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Abstract

The future development of air traffic brings along an increased demand for autonomy, safety
and manoeuvrability in a new generation of Unmanned Aerial Vehicle (UAV) and general
aviation aircraft. Future drivers such as increased air traffic density, insertion and growth of
UAV traffic, promising applications of cooperative multi-platform missions and tight forma-
tion flying as well as near-ground operation in turbulent and limited air space require high
manoeuvrability and hands-off or complementary autonomous control mechanisms.

Current research projects address various technologies of environmental sensorics, flight state
awareness and flight path prediction, inertial-frame-, computer- and GPS-aided navigation
and nonlinear adaptive control. The progress in these disciplines enables a vast variety of new
mission tasks that brings up new requirements on aircraft manoeuvrability and performance.
The innovation potential of future power systems and technologies in providing maximum
agility and yet cost- and energy-eflicient mission performance is an important complementary
research area. Especially electric power systems will open new design degrees of freedom for
radically new propulsion system concepts and enable new ways of integrating distributed
propulsion concepts into the airframe, which allows to further increase the overall efficiency
of the aircraft. Finally, electric power systems open up new perspectives for flight control by
exploiting the synergies of highly agile electric motors and differential thrust with distributed
propulsion concepts. These benefits support the significance of focusing on electrically pow-
ered aircraft research.

This thesis presents an initial analysis of the thrust response of hybrid-electric propulsion sys-
tems for UAVs and general aviation aircraft and assesses the potential application for attitude
control of fixed and rotary wing aircraft with distributed propulsion concepts. The work fo-
cuses on component modelling as well as the identification of scaling effects, design trade-offs
and the sensitivity of the thrust response on component parameters. The objective of the
work is the consideration of transient requirements during the preliminary propulsion system
design, which is shown in studies on subsystem, system and aircraft level. On subsystem
level, the thrust response of an isolated motor-rotor subsystem is investigated to elaborate
the sensitivity of the thrust response on the propeller and motor design parameters and the
trade-off parameters, which conflict a high efficiency or minimum mass design. On system
level, the power response and peak power capability of battery based, fuel cell based and hy-
brid propulsion systems is assessed to identify power limitations during quick thrust changes.
On aircraft level, the manoeuvrability of large quadcopters as well as the yaw control per-
formance of a fixed wing, general aviation aircraft with distributed propulsion is investigated.

Investigations on the motor-rotor subsystem scaling showed an increasing response time for
larger systems, while keeping all other design parameters constant. Studies on propulsion
system level have shown, that batteries provide superior peak power capability over fuel cell
systems, which must be extended with supercapacitors to deliver enough power to enable sim-
ple manoeuvres of large quadcopters. An assessment of a distributed thrust concept showed
that with four electrically driven propellers or more, a meaningful yaw control performance
and a high reliability level is achieved and that the rudder function can be deactivated.
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1 Introduction

1.1 Evolution and Outlook of Unmanned Aerial Vehicles

It was in 1918 that Charles Kettering constructed the first UAV, which served as a long
range artillery weapon. This fixed wing UAV, also known as Kettering Bug, was controlled
by a gyroscope and initiated a descend manoeuvre after its propeller has turned a pre set
number of times. At ground impact, the vehicle ignited an on board bomb. This UAV was
the first version of several flying bombs that were developed and built during both World
Wars [8]. The rise of typical UAVs, as we know them today, began in the 1930, when the
US Navy began to build dedicated target drones and converted existing aircraft with radio
control devices for target practise [8].

Just like manned aviation, UAVs have changed a lot during the last century. Only 100 years
ago, aeronautic pioneers examined the basics of aerodynamic flight. Today, large aircraft
with up to 600 tons carry more than 850 passengers half around the world; almost at the
speed of sound. The driving forces of this evolution have changed during the century. During
both World Wars, a huge effort was made to develop more powerful and aircraft to fly faster,
higher and longer and to guarantee military predominance. After both wars, the evolution
of aircraft was driven by commercial interests, which led to a rapid research progress on the
improvement of existing technologies and processes. Today, commercial aviation has reached
a high level of safety, which is based on the consolidated knowledge from many experiments
and the vast experience in aircraft operation. This requirement for safety and the already
highly mature technologies slow the adoption of new technologies in manned aviation. In
contrast to manned aviation, unmanned systems have the advantage, that new technologies
can be tested easily without risking a test pilot’s life. Especially during the last decade, the
continuing development and research on UAVs and associated systems has brought up several
key technologies, which enable new flying platforms and new applications.

The ongoing miniaturisation and the increasing performance of electronic hardware enables
the construction of small, low cost UAVs with enough computational power to test com-
plex flight control algorithms and to provide real-time sensor data processing on board [9].
Especially optical sensors profit from this miniaturisation trend, which enables small and
lightweight sensors that provide multi-spectral images in high resolution [10,11]. By exploit-
ing the gathered information of multiple sensors, sensor fusion technique allows to generate
new information that improves the flight state awareness of the vehicle and supports the
decision making of autonomous algorithms [12]. Flow field technique allows to derive the
movement of the aircraft from optical sensors, which contributes to the flight state awareness
and delivers information for flight control and navigation [13,14]. Moreover, the real-time
data processing of optical sensors enables autonomous obstacle recognition and avoidance,
tracking of moving objects and autonomous flight manoeuvres like landing or formation flight
[15-17].



Chapter 1. Introduction

The research progress in flight and mission control brings up increasingly complex multi-
agent cooperation control systems, that enable promising new multi-platform missions [18,19].
More robust flight control algorithms reduce the impact of external disturbances, improve
flight performance, allow to fly in severe environments and to react on component failures
[20—24]. New optimisation techniques allow for a quick on board calculation of optimum flight
path trajectories by considering the envelope limits of the vehicle and discrete configuration
changes [25-27].

Thanks to this research progress during the last decade, the number of UAVs and their asso-
ciated applications has increased significantly. In 2005, UAVs have been mainly utilised by
the military for surveillance, target recognition and tracking and logistic tasks. At that time
roughly 250 manufacturers and 600 UAVs have been counted [28]. During the last decade,
civil and commercial applications have gained significant importance in the UAV market sec-
tor and today, these applications represent a large share of all registered UAV and Remote
Piloted Aircraft Systems (RPAS) activities. In 2015, the number of UAV manufacturers has
increased to 630 and more than 2100 UAV have been registered [1], which reflects the signif-
icant commercial interest in new UAV applications. Figure 1.1 shows an annual comparison
from UVS International of registered RPAS activities from 2005 to 2015 which confirms these
trends very well.

700 - -
B Civil, Commercial |
600 -+ OMilitary — M
@Dual Purpose M
500 -+ mResearch m
400 1
300 -
200 -
100 -
o M L7 % 7% % % 7 v

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Figure 1.1: Number of registered RPAS activities (data from [1])

A problem that retarded the rise of commercial and civil UAV applications for a long time,
was the legal regulation and the integration into airspace. It took until 2015 that the FAA
and the EASA published preliminary regulations for the operation of RPAS, which have
been elaborated with UAV manufacturers and commercial operators [29,30]. These regu-
lations represent the first legal basis for the operation of UAV and they define operational
limitations as well as operator certification requirements for UAVs.

Today, UAVs are mostly utilised to carry optical sensors and communication equipment. Typ-
ical applications are the 3D mapping of small areas [31], photogrammety and remote sensing
tasks [32], surveillance, recognition and tracking tasks. Furthermore, UAVs are utilised for
monitoring and control tasks in agriculture [33], disaster management [34] and naval and
street traffic management [28, 35].



1.2. History of propulsion controlled, fixed wing aircraft

One promising application for UAVs in the near future are high altitude platforms, which
combine the advantages of satellite and ground based communication systems and provide
broadband wireless communication applications [36]. Airbus is preparing a high altitude
pseudo satellite concept named Zephyr for commercial launch [37] and a prototype has al-
ready completed its first civil flight in 2014 in Dubai [38]. Another promising application for
UAVs are postal and parcel services [39,40]. Amazon has just patented its 'Prime Air’ service
which is a parcel delivery by UAV within 30 min [41]. However, Amazon is still negotiating
with the FAA about experimental certification for their research prototypes. Another field
of UAV applications are assembly and manipulating tasks with multiple vehicles. Currently,
research projects like ARCAS (Aerial Robotics Cooperative Assembly System) investigate
the control, the coordination and operation of multiple UAVs with robotic arms [42, 43].
Another scenario, where UAV contribution is considered to bring a significant benefit are
Search And Rescue (SAR) missions. A near future target for UAVs in such missions are local
communication applications and the localisation of target persons to support rescue teams
on ground. Long-term goals may include dropping first aid equipment as well as transporting
a person to a nearby rescue base or the next hospital.

Compared to today’s tasks, a lot of new applications take place in different environments and
require a significantly higher payload capability. For example, assembly and manipulating
tasks require the aircraft to fly between obstacles, which have to be recognised and avoided.
As objects have to be picked up or deployed, the UAV must be capable to hover steadily while
changing the aircraft mass, inertia and the location of the Center of gravity (CG). The inter-
action with external objects requires the application of supplementary forces and moments.
The environmental conditions may change as well. The SAR mission requires the UAV to
operate in bad weather conditions like rain, snow or strong wind, which imposes significant
challenges to the aircraft design and raises particular requirements on aircraft performance.
UAVs, which are operated in such environments, must cope with strong turbulences and at
the same time they must provide a high precision in following curved flight paths. Addition-
ally, autonomous obstacle recognition requires a higher manoeuvrability from the UAV to
quickly change the flight path and to avoid collisions. These conditions impose new require-
ments on the manoeuvrability of the aircraft and the response time of the flight controller
and the propulsion system, which have to be considered during aircraft design.

1.2 History of propulsion controlled, fixed wing aircraft

At the beginning of the 1990s, NASA started preliminary investigations on propulsion as-
sisted flight and attitude control of commercial aircraft in emergency situations. The reason
for this investigation have been several accidents, where the aircraft hydraulic flight control
system has been lost, but pilots often succeeded to stabilise and rudimentarily control the
damaged aircraft by applying differential thrust [44]. Some pilots even achieved to perform
remarkably precise emergency landings. NASA conducted multiple simulations of aircraft
with deactivated control surfaces to find out, whether experienced test pilots where able to
perform such emergency landings by manually controlling the engines. Most pilots managed
to handle the attitude and flight path control in the air, however the manual landings showed
a very low success rate. One of the reasons for the high failure rate is the slow response of the
aircraft engines and the therefore slow rotational dynamics of the aircraft. As the experiences
proofed, that aircraft can be controlled in a meaningful way by applying differential thrust,
NASA developed and tested a dedicated flight controller with the F/A-18 and the MD-11
aircraft, which allowed the pilot to directly control the lateral and the longitudinal movement
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as well as the bank angle. The pilot commands where then translated into corresponding
thrust commands for the engines. The flight results showed significantly better landing re-
sults, however, the poor transient performance of the engines still led to large oscillations and
a limited aircraft manoeuvrability [45].

Another technology, which utilises the propulsion system for attitude control augmentation
is thrust vector control, which is applied in military fighter aircraft. The concept of this
technology is to deviate the engine thrust vector by deflecting the exit gas flow of the engine.
This is either achieved by pushing deflection panels into the stream or by using a morphing
nozzle, that guides the flow in different directions. With the according lever arm to the
aircraft CG, different moments can be applied. The advantage of this technology is its
independence from the engine thrust response and it increases the manoeuvrability of the
aircraft, especially at low speeds where the flap effectiveness is limited.

1.3 Research targets, applied methods and structure

A rigid body has three translatory Degrees of Freedom (DOF) and three rotatory DOF. By
applying external forces and moments, the body is accelerated, which leads to a change of
its velocity and its kinetic energy. The required time for a velocity increase of a rigid body
depends on the amount of the applied force or moment. A low force or moment requires a
long application time to achieve a certain velocity and vice versa.

Fe u X
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Figure 1.2: Rigid body dynamics

Conventionally, propulsion systems of fixed wing aircraft are utilised to control the translatory
velocity and to compensate the aircraft drag. As the available Thrust to Weight Ratio (TWR)
of fixed wing aircraft is rather low, the translatory acceleration requires a long application
time (e.g. during take-off). In this case, the engine run up time is noticeably faster than the
manoeuvre time and, hence, it has no appreciable impact on the duration of the acceleration.
However, certification stipulates a minimum transient performance, e.g. time zero require-
ments [46], which is achieved without any noticeable impact on engine design. Consequently,
the engines of fixed wing aircraft are optimised for a high efficiency or a minimum mass;
depending on the application. Compared to the translatory movement of fixed wing aircraft,
the rotatory movement is a low energy manoeuvre. Thus, the moments are applied only for
a short time, which makes the rotatory performance sensitive to the dynamic response of the
moment applying device. When differential thrust is utilised for attitude control, the engine
thrust is utilised to apply these moments on the aircraft. In this case, the manoeuvrability
of the aircraft is sensitive to the thrust response time of its propulsion system.
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In rotary wing aircraft, the propulsion system is utilised for vertical as well as rotatory accel-
eration. The required moments to rotate the aircraft are either generated by a variable pitch
control of individual rotor blades (e.g. helicopter) or by generating differential thrust with
multiple rotors (multicopter concept). As the kinetic energy of a rotatory manoeuvre is small
and the performance of the propulsion system is high (the TWR is at least greater than one),
the application interval is short. Thus, the aircraft rotatory acceleration depends significantly
on the engine response time. By using variable pitch control, the aircraft rotatory response
depends mainly on the agility of the blade actuation mechanism. Consequently, using differ-
ential thrust for attitude control implies new requirements on the transient response of the
blade actuation mechanism and the propulsion system.

In order to allow the consideration of the transient response of the engines during preliminary
propulsion system design, this work presents an approach to include the transient response
in the system design process. As the good transient characteristics of electric motors have
been the enabling technology for attitude control of multi rotor vehicles, this work focuses on
electric and hybrid-electric propulsion systems. Furthermore, the sensitivity of the transient
response of electric propulsion systems on component design parameters is analysed to pro-
vide ways to further increase the propulsion system agility and to assess possible trade-offs
against a high efficiency or minimum mass design.

To analyse the transient performance of electric and hybrid-electric propulsion systems, a
framework is developed which allows to generate arbitrary system architectures from individ-
ual component models via predefined interfaces. Moreover, chapter 2 describes the utilised
models to represent the transient and steady-state performance of all involved components.
In a second step, this work investigates the sensitivity of the thrust response on the compo-
nent design parameters in order to identify synergy and trade-off parameters between high
efficiency and fast responding design. As the combination of an electric motor and a pro-
peller represents an isolated mechanical subsystem, chapter 3 investigates the sensitivity of
the dynamic response of this isolated subsystem on the propeller design parameters. This
study includes the analysis of scaling effects on component and on propulsion system level
to derive design considerations for UAV sizing studies. In chapter 4, the peak power capa-
bility of batteries and fuel cells is investigated and the performance is assessed on system
level. Again, the sensitivity of the system response on relevant design parameters as well
as system configurations is analysed. Based on these results, the performance of a hybrid-
electric propulsion system, based on a fuel cell and a supercapacitor, is investigated. Chapter
5 presents two studies on aircraft level. In the first study, the impact of component design
parameters on the agility of a quadcopter is assessed by simulating translatory, rotatory and
combined manoeuvres. The second study investigates the feasibility of yaw control for a
fixed wing aircraft, by utilising differential thrust commands on multiple, electrically driven
propellers, which are distributed along the wing span.

1.4 Literature survey of related research

The modelling and design of hybrid propulsion systems has been extensively investigated
in literature. Especially for automotive applications, a lot of studies have been conducted
on the design, the matching, the operational characteristics and the performance of hybrid
propulsion systems. Most of the studies, which focus on aerospace and UAV applications,
investigate the steady state operating characteristics of the individual components in order
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to perform an optimised system design for a given aircraft and mission. Therefore, the tran-
sient performance is neglected. The studies, which analyse the transient behaviour of hybrid
and electric systems, focus on the prediction of the stability limits of involved components
or simply the characterisation of the component response for further control analysis. No
research work has been found, which relates the transient performance to the system design.
In the following sections, related research work on hybrid propulsion systems for aerospace
applications and the agility of multi-rotor and fixed-wing UAV as well as lateral control of
fixed wing aircraft via distributed propulsion is briefly summarised.

The Institute of Aircraft Design of the Technische Universitiat Miinchen has investigated hy-
brid propulsion systems for small UAVs. Schomann developed a design process for hybrid
propulsion systems and derived models that predict the mass, the dimensions and the effi-
ciency level of the involved components [47]. Furthermore, he compared conventional and
hybrid propulsion systems for multiple reference missions and identified benefits of hybrid
systems in terms of energy consumption and low signature capability [48]. The Australian
Research Centre for Aerospace Automation of Queensland University of Technology has in-
vestigated the design and performance of parallel hybrid propulsion systems for small UAVs.
The analysed propulsion system is based on the combination of a small piston engine and an
electric motor, which drive one propeller via a gear box system. The system hardware was
tested in several wind tunnel experiments and load curve techniques were applied to simulate
the performance of the involved components in Simulink [49-51]. Moreover, the Air Force
Institute of Technology investigates the design, modelling and simulation as well as control
of hybrid propulsion systems for small UAVs, which are based on piston engines [52-55].
Their examinations range from initial architecture comparison over deriving design methods
to prototype flight testing.

The School of Aerospace, Mechanical and Mechatronic Engineering in Sydney is investigat-
ing fuel cell based hybrid-electric propulsion systems for small UAV [56,57]. In their recent
publications, the transient characteristics of the hybrid power plant and the role of the bat-
tery characteristics on the aircraft mission performance are assessed. The Russian Central
Institute of Aviation Motors (CIAM) investigates hybrid-electric gas turbine engines for com-
mercial aircraft, which are powered by fuel cells [58,59]. Besides modelling and simulating
hybrid power plants, CIAM operates small UAVs to test the operation and the performance
of fuel cell systems. The research institution Bauhaus Luftfahrt e.V. is investigating prereq-
uisites and impacts of electric and hybrid electric propulsion on system and aircraft level.
The latest publications present basic analytical studies on hybrid propulsion systems and
advanced concept studies on universally electric and hybrid aircraft [60,61].

The University of Colorado investigated and tested a hybrid propulsion system for the NASA
HELIOS aircraft, which consists of a piston engine and an electric motor. The study iden-
tified an increased efficiency level of 15% compared to conventional propulsion systems with
the same size [62]. Furthermore, the University of Bologna investigated the design of a diesel
engine based, hybrid propulsion system for a medium altitude and long endurance UAV.
The team conducted an aircraft level comparison between the conventional and the hybrid
propulsion system and identified a higher energy specific air range which comes at the price
of one percent reduced range capability [63].

NASA is investigating hybrid-electric propulsion systems within several research projects.
The Greased Lightning GL-10 concept is a tilt-wing UAV, which utilises distributed hybrid-
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electric propulsion to combine Vertical Take-Off and Landing (VTOL) capability and long
endurance during aerodynamic flight [64-66]. The UAV is equipped with 10 propellers (8 on
the wing and 2 on the empennage) which are utilised for yaw control. In 2015, a battery
driven, 50% scale prototype with a wing span of 3.05 m and a take-off weight of 24.9 kg
successfully demonstrated VT OL, transition and aerodynamic flight.

Together with Empirical Systems Aerospace and Joby Aviation, NASA is investigating the
drag reduction potential and safety benefit of distributed electric propulsion in the Leading
Edge Asynchronous Propeller Technology project (LEAPTech) [6,67,68]. The general avia-
tion concept plane is based on a four seat Tecnam P2006T fixed-wing aircraft with a gross
weight of 1360 kg. 18 electrically driven propellers are distributed along the entire wing span
which, according to extensive Computational Fluid Dynamics (CFD) analysis, increase the
dynamic pressure on the wing and therefore allow a downsizing of the wing, which reduces
the wetted area and aircraft drag. A carbon composite wing prototype has been successfully
tested on a truck mount.

The approach of using the engines for flight and attitude control has been picked up again
recently by Boeing and NASA. Simulations of failed rudder scenarios show that emergency
flight control and flight envelope protection can be achieved with differential thrust of a com-
mon commercial aviation aircraft [69-71]. To improve aircraft controllability in emergency
situations, NASA is conducting research studies on integrated resilient aircraft control, which
is an approach to embed the engine controller in the flight controller. The idea behind this
combination is to exploit the engines stability margins in emergency situations and to 'rather
sacrifice the engine, but save the aircraft’ [72]. Moreover, NASA is working on the project
"Fast Response Engine Research’ to improve the engine response time without touching the
engine design. One resulting concept is the high speed idle, where the engine is operated at a
higher rotational speed, which enables shorter engine run up times during approach [73]. No
studies on the performance of lateral or attitude control of fixed wing aircraft with electric
propulsion systems have been found. All studies consider conventional engines and focus on
damaged rudder or low speed scenarios.

Cutler from the Massachusetts Institute of Technology presented the only known study, which
assesses the impact of the propulsion system design on the agility of a quadcopter [74]. In
this study he compares the thrust response and the quadcopter agility with fixed and variable
pitch propellers. He identified a faster thrust response for variable pitch propellers, which
originates from avoiding the motor controller voltage saturation limits in fixed pitch systems.
For aggressive manoeuvres, he identified a higher agility level as well as a better path follow-
ing accuracy. Variable pitch propellers also offer the possibility to increase propeller efficiency
and to easily inverse the thrust vector. Riccardi presented multiple control approaches for
variable pitch quadcopters, however, he focused on maximising propeller efficiency rather
than maximising agility [75]. Pretorius developed a low inertia quadcopter, which is intended
to enable highly-agile manoeuvres. However, he did neither present his design methods for
the structural layout nor did he present a comparative assessment against other designs. Fur-
thermore, no flight tests have been made with this design [76].

The Institute for Dynamic Systems and Control of the ETH Ziirich constructed the Flying
Machine Arena, which is a 10 m cube, equipped with a high precision motion capture system
and a wireless communication network. This Flying Machine Arena is utilised to investigate
adaptive high-performance and high-precision manoeuvres, cooperative tasks with multiple
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vehicles and multiple control strategies for quadcopters [77-81]. Many studies examine the
agility and high performance capability of quadcopters, however, the focus of these studies
are new control algorithms. The impact of hardware design on the quadcopter agility is not
investigated.

As prices for small quadcopter platforms are relatively small, many research institutions in-
vestigate the design and control of these platforms. Stepaniak from the Air Force Institute of
Technology presented a design study of a scaled quadcopter with a take-off mass of roughly
12 kg for testing of navigation sensors [82]. He presents a set of models to predict the dy-
namics of the involved electric propulsion system components and included these dynamics
in the quadcopter dynamics. The flight controller is developed from a simple feed back con-
trol architecture and the according gains are adjusted in order to achieve a satisfactory step
response. Pounds from the Australian National University developed a large quadcopter to
calibrate structural models and to investigate the quadcopter and motor-rotor dynamics [83].
He identified a minimum rise time of the isolated motor-rotor system, which is required for
adequate quadcopter control. Moreover, an efficient aeroelastic propeller design was identified
as one of the key challenges to build such a large quadcopter. All residual examined stud-
ies on transient quadcopter performance did neither consider the dynamics of the propulsion
system, nor did they include the propulsion system design parameters in the vehicle dynamics.



2 Modelling of Propulsion System
Components

In this chapter the component modelling of electric and hybrid-electric propulsion systems is
presented. The scope of the individual models targets a preliminary prediction of the com-
ponent performance at steady state and transient operation, as well as an estimation of the
component dimensions and mass. The models are developed to predict the performance and
the dimensions of the involved components with a power level up to 100 kW. Therefore, the
models are suitable to simulate propulsion systems of small to medium UAVs and general
aviation aircraft.

The composition of electric and hybrid-electric propulsion systems can be divided in two
subsystems. The propulsor subsystem consists of a propeller, an optional gear box and an
electric motor with a controller. The propulsion system can contain multiple of these me-
chanic subsystems and they can be distributed within the aircraft. The energy subsystem
consists of the electric energy carriers, such as fuel cells, batteries and supercapacitors. By
combining two different energy carriers, a hybrid propulsion system is formed. The propulsion
system has at least one energy subsystem that provides the required power and energy of all
propulsor subsystems. The interface between both subsystems are Power Management And
Distribution (PMAD) devices, which distribute the power to all propulsor subsystems via
Direct Current (DC) bus systems and control the power share of hybrid energy carriers. This
setup represents the most simple and basic architecture which is investigated in this study.
To fulfil particular redundancy or operational requirements, this architecture can be extended
accordingly to more complex architectures. However, this goes beyond the scope of this thesis.

An architecture framework concept is introduced to simplify the synthesis and the assessment
of arbitrary propulsion systems. This framework defines multiple interfaces, which allow to
link two components that have the same interface. The interface is utilised to exchange
information on the power and energy flow as well as information on the operating state of
the component. The following chapters describe the architecture framework as well as the
modelling of the involved components.

2.1 Architecture Framework Mapping

As previously described, the propulsor subsystem consists of a propeller, an optional gear box
and an electric motor with a controller. Multiple of these propulsor subsystems are integrated
in the aircraft structure and produce thrust to accelerate the aircraft. The motor controller
represents the interface to the DC power bus and transforms the DC power to AC power,
according to the operational state of the motor. The motor then transforms the AC power
to mechanical power, which is transformed afterwards by an optional gearbox system. The
gearbox enables to operate the motor and the propeller at different rotational speeds. The
propeller finally converts the mechanic power into propulsive power. The electric power is
distributed by the PMAD devices to all mechanical subsystems. The PMAD devices are con-
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nected to the power converters, the motor controllers, to switches and converters, which are
required to attain a certain redundancy level and to control mixed Alternating Current (AC)-
DC bus systems [84,85]. Moreover, the PMAD devices control the bus voltage levels and the
power flow. For single bus systems with low redundancy requirements, the PMAD devices are
omitted and their functionality is transferred to the related DC-DC converters of the energy
carriers and the motor controllers. The energy subsystems contain a fuel cell or a battery as
a primary energy carrier. To form a hybrid system, a secondary energy carrier can be added
to the energy system. Secondary energy carriers are batteries and supercapacitors. As each
energy carrier has a certain current loading characteristic, a power converter is added, which
conditions the electric power of the energy carrier according to the specifications of the DC
power bus.

Figure 2.1 shows the basic propulsion system architecture, which includes all considered
components. The upper row shows the propulsor subsystem, the lower row shows the energy
subsystem and one single PMAD device. The propeller, the gearbox and the electric motor
provide shaft interfaces, that contain information on the rotational speed, the torque and
the power flow of the component. By linking the shaft interfaces of the propeller and the
motor, a directly driven propeller can be simulated. The electric motor and the controller
are connected via an AC interface. The motor controller is supplied from the DC bus via a
DC interface. All energy carriers as well as all power converters deliver DC power and are
therefore connected with DC interfaces.

[ Propeller Planetary gearbox Electric motor Motor controller

shaft

Propulsor subsystem
1

[ [ Fuel cell stack DC-DC converter

DC-DC converter

DC | | | | DC

Energy subsystem
A

Supercapacitor DC-DC converter

Figure 2.1: Architecture framework layout
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2.2 Propeller

A propeller converts mechanical power into a thrust force by rotating multiple blades in a
fluid. Propellers consist of multiple blades, that are mounted on a central hub. The rota-
tional movement of the propeller blades creates a pressure increase along the flow, which the
fluid converts into a velocity increase. The acceleration of the fluid mass flow creates a force,
which is denominated as the thrust of the propeller.

To describe the performance of a propeller, Betz, Glauert and Theodorsen have published
baseline theories in the early 20th century. Betz identified the condition for minimum in-
duced losses for screw propellers in 1919 together with Glauert [86]. Glauert published his
work on airplane propellers in 1935, where he used a combination of axial momentum theory
and blade element theory to predict the performance of an airplane propeller [87]. However,
their work was based on the assumption of low propeller loading, small angle approximations
and radial flow effects were neglected. Theodorsen showed in 1948, that Betz’s condition
for minimum induced loss propellers as well as the work of Goldstein [88], who derived an
optimum circulation function, are also valid for medium loaded propellers. Based on this
work, Larrabee published a procedure for minimum induced loss propeller design in which
he included a correction for radial flow effects. As his work was still based on a low loading
assumption, Adkins and Liebeck published a corrected design procedure for moderate pro-
peller loadings in 1994 [89].

The axial momentum theory, introduced by Rankine, George and Froude, consists of a 1D
balance of the flow velocity and pressure along the flow stream. The propeller itself is con-
sidered as a disk within the flow stream that causes a pressure increase in the flow. Although
this modelling approach is very simple and does not consider any information on the propeller
except for its diameter, it can be used to predict an upper limit for the propeller efficiency
and the velocity increase in the downstream wake of the propeller. The ideal efficiency, that is
derived from this theory and shown in Equation (2.1), is a basic formulation of the propulsive
efficiency of the propeller, which only considers the acceleration of the stream tube flow. At
static conditions, a figure of merit can be derived which relates the mechanic power to the
thrust of the propeller [90].

1
0.5 + \/0.25 + B

Thdeal = (2.1)
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As the axial momentum theory neglects a lot of loss mechanisms and just considers the pro-
peller diameter, it is not suitable for an accurate performance prediction. In combination with
the blade element theory, which has been presented by Froude and Taylor, and a correction
for radial flow effects, the performance prediction can be improved [89]. The approach of the
blade element theory is to split the propeller blade into multiple elements from hub to tip (as
can be seen in Figure 2.2). The flow conditions at each element are calculated from the pro-
peller rotation, the ambient air conditions and the induced flow angle. With 2D aerodynamic
data of the local airfoil, the lift and drag forces are determined for each blade element. To
obtain the propeller thrust and torque, the contribution of all elements is determined with
the local blade twist angle and the lift and drag forces. Each blade element is considered
independently from its neighbour elements, which impedes the consideration of radial flow
effects. To consider those effects at the blade tip, a loss factor is implemented, which reduces
the circulation distribution at the blade tip to zero [91]. The geometric information which is
required for this theory is the local chord length ¢, the local twist angle ¢, the blade number

11
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Nplades and the propeller diameter. With the design procedure from Adkins and Liebeck,
these geometrical parameters are derived from a minimum induced loss design [89].

propeller blade elements

or &

chord length

Ttip element width

Figure 2.2: Propeller blade element theory

The blade element theory provides good geometrical information of the propeller and requires
only low computational effort. The fidelity of the theory is considered adequate for pre-design
studies and basic performance estimations. Moreover, the theory can easily be extended to
calculate variable pitch propellers, by adding a constant variable pitch angle to all blade
elements. Thus, the here proposed model is based on the blade element theory. For detailed
design purposes, more complex and computationally more expensive CFD methods can be
applied.

The work from Adkins [89] provides an iterative algorithm to calculate the chord length and
twist angle distribution for an arbitrary propeller design point. This design point is defined
by a thrust or power requirement as well as the environmental conditions, such as the air
density and the free stream velocity. Moreover, the diameter, the blade number and the
rotational speed of the propeller are required design parameters. The rotational speed is cal-
culated from a design tip speed and the propeller diameter. The air density and temperature
are determined from a flight altitude and the standard atmosphere model [92]. In the first
step of the design algorithm, the displacement velocity ratio ( is iteratively calculated with
equations (2.2) to (2.6). Therefore, the twist angle of each blade element can be calculated
according to equation (2.2), where ¢ is the non dimensional radial position of each element
[89].

= arctan | 2 (1+3)] (22

With the twist angle, the circulation distribution along the blade can be calculated with
equation (2.3), which includes the tip loss factor for radial flow effects according to Prandtl
[89].
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Equation (2.4) and (2.5) provide radial derivatives that are integrated along the non dimen-
sional radius from hub to tip. With the integrated values I; and I, a new value for ¢ can be
estimated for the next iteration.
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When initialising ¢ with zero, the algorithm converges quickly after a few iterations.
The iterative part of the algorithm can be reduced to the calculation of ( if the airfoil coeffi-
cients are only available with respect to the angle of attack. When the coefficient sensitivity
on Reynolds number is available, the iterative part has to be extended with equations (2.7)
and (2.8), in order to consider the Reynolds number effects. With the final value for the dis-

placement velocity ratio, the absolute flow velocity at each blade element can be calculated
according to equation (2.7).

(1 4§ cos2(¢) (1—e- tan(¢))
=v- 2.
w=v sin(0) 27)
Finally, the chord length distribution can be calculated with the lift coefficient C; at the
lowest drag-to-lift ratio of the airfoil according to equation (2.8).

402 T-C
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With the resulting chord length, the propeller mass and inertia are estimated. Therefore, each
blade element is approximated by a cuboid. For the cuboid thickness, an average thickness is
assumed which results in the same cross sectional area as the airfoil. Adkins and Liebeck use
the NACA 4415 profile, whose cross sectional area is determined to 0.103 times the square
of its chord length. By assuming a homogeneous material density for all blade elements, the
mass and the inertia of the blades can be estimated. The propeller hub is considered as a
disk with a diameter-to-thickness ratio of 2 which is made from the same material as the
blades. By summing up the mass and inertia of all blade elements and the hub disk, the
mass and the inertia of the propeller can be estimated. Therefore, the parallel axis theorem
(Steinerscher Satz) has to be considered.

For the validation of the design algorithm, Figure 2.3 shows a comparison of the calculated
geometry to the results of the software JavaProp [93] and measurements from the Depart-
ment of Aerospace Engineering at the University Illinois on 'Thin Electric’ series from APC
Propellers [94]. The abscissa shows the non dimensional propeller radius from hub to tip.
The ordinate of the left figure shows the blade twist angle and the ordinate of the right figure
shows the relative chord length. Close to the hub, the calculated chord length and the twist
angle of the model and JavaProp differ from the measurement, which is due to the mechanical
requirements of the blade mount. A mass calibration has shown that with a material density
of 2000 %, the model results are in good agreement with manufacturer data on the APC
"Thin Electric’ propellers [95].

To calculate the propeller performance at arbitrary environmental conditions and at different
rotational speeds, an algorithm from Phillips is applied [91]. Adkins also provides an off-
design algorithm, however, it is not suitable for static conditions. The algorithm from Phillips
requires the rotational speed, the free stream velocity and the ambient air conditions. With
these parameters, the induced flow angle (.4 is iteratively solved for every blade element

13



Chapter 2. Modelling of Propulsion System Components

= T T T T F=

@ 80 E <))

5, O APCTE 19x12 S

o 60 Model ;

? — — — JavaProp 5

< 401 E

(]

T 2F 1 Q

3 b 2

o g . . . . % 01 . . . .

0 0.2 0.4 0.6 0.8 1 x 0 0.2 0.4 0.6 0.8 1
Relative radius [-] Relative radius [-]

Figure 2.3: Propeller design validation

with equation (2.9) to (2.11). Tests with different solver methods have shown, that Newton’s
method quickly solves the problem with low computational effort. For the first iteration, the
design value of the induced flow angle can be used in order to obtain a quick convergence
of the algorithm. The flow angle that results from the rotation of the propeller and the free
stream velocity is calculated with equation (2.9).

Boo = arctan < z > (2.9)
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In the next step, the angle of attack is calculated by subtracting both flow angles from the
blade twist angle. The scalar ¢ represents the variable pitch angle, which describes the rota-
tion of the blade around its axis and is an input parameter for variable pitch propellers. For
transient simulations, the variable pitch mechanism requires a servo motor and a controller
to control the thrust of the propeller. A detailed description of the variable pitch control
system is given later in chapter 3.3, where the motor-rotor performance is analysed.

o =9+ ¢o — oo — Pind (2.10)

The angle of attack is required to determine the lift and drag coefficients for each blade
element from 2D airfoil data. Finally, Equation (2.11) is utilised to calculate the error for
the current induced flow angle.
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When the induced flow angle is solved, the thrust and power coefficients of the propeller can
be calculated by integrating the contributions of all aerodynamic forces from hub to tip.
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(2.13)
The thrust and the required mechanical power of the propeller can be calculated with both
coefficients according to the next two equations [96].

Fi=Cp- (%)2 - (2r)* (2.14)
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w\3 5
Prech = C’p P (27) : (27") (215)
0
This algorithm calculates the thrust and the power for a given rotational speed, a given vari-
able pitch angle and given environmental conditions. As these input parameters correspond
to the available data for transient simulations, this algorithm is implemented in the Simulink
model. For steady state calculations, the thrust or power level is the input parameter, which
means that the algorithm is executed iteratively. To calculate the performance of fixed pitch
propellers at a required thrust or power level, the rotational speed is solved iteratively. For
constant speed propellers, the variable pitch angle ¢q is iterated to calculate the performance
at a required thrust or power level. Again, Newton’s method shows a quick convergence and
superior speed. In a last step, the advance ratio J and the efficiency of the propeller can be
determined with the equations (2.16) and (2.17).

Cy
=J- 2.1
n=J c, (2.17)

To provide a sanity check for the results, the tip speed should not exceed 250 m/s to ensure
the mechanical integrity of the propeller. This value has been determined as a meaningful
limit from red line speed data from Hoffmann Propellers [97].

To verify the off design performance calculation, Figure 2.4 shows a comparison of the model
results to results from JavaProp. The abscissa shows the advance ratio of the propeller and
the ordinate shows the thrust coefficient, the power coefficient and the propeller efficiency.
The comparison shows that the model results are in good agreement with the performance
calculation of JavaProp. The differences in the coefficients arise from visual read-out of the
2D aerodynamic data from JavaProp, which was required for the comparison. Moreover
JavaProp uses profile interpolation between four blade sections, which is not considered in
the propeller model. A comparison with the APC propellers is not reasonable as geometric
shape data is not available and the utilised airfoil is unknown.
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Figure 2.4: Propeller performance validation
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A parametric study on the number of blade elements has shown that with 100 elements per
blade, the error of the performance results is less than 0.01% compared to 500 elements. The
errors on propeller mass and inertia are 0.1% and 0.2% respectively. Thus, a discretisation
with 100 elements is considered to be a good trade-off between a sufficiently high accuracy
and computational effort.

The accuracy of the model is limited by the quality and validity of the 2D aerodynamic
coeflicients as well as assumptions like having a constant airfoil profile along the blade and a
homogeneous material density. Propellers have a different airfoil profile along the blade. At
the hub mount, the cross section is almost circular. Hence, an interpolation between several
blade sections and a huge data base of the corresponding coefficients would be required in
order to model this effect more accurately. Moreover, an airfoil coefficient database that
reflects the sensitivity on angle of attack, Reynolds and Mach number would increase the
model accuracy. If no correlation to Mach number is available, it is reasonable to keep the
helical Mach number of the blade tip below 0.8, because in excess of this speed, transonic
flow regions form on the upper surface of the blade, resulting in a significant deviation of
both airfoil coefficients and a lower efficiency [90].

2.3 Gear System

Gear systems are used to transmit mechanical power between two components by transform-
ing torque and speed levels. In the case of an UAV, gear systems can be applied to transform
the mechanic power of the propeller from high torque and low speed to high speed and low
torque level for a gas turbine engine, a piston engine or an electric motor. Especially, the
matching of propellers and gas turbine engines requires reduction gearboxes, as the oper-
ational speeds of both components differ significantly. For piston engines, a transmission
system can be beneficial for a propeller matching in order to exploit the engines maximum
torque capacity, which requires a certain operating speed. Furthermore, as piston engines
and electric motors scale with the required torque, the mass and losses of added gearbox
systems can be less penalizing for the system mass than the weight of a high torque engine
or motor.

A gearbox system for aircraft applications should feature high power and torque densities
and be able to modulate at the required rotational speeds of both components. Moreover,
the gear system should provide a high efficiency level and have a high reliability. In order
to compare different gear types, Looman calculated the force and power density of wheel
gears, chain gears, friction gears, belt gears, hydrostatic and hydrodynamic gear systems for
equivalent loading conditions [7]. Table 2.1 shows the resulting values for form-locked gear
systems, normalized to the wheel gear system. Wheel gears show the highest power density,
can operate at high rotational speeds and provide a high reliability, making them the most
suitable gear system for aircraft application. For low speed operation and for a connection
of multiple shafts, the chain gear is a reasonable competitor for wheel gear systems.

Depending on the installation of the propeller and the relative position to the driving ma-
chine, different types of wheel gearbox systems may be applied. Spur gears require parallel
shafts with certain shaft offset, while bevel gears imply a certain shaft angle and planetary
gears provide a transmission between parallel shafts without offset. Compared to the other
wheel gear systems, planetary gear systems show the highest efficiency, the highest force and
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2.3. Gear System

wheel gear chain gear friction gear belt gear
Force density 100% 98% 6% 20%
Power density 100% 37% 2% ™%

Table 2.1: Relative force and power densities of mechanical gear systems (adopted from [7])

power density and the smallest volume for high gear ratios [7,98]. Therefore, planetary gear-
box systems are considered as the most suitable gear type for aircraft applications.

Figure 2.5 shows the set-up of planetary gears. In the center of the gearbox is the sun wheel,
which is the first shaft of the gearbox. The sun wheel is surrounded by multiple planet wheels,
mounted on the planet carrier, which is the second shaft. The third shaft is the ring wheel
which encircles the planet wheels. In most cases, the planetary gear is operated with one
non-rotating shaft, which is connected to the outer structure. However, operation with three
rotating spools is possible. Operating the planetary gear with a fixed sun wheel limits the
maximum gear ratio to two and implies high mechanical stress, if the sun wheel supports the
gearbox forces.

sun wheel

planet carrier

Figure 2.5: Planetary gear system composition

A key parameter of the planetary gear is its Fixed Carrier Train Ratio (FCTR), which
describes the speed ratio of the sun wheel to the ring wheel with a non-rotating planet
carrier. The FCTR can be calculated using the Willis equation (2.18) which describes the
kinematic condition of all three gear shafts (adopted from [99]).

FCTR = -sun — Wearr (2.18)

Wring — Wearr

In the Willis equation, the direction of rotation has to be considered with an appropriate sign.
When the carrier is fixed, the sun shaft and the ring shaft rotate in the opposite direction.
Moreover, when the size of the planets is reduced towards zero, the gear ratio attains a
theoretical lower limit of one. Hence, the FCTR is smaller than -1. When the wheels are
considered as cylinders with the corresponding pitch diameters, the FCTR approximates the
maximum number of planets that fit into the gear according to equation (2.19).
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In order to derive a correlation for the gearbox mass, Ricci derived rated parameters for
planetary gear systems and examined the data of available gearboxes [2]. He derived a power
function correlation for the mass-to-ring-torque ratio over the rated ring-torque for gearboxes
up to six tons. To prove the validity of his correlation for smaller gearboxes from 1 to 100
Nm, the data of planetary gears from Reisenauer Prézisionsantriebe [100], ebm-papst Zeitlauf
[101], Tramec Getriebe [102], AHS Antriebstechnik [103] and Wittenstein alpha [104] were
added to the graph and shown in Figure 2.6.
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Figure 2.6: Planetary gear mass correlation (extended from [2])

The application of Ricci’s correlation to the collected small gearbox data showed that the
mass was significantly underestimated. To improve the accuracy for small planetary gear
systems, a new correlation is derived, that includes the data from Zeitlauf, TRAMEC and
AHS. The resulting correlation is plotted in Figure 2.6 and given in equation (2.20). Neither
the study from Ricci nor the data survey has shown a systematic impact of the FCTR on the
gearbox mass. A weak trend, that gearboxes with FCTRs from four to six have higher torque
ratings than gearboxes with lower and higher FCTRs can be observed and explained with
the diameter relations of the sun and planet wheels, however the data of the manufacturers
is too scattered to derive a meaningful correlation. For FCTRs lower than four, the planet
wheel diameter decreases significantly, resulting in lower torque rating and for FCTR higher
than six, the decreasing sun wheel diameter limits the torque rating.

=0.1127-Q;%*8  R?2=091 (2.20)

ring

ring

To derive a correlation for the gearbox volume, the volume-to-ring-torque is plotted over the
rated ring-torque in Figure 2.7. All examined gear systems show a length-to-diameter ratio
close to unity. Hence, a constant length-to-diameter ratio of one is utilized to determine the
gear diameter and length from the correlated volume. The identified volume correlation is
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shown in equation (2.21).
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Figure 2.7: Planetary gear volume correlation
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ring

To estimate the efficiency of the gear stage for different loadings, the method from Witten-
stein alpha is applied [104]. This method uses a constant fiction torque, which is derived
from a 97% efficiency at rated load operation, and subtracted from the sun wheel.

For a dynamic simulation of the planetary gearbox, the inertia of the wheels must be known.
In order to estimate this inertia, the pitch circle of the ring wheel is assumed to be 85% of
the external gearbox diameter. With this assumption and the FCTR, the pitch diameters of
all wheels can be calculated. The width of all wheels is determined from a width-to-diameter
ratio of 1.1 of the bevel wheel, which can either be the sun or the planet wheel [105]. The
inertia of the wheels is then calculated with a cylinder approximation and an average material
density for steel. Finally, the inertia of the wheels is calibrated to the information given from
Tramec Getriebe [102]. Furthermore, a kinematic condition is included in order to calculate
the rotational speed of the planets [106].

Wplanet = Wearr + : (Wsun - Wcarr) (222)

k+1

The equation of motion for the gearbox is obtained with the Lagrangian mechanics. The
Euler-Lagrange equation subtracts the potential energy of a system from its kinetic energy.
For the planetary gear stage, the potential energy is neglected, so the Lagrangian function is
given by equation (2.23).

2 2 w2
Jsun - Wsun Jearr Wearr erg wring

L= + +
2 2 2 (2.23)

2 2 . - w?
Nplanets * Mplanet * dcarr * Wearr + Nplanets Jplanet Whlanet

4 2
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It is important to consider the supplementary inertia of externally connected components in
this equation, not only the inertia of the wheel itself. The equation is then derived according
to the generalized coordinates of the gearbox to obtain the equation of motion. With one
shaft being fixed, the gearbox has one single degree of freedom. For a non-rotating planet
carrier, the Euler-Lagrange equation of the planetary gear can be solved for the acceleration
of the sun shaft, which is given by equation (2.24).

dWsun _ Qsun + Qr;ng (2 24)
- Jrin 4-N, ane s'J ane )
ot Joun + g8 (e

For a non-rotating ring wheel, the acceleration of the planet carrier is given by equation
(2.25). The shaft speed is obtained by integrating the shaft acceleration.

&ucarr Qcarr + 61921,2
o S (2.25)
J. 2 1—
Jearr + (1?2))2 Nplanets * Mplanet * rplanet + Nplanets : Jplanet <1+§>

When no gear is used, the acceleration of the shaft is described by Newton’s second law for
rotational systems, which is given in equation (2.26).

57(") — Qmot - Qprop (226)

ot Jmot + Jprop

2.4 Electric Motor

An electric machine transforms electric power into mechanical power and vice versa. There
are many machine types with different operating characteristics, however, all electric machines
utilise the Lorentz force that is exerted on charged particles as they are moved through elec-
tromagnetic fields. Rotatory electric machines consist of a stator and a rotor, whereas one
component carries multiple conductors and the other component creates a (electro-)magnetic
field. In motor mode, a current flow is sent through the conductors in a defined way, which
creates the torque of the electric machine. In generator mode, a torque and an electromag-
netic field are applied to the machine, which induces a current flow in the conductor.

The application of an electric motor in a UAV imposes a number of requirements, which
include low component mass and dimensions, high efficiency, operability in medium altitude
and high reliability. To compare the most common machine types, Finken et al. conducted a
pre-design study of a DC motor, an Induction Motor (IM), a Permanent Magnet Synchronous
Motor (PMSM) and a Switched Reluctance Motor (SRM) for equal mechanical requirements
[3]. The results show, that the PMSM has the highest peak efficiency and the highest power
density. This is supported by the results presented in [107-110].

In order to compare the motor types and discuss their advantages for electric aircraft, the op-
erational characteristics of electric motors are visualised in Figure 2.8. For rotational speeds
below the rated speed, the motor operation is limited by a maximum continuous torque,
which results from thermal limits in the stator coils. At rated speed, the motor controller
delivers its maximum output voltage and the motor delivers its maximum power. To fur-
ther increase the speed, field weakening is applied, which reduces the rotor field intensity
and keeps the rotor induced voltage at a constant level. Therefore, controller of the electric
machine utilised the stator field to weaken the rotor field, which results in a torque reduction
with higher speed. Hence, from the rated speed on, the motor works in a constant power
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operation. Figure 2.8 shows the results of the study from Finken et al.

4 short peak power_|

Torque

I, Propeller operating line

|

/ i Design point

max. cont. power

Max torque Field weakening Speed -

Figure 2.8: Efficiency map comparison of different motor types (adapted from [3])

For fixed pitch propellers, the propeller torque increases with the square of its rotational
speed, when the ambient air conditions and flight speed do not change. Hence, the operating
line of the propeller is a parabola in the motor efficiency map. To match propeller and motor,
it is meaningful to design the most demanding propeller operation point to the rated point of
the motor in order to exploit the motor’s maximum torque capability and avoid over sizing.
The 85% efficiency lines of the three motor types in Figure 2.8 show, that the PMSM is the
most suitable type to drive a propeller because it provides the highest efficiency along the
propeller operation line.

As the motor is operated at higher altitudes it must be ensured, that the continuous power
limit is adapted according to the cooling capacity at lower air density. Therefore the speci-
fications of B&R Automation [111], Baumiiller Nirnberg [112], Kollmorgen [113] and Bosch
Rexroth [114] have been analysed. The specification of B&R Automation represents an av-
erage performance rating and indicates a 10% torque reduction every 1000 m, starting from
1000 m above sea level.

Determining the motor efficiency at rated power is a complex process and requires detailed
information on motor geometry and utilised materials. To simplify this process, the motor
efficiency is estimated based on the rated mechanical power and efficiency class definitions.
Figure 2.9 shows the definition of the four efficiency classes IE1-4 from the IEC 60034-31 [115]
standard as well as empiric data of induction motors [116] and permanent magnet motors
[117]. For this model, the TE4 class is used, which presents a realistic goal for permanent
magnet motors [118].

Beside the rated torque and speed, the bus voltage of the motor controller is a third design
parameter. The motor controller architecture is considered as a B6 inverter with six Insulated
Gate Bipolar Transistor (IGBT) switches and anti parallel diodes as shown in Figure 2.10.
The rms line to line voltage of this inverter can be calculated by its control law in equation
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Figure 2.9: Design efficiencies of electric motors

(2.27)(adapted from [119]). The control angle v is usually limited to 150 deg [119]. With a
given voltage Upc and an assumed motor power factor of 0.9, the motor voltage and current
at rated power can be calculated. For a performance estimation, the switching and conduct-
ing losses of the inverter components are modelled with characteristics from the respective
data sheet [120]. The B6 inverter architecture is implemented and the model results are cal-
ibrated to the simulation tool SEMISEL from SEMIKRON International [121]. This model
neglects the thermal management and assumes that the IGBT modules and diodes operate
within their certified temperature range. To estimate the mass of the motor controller, an
empirical data fit from Schomann is applied [47]. He identified a constant specific power for
motor controllers up to 12 kW of 27 %.

[

Upc | i Motor 7'('
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Figure 2.10: Motor controller architecture

To estimate additional motor parameters, which are required for transient simulation, an
equivalent circuit is used according to [4]. The equivalent circuit, as it is shown in Figure
2.11, is obtained from a direct-quadratic-zero (dq0) transformation of the three phase elec-
tric system. For PMSM, the dq0 transformation is a mathematical transformation of the
electric three-phase system of the stator into the rotating frame of the rotor. The benefit
of this transformation is the reduction of three linearly dependent AC parameters into two
linearly independent DC parameters, which significantly reduces the analysis of three phase
systems. The direct axis is parallel to the magnetic field of the rotor and the quadratic axis
is perpendicular to the direct axis. By making up the balance of all direct and quadratic
components of the circuit elements, the equivalent circuit from Figure 2.11 is obtained. The
left circuit contains the terms for the direct axis and the left circuit represents the quadratic

22



2.4. Electric Motor

axis. The resistance, Ry, and the inductance, L;/q, represent the stator coils. U and I denote
the motor input voltage and current level. The voltage sources in the circuit represent the
induced voltages from the rotational speed of the rotor. This equivalent circuit considers
only the ohmic losses and neglects hysteresis losses in the iron and friction losses. Thus, the
equivalent circuit predicts power factors of roughly 0.95 at rated performance, which is too
high. As a meaningful assumption, a power factor of 0.9 at rated performance is assumed for
all motor designs [5].

Figure 2.11: Equivalent circuit of a PMSM (adopted from [4])

By applying Kirchhoff’s circuit laws on the two equivalent circuits from Figure 2.11, the
equations (2.28) and (2.29) can be derived, which describe the time derivative of the magnetic
flux v in the respective direction of the dq0-frame.

014

W:Ud_Rl'Id+w'Npp'¢q (2.28)
5
%:Uq_Rl.[q_w-Npp-wd (2.29)

Equations (2.30) and (2.31) balance the magnetic flux components in the dq0-frame. The
magnetic flux of the stator coils is simply calculated from the according current term. As
the direct axis is oriented along the magnetic flux of the rotor, the permanent magnet flux is
only accounted for on the direct magnetic flux.

Ya = Ypm + La - Lg (2.30)

Vg =Lq- Iy (2.31)

Finally, the torque of the electric motor can be calculated with equation (2.32).

Q= % + Npp - [pm - Lq + (La = Lg) - 1a - I (2.32)

With these equations, a given rated torque and speed, a given pole pair number N,, and
further assumptions on the motor architecture and the control law, the inductances Ly and
L, as well as the magnetic flux of the permanent magnet ¢py can be calculated. The first
assumption is that the motor reluctance is zero, which results in the condition that L, =
Lg. An optimized PMSM will show a certain reluctance, as this provides a higher torque
and a better efficiency [122]. The second assumption is, that the motor is controlled with
the maximum-torque-per-ampere law up to its rated speed [123]. This assumption requires
the direct current to be zero I; = 0. By applying a negative direct current, the magnetic
field of the permanent magnet can be weakened according to equation (2.30). This reduces
the induced voltage in the direct axis and allows to further increase the rotational speed of
the machine without exceeding the maximum output voltage of the converter. The ohmic
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losses of the electric machine can be estimated from a breakdown of typical motor losses from
[116] and the according equivalent stator resistance can be derived. Afterwards, the motor
inductance as well as the motor voltage can be calculated. The apparent power of the motor
is utilised for estimating the motor dimensions. According to [5], the apparent power, Py,
of an electric motor is a function of the Esson factor, C, the air gap diameter, dairgap, the
active rotor length, l,.¢, as well as the rotational speed, n.

Papp =C- dzirgap “lact - (2.33)
Figure 2.12 shows the Esson factor of produced PMSM as a function of their apparent power
and their pole pair number. The marked areas on the right show typical values for the
Esson factor of air cooled and water cooled electric machines with the according pole pair
number. The dots on the left show calculated Esson factors of the Plettenberg Predator
Series motors[124], which have a rated mechanical power of up to 20 kW and are utilised for
large RC aircraft. The Esson factors of the Plettenberg motors are used for a correlation,
which is applied in this model.
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Figure 2.12: Esson factor of PMSM (adapted from [5])

The pole dispartment A is another design parameter of the electric motor. For a constant
pole pair number, it is proportional to the relation between the active length and the air
gap diameter of the motor. Empiric values for A are given between 0.7 and 2.5 (max.5) [5].
Including A in equation (2.33), the air gap diameter, dajrgap, of the motor can be calculated

with equation (2.34).
2N, -P
ey (239

For a pole dispartment of 3, the resulting rotor has a length-to-diameter ratio up to 2, which
is favourable for a low rotor inertia design. To estimate the outer stator diameter, d;, some
empiric values for the magnetic field intensities, the current density in the stator coil and the
filling factors are used from [5].

2.5 1211 - dairgap : Bairgap

= + =
Ji- Fnotch (1 - B%dirgap) 2- NPP ’ Byoke

Btooth

dl = dairgap + (235)

To estimate the mass of an electric motor, Schomann analysed a database of small motors and
found an average density of roughly 3500 % for inrunner motors [47]. A database analysis of
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industrial motors has shown that the density of 3400 % is still accurate (R?=0.98) for many
motors up to 300 kW, which is shown in Figure 2.13. Hence, the mass of the electric motor is
estimated by using the outer stator diameter and the active rotor length of the motor multi-
plied with a calibration factor. The rotor inertia is estimated with the same average density,
the air gap diameter and the active length of the motor. The calibration of this model has
shown, that a motor length of 1.21 times the active length and an outer diameter of 1.05
times the stator diameter result is a good agreement with manufacturer data on motor mass
and rotor inertia [111-113].
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Figure 2.13: PMSM average motor density

To estimate the off design performance of the electric motor and its controller, a generic
efficiency map of a PMSM is used [110]. According to methods from Lukic and Emado
[125] and Petersheim [126], this map is scaled to the rated point and rated efficiency of
the scaled motor. For a given torque and speed, the motor efficiency can be read from the
scaled map and the motor voltage and current can be calculated. The voltage and current
level are used to calculate the efficiency of the controller. Figure 2.14 shows the efficiency
map of the motor, as it was taken from [110]. The dashed lines show the maximum con-
tinuous performance for operating altitudes up to 5000 m. Moreover the Figure shows the
efficiency of a simulated motor controller with a bus voltage of 200 V. The efficiency of the
motor controller is particularly sensitive to the bus voltage level. When the voltage level is
reduced and motor current is increased to maintain the same power level (e.g. remote con-
trolled air plane motors), efficiency drops significantly. The characteristics of the controller
efficiency map are in good agreement with the map of the Toyota Prius motor controller [127].

For short time manoeuvres, the electric motor torque can be increased over the continuous
limit. The upper torque limit of synchronous machines is the stall torque, which occurs at
the maximum angular displacement between the stator and the rotor. Figure 2.15 shows
the stall torque over the rated torque of the analysed industrial motors from the database.
As this data is retrieved from industrial motors, a conservative stall torque ratio of 1.5 to
4 is assumed for aircraft electric motors. Based on their experience with electric motors,
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NASA assumes, that electric motors for aircraft applications can deliver twice the maximum

continuous torque for short time manoeuvres [64].
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Figure 2.15: PMSM stall torque
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The control of the electric motor is implemented in two cascading control loops. The inner
loop represents the current controller which is implemented in a simple integrator controller
which is fed with a normalised error signal. The outer loop controls the rotational speed of
the motor. This controller is implemented in a PI controller, which is fed with the normalised
speed. The controller output is scaled with the rated torque of the motor. This normalisa-
tion decouples the control parameter from the motor scaling, so that the optimum control

parameters can be utilised for all motor designs.
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2.5 Buck Boost Converter

DC-DC converters are used to moderate between different voltage levels of two DC compo-
nents. There are numerous types of DC-DC converters which on a first level can be divided
into passive converters and converters with active switching. Passive converters have the
drawback that their transmission ratio is dependent on the load state of the connected com-
ponents and have no relevance any more in today’s applications [119], [128]. The basic
converters that are used today include the buck converter, the boost converter, the buck
boost converter and the Cuk converter. These converters are often used as intermediate
stages between a rectifier or inverter and the coupled DC-network to improve the power fac-
tor and power quality. Moreover, they are used in DC-networks of renewable energy sources
like photovoltaic systems [128]. In hybrid propulsion systems they are used to transform the
output voltage of DC-Power sources (e.g. fuel cell, battery or super capacitor) to a defined
bus voltage level. The output voltage of these components depends on the load current,
therefore, a DC-DC converter is necessary to transform the output voltage to a defined volt-
age level of the DC bus that the component is connected to.

For the application in hybrid electric propulsion systems for medium size UAVs the buck boost
converter was chosen because this topology enables both, higher and lower output voltages
than the input voltage level. The converter architecture and a basic equivalent circuit are
shown in Figure 2.16. The IGBT and the diode are modelled with normalised operating lines
from Infineon components [129]. The inductor and the capacitor are modelled as an ideal
inductance L and an ideal capacity C with a parasite series resistance for the inductor Ry
and the capacitor R.. There are no electromagnetic interference (EMI) filters considered in
this model. To achieve a better power quality of real converters, those filters are added to
the converter in- and output in a detailed design.

Figure 2.16: Electric circuit of a buck boost converter

By applying Kirchhoff’s circuit laws on the three meshes of the equivalent circuit, and by
applying time averaging technique, Equation (2.36) can be derived, which describes the per-
formance of the converter [128,130]. Equation (2.36) can be solved iteratively for the duty
cycle v for any operating point. The duty cycle is a number between 0 and 1, which gives
the time share during which the IGBT switch is closed.

v- (Ul - Uigbt - Rl : Il) + (1 - V) : (_Rl . Il - Udiode - Rc . (Il - Iout) - Uout) =0 (236)

To solve Equation (2.36), a supplementary relation for the inductor current, I;, is required,
which can be expressed as a function of the duty cycle and the output current I, according
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to equation (2.37). With the inductor current, the IGBT and the diode current can be
calculated, which are required to interpolate the voltage drop of both components from the
normalised operating lines.

Il: Iout
1—v

For the design of the converter, four design parameters have to be specified:

(2.37)

e the output voltage Uy
e the output current I,,;
e the upper and lower bound of the input voltage
e the switching frequency

With these design parameters the minimum required values for the inductance L and the
capacitance C can be calculated. Therefore two methods have been found that consider an
arbitrary load type at the output. Many other methods consider only resistive loads at the
converter output. The two methods were defined by Texas Instruments [131] and Coilcraft
Inc. [132]. Both methods show similar results within the same order of magnitude.

At this stage, the capacitance, the voltage and the current through the capacitor are known.
In the next step the Equivalent Series Resistance (ESR), R., the volume and the mass of the
capacitor is estimated. The results of a database survey of DC-Link capacitors from WIMA
[133] is shown in Figure 2.17 and the following equations.

100 ~
101 e Mass [kg] vs. Energy [J]
* o Volume [m3] vs. Energy [J]
4 ESR [Ohm] vs. Capacity [uF]
102 7
A
1073 A 4
ie'e M
104 |
Resgl[Q] = 1.348-10°5 -C058 106F < C < 102F
o ife V[dm?] =9.0123-10-3 E08412 101J<E < 10%J
mkg] =1.149:102 E08145 101J <E <10%J
105 T i i
100 10t 102 103 10
Figure 2.17: Mass, volume and ESR of DC link capacitors
R[Q)=1348-107°-C7 %%  10°F<C<10?F R*>=0.96 (2.38)
Vidm?® =9.0123-1072. 70812 01J < E <1000J  R?>=10.98 (2.39)

28



2.5. Buck Boost Converter

mlkg] = 1.149-1072 - E~%%16  0.1J < £ <1000J  R*=0.95 (2.40)

For the inductor, the inductance, the voltage and the current are known from the perfor-
mance calculations. To estimate the resistance, the mass and the volume of the inductor, a
method from [134] is applied. The inductor core is considered as a ring with rectangular cross
section with the outer diameter, A, the inner diameter, B, and the width, C. A copper wire
is wound around the core with N windings. Figure 2.18 shows the set up of the inductor model.

7y 7/
% o N2 CAZB)
. N L=y N (241)
B (7B — dyire)
C, NS S5 dune (242)
7 L-imax _ C(A—B)
' // N B < 3 (2.43)

Figure 2.18: Inductor approximation

A constrained optimization function solves the optimum inductor geometry as well as the
optimum wiring for the minimum mass. The data for the ferrite core material is defined
according to [135]. The resistance of the copper wire is calculated with the specific resistance
of copper, the wire diameter and the total length of the wire. The resulting correlations for
minimum mass inductor designs are valid for inductance between 107 H < L < 1073 H and
current between 1 A < I < 1000 A and presented in Equations (2.44) to (2.47).

Ry[Q] = 73.825 - [0-6193 . [~0.7556 (2.44)
d[m] = 0.0645 - 1.0-2883 . 0-6235 (2.45)
I[m] = 0.0469 - L0-2873 . [0-6705 (2.46)
mlkg] = 1.113 . 9830 . 1.9648 (2.47)

It is considered, that the size and weight of the IGBT and the diode are negligibly small
compared to the weight of the inductor and the capacitor. The cooling devices for the IGBT
and the diode are neglected in this model. It is assumed that the converter components
provide the same peak power capability during short time manoeuvres as electric motors.
The switching components are considered to always operate at their rated temperature.

To calculate the off design performance of the converter, the voltage drop of the IGBT and
the diode have to be calculated iteratively. The total voltage drop of both components is
calculated from the conduction losses and the switching losses. In order to estimate the
conduction losses, data sheet information is applied according to the method in [120]. A
survey of Infineon IGBT and diode data sheets, that was conducted by the author, has
shown, that the operating characteristic is similar for many modules, when it is normalised
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to a reference current and voltage. To determine the conduction voltage drop, a reference
voltage drop is determined from the maximum collector-emitter voltage (and blocking voltage
respectively) of the module according to Table 2.2.

Uck [V] 600 1200 1700 3300 6500
Ucondrefight [V] 135 2.00 230 2.90 3.10
Ucondrefidiode [V]  1.05  1.75  2.00 2.55 2.95

Table 2.2: Conduction voltage drop of IGBTs and diodes

At part load operation, the voltage drop can be determined from the relative current level
according to Figure 2.19.

1,6

1,4 *//O.
iy P

1,0

0,8 / -o-Diode

06 T ~+-IGBT
WP
0,2 /

0,0

Ucond / Ucond,ref [']

0,0 0,5 1,0 15 2,0 2,5
1/ e [

Figure 2.19: IGBT and diode conduction voltage drop

Similar to the conduction losses, the switching losses of IGBT and diode modules can be
estimated by normalising the characteristic to rated conditions. In a first step, a reference
switching loss energy is calculated with the maximum collector-emitter voltage (and blocking
voltage respectively) according to Table 2.3. The table gives specific switching loss energy
coefficients per rated current of Infineon modules. To calculate the reference switching loss
energy per cycle, the coefficient for the respective collector-emitter voltage is scaled with
the rated current of the module. The resulting reference energy is given with respect to the
reference voltage U,qs in Table 2.3.

Uck [V] 600 1200 1700 3300 6500
Uset [V] 300 600 850 1650 3250
Eswretight [J/A]  8.113-107° 4.005-107* 6.187-107* 4.262-107% 1.428-1072
(R?=0.97)  (R®*=0.99) (R*=0.97) (R*=0.91) (R?=0.99)
Cswref.diode [J/A] 1.538-107° 7.568-107° 3.748-10"% 2.357-1073 4.000-1073
(R?=0.95)  (R®*=0.99) (R*=0.94) (R*=0.95) (R?=0.99)

Table 2.3: Specific switching energy losses of IGBTs and diodes
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In order to determine the switching losses at part load operation, the reference energy is
scaled with the relative voltage and current according to Equations (2.48) and (2.49) [136].
The switching power loss is calculated with the resulting switching energy and the switching
frequency of the module. An equivalent voltage drop is calculated with the power loss and
the current level.

I U 1.35
Eswight = E, f'b"< ) 2.48
sw,igbt sw,ref,igbt Iref Uref ( )
I 0.6 U 0.6
Esw,diode = Lsw,ref,diode * <If> : <U f> (2'49)
re re

To calculate the off design performance of the converter, the Equation (2.36) has to be solved
iteratively for the duty cycle. The voltage drop of the IGBT and the diode result from adding
the voltage drops of the conduction losses and the switching losses. The current level in the
components can be calculated from the output current and the duty cycle [130]. Because of
the losses in the components, the calculated duty cycle is slightly higher than for the ideal
buck-boost converter. Hence, the ideal duty cycle is a suitable initial value for the iteration.

Figure 2.20 shows a calculated efficiency map of a buck-boost converter with a design output
voltage of 200 V, a switching frequency of 10 kHz and a design output current of 240 A. This
corresponds to an output power of 48 kW. The input voltage range is limited from 200 to
300 V.

Efficiency map of buck boost converter
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Figure 2.20: Electric circuit of a buck boost converter

The predicted volume of this converter is 4.1 litres which corresponds to a power density of
11.6 %. A study from Kolar suggested a power density limit of 40 % for isolated DC-DC
converters and determined the DC-Link capacitor being the limiting component for maxi-
mum power density [137]. The estimated weight of the converter is 5.9 kg which corresponds
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to a power density of 8.1 %.

To simulate a the transient response of the DC-DC converter, a rise time is derived at
the system design point [138], which is assumed constant for all operating conditions. The
duty cycle is an input parameter of the converter, which requires a controller for transient
simulations. As the task of the converter is to deliver a constant output voltage, a PI
controller with anti wind-up limitation is implemented, which controls the duty cycle of the
IGBT. When the output voltage of the energy carrier changes because of a load change,
the controller adopts the duty cycle in order to deliver the voltage level which is required by
the DC bus system. This implies that the output voltage is measured and available for the
controller.

2.6 Fuel Cell Stack

A fuel cell transforms chemical energy into electrical energy by oxidising a gaseous fuel. This
process is split in two separate electrochemical reactions, which are separated by a mem-
brane, which is only permeable for the oxidised fuel. The fuel is oxidised on one side of
the membrane, which releases electrons, that run through an electric load to the cathode.
At the cathode side, oxygen is supplied, which is reduced and reacts with the oxidised fuel,
that diffuses through the membrane. The fuel cell type that is mainly used for vehicles and
mobile applications is the proton exchange membrane fuel cell (PEMFC). The advantages of
the PEMFC over other fuel cell types are the low operating temperature, the high efficiency
and the high power density [139-141]. For aircraft systems with long endurance, the PEMFC
is an interesting power device because of its high efficiency in part load operation [142,143].

The PEMFC must be supplied with hydrogen, which is stored in a pressurized, a hydride
or in a cryogenic tank, and oxygen or air. When the fuel cell is supplied with pure oxygen,
a supplementary tank is required. When supplying the fuel cell with atmospheric air, the
power of the fuel cell decreases with the ambient air density when operated at high altitudes.
To counteract this effect, the ambient air can be pressurized with an additional compressor.
This however reduces the fuel cell system efficiency, because the power for the compressor
has to be delivered by the fuel cell. A further disadvantage of using pressurised air is the
high flow rate in the cathode gas channel. This diverts a lot of water from the fuel cell and
requires a higher water input at the anode side. Hence, the fuel cell requires a humidifier.
When supplied with oxygen, the flow rates in the gas channels decrease and the humidifier is
not coercively necessary [144]. Hence the use of pure oxygen can have a system mass benefit
for small fuel cell systems. Another advantage of using two pressurised gases is the ease of
operating the cell at high pressure levels. This increases the fuel cell output voltage and its
efficiency. Figure 2.21 shows the set-up of both fuel cell configurations.

To model the performance and the mass of the compressor, a small radial compressor stage
has been modelled with the geometry tool of GasTurb 12 [145]. The compressor efficiency is
correlated against the corrected mass flow and Reynolds Number Index (RNI) according to
data from Grieb [146].

There do exist different approaches to model the performance of a PEMFC. The standard
work for modelling the steady state and transient behaviour of fuel cells was conducted by
Amphlett et al. [147]. This model considers a mass flow and a thermal balance. The cell
voltage is calculated with the Nernst equation, activation and ohmic losses. However this

32



2.6. Fuel Cell Stack
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Figure 2.21: Oxygen tank and air breathing configuration of the PEMFC

model uses empiric coefficients, which are related to the analysed fuel cell. More complex
models consider two phases in the cathode gas channel and describe the diffusion processes
based on the properties of the diffusion layers and the membrane [148].

The fuel cell model, which is utilised for the present work, is based on the work of Loo [149].
The model considers the fuel cell as a one dimensional device with five sections as shown
in Figure 2.22. The anode, the membrane and the cathode are discretised into multiple ele-
ments to simulate the diffusion. The conditions in the gas channels left from the anode and
right from the cathode are derived from a linear gas consumption assumption along the gas
path. The movement of hydrogen, oxygen, gaseous water and liquid water through the Gas
Diffusion Layer (GDL) and the membrane is modelled with a diffusion process as depicted in
Figure 2.22.

Equation (2.50) describes the time dependent progression of the gas concentration, c¢;, within
the GDL [149]. The index j indicates, that Equation (2.50) is utilised for hydrogen, oxygen
and gaseous water, by applying the according concentration, ¢, and the according effective
diffusion coefficient, D, The parameter s represents the volumetric share of the GDL, which
is occupied by liquid water. The dry porosity of the GDL is represented by the letter e and
the parameter D, constitutes the diffusion coefficient of liquid water [149].

& . D;H 526]' N cj - -Dc &
6t e(l—s) o022  €(l—s) 62

(.] = H2’02uH20gas) (250)

The gas concentrations in the gas channels represent the boundary conditions for the diffusion
process at the interface to the GDL. The current density, j, implies a gradient of the hydrogen
and oxygen concentration at the interface between the membrane and the GDL, which is
calculated using Equations (2.51) and (2.52). In both equations, F constitutes the Faraday
constant [149].
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Equation (2.53) describes the diffusion of liquid water from the membrane through the cath-
ode GDL to the gas channel. It is assumed, that the volume share of liquid water is always
zero at the cathode gas channel, as liquid water is drained away by the passing gas flow. At
the membrane, liquid water is formed as soon as the water concentrations exceeds its satu-
ration value. Therefore, the gradient of liquid water at the interface between the membrane
and the cathode GDL is determined from the diffusion of gaseous water and the formation
of water due to the electrochemical reaction [149].

2
0s _ De &% (2.53)
ot e oz
Within the membrane, the hydrogen cations imply a water transport from the anode to the
cathode side, against the concentration gradient. On the other hand, the water concentration
gradient causes water to diffuse back to the anode side. The diffusion of water within the
membrane is expressed with the parameter A, which stands for the number of water molecules
held per sulphonic acid group. The spatial diffusion of the water in the membrane is described
by equation (2.54). The concentration of sulphonic groups per cubic meter of the membrane
material is given by the parameter c;. Further information on the diffusion processes as well
as the numerical description and calculation can be found in [149].

S 25 j S\ 52\
SR i 24+ Dy, —=
ot 22 ¢f-F) ox dx2

The voltage of the cell is computed with the thermodynamic reversible voltage of the cell

reaction minus the activation losses and the resistivity of the membrane according to Equation
(2.55) [149].

(2.54)

Ago

Ucell = - oF

- Uactivation - Umembrane (255)
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The activation loss voltage is calculated with the cell current density, the oxygen concentration
and the liquid water share at the GDL-membrane interface according to Equation (2.56) with
Jref = 20% and co, ret = 41.8%@1. The index g, refers to the interface of the GDL and the
membrane.

RT ] COy ref 1
Uactivation = log | — - —2—- 2.56
activation o F og <]ref €Oy gm 1— Sem ( )

The ohmic losses are calculated with the membrane resistance according to Equation (2.57),
which is calculated with the water content A for each membrane element and integrated along
the membrane [149]. The letter T constitutes the cell temperature.

. lmembrane 51:
embrane = J /0 (0.5139 - X — 0.326) - exp [1268 - (555 — =) ]

The geometrical and operating parameters of the cell, i.e. the GDL thickness and diffusion
coefficients, are adopted from [149] and listed in Table 2.4.

U (2.57)

Temperature T 80 °C
Gas pressure (anode/cathode) p 5/5 bar
Humidity (anode/cathode) RH  80/50 %
Stoichiometry (anode/cathode) 1.25/1.25 -

Design current density j 0.5 632
Anode GDL thickness 300 pam
Anode GDL porosity € 0.4 -

Membrane thickness 178 pm
Cathode GDL thickness 300 pm

Cathode GDL porosity 0.4 -

Diffusion coeflicient water in membrane D 2.10710 mT
Diffusion coefficient water in GDL D 1-1079 m?

S

™
[¥]

Table 2.4: Design and operating parameters of the fuel cell

The steady state performance of the fuel cell is calculated by setting the time derivatives in
the preceding equations to zero. The model equation change when liquid water is present
in the cathode (s # 0). To calculate off design performance, the model equations are first
solved for the gaseous water only case. If the calculated water concentration is higher than
the saturation value, the equations for the two phase case are considered.

For the design of a fuel cell stack, the required stack voltage and current and the design
current density of the fuel cell are necessary. With the design current density, the cell output
voltage is calculated for specified operating conditions. The required cell membrane area is
calculated from the design current density and the stack current. The number of cells con-
nected in series is determined from the cell output voltage in order to meet the stack voltage
level.

The mass and the volume of the fuel cell system is estimated component wise. Because of
the detailed information on the stack set up, a lot of parameters from the model can be used
for the mass estimation. These are geometry and material parameters of the membrane, the
GDL and the gas channels, the active cell area and the number of cells in series. The cell
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layers are larger than the active area, because the stack needs to be sealed in order to avoid a
gas leakage. The supplementary size of the layers is estimated by a preliminary screw design.
Eight screws are considered to bear the force from the operating pressure and the squeezing
of the cells. The screw diameter is estimated with a table from [150] and the active membrane
area is extended by this diameter to each side. At the ends of the cell stack, two plates are
placed to distribute the force of the screws over the cell area. The thickness of the boards is
assumed to be equal to the screw diameter. Figure 2.23 shows the structure of the fuel cell
stack.

@ @ Id @ 5
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Figure 2.23: Fuel cell stack assembly

The desity of the Nafion N117 membrane is calculated to 1967 % from a data sheet from

DuPont[151] and the density of the gas diffusion layer is assumed to be 350 % which is an
average value of the AvCarb series from Fuel Cells Etc [152]. The material of the plates and
the gas channels is assumed to be an aluminium alloy. The resulting density of the stack is
between 1350 to 1600 %, which corresponds well to empirical values. Figure 2.24 shows the
stack and system densities of several fuel cells. The values from Nedstack, Nuvera and Power
Cell are derived from the fuel cell stack without accessories and casing (white dots). Stack
densities from 1300 to 1700 % with an average value of 1498 % have been identified. The
lower density values of the other manufacturers (black dots) are evaluated on system level
which includes all necessary components and the casing.
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Figure 2.24: Fuel cell stack density
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Kellogg presented a fuel cell propulsion system for a small UAV with a detailed mass break-
down of the system components [153]. This breakdown is used to evaluate the mass and the
volume of the gas tanks, the high pressure and the low pressure valves. The volume of his
reference tanks is calculated from the known gas mass, pressure and an assumed temperature
of 288°K to 0.96 litres. The tank masses are then scaled with Barlow’s formula and a fixed
diameter-to-length ratio of 0.5. The valve data is assumed constant. The mass of oxygen and
hydrogen is calculated according to the mission power requirements.

The model performance results have been compared to measurements from the work of Yan et
al. [154]. With the given parameters from [149], the model gives good results for fuel cells that
are operated at 1 atm (see Figure 2.25 left). The right part of the Figure shows results from
a parametric study on the cell operating pressure. For higher operating pressures, the given
exchange current density from Loo is invalid, because it depends on the gas concentration
[144]. Hence, the exchange current density was scheduled against the operating pressure to
meet the measurements from [154] (see Figure 2.25 right). The model performance prediction
shows a good agreement to the measurements for low to medium current densities. At high
current densities, when liquid water is present in the cell, the model over estimates the cell
voltage. The deviation is not critical for the model accuracy, as the maximum output power
of the cell is reached at lower current densities and the cell is not operated at these conditions.
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Figure 2.25: Fuel cell performance validation

The error of discretisation is negligible at steady state calculation because the concentration
profile is directly calculated from the diffusion equations. However, the number of discrete
elements is important for transient simulation. The simulation time step and the number
of discrete elements are adjusted according to [149] and to ensure numerical stability of the
simulation. For the utilized membrane and GDL thickness, a maximum time step of 20 us is
applied.

For transient simulations, the valves, that control the gas flow into and out of the fuel cell,
require a controller. Therefore, a PI controller with a lookup table is implemented, which
controls the gas flow through the fuel cell. The fuel cell is equipped with a cut off mechanism,
which opens the electric circuit whenever the cell voltage drops below 0.1 V in order to avoid
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a cell break down during fast load changes. This removes the current load and the fuel cell
can recover. As soon as the cell voltage exceeds 0.1 V, the fuel cell is reconnected again.

2.7 Battery Pack

Similar to fuel cells, batteries transform chemical energy to electric energy. The major dif-
ference between both is that fuel cells have to be supplied continuously with fuel, whereas
batteries store energy within the cell and there is no material exchange with the environment.
Batteries consists of two electrodes that are segregated by a separator which is immersed with
an electrolyte. The difference of the electrochemical potential between the two electrodes cre-
ates a voltage potential. The electrolyte is an electric isolator and prevents a short circuit
between both electrodes. However, it is permeable for ions that are solute in the electrolyte.
When the cell is discharged, the anode material is oxidised by emitting electrons. The oxi-
dised ions dissolve in the electrolyte and travel through the separator to the cathode. The
cathode material is reduced by absorbing electrons and the dissolved ions from the anode
side [155]. For primary batteries, this process is irreversible, which means that the battery
must be replaced after discharge. The electrode materials of secondary batteries are chosen
to enable recharging of the cell. Modern secondary batteries are not based on chemical re-
actions but on intercalation of metal ions in complex salts, which results in a change of the
electrochemical potential.

Batteries are available in many different shapes and sizes. Most cells have a button, a cylin-
drical or a coffee bag shape. For low power devices, a few cylindrical or button shaped cells
are directly plugged into designated notches in the device. For high power devices, many
battery cells are combined to form a battery pack. This pack consists of a casing, a cooling
system to remove the heat from the cells and a battery controller, which controls the sta-
tus of the individual cells and balances them during charge and discharge. In these packs,
multiple cells are connected in series to cell strings, which define the voltage of the battery
pack. Multiple strings are then connected in parallel, which increases the capacity of the
battery pack. The additional weight of the pack casing, the cooling system and the battery
controller have to be accounted in battery pack design. Therefore, the resulting energy and
power density of the battery pack is lower than for the cell.

There are many types of secondary batteries available. The most favourable battery types
for mobile applications are lithium based batteries, because of their high power and energy
density. The anode of those batteries mostly consists of graphite. The cathode is made of
complex lithium salts that define and limit the energy and the voltage of the cell. Today’s
lithium-ion batteries reach a mass specific capacity of 250 Vg—; for high energy cells and a

mass specific power of up to 2 % for high power cells [156-161]. The next generation of
lithium based batteries utilise sulphur as a cathode material. These cells are considered to
reach a specific energy of 420 % on cell level in 2020, however, today, they suffer from low
cycle numbers and high prices [162].

The performance modelling of battery cells is similar to fuel cells. Both systems are char-
acterized by diffusion processes through a separator or a membrane and through electrodes.
The difference is the way the diffusing particles are supplied to the cell. Whereas the fuel cell
is continuously supplied with fuel, the lithium ions are intercalated in the electrode material
and there is no external supply [155]. As the cell voltage depends on the amount and the
repartition of lithium ions within both electrodes, the battery cell has no steady state operat-
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ing behaviour. When a battery cell has been under heavy load and is suddenly disconnected,
the lithium concentration in the electrolyte will equalise within in the battery and the cell
voltage recovers to a certain level. To correctly capture this effect, the diffusion processes
have to be considered in the model, which requires a lot of computational effort [163]. When
the cell is only lightly loaded, this effect can be linearised, as the diffusion process of the
ions is significantly faster than the current induced movement [164]. In this case, the cell
performance can be accurately modelled with an equivalent circuit.

The equivalent circuit of a battery cell model consists of multiple elements. The open cir-
cuit voltage is represented by a DC voltage source, Ugc, which is correlated to the State Of
Charge (SOC) of the cell. A series resistance, Rgeries, represents the ohmic resistance of the
cell. To capture short term and long term transient effects from ion diffusion, an arbitrary
number of RC members can be added to the circuit. The equivalent circuit in Figure 2.26 was
proposed by Chen to model the performance of a lithium-ion secondary battery [165]. Chen
proposes two RC members ’s’ and ’I’, which refer to the short term and long term dynamics
respectively.
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Figure 2.26: Equivalent circuit of the battery model

Chen presents correlations of the equivalent circuit parameters against the cell SOC, which
he identified from measurements of the P1.-383562 lithium-ion cell, which is produced by AA
Portable Power Corp. [166]. The PL-383562 is a high energy cell, which has a standard AA
cylindrical shape. The energy and power densities on cell level are listed in Table 2.5 and
taken from the battery specification sheet [166].

Mass specific energy 175  Wh/kg
Volume specific energy 433  Wh/dm?
Mass specific power 350 W/kg
Volume specific power 715  W/dm3
Max. cont. C-rate 2 1/h
Cut off voltage 2.75 A%

Table 2.5: Parameters of the AA P1-383562 Li-Ion cell

With the model of Chen, a discharge chart can be derived for the battery cell, which is shown
in Figure 2.27. The abscissa shows the SOC and the ordinate shows the cell voltage. The con-
tour plot represents the load current, expressed in the C-rate. The C-rate is a normalisation
of the discharge current with a constant current level, that completely discharges the battery
within one hour. The displayed cell voltage corresponds to a quasi steady state operation and
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Chapter 2. Modelling of Propulsion System Components

does not consider the dynamic effects of the cell. As a result of the constant inner resistance,
the contour lines are spaced equally. However, this assumption is only valid for low discharge
current levels. When the diffusion processes were considered, the cell voltage would drop
more significantly for higher C-rates. The chart shows that the cell voltage decreases with
lower SOC levels and drops considerably below 10% SOC. Hence, 10% is considered as the
minimum SOC limit. The dashed line at the bottom represents the cut off voltage, which is
a protection mechanism that is similar to the fuel cell. As the cell voltage falls below this
value, the controller cuts off the cell in order to avoid a hazardous failure of the cell.

Polarisation curve of the battery
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Figure 2.27: Battery performance chart

Figure 2.27 shows that the cell can support higher C-rates at higher SOC. At the minimum
SOC of 10%, the cell supports a maximum discharge current of roughly 5C. The thick 2C-line
represents the maximum continuous discharge current, that the cell can support. When this
current level is exceeded over long periods, the life time and capacity of the cell are affected.

The design of a battery pack requires the stored energy, the maximum continuous power and
the voltage level. As the cell performance is affected by the SOC level, the cell is designed to
meet the power requirements at the minimum SOC level of 10%. Thus, the number of cells
in series is derived from the pack voltage and the cell voltage at 10% SOC. The number of
cells in parallel is either calculated by the pack power and the maximum continuous C-rate
or by the stored energy. The criterion which results in the higher number of parallel cells
is relevant. The total number of cells gives the mass and the volume of the battery pack.
To consider the auxiliary components of the battery pack, a constant factor of 0.75 is multi-
plied with the cell level energy density. A similar modelling approach has been followed by
Schémann [47].

By assuming that all cells in the pack are perfectly balanced and that they have the same
temperature and identical characteristics, the transient behaviour of the pack can be esti-
mated by the transient behaviour of a single cell. The cell current is calculated by dividing
the pack current by the number of cells in parallel. The cell voltage is then multiplied with
the number of cells in series to calculate the pack voltage level. For transient simulation,
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the battery pack does not require an additional controller. Only the cut off mechanism is
implemented.

2.8 Supercapacitor Pack

A supercapacitor is an energy storage device that consists of three main layers. Two porous
electrodes enfold an organic separator with a salt dilution. The electric energy is stored in an
electrostatic double-layer and an electrochemical red-ox reaction. The separator is very thin
to minimise the distance between the two electrodes, which maximises capacity. Moreover,
the thin design allows for a large contact area, which is beneficial for the capacity as well.
Most supercapacitor cells have a cylindrical shape, which is filled with the rolled sandwich
electrodes. However, cubic shapes are available as well. Similar to batteries, multiple cells
are combined to form supercapacitor packs. The cells are connected in series to form super-
capacitor strings. The supercapacitor pack is assembled from multiple strings to provide the
required capacity.

Compared to batteries, the supercapacitor can store much less energy per volume and per
mass. However, the peak power level per mass and volume is superior to the one of the bat-
tery. Hence, supercapacitors are the favourite device when a lot of power has to be supplied
for a short time period. Compared to a battery, the cycle time is much higher [167, 168].
Supercapacitors achieve power densities of 18 kW /kg for short time and up to 10 Wh/kg
for low power operation. The capacity of a single supercapacitor module can reach 6500
F. With a typical cell voltage of 2.5 Volts, this corresponds to an energy of roughly 20 kJ.
For the design of a supercapacitor pack, the voltage level and energy requirements are re-
quired. With the rated voltage of a single cell, the number of capacitors connected in series is
calculated. With the required pack energy and the capacity of each cell, the number of paral-
lel connected strings is calculated. The capacity of one cell is assumed to be limited to 6500 F.

Similar to batteries, equivalent circuits can be utilised to model the performance of super-
capacitors. As the diffusion kinetics are very fast, there is no significant non-linear effect at
high discharge rates. The equivalent circuit in Figure 2.28 has been proposed by [169,170].
It consists of multiple RC members, which are connected in parallel and a supplementary
resistance at the right. The first RC member on the left contains the inner resistance of the
supercapacitor, R;, and a non-linear capacity, C;, to model the discharge behaviour. The
capacity C; is split into a constant part C;yp and a voltage dependant part C;;. The two RC
members on the right with the index ’d’ and ’'I’, model the short term and long term voltage
response of the supercapacitor cell. The resistance Ry, is a high ohm resistance to model
the self discharge of the cell.

The parameters of the equivalent circuit have been identified from measurements of two su-
percapacitors in [170]. The share of the voltage dependant capacity, C;1, of the entire capacity
C; is 0.40 and 0.41. This share is assumed constant at 0.4 for the supercapacitor model. The
RC members (d and 1) artificially modify the transient behaviour of the cell. The according
values of scaled supercapacitors are defined to match the same transient characteristics as
identified in [170]. As the supercapacitor is utilised for short time simulations, the resistor
Rjeq, which simulates the self-discharge, can be omitted. An investigation on the simulation
time has shown, that the impact of the resistance can be neglected for simulations with a
duration less than 1 minute.

41



Chapter 2. Modelling of Propulsion System Components

cap

Cio €U, =—=C; =—/=0(

I
o
Ucap
Cio

R lea

| I

O

Figure 2.28: Equivalent circuit of the supercapacitor model

Similar to the DC-Link capacitors for the DC-DC converter, the ESR, Rgsr, the mass and
the volume are correlated from empiric data. For these correlations, the supercapacitors from
the WIMA SuperCap series [171], the Maxwell K2 series [172], the VinaTech supercapacitors
[173], the CapComp Ultracapacitors [174], the Epcos UltraCap series [175], the Ultracapaci-
tors from Cornell Dubilier Electronics [176] and the Nichicon JD series [177] are considered.
The according data of all supercapacitors is shown in Figure 2.29 as well as the derived cor-
relations.
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Figure 2.29: Mass, volume and ESR correlation for supercapacitors

The derived correlations for the ESR, the volume and the mass of supercapacitors is given
by Equations (2.58) to (2.60).

Rpsr[Q] = 1.4783 - C19342 100F < C < 6500F  R?>=0.84 (2.58)
V[dm?] = 4.9124 - 1077 - E70997  300J < E < 20kJ  R®>=0.94 (2.59)
mlkg] = 1.2604-107*- E7097  300J < E <20kJ  R*=10.92 (2.60)
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The performance of the supercapacitor stack is calculated similar to battery packs. A perfect
balancing is assumed for all cells, which allows to calculate the cell current by dividing the
pack current by the number of strings. The pack voltage is calculated by multiplying the
cell voltage with the number of cells in series. In contrast to the fuel cell and the battery,
there is no cut off mechanism required. Furthermore, no controller is required for transient
simulations.

2.9 Propulsion system design and offdesign calculation

For propulsion system design, all relevant operating points and the according environmental
conditions must be available. The system design starts with the propeller and is executed
stepwise in opposition to the power flow up to the energy carrier. The propeller is designed
for a set of arbitrary design parameter values and the resulting performance during all op-
erating points is calculated. Afterwards, the gearbox is designed according to the relevant
mechanical power requirements of the propeller. Therefore, additional design parameters are
required, i.e. the gear ratio. Afterwards, the gearbox performance during all operating points
is calculated for the next component. In that way, all involved components are sized step by
step. When the aircraft has multiple propellers, the electric power of all motor controllers
must be summed up to size the energy subsystems. A design optimisation can be conducted
by adjusting all design parameters of the involved components in order to maximise or min-
imise the respective optimisation target.

The steady state performance of the propulsion system is calculated in the same way as for
the component design. The calculation starts with the propeller and is executed stepwise in
opposition to the power flow up to the energy carrier. In that way, the power flow through all
involved components is calculated, which is required to attain a certain thrust level. During
a transient manoeuvre, the system reacts to a changing command signal, which tells the sys-
tem to operate in a different state. The command signal is computed by the flight controller,
which calculate new command signals for each motor controller. These controllers adjust the
motor current according to the command signal and the propulsion system components react
to this change. Thus, the way of calculation is inverted for the propulsor subsystem models.
For example, for steady state calculation, the thrust level is the input for the propeller model
and the mechanic power is the output. For transient simulation, the mechanic power is the
input and the thrust level is the model output. Thus, to initialise a transient simulation, a
steady state starting point is required. This starting point is calculated using a steady state
model in Matlab [178]. With the resulting steady state performance parameters, a second
component model is initialised, which has been implemented in Simulink to perform the tran-
sient simulation.

The command signal which is passed to the propulsion system is passed through multiple
controller loops. The outer controller loop is the flight controller, which calculates thrust
commands for each propulsor subsystem from the geometrical distribution within the aircraft.
The next loop is the motor controller which receives the command from the flight controller
and adjusts the propeller thrust accordingly, by accelerating the propeller or adjusting the
blade pitch angle. Like this, the original command is computed in multiple cascaded controller
loops, which command the power flow in the propulsion system and thereby move the system
to its new state.
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3 Thrust response of the motor-rotor system

The scope of this chapter is to investigate the impact of the propeller design parameters on
the thrust response of the isolated motor-rotor subsystem. The relevant output of the motor-
rotor system is its propulsive power and, when a constant free stream velocity is assumed,
the thrust level. The thrust response is most interesting for quadcopter vehicles, because
they use differential thrust for attitude control. To ensure controllability or even an agile
manoeuvrability of the vehicle, a fast thrust response is essential.

The thrust response is assessed with the rise time metric, which is common metric to describe
the transient system response of arbitrary processes. It is defined in the following way: the
rise time metric is the required time for the system response to rise from 10 to 90% of the
steady-state difference during a step command. The rise time unit is seconds. The rise time
definition is represented for an arbitrary process in Figure 3.1.

System response

90%

Y J
Rise time

Figure 3.1: Rise time definition

In the following study, two different motor-rotor configurations are investigated. The first
configuration consists of a fixed pitch propeller with an electric motor. As the propeller is
fixed, the only way to change the thrust level is to change the rotational speed of the system.
Thus, the thrust level is directly related to the rotational speed of the system. The second
configuration consists of a variable pitch propeller and an electric motor. This system has
a supplementary degree of freedom to change the thrust level, which is the variable blade
pitch angle. Therefore, the thrust level is no more related only to the rotational speed. In a
first approach, both configurations are examined without any supplementary shafts or gear
stages. In chapter 3.4, the impact of a gearbox on the system thrust response is investigated.
In order to reflect the flight conditions of quadcopters, two transient manoeuvres at levelled
hover flight are utilised to assess the thrust response of the two motor-rotor subsystems. In
a first manoeuvre, the system is accelerated from part power operation to full power, where
the term full power refers to the maximum continuous thrust level. In a second manoeuvre,
the system is accelerated from full power to a short time peak power.

For simplicity, the propeller and the motor are designed for a given thrust level at sea level
ISA condition [92] according to chapter 2.4. Further on, this design point represents the full
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3.1. Motor-rotor design

power or maximum continuous thrust level and is later referred to as the rated point. The
design parameters of the propeller are:

e the tip speed, viip

e the free stream velocity or Mach number, v/Ma
e the operating altitude

e the thrust level, F

e the blade number, Nyjades

e the blade loading, fioaq

The definition of the blade loading is derived from the propeller thrust loading, which repre-
sents the thrust per propeller area. The blade loading is defined as the thrust per propeller
area and blade number and is a metric which correlates well with the blade shape. The pro-
peller diameter is calculated from the blade loading, the blade number and the thrust level.
As a reference design, the design parameters from Table 3.1 are utilised. The Motor torque
factor (MTF) of 2 matches the assumption from NASA, which is based on their experience
with electric motor systems [64].

fload Ma altitude vy F 1) MTF
N/mQ/Nblades - - m/s N kg/m3 -
200 0.08 0 200 400 2000 2

Table 3.1: Reference propeller design parameters

Within the next three chapters, the sensitivities of the performance and the thrust response
on the propeller design parameters are examined for both motor-rotor subsystems and both
manoeuvres. The purpose of this study is to give a first idea of the rise time magnitude and
to identify the basic impact of the design parameters on the thrust response.

3.1 Motor-rotor design

Within this chapter, the design and the steady state performance of the motor-rotor subsys-
tem is discussed, with respect to relevant design parameters of the propeller. This study is
introduced to verify the propeller model against well-known trends and correlations as well
as to enable trade-off studies between the performance and the thrust response of the system.

Figures 3.2 and 3.3 show the results of a parametric study in the form of a matrix plot of par-
tial dependencies. The propeller design parameters are plotted on the columns and marked
at the bottom of the matrix. The output parameters are plotted on the rows and marked on
the left side of the matrix. Thus, each plot gives the sensitivity of one design parameter on
one output parameter of the system. All remaining design parameters are utilised according
to the reference values in Table 3.1. Moreover, each plot contains the results and sensitivities
of two blade, four blade and six blade propellers.

The design Mach number is translated to the resulting propeller pitch, which gives the ax-
ial distance that the blade tip travels through a non-slip air flow during one rotation. The
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Figure 3.2: Propeller performance and geometry sensitivity on design parameters(1)

propeller pitch correlates with the blade angle and it is a function of the thrust level and
the Mach number. The transformation provides a more tangible metric of the propeller shape.

The first row of the matrix plot in Figure 3.2 shows the relation between the propeller
diameter and the blade loading. The diameter increases with lower blade loadings and vice
versa. Moreover, the diameter of two blade propellers is larger than for four blade and six
blade propeller, as the diameter is calculated with the blade loading, the blade number and
the thrust level, according to Equation (3.1).

4. F
dprop = \/ - (3'1)

- fload ' Nblades

As the free stream velocity is zero during hover, the conventional efficiency definition is zero
as well. Another figure of merit, which gives the amount of thrust per power, is adopted
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Figure 3.3: Propeller performance and geometry sensitivity on design parameters(2)

from [90]. The simulation results show, that a lower blade loading increases the propeller
efficiency and reduces the mechanic power. This relation is well known and can be easily
shown with the axial momentum theory and Equation (2.1). Because of the smaller area,
four blade and six blade propeller require more mechanic power than two blade propeller and
show a lower efficiency. The middle column shows that increasing the pitch results in a higher
mechanic power and a lower efficiency. A variation of the design Mach number (propeller
pitch) correlates with the flow velocity around the blade elements. In order to maintain a
constant thrust level, the blade surface can be reduced when the flow velocity is increased.
This is given by the definition of the lift coefficient in Equation (3.2). As the propeller
diameter is fixed, the resulting blade is more slender. During hover flight, the torque raises
because of the increasing angle of attack and the higher drag coefficient (compare plot above
for the torque). The right column plots show that the tip speed has no significant impact on
the mechanic power and it is further assumed, that these two parameters are independent.
This result depends on the utilised airfoil coefficient data set and the range of the investigated
tip speed. Moreover, at high helical Mach numbers, supersonic effects will deteriorate the
propeller performance and efficiency [90].
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2
v
Fit = Cy - % .S (3.2)

The sensitivity of the torque on the blade loading and the pitch can be derived from the
previous discussion of the mechanic power results. The impact of the tip speed is significant,
as it changes the rotational speed of the propeller, according to Equation (3.3). Hence, as
the mechanic power is independent from the tip speed, a higher tip speed results in lower
torque. The four blade and six blade propellers require a lower torque level compared to two
blade propellers, as the diameter is smaller and the rotational speed is higher.

60 vy \/m
Nprop = . dprop =30 Utip . Ft (33)

The fifth row shows the system inertia, which is the sum of the propeller inertia and the
rotor inertia of the electric motor. Calculations have shown, that the inertia of the rotor is
between one and two orders of magnitude smaller than the propeller inertia. Therefore, the
rotor inertia cannot be neglected in simulations, but the system inertia is mainly driven by
the propeller. The left plot shows that higher blade loadings result in lower system inertias.
Moreover, four blade and six blade propellers have a lower inertia than two blade propellers.
Both trends result from the changing rotational speed, which has a major impact on the
chord length and thus on the inertia. The same rationale explains the impact of the tip speed.

The lower row shows the sensitivity of the system mass on the propeller design parameters.
Design calculations of the motor-rotor system have shown that the system mass is mainly
driven by the electric motor. When no gear stage is utilised, the share of the electric motor
mass is between 70 to 80% of the entire subsystem mass. As the motor torque is the relevant
parameter for the motor size and mass, the system mass correlates very well with the rated
torque of the propeller.

The left column in Figure 3.3 shows the impact of the thrust level. According to Equation
(3.1), the diameter increases with the square root of the thrust level. The next two plots
show that the required torque and the mechanic power increase with the thrust level, which
is intuitive. For the four blade and six blade propellers, the same characteristics as in the
previous study can be identified: the smaller propeller diameter results in a higher power
and a lower torque. The next row shows that the thrust level has no impact on the efficiency
at the rated point. This independence can be explained with the axial momentum theory
and Equation (2.1), which says that, for a constant thrust per propeller area, the efficiency is
constant too. The fifth plot shows that the system inertia increases significantly with higher
design thrust levels. As the system inertia is mainly driven by the propeller size, this trend
results from the increasing diameter. The lower plot shows that the system mass correlates
well with the rated propeller torque.

The right column shows the sensitivity on the material density. The material density has no
impact on the propeller aerodynamics and dimensions. Therefore, the diameter, the required
torque, the mechanic power and the efficiency are independent of the material density. As
the same material is assumed for the entire propeller, its mass and inertia grow linearly with
the material density, which significantly affects the system inertia and shows a little impact
on the system mass.
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3.2 Fixed pitch propeller system

3.2.1 System setup and control

In this section, the thrust response of an isolated mechanic subsystem with a fixed pitch pro-
peller is analysed. The propeller is directly driven by the electric motor, without considering
additional shafts or gearboxes. The motor controller is supplied by an ideal voltage source,
which delivers a constant DC voltage. The rotational speed of the system is controlled by a
motor controller, which receives a speed command signal.

For the fixed pitch system, the rotational speed is the only degree of freedom to change the
thrust level. Hence, a thrust change is realised by accelerating or decelerating the propeller.
For acceleration, the motor must compensate the torque that results from the propeller
aerodynamics and deliver a supplementary torque to increase the rotational speed, which is
described by Equation (2.26). To accelerate up to the rated point, the motor provides a short
time peak power capability, which is expressed by the MTF. The torque factor, multiplied
with the design torque, represents the pull-out torque, which the motor can deliver for a short
time interval (as defined in chapter 2.4).

Within the following two sections, the two transient manoeuvres are analysed. The first
manoeuvre is a part load acceleration from 50 to 100% of the rated thrust and the second
manoeuvre is an over power acceleration from 100 to 150% of the rated thrust. For each ma-
noeuvre, the motor controller is fed with a step function speed command which corresponds
to the respective thrust change.

3.2.2 Part power acceleration

During the part power acceleration, the system accelerates from 50 to 100% thrust. To better
describe the manoeuvre, Figure 3.4 shows a plot of the relevant system parameters during
the acceleration.
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Figure 3.4: Part power acceleration for fixed pitch propellers

The abscissa shows the time axis. The simulation starts at -0.1 seconds in order to give the
Simulink models a short time to find an equilibrium state, as the initial point is calculated
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with the according Matlab models. At zero seconds, a step command with the new rotational
speed is passed to the motor controller, which raises the current to increase the torque to
the maximum torque factor. The response of this process takes a few tens of milliseconds
and is thus barely visible in the figure. As the motor torque exceeds the propeller torque,
the rotational speed and the thrust increase up to their rated values. In order to show all
parameters in one figure, the speed and thrust values have been normalised with their design
parameters. Similar to the previous chapter, the sensitivity of the thrust response on the
propeller design parameters is investigated. The results are shown in Figures 3.5 and 3.6.
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Figure 3.5: Parameter sensitivities for fixed pitch propellers during part power(1)

The upper row shows the rise time of the thrust response. The left plot shows that higher
blade loadings results in higher rise times. In contrast to this, the system inertia shows an
opposed characteristic and it would be intuitive to say that the reduction of inertia with the
blade loading would also result in reduced rise times. The reason for the opposed trend is
the power and torque characteristic of the propeller. Increasing the blade loading requires a
lower torque and more power (see Figure 3.5). Therefore, the rated motor torque is reduced
and the rated speed is increased. This penalty predominates the advantage of a lower system
inertia. The middle plot shows that the rise time decreases with higher pitch values. Figure
3.5 shows that this trend is enabled by a reduced system inertia, a higher torque level and
the constant rated speed. The right plot shows that the rise time is decreased with higher tip
speed values. This trend results from the higher impact on the rotational speed according to
Equation (3.3) and the significantly reduced system inertia.

The lower row shows the maximum mechanic power which is delivered by the electric motor.
According to Figure 3.4, the maximum power is delivered at the end of the acceleration,
when the motor still has a high torque and the rotational speed is close to the rated value.
The peak power is utilised as an interface parameter in order to assess the t response time
on system level in the next chapter.

Figure 3.6 shows that the thrust response slows down for higher thrust levels, which results
from the considerably higher system inertia and the modest increased design torque. This
is a quite interesting sensitivity, which is important for the scaling behaviour of small quad-
copter vehicles. During a simple up scaling with the same matching points and design laws,
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Figure 3.6: Parameter sensitivities for fixed pitch propellers during part power(2)

the thrust response of the motor-rotor system will get slower and might affect the vehicle
manoeuvrability and controllability. This effect is further assessed on system and aircraft
level later on in this work. As shown before, a change of the system inertia has a significant
impact on the transient response of the system. The rise time increases linearly with the
material density, which is the parameter that has the most significant impact on the system
inertia. Thus, to accelerate the thrust response of a fixed pitch propeller, lighter materials
shall be utilised. Of course, the light material must meet the mechanic requirements and
provide a similar lifetime expectation. The right column shows that the MTF is directly
coupled to the maximum motor power. When the MTF is reduced, less power is available
for acceleration and the rise time increases significantly.

To summarise the results, some interesting trends are highlighted. Low blade loading values
enable both, a high efficiency design and a fast thrust response. When the propeller size is
not limited by aircraft design, the propeller size should be as large as possible to obtain a
high efficiency and fast responding motor-rotor subsystem. When the maximum diameter
for aircraft design is fixed, the pitch is a second parameter to influence the rise time results.
However, the efficiency and the rise time results show conflictive trends. With lower pitch
values, the efficiency is increased but the thrust response gets slower and vice versa. The
tip speed is a third parameter, which impacts the thrust response but does not significantly
affect the propeller efficiency. Finally, the thrust response is improved, when the system has
a low inertia and a low kinetic energy.

3.2.3 Over power acceleration

This chapter investigates the over power manoeuvre, during which the system accelerates
from 100 to 150% thrust. To describe the manoeuvre, Figure 3.7 shows a plot of the relevant
system parameters during the over power acceleration.

For this manoeuvre, the system is initialised at its design point performance. At zero sec-
onds, a step command with the new rotational speed is passed to the motor controller. The
controller increases the motor torque to the maximum allowed MTF. As the motor starts
to exceed its rated speed, it enters the field weakening operation, which is a constant power
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Figure 3.7: Over power acceleration for fixed pitch propellers

mode. Thus, by increasing the rotational speed, the available torque decreases. When the
target speed is reached, the motor torque is reduced to the required propeller torque. When
high thrust levels are required, the motor torque can be reduced so far that the propeller can
not be further accelerated. At this point, the maximum peak thrust is achieved. In order
to show all parameters in one figure, the speed and thrust values have been normalised with
their design parameters.

In order to investigate the impact of the design parameters on the thrust response, a similar
parametric study as for the part power acceleration is conducted. As the design of the pro-
peller is not changed, the results for the propeller geometry and performance parameters is
not repeated here. Thus, Figure 3.8 shows the impact of the blade loading, the pitch and the
tip speed on the rise time metric and the relative peak power.
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Figure 3.8: Parameter sensitivities for fixed pitch propellers during over power(1)

Figures 3.8 and 3.9 show the same sensitivity characteristics, which have been identified for
the part power acceleration. Also the rationale for the resulting trends is the similar. The
difference between the rise time results of both manoeuvres is the absolute value. Compared
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3.2. Fixed pitch propeller system

to the part power acceleration, the over power manoeuvre is significantly slower. One reason
for this is the reduction of the motor torque with increasing rotational speed due to the field
weakening. This is illustrated by the motor peak power, which is limited to two by the MTF.
The second reason is the increased aerodynamic torque of the propeller. Both points lead to
a reduction of the torque difference and, thus, result into a slower thrust response and higher
rise time. Figure 3.9 shows the rise time sensitivity on the thrust level, the material density
and the maximum MTF.
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Figure 3.9: Parameter sensitivities for fixed pitch propellers during over power(2)

Similar to the part power manoeuvre, the rise time increases with higher thrust levels and
higher material densities. The rationale for both trends is similar to the previous section. The
sensitivity on the torque factor shows a vertical asymptotic characteristic, which represents
the peak thrust limit. All propellers show excessive rise times for MTFs close to 1.8. With
this torque factor, the motor can deliver the propeller torque for 150% thrust, but no more
torque is available for further acceleration.

3.2.4 Rise time correlation

In this chapter, a correlation for the rise time of fixed pitch motor-rotor systems is derived,
based on a semi analytical approach. Equation (2.26) shows the acceleration of arbitrary
motor-rotor systems. As the rise time is a measure of the duration of an acceleration, it is
assumed to be inversely proportional to Equation (2.26).

As the propeller torque depends on the rotational speed, the system shows a non linear
behaviour. To remove the non linear behaviour, the propeller torque is replaced by its design
value. Furthermore, to include the rise time for different part load changes, the dw is replaced
by the speed difference of the acceleration in RPM and the ¢t is replaced by the rise time t.
The motor torque is replaced by the design torque times the MTF.

. Jprop - An
Qprop,design : (MTF - 1)

The resulting equation is solved for the rise time and shown in Equation (3.4). This expression
is a basic correlation which showed a good agreement to simulated rise time values for small

t~ f

(3.4)

593



Chapter 3. Thrust response of the motor-rotor system

deviations from a calibrated design parameter set. To improve the correlation accuracy for
larger deviations and to include supplementary design parameters, Equation (3.4) is extended
with term so that all propeller design parameters are represented in the correlation. These
additional parameters are the pitch, design tip speed and thrust level. The resulting Equation
(3.5) gives the correlation of the rise time for the acceleration of a fixed pitch motor-rotor
subsystem which has been designed according to the previously described design laws.

0.2 0.4
Jprop -An hPTOP " Utip,design
Qprop,design : (MTF - 1)0'7 Fo1

t=f (3.5)
The correlation captures the impact of all design parameters, as well as the material density,
for simulated propellers from 10 to 600 N thrust, a design tip speed from 160 to 220 m/s
and a pitch-to-diameter ratio from 0.7 to 1.3. The coefficient of correlation R? is better than
0.998 for the given parameter range. The factor f is identified to be constant for a given blade
number. It is calculated to 0.0088 for two blade, 0.0097 for four blade, and 0.0104 for six
blade propellers.

3.3 Variable pitch propeller system

3.3.1 System setup and control

In this chapter, the thrust response of an isolated motor-rotor subsystem with variable pitch
propellers is analysed. The propeller is directly connected to the electric motor, without
considering additional shafts or gearboxes. Similar to the fixed pitch propeller, the motor
controller is supplied by an ideal voltage source. Supplementary, a servo motor is added to
the system, which controls the variable pitch angle of the propeller. Compared to the fixed
pitch propeller, the design and matching is not changed.

The variable pitch system has two degrees of freedom to change the thrust level. Similar to
the fixed pitch propeller, the thrust can de changed with the rotational speed of the propeller.
Moreover, the variable pitch angle is the second degree of freedom to change the propeller
thrust. Thus, the system uses two controllers: one motor controller to set a target rotational
speed, and one servo controller to set a target pitch angle. Again, the motor provides a short
time over power capability in order to counteract deviations of the rotational speed during
the manoeuvre.

Most variable pitch propellers are operated at constant speed and the thrust is controlled
only by the blade pitch angle. This simple control approach reduces the number of degrees
of freedom to one, which makes it easier for pilots to control the thrust level. To maximise
propeller efficiency, both parameters have to be adjusted [179]. For a quadcopter, this con-
trol strategy results in a power reduction of 1 to 4% compared to fixed speed operation [75].
However, the constant speed operation is assumed for this study. The speed command, which
is passed to the motor controller, is the constant design speed. The thrust command for the
servo is translated into a pitch angle command via a lookup table.

During dynamic load changes, the rotational speed of the propeller differs from its target
value, which will lead to deviations of the propeller thrust, as the lookup table for the
variable pitch angle is only valid for the design speed. To correct the lookup table for the
rotational speed, a correction term is applied on the thrust command according to Equation
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3.3. Variable pitch propeller system

(3.6), which is derived from Equation (2.14). This correction implies, that the rotational
speed of the motor is measurable and available for the servo controller.

. 2
Fcorr =I. (7’%51gn> (36)

Tprop

The servo dynamics are adopted from measurements from Cutler [180]. He measured a rate
limit of 630 % under load and he assumed a delay which corresponds to one update interval
of the servo motor at 333 Hz. Similar results are identified by Pretorius, who identified a
rate limit of 600 % [76]. Moreover the mechanic link to the propeller blade has a significant
impact on the dynamic response. Depending on the relation of the lever arms of the servo
and the blade, the angular displacement of the servo is translated to an angular displacement
of the blade. This transmission can be used to reduce the torque load on the servo and to
increase the blade positioning accuracy. The transfer function of a rigid body connection with
different lever arms has a complex non linear behaviour. For sake of simplicity, a constant
angular reduction ratio of 2 from the servo to the propeller blade is assumed, as this reflects
the kinematic of the non linear system for small angle deflections. Hence, a servo rotation by
ten degrees will result in a blade rotation of five degrees.

Similar to the fixed pitch propeller, the two acceleration manoeuvres from 50 to 100% and
from 100 to 150% of design thrust are investigated. The servo controller is fed with a step
function pitch angle command which corresponds to the respective thrust change. The motor
controller is fed with a constant target speed, which corresponds to the design value.

Because the propeller design is not changed compared to the fixed pitch propeller, the sen-
sitivities on the propeller output parameters do not change. Therefore, the investigation of
these sensitivities is not repeated in this section. The impact of the supplementary pitching
mechanics on the propeller hub design and the propeller mass and inertia is neglected in this
study.

3.3.2 Part power acceleration

In this section, the mechanisms of the part power acceleration are further described. For a
better understanding, Figure 3.10 shows a plot of the relevant system parameters during the
acceleration. The right ordinate shows the delta pitch angle, which represents the angular
deviation of each blade from the design point geometry.

The simulation is initialised at design speed and a pitch angle which corresponds to 50% of
the rated thrust. Then, the step command is passed to the servo, which begins to increase
the pitch angle and the propeller thrust. At the same time, the propeller torque increases,
which results in a reduction of the rotational speed. The motor controller increases the motor
torque to compensate the higher aerodynamic torque and to re-accelerate the propeller up
to its target speed. To show all parameters in one figure, the speed and thrust values have
been normalised with their design parameters and the blade pitch angle is shown on the right
ordinate.

According to Figure 3.10, the blade pitch shows an overshoot during the acceleration. This

is the impact of the speed correction, which compensates the abating rotational speed. The
deviation of the rotational speed is generally very low, which enables the motor to quickly
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Figure 3.10: Part power acceleration for variable pitch propellers

re-accelerate the propeller. Thus, the required torque factor is very low, compared to the
fixed pitch propeller.

The lookup table for the relation between the blade pitch angle and the propeller thrust
shows a similar characteristic as the airfoil lift coefficient, which is quite intuitive, as the
blade pitch angle changes the angle of attack of all blade elements. The relation shows a
linear behaviour up to a region of high pitch angles, where the propeller blade begins to stall
and a maximum thrust level is attained. As the design point of the propeller is located at
the best lift-to-drag ratio, which is located at low angles of attack, the lookup table shows
an almost linear relation for the part power acceleration.

Figure 3.11 shows the impact of the blade loading, the pitch and the tip speed on the various
output parameters. The first parameter is the difference in the variable pitch angle, which
the blade has to be adjusted in order to change the thrust level. The second and third pa-
rameters are the rise time and the maximum required torque factor during the manoeuvre.

The left plot shows that higher blade loadings result in a higher differences of the variable
pitch angle. The main reason for this is the slightly non linear characteristic of the airfoil
coefficient. As the blade loading has an impact on the rotational speed, it also has an im-
pact on the propeller pitch. Together with the pitch, the angle of attack and, thus, the lift
coefficient of both operating points is changed. With a perfectly linear relation between the
angle of attack and the lift coefficient, the resulting difference of the pitch angle is constant.
Moreover, during hover, the propeller operates closer to the stall region of the airfoil than
during design operation. Both points also explain the deviation of the pitch angle difference
with the propeller pitch and the tip speed.

The second row shows the dependency of the rise time to the three design parameters. The
resulting curves show a discrete characteristic, which results from the simulation time step
of 500 ps. A reduction of the simulation time step resulted in smoother curves, however, the
calculation effort increased considerably. The 500 us time step has been chosen as a com-
promise between simulation accuracy and calculation effort. As the thrust response depends
only on the dynamics of the servo motor, the trends of the rise time directly depend on the
pitch angle difference. In general, the results show a rise time between 22 and 26 ms, which
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Figure 3.11: Parameter sensitivities for variable pitch propellers during part power(1)

is significantly faster than the fixed pitch propeller.

The required torque factor depends on the motor control parameters, the speed error, the
rated motor torque and the system inertia. The simulation results show, that higher blade
loadings results in a higher maximum torque factor. This trend results from the reduction
of the rated motor torque and the modest reduction of the system inertia, which has been
identified earlier in the previous chapter. The same rationale explains the behaviour of the
maximum torque factor on a pitch variation. A higher pitch requires a high torque mo-
tor and, hence, the resulting torque factor is reduced. The increase of the tip speed shows
a reduction of the rated motor torque and a considerable reduction of the system inertia.
The combination of both trends lead to a reduction of the torque factor with increasing
tip speed. It is remarkable that the required torque factor does not exceed a value of 1.2,
which significantly reduces the requirements on the electric motor design. Figure 3.12 shows
the dependency of the thrust response on the thrust level, the material density and the MTF.

The left column shows that the rise time is independent from the thrust level. However,
the thrust level influences the system inertia and, thereby, the required torque factor. As
higher thrust level result in elevated system inertia, the kinetic energy is increased. Thus, to
re-accelerate the propeller with a higher system inertia, a higher torque factor is required.
Similar to the thrust level, the material density does not impact the pitch angle difference or
the rise time. Finally, all output parameters are independent of the allowed torque factor,
because the part power acceleration does not require values higher than 1.2.

3.3.3 Over power acceleration

In this section, the over power acceleration is investigated. Similar to the part power ma-
noeuvre, Figure 3.13 shows a plot of the relevant system parameters during the acceleration.
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Figure 3.12: Parameter sensitivities for variable pitch propellers during part power(2)
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Figure 3.13: Over power acceleration for variable pitch propellers

The system is initialised at design speed and a pitch angle which corresponds to the rated
thrust level. At zero seconds, a step command is passed to the servo, which adapts the pitch
angle accordingly. The resulting higher propeller torque reduces the rotational speed of the
system and the motor controller increases the motor torque to re-accelerate the propeller.
Again, the speed and thrust values have been normalised with their design parameters and
the blade pitch angle is shown on the right ordinate.

The blade pitch shows the overshoot, which originates from the speed correction. The devia-
tion of the rotational speed is again very low. Compared to the part power acceleration, the
aerodynamic torque of the propeller is significantly higher which requires a higher MTF and
the acceleration of the propeller requires more time. The matrix plot in Figure 3.14 shows
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the dependency of the rise time and the maximum MTF on the blade loading, the pitch and
the tip speed.
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Figure 3.14: Parameter sensitivities for variable pitch propellers during over power(1)

The figure shows that all propeller designs reach the maximum MTF of two during the ac-
celeration. The rise time characteristics are similar to the part power acceleration. Because
of a slightly higher abatement of the rotational speed and the therefore increased overshoot
of the variable pitch command, the rise time values are slightly higher.

To deliver a higher propulsive power, a variable propeller requires more torque than a fixed
pitch propeller, as the variable propeller is operated at a constant speed, whereas the fixed
pitch propeller is accelerated. When the peak thrust level is exceeded, the motor can no
longer deliver the propeller torque and the system decelerates. In this case, the speed correc-
tion further increases the pitch angle, in order to maintain the required thrust, which further
increases the propeller torque. In this way, the system gets unstable and the propeller de-
celerates to a very low rotational speed. Simulations have shown, that this thrust level is
beyond 150% of the rated thrust.

Again, the rise time results show a similar characteristic to the part power acceleration and
the main difference remains the slightly higher values. Moreover, the simulations have shown,
that higher thrust levels and higher material densities increase the system inertia. This in-
creases the kinetic energy and reduces the abatement of the rotational speed. The variation
of the available torque factor shows that a value of 2.2 is sufficiently high for a 150% thrust
demand for all blade numbers. The according value for the fixed pitch propeller was 1.8.

To conclude the analysis of variable pitch propellers, the most important findings are briefly
summarised. The variable pitch mechanism allows to decouple the thrust response from the
speed response of the mechanical subsystem. By adding a speed correction term on the thrust
command, the precision of the lookup control of the variable pitch angle can be improved
significantly and the thrust response can be decoupled completely from the rotational speed.
In contrast to fixed pitch propellers, variable pitch propellers benefit from a high inertia
design, as this reduces the speed deviation during thrust changes and the required MTF of
the electric motor. Finally, thrust changes only require a change of the motor torque and
no change of the system kinetic energy, which is by far much more responsive. The thrust
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Figure 3.15: Parameter sensitivities for variable pitch propellers during over power(2)

response of the variable pitch propeller is roughly ten times faster than the response of the
fixed pitch system.

3.4 Impact of a supplementary gear stage

In this chapter the impact of a supplementary gear stage is analysed. Therefore, a planetary
gear stage is placed between the motor and the propeller. The propeller is connected to the
planet carrier, the motor is connected to the sun wheel and the ring wheel is fixed to the non
rotating structure. This arrangement allows high gear ratios and a simple connection to the
surrounding structure via the ring wheel. Both acceleration manoeuvres have been simulated
with the same design laws and matching conditions. Figure 3.16 shows the variation of the
rise time and the system mass in dependency on the gear ratio for the part power acceleration
of a fixed pitch propeller.
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Figure 3.16: Impact of gearbox on thrust response and system mass
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The abscissa shows the gear ratio and the ordinate shows the rise time and system mass
results for the geared system relative to the system without gearbox. The results show that
the inclusion of a gear stage does not significantly change the thrust response. For low gear
ratios, the effect of the reduced motor inertia dominates over the supplementary inertia of
the gearbox. At higher gear ratios, the planet wheel size and, thereby, the system inertia
increases. Thus, the thrust response is slightly slowed down and the resulting rise time
increases. A significant advantage of including a gear stage is the reduction of the system
mass. As the gearbox mass is correlated against the propeller torque level, which is constant,
the variation of the system mass originates only from the reduction of the motor torque and
mass. The disadvantage of the gearbox are the supplementary gearbox losses which require
more input power and hence a higher system mass of the upstream components. Moreover,
a higher mission energy may be required, if the efficiency levels of the upstream components
do not noticeably improve.

3.5 Sensitivities on model errors

Within this section, the sensitivity of the simulation results on the remaining model output
parameters is investigated to assess the sensitivity on modelling inaccuracies. For the fixed
pitch motor-rotor system, the most relevant model output parameters are the motor and the
propeller inertia. Moreover, the off design calculation may lead to an inaccurate rotational
speed which results into a higher or lower speed difference between the starting and the target
point. To assess the sensitivity on these three parameters, a motor-rotor system is designed
according to the reference conditions from Table 3.1. The system is accelerated from 50 to
100% thrust. Figure 3.17 shows the rise time results in dependency on the motor and pro-
peller inertia variations as well as varying speed differences, relative to the reference system
results.
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Figure 3.17: Error sensitivity of fixed pitch simulation results

The abscissa of the left plot shows the variation of the propeller inertia by +/- 5%. The or-
dinate shows the resulting rise time variation. The plot shows that the error characteristic is
linear and that a one percent error on the propeller inertia translates into a one percent error
in the rise time results. The motor inertia is shown in the middle plot. The figure shows that
a small variation of the motor inertia does not significantly impact the rise time results, as
the propeller inertia is one to two orders of magnitude larger than the motor inertia. Finally,
the right plot shows the difference of the rotational speed of the starting and the target point.
The plot shows that the speed difference has a similar impact on the rise time as the propeller
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inertia. The characteristic is linear as well and a 5% error in the speed difference results into
a 4% percent change of the rise time result. Hence, for fixed pitch systems it is essential that
the propeller model provides a high accuracy for the rotational speed and the inertia, as they
have a significant impact on the simulation results. For the variable pitch motor-rotor system
the thrust is changed with the propeller servo, which changes the blade pitch angle. Thus,
the servo speed and the distance to adjust the blade pitch angle are relevant model output
parameters. Again, a reference system is designed and accelerated from 50 to 100% thrust

and the rise time results are examined according to variations of these two parameters. The
results are shown in Figure 3.18.

A Rise Time [%]
o al

&

-5 0 5 -5 0 5
A pitch angle [%] Aw [%0]

Servo

Figure 3.18: Error sensitivity of variable pitch simulation results

The left plot shows the impact of a deviation of the blade pitch angle. The error characteristic
is linear and the impact on the rise time results is significant. A distance variation of 5%
results in a rise time variation of 7%. The right plot shows the speed of the servo motor which
is no output parameter from the here presented models, but from the modelling of Cutler
and Pretorius [76,180]. In comparison to the pitch angle distance, the rotational speed of the
servo motor has a lower impact on the rise time results. Again, the characteristic is linear,
but a 5% variation of the servo speed results in a 4% variation of the rise time. For variable

pitch systems it is mandatory to provide a high accuracy for the blade pitch angle and the
servo motor speed.

62



4 Propulsion System Peak Power Analysis

In the previous chapter, the thrust response of an isolated propulsor subsystem has been
analysed and the according peak power requirements have been derived. The scope of this
chapter is to investigate the sensitivity of component and system parameters on the peak
power capability of battery and fuel cell based propulsion systems. Therefore, the motor-
rotor subsystem is extended with power converters, batteries, fuel cells and supercapacitors
to synthesise electric and hybrid electric propulsion systems.

To set up a DC bus network with multiple sources and multiple consumers, a bus voltage level
is defined to simplify the network control and to provide defined requirements for component
suppliers. For the system architectures which are examined in this work, the bus voltage
level is derived from the motor controller requirements at the design point. The propulsion
system design point is a hover operation with 400 N thrust per propeller at sea level static
conditions. At this design point, the controller voltage is correlated to the motor power level
by the following expression:

Ucontroller = P0.6 (41)

mech,prop

During over power manoeuvres, the ohmic resistance of the stator armature requires a higher
controller output voltage than at the design point. Especially for small motors the ohmic
loss share is large [116] and therefore the voltage drop is significant. To be able to deliver
the required voltage for an over power manoeuvre, the controller is designed at 90% of its
maximum output voltage.

For the reference motor-rotor system, whose properties have been presented in Table 3.1, the
resulting reference electric network properties are shown in Table 4.1. For the simulations in
chapter 3, this reference bus voltage has been utilised for the ideal voltage source. In this
chapter, all systems are designed with this reference bus voltage and the electric power of
one motor.

Electric power (one motor) Bus voltage
kW \Y%

9.82 235

Table 4.1: Reference electric network parameters

4.1 Battery based Systems

In this section, the basic motor-rotor system is extended with a power converter and a bat-
tery, to evaluate the thrust response of battery based propulsion systems. The ideal voltage
source, that supplied the motor controller is replaced by a combination of a battery pack and
a power converter. The converter is plugged between the battery and the motor controller to
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compensate variations of the battery output voltage and supply the constant bus voltage to
the motor controller. Figure 4.1 shows the system setup.

Propeller

Figure 4.1: Battery based system setup

4.1.1 System Design

By adding a converter to the system, a supplementary degree of freedom is added to the sys-
tem design, which is the pack voltage level. For the battery pack, the maximum continuous
power and the available energy are the two major design parameters. The battery pack is
assembled from multiple single cells which are connected in series and in parallel. As the
number of cells in series and in parallel must be integers, the battery pack voltage, power and
energy can only attain discrete values, whose spacing is defined by the cell parameters. A
basic design process for batteries is to derive the number of series cells from the pack voltage
and the number of parallel cells from the power and energy requirements. When batteries are
designed in this way, they can store more energy than required, which results from the integer
number of cells condition. Thus, the battery stack is oversized and heavier than necessary. In
order to obtain a minimum mass layout, the voltage level must be optimised on component
level. For example, an energy specification requires 37 battery cells. This design can be
realised with a 5x8, 4x10, a 3x13 or a 2x19 layout. The pack voltage differs for every layout.
So does the number of cells and the available energy storage. Figure 4.2 shows a comparison
of fixed voltage and optimised voltage design of two battery packs for the reference power
and bus voltage requirements.
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Figure 4.2: Battery design space

The left plot shows the design for the constant bus voltage. The abscissa of the plot shows
the available energy of the battery pack, when a minimum SOC limit of 10% is considered.
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The plot shows the constant battery design voltage, the pack mass and the energy content,
which gives the amount of the design energy to the resulting installed energy. As the SOC
level is limited to 10%, up to 90% of the battery energy content can be utilised. Moreover
the plot shows the energy and power limits, which are given by the data sheet of the PL-
383562 battery [166]. For low energy designs, the battery is designed according to the power
specification, which results in a constant pack mass. As soon as the ratio of the pack power
to the pack energy reaches or exceeds the maximum continuous cell C-rate, the battery pack
is designed according to the energy specification. The maximum continuous C-rate of the
PL-383562 cell is 2. For a design power of 9.82 kW and the C-rate limit of 2, the intersection
point of both design limits is at 4.91 kWh. A variation of the maximum continuous C-rate
results in a displacement of the intersection point of both design limits and thus to a vertical
movement of the power limit. A low power limit is beneficial for battery packs that are
designed for short time power profiles. For batteries that are designed for a given energy
requirement, the maximum continuous cell C-rate is of minor interest.

The integer condition for the cell numbers causes the subordinated stair case shape of the
pack mass curve. At each step, the energy content falls slightly under 90%, which means
that the battery pack is oversized. For large battery packs with many cells, the step size
decreases and the optimisation benefit of the pack voltage level declines. Consequently, for
large battery packs, the pack voltage has no impact on the pack mass. For small batteries,
there is a reasonable benefit.

The right plot shows the same design study with a variable pack voltage design. In this
case, the pack voltage is optimised in order to obtain a minimum mass design and to exploit
the battery capacity to the maximum of 90%. The plot shows that the pack voltage differs
around 10% from the bus voltage level. The pack mass and the energy content show that
the stair case shape has been removed and the available energy content of 90% is exploited
from all battery packs, that are designed according to the energy requirement. The achieved
mass benefit for the reference power level is 2-3%. For further studies on battery systems,
the optimum design with a variable pack voltage level is applied in order to analyse.

4.1.2 Peak Power Performance

A high C-rate capability is beneficial for applications which require short time peak power.
To assess the peak power capability of batteries, Figure 4.3 shows the cell voltage during an
over power manoeuvre, which is initialised at the minimum SOC level of 10%. This represents
the battery performance at the end of a mission. This configuration is most critical, as the
battery voltage is already very low and the margin to the cut off level is small. The ordinate
shows the Peak Power Factor (PPF), which is the ratio of the peak power to the maximum
continuous power. The abscissa shows the duration, for which the peak power is delivered.
The black contour plot shows the cell voltage and the grey contour plot the SOC level. The
battery is designed for the reference power requirements with pack voltage level optimization.

When the cell voltage reaches its minimum limit, the cell is cut off to avoid structural transfor-
mation of the electrode material, which is an irreversible damage of the cell. This protection
mechanism is important at low SOC values, as the battery open circuit voltage is already
at a low level. When the cell is loaded with high current levels, the cell voltage is further
reduced and the cut off voltage level is reached quickly. Figure 4.3 shows the peak power
capability of the PL-383562 battery with an initial SOC level of 10%. The black contour plot
shows for how long a certain power can be provided before the cell reaches the according cut
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Figure 4.3: Battery over power capability

off voltage. For the cut off voltage of 2.75 V, which is given by the data sheet of the cell,
the peak power is limited to a factor of 4 for very short power peaks and a PPF of 3 can be
supplied for roughly 20 seconds. After almost two minutes, the SOC has decreased to such a
low level, that the battery is not able to deliver more than the maximum continuous power.

For the fixed pitch propeller, a PPF of 4 has been identified in chapter 3. Figure 4.3 shows
that, with a cut off voltage of 2.75 V', a PPF of 4 can be supplied only for a split of a second.
Thus, the battery already affects the thrust response of the motor-rotor system at a SOC
level of 10%, which takes half a second. In order to increase the voltage margin and to enable
a longer peak power capability, the battery must be either resized for higher energy and
power specifications or the minimum SOC level must be augmented. Both measures result
in larger and heavier battery design. For the variable pitch propeller, a PPF slightly above
two has been identified. This peak power can be supplied for around one minute, down to a
SOC level of 4 percent. This means that the utilisation of a variable pitch propeller enables
a lower minimum SOC level than a fixed pitch propeller. In this example, roughly 6% more
energy can be drawn from the cell, which means that the battery pack is also roughly 6%
lighter. At the same time, the thrust response is ten times faster than with the fixed pitch
propeller, according to the results of chapter 3.

To demonstrate the limiting behaviour of the battery, the over power acceleration of the refer-
ence fixed pitch motor-rotor system with a MTF of 4 is simulated. Figure 4.4 shows the plot
of the relevant system parameters during the manoeuvre. The left plot shows the parameters
of the motor-rotor subsystem and the right plot the battery cell voltage and C-rate.

The simulation shows that the C-rate increases with the motor torque from the maximum
continuous power towards the required peak power level. At the same time, the cell voltage
drops towards the cut off voltage. As soon as the cut off voltage is reached, the controller
cuts off the battery and the motor torque is reduced. After a short time, the battery voltage
recovers and the battery is reconnected. During the acceleration, the battery is cut off mul-
tiple times. The cut off process limits the average power and prohibits the system to deliver
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Figure 4.4: Over power acceleration of fixed pitch propeller with battery(1)

the required MTF target. This results in a slower acceleration and higher rise time results.
To further investigate the sensitivity of the rise time on the peak power requirements, a
parametric study on the MTF and the battery cut off voltage is conducted. Figure 4.5 shows
the rise time (left plot) of the reference system and the minimum battery cell voltage (right
plot), which is observed during the acceleration.
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Figure 4.5: Over power acceleration of fixed pitch propeller with battery(2)

The abscissa of both plots shows the battery cut off voltage. The left plot shows, that for
very low cut off voltages, the acceleration gets faster with increasing MTF and the rise time
results are reduced. At the same time, the current level is increased, which results in a lower
minimum cell voltage during the acceleration, which is shown by the right plot. When the
minimum cell voltage reaches the cut off voltage, the system power is limited and the rise
time results are affected. At this point, the power specifications must be increased or a high
power cell, which provides a lower internal resistance must be applied to avoid the power
limitation. The shape of the rise time results in the left plot show that there is an optimum
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MTF for each cut off voltage, which draws the maximum power from the battery without
causing the cells to be cut off. The application of this optimum MTF results into the fastest
acceleration and the lowest rise time. Equation 4.2 shows a correlation of the maximum MTF
in dependency on the cut off voltage level.

MTF pay = —2.424 - U2

u

¢ off + 10.000 - Ugys off + 5.403 (4.2)

By defining the bus voltage and the battery pack voltage as system design parameters, the
voltage transmission ratio of the buck-boost converter is defined as well. Design calculations
of the buck-boost converter have shown that the resulting time constants are faster than the
response times of the propulsor subsystem. Consequently, the buck-boost converter does not
noticeably affect the system response.

To conclude this chapter, the interesting findings on battery based system are briefly summa-
rized. For small batteries, the pack voltage level represents an optimisation parameter for the
battery mass. The mass of larger batteries is independent from the pack voltage level. The
analysis of the peak power capability of battery based systems has shown, that the average
high-energy cell PL-383562 can deliver a PPF of up to almost 4 until a SOC level of roughly
10% is reached. Until this SOC level, the thrust response is not limited by the battery. The
reduced peak power requirements of variable pitch propellers enable a higher utilisation of
the battery energy. Simulations with the PL-383562 cell model have shown that 6% more
energy could be delivered by the cell, which translates into an equivalently lower battery
weight. In the next section, the design of the buck-boost converter is investigated together
with the fuel cell.

4.2 Fuel Cell based Systems

In this chapter, the design and the peak power capability of a fuel cell based propulsion
system is investigated.

4.2.1 Fuel Cell Configuration Comparison

Before analysing the peak power capability of the fuel cell, the two fuel cell configurations,
which have been presented in the modelling chapter 2.6, are compared in order to identify
the better configuration for UAV application. Therefore, both configurations are designed
for equal electric power levels and equal environmental conditions. The design voltage level
is derived from the electric power level according to the correlation from Equation (4.1). The
fuel cells are operated at full power for a certain operating time. The system mass of both
configurations is calculated in dependency on the power level and on the operating time. The
oxygen configuration contains two gas tanks, whose size and mass depend on the amount of
stored gas. The air breathing configuration only requires a hydrogen tank and the air is taken
from the environment to supply the cathode. The gas tanks are designed in that way, that at
the end of the operating time, the tank pressure equals the operating pressure of the fuel cell.
The oxygen tank configuration includes the fuel cell stack, two gas tanks and four pressure
valves. The air breathing configuration consists of the fuel cell stack, one radial compressor
stage, a gearbox, an electric motor and three pressure valves. The required power of the
electric motor is subtracted from the fuel cell power output. Figure 4.6 shows a comparison
of the system mass of both configurations at different pressure altitudes. The abscissa shows
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the operating time and the ordinate shows the design net electric power.
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Figure 4.6: Comparison of air breathing and oxygen tank configuration

The left figure shows the results for operation at sea level ISA conditions. Both configurations
show an increasing system mass for longer operating times. The gradient of the system mass
versus the operating time is greater for the oxygen configuration than for the air breathing
configuration because of the oxygen tank, which grows with the operating time. For short op-
erating times, the oxygen tank configuration has a lower system mass than the air breathing
configuration, which results from the additional mass of the auxiliary components and the
power consumption of the compressor stage. The break even of the system mass is attained
at an operating time between 150 and 180 minutes. The right figure shows the results for
operation at an pressure altitude of 4000m. Because of the reduced air pressure, the air
breathing configuration suffers from the mass and the power consumption of an additional
compressor stage, which is required to attain the target operating pressure in the fuel cell.
Moreover, the low air density requires larger compressors, which further increases the mass
of the auxiliary components. Therefore, the break even is delayed to roughly 5 hours of op-
erating time. As the targeted operating times are well below the identified break even points
and because of the results of the discussion in chapter 2.6, the oxygen tank configuration is
favoured over the air breathing configuration.

4.2.2 System Design

In the following section, the impact of the fuel cell design parameters on the peak power
performance of fuel cell based propulsion systems is investigated. Therefore, a basic fuel
cell based system is designed according to Figure 4.7. The system contains the reference
motor-rotor system, a DC-DC power converter and a fuel cell stack. Similar to battery based
systems, the converter is utilised to compensate variations of the fuel cell voltage, which
introduces the fuel cell stack voltage level as a new degree of freedom into the system design.

To analyse the sensitivity of the buck-boost converter and the fuel cell peak power capability
on the main design parameters, a parametric study is conducted. As Table 2.4 shows, there
are numerous parameters of the cell geometry and operating conditions which influence the
performance of the fuel cell. To keep the numbers of parameters in a reasonable range, the
current density, the membrane thickness and the stack voltage and power level are utilised
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Figure 4.7: Fuel cell based system setup

as the most relevant parameters, which show an impact on the peak power performance of
the fuel cell. The fuel cell is designed for reference power specification and the bus voltage
level which are listed in Table 4.1. The result is shown in a matrix of partial dependencies
in Figure 4.8.

According to Figure 4.8, the current density and the membrane thickness have no impact on
the design of the buck-boost converter. As the current density is inversely proportional to
the active membrane area, it has a considerable impact on the fuel cell stack size and mass.
A high current density results in a low membrane area and a small and light weight fuel cell.
On the other hand, a high current density decreases the cell efficiency. To achieve a high
efficiency, a low current density is required. Thus, the current density represents a very im-
portant trade-off between system mass and efficiency and has to optimised on aircraft level.
The membrane thickness is directly related to the inner resistance of the fuel cell. Thus, a
thinner membrane results in a lower resistance and a higher cell voltage and efficiency. The
impact on the fuel cell mass and volume is rather low, as the membrane represents only a
small part of the fuel cell stack.

Figure 4.8 shows that the buck-boost converter mass and efficiency depends on the stack
voltage and power level. For higher power levels, the converter mass and efficiency increase.
The mass increases because of the increasing mass of the coil and the capacitor. As the volt-
age level is kept constant, the power level is increased with higher current levels. The higher
current level results in a lower coil resistance, which improves the converter efficiency. The
study on the voltage level shows a kink in the curves of the converter mass and efficiency. The
transition point marks the rated voltage of the motor controller. For lower fuel cell voltage
levels, the converter design is dominated by the boost requirements and for higher voltage
levels, the buck requirements dominate the design.

Both, the voltage and power level have no impact on the fuel cell efficiency. Similar to bat-
teries, the stack voltage level determines the number of series cells. However, there are no
parallel cells considered in the fuel cell stack design. The membrane area is derived from
the current level and is not limited to discrete values. Thus, the stack voltage level has no
impact on the stack mass. As a sealing rim and two backplates are considered in the mass
calculation, there is a minor impact on the voltage level, because the fuel cell dimensions
and, thus, the surface area is changed. The subordinated discrete levels originate from the
discrete screw design, which is related to the sealing rim thickness. Similar to large batteries,
the stack mass is independent on the design voltage level. However, the voltage level has
an impact on the efficiency of the buck-boost converter, which will influence the amount of
energy that is required for given mission specifications. Thus, on aircraft level, the aircraft
will benefit from a high fuel cell voltage.
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Figure 4.8: Fuel cell design space

4.2.3 Peak Power Performance

In contrast to the battery, the fuel cell is continuously provided with gas, which means
that, in a first approach, its peak power does not vary with time. Of course, as impedance
spectroscopy studies have shown, the diffusion processes and capacitive effects influence the
dynamic response of the fuel cell in different time scales [144]. Moreover, at high current
loadings, liquid water is formed at the cathode, causing cathode flooding. However, there is
no dependency on a charge level like in batteries or supercapacitors. For a first assessment
of the fuel cell peak power capability, a quasi steady state operation is calculated, which
neglects the diffusion processes and the capacitive effects. The result of the study is shown
in Figure 4.9.

The abscissa shows the current density and the ordinate shows the cell voltage, the efficiency
and the relative electric power. The cell voltage and the efficiency are coupled and show
the same characteristic over the current density. With higher current densities, the relative
power increases up to a maximum value of roughly 1.3. From this point on, the voltage drop
of the cell dominates over the higher cell current and the relative power decreases. As the
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Figure 4.9: Fuel cell over power capability

power output of the cell is fixed for given operating conditions, the relative power output can
only be changed with the design current density. By reducing the design current density, the
relative peak power can be increased. However, this results in a higher stack mass according
to the findings from Figure 4.8. To illustrate the system response during a transient load
change, Figure 4.10 shows the relevant parameters for the part power acceleration of the
reference fixed pitch motor-rotors system with a fuel cell.
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Figure 4.10: Fuel cell part power acceleration

The abscissa of both plots shows the time. At zero seconds, a step command for the new
target rotational speed is passed to the motor controller. The maximum allowed MTF is set
to 3. The left plot shows that the MTF and the current density are quickly increased. At the
same time, the fuel cell voltage declines and reaches the lower limit of 0.1 V, where the cell is
cut off. The voltage drops so quickly, that the cell is cut off before the MTF reaches its target
value. After the cut off, the cell voltage recovers immediately and the cell is reconnected.
During the acceleration, the fuel cell is cut off several times, before the system reaches the
rated operating point.
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The diffusion processes and the capacitive effects introduce dynamics into the change of the
fuel cell state, which enables higher peak power levels for short periods and extends the time
of over power operation. To further analyse this impact, the part power acceleration of the
reference fixed-pitch motor-rotor system is simulated with different peak power levels. Figure
4.11 shows the result of this study.
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Figure 4.11: Fuel cell over power capability(2)

The abscissa shows the MTF and the ordinate shows the rise time of the part power accel-
eration. The smooth decline of the rise time for up to a MTF of 2 shows that the fuel cell
can deliver the required PPF. For higher MTF, the required power increases and the fuel
cell is cut off. Thereby the fuel cell power is limited, which results in constant rise time results.

Although, under the defined operating conditions and design points, the fuel cell can deliver
a continuous PPF of 1.3, the diffusion processes enable a short time PPF of slightly above 2.
Therefore, the fuel cell is able to accelerate both reference motor-rotor systems up to 150%
of thrust when low MTF are utilised. However, higher power levels can not be sustained.

In this final section, the key findings from this chapter are summarized. A system mass
comparison of both fuel cell configurations has shown that the oxygen tank configuration has
a mass benefit up to 180 minutes at sea level ISA operation. At 4000m pressure altitude,
this mass benefit is extended and the break even point is delayed to 5 hours of operating
time. According to the studies in this chapter, the fuel cell has a poor dynamic behaviour,
which originates from internal diffusion processes and a higher internal resistance, compared
to batteries. The design current density is an optimisation parameter to trade the peak
power capability and the efficiency against the fuel cell mass and has to be optimised on
aircraft level. Moreover, the stack voltage level is a relevant parameter to trade the stack
mass against the converter efficiency, which has to be optimised at aircraft level.

To enable a better peak performance of fuel cell based systems, a second energy storage with
a higher peak power performance is necessary. Therefore, in the next chapter, the design and
the peak power performance of a hybrid propulsion system is analysed, which consists of a
fuel cell and a supercapacitor.
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4.3 Hybrid Fuel Cell System

In this chapter, the design and the dynamic performance of a hybrid fuel cell system is
analysed. Therefore, the basic motor-rotor system is extended with two power converters
which are supplied by a fuel cell and a supercapacitor. The hybrid system involves an
additionally PMAD unit, which controls the power split of both components. However, there
is no physical hardware associated to this component. In this work, the PMAD is considered
as a logical unit which controls the power network. The system architecture is shown in
Figure 4.12. The fuel cell is matched for the rated power of the electric motor and the
supercapacitor is sized to deliver the full rated motor power for 10 seconds. The purpose
of the supercapacitor is to support the fuel cell during peak power manoeuvres to obtain a
similar performance as battery based systems.

Propeller Planetary gearbox Electric motor Motor controller

V& S\
shaft| b

Fuel cell stack

Supercapacitor DC-DC converter

-DC = DC

Figure 4.12: Hybrid fuel cell based system setup

4.3.1 Hybrid System Design

In this section the design of the supercapacitor is further investigated. Similar to batteries,
the supercapacitor pack is composed of multiple single cells, which are connected in series
and in parallel. Therefore, as it has been shown for batteries, its pack voltage is a parameter,
that can be optimised on component level to obtain a minimum component mass. For the
supercapacitor, the benefit of this optimisation is more interesting than for batteries, as the
number of cells is significantly lower than for batteries. The essential difference to batteries
is the power rating of the single cell. The design parameters of the battery are the voltage,
power and energy level. Because of the very low inner resistance of supercapacitors, there
is no significant power limitation of supercapacitors and, hence, the pack power is no design
parameter. The relevant design parameters are the voltage and energy level of the stack.
Similar to batteries, the energy limit of the stack results from the specific energy of one
single cell. The second limitation is the pack voltage level, which defines a minimum number
of cells and has the same characteristics as the power limit of batteries. The location of the
intersection point of both limits is defined by the cell capacity. Whenever the pack capacity
is superior to the cell capacity times the number of series cells, the pack is designed according
to the energy requirements. When the pack energy is lower, the supercapacitor is designed
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according to the voltage requirements. Figure 4.13 shows the same design study which has
been conducted for battery systems. The supercapacitor is designed for the reference specifi-
cations in Table 4.1. The stair case shape of the curve originates from the integer condition
for the number of cells. Compared to the battery, the stair steps are significantly larger, be-
cause the pack energy (and therefore the number of cells in parallel) is very low in this design.
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Figure 4.13: Supercapacitor design space

The left plot shows the design for the bus voltage and the right plot shows the design with an
optimised pack voltage. The comparison of both plots shows, that especially for small energy
designs, the pack mass can be reduced by more than 80% by optimising the pack design
voltage. The pack mass curve for the optimised design is much closer to the energy limit and
the energy content shows, that with a lower pack voltage level, the supercapacitor can be
designed closer to the required energy specification. However, reducing the pack voltage is
only feasible within a limited range. To further analyse this limit and the resulting trade-off,
the discharge characteristic of a capacitor is briefly explained. The discharge behaviour can
be plotted in a polarisation curve, similar to a battery. Figure 4.14 shows the polarisation
curve of the non linear supercapacitor model from [170]. The abscissa shows the state of
charge and the ordinate shows the cell voltage. The contour plots show the cell voltage for
different C-rate loadings. Compared to the polarization curve of the battery, the supercapac-
itor shows a significant voltage drop with decreasing SOC levels. When fully discharged, the
supercapacitor voltage is zero.

In theory, the supercapacitor can be discharged to zero without any damage to the system.
However, the capacitor voltage drops down to zero at complete discharge and most electric
systems only work in a specified voltage range. Moreover, a very low current is required to
completely discharge the supercapacitor, which significantly reduces the available power. In
practice, the capacitor is discharged to a lower voltage limit, which is referred to as cut off
voltage in analogy to the previous models. Hence, the available energy, which can be drawn
from a capacitor depends on the cut off voltage according to Equation (4.3).

1
Ecap = 5 -C- (Ur2ated - Ugutoff) (43)

The transmission ratio of the converter can limit the design values of the cut off and the rated
voltage and a power conversion must be feasible at both voltages. As the transmission ratio
of a buck-boost converter is limited to roughly 10, a trade-off between the pack voltage level
and the extractable energy has to be made. This trade-off is included in the design study
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Figure 4.14: Supercapacitor polarisation curve

from Figure 4.13 by utilising the maximum transmission ratio of the converter at the cut off
voltage of the supercapacitor.

4.3.2 Peak Power Performance

Within the next section, the peak power performance of the supercapacitor is investigated.
Figure 4.15 shows the peak power capability under constant power operation. The abscissa
shows the time and the ordinate shows the C-rate of the capacitor. As there is no rated
power available for supercapacitors, the C-rate is utilised instead of the PPF. The contour
plot shows the cell voltage, which correlates to the SOC level. The simulation is initialised
with a SOC level of 95%.
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Figure 4.15: Supercapacitor over power capability

The results show that the short time peak power performance is superior to batteries and
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fuel cells. The capacitive effects from the model can hardly be identified in the plot and
the duration of the power supply is only limited by the capacitor energy. After roughly two
minutes, as soon as the cut off voltage is reached, the capacitor can not supply any more
power.

In the last section, the peak power performance of the hybrid system is investigated. In order
to show the benefit of the supercapacitor and to compare the performance to the fuel cell
system, Figure 4.11 shows the part power acceleration of the reference fixed-pitch motor-rotor
system. The relevant motor-rotor parameters are plotted in the left plot of Figure 4.16. The
right plot shows the electric power of the motor, the fuel cell and the capacitor.
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Figure 4.16: System characteristics for part power acceleration

The left plot shows that, in contrast to the fuel cell, the hybrid system is able to deliver
the available PPF of 3 throughout the acceleration. The fuel cell is not cut off during the
simulation and the achieved rise time is similar to the battery system. Further simulations
have shown, that the hybrid system is able to achieve the same rise time results that have
been obtained for the fixed pitch motor-rotor system in chapter 3 for both manoeuvres with
MTF up to 4. Thus, the hybrid system enables both; the utilisation of a fuel cell for long
endurance and high peak power performance. On the other hand, the supercapacitor and its
converter add 7.8 kilograms to the system mass, which is, compared to the 12.0 kg of the fuel
cell stack (without gas tanks), a considerable penalty.

The introduction of the PMAD device adds a new degree of freedom to the propulsion system
control, which is the power split between both components. Three different approaches have
been identified to control the power split. The first method is a passive device, which consists
of two diodes that are connected to the two converters of the fuel cell and the supercapacitor.
In this configuration, the power split depends on the output voltage of both converters and,
therefore, on the component part power characteristics. By choosing a lower output voltage
design for the supercapacitor converter, the continuous power level is entirely supplied by the
fuel cell as its converter produces a higher output voltage. As the power load is increased, the
fuel cell and converter output voltage drop until current is also drawn from the supercapacitor.
This passive method has been utilised for the simulation shown in Figure 4.16. The other two
methods consist of actively controlling the power split or the current split. Just to control
the power split does not prevent the cut off of the fuel cell, as this process is triggered with
the voltage level of the fuel cell. Simulations with the current split device have proven it a
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reliable method to avoid the fuel cell cut off and keep the fuel cell within a save operational
envelop.
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5 Aircraft Level Manoeuvre Performance

In this chapter, the impact of the thrust response on aircraft manoeuvrability is investigated.
As the thrust response is most relevant for distributed thrust configurations, the performance
of a multicopter as well as a fixed wing aircraft with multiple propellers is investigated. The
first vehicle is a symmetric quadcopter, which utilises four electrically driven propellers for
attitude and vertical speed control. The quadcopter agility is assessed with one rotatory, one
translational manoeuvre as well as an arbitrary combination of both. The second aircraft
is the Tecnam P2006T, a twin engine general aviation aircraft, which is the basis for the
LEAPtech concept. This concept has 18 electrically driven propellers at the leading edge
of the wing, which increases the dynamic pressure on the wing. This technology enables a
smaller wing design, whereas the low speed manoeuvre performance of the original aircraft is
conserved and the drag is reduced. The high agility of electric motors gave birth to the idea
to investigate the yaw control performance by applying differential thrust, which is conducted
in the second part of this chapter.

5.1 Quadcopter Manoeuvre Performance

A quadcopter vehicle is a flying platform with four rotors, which are positioned in a common
plane and the rotors point upwards, which enables the quadcopter to lift off vertically like a
helicopter. In the center of the vehicle, an energy storage, the payload and the flight control
hardware are mounted. With the VT'OL capability, the mission profiles are similar to those of
helicopters. In aeronautical science, quadcopters are mainly utilised to test new flight control
algorithms. Typical commercial applications are camera based maintenance and surveillance
of power lines, buildings and major events. In both fields, the quadcopter had a breakthrough
because of its mechanical simplicity and the recent miniaturisation of payload sensors and
computer hardware, which results in small vehicles with low-cost hardware. For this study,
the quadcopter concept has been chosen as it utilises differential thrust for attitude and
flight control. This requires a good thrust response of the propulsion system in order to
stabilise the vehicle and perform highly agile manoeuvres. Within the next two sections, a
basic structural design and an analysis of the flight dynamics and the flight control system
is conducted. Afterwards, a quasi steady state mission performance and the peak power
performance are investigated, based on the design parameters of the mechanical subsystem
and the system design parameters.

5.1.1 Structure Modelling

In this section, a basic structure model of a quadcopter is derived and explained. Figure 5.1
shows a top view of the modelled quadcopter configuration. The plotted coordinate system
represents the bodyfix coordinates (index p), whose origin is located in the center of gravity
of the vehicle. The positive x- and y-axis show towards the front and the right side of the
vehicle. The positive z-axis shows downwards and is not plotted in Figure 5.1.

It is assumed, that the quadcopter is symmetric to its x- and y-axis. Thus, the center of
gravity is located at the intersection of both diagonal rotor arms. This results in equal lever
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Figure 5.1: Quadcopter configuration

arms for all four rotors and therefore in an equal thrust level. As shown in chapter 3, the
thrust response depends on the design thrust level. Hence, for a non symmetric design, the
balance of forces and unequal thrust responses of the motor-rotor systems must be considered
for vehicle design. This either results in a complicated motor-rotor design or a complex flight
control system.

The lever arm length defines the distance between the propellers and it therefore has an
impact on the quadcopter mass and inertia. At the same time, longer arms increase the
resulting moments of the propeller thrust and therefore boost the manoeuvrability of the
vehicle. The distance between the propellers and therefore the length of the arms is correlated
to the propeller radius by a linear factor kquaq according to Equation (5.1). The reference
value for kquaq is set to 1.05 according to design investigations for quadcopters for aggressive
manoeuvres [76].

lquad =2 T'prop * kquad (5'1)

The four arms reach from the vehicle center to the center of each propeller. The tip of
each arm carries an electric motor and a propeller. The maximum bending moment at the
root depends on its length and the maximum thrust level of the propeller. Therefore, the
double hover thrust level is considered for the arm design. The arm is considered as a hollow
aluminium tube with a thickness of 2mm, a material density of 2780 % and a yield elastic
limit of 300 MPa [181]. The average radius of the tube is calculated with a security factor S
of 2 according to Equation (5.2).

I — 3 2.5 }j—‘t,hover . larm (5.2)
- thick - 0l lim
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The resulting free space between the propellers is utilised to mount the flight control equip-
ment and the payload. Therefore a mounting plate with the same thickness and the same
aluminium properties as the arms is positioned at the vehicle center. The quadcopter mass
and inertia is calculated from the four arms, the mounting plate, the electric motors and
the propellers, which are located at the arm tips, the propulsion system components and the
payload. The inertia of the electric motors and the propellers is corrected by the parallel axis
theorem (Steinerscher Satz), since they are not located in the center of gravity. Simulations
with this structure model have shown, that the four motors and propellers represent between
70 to 80% of the quadcopter inertia. The payload, the energy storages and their power con-
verters are considered to be mounted at the vehicle center of gravity. Thus, their inertia is
not corrected with the parallel axis theorem. The inertia of the payload is calculated from a
cuboid model with a homogeneous material density of 2000 %.

5.1.2 Flight Dynamics and Control

The thrust vectors of all four propellers point upwards in the negative direction of the bodyfix
z-axis. In order to perform a vertical movement, which is the most simple manoeuvre, the
thrust level of all four rotors is changed at the same time. To perform a lateral movement,
the quadcopter must apply a bank or pitch angle to tilt the thrust vectors in the appropriate
direction. To attain a certain bank or pitch angle, the distributed thrust capability is utilised
to create bank and pitch moments by changing the thrust level of the propellers accordingly.
To describe the flight dynamics of the symmetric quadcopter, the balance of forces and mo-
ments is derived in Equations (5.3) and (5.4), where x and y denote the lever arm components
of the propellers. I, is the resulting vertical force and M, M, and M, represent the resulting
roll, pitch and yaw moments. Q; denotes the aerodynamic torque of the propellers.

F, -1 -1 -1 -1 ?’1
My| = |=vy1 —y2 —y3 —af - Fii (5.3)
My 1 x9 x3 T4 Ft74
4
M. =" Qi-sign(n;) (5.4)
=1

During hover flight, the yaw torque of the propellers must be cancelled to avoid an accel-
eration of the quadcopter. Therefore, two propellers rotate clockwise and the other two
propellers rotate anticlockwise. To avoid yaw moments during bank and pitch manoeuvres,
two diagonally opposed propellers rotate in the same direction. Thus, propellers 1 and 4
rotate in the opposite direction as propellers 2 and 3. By replacing the thrust and the torque
of each propeller with the relations in Equations (2.14) and (2.15), the forces and moments of
the propulsion system can be expressed as a linear function of the square rotational speed of
the rotors according to Equation (5.5). The matrix in Equation (5.5), shows a column vector
for one propeller. The index i indicates the entries that must be adapted to the according
propeller value.

F, —Cri-p- # - d n
M, fxi-Ctyi-p-#-df n% ’
M, Cpi-p- ﬂ%%g -d? - sign(n;) n3

This approach is utilised for fixed pitch propellers. For variable pitch propellers, the rotational
speed is constant and the thrust is controlled by the variable pitch angle 8. In order to
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convert Equation (5.5) for variable pitch propellers, the lookup tables for the thrust and
power coefficient are linearised at the current pitch angle according to Equation (5.6).

Ct = Ct,l : 6 + Ct,O Cp = Cp,l : /3 + C(p,O (5'6)

With the linearisation of both coefficients, Equation (5.5) is modified in order to solve the
variable pitch angle. The resulting equation is solved iteratively. In each step, the lookup
table is linearised at the new beta value. Because of the linear and quadratic characteristic
of the air foil lift and drag coefficients, the iteration converges quickly after a few steps.

F, > —Crio-p- (60) f —Ctin-p- (%)2 - d} B1

M| Yo yi'CtiO',O %) N yi'Ct,i,l'P'(%)Q'df | B2 (5.7)
My| | S —zi-Crio-p- ((Tl) —xi - Crip - p- (%)2 dj Ps '
M, Zszo p-(g5)” - e ) d? Cpia-p- (35)° - s 5| LB

For fixed pitch propellers, the rotational speed command is calculated by solving Equation
(5.5) for given vertical force and given moments. For a variable pitch propeller, Equation
(5.7) is solved for a variable pitch angle command, . During hover flight, the advance ratio
of the propellers is zero and the thrust and power coefficients are independent from the ro-
tational speed.

After describing the forces and moments of the propellers, the equations of motion of a 6
DOF model are set up according to [182]. As the duration of the simulated manoeuvres
is short and the vehicle speed is low, the assumptions of a flat and non rotating earth are
included to simplify the equations. To describe the movement of the quadcopter, a second
coordinate system is utilised, which is the North-East-Down (NED) system (index o). As the
name already reveals, the positive x-, y- and z-axis point towards north, east and downwards
respectively. The origin of the NED system is fixed to the quadcopter center of gravity.
This allows to track the travelled distance of the quadcopter in a more convenient way. For
further simplification, the propulsive forces and moments and the gravitational force are the
only considered effects and aerodynamic drag is neglected. The balance of forces is shown in
Equation (5.8).

U 1 0 0
v =—-Xop- |0 + 10 (5.8)
Wio z21lp LWlo

The equation describes the linear acceleration of the quadcopter in the NED system. The
left side of the equation shows the velocity components [u,v,w]. The vertical force F, has
been derived in the bodyfix coordinates. Thus, the transformation matrix Xog, which is
a function of the euler angles, is necessary to transform the force into the NED system
[182]. The gravitational acceleration is modelled by a constant one dimensional acceleration
perpendicular to the surface. The balance of moments is shown in Equation (5.9).

D ) M, 2 2
il =7t ||| — el xJ-|q (5.9)
"1 M.] 4 "lp "lB

The left side of Equation (5.9) describes the time derivatives of the bodyfix turn rates of the
quadcopter [p,q,r]. The right side represents the bodyfix moments and the turn rates. By
integrating all accelerations, the velocity and turn rates are obtained. To calculate the time
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derivative of the euler angles, the turn rates are utilised in the strap down relation, which
are given in Equations (5.10) and (5.11).

<i> P
W e
1 sin(®) - tan(©) cos(P) - tan(O)
X =10 cos(P) —sin(P) (5.11)
0 sin(®P) cos(P)
cos(0O) cos(0©)

These equations describe the quadcopter flight dynamics on a flat and non rotating earth
with constant gravitation and without wind and aerodynamic drag.

In the following section the design of an appropriate flight controller is described. Convention-
ally, the flight controller of quadrocopters is implemented in cascaded loops. The inner loop
is an attitude controller, which controls the orientation of the vehicle. This controller utilises
the error between target euler angles and measured euler angles from an on board inertial
measurement unit. Based on this error, the attitude controller calculates target moments,
which are translated into a speed command for the electric motors according to Equation
(5.5). To remove the coupling terms in Equation (5.9), the controller is based on non linear
dynamic inversion of the system dynamics [183]. This significantly reduces the complexity of
the controller design and improves the utilisation of linear controllers. To apply non linear
dynamic inversion, the system dynamics must be known in detail. With this knowledge, the
controller input is adjusted in order to cancel out the coupled system dynamics and to obtain
a linear system, which is then controlled by a linear controller. Equation (5.12) shows the
resulting target moments, which are commanded by the controller. The linear target moment
M is calculated from the euler angle error by the attitude controller, which is implemented
as an PD controller.

p 5X p _
xJ-|q| +J- X' |—=|q| +M (5.12)

B "lp "lp

The attitude controller controls three degrees of freedom. Equation (5.5) additionally requires
a vertical force to solve the rotational speed of four propellers. The fourth parameter is the
vertical force of all propellers and is obtained by a vertical speed controller. This controller is
based on the equilibrium condition of the vertical forces. During hover, the vertical forces can
be calculated with the quadcopter mass and the orientation according to Equation (5.13).

M =

S Q3

Mquad * 9
F,= 2 % _ 5.13
“ " cos(®) - cos(O) ( )
To perform a vertical climb manoeuvre, the resulting thrust force must be increased over the
value from Equation (5.13) and vice versa. The vertical speed controller is implemented as a
PI controller. The gain parameters of both controllers are defined to obtain a short oscillating
system response to show the effects and limitations of the propulsion system and to exclude

dynamic effects from the controller.

5.1.3 Mission performance

In this section, the quadcopter mission performance is analysed to assess the applicability of
the three propulsion systems that have been introduced in chapter 4. During operation, the
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quadcopter only hovers at the same position at constant altitude. The mechanical subsystem
is designed according to the reference values from Table 3.1. The propeller thrust level is
derived from a TWR of 1.1. The resulting propeller diameter is the basis for the sizing of the
quadcopter structure according to Equation (5.1). The propulsion system is designed accord-
ing to the power requirements of the four motor-rotor systems, the reference values for each
component, the reference values from Table 4.1 and a hover time specification. According
to the findings in chapter 3.4, a gear stage is included in the motor-rotor system in order to
reduce the mass of the electric motor.

The mission performance of a quadcopter is defined by the payload capability and the avail-
able hover time. To assess the applicability of the three propulsion systems, three different
quadcopters are designed for a given payload and hover time combination. The resulting
quadcopter mass is the metric to compare the three propulsion systems with each other. Fig-
ure 5.2 shows the result of the mission performance analysis. The abscissa and the ordinate
show the hover time and the payload capability respectively. The figure shows three contour
plots, which represent the quadcopter masses for battery based, fuel cell based and hybrid
propulsion systems. In the study, quadcopter masses up to 160 kg have been investigated.
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Figure 5.2: Quadcopter payload hover time diagram

The study revealed, that the reference energy density of batteries is too low to converge to
a meaningful payload design. Thus, the battery energy density is increased from 175 to 250
%’ which corresponds to the latest state of the art, high energy lithium battery cells. All
remaining battery parameters are not modified. The plot shows that battery based systems
provide a constant payload capability up to a hover time of roughly 30 minutes. Within this
range, the battery is designed according to the power requirements. For longer hover times,
the battery is designed according to the energy requirements and the payload capability de-
creases significantly. A hover time of roughly 45 minutes is the ultimate hover time for battery
based quadcopters, which are designed and operated according to the presented assumptions.
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According to the findings on fuel cell design in chapter 4.2, the design current density is op-
timised within the range of 0.2 to 0.5 C%. Fuel cell based systems show significantly higher
payload capabilities and longer hover times than battery based systems. The plot shows that
the higher the payload requirements are, the higher is the mass benefit of fuel cell based
systems. For small quadcopters with less than 10 kg, battery based systems show a mass
benefit over fuel cell based systems. The significant drawback of fuel cell based systems is
the poor peak power performance, as identified in the assessment of fuel cell systems 4.2.3.
The investigations on hybrid propulsion systems has shown that the supplementary superca-
pacitor enables the system to provide similar peak power as battery systems. Therefore it is
assumed, that the hybrid propulsion system is very competitive to battery systems in terms
of manoeuvrability. The mission performance shows that the supplementary supercapacitor
reduces the payload capability and the available hover time of fuel cell based quadcopters.
For small systems, the battery shows a clear mass benefit over the hybrid system. Even for
high payload specifications, both systems show similar system masses. The significant benefit
of the hybrid propulsion system is the longer available hover time. Whereas battery systems
can not exceed 45 minutes, the hybrid propulsion system achieves hover times up to roughly
100 minutes.

Figure 5.2 clearly shows the advantage of fuel cell based quadcopters, when long hover times
are required. The drawback compared to the battery is its high price, which has a significant
impact on the choice of the energy storage. The author supposes that, although the quad-
copter mass of fuel cell based systems is lower for high payload designs, the currently high
prices of fuel cells will have a higher impact on the quadcopter price than the higher cost for
larger electric motors, propellers and converters for battery based systems. Thus, the high
cost of fuel cells will make battery based propulsion systems the first choice, whenever the
mission time is short enough. In the next section, the applicability of the three propulsion
systems is assessed with respect to the dynamic performance requirements of quadcopters.

5.1.4 Performance with and without motor-rotor dynamics

For quadcopter control design, it is conventionally assumed, that the motor-rotor dynamics
are significantly faster than the vehicle dynamics and, therefore, the propulsion system dy-
namics are neglected. In order to proof the validity of this assumption, especially for large
vehicles, the manoeuvrability of the quadcopter with propulsion system dynamics is further
investigated in this chapter.

The agility of the quadcopter is determined by two manoeuvres with three quadcopter con-
figurations. Similar to the previous studies, the rise time metric is utilised to measure the
required time to fly the manoeuvres. The first manoeuvre is a roll movement, where the quad-
copter must attain a 20 degrees bank angle, starting from a levelled hover flight condition.
The rise time is assessed on the quadcopter bank angle response. The second manoeuvre
is a vertical climb, where a target vertical velocity of 3 3 is commanded. Again, this ma-
noeuvre starts from a steady and levelled hover flight operation. For this simulation, the rise
time is derived from the vertical velocity response of the quadcopter. All three quadcopter
configurations are designed according to the method from chapter 5.1.1 with battery based
propulsion system, which is designed for a flight time of 20 minutes and a battery energy
density of 250 %. The motor-rotor system is designed according to the reference values from
Table 3.1 and the propulsion system is designed according to the reference values from Table
4.1. Drag forces, which arise from wind or the quadcopter movement are not considered. The
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only forces that act on the vehicle are the propulsive forces and the gravitational accelera-
tion. For the first configuration, the propulsion system dynamics are entirely neglected. The
commanded thrust signals of the flight controller are directly fed into the 6 DOF model. The
second configuration is equipped with fixed pitch motor-rotor systems which are supplied
by an ideal voltage source. The motor-rotor dynamics are included in the model, whereas
the dynamics of the battery and the power converter are neglected. The third configuration
is equipped with variable pitch motor-rotor systems which are supplied by an ideal voltage
source, as well. Thus, only the dynamics of the variable pitch motor-rotor system is included
for the propulsion system.

Simulations of the fixed pitch motor-rotor system in chapter 3.2 have shown, that the rise
time increases with higher design thrust levels, which translates into slower flight dynamics
of larger quadcopters. To analyse the impact of this trend on the quadcopter manoeuvra-
bility and to investigate scaling effects, a parametric study on the quadcopter size and the
proportional gain of the PD attitude controller is conducted for the bank manoeuvre. For
the climb manoeuvre, the parametric study is conducted on the quadcopter size and the pro-
portional gain of the PI altitude controller. The derivative and the integral gain values are
kept constant. By increasing the proportional gain, the controller output increases, which
results in a higher thrust output and a more agile flight dynamics. When the proportional
gain is increased to high values, the system will show an oscillating response and even get un-
stable, when the gain is further increased. For both controllers, the reference gain values are
selected in order to attain an oscillating, but converging system response, in order to reduce
the impact of the controller dynamics on the system response and to show the limitations of
the propulsion system. Moreover, the rise time can be measured more easily, when the target
value is exceeded in an oscillation. Figure 5.3 shows the results of the parametric study on
the roll manoeuvre.
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Figure 5.3: Rise time results for roll manoeuvre without, with fixed and with variable pitch
motor-rotor dynamics
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The abscissa shows the quadcopter mass. As the quadcopter mass changes, the propeller di-
ameters change too, which results in a larger quadcopter dimensions according to the design
method in chapter 5.1.1. Thus, the quadcopter inertia changes with the vehicle mass. The or-
dinate shows the proportional gain of the PD attitude controller. For this study, a maximum
MTF of 2 is assumed. The system response of the first configuration (without propulsion
system dynamics) is almost independent on the quadcopter size. As expected, higher propor-
tional gains increase the thrust output and therefore reduce the required rise time to attain
the 20 degree bank angle. The third configuration with variable pitch propellers shows a
similar performance as the first configuration in the entire parameter space. This result is
confirmed by the simulations of the variable pitch motor-rotor system in chapter 3.3, which
show very quick thrust responses with rise times of a few milliseconds. The dynamics of the
variable pitch mechanism is independent of the propeller design parameters, which means
that it does not change with the quadcopter size. This mechanism represents an additional
delay with an integrator in the closed loop system, which leads to a higher thrust output and
therefore a higher roll rate. As the rise time metric only considers the change from 10 to 90%
of the system response, it does not measure initial delays. Consequently, the rise time results
of configurations with variable pitch propellers are a little bit lower than for the configuration
without propulsion system dynamics. The fixed pitch configuration shows a slower system
response than the other two configurations. This results from the inertia of the motor-rotor
systems, which must be accelerated to a different speed. In agreement to the findings from
the fixed pitch system simulations, the deviation from the first configuration is very low for
small quadcopters. As the quadcopter size and mass increase, the dynamic performance of
the fixed pitch system declines and so does the manoeuvrability of the quadcopter. Especially
for high proportional gains, the deviation is significant, which shows the stability limit of the
fixed pitch system.

At a certain proportional gain, the thrust response is so strong, that the flight controller
cannot recover the roll rate and the quadcopter enters an unstable roll movement. The solid
black line shows this stability limit of the roll manoeuvre. The line shows that the quad-
copter gets unstable as soon as the fixed pitch system operates at its fastest thrust response.
Up to the stability limit, the fixed pitch system delivers a similar performance as the other
two configurations. Fixed pitch quadcopters cannot be operated beyond this stability limit,
which shows that the dynamic performance and the agility of a quadcopter is a function of
its mass. The stability limit of the variable pitch system has not been encountered in the
examined parameter space.

For the vertical climb manoeuvre, a similar parametric study is conducted. The simulation is
initialised at a levelled hover flight. A step command for a vertical climb with 3 7 is passed
to the flight controller and the rise time is utilised to assess the required time to achieve
the vertical velocity. The available MTF is set to three. Figure 5.4 shows the results of the
parametric study.

Again, the abscissa shows the quadcopter mass, which also represents the quadcopter size
and inertia. The ordinate shows the proportional gain of the PI altitude controller. The three
contour plots show the three quadcopter configurations without motor-rotor dynamics and
with fixed pitch and variable pitch dynamics. Similar to the previous manoeuvre, the rise
time results of the configuration without motor-rotor dynamics shows a constant performance,
independent from the quadcopter size. For low proportional gains, the rise time results of
all three configurations is similar, which indicates that the speed response is governed by the
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Figure 5.4: Rise time results for climb manoeuvre without, with fixed and with variable pitch
motor-rotor dynamics

controller dynamics. As the proportional gain is increased, both configurations with motor-
rotor dynamics show a transition zone up to a level where the rise time gets independent
from the proportional gain. At this level, the propulsion system delivers its maximum output
power during the acceleration of the vehicle. According to the contour plot for fixed pitch
systems, the quadcopter size has an impact on the climb response. The plot shows that larger
quadcopter require more time to reach the target vertical speed. The ragged shape of the
contour lines in the transition zone of fixed pitch systems originates from the logarithmic
scale of the ordinate. Similar to the fixed pitch configuration,the variable pitch configuration
shows a transition and a maximum power zone. In contrast to the fixed pitch propeller,
small and light quadcopters require a higher rise time for the vertical climb manoeuvre than
large ones. This trend inversion originates from the lower motor design torque for variable
pitch propellers. The design motor torque is smaller as the rotational speed of the propeller
is constant and the motor is designed for this speed. During hover at rated thrust, the
rotational speed of the fixed pitch propeller is lower than its design speed. Therefore, the
motors of variable pitch propellers are designed for a higher speed and a lower torque.

5.1.5 Impact of Propeller Design Parameters on Quadcopter Agility

In this section, the impact of the propeller design parameters on the quadcopter agility is
investigated. To measure the agility of the quadcopter, the rise time metric is applied on
the bank and the vertical climb response, similar to the previous section. For this study, a
battery based propulsion system is designed with the reference design parameters from Table
4.1. Based on this reference design, a parametric study on the propeller design parameters
is conducted. The take-off mass is kept constant in this study. The payload inertia is calcu-
lated by a cuboid assumption with a homogeneous density of 2000 %. The quadcopter design
parameters are the reference values from Table 5.1. The motor-rotor system is designed ac-
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cording to the reference values from Table 3.1 and the structure is designed according to the
method from chapter 5.1.1.

Take-off weight TWR altitude max. MTF Hover time Size factor kqyaq

kg
100

1.1

m

0 2 20

min

1.05

Table 5.1: Reference design for constant mass design study

In a first step, the impact of the three main propeller design parameters is analysed with a
battery based propulsion system. These are the blade loading, fjoaq, the pitch hpop, and the
tip speed, viip. The thrust level is given by the quadcopter mass and the TWR. Figure 5.5
shows the results of the sensitivity study in the form of a matrix plot of partial dependencies.
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Figure 5.5: Impact of fixed pitch propeller design on dynamic performance

The three propeller design parameters are plotted in the three columns. Figure 5.5 shows four
output parameters, which are the payload mass, mpayioad, the quadcopter inertia around the
x-axis of its bodyfix coordinate system, Jyy quad, Which is relevant for the roll manoeuvre, the
rise time for attaining a 20 degrees bank angle and the rise time to accelerate to a vertical
speed of 3 = from levelled hover flight. Furthermore, each plot shows the results for two
blade, four blade and six blade propellers. As previously defined, the blade loading is related
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to the propeller diameter and, therefore, it has an impact on the quadcopter mass and inertia.
As the blade loading is reduced, the required mechanical power is reduced, which leads to
a reduction of the propulsion system mass and a higher payload capacity. Moreover, as the
blade loading is reduced, the propeller and the quadcopter size increase, which results in a
higher inertia around the bodyfix x-axis. An increasing propeller diameter results in a larger
lever arm to the quadcopter CG, which results in a higher moment. The third plot shows
the rise time for the roll manoeuvre, which is a rotatory manoeuvre that is characterised
by low kinetic energy. Therefore, the application time as well as the amplitude of the roll
moment is small and the according differential thrust level is low. Consequently, the impact
of the propeller design parameters tends to be low on this manoeuvre. However, the design
parameters have a double impact on the roll manoeuvre rise time, as they impact the vehicle
inertia and the thrust response. The plot shows, that the rise time result is almost indepen-
dent from the blade loading. This indicates as well, that the effect of the larger inertia is
compensated by the larger lever arm of the propellers. The fourth plot shows the rise time
results for the vertical climb manoeuvre, which is a translational manoeuvre, that requires a
higher kinetic energy and a long application time of the according thrust. In contrast to the
roll manoeuvre, the trends of the vertical manoeuvre only account for the thrust response, as
the quadcopters are designed with a constant mass. The lower plot shows an increasing rise
time for higher blade loadings, which confirms the simulations of the motor-rotor subsystem
with fixed pitch propellers in chapter 3.2. The interval from 150 to 250 % translates into a
relative change of 2.8% of the rise time. In summary, the blade loading has to be minimised
to maximize payload and to enable a quick climb response. The blade loading has only a
minor impact on the agility of roll manoeuvres, as the required kinetic energy is very low.

The middle column shows sensitivity on the propeller pitch. The results from chapter 3.2
show that the propeller pitch is a trade-off parameter between low power requirements and
a fast thrust response. On aircraft level, this result is confirmed. A low propeller pitch is
favourable for a low power design, which results in a low battery mass and a high payload
capability. On the other hand, the more powerful motor design of high pitch propellers is
advantageous for a quick acceleration and low rise times, especially for the vertical climb
manoeuvre. Within the investigated velocity span from Ma 0.05 to 0.1, the rise time varies
about 10.8% for the vertical climb manoeuvre. The right column shows that the propeller
tip speed does not have any noticeable impact on the quadcopter payload and inertia. Thus,
the tip speed does not impact the power requirement and the efficiency of the propeller,
which reflects previous results from chapter 3.2. This previous study on component level
showed, that the tip speed has a considerable impact on the rise time results. The constant
rise time results for both flight manoeuvres show, that the motor-rotor dynamics only have a
minor impact on the agility of the quadcopter. Consequently, the variations of the rise time
primarily result from variations of the quadcopter inertia, rather than the thrust response
of the mechanical subsystem. To investigate the impact of the design parameters of variable
pitch propellers, the same parametric study is conducted on variable pitch quadcopters and
the results are shown in Figure 5.6.

The sensitivity characteristics of variable pitch quadcopters on the propeller design param-
eters are similar to the fixed pitch quadcopters. However, the blade loading results show
that the variable pitch propeller is more efficient during hover than the fixed pitch propeller,
which results in a higher payload capacity. The pitch results show a similar characteristic
to fixed pitch quadcopters. Similar to the fixed pitch configuration, the propeller tip speed
has no impact on the quadcopter design or agility. The main difference to the fixed pitch
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Figure 5.6: Impact of variable pitch propeller design on dynamic performance

propeller version is that the rise times results of both manoeuvres are almost decoupled from
the propeller design parameters. This is reasonable, as the thrust response of the motor-rotor
system is independent from the design parameters. Compared to the agility of fixed pitch
quadcopters, the roll manoeuvre requires less time. In average, the variable pitch version is
6.5% faster than the fixed pitch version, which originates from the faster thrust response of
the motor-rotor system. The rise time results for the vertical climb manoeuvre are 16.5%
faster that the rise time results for the fixed pitch version. This reflects the component level
simulations from chapter 3. Compared to the results of fixed pitch quadcopters, the variable
pitch propeller configuration shows a significantly lower impact on the payload capacity. This
originates from the variable pitch mechanism, which adjusts the blade angle of attack for the
required thrust level, no matter how much the blade is twisted. The detailed shape of the
curves is the result of the propeller design and the aerodynamic coefficients of the propeller
airfoil. Similar to the blade loading, the propeller pitch has no noticeable impact on the rise
time results for both manoeuvres. The tip speed shows no impact on the quadcopter design
and its performance, just like for fixed pitch propellers. Figure 5.7 shows the results for a
parametric study on the TWR, the quadcopter mass and the maximum allowed MTF.

The left column shows the sensitivities on the design TWR. The upper plot shows that
higher TWRs result in lower payload capacities. The reason is the increasing propulsion
system mass and a lower efficiency during hover, which leads to larger batteries. The same
rationale explains the significant increase of the inertia with higher TWRs. As four blade
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Figure 5.7: Impact of fixed pitch quadcopter design parameters on dynamic performance

propellers have a smaller diameter and a lower payload capacity, the effect is most significant
for two blade propellers. The third plot confirms that the rise time of the roll manoeuvre
depends significantly on the inertia. The rise time for the climb manoeuvre benefits from
higher TWRs, as more thrust is available to accelerate the quacopter. As soon as the payload
capacity drops to zero, the design calculation is aborted. Similar to the propeller pitch, the
TWR is a trade-off parameter between high payload capacity and high agility.

The middle column shows the impact of the quadcopter mass on the output parameters.
The payload capacity shows an almost linear characteristic versus the quadcopter mass. The
inertia, however, increases considerably with the quadcopter mass, which originates from the
relation between the quadcopter mass and size. The strong increase of the quadcopter inertia
results in higher rise time results for the bank manoeuvre. This trend is further supported
by the larger motor-rotor systems and the associated slower thrust response. The results for
the vertical climb manoeuvre show increasing rise times for larger quadcopter masses. As
the TWR and the quadcopter mass are constant, the reduced climb performance results only
from the reduced thrust response of the motor-rotor system. The right column shows the
impact of the MTF on the dynamic performance. As it has no impact on the quadcopter
design, the payload capacity and the inertia are not affected. The bank manoeuvre rise
time does not change noticeably with the MTF, which originates from the low kinetic energy
characteristic and the fact that only two propellers are accelerated and the other two are de-
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celerated. Consequently, a high power motor does not improve the roll agility considerably.
The lower plot shows that the required rise time for the vertical climb manoeuvre can be
significantly reduced by increasing the MTF. In contrast to the roll manoeuvre, a lot more
energy is required and all propellers are accelerated. Therefore, a higher MTF results in a
faster thrust response as well as a higher thrust level, which leads to significantly reduced rise
times. By increasing the MTF from 2 to 3.3, which is the highest value before the battery
is cut off, the rise time can be reduced by 30%. The same parametric study is conducted on
variable pitch quadcopters and the results are shown in Figure 5.8.
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Figure 5.8: Impact of variable pitch quadcopter design parameters on dynamic performance

The results for the TWR show, that the payload capacity is more sensitive to the TWR,
which results from the higher efficiency of the variable pitch propellers during hover opera-
tion. As the quadcopter size is related to the propeller design thrust, the quadcopter inertia
is increased with higher TWR values. Similar to the previous findings, the bank manoeuvre
of the variable pitch propeller is about 6.5% faster than for fixed pitch propellers. A rise time
deviation for high TWR values is not observed, because the inertia is smaller than for fixed
pitch propellers. The rise time for the vertical climb manoeuvre shows higher values as for
the fixed pitch version, which results from the lower thrust output with the same maximum
MTF. Similar to the fixed pitch version, the characteristic of the payload capacity over the
quadcopter size is almost linear and the inertia grows non linearly with the quadcopter size.
The rise time results for the bank manoeuvre show a similar characteristic as for the fixed
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pitch version with the identified reduction of 6.5%. Again, the trend towards longer rise times
results from the increasing inertia. As the thrust response depends only on the dynamics of
the variable pitch mechanism, the climb rise time does not change with the quadcopter size.
Thus, utilising variable pitch propellers can reduce the rise time for climb manoeuvres by up
to 256% for large quadcopter vehicles. For roll manoeuvres, the variable pitch propeller does
not offer significant advantages. The MTF has no impact on the design of the quadcopter,
whereby the payload capacity and the inertia are independent from the MTF. Similar to the
fixed pitch version, the MTF has no significant impact on the roll manoeuvre rise time. The
vertical climb rise time is very sensitive to the MTF because of the faster thrust response
and the higher thrust level. Increasing the MTF from 2 to 4 is not as beneficial as for the
fixed pitch propeller, however it still yields a reduction of 22%.

For the battery system, the pack voltage level is the only relevant design parameter, which
is not related to the cell characteristics. As the simulations in chapter 4.1.1 have shown,
that, for large battery packs, the battery voltage has no impact on the pack mass, there is
no battery design parameter that is of further interest for the quadcopter agility.

5.1.6 Agility of Fuel-Cell Based Quadcopters

In this chapter, the agility of quadcopters with fuel cell based propulsion systems is inves-
tigated and the sensitivity on fuel cell design parameters is assessed. The fuel cell is the
only energy storage in the propulsion system and it must deliver the entire electric power.
Like in the previous section, the agility is measured with the roll and the vertical climb
manoeuvre. The mechanical subsystems and the quadcopters are designed according to the
respective reference values. In chapter 4.2.2, the impact of the fuel cell design parameters
on the component mass and efficiency as well as the power converter mass and efficiency are
investigated. The result of this analysis was that the design current density is an important
trade-off parameter and has to be optimised on aircraft level. Moreover the fuel cell stack
voltage was identified to have a minor impact on the mass of the stack and the power con-
verter. To investigate the impact of the stack voltage level, the TWR as well as the MTF, a
parametric study is conducted on these parameters. For this study, only two blade propellers
are simulated. The payload capacity, the x-axis inertia of the bodyfix frame and the two rise
times for the roll and the vertical climb manoeuvre are the output parameters. Figure 5.9
shows the results of the parametric study and each plot contains the simulation results of
fixed pitch and variable pitch propellers.

The left column of the matrix plot shows the impact of the design TWR on the output
parameters. The characteristics are similar to the results of previous chapter, which where
obtained with battery based propulsion systems. The higher specific energy of hydrogen in-
creases the payload capacity of fuel cell based quadcopters over the ones with batteries. Fuel
cell based quadcopters have a 34% higher payload capacity as battery based quadcopters.
The result for the inertia is very similar to battery based systems and can be explained with
the same rationale. As the thrust response of fixed pitch propellers get slower with higher
design thrust levels, an increasing TWR results into a reduced agility and longer rise times for
the roll manoeuvre, as shown in the third plot. The variable pitch propeller has a constant
thrust response, which results in constant rise time results. Also the rise time results for
the vertical climb manoeuvre show no considerable difference to the results of battery based
quadcopters. With higher TWRs, more thrust is available to accelerate the quadcopter. Con-
sequently, the rise time results are reduced for higher TWR. The kink in the curve of the
fixed pitch propeller at low TWRs indicates, that the first cut off limitation is reached and
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Figure 5.9: Impact of fuel cell design parameters on dynamic performance

that the available power is reduced.

The second column shows the impact of the fuel cell stack voltage. The results for the pay-
load capacity reflect the same characteristics as for the fuel cell stack mass and the power
converter mass, which were presented in Figure 4.8. The variable pitch quadcopter shows
higher payload capacities than its fixed pitch counterpart. The sensitivity of the inertia on
the stack voltage is very low. The stack voltage has no noticeable impact on the rise time
for the roll manoeuvre, which can be seen from the rise time results, which only reflect the
trend of the vehicle inertia. Within the examined stack voltage interval, the rise time for
fixed pitch propellers varies less than 0.5%, whereas variable pitch configurations are even
less sensitive to the stack voltage level. The simulation of the vertical climb manoeuvre shows
that the rise time is independent from the stack voltage level. This confirms as well, that the
rise time results for the roll manoeuvre just reflects the inertia variation of the quadcopter.
Consequently, the fuel cell stack voltage level has no impact on the thrust response.

The third column shows the sensitivity on the fuel cell design current density. Previous
studies on system level in chapter 4.2.2 showed, that the current density has a significant
impact on the stack mass and efficiency. The strong sensitivity of the fuel cell mass on the
design current density is directly reflected by the payload capacity. As the current density is
reduced, the membrane area and therefore the stack dimensions increase significantly, which
results in a higher fuel cell stack mass and lower payload capacity. The design current den-
sity does not contribute significantly to the vehicle inertia, as the fuel cell is mounted at the
quadcopter CG. The results for both manoeuvres show that the design current density has
no impact on the quadcopter agility. The rise time results for the roll manoeuvre show the
typical offset that has been identified for battery based systems, which results from the faster
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thrust response of variable pitch propellers.

The right column shows the impact of the MTF on the four output parameters. The payload
capacity and the inertia are independent from the MTF, as the MTF is no design parameter.
Similar to the findings for battery based propulsion systems, the MTF has no significant im-
pact on the roll performance of the quadcopter. For fixed pitch propellers, a slightly higher
rise time is observed at low MTF of 1.5, which also has been identified for battery based
systems. The variable pitch propeller shows constant rise time results, as the thrust response
does not depend on the rotor kinetic energy. As the MTF defines the required peak power
level, it has a significant impact on manoeuvrability of fuel cell based configurations. As
identified in chapter 4.2.3, the fuel cell has a poor peak power capability, when designed at
high current densities. Therefore, the high MTF values cause the fuel cell to run into the cut
off limitation, which is reflected by the rise time results of the vertical climb manoeuvre. For
MTFs up to 2, the continuous rise time results indicate that the fuel cell can deliver the peak
performance. For higher MTFs, the fuel cell power is limited and the result curves show a
scattered shape.

In summary, the design parameters of the fuel cell have no direct impact on the quadcopter
agility. The manoeuvrability is mostly affected by secondary effects, that have an impact on
the quadcopter mass and inertia. This, however, depends significantly on the integration of
the fuel cell into the vehicle. The studies on the design TWR and the MTF have shown that
these two parameters influence the performance during vertical climb manoeuvres. Moreover,
the simulations have shown that the peak power limitation of the fuel cell admits MTFs up
to 2 during short time intervals. In order to achieve a certain climb performance, the TWR
must be increased accordingly, which results in a larger fuel cell design and a reduction of the
payload capacity. In contrast to the lower agility, fuel cell based systems provide a 34% higher
payload capacity as battery based systems, which can be a considerable benefit. In conclusion,
fuel cell based propulsion systems provide enough peak power to stabilise quadcopters and
perform slow manoeuvres. However, when highly agile manoeuvres are required, another
propulsion system is required.

5.1.7 Manoeuvrability of Quadcopters with Hybrid Propulsion System

In this section, the manoeuvrability of quadcopters with hybrid propulsion system is dis-
cussed. The hybrid system consists of a fuel cell that is designed for the average power load
and an additional supercapacitor, which delivers short time peak power for roll and climb
manoeuvres. The system setup is further explained in chapter 4.3. For this study, the super-
capacitor pack voltage is optimized for a minimum component mass. For the hybrid system,
the same parametric study that has been conducted for the fuel cell system, is performed.
The results are shown in Figure 5.10.

The upper row shows the sensitivity of the payload capacity on the TWR, the fuel cell de-
sign parameters and the MTF. The characteristics of all four plots are very similar to the
results from the fuel cell based system. However, because of the additional supercapacitor,
the propulsion system mass is higher, which results in a lower payload capacity. Compared
to the battery based configuration, the hybrid system has a 4% lower payload capacity, which
is the lowest of all three systems. The results for the quadcopter inertia and the rise time for
the roll manoeuvre are identical to the results from the assessment of fuel cell based systems.
The last row shows the results for the vertical climb manoeuvre. The rise time results of the
hybrid system show, that similar manoeuvrability as for battery based quadcopters can be
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Figure 5.10: Impact of hybrid fuel cell parameters on dynamic performance

achieved. The right plot shows that the rise time for the vertical climb manoeuvre declines
continuously up to a MTF of 4. The results of both propeller configuration do not show any
cut off effects from the fuel cell.

In summary, by extending the fuel cell based propulsion system with an additional superca-
pacitor, the peak power performance of the propulsion system can be significantly increased
and a similar manoeuvrability as of battery based configurations can be achieved. However,
the mass of the supercapacitor represents a considerable drawback for the payload capacity
of the quadcopter. In the last chapter, the performance of the three propulsion systems is
investigated for combined manoeuvres with multiple step commands for all euler angles and
the vertical speed, to assess the performance during arbitrary manoeuvres.

5.1.8 Combined manoeuvre performance

In the previous chapter, the agility of the quadcopter has been assessed with two simple and
short time manoeuvres. In order to assess the agility and the command tracking capability
for arbitrary or 'real life’ manoeuvres, four multiple step command profiles, three for the euler
angles and one for the vertical speed, are superposed and passed to the flight controller. The
step commands for the bank and the pitch angle vary from -20 to 20 degrees and the yaw
angle is varied from -10 to 10 degrees. The vertical speed command ranges from a descent
with 1 %% to a climb with -3 ™ (given in the bodyfix coordinates). Similar to the previous
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investigations, the control parameters are designed to cause a small overshoot and the max-
imum MTF is limited to 2. In this study, the examined quadcopters are designed according
to the reference parameters from Table 5.1 and have a take-off mass of 100 kg. Figure 5.11
shows a comparison of fixed pitch quadcopters with the battery based, the fuel cell based and
the hybrid propulsion system.
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Figure 5.11: Combined manoeuvre performance of a fixed pitch quadcopter

The abscissa of the three plots shows the simulation time of the manoeuvre. The upper plots
show the attitude command and the actual euler angles of the quadcopter in degrees. The
lower plot shows the vertical speed command and the actual vertical speed of the vehicle, w,
represented in the bodyfix coordinates. The command signals are plotted with the dotted
lines and the vehicle euler angles and velocities are represented by the solid lines. The left
plot shows the performance of the battery based quadcopter system, which is able to follow
all commands with a meaningful precision. The middle plots show the performance results
of the fuel cell based propulsion system. In contrast to the simulation of the basic manoeu-
vres, the fuel cell system gets unstable as the flight controller tries to follow two superposed
attitude and one climb command. This results in a quick drop of altitude and heavy attitude
oscillations, that cannot be recovered by the flight controller. The performance of the hybrid
system is plotted on the right. The graphs show, that the hybrid system is able to follow
the command with a similar precision as the battery based system. This is enabled by the
additional supercapacitor of the propulsion system. The same study has been conducted on
variable pitch systems with the same reference design. The results of this study is shown in
Figure 5.12.

For the variable pitch quadcopter, the same controller parameters are utilised as for fixed
pitch quadcopters. The abscissa shows the simulation time, the upper plots show the atti-
tude command and the actual euler angles and the lower plots show the vertical speed of
the quadcopter. The performance of the battery based system shows, that the system can
follow all commands. The faster thrust response of the variable pitch propellers results in
rise time reductions of up to 45% and the system overshoot is increased from 5 to 11% in
average. Furthermore, the variable pitch version shows a more oscillatory response. The
middle plot shows the performance of the fuel cell system. Similar to the fixed pitch version,
the system gets quickly unstable and is not able to perform the commanded manoeuvre or
even to maintain the flight altitude. However, the upper plot shows, that the variable pitch
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Figure 5.12: Combined manoeuvre performance of a variable pitch quadcopter

configuration is at least enable to prevent the attitude angles from diverging. The hybrid
system on the right shows a similar performance as the battery based system. As the simu-
lation proceeds, the supercapacitor state of charge decreases, which results in a lower output
voltage and, therefore, a higher current drain from the fuel cell. As the supercapacitor is
designed to deliver the system power for 10 seconds, the supercapacitor quickly discharges to
a low level, which means that the current is mostly drained from the fuel cell. The last two
seconds of the manoeuvre shows that the supercapacitor is deeply discharged and that the
fuel cell cannot supply the required power for the last acceleration manoeuvre.

The investigation of the combined manoeuvre shows that fuel cells alone are not suitable for
quadcopter performance requirements. Even a slow climb manoeuvre leads to the breakdown
of the fuel cell. The battery based and the hybrid system can supply high enough peak power
for aggressive manoeuvres up to the stability limit of the quadcopter controller. In the next
chapter, the yaw control investigations for the Tecnam P2006T aircraft are presented.

5.2 Fixed wing aircraft performance

NASA and Joby Aviation are currently investigating the potential of distributed electric
propulsion for general aviation aircraft. In their Leading Edge Asynchronous Propeller Tech-
nology project (LEAPtech), a concept aircraft is derived from the Tecnam P2006T twin
engine aircraft and equipped with 18 electrically driven propellers, which are distributed
along the leading edge of the wing. The benefit of this installation is that the propellers
artificially increase the dynamic pressure on the wing, which is especially interesting during
low speed manoeuvres [67]. This allows for a smaller and more slender wing design, which
reduces the wetted area and the associated drag and leads to higher aircraft L/D ratios dur-
ing cruise. During a 200 mph cruise flight, the L/D of the aircraft is claimed to increase
from roughly 12 to 20 [6]. Figure 5.13 shows the original Tecnam P2006T on the left and the
derived LEAPtech concept plane on the right.

As electric motors have a larger torque characteristic compared to internal combustion en-
gines, their dynamic response to speed changes is much faster. The previous investigations
on quadcopters has shown, that the dynamic response of electric motors is fast enough to
stabilise large quadcopters and to perform agile manoeuvres. Because of the fast response
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Figure 5.13: The Tecnam P2006T and the derived LEAPtech concept plane [6]

and the distribution along the wing, electric propulsion may be sufficiently agile to perform
yaw stabilisation and control of a fixed wing aircraft by quickly producing high moments
by differential thrust. To investigate the feasibility of this approach, the following chap-
ter presents flight performance simulations of an electrified Tecnam P2006T aircraft which
utilises 18 distributed propellers on the wing leading edge, just like the LEAPtech concept.
In a first step, the Tecnam P2006T reference aircraft is briefly described and a model for the
longitudinal and lateral movement of the electrified aircraft is derived from literature.

5.2.1 Tecnam P2006 Aircraft Modelling

The Tecnam P2006T is a four seat aircraft with a Maximum Take Off Weight (MTOW) of
1230 kg and a maximum range of 742 nm. The aircraft is driven by two Bombardier-Rotax
912 S3 piston engines, which provide a maximum take-off power of 73.5 kW each. The en-
gines drive two M'TV-21 variable pitch propellers from MT Propellers with a diameter of 1.8
m [184-187]. A detailed mass break down of the engine and its accessory components as well
as a detailed performance analysis are published by Rotax [188,189]. The mass breakdown
gives a total weight of 76.5 kg per engine, including all accessory components and oil. The
mass of the nacelle is estimated in combination with a mass break down from Nicolosi on the
P2006T aircraft, which indicated a total weight of 197 kg for the engines group [190]. MT
Propeller indicate a total mass of 12.5 kg for the variable pitch Propeller MTV-21, including
the pitch governor.

A dynamic model for the longitudinal and lateral movement of the electrified version of the
P2006T is derived from a state space model from Nicolosi, which he identified from flight
test data and wind tunnel experiments [191]. This model is utilised in its original form to
model the flight performance of the reference P2006T aircraft. For the electrified version, the
model is modified to account for the changes of the propulsion system. Therefore, the bodyfix
coordinates are utilised, which have their origin in the CG of the aircraft. Figure 5.14 shows
the configuration of the basic P2006T model, which has been taken from the manufacturer
specification sheet [185]. The position of the fuel tank is assumed to be in the center wing.

The CG is assumed to be located in the xz-plane of the aircraft. To obtain the x- and z-
position of the CG, the longitudinal model of the P2006T aircraft is utilised. The x-position
is derived from Nicolosi, who indicated that the flight test was conducted with the CG being
at 19% of the mean aerodynamic chord. The z-position is calculated from a trim analy-
sis. The flight test data show a trimmed flight condition with a stabiliser deflection of -5

100



5.2. Fixed wing aircraft performance

Figure 5.14: Model of the Tecnam P2006T Aircraft

degrees. With the state space model and the given aircraft data, the angle of attack, the
required engine thrust as well as the aerodynamic moment can be calculated for a trimmed
flight condition and the given stabiliser deflection. The condition, that the moment of the
propulsion system must compensate the aerodynamic moment, finally gives the z-position of
the CG. The identified Cm0 coefficient of -0.0922 from Nicolosi results in a lever arm that
places the CG on the bottom of the aircraft cabin, which is no reasonable result for a high
wing configuration with wing mounted engines. To obtain a meaningful position of the CG,
the CmO coefficient is changed to -0.12, which results to a CG position in the center of the
cabin, as indicated in Figure 5.14. The CG position of the fuel tank is considered to be in
the xz-plane. The z-position is considered to be equal to the thrust vector and the tank
thickness is chosen in that way that the tank fits well within the center wing. The x-position
is small and has a minor impact on the aircraft CG position and the y-inertia. The tank
has a capacity of 200 litres, which corresponds to roughly 160 kg of fuel. The CG of the
engine-propeller combination is assumed to be located on the thrust vector line and in the
yz-plane. The z-position is given by the previous trim analysis and the y-position is read out
from the aircraft top view to +/- 1.7 m.

The propulsion system of the electrified P2006T aircraft is designed in order to enable the
same flight performance as the reference aircraft. The P2006T has a practical ceiling of 15000
ft, where the aircraft must be capable to climb 100 ft/min. To meet the take-off distance
specifications the aircraft requires a certain thrust level during take-off. To derive the take-off
thrust of the P2006T, the here presented propeller model is utilised to predict the perfor-
mance of the MTV-21 variable pitch propeller at minimum control speed and the maximum
take-off power of the Rotax 912 S3 engine. A parametric study on the unknown propeller de-
sign parameters has shown, that the impact of these parameters on the take-off performance
is very small. Figure 5.15 shows an average result of the MTV-21 propeller performance at
sea level ISA condition at the minimum control speed.

At maximum take-off performance, the propeller delivers 1500 N of thrust at an efficiency
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Figure 5.15: Performance of MTV-21 propeller on Rotax 912 S3 engine during take-off

level of roughly 68%. This corresponds to 3 kN take-off thrust at aircraft level. NASA
presented the results of a test run of one of the LEAPtech propellers, which showed 164.4
N thrust at the same take-off conditions. This translates into 2.96 kN thrust on aircraft
level for the LEAPtech aircraft. As the LEAPtech aircraft and the P2006T have a similar
MTOW, a take-off thrust requirement of 3 kNN is assumed for the electrified aircraft versions.
The propellers of the electrified version are designed as fixed pitch propellers. When the
thermal management of electric motors is neglected, the performance of electric motors does
not decrease with altitude. Therefore, the gearbox, the electric motor and all succeeding
components of battery based propulsion systems are sized to the maximum power operation.
The propellers are designed for a minimum installed power by considering three operating
points: take-off rotation, cruise and the top of climb performance at the ceiling altitude. Sim-
ilar to the propellers of the LEAPtech aircraft, the fixed propellers are designed with three
blades and a low tip speed for reduced noise emissions. Figure 5.16 shows the propeller per-
formance for the minimum installed power condition for a two propeller configuration. The
plot shows that the propeller reaches a peak efficiency at the cruise condition of the flight test.

To assess the manoeuvrability of the aircraft, the dynamic response of the control surface
actuators has to be considered. Dorobantu measured and identified a model for the dynamic
response of electric actuators, which is applied for aileron, stabiliser and rudder dynamics
[192]. The aircraft model with the actuator dynamics has been validated against the flight
test data from Nicolosi.

5.2.2 Impact of multiple electric propellers

In the next section, a parametric study on the number of propellers is conducted. The 18
propellers of the LEAPtech aircraft are considered as an upper limit. The lower limit is two,
since the reference aircraft is a twin engine configuration. To keep aircraft symmetry accord-
ing to the xz-plane, only even numbers of propellers are considered, and the thrust level is
kept constant in order to achieve a similar take-off performance as the reference aircraft. The
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Figure 5.16: Fixed pitch propeller design and performance

propeller diameter is limited by two factors. The first limit is a maximum diameter of 1.8 m,
which is the diameter of the reference propeller. The second limit is the semi wing span of
the P2006T aircraft. It is assumed that the outer propeller does not exceed the wing tip and
the inner propeller must not touch the cabin. The available semi wing span from the cabin
to the wing tip is derived from the aircraft top view to 5 m, which must not be exceeded by
the sum of all propeller diameters. Figure 5.17 shows a front view of the P2006T aircraft,
where the left wing shows the maximum propeller size for 18 propellers and the right wing
for six propellers. The plot shows very well that the available propeller disk area decreases
as the number of propellers increases.

L Available semi wing span: 5m
N /N
N2

Electrified Tecnam P2006T

Norop: 18

) :\
Figure 5.17: Multiple electric propeller installation

The propeller diameters should be as large as possible to obtain the lowest thrust loading and
therefore the most efficient design. Figure 5.18 shows the thrust loading depending on the
number and the diameter of the propellers. The abscissa shows the total number of propellers
and the ordinate shows the propeller diameter. The contour lines show the thrust loading.
The two black lines represent both diameter limits. Propeller designs exceeding one of the
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Figure 5.18: Multiple electric propeller thrust loading

The plot shows that from two to six propellers, the available propeller area increases as the
thrust loading decreases. When the number of propellers is further increased, the available
propeller area declines and the thrust loading increases again. Hence, from an efficiency point
of view, six propellers represent an optimum number. Besides the thrust loading, the number
of propellers has an impact of several parameters of the aircraft. For the electrified P2006T
aircraft, the engines and the fuel tank are subtracted from the aircraft mass and inertia.
Then, the new propellers, the gearbox, the electric motor and the battery are added to the
aircraft mass and inertia. Depending on where the components are installed on the aircraft,
the position of the CG will change. As this has a noticeable impact on the state space model,
it is assumed that the component replacement always results in the same aircraft MTOW
and the same CG position. As system components are only removed from the wing, the
battery must be installed in the wing as well. The electric motors are designed to fit within
the hub diameter of the propeller and the nacelle dimensions are adjusted accordingly. The
supplementary surface of the reference engine nacelles to the clean wing has been estimated
from the manufacturer drawings to roughly 4.6 m? p};ar engine. With the estimated mass of
g

the engine nacelles, a notional surface density of 2 =5 is derived for the nacelles, which is

utilised to estimate the mass of the new motor nacelles.

Besides the CG location, the electrification has an impact on the system efficiency, the system
mass and the available battery mass. Moreover, the smaller motors reduce the size of the
nacelles and therefore reduce the wetted area of the aircraft, which reduces the viscous drag.
As shown in chapter 3.2, the design thrust levels of the propeller has an impact on the thrust
response of the motor-rotor system. Consequently, the number of propellers also influences
the thrust response of the propulsion system. Figure 5.19 shows the sensitivity of several
propulsion system and aircraft parameters on the number of propellers.

The first plot on the left shows the sum of the installed power, which is a function of the
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Figure 5.19: Impact of propeller number on system and aircraft parameters

propeller thrust loading and therefore of the propeller area. The larger the propeller area,
the lower the thrust loading and the required mechanical power. Hence, the installed power
of the six propeller configuration shows the lowest installed power. The first plot on the
right shows the propulsion system mass and the available mass of the battery. Because of
the constant MTOW design, both curves are mirror-inverted. Although the six propeller
configuration has the lowest installed power, it has the highest propulsion system mass and
the lowest available battery mass. This originates from the propeller design, which results in
a higher required torque for large propellers. As the weight of electric motors is mainly driven
by the required torque, the six propeller configuration has the highest motor mass. Moreover,
the six propeller configuration has the maximum propeller diameter and, therefore, large and
heavy motor nacelles. The second plot on the left shows the propulsion system efficiency at
the cruise condition of the flight test. The change of the system efficiency is mainly driven
by the propeller efficiency. The plot shows that the four and six propeller configuration
have the highest efficiency. As the number of propellers is increased, the system efficiency
is decreased, because of the reduced propeller diameter and efficiency. For 18 propellers,
the system efficiency has decreased by 5% points compared to the 4 propeller configuration,
which is quite significant. For the LEAPtech concept, a lower propeller efficiency might even
be favourable, as it increases the dynamic pressure on the wing. The available battery mass
shows considerably higher sensitivity on the number of propellers. The higher the number
of propellers, the lower is the mass of the motor-rotor systems and the larger the available
weight of the battery. The second plot on the right shows the aircraft inertia around the
three bodyfix axis. The inertia around the x- and the z- axis show a noticeable and similar
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sensitivity on the number of propellers. For two to six propellers, the inertia increases up to
a maximum, which results from the supplementary propellers and motors that are added to
the wing with an increasing lever arm to the CG. For more than six propellers, the inertia
decreases again, as the mass of the motor-rotor systems decreases and the average lever arm
is not changed. The inertia around the y axis has a minor sensitivity on the number of
propellers, because all propulsion components are removed and added to the wing with a
similar lever arm in the x and z position. The lower plot on the left shows the total wetted
area of the aircraft. The total wetted area of the reference P2006T with the two piston
engines has been estimated with the manufacturer drawings to roughly 73 m?. This results
in a wetted area to reference wing area ratio of 4.9, which matches well with correlations from
Raymer for twin engine general aviation aircraft [193]. The diameter of the motor nacelles
is set to the hub diameter of the propellers and the length is set to 1.5 times the length of
the electric motor in order to house the gearbox and the motor controller. The results show
that the wetted area of the electrified P2006T aircraft is significantly reduced compared to
the reference aircraft. The wetted area increases from two to six propellers, which is quite
intuitive as all propellers, and therefore the motor nacelles, nearly have the same diameter.
For more than six propellers, the propeller diameter is decreased and the propeller speed is
increased. Both trends lead to a reduction of the motor size and therefore to a reduction
of the motor nacelle area. The lower plot on the right shows the rise time of the motor-
rotor systems for an acceleration from 50 to 100% of cruise thrust. These results cannot be
compared to the investigations in chapter 3, because at cruise thrust, the electric motor is still
in part load operation, whereas in chapter 3, the rise time was measured for the acceleration
from 50 to 100% of the maximum continuous thrust level. The results show that for two
to six propellers, the rise time increases. As the thrust is distributed to multiple propellers,
the required torque to drive the propeller is reduced. At the same time, the diameter stays
constant, which keeps its inertia on a high level. For more than six propellers, the thrust
loading of each propeller is increased with the number of propellers, as shown in figure 5.18.
Therefore, the required torque increases. Additionally, the propeller diameter is decreased,
which reduces its inertia and enables a faster thrust response.

5.2.3 Yaw control with multiple electric propellers

The vertical tail of an aircraft is a passive device that provides weathercock stability. When
an external disturbance causes a side slip angle, the vertical tail creates a restoring force that
reduces the developed side slip angle. This function is an important requirement for aircraft
certification. The rudder is a control surface at the trailing edge of the vertical tail, which
allows to apply yawing moments for lateral movement. As the passive weathercock stability
is an important function of the aircraft, the vertical tail is not modified or resized for the
following investigations. Thus, the minimum control speed airborne as well as the dutch roll
and the spiral dive eigenmodes are not modified. Only the rudder is fixed to the neutral
position, which means that the hardware for rudder deflection can be omitted.

Another way to apply moments on the aircraft is the application of differential thrust with
the propulsion system. Depending on the lever arm of each propulsor to the aircraft CG,
the thrust force creates a moment on the aircraft. During normal operation of a fixed wing
aircraft, the sum of all yaw moments is zero as all engines are installed symmetrically and
operated at the same thrust level. By applying different thrust levels, the total thrust level
and the resulting moment can become positive or negative. The total thrust and the resulting
moment are determined according to the equations (5.14) and (5.15).
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F=)F (5.14)

M=>Fxl (5.15)

With more than two propellers, these two equations form an under-determined problem that
requires additional assumptions for a unique solution. For the electrified P2006T aircraft it
is assumed, that all engines on one wing are operated at the same thrust level. This allows to
calculate the total thrust force of all propellers on one wing according to equation (5.14) and
an equivalent lever arm for the total thrust force according to equation (5.16). With both
total thrust levels and both equivalent lever arms, the thrust command for each propeller can
be calculated from a given thrust and moment command.

oy
liefs = ZZ“leﬁ (5.16)
left

This concept works very well as long as each propeller can deliver the required thrust. Es-
pecially during take-off, when each motor is running near its maximum take-off power, this
control approach can result in thrust commands, that the motor can not deliver. At that
point, both command requirements cannot be satisfied and one command must be priori-
tised over the other. For this study, the yaw moment command is prioritised over the thrust
command. To implement this control approach, a saturation limit is included. The flight
controller admits thrust levels that require the motor to operate at a PPF of 2, which is the
reference assumption from table 3.1. As soon as the motors on one side of the aircraft reach
the maximum PPF, the thrust level of the opposite side is reduced in order to deliver the
required yaw moment. Consequently, the thrust command cannot be met and the aircraft
acceleration or climb performance is degraded, which is critical during take-off and initial
climb manoeuvres.

One advantage of electric motors is that the motor status can be easily monitored in real
time with motor current signature analysis [194]. Thus, the motor controller can quickly
detect motor failures and provide this information to the flight controller. The information
of propulsor failures can be considered in equations (5.14) and (5.15). In that way, the flight
controller can compensate the resulting moment with the remaining motors. For the follow-
ing investigations it is assumed, that the flight controller recognises and considers the failure
of an electric motor one second after the failure occurred.

5.2.4 Critical motor failure cases

Utilising differential thrust for yaw control throws up new requirements for the reliability
of the propulsion system, as the system now has a double function for aircraft control. A
propulsion system failure may lead to a thrust reduction, or to a reduced yaw controllabil-
ity, or even both. As the yaw command has been chosen to be prioritised over the thrust
command, a failure of one or multiple propulsors can lead to a considerable thrust reduction
of the remaining propulsors, as they may have to be throttled back. This may affect the
acceleration and climb performance of the aircraft. Especially during take-off and the initial
climb, the aircraft requires a high thrust level, which makes a propulsion system failure crit-
ical during this manoeuvre.
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There exist two critical failure cases for each aircraft configuration: one, where the thrust
target cannot be sustained, and one where the yaw moment cannot be supplied any more.
By prioritising the yaw command, the number of critical failure cases, where yaw control is
lost, can be reduced significantly. Simulations have shown that with at least one operating
propulsor on each wing, the propulsion system can produce a meaningful yaw moment to
control the aircraft. However, in all failure cases, where only minimum yaw controllability
was achieved, the remaining thrust level was too low for steady state flight. Consequently,
the available thrust level falls below a minimum limit before a minimum yaw controllability
is reached. As the propulsion system failure is most critical after exceeding the decision
speed during take-off, the take-off and initial climb performance is further investigated for
the electrified Tecnam P2006T aircraft.

According to the certification specifications of the European Aviation Safety Agency (EASA),
the Tecnam P2006T aircraft must be able to maintain a steady climb gradient of at least
1.5% up to a pressure altitude of 1524 m and a minimum climb speed of 1.2 times the min-
imum stall speed [195]. To simulate the take-off performance of the aircraft, the identified
aerodynamic derivatives of Nicolosi are utilised to linearise a state space model at take-off
conditions with minimum control speed. As the aerodynamic derivatives of the state space
model have been identified at low subsonic speeds, where incompressible effects can be ne-
glected, the derivatives are utilised for take-off simulations without corrections. The major
issue of utilising the same derivatives is that the flight test was conducted at cruise conditions
in a clean configuration. During take-off, the flaps and the landing gear are extracted, which
has an impact on the lift and drag characteristic of the aircraft. To account for the drag of
inoperative propellers and the flight with an increased side slip angle, the state space model
is extended with appropriate methods from Torenbeek [196].

In a first step, the performance of the reference Tecnam P2006T is simulated with one engine
inoperative during take-off at minimum control speed. The simulation is initialised at ISA sea
level conditions at minimum control speed with both engines running at maximum take-off
thrust. One second after the rotation, the thrust of the right engine is instantly set to the
according engine inoperative drag force. It is assumed that no sensor data on the side slip
angle is available to the flight controller. The controller receives information about the yaw
rate, which is derived from the inertial measurement unit of the aircraft. The flight controller
operates the rudder in order to maintain a zero yaw rate. To stabilise the attitude of the twin
engine aircraft at low speeds, a significant rudder deflection is required. For this simulation,
the rudder deflection is limited to +/- 30 degrees. Figure 5.20 shows the rudder deflection
and the side slip angle, 3, over time.

The side slip angle increases instantaneously as the right engine is set inoperative and the
flight controller tries to compensate the resulting yaw rate with a rudder deflection, which
quickly runs into its saturation limit. After a few oscillations, the side slip angle converges
at 26 degrees, which is considered too high for a one engine inoperative scenario. To test the
impact of the added drag prediction method on the resulting side slip angle, the simulation
was run only with the state space model. However, in this second run, the side slip angle
also clearly exceeded 20 degrees.

The first step for the electrification of the P2006T aircraft was the replacement of the two
internal combustion engines by two electric motors. The rudder is fixed in its neutral posi-
tion and the yaw control is realised by differential thrust of the two electric propulsors. The
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Figure 5.20: Reference Tecnam P2006T take-off performance

simulation of the reference aircraft already showed, that the twin engine aircraft requires a
significant rudder deflection in order to stabilise the aircraft when one engine is inoperative.
Thus, yaw control via an electrified propulsion system with a deactivated rudder is not fea-
sible for twin propeller aircraft. There are at least four propellers required to allow a one
motor inoperative case.

For yaw control, the failure of motors near the wing tip is more critical than the failure of mo-
tors close to the wing root, as they have a larger lever arm to the aircraft CG. Consequently
the remaining propulsors near with smaller lever arms have to compensate the lacking yaw
moment of the inoperative motor, which requires a higher thrust level. When the thrust limit
of the remaining propulsors is reached, the thrust level is decreased by throttling back the
propulsors on the opposite wing, which deteriorates the aircraft’s performance. To identify
the critical configuration of inoperative propulsors, motor by motor is shut down, starting
from the right wing tip. At a certain number of inoperative motors, the remaining motors
on the right wing operate at their maximum MTF and the motors on the left wing are con-
siderably throttled back, so that the aircraft is hardly able to accelerate during the initial
climb. In the following section, this critical configuration is investigated for different number
of propellers. Figure 5.21 shows the failure case with the minimum thrust capability of the
four propeller version and its initial climb performance.

The left plot in Figure 5.21 shows the failure case configuration. Similar to the reference
aircraft, the simulation is initialised at minimum control speed with all motors running at
maximum take-off thrust. One second after rotation, the right motor (number 4) is set inop-
erative. The black arrows in the left plot represent the net thrust or drag of each propulsor.
The right plot of Figure 5.21 shows a time plot of the aircraft velocity, v, the yaw moment of
the propulsion system on aircraft level, My opulsion and the side slip angle, 5. To plot all pa-
rameters in one plot, the scale of the moment is divided by 100. As motor 4 is set inoperative
after one second, the propeller speed decreases and the propulsion system exerts a negative
yaw moment on the aircraft. Consequently, the aircraft begins to yaw and the side slip angle
increases. The flight controller commands a positive yaw moment in order to maintain a zero
side slip angle. This can be seen by the small increase of the propulsion system moment
just before two seconds. At two seconds of simulation time, the flight controller receives the
information of the motor failure and considers it in the motor command. Immediately, the
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Figure 5.21: Electric Tecnam P2006T take-off performance with 4 propellers

propulsion system applies a large positive moment to recover the yaw rate. The side slip
angle reaches its maximum of 4 degrees after 2.5 seconds. As the side slip angle is non-zero,
the vertical tail creates a yaw moment, which reduces the side slip angle down to zero. This
implies a yaw rate in the opposite direction, which causes the flight controller to command a
negative yaw moment. As the flight controller works against the yaw rate, which is created
by the vertical tail, the side slip angle shows and oscillatory characteristic. However, the
excitation of the dutch roll is considerably reduced, which is shown by the amplitude and the
quick attenuation of the side slip angle. The kink in the velocity curve shows the reduced
acceleration capability of the aircraft with one inoperative motor. The aircraft performs the
minimum required climb angle and exceeds the minimum climb speed, min vy, which is
required by the EASA certification specifications and indicated by the dotted line, after 5.5
seconds. Thus, under the assumed circumstances, an electric propulsion system is able to
stabilise and further accelerate a four propeller electrified P2006T according to the certifica-
tion requirements, with an asymmetric motor failure of one motor.

The maximum take-off thrust requires the maximum continuous power of the electric motor.
As the maximum MTF is set to 2, the electric motor will overheat after a certain time. This
time limit depends on the cooling method and may be extended by the increasing velocity, if
the motor is cooled by the ambient air flow.

The next three figures show the results for the six propeller, the 12 propeller and the 18
propeller configuration of the electrified P2006T aircraft. All figures show the worst failure
configuration, where the remaining motors provide enough thrust to accelerate the aircraft
up to the minimum required climb speed within ten seconds after rotation. Figure 5.22 shows
the results for the six propeller aircraft.

The left plot of Figure 5.22 shows the worst failure configuration for the six propeller aircraft.
With six propellers, the aircraft can perform the initial climb manoeuvre with two inoper-
ative motors. However, a simultaneous failure of motor 5 and 6 (or 1 and 2) decreases the
available thrust level so much, that the aircraft cannot reach the minimum climb speed within
10 seconds after rotation. When at least one motor (5 or 6) stays operative, the propulsion
system can produce enough thrust to accelerate the aircraft. The right plot shows that the
moment of the propulsion system as well as the side slip angle show the same characteristics
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Figure 5.22: Electric Tecnam P2006T take-off performance with 6 propellers

as for the four propeller aircraft, however, the moment amplitude has increased. This results
from the larger lever arms of the inoperative propellers and the fact that more thrust is cut
off compared to the four propeller configuration. The side slip angle shows a similar charac-
teristic, which results from the increased inertia around the z-axis as found in Figure 5.2.2.
The velocity plot shows that the aircraft requires the nine seconds to reach the minimum
climb speed. Figure 5.23 shows the results for a 12 propeller aircraft.
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Figure 5.23: Electric Tecnam P2006T take-off performance with 12 propellers

The left plot shows the critical asymmetric failure case for the 12 propeller aircraft. The plot
shows, that a minimum of three propellers is required for a successful initial climb. The right
plot of Figure 5.23 shows that the peak of the side slip angle exceeds 10 degrees. As the three
outer propellers are set inoperative, the moment of the propulsion system is quite large. As,
furthermore, the inertia of the aircraft is relatively low, the high moment leads to a high yaw
rate and a high side slip angle. Figure 5.24 shows the results for the electrified P2006T with
18 propellers, which is similar to the LEAPtech configuration.

The left plot shows, that the configuration can cope with a remarkable five motor asymmetric
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Figure 5.24: Electric Tecnam P2006T take-off performance with 18 propellers

failure case. The right plot shows that the moment of the propulsion system, which results
from the asymmetric failure case, is similar to the 12 propeller configuration. As the inertia is
smaller compared to the 12 propeller configuration, the side slip angle has a higher maximum
of roughly 16 degrees. The velocity profile shows, that this configuration takes the maximum
time of ten seconds to accelerate to minimum climb velocity, which is longer than for the 12
propeller configuration, which requires only seven seconds.

After investigating the critical take-off failure scenarios, a brief reliability analysis is con-
ducted, to assess the probability of critical failure cases. For certification, the aircraft must
prove a maximum critical failure rate of 10—9 per hour. In general, the loss of thrust that
results from a complete propulsion system failure is not relevant for the critical failure of the
aircraft as long as no parts of the engine damage vital systems of the aircraft (i.e. disk burst in
gas turbine engines). By taking over the yaw control and by deactivating the rudder, a failure
of the propulsion system can cause the loss of control of the aircraft and, hence, contribute to
a critical failure. Thus, the propulsion system must prove a certain reliability in producing
the required yaw moments under the failure of individual motors or propellers. The electric
propulsion system consists of a planetary gearbox, an electric motor with controller and a
battery system. Conventional brushless electric motors have a high reliability level an failure
rates of down to 5-107° [197]. Villani investigated the design of an electric motor for aircraft
actuator applications with a particular high reliability and predicted a Mean Time Between
Failure (MTBF) of 31.3 - 10? for the motor [198]. For gearbox systems, Gieras indicates a
failure rate of down to 2-107% per hour [197]. The battery is assembled from multiple single
cells that are lined up in series and parallel strings. This structure makes the battery tolerant
against the failure of single cells, especially, when the battery is operated in part load power.
When the battery is sized according to the energy specification, the battery generally works
in part load operation. As a short circuit failure of a few cells does not affect the reliability of
its series string, and the battery can bare multiple inoperative series strings during part load
operation. The reliability of the battery pack is considered good enough and is, therefore, not
analysed in detail [199]. The following table shows the failure probability of the electrified
propulsion systems, by considering the planetary gearbox and the electric motor.

The upper line of Table 5.2 shows the number of propellers and the second line gives the min-
imum number of inoperative propellers, that lead to a critical failure. The third line gives
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N 2 4 6 12 18
Ninop 1 2 2 4 6
critical cases [-] 2/2 2/6 2/15 495/495  18564/18564

critical failure rate [1/h] 7.00-107¢ 1.63-10~'  6.53-10712 2.40-1072!  1.18.1073!

Table 5.2: Critical failure rate of the electric propulsion systems

the number of combinations, which lead to critical failure. For example, for six propellers,
the loss of 2 tip propellers represents a critical failure. There are 15 possible combinations to
choose two out of six and only the two cases, where the two tip propellers fail, lead to a crit-
ical failure. For 12 and 18 propellers, all combinations are considered as critical. The lower
line gives the resulting critical failure rates per hour. The result show, that for a twin engine
aircraft, a particular motor and gearbox design has to be considered in order to achieve an
acceptable failure rate. With four propellers or more, the probability for a critical propulsion
system failure is less than 10—9 per hour, which is a reasonable level for aircraft certification.

To conclude the investigation on the critical motor failure cases during take-off and the initial
climb, the identified results are briefly summarised. The simulation of the initial climb of
the reference Tecnam P2006T aircraft showed a significant side slip excursion of 26 degrees
with one engine inoperative. To stabilise the aircraft, the flight controller commanded the
maximum rudder deflection of 30 degrees. The results for the electrified configurations showed
that the maximum side slip oscillations can be reduced compared to the reference aircraft. A
comparison of the critical failure cases shows that the side slip excursion increases with the
number of propellers. The failure case gets critical as soon as the average lever arm of the
remaining motors (on the right wing) gets to small. The more motors are installed, the more
discrete values are possible for the average lever arm. Consequently, more motors allow to
approach the average lever arm towards its critical value, which increases the side slip angle
excursion of the aircraft. This trend is further supported by the decreasing aircraft inertia
with more propellers. As the propulsion system takes over the yaw control of the aircraft,
specific failure cases can cause loss of control of the aircraft. A brief reliability analysis of the
gearbox and the motor has shown that the critical failure rate is significantly reduced with
increasing number of propellers. With four propellers or more, a reasonable critical failure
rate can be demonstrated for aircraft certification.

5.2.5 Side slip excursion during roll manoeuvres

In the last study, the dutch roll excitation by the electric propulsion yaw control is investi-
gated. The flying qualities of piloted aircraft specify maximum side slip excursions for roll
manoeuvres, during which the bank angle is varied by at least 90 degrees. The lower the
resulting side slip angle after the manoeuvre, the better is the classification of the aircraft.
For level 1, the resulting side slip angle must be lower than 6 degrees for adverse yaw and
lower than 2 degrees for proverse yaw characteristic. The level 2 category requires side slip
angles of less than 10 degrees for adverse yaw and less than 3 degrees for proverse yaw char-
acteristics [200]. As the C,p coefficient of the identified state space model is positive, the
P2006T has adverse yaw characteristics.

To investigate the impact of electrification and to determine the impact of the number of

propellers, the state space model from Nicolosi is utilised, which was measured and identified
at a medium cruise speed. The state space model is corrected for the impact of the new
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propulsion system configuration, noticeably the aircraft inertia, the wetted area, the lever
arm and the number of the propellers. As the propellers are mounted in a pull configuration
in front of the wing, they will increase the dynamic pressure on the wing, which increases
the lift of the wing. Consequently, changing the thrust level asymmetrically on both wings,
which is required to apply a yaw moment, will also result in an asymmetric lift condition
and cause a roll movement. This effect is not modelled for this study, as the roll response is
dominated by the aileron deflection and the side slip response is the relevant output for the
aircraft categorisation.

In the simulation, a roll manoeuvre with multiple step commands is calculated. One second
after the simulation has started, a step command for a bank angle of +45 degrees is issued.
This command is held for six seconds so that the resulting oscillations have abated. After
seven seconds, a step bank angle command for -45 degrees is passed to the flight controller.
This represents the required 90 degrees change of the bank angle. This command is also held
for a few seconds. Finally, the aircraft returns to levelled flight condition. During the entire
manoeuvre, all motors are operative. The yaw controller targets a given azimuth angle and
its input is the error of the side slip angle. This requires the assumption, that the side slip
angle is measurable and available to the flight controller. Figure 5.25 shows the simulation
of the reference Tecnam P2006T with rudder yaw control.
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Figure 5.25: Reference Tecnam P2006T roll performance

The abscissa shows the simulation time and the ordinate shows the bank angle (®), the side
slip angle, 3, and the rudder deflection, dyugder, in degrees. After the 90 degrees roll ma-
noeuvre, the reference Tecnam P2006T shows a maximum side slip angle of 6 degrees, which
corresponds just the limit value for the level 1 category. Of course, the aircraft performance
depends not only on the aerodynamic characteristics, but on the flight controller parame-
ters. The controller gains are chosen in that way to obtain a low overshoot together with a
minimum oscillatory response of the aircraft. As the same controller gains are utilised for all
aircraft, the system response changes with the number of propellers and the inertia of the
aircraft. The next three figures show the results for the four propeller, the six propeller, the
12 propeller and the 18 propeller configuration. Figure 5.26 shows the results for the four
propeller configuration.
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Figure 5.26: Electric Tecnam P2006T roll performance with 4 propeller

The scale of the propulsion system yaw moment is divided by 100 to plot all parameters in
one single plot. The peaks of the yaw moment curve show that the propulsion system applies
a moment during the roll manoeuvre of the aircraft, to compensate the aerodynamic moment
of the vertical tail. During the 90 degrees roll manoeuvre, the aircraft shows a maximum
side slip angle of 3 degrees, which is considerably lower than for the reference aircraft. As
the propulsion system does not apply any roll moment on the aircraft, the dutch roll mode is
less excited, which results in a lower side slip angle excursion compared to the conventional
rudder controlled aircraft. Figure 5.27 shows the results of the six propeller configuration.
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Figure 5.27: Electric Tecnam P2006T roll performance with 6 propeller

The six propeller configuration shows a much more oscillatory behaviour of the bank angle
and the moment of the propulsion system as the four propeller configuration. This results
from the high level of inertia around the x- and z-axis of the aircraft (see Figure 5.19),
which influences the aircraft dynamics. The benefit of the high inertia is a higher damping
of the yaw motion and therefore a reduced side slip excursion. The results show that the
larger oscillation approximately annuls the higher damping, and a maximum side slip angle of
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3 degrees is found. Figure 5.28 shows the simulation results for the 12 propeller configuration.
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Figure 5.28: Electric Tecnam P2006T roll performance with 12 propeller

According to Figure 5.19, the 12 propeller configurations has a slightly lower inertia, which
results in a more smooth roll manoeuvre with a minimum overshoot. Again, the curve of the
propulsion system moment shows that the yaw control quickly counteracts the yaw accelera-
tion that results from the roll manoeuvre. The resulting side slip excursion stays well below
3 degrees. Finally, Figure 5.29 shows the simulation results for the 18 propeller configuration.
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Figure 5.29: Electric Tecnam P2006T roll performance with 18 propeller

Compared to the other configurations, this version has the lowest inertia around the bodyfix
x- and z-axis. The bank angle shows the same smooth and non oscillatory roll manoeuvre as
the previous configurations. The response of the propulsion system is fast enough to quickly
react on the resulting yaw rates and keep the side slip excursion below 3 degrees.

To conclude the investigations on the side slip excursion during a 90 degrees roll manoeuvre,

the reference Tecnam P2006T aircraft shows an excursion of 6 degrees, which is just the limit
value of the level 1 categorisation. All electrified configurations show a maximum side slip
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angle that is only half of the reference aircraft, which qualifies them for the level 1 category.
Comparisons between the rudder deflection of the reference aircraft to the propulsion system
moment shows a similar dynamic response, which enables the good yaw response of the
electrified versions. The number of propellers has no noticeable impact on the yaw response
of the aircraft. All configurations show a similar side slip angle. Thus, the thrust response of
distributed, electrically driven, fixed pitch propeller is suitably fast to perform yaw control
by differential thrust on a general aviation aircraft.
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This thesis presents a preliminary analysis of the thrust response of hybrid-electric propul-
sion systems for flight control applications. The first part of the thesis is dedicated to the
development of appropriate models that allow to predict the steady state and the transient
performance of propulsion system components during a preliminary design phase of hybrid-
electric propulsion system. In a step-by-step approach, the sensitivity of the thrust response
on the system component design parameters investigated on propulsor level, which consists
of an isolated motor-rotor combination. In the second step, the peak power capability of
battery based, fuel cell based and hybrid propulsion systems is investigated with respect
to the most relevant component and system design parameters. Finally, an aircraft level
assessment is conducted with two applications, which utilise differential thrust for attitude
and flight control. The first application are large quadcopter vehicles, which require fast re-
sponding propulsion systems for attitude stabilisation and for performing agile manoeuvres.
The second application is a fixed wing concept, which is equipped with a distributed electric
propulsion system and utilises differential thrust for yaw control. The aircraft is derived from
the Tecnam P2006T and the LEAPtech concept from NASA. The studies on aircraft level
focus on critical failure cases as well as manoeuvre performance.

6.1 Important findings

A constant thrust design analysis of the thrust response of an isolated motor-rotor system
with fixed pitch propellers showed that low thrust loadings result in high a high propeller effi-
ciency as well as a fast thrust response. The propeller pitch is a trade-off parameter between
a high efficiency level during hover flight and a fast thrust response. For the investigated
parameter space, the propeller efficiency showed a minor sensitivity on the design tip speed,
however, a higher tip speed results in significantly faster thrust responses. In summary, the
thrust response of fixed pitch motor-rotor systems benefits from low inertia designs, as this
reduces the kinetic energy, that the motor has to supply to the system in order to change the
thrust level. Adding a supplementary gearbox between the propeller and the motor showed
a minor impact on the thrust response of fixed pitch propellers. The main advantage of the
gearbox is the reduction of the motor mass and inertia, which enables a slightly faster thrust
response for low gear ratios. For higher gear ratios, the gear wheel inertia increases, which
leads to longer response times of fixed pitch systems. The scaling of the motor-rotor system
to higher design thrust levels showed slower thrust responses, which indicates that the agility
of small aircraft is superior to large aircraft with similar design parameters. The analysis
of variable pitch propellers showed, that the thrust response is roughly 10 times faster com-
pared to fixed pitch propellers. The major advantage of variable pitch propellers is that the
thrust level and the thrust response are decoupled from the kinetic energy and the design
parameters of the motor-rotor system. Furthermore, variable pitch propellers require less
peak power as the deviation of the rotational speed during thrust changes is much smaller
than the difference of the rotational speed, that is required by fixed pitch propellers.

The analysis of battery based propulsion systems showed that the pack voltage level can be

118



6.1. Important findings

optimised to obtain a minimum battery mass. The optimisation benefit decreases for larger
battery packs, as the increasing number of cells allows more discrete steps of the pack energy.
A battery pack, which was optimised for the reference power of roughly 10 kW, a benefit
of 2-3% was found for the pack mass. Transient simulations showed, that the minimum cell
voltage is the main limiting parameter for the battery peak power capability. A comparison
of fixed and variable pitch propellers showed that variable pitch systems can extract up to 6%
more energy from the battery, which originates from the reduced peak power requirements.
A comparison of air breathing and gas tank fuel cells has shown that gas tank configurations
have lower system masses for operation times up to 150 - 180 min at sea level. When the
operating altitude is increased to 4000 m, the break even operating time is extended to 270
minutes. A parametric study on the design parameters showed that the design current den-
sity is the most relevant trade-off parameter between the stack mass on the one hand and the
efficiency level and the peak power capability on the other hand. For a low mass design, a
high design current density is required, which reduces the efficiency level as well as the peak
power capability of the fuel cell. The design for the reference power of almost 10 kW showed
a quasi steady-state peak power factor of roughly 1.3 times on the design power. During
very short acceleration manoeuvres, the investigated fuel cell is able to supply up to twice
the design power, which is related to the internal diffusion processes in the cell, which buffer
the power loading. Thanks to the superior energy density of hydrogen over batteries, the fuel
cell based systems provide a higher endurance potential over battery based system. To profit
from this better endurance potential and to boost the peak power capability of the fuel cell,
a hybrid system of a fuel cell and a supercapacitor is examined. Investigations showed, that
this hybrid system can deliver even higher peak power levels than battery based systems, if
the supercapacitor takes over the peak power loads and the fuel cell only supplies the average
power level. For supercapacitors, the pack voltage level is an optimisation parameter for
minimum pack mass, just like for batteries. However, as supercapacitor packs are mostly
designed for short operation intervals, they only consists of a few cells which increases the
optimisation potential for the pack mass up to 80%. The drawback of the excellent peak
power of the hybrid system is the additional mass of the supercapacitor and the associated
converter, which increase the system mass by 64%.

A steady-state mission analysis of quadcopters showed that the initially assumed battery
energy density of 175 % had to be increased to 250 Vg—gh to achieve a meaningful payload
capacity. The maximum hover time with battery based propulsion systems was calculated to
45 minutes, which is affected by a rather conservative mass model for the quadcopter. Fuel
cell systems provide flight times up to 240 minutes for quadcopters, which originates from the
high energy density of hydrogen. Moreover, large quadcopter vehicles show higher payload
capacities with fuel cell based systems than with battery based systems, which results from
the superior power and energy densities of the fuel cell stack and hydrogen over batteries.
The hybrid propulsion systems provide similar payload capacities as battery based systems,
however, they enable hover times up to 100 minutes, which shows a clear benefit of the hybrid
propulsion system. A comparison of the roll and climb agility of quadcopter models with fixed
pitch dynamics, variable pitch dynamics and without motor-rotor dynamics showed, that ne-
glecting the motor-rotor dynamics is a valid assumption for variable pitch configurations.
For fixed pitch propellers, the motor-rotor dynamics must be considered in the quadcopter
dynamics, when highly agile manoeuvres are targeted. Additionally to a slower thrust re-
sponse, the slow motor-rotor dynamics of fixed pitch systems reduce the stability limit of
the quadcopter. The simulation of individual roll and climb manoeuvres confirmed that the
peak power capability of fuel cells is high enough to stabilise the quadcopter and to perform
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slow manoeuvres. However, high power manoeuvres as well as combined manoeuvres showed
that fuel cells alone are not suitable for the application in quadcopters. The battery and the
hybrid system can deliver the required power to fly aggressive manoeuvres but, especially for
the hybrid system, the peak power capability is limited in time.

A study on the yaw control performance of a modified Tecnam P2006T aircraft with an elec-
tric distributed propulsion system was conducted to assess the feasibility of the concept. An
initial parametric study on the number of propulsors showed that for more propellers, the
available propeller area decreases, which results in higher thrust loadings and lower efficiency
levels. On the other hand, the higher thrust loading results in a faster thrust response. At
the same time, the total wetted area as well as the propulsion system inertia and mass de-
crease, which is beneficial for reduced drag and better manoeuvrability. The flight controller
is extended by a module which calculates an asymmetric thrust command for each motor, ac-
cording to a given thrust and yaw moment command on aircraft level. During critical failure
cases, the propulsion system may not be able to fulfil both, the thrust and the moment com-
mand. In this case, the yaw control is prioritised over the thrust command, as the time scale
of the rotational movement is much shorter than the translational movement of the aircraft.
For simplification, the same command level is passed to all propulsors on one wing side, which
is not the optimum control strategy for minimum energy consumption, but it results in the
maximum available thrust level for a given yaw moment command during failure cases. A
simulation of an inoperative engine scenario during take-off rotation of the reference aircraft
showed that the side slip angle converged to 26 degrees with a maximum rudder deflection of
30 degrees. The benefit of the electrification is the removal of the rudder deflection hardware
and the integration of yaw control into the existing distributed propulsion system. As the
conventional aircraft requires a rudder kick for stabilisation, an electrified aircraft with two
propulsors and a deactivated rudder is not feasible. Simulations with multiple propulsors have
shown that the side slip angle can be kept well below 20 degrees in critical inoperative motor
scenarios during take-off and initial climb. A reliability analysis showed that already with
4 propellers, the yaw control failure rate is less than 10—9 per hour and with 18 propellers,
the failure rate is less than 10—30 per hour. Simulation of roll manoeuvres at cruise condi-
tion showed, that the resulting side slip excursions are reduced from 6 to 3 degrees, which
classifies the electrified aircraft for level 1 of the handling qualities of piloted aircraft. In sum-
mary, the thrust response of the electric propulsion system is fast enough for yaw control with
differential thrust and the flight performance can even be improved over the reference aircraft.

6.2 Perspectives for Future Work

The here presented models are developed for the preliminary design of hybrid electric propul-
sion systems for medium size UAVs and general aviation aircraft. The target of these com-
ponent models is to predict the steady-state performance as well as the transient response
and peak power capability. As parameter and optimisation studies require short execution
times of the modelling code, only the most relevant component characteristics are considered.
Future studies may include more sophisticated models for the propulsion system components,
which are suitable for detailed component design by including more component details, which
have been neglected in this work to keep the models simple.

In this study, one basic system architecture has been investigated for each energy storage
system. For the design of these architectures, reliability requirements have not been consid-
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ered. The consideration of there requirements as well as the investigation of different system
architecture layouts are interesting points for follow-up studies. Moreover, future studies may
investigate the impact of component and system control on the thrust response. An inter-
esting point for the motor-rotor system is the control of the rotational speed of fixed pitch
propellers. In this study, the deceleration of fixed pitch propeller is achieved only by the
aerodynamic torque of the propeller, which can be a limiting factor for very agile configura-
tions. By applying breaking torques with the motor, the deceleration time of the motor-rotor
system can be further reduced.

As simulation results of fuel cell based propulsion systems showed significantly higher payload
capacities over battery based and hybrid propulsion systems, a sophisticated fuel cell design
should be investigated, which focuses on high peak power and elevated transient performance
capability. If the fuel cell was able to supply the required power profile of quadcopters, with-
out additional high power energy storages, this would make fuel cell based propulsion systems
far more attractive for multicopter applications.

On aircraft level, future studies should consider more detailed models for quadcopter flight
mechanics that consider drag and moment contributions from the vehicle velocity or wind.
This would allow to investigate the flight performance of quadcopters in turbulent environ-
ments. Therefore, the propeller model should be extended to consider the forces and moments
that result from cross flow conditions. The simulation of the electrified Tecnam P2006T air-
craft may be enhanced by utilising flight mechanic models that consider the flap deflection
during take-off as well as the additional lift from the increased dynamic pressure on the wing
from the pull propellers.

As differential thrust can be used not only for yaw control but for pitch and roll control as well,
the investigation of unconventional aircraft configurations would reveal how far the differen-
tial thrust concept is applicable. Especially mixed configurations, which have four rotors for
hover and vertical take-off and a fixed wing for efficient aerodynamic flight, represent promis-
ing applications, that can exploit the benefit of differential thrust control during the entire
mission. As the study on yaw control with multiple distributed, electric propulsors showed
good control performance and reliability results, follow-up studies may investigate tailless
aircraft configurations, which entirely rely on the propulsion system for attitude stabilisation
and control.
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