to another, using only onboard sensors. Speci�cally, we derive a state esti-
mation algorithm based on the extended Kalman �lter (EKF) that takes, as input,
inertial measurements (acceleration and angular velocity) and relative pose (position
and orientation) measurements. These measurements are then used to estimate the
relative position and velocity of one multirotor with respect to another, and its absolute
attitude with respect to the inertial frame.
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ˆ We develop a control architecture to experimentally validate the relative localization al-
gorithm using an onboard camera on the �rst quadcopter and a marker (which provides
full 6 DoF information on detection) on the second, and control the �rst quadcopter
using just the onboard estimates.

ˆ We experimentally demonstrate mid-air docking on custom-designed quadcopters using
these onboard estimates { a task that requires a position precision on the order of a
centimeter.
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Chapter 2

Tethered Power for a Series of
Quadcopters: Analysis and
Applications

Tethered quadcopters are used for extended 
ight operations where the power to the system
is provided via a tether connected to an external power source. In this work, we consider
a system of multiple quadcopters powered by a single tether. We study the design factors
that in
uence the power requirements, such as the electrical resistance of the tether, input
voltage, and quadcopters' positions. We present an analysis to predict the required power
to be supplied to a series ofN tethered quadcopters, with respect to the thrust of each
quadcopter which guarantees electrical safety and helps in design optimization. We �nd
that there is a critical boundary of thrusts that cannot be exceeded due to fundamental elec-
trical limitations. We compare the power consumption for one tethered quadcopter and two
tethered quadcopters and show that for large quadcopters far enough from the anchor point,
a two-quadcopter system consumes lesser power. We show that, for a representative use
case of �re�ghting, a tethered system with two quadcopters consumes 26% less power than a
corresponding system with one quadcopter. Finally, we present experiments1 demonstrating
the use of a two-quadcopter tethered system as compared to a one-quadcopter tethered sys-
tem in a cluttered environment, such as passing through a window and grasping an object
over an obstacle.

The material in this chapter is based on the following work uploaded to arXiv.

ˆ Karan P Jain et al. \Tethered Power Supply for Quadcopters: Architecture, Analysis
and Experiments". In: arXiv preprint arXiv:2203.08180 (2022)

1The explanation and experimental validation video can be found here: https://youtu.be/
I7NbjkcJqZg
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2.1 Introduction

Aerial vehicles like quadcopters are used in various applications, from surveillance to ma-
nipulation to exploring other planets[40, 41]. While these vehicles are primarily utilized for
passive tasks such as surveillance[42] and photography[43], research groups and industries
actively pursue aerial vehicles for manipulation tasks involving grasping/positioning[44], as-
sembling/dismantling parts[45], or transporting payloads[46] using one or more vehicles.

Aerial vehicles, however, are largely constrained in their 
ight time, and payload capacity,
due to their limited hardware and power supply. Various innovations towards extending the

ight time and range of quadcopters have been explored. Methods such as swapping the
batteries at a ground station[22], replacing batteries in-
ight using other quadcopters[37], and
using the batteries in multiple stages[35] have demonstrated increased 
ight times. However,
these systems can run out of power if not replaced in time and would require the quadcopters
to land.

An alternate approach to extend 
ight time is to supply the power through an exter-
nal tether from a �xed/mobile ground station. While a tethered quadcopter has limited

ight reach and maneuverability, in applications such as atmospheric analysis[28], construc-
tion/industrial inspections[29], surveillance[30], or aerial manipulation, the choice of tether-
ing the quadcopter is a reasonable trade-o� between reach and extended 
ight. Their uses
have also been demonstrated in a variety of commercial applications such as picking fruits
in an orchard [13] and cleaning buildings and wind turbine blades.

Most tethered aerial systems are limited to only vertical 
ights, especially when carrying
heavy tethers such as in cleaning buildings. A single tethered system is limited in their
horizontal reachability. Works such as [47, 48] consider a new type of system consisting of a
series of tethered quadcopters to improve the reachability of the tethered systems, especially
in cluttered environments.

Related Work

Quadcopter systems tethered to a �xed or moving base have been explored in the past [49,
50, 51, 52]. Control algorithms for the tethered quadcopters were developed in [53], where
the tether is modeled as a massless rigid link. To account for the mass of the cable during
dynamic maneuvers, the tether is modeled as a series of lumped mass links in [54, 55].
Catenary models are used to model the tether in [56, 57], however, such models can be used
only under quasi-static conditions. A system of tethered quadcopters connected in series is
studied in [47, 48, 58]. A string of quadcopters would extend the horizontal reachability as
well as the ability to navigate in a cluttered environment.

Although tethering a quadcopter to a power supply provides access to unlimited energy,
a power analysis is useful to guarantee that the power draw of the system is within the rated
limit of the supply. It is also bene�cial in choosing the right type of tether since there is a
trade-o� between the mass of the tether (in
uencing the thrust and power requirements on
the quadcopter) and the resistance of the tether (in
uencing the resistive power losses).
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Figure 2.1: Experiment demonstrating two quadcopters tethered using a single cable, sup-
plying power from an external power source. The quadcopters are electrically connected in
parallel. Multiple quadcopters can be used collaboratively to achieve tethered 
ight over
unknown/challenging terrain while increasing the horizontal reachability of the quadcopter.
A video for the experiment is provided as an attachment.

Energy analysis for a downward tethered quadcopter that is not externally powered is
shown in [59]. Power supply for tethered drones is analyzed in [49], where comparisons
between a battery-operated drone and a tethered drone with an external DC power source
are drawn. In, [25], power analysis for a single tethered quadcopter with respect to various
factors such as input voltage, wire resistance, and cable length has been discussed, but the
e�ects of catenary forces on the power were not considered. Moreover, extending the power
to multiple quadcopters increases the complexity of the system and requires further study.

Contributions

In this work, we look into multiple quadcopters powered via a single tether from an external
power source. The contributions of this work are as follows:

ˆ We formulate the power consumption as a function of quadcopter thrusts and study
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Figure 2.2: Schematic for a series of quadcopters in hover tethered to an external power
source using a single tether. The last (N -th) quadcopter is referred to as the end-e�ector
quadcopter.

the in
uence of various parameters such as tether resistance and input voltage. The
power analysis shows the existence of a critical boundary of thrusts beyond which it is
electrically impossible to produce the thrusts.

ˆ We show a power comparison for a �xed end-e�ector quadcopter position (see Fig-
ure 2.2) between one tethered quadcopter and a two tethered quadcopter system, tak-
ing into account the power analysis and catenary forces from the tether. This allows
us to �nd con�gurations where two quadcopter system has a lower total power con-
sumption that frees up thrust capacity for the end-e�ector quadcopter, increasing its
maneuverability and agility.

ˆ Finally, we demonstrate applications of a system of two tethered quadcopters { 
ying
through a corridor and picking up an object in a space with obstacles.

2.2 System Description

In this section, we describe a series of identical quadcopters powered by a single tether
connected to a power source and review various factors in
uencing the power requirement
of the system under quasi-static hover conditions.
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Variables De�nition
mj Mass of Quadcopterj [kg]
l j Tether length between Quadcopterj � 1 and j [m]
� j Tether mass per unit length of thej -th section [kg m� 1]
L Total tether length in the system [m]
f j Scalar thrust magnitude of Quadcopterj [N]

t 2 R3 Force vector on the quadcopter due to the tether [N]
Ps Power supplied by the source [W]
Vs Voltage at the source [V]
i s Current delivered by the source [A]
Pj Power consumption of Quadcopterj [W]
Vj Voltage across Quadcopterj [V]
i j Current consumed by Quadcopterj [A]
� j Tether resistance per unit length ofj -th section [
 m � 1]
Rj Tether resistance of thej -th section [
]

Table 2.1: List of various symbols representing mechanical and electrical quantities used in
this work.

Consider a uniform tether supply connected to an external power source attached to the
quadcopters as shown in Figure 2.2. One end of the tether is attached to a quadcopter and
the other is �xed to the ground (indexed 0). We assume the tether is rigidly attached to
the center-of-mass of the quadcopter, i.e., the tether applies only translation force on the
quadcopter. Each quadcopter is indexedi = f 1; 2; : : : ; Ng, in ascending order away from the
power source.

Let the length of the cable segment between the quadcoptersi � 1 and i be l i . The
horizontal and vertical distances between the quadcopters are given ashi and di , respectively.
Without loss of generality, we consider the system to be in a single catenary plane for the rest
of the chapter. The total length of the tether from the power source to the last quadcopter
N is L. We assume the tether is uniform along its length, with� mass per unit length.
Table 2.1 lists the various symbols used in this work. With no external disturbances, the
thrust required by each quadcopter at hover is,

f i = kmi ge3 � t i � t i +1 k; (2.1)

wheremi is the mass of the quadcopter andt i , t i +1 are the catenary forces due to the tether
on either side of the quadcopter.

A uniform cable suspended between two �xed points forms a catenary curve[60], where
the equation in the catenary plane is expressed using the catenary parametersa; b; cas,

z = acosh ((y � b)=a) + c; (2.2)
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and can be numerically solved using the position of the endpoints. At hover, under quasi-
static conditions, the tether between the quadcopters takes the catenary shape. The catenary
parameterai for each tether segment is computed by numerically solving the transcendental
equation,

q
l2
i � h2

i = 2ai sinh2( di
2ai

); (2.3)

and parametersbi ; ci are computed as follows,

bi = di
2 � ai tanh� 1 (hi =li ); ci = � ai cosh (� bi )=ai : (2.4)

To solve for the catenary forcest i , t i +1 at the ends of the tether segment, directions of
the catenary forces at the ends are computed using the gradient of the catenary equation.
The magnitude of the tensions is calculated by equating the net catenary forces to the weight
of the tether (at quasi-static equilibrium).

Making use of the thrust generated by a quadcopter in (2.1) at hover, we compute the
electrical power consumption of the power train, using actuator disk model (see [35]) as,

Pi = cpf
3
2

i ; (2.5)

where the power constantcp is a function of the propeller sizeAprop , ambient air density � air ,
propeller e�ciency � prop based on the propeller �gure of merit, powertrain e�ciency� pt , and
number of propellersn,

cp =
1

� prop � pt
p

2� air nAprop
: (2.6)

We assume that the propeller and powertrain e�ciency is constant and neglects power con-
sumption by the onboard sensors and computers.

To optimally design a power-supply system and to choose the various design factors for
tethered quadcopters 
ight, we need to understand the e�ect of various design parameters
which are considered in the next section.

2.3 Electrical Power Analysis

As mentioned in Section 2.1, power analysis can provide guarantees of being within rated
limits of the power supply which ensures safety, and help in optimizing for design parameters
such as tether resistance and input voltage.

We analyze the power consumption and power supply requirements forN quadcopters
tethered to a single power supply with respect to the thrust that each quadcopter produces.
ConsiderN quadcopters connected electrically in parallel as shown in Figure 2.3. The portion
of the tether between Quadcopter (j � 1) and Quadcopterj has as a resistanceRj . The
j = 1 portion refers to the part of the tether between the power supply and Quadcopter 1.
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Figure 2.3: Circuit diagram for the proposed power supply architecture forN tethered
quadcopters. If the resistive losses are too high, a solution is to transmit power at a high
voltage via the tether.

The power supply voltage and current are denoted asVs and i s respectively. We assume
that the thrust to be produced by the j -th quadcopter f j is already known. Then from (2.5),
we know its power consumedPj . After the resistive voltage drop, let the voltage at thej -th
quadcopter beVj . Then the current consumption by this quadcopter will be given by,

Vj i j = Pj : (2.7)

Looking at Figure 2.3, we can apply Kircho�'s circuit laws to derive,

Vk = Vk� 1 �

 
NX

l= k

i l

!

Rk ; k = 1; : : : ; N; (2.8)

where V0 = Vs. Simplifying the set of equations (2.8), we can get the voltage across the
quadcopters in terms of source voltage and current consumed by the quadcopters as,

Vj = Vs �
jX

k=1

 
NX

l= k

i l

!

Rk ; j = 1; : : : ; N: (2.9)

We have 2N unknowns (V1; i1; : : : ; VN ; iN ) but only N equations. We know the power
consumptionPj by each quadcopter. Therefore, we multiply each equation in (2.9), by the
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respective quadcopter current consumptioni j , to get,

Pj = Vsi j � i j

jX

k=1

 
NX

l= k

i l

!

Rk ; j = 1; : : : ; N: (2.10)

Equations (2.10) areN simultaneous quadratic equations inN variables f i 1; : : : ; iN g,
which can be solved numerically. With those values, we can get the power suppliedPs as,

i s =
NX

j =1

i j ; Ps = Vsi s: (2.11)

The analytical expression for the power supplied in terms of quadcopter thrust forN = 1
is,

Ps =
V 2

s

2R1

0

@1 �

s

1 �
4cpf 3=2

1 R1

V 2
s

1

A (2.12)

This expression is useful to draw conclusions about the dependence of thrust boundaries
for the multiple quadcopter tethered system on the design parameters. This is covered in
subsequent subsections.

For the speci�c two quadcopters tethered system, the required supply power is plotted
as a heatmap against the thrusts of the two quadcopters in Figure 2.4. Once the system
application is decided and the quadcopters are designed, such a plot could be used to choose
the appropriate power supply and cable which meets the power requirements at the designed
thrust values of the quadcopters.

Note that there is a boundary in the plot beyond which any additional current supplied
would simply increase the resistive losses and none of the extra power will reach the quad-
copters. Thus any thrust combination that belongs in the white region in the plot cannot
be produced. We would like to emphasize that this is not a limitation of the power source,
but a fundamental electrical limitation of the tethered-quadcopters system because of the
physical parameters such as resistance and power consumption requirements. This is also
supported by equation (2.12), where increasing the thrust beyond a certain limit results in
no real solutions for the supplied power. This limit is given by,

f crit =
V 4=3

s

(4cp)2=3 R2=3
(2.13)

Manipulating this thrust boundary could be of particular interest to designers to choose
the power supply and tether size, given the system parameters, while guaranteeing electri-
cal safety. Given the quadcopters' power consumption coe�cientcp, the boundary can be
in
uenced by the following parameters: power supply voltageVs and the tether resistances
f R1; : : : ; RN g. This in
uence is studied in the following subsections.
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Figure 2.4: Source powerPs as a function of Quadcopter 1 thrust and Quadcopter 2
thrust. White regions indicate that the thrust combination is impossible to produce because
of fundamental limitations. For this plot, the parameters are:Vs =12:6 V, 12 AWG wire
(� = 0:0166 
 m � 1), l1 = 6:1 m, l2 = 1:5 m, cp = 4:5 W=N

3
2 .
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Figure 2.5: Maximum feasible thrust combinations for two quadcopters. (Left:) Di�erent
colored lines represent di�erent source voltagesVs. The boundary becomes larger as the
source voltage is increased. Speci�cally, the dependence isV 4=3

s . (Right:) Di�erent colored
lines represent di�erent wire resistances. The boundary becomes larger as wire resistance
per unit length � is decreased. Speci�cally, the dependence is� � 2=3.

Feasible thrust boundary vs. source voltage

We study the possible combinations of maximum thrusts that two tethered quadcopters can
produce for various source voltages. The plot of these boundaries can be seen in Figure 2.5
(Left). The boundary is pushed outwards with increasing source voltage asV 4=3

s , see (2.13),
because the resistive losses are reduced on increasing the source voltage which allows for
higher power consumption before reaching the fundamental limit.

Feasible thrust boundary vs. wire size

The values of mass and resistance per unit length for di�erent wire gauges are manufacturer
dependent and are not explicitly knowna priori . However, for a given manufacturer, we
can measure the resistance and mass. With decreasing wire gauge, the mass of the tether
decreases, and the resistance increases.

For the analysis in this subsection, we assume the resistance per unit length� of each
section of the tether is the same. We also assume that the length of each tether section
is �xed to a particular value. The plot of the feasible thrust boundaries for di�erent wire
gauges can be seen in Figure 2.5 (Right). The boundary is pushed outwards with decreasing
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End e�ector
setpoint [m]

(10; 5) (20; 10) (30; 15)

Vs [V] 18:0 36:0 54:0

One
quadcopter

Optimal tether
length [m]

12:87 26:08 39:13

Minimum power [W] 415.9 851.4 1459.6

Two
quadcopters

Optimal fraction 0.55 0.65 0.65

Optimal intermediate
setpoint [m]

(6:26; 1:03) (14:34; 3:27) (21:21; 5:27)

Minimum power [W] 456.0 736.3 1083.0

Table 2.2: Optimized power consumption comparison for one tethered quadcopter vs.
two tethered quadcopter systems. The �nal quadcopter position, tether type (�; � ), source
voltage Vs, total tether length L are common for the two cases.

wire resistance per unit length as� � 2=3, see (2.13), because the resistive losses are reduced
which allows for higher power consumption before reaching the fundamental limit. There
is no dependence on the mass per unit length of the tether because we are studying the
behavior with respect to the thrust of the quadcopters.

2.4 Horizontal Reach Power Comparison

In this section, we analyze the horizontal reach of the tethered quadcopter system for two
cases: (i) One tethered quadcopter, and (ii) Two tethered quadcopters. The performance
metric is the power that needs to be supplied for the system at hover, with the �nal (end
e�ector) quadcopter in the tether series being at a speci�c desired position.

Catenary forces and the quadcopter thrust are computed as described in Section 2.2.
Although adding a second quadcopter to a single tethered quadcopter system requires sup-
porting its additional mass, the weight and tension of the tether getting distributed between
the two quadcopters could result in a reduction of total power { this is because the power
consumptionP is dependent on the 1:5th power of the thrust f 3=2.

The approach to compare the total power consumption for the two cases is as follows:

1. Fix the tether type (mass per unit length� and resistance per unit length� ) and the
source voltage and assume all quadcopters on the tether are identical.

2. Choose a desired end e�ector setpoint { the horizontal and vertical distance from the
tether anchor which is at the power supply. Note the end e�ector setpoint for the one
quadcopter case is given as (d1; h1) and for two quadcopters it is (d1+ d2; h1+ h2), where
d1; h1; d2; h2 are as shown in Figure 2.2.
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Figure 2.6: A plot of required power to be supplied to a single tethered quadcopter to hover
at (30; 15) m vs. tether length.

3. Consider the one tethered quadcopter case and choose an optimal tether length that
minimizes the power to be supplied.

4. With the computed optimal length as the total tether length, add a second (interme-
diate) quadcopter and minimize power with respect to the following parameters: (i)
intermediate quadcopter setpoint (from the power supply), (ii) fraction of the tether
length between the power supply and intermediate quadcopter.

5. Compare the optimized power consumption values for the two cases.

Note that the power supply, the intermediate quadcopter, and the end e�ector quadcopter
must all be in the same vertical plane, since any deviations of the intermediate quadcopter
perpendicular to the vertical plane will increase the tension in that direction, leading to a
higher thrust and power consumption for the intermediate quadcopter. Therefore, this is a
2D problem.

In all the problems in this analysis, we assume that the quadcopter mass is 0:7 kg, and
the tether we use is 12 AWG for which� = 0:095 kg m� 1 and � = 0:0166 
 m � 1. The power
constant is experimentally determined to becp = 4:5 W=N

3
2 .

Results for three end e�ector setpoints {f (10; 5) ; (20; 10); (30; 15)gm are summarized in
Table 2.2. The setpoints are chosen to cover a wide range of tether lengths. In the �rst case,
the horizontal reach and tether weight is relatively low, making the one quadcopter tether
system more power e�cient than the two quadcopter tether system. In the second case, we
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Figure 2.7: A plot of total power to be supplied to a two quadcopter tethered system
vs. intermediate quadcopter horizontal and vertical setpoint. The end e�ector quadcopter
is taken to be at (30; 15) m. The plot is for the optimized fraction of tether length. Pink
colored line on the colorbar shows optimized power consumption for the one quadcopter
system for the same end e�ector setpoint.



CHAPTER 2. TETHERED POWER FOR A SERIES OF QUADCOPTERS: ANALYSIS
AND APPLICATIONS 23

Figure 2.8: Sketch comparing one tethered quadcopter and two tethered quadcopters for
end e�ector setpoint of (30; 15) m. The two quadcopter system consumes lesser total power
than one quadcopter.

require a higher horizontal reach increasing the catenary force on the end e�ector quadcopter.
Adding an intermediate quadcopter reduces the total power consumption slightly (by 13:5%).

For the third case, the system requires a long horizontal reach and needs to lift a heavy
tether (� 4 kg). Adding the intermediate quadcopter results in the load distributed among
the two quadcopters. This results in 26% lesser total power consumption for the two quad-
copter system as compared to the one quadcopter system. Adding an intermediate quad-
copter for such high tether lengths also frees up some thrust capacity for the end e�ector
quadcopter, making it more maneuverable and agile. In applications such as �re�ghting,
higher agility could be very useful in controlling the water outlet precisely and moving it
rapidly.

A visual comparison of the one quadcopter and two quadcopter systems along with the
tether shapes for the case with end e�ector setpoint (30; 15) m is shown in Figure 2.8.

For end e�ector setpoint of (30; 15) m, the plot of power consumption of one quadcopter
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