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Abstract

The advancements in vertical take-off and landing (VTOL) aircraft have rapidly in-
creased in the past few years, and there are working prototypes with human pilots already
tested. With the current state of progress, provided the battery technology and automa-
tion level catch up to the required standard, VTOL cars could come to the market soon.
However, the regulatory bodies are still working on the policies for automated cars and
are far from their end goals. Given the scenario, it would be extremely beneficial to have
empirical data to inform engineers, designers, and policymakers about what could be an
intuitive controller from the existing hardware widely available in the market. This study
investigates the ease of use of flying a VTOL aircraft between three of the most widely
used controllers, namely the driving wheelset, drone radio controller, and joystick, backed
up by performance data, EEG data, and the NASA-TLX survey.

A case study was conducted for 30 participants with a G2/G license aged 18 to 64
years. Each participant tried all three controllers in a randomized order to fly through a
standard track in Virtual Reality (VR). Performance data and EEG signals were recorded
in real-time, and a NASA-TLX survey was conducted after the user tried each controller.
After they tried all three controllers, an overall survey was given to rank the controllers
from the most preferred to the least preferred and to reason their choices. Finally, the users
were asked to fly through the track with the driving wheelset one more time, where the
randomized wind was introduced to see if that could affect their performance and overall
workload.

The results of the experiment are compared among the three controllers using the
three different types of datasets. The result shows that the joystick controller was the
most preferred controller among the three controllers, backed up by the user survey, EEG
data and performance data. If we compare just the statistical performance and not the
surveys, the result is not significant enough to be reported. It is also found that weather
conditions can significantly affect performance for the users.

For future work, the experiment should be carried out with varying weather conditions.
Also, to improve among the existing controllers, the joystick could be modified to include
pedals for rotation instead of the twist, reducing the chances of unintentional input from
the user.
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Chapter 1

Introduction

Vertical Takeo� and Landing (VTOL) aircraft's advent has revolutionised how we conceive
of aviation. These versatile aircraft combine the capabilities of helicopters and �xed-wing
aircraft, allowing them to take o� and land vertically while transitioning to horizontal 
ight,
thus eliminating the need for traditional runways. The development of VTOL technology
has opened up new possibilities for transportation, logistics, search and rescue, and even
urban air mobility, making them a focal point of innovation in the aviation industry.

As VTOL aircraft continue to evolve and �nd diverse applications, the critical aspect
of user controls cannot be overstated. These aircraft's safe and e�cient operation relies
heavily on the interface between human operators and the sophisticated technology that
powers them. The user controls for VTOL aircraft play a pivotal role in ensuring the pilot's
ability to navigate and control the aircraft under various conditions, including vertical
takeo�s, landings, and transitions between hover and forward 
ight.

This master's thesis seeks to embark on a comprehensive exploration of the existing
user control systems available for VTOL aircraft. By analyzing the current state of user
controls and conducting a user study on the three major types of controllers in a virtual
simulation, this project aims to �gure out the strengths and weaknesses of each of these
major controllers and help in the advancement of a robust user control system for the
commercialization of VTOL aircraft.

1



Chapter 2

Literature Review

2.1 Background and Context

With the advent of highly funded startups like Opener [83], VoloConnect [88], and Jetson
[40], the concept of 
ying cars has been maturing rapidly. Recent breakthroughs include

ying a manned vertical take-o� and landing (VTOL) aircraft for public demonstration
[57] and passing extensive cold-weather testing at -23°C. Opener, a startup company, has
achieved both of these milestones with their VTOL named BlackFly. Initially, they planned
to sell 25 of these eVTOL aircraft in the Fall of 2021 [59], but later they pushed the date
further back. In July of 2023, the company con�rmed an early access program is coming
soon [43]. From the economic perspective, the 
ying car market is expected to grow
from $34.41 million in 2020 to$330.94 million in 2025 at a compound annual growth rate
(CAGR) of 58.7% [7]. As a result, famous companies like Uber, Hyundai Motor Company,
The Boeing Company and Japan Airlines (through Volocopter) have invested in the 
ying
cars market [13].

While the policymakers are trying to regulate self-driving cars [92], the progress of
VTOL aircraft has been going in full force [33], and the current advancements in the �eld
have been astonishing. Yet, the user control interface requires more research. Many current
VTOL aircraft use cyclic controllers found on helicopters or aircraft yoke systems as preva-
lent on commercial and private aeroplanes [91]. They work great for pilots with enough
hours in the air. But when commercial VTOL aircraft become available for the public,
what user control should be standardized for them? Yes, these 
ying cars should generally
be automated, and it is possible to do so [66, 21, 78, 65]. The current advancements in
machine learning technologies have made such automation quite viable [17, 51, 32]. But
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what about emergency situations? What about manual override? It is impossible to expect
everyone who wants to ride the automated 
ying cars to have a full-
edged pilot license
for such cases. Plus, most civil air transportation rarely considers unmanned vehicles as a
suitable choice as most passengers would refuse to 
y on a pilotless plane [21]. Therefore,
a toned-down, easy-to-handle user controller should be available to ensure anyone can take
control of the aircraft in an emergency.

Nowadays, vehicles such as UAVs are becoming highly sought after in industries. This
has led to the rise of VTOL aircraft convertiplanes (or 
ying cars) that appear to be a
compromise between planes, multi-copters and cars [16]. As these vehicles become more
popular, there should be people who are eligible to pilot them. One of the goals of this thesis
is to �nd an existing o�-the-shelf controller that can allow people to use their experience
in driving, gaming or drone racing to pilot VTOL aircraft. This can reduce the amount
of training time necessary to get a license. Nevertheless, the focus is to have a manual
controller in the vehicles, which people are mostly comfortable with. In the past, there have
been a few works relating to this �eld. From these papers, we �nd that three commonly
preferred manual controllers are steering wheels, drone remote controllers or joysticks.

2.1.1 Drone Radio Controller

In quite a few simulations, remote controllers are preferred, as shown in the paper by Alaez
et al. [16], a digital twin of a VTOL aircraft convertiplane UAV is tested and modelled
using a Gazebo robotics simulator. They use the Ardupilot controller, which is interfaced
with Gazebo using MAVLink [56]. The manual controller used in the simulator is a Taranis
X9D remote controller. An image of the setup is shown below:

In the paper by Sinha et al.[80], a remote controller is also preferred as a manual
controller. In this paper, the researchers designed a Quadshot air-frame, which is an
improvement of previous VTOL aircraft topologies by [82], [24] and [50]. This airframe uses
Bluetooth XBee transceivers to communicate with the ground station (laptop running the
main program). The actuators of the airframe are controlled by a drone remote controller.
An overview of the control process in this paper is shown in Figure 2.2.

Similar to the above two examples, Reiss et al. [77], make use of remote controllers
in a VTOL aircraft pilot simulation. In this paper, simulations are done for a larger and
more complex VTOL aircraft, where multiple crew members may be needed for 
ight.
Regarding the VTOL aircraft analyzed in [80], one pilot's human-machine interface (HMI)
is designed to enable intuitive 
ight control for inexperienced pilots as described in [30].
The analyzed vehicle consisted of eight propellers which were to be test-
own remotely.
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Figure 2.1: The simulation setup used by Alaez et al [16]

Figure 2.2: The control process employed by [80]
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In the experimental setup, two pilots and a ground team monitor the VTOL aircraft's
altitude. The main pilot of the VTOL aircraft is seated in a typical pilot station, where
the control is done through hand-held joysticks. There is a backup pilot who makes use
of the remote controller to manipulate the VTOL aircraft. In the paper, simulations are
also done where both pilots use remote controllers, as shown in �gure 2.3. The pilots can
look at a display to see the current 
ight mode of the controller. Aural indications are
introduced to increase the awareness of the pilots because both pilots' main task is to
monitor the aircraft during the 
ight test. According to [77], the simulator was built up
to be as close to the real 
ight tests as possible.

Figure 2.3: Schematic remote aircraft control for two pilots with equal remote control.

Besides the remote controller, steering wheel controllers are also favoured in some pub-
lications. For example, in the work of Gursky and Muller [45], analysis and simulation are
done for personal aerial vehicles (PAVs), and in the simulations, the concept of a steering
wheel with brakes (as in a car) is used to control the PAV.

2.1.2 Steering Wheel and pedals

It should be noted that the concept of steering wheels for VTOL aircraft is actually not
new. As a matter of fact, it dates back to 1942. Many of these earlier concepts were related
to the development of the helicopter. In the year 1942, Antoine Gazda, a Swiss aircraft
manufacturer, employed engineer Harold Lemont to design a helicopter control system for
him [4]. Due to Lemont's rather limited experience with helicopters, the draft he came
up with was similar to the classic VS- 300 helicopter in many aspects. Still, there were
some distinct di�erences. The control stick is of special interest here. It was mounted
between the pilot's legs and worked like a conventional cyclic stick. In addition to that,
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it had a steering wheel for yaw control on top and could be raised and lowered to control
the main rotor's collective pitch angle. The vehicle designed by Lemont was named the
Helicospeeder. The control concept of the vehicle is shown in Figure 2.4.

Figure 2.4: The helicopter control concept designed by Lemont [4]

In 1987, Jan M. Drees revisited the idea of small, low-cost helicopters which are easy to

y, safe and a�ordable [31]. While this idea had been in the minds of engineers since the
1950s, the introduction of Fly-by-Wire technology made it technically feasible to install
innovative 
ight controls. He came up with a design sketch consisting of two devices similar
to the steering wheel and brakes of a car. An image of the design is shown in Figure 2.5.
What is remarkable about this design is the use of two thumb wheels, one to control
lateral and the other to control vertical movement. Drees also suggested making inputs
for acceleration and deceleration by using a slidable steering device, which would remind
users of the steering wheel in a car.

Figure 2.5: The car-like controller designed by Dress for an easy-to-
y helicopter [31]

For the next example, we can look into Flemisch's simulator study. Scientists of DLR
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and the Technical Universities in Munich and Darmstadt used the \Horse-Metaphor" or in
short, H-mode. It describes the idea of a vehicle acting autonomously like a well-trained
horse [35]. Implemented in a car, the H-mode would be designed to control the vehicle
using driver assistance functions. These functions would include highly advanced lane-
keeping or obstacle avoidance. The driver is kept in the control loop with the help of
active control elements that are con�gured for tactile cueing [35]. Following the metaphor,
this behaviour is called \Loose Rein". \Tight Rein" means that the driver is given the
majority of control over the vehicle, which can be initiated by the automation or the driver
himself. In the opinion of the involved scientists, the H-Mode is not only limited to cars
but can also be applied to any vehicle. A universal control concept was developed that
could be used in both air and ground vehicles. Hence, training to control systems that
di�er in nature would reduce the training on one set and coordination between the two
systems can be used to improve the driver's performance in both domains [35].

Under the direction of Frank Flemisch, simulation trials were conducted to determine
if the H-Mode idea could be applied to such a universal control concept. The simulated
vehicles were an automobile with the driving dynamics of DLR's FASCar prototype and
an unmanned helicopter, both implemented with hardware-in-the-loop components and
controlled from the same control station [35]. The control concept that is of interest here
consisted of a steering wheel together with a sidestick. Its principle is shown in Figure 6.
When in automobile mode, this stick commanded longitudinal movement and the wheel
was used for steering tasks. In helicopter mode (in the simulator, the screen displayed the
aircraft's ego perspective to simplify the task), the stick was additionally used for lateral
movement control. A hat switch on top of it controlled the vertical movement. Control in
the other two directions was the same as in automobile mode.

Figure 2.6: Control concept of Flemish's simulator study [35]
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In the paper by Gursky and Muller [45], the steering wheel selected to control the PAV
has only one primary axis. This is in contrast to the works of [4] and [31]. Based on
the research by Landis [14], increasing the number of axes on one device can increase the
likelihood of unintentional coupling between inputs in di�erent axes. Nevertheless, Gursky
and Muller [45] combined ideas from the works of [4], [31] and [35] to build their own
control system for the VTOL aircraft simulator as shown in Figure 2.7. The steering wheel
solely controls both roll and yaw motions. The transition between them depends on the
forward airspeed. A collective lever is used to control vertical movements. The response
due to the steering control in this paper is shown in Figure 2.8.

Figure 2.7: Primary control functions for PAV control as shown in [45]

Figure 2.8: Response type modi�cations for control concept with the steering wheel. The
steering wheel controls both the roll and yaw axis.
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2.1.3 Joystick Controller

Joystick controller (also known as cyclic controller) is quite renowned in the VTOL industry
for its intuitive design, ease of use, and familiarity. Most of the joysticks use the concept of
hands-on throttle-and-stick (HOTAS). The idea behind HOTAS is to mount switches and
buttons on the 
ight control stick and throttle lever in the cockpit of an aircraft. Looking
at three of the advanced personal VTOL aircraft, all three are using the joystick as their
controllers.

1. BlackFly by Opener: The aircraft, known as BlackFly, possesses unique characteris-
tics that distinguish it from every other aircraft currently in existence. The electric
vertical take-o� and landing (eVTOL) aircraft, developed by Opener, a startup based
in Palo Alto, California, features short wings positioned in front and behind the pilot,
equipped with four motors and propellers on each wing. From a visual standpoint,
it may be observed that the image resembles an airborne individual with remark-
able velocity, reminiscent of a character from a science �ction narrative of the 1930s
pulp era [94]. The pilot controls consist of a joystick equipped with a thumb control
speci�cally designed for adjusting altitude. The 
ight controls of the aircraft consist
of a triple-redundant 
y-by-wire system that is responsible for operating the motors
and dual elevons located on the outer edge of both wings. Control authority in pitch,
roll, and yaw is achieved through the utilization of di�erential motor speeds [11].

2. The Jetson is a lightweight, fun-to-
y eVTOL aircraft with eight powerful motors
and an intuitive 
ight computer. It features a race-car-inspired safety cell, auto
land function, and multiple safety features to ensure the pilot's safety and maintain
continuous 
ight even with one motor loss [10]. The operation of this vehicle also
involves the utilization of a joystick (three-axis) and a throttle lever [41]. The cockpit
view of Jetson One is shown on Figure 2.11.

3. The Volocopter 2X is a German-made electric vertical takeo� and landing (eVTOL)
aircraft with a seating capacity of two individuals. It o�ers the option for either
manned or autonomous operation and utilizes a multirotor con�guration. The per-
sonal air vehicle was developed and manufactured by Volocopter GmbH, a company
based in Bruchsal. It made its initial debut at the AERO Friedrichshafen airshow
in 2017. The aeroplane is sold in a fully assembled and 
ight-ready condition. The
previous designation of Volocopter was E-volo [84, 6]. The controls are operated
using a network of mesh polymer �bre optics, which utilizes a 
y-by-light technology.
The primary 
ight control unit consists of triple redundancy, complemented by a
dissimilar backup 
ight control unit and a joystick control [12].
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Figure 2.9: On October 1, 2022, a BlackFly electric vertical takeo� and landing (eVTOL)
aircraft successfully initiated its 
ight at the Paci�c Airshow held in Huntington Beach,
California [93].

Figure 2.10: The pilot inside the BlackFly is using the joysticks to pilot the aircraft [23].
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