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Abstract

The Aachen Distributed Electric Propulsion Transporter (aDEPt) presents a versatile aircraft concept
that offers an efficient and cost-effective transport model for connecting remote towns or small cities
to larger central hubs in metropolitan areas. Key design features derived from requirements set by the
current market demands include a hybrid-electric powertrain, distributed electric propulsion systems,
a sensible cabin conversion and loading concept, a morphing trailing edge and an unpressurized cabin.
Further constraints set by the NASA/DLR Design Challenge are met or exceeded by the aDEPt
concept. The aircraft excels in terms of life cycle costs through optimized operation models, low noise
emissions and high efficiency through the given propulsion system when compared to other thin-haul
aircraft. Initial calculations, without autonomous flight, show that the aDEPt is 31.2%, 33.3% and
53.3% cheaper to operate than the P2012, C402, and PC12, respectively. This is, in part, due to the
aDEPt’s capability of flying a fully electric 125 NM mission, which significantly reduces operating
costs and emissions. The concept is designed for a maximum range of 350 NM with a cruise speed of
250 knots. Additionally the aDEPt’s avionics configuration allows for autonomous operations, making
it a sustainable aircraft design for the coming years of aircraft operations without increasing design,
development or production costs. The aDEPt is an aircraft design focused on cost reduction and
flexibility using technology whose readiness level by 2025 is given the current state of the art and
industry estimates for technological development.
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1 Introduction and Market Analysis

etropolitan areas of the world are commonly characterized as hubs of intermodal transport
].\/_[ and by a strong economy. While the total world population living in metropolitan areas has
superceded 50% as of 2007, a significant portion of the world population still lives in remote regions
with limited access to various means of transport [27], 53] 54]. In this context, air transportation be-
comes more important for the trade of commercial goods, human mobility and economic development
[55].

Airlines such as Cape Air (CA), America’s largest commuter airline, are the vital link for rural
communities to connect to larger hubs. In 2016, however, about half of CA’s missions were subsidized
by the FEssential Air Service (EAS) program, as otherwise they would not be economically feasible
[59].

This is rooted in the economic chal- 40 000 100
lenges of thin-haul air travel. The 35000 [34176] 190
connection of remote regions to the 20 000 ' A~ | empepartures (2016) | ] ¥
next airport is characterised by short — ,s400 2 Cumlated Departures | | :2
and inconsistently frequented routes, ézoooo 50
which make scheduled air service more & 15000 |15,ﬂ| T 40
difficult and increase Operating Costs 10000 ] _|[s808] 1%
(OC) disproportionately. For example, e e Iﬂl l“ 579| __ j:
1680 T

none of CA’s routes exceeds 225 NM, 0 1 ll 0

0-25 2550 50-75 75-100 100-125 125-150 150-175 175-200 200-225

two thirds of the flown routes are -

even shorter than 100 NM (see Figure
1.1) [59]. Nevertheless, CA’s business

model of non-stop, low-fare service in smaller aircraft consistently attracts more passengers, which

Figure 1.1: Route distribution of CA in 2016 based on [59]

underlines the increasing demand in this segment of air travel [60].

However, none of the currently available 9-seater aircraft, like the widely used Pilatus PC-12 and
Cessna 402 are optimized for the thin-haul market, which is especially evident in their excessive range
capabilities. Additionally, many rural communities can be found in ecologically challenging areas that
place additional demands on an aircraft like operating on water, under icing conditions or from very
short and not paved runways. Due to the nature of this routes CA and other commuter airlines insist

on operating multi-engine aircraft in the future to decrease error-proneness [60].

In addition to non-optimized aircraft, the burgeoning shortage of qualified pilots also prevents airlines
like CA from growing further into the market and thus from integrating more communities into the air

traffic network [60]. One way to avoid this problem is an increasingly autonomous air traffic. In a first




step, this can be achieved by increasing single pilot operation through human-centered automation.
Fully autonomous, ground-monitored flights subsequently offer great potential for reducing OC and
error-proneness. 1o further promote autonomy and reduce OC utilization can be increased through
additional cargo transport outside the peak hours of passenger transport. This, however, places
additional requirements on an aircraft, since an efficient cargo operation requires a sensible conversion

and loading concept.

2 Design Selection

The configuration selection is conducted by / Literature Research \ [P i

taking into consideration the requirements

]
given by the market and NASA /DLR. Fig- E @
ure [2.I] shows the overall schematic proce- 2

dure conducted in this work.

2.1 Basic Considerations
Figure 2.1: Methodology of the selection process

The best appropriate figures of merit must first be derived in order to determine a feasible concept that
meets all requirements. The figures of merit chosen are weight, complexity, flexibility /versatility,
operating costs, error-proneness, sustainability and viability. Then, to evaluate the strengths
and weaknesses of each design in relation to the chosen figures of merit a Pugh matrix is created and
applied to the components propulsion, fuselage, wing and empennage. The propulsion category is fur-
ther divided into two subcategories architecture (see Figure and type (conventional, distributed,
tilt). The values and weight factors are determined in an internal workshop with the help of addi-
tional literature. Figure [2.2] exemplarily shows the Pugh matrix for the propulsion architecture. The
conventional architecture serves as the baseline of the comparison and therefore receives a score of 0

for each figure of merit.

Flexibility/| Operating Error-

Sl S e Versatility| Costs proneness

Sustainability | Viability | Total

Weight Factors 3 2 4 5 5 4 4 27
Conventional 0 0 0 0 0 0 0 0
Turboelectric -1 -2 1 1 0 1 -1 0.1
Hybrid-electric
Full-electric -3 -1 2 3 3 3 -3 1.00

Figure 2.2: Pugh matrix of the propulsion architecture

According to Figure a hybrid-electric powertrain architecture should be chosen. A turboelectric
approach shows shortcomings in terms of OC and error-proneness which are weightened as the most
important figures of merit in accordance to chapter[I} In contrast a full-electric powertrain architecture
shows the greatest potential to reduce OC but induces a great weight penalty, which also makes it

non-viable compared to the rest.




2.2. Refined Layout

By taking synergy effects into account, distributed systems offer the best approach in implementing
the aforementioned powertrain. Furthermore, a high wing design is beneficial in regards to flexibility
and versatility, since it is especially useful for cargo handling and poor ground conditions. Since the
U.S restricts the airspeed to a maximum of 250 KIAS below 10000 ft and a maximum flight time
of 99 min is set as a requirement, a pressure cabin would be needed to cover a range of more than
350 NM. Nevertheless, an unpressurized fuselage is favored with the aim of minimizing weight, OC,
complexity and error-proneness. With respect to the empennage the V- and U-tail reach the same
score in regards to the chosen figures of merit. The V-tail is, however, favored to avoid negative

influences by the prop wash of the wing mounted engines.

2.2 Refined Layout

Figure 2.3: aDEPt

The aDEPt is designed with maximum flexibility and efficiency in mind for thin-haul operations. This
includes hub-and-spoke missions as well as point-to-point operations in remote regions that would
otherwise not be served by ground transportation. A Distributed Electric Propulsion (DEP) approach
is chosen and extended by a sensible cabin conversion and loading concept, as well as a morphing wing

to further optimize cruise performance.

Additional design freedom in regards to the fuselage can be achieved through the use of composite
materials, which also reduce the structural weight. Moreover, this partly compensates the extra weight

generated by the hybrid-electric powertrain and batteries.

In combination with an unswept wing the DEP approach allows operations on extremely short runways
under poor ground conditions, which not only gives the a DEPt bush-plane-like capabilities, but also
enables compatibility with future small airparks in otherwise dense suburban areas. Simultaneously,

it increases the cruise efficiency as the increased max lift coefficient (Cr, maz) allows a smaller sized




wing while still fulfilling the stall speed requirement. The high wing loading also increases passenger
comfort with regard to gusts. Furthermore, in combination with the hybrid-electric powertrain, the
reliability is greatly increased. The wingtip propellers offer favorable interaction with the wingtip
vortices and therefore decrease drag [3]. The aDEPt can fly missions up to 125 NM fully electric and
up to 350 NM with a range extender. As battery technology advances, batteries can be gradually
replaced by more powerful ones, thus increasing the electrical range, eventually rendering the Turbo
Generator (TG) obsolete and therefore enforce sustainability. Additionally the aDEPt is equipped
with the necessary technology for single pilot operations and autonomous cargo flights in all weather
conditions. A functional fuselage design, which ensures passenger comfort as well as fast and simple

cargo handling, completes the design.

The whole design promotes cost efficiency, which makes thin-haul air travel more viable for airlines
and costumers. This helps remote regions to be integrated into the transport network, which not
only provides them with the necessary supply goods, but also promotes industry therefore ultimately

increasing the inhabitants standard of living.

3 Design Overview

Beginning with the initial sizing, the component sizing has to be done iteratively to meet all perfor-
mance requirements. Furthermore, some adjustments to the general design methodology have to be
made to account for DEP. In order to manage the large amount of data and to be accountable for the
numerous dependencies of individual design steps, the design is carried out with the help of numerous

self written programs authored by the design team.

3.1 Initial Sizing

A constraint analysis according to Gudmundsson is carried out in order to generate a starting point

for the design of the hybrid-electric powertrain and wing [17].

An initial Mazimum Take-Off Weight 3 000 s 8

(MTOW) of 4320 kg is assumed. This cor- 2 500 \ cT;al'(fOff —g:::fe g7
——Ceiling ---

responds to the weight of the Tecnam P2012 | .T¢€

surcharged by 20% to account for additional
battery weight. Since the aDEPt does not

have a pressurized cabin, the cruising alti-

1500 = 4
e

Shaft Power [kW]
N
[=]
[=]
[=]
I
\
\
\
\
\
AY
[3)]
CL_max

1000 B
. . - - 2 9
tude, cruise speed and climb rate are set to w0 \ pra \‘-\___\_
8000 ft, 250 KTAS and 1 200 ft /min, respec- L7 T 1
tively. Furthermore, a Take-Off (T/O) run 0 +=L 0
0 50 100 150 200 250
of 400 ft is chosen to achieve bush-plane- Wis [kg/m*2]

like flexibility. In order to accomplish this, . . .
Figure 3.1: Constraint analysis of the a DEPt




3.2. Hybrid-electric Powertrain

a stall speed of 50 knots is applied based on the data from NASA’s SCEPTOR concept [33]. Figure
shows the corresponding constraint diagram.

Since DEP serves as an active high lift device, higher wing loading (W/S) compared to conven-
tional aircraft is feasible as a measure to increase cruise efficiency and passenger comfort. A W/S
of 200 kg/m? is selected taking into account structural and space-related reasons. Consequently a
CLmae of 4.85 is required to meet the stall requirement. This serves as a constraint for the High Lift
Propeller (HLP) design. To meet the power requirement a total shaft power of 860 kW is needed
(point 1 in Figure . However, since the batteries can be used as a buffer for high energy demands,
the TG can be scaled down. This leads to a second design point at 662 kW near the requirement for

cruise and sustained turn.

3.2 Hybrid-electric Powertrain

The design of the hybrid-electric powertrain is determined by the designated mission profile, especially
by the targeted electrical mission. Starting with the values from the initial sizing energy calculation
has to be done iteratively in accordance with the optimization of the overall design ultimatly leading

to the values seen in Figure 3.2

Electric Electric / Hybrid * Electric |* Flights up to 125 NM full electric
Hybrid
8 000 ft :
1000 ft
35 ft

Taxiin| [ Reserve

Mission Phase Taxi out [ T/O to 35 ft|Climb to FL80| Cruise Descent [Final Approach Lenely I Reserve | Holding Reserve Resgrye Avionics
Reserve Climb Cruise and Landing Taxi in
Time [min] 2.00 0.13 6.66 Up to 78 7.74 2.43 0.13|6.66 |2.00]|15.9 53 0.13 2.00
Rate of Climb [ft/min] - - 1200 - - - -| 1200 - - - -
Rate of Climb [m/s] - - 6.1 - - - -16.10 - - -
Airspeed [kts] - 53.46 101.08 250.00 |250-91.36/91.36-58.32(58.32 | 101.68| -|250 |(250-58.32| 58.32
Airspeed [m/s] - 27.5 52.00 128.61 128.61 - 47 47 - 30 30.00] 52.00 |-] 128.61[128.61 - 30| 30
[Battery energy [kWh] [ 6.3¢ | 271 | 5897 | 16326 | 960 | 2201 | 1.23 [ 6.09 ] [ 1622 |
|Fuel consumption [kg] | [ 1423 | [ 2390 | 4109 | 14724 [ o050 [ 610 [ 17.87 |

Figure 3.2: Mission profile

The aDEPt cruises at an altitude of 8000 ft where only the Cruise Propellers (CP) have to be
powered. To reduce drag the HLPs are folded back during all mission phases except T/O as well as at
the beginning of climb and the end of approach where the a DEPt would stall without the lift increase
provided by them. Because of the high L/D descent is possible with minimal energy consumption.
During the final approach the HLPs are used to lower the stall speed while the aDEPt gradually
decelerates. In this phase the CPs provide drag through windmilling and/or reverse thrust to enable
deceleration even though the HLPs are at full power [32]. In case of a go-around an alternate airport

can be reached at a distance of 100 NM. Additionally, a final reserve of 45 min (holding) is provided.




3.2. Hybrid-electric Powertrain

3.2.1 System Architecture

The aDEPt focuses on a high lift coefficient at low speeds to allow operation from short runways,
while ensuring optimum L/D and maximum drive train efficiency. For this purpose, several electric
drives similar to the SCEPTOR are used [6]. The engine sizing is carried out according to Stoll et.

al. and results in the following motor configuration [48]:

e Two cruise motors with 267.5 kW power and a propeller diameter of 2.0 m

e Eight high lift motors with 55 kW power and a propeller diameter of 0.75 m

For the CPs a double motor configuration as depicted in
Figure is used to increase redundancy and decrease the

loss of thrust in case of a motor failure [45].

The complete electrical system architecture features a re-

dundant interconnection mode in which two independent

controllers and three spatially separated battery packs are
used. This guarantees reliability in the event of fire out-
break or electrical issues [24]. Figure illustrates said Figure 3.3: Double motor layout

architecture including the efficiencies of the individual components as proposed by literature [21].

T]p:0.9 TIAC:O-96 T]|NV:0.98 Range Extender

< T]A:0996 T]Rc:0.98 ‘r]GEN:O.96 nGT:0-246
(D) €= ~

eass [ - (~) |}

| g; : Rectifier Generator Turbine Fuel

8 : r\:—_<_:‘_' } j_N :::::: Ne=0.93

i Battery RW
‘Controller y @ T

=], 11l
N < 1 1
T Battery FSLG

AC Motor Inverter Battery LW

Figure 3.4: Powertrain architecture

For missions within the scope of the design mission, a degree of hybridization of one will be achieved.
For longer missions the range extender configuration can be used (see Figure . A gas turbine and
a mechanically coupled generator produce electricity for the engines. The design case as well as the
operating point for the turbine enable significant higher efficiencies (see Section .




3.2. Hybrid-electric Powertrain

3.2.2 Battery

Batteries deliver a major part of energy for the flight mission. For the maximum range of 350 NM,

they support the TG in all flight phases, especially during T/O.

A demanded design mission of 125 NM should be flown fully electric. This corresponds to about
80% of CA’s total flights as well as 98% of their flights not subsidized by the EAS program in 2016
(see Figure [59]. The required power output of the batteries is derived from this flight mission,
including all flight phases as well as taxiing. Furthermore, they also replace the Auxiliary Power Unit
(APU).

The most important parameter for the design of

e e o ' ‘ Data Unit Value
the batteries is the available gravimetric energy Gravimetric energy density [%] 400
density. According to Stoll a gravimetric energy ) . Wh
o I 2025 1 Volumetric energy density ] 300
ints'l ’ Oh' h i h/ ihl'm 1 1 e'year lied tls ;e_ Total energy KIWRL 31507
e o battery weight [15, Based on the 5" e
ermine the battery weight [48]. Based on the Volume [m?] 1.05

required power per flight segment and the effi-

ciencies of various components in the powertrain Table 3.1: Major battery data
(see Figure [3.4)), the required energy per flight segment can be obtained (see Figure|3.2)). The resulting

battery data is listed in Table

The total energy requirement results in 315.07 kWh including a safety margin of 10% to consider
possible perturbations during flight. Thus, the total battery weight amounts to 787.68 kg. In addition,
Kreimeier cites a volumetric specific energy density of 300 Wh/liter, which results in a battery volume
of 1050.24 liters (1.05 m3) [24].

The batteries are located in the fuselage as well as in the inner parts of both wings. To ensure that
the required power of the batteries is available for the flight, the batteries in the fuselage are mounted
in such a way that they can be replaced easily in order to have fully loaded batteries if needed. The
battery units in the wings are scaled in such a way that they can be fully charged with two 150 kW
direct current chargers in the available turnaround time. This charging power is currently emerging
in the automotive industry and provided by Ground Power Units (GPUs) commonly used aviation.
In order to dissipate the generated heat during charging, which also arises at increased loads in flight,

a liquid cooling system is used [21].

3.2.3 Turbo Generator

Current and projected energy densities of batteries for 2025 make it infeasible to operate fully electric
airplanes with short T/O capabilities like the aDEPt at typical commuter flight ranges. To combat

this issue a TG powered by kerosene is installed in the aft.




3.3. Fuselage and Cabin Design

The TG provides enough power to function as a range extender for all missions longer than 125 NM

including the reserve mission in case of an aborted landing.

Since batteries bridge the power difference between

Data Unit Value
T/O and the remaining flight phases the TG can run Weight leg] 132.8
close to its design point the whole flight. This dras- Max. Diameter  [mm] 483
tically reduces kerosene consumption and emissions. Length (rmm] 1701
The placement of the TG incorporated in the aft and T/O Power W] 634
the use of a smaller gas turbine also greatly reduces T/O PSFC ( % | 0.339

noise levels. For reference the PT6A-41 is used (see

Cruise Power (kW] 598.7
Table . This gas turbine complies with the calcu- Cruise PSFC ( % | 0.306
lated power requirement. Additionally the PT6A-41 is Efficiency ] 0.246
one of the most common engines, which makes main-
tenance and servicing simple and cheap [9]. Table 3.2: Specifications of PT6A-41 [9]

Looking beyond 2025, the TG can easily be replaced
by a fourth separated battery pack in the aft allowing the a DEPt to fly its maximum range fully electric.
A replacement of the TG would be feasible once gravimetric energy densities reach 950 Wh /kg.

3.3 Fuselage and Cabin Design

The aDEPt’s fuselage and cabin design is characterized by a focus on versatility and adaptability to
client requirements. Keeping low turnaround time requirements in mind, the chosen concept makes
the cabin conversion between cargo and passenger missions possible without removing or adding any
components at the local airport. Aside from decreasing turnaround times, this also has the advantage
that components, such as seating, do not have to be stored at the local airport or hub. Subsequently,
this enables the aDEPt to fly point-to-point mission models varying freely between passenger and

cargo missions versus solely hub-and-spoke missions.

3.3.1 Passenger Configuration and Fuselage Sizing

Considering the elongated fuselage form, the seating layout for nine-passenger capacity is limited to
only few sensible options. As such, a single-aisle, four left, five right layout is chosen with enough
space in the rear of the plane to place baggage. The fuselage sizing takes into account a 864 mm
(34 in) seat pitch and a 1600 mm cabin width. This corresponds with economy seat spacing and offers

ample aisle space for quick and comfortable boarding and disembarking [17].

In the absence of a pressurized cabin, the fuselage cross-section is modified to fit the constraints
provided by the design passenger and cargo missions. The fuselage length is derived from real-world
constraints as prescribed by Raymer, ergo the sum of cockpit, cabin and luggage compartment lengths

as well as the length needed for shaping of the tail and nose [39].




3.3. Fuselage and Cabin Design

The cabin dimensions are compared to the reference
aircraft in the aDEPt’s design process to assure that

realistic values are used. Using these dimension and

assuming sufficient space for the cabin floor, skin- and

1.50m

1.80m

structure thickness and landing gear storage, a ba-

sic fuselage form is determined. Figure depicts a

split view of the fuselage crosssection in passenger and

cargo configuration. Further refinement of the fuselage

shape takes into account the aerodynamic properties. |

Junctions between the fuselage and wing are gradual, 1

minimizing induced drag, and designed with a geom- 1.60m
etry similar to a lifting body to optimize the incident Figure 3.5: Crosssection in passenger- (left) and
flow at the empennage. In order to obtain an aero- cargo configuration (right)
dynamic fuselage with sufficient cabin space for the

comfortable transport of passengers and cargo, numerous simulations with different cross-sections
over the fuselage length are carried out with OpenFOAM. The large, cargo compatible fuselage makes

it possible to design the landing gear to retract into the fuselage to further reduce drag.

Collapsible
railings

\

Removable
wall mount

(a) Seymourpowell morph [47] (b) Passenger setting (c) Cargo setting

Figure 3.6: Seating concept

The seat design seen in Figure and is an adaptation of Seymourpowell’s Morph seating con-
cept (see Figure . This concept uses fabric made of high-tensile fibers stretched over retractable
railings to adjust comfort and partitioning of the three-abreast seat bench. The adapted system offers
the same high level of comfort, due to the adjustable design and hammock-like seating feel, while offer-
ing an excellent opportunity for minimizing seat-dimensions in a stowaway configuration (see Figure
. For the general seat design, anthropomorphic data for a 95th percentile male is used along with

the baseline for airline seat dimension comparison to assure realistic values for the a DEPt [I}, [17, [35].

Additionally, due to the collapsible seat volume, material weight is reduced in the seat design. The
aDEPt’s seating system features a mounting port for a carrying hinge that eases the stowaway and
set-up of the seats. The possibility of decoupling the hinge and seat gives the carrier the option of
removing the seats between passenger and cargo missions to avoid dead weight during the flight. In

this case, the lightweight and foldable design remain beneficial for the cabin conversion.




3.4. Morphing Wing

3.3.2 Cargo Configuration

In the cargo configuration, the fuse-

. . Seats stowed away
lage is designed to hold up to four
standard GMA or EPAL2 pallets, or
five EPALI pallets on which the cargo

load can be evenly distributed, as all ‘
three standards are widely used on \ \i
the international market [20]. De- ’ \

signing around these standardized di-

Secured cargo

mensions decreases turnaround times

and OC during cargo missions com-
Floorboards in

pared to having a proprietary pallet cargo setting

system. This is because depalletizing

and repalletizing cargo becomes unnec-

essary, though the use of plastic pallets Figure 3.7: Cabin in cargo configuration
is advised in order to save weight [38]. Furthermore, the cargo volume capacity of the aDEPt is es-
timated at 7.33 m3, 6.36 m> of which can be directly loaded onto the pallets as constrained by the
loading door. The crates can be secured atop the pallets once in the cabin to make use of the remaining
space. Soley the loaded pallets achieve a chargeable weight of 157 kg/m3, improving on the volume
capacity of the chargeable weight average of 167 kg/m? prescribed by the International Air Transport
Association [43]. Using mail crates in the remaining space, for instance, further boosts the chargeable

weight average of the volumetric cargo capacity to 136 kg/m3.

Altogether, this implies that air freight with the a DEPt could be more lucrative, be offered at cheaper

rates, or simply contain more low density freight without superceding the maximum cargo load.

This might be of special interest for online mail order companies, whose packages, based on DHL prod-
uct specifications, fall far below 167 kg/m3 [10]. The cargo cabin configuration is assembled by setting
the seats in a stowaway position, turning the floorboards up in a 90° position and lastly setting the
floor supports down that would otherwise provide an even load distribution on the sandwich-structure
floor boards. This reveals the roller system below, on which the cargo pallets are loaded, positioned,

and secured via restraints between the rollers.

3.4 Morphing Wing

The aDEPt’s Trailing Edge (TE) movement is realized by electro-mechanical actuators in combination
with wire rope hoists, as tested by NASA on a Gulfstream III in 2015 [61]. The TE can be moved in
accordance to the material limits between 9° (up) and 40° (down) with an adjustment rate of 30 °/s
[14]. Sensors in the material provide information about the position of the flap and the condition of
the material. As shown in Figure [3.3] a gap between flap and wing influences the lift coefficient and

L/D-value. In order to fly more efficiently a higher L/D-ratio is desirable. The smooth transition
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3.4. Morphing Wing

between wing and flap allows a more friction-free flow compared to conventional flap systems, thus
increasing the L/D (see Figure|3.9). By using a morphed TE fuel savings between 3% and 5% can be
achieved in theory [14].

Gap Cr Cp L/D Crmax

1% cord length 0.26 0.023 11.13 1.97
0% cord length  0.26 0.018 14.06 1.91

Table 3.3: Influence of a flap gap at 20° flap angle on aerodynamic parameters

The TE incorporates eight multifunctional flaps (four on each side). By exploiting the high adjustment
rate, this system combines high-lift devices and ailerons. Due to the large effected area and an
independent control of the individual control surfaces the high lift capabilities of this design are
suitable for short T/O. Additionally, a steeper and slower approach can be guaranteed, which shortens
the landing distance. The low response times of the electrically operated morphing system allows to
respond to spontaneous aerodynamic loads like wind shear and gusts and can be controlled to reduce
overall material strain. Additionally, it allows the steering of wind conditions to improve passenger
comfort [50].

Under certain cruise conditions ice can form. To encounter this, the waste heat from the batteries is
conducted through the Leading Edge (LE) of the wing. Furthermore microwave de-icing systems are

integrated into the LE if the aDEPt is flown outside of its electrical design envelope.

3.4.1 Performance Analysis

The GAW-1 and GAW-2 airfoils are developed to meet all requirements made on a wing in general
aviation. These airfoils combine high lift with low drag, which is important for short T/O distances
and efficient cruise conditions. Therefore both airfoils are analysed with focus on cruise, landing and
T/O performance as well as space for system integration. In order to calculate the performance of
the morphing wing under various conditions the airfoils are morphed with the help of a self-written
Python script by rotating the mean camber line at 70% relative cord length in steps of 0.5° (see Figure
3.8). The resulting end position and local gradient of the profile line at 70% cord length are used to

determine the morphed geometry.

0.1 A

T/C

0.0 4

-0.14

0.0 0.2 0.4 0.6 0.8 1.0
L/C

Figure 3.8: Example airfoil GAW-1 morphed in 5° steps between 10° up and 20° down
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3.5. Empennage

The aerodynamic characteristics are calculated using XFOIL [12]. In Figure the wing performance
can be seen for a range of Cp, values for three different cases. The blue curve (Morphed Profiles)
connects the best L/D values achieved at certain C-values with the GAW-1 and GAW-2 airfoils with
thickness scaling applied to values between 15% and 19%. If one of the two GAW-1 curves lies on the
blue curve, this means that the L/D values of this airfoil form the blue curve. This is equivalent to
the statement that the airfoil has the best L/D value for this C-value.

The chosen speed, altitude and wing loading

yield a required C-value in cruise of 0.2638. 100 ———

As seen in Figure the GAW-1 with a :g : %U;CAWV?TQE%)EEEE; o
standard thickness of 17% is the best air- 70 e

foil under cruise conditions. It offers a high a :g ____________

Cr.maz (CLmaz = 2.47) value with flaps in ~ w0 i

a 40° position, decent stall speed and high 30 o S e

performance during T/O and landing. Fur- fg -

thermore, it provides enough space within 0

the wings for structural parts, batteries and oo o1 c? f_ o o4

cooling- and de-icing-systems.
Figure 3.9: L/D over Cr, (Re = 8.32¢6 M = 0.39)

Regardless of the current aircraft weight or speed the angle of attack can be kept constant during
cruise. Therefore, the fuselage creates the minimum drag possible and the L/D-ratio is optimal
during the entire flight. For the design passenger mission this results in an L/D of 64.5, compared to

a non-morphed wing L/D of 53.7.

3.4.2 Synergy with DEP

The HLPs are installed upstream to the leading edge of the wing increasing the incident flow velocity
and hence dynamic pressure at the wing due to the propeller induced velocity. This results in a
significant lift increase during low velocity flight, especially during T/O and landing. The CFD
simulations conducted with OpenFOAM indicate a Cf increase of 2.6 for a stall-speed of 25 m/s.
This is in line with Stoll’s momentum theory-based approximation [48]. Therefore the blown airfoil

achieves a Cf, yq, of 5.6 with a 20° flap angle.

3.5 Empennage

To obtain a V-Tail configuration the horizontal (H) and vertical (S) stabilizer are geometrically de-
signed separately. The corresponding design case for the horizontal stabilizer is the static longitudinal
stability at T/O (see Equation [37, 28].

57H N CmOFR,max + %CAFR,max - VTCT,maJ: (3 1)
S = CLHminH 314¢
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3.6. Weight and Balance

The design case for the vertical stabilizer is directional stability in the event of one-sided damage to
the cruise propeller during T/O and a crosswind of 0.2Vg (FAR Part 23). If the sensors detect an error
of a CP, the computer automatically adjusts the propeller pitch angle of the CP on the opposite side
to idle speed, brakes it to a standstill and finally switches it off. This prevents a dangerous influence
from the long lever arm. The HLPs have enough thrust to continue the T/O process. In cruise flight,
the failure of a CP can be partly compensated by the use of the HLPs on the same side and can

therefore be assessed as uncritical compared to T/O.

For a laterally stable aircraft the yaw rate caused by sliding angle 5 must be positive (C,,g > 0) (see
Equation [50].
AT

5 s - )
ﬁsﬁeffgscwa,s (Xs - XCG) -— (3.2)

Cn :Cn s Cn win, YR
3 B,fsigB + CnpwingB + 1s 55 S5V

Subsequently the resulting tail surfaces, which are needed to ensure stability, are combined to a V-tail
(V) using the following Equations

B S+ Ss
~ Kpypcos? (v) + KaysK sin? (v)

_ SSKAVH
_ I
v = tan < S Knvs ) (3.4)

Kavy, Kavs and K are referred to as efficacy factors,

Sy

Geometry Unit Value
while v indicates the angle of a tailplane page to the Aren m?] 3.582
horizontal [37]. Aspect Ratio ] 6.0
Table summarizes the geometric data of the V- Taper Ratio [-] 0.6
Tail. Both the choice of aspect ratio and the choice Halfspan )] 3.588
of a swept tail guarantee a minimum tail area with Opening Angle °] 109.458
maximum stability. Leading edge sweep ] 20

[

Relative rudder depth 0.3

. Table 3.4: Geometry of the V-tail
3.6 Weight and Balance

| mActual mRaymer mFLOPS mModel |

To estimate the aircraft mass, empirical for- 3500 —
mulas according to Raymer and NASA’s 3000 4&,_ T 22.6%
Flight Optimization System (FLOPS), as _ 2500 AL ] 44%l 1:19%
well as specific power ratios for the hybrid- £ 2000 1.6%| 3.9% o
electric powertrain proposed by literature E 1500 i i 10 [
are used [21,139,[57]. Since no public compo- 1000 1 1T 1T T
nent mass distributions exist for the refer- 500 + I iR 2315
-||w||= [ ||~ |||
ence aircraft, the developed model is verified 0- Cossna 402 Pilatus PC12 Tecnam P2012

based on the Manufacturer’s Empty Weight

Figure 3.10: Comparison of weight deviations
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3.7. Summary and Technology Readiness Level

(MEW) given in the literature to ensure that the implemented model does not deviate further from
the MEW than the individual models of the authors.

The model shows great accurancy with respect to the MEW, as shown in Figure The percentage
values above the columns indicate the deviation from the actual weight. The high mean deviations of
the FLOPS model are due to the highly overestimated system weight. This is verified by additionally
comparing the weights with the calculated system weights of other models published in literature.
Therefore the equations given by Raymer are used to calculate the weight of the individual system
components [39]. To account for the additional systems needed to ensure autonomous cargo transport

avionic system mass is increased by 50% as a first estimate.

The structural component weight is determined us-

ing empirical formulas based on FLOPS as it allows Description Mass [kg]
some additional refinements over the equations given Structure 973
by Raymer. To take the cargo loading system into ac- Wing 291
count, the fuselage weight is calculated with the spe- V-Tail 61
cific formula for transport fuselages. Moreover, the Fuselage 432
wing weight is calculated using the refined wing model Landing Gear 159
for composite structures [57]. In order to consider the Nacelle 30
influence of composite on all other structural compo- Propulsion 748
nents, the corresponding factors proposed by Raymer Turboshaft(installed) 239
are used [39]. Electrical components 393
Propeller 75
The weight of the individual components of the Fuel System A1
hybrid-electric powertrain are calculated based on spe- Systems 403
cific power ratios [2I]. In contrast, the weight of MEW 2124
the propeller is calculated using an empirical for- Battery 788
mula according to Torenbeek, since neither FLOPS Fuel 379
nor Raymer provide a corresponding formula [52]. A Max. Payload 1058
detailed mass breakdown of the aDEPt can be found MTOW 1349

in Table 3.5
Table 3.5: Mass breakdown of the aDEPt¢
In order to ensure sufficient stability and controllabil-

ity, a static margin of 10% is taken into account during the calculation of the Center of Gravity (CG).
Additionally, landing gear sizing is conducted in accordance to Gudmundsson [I7]. The whole problem

is solved iteratively as CG-, mass-, landing gear and stability analysis influence each other.

3.7 Summary and Technology Readiness Level

Table summarizes the aDEPt’s key parameters resulting from the design process. The given values
for T/O, landing and noise are further discussed in chapter 4. Additionally, the used key technologies
with their current Technology Readiness Levels (TRL) are presented in Table Since the year of
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commissioning is set to 2025, technologies with a TRL of less than 6 were not considered in the design

process described in chapter

The particular DEP configuration chosen has been
part of NASA research since 2014 [49]. As of 2019
the NASA X-57 Maxwell project is in its third out of
four modification stages, which is expected to be fin-
ished by mid-2020 [30]. Morphing wing technology has
been successfully tested with a Gulfstream III by the
NASA [29]. Additionally FlezSys has been researching

compliant systems for almost 20 years [14].

The assumed battery density of 400 Wh/kg can be
reached with solid state batteries. The Fraunhofer In-
stitute for Silicate Research (ISC) is already testing
several prototypes and predict production readiness
for the year 2020 [23]. Furthermore, Toyota intends
to install solid state batteries in electric cars as early
as 2025 [16].

Increasing single pilot performance has already been
a major point of research in scope of the Small Air-
craft Transportation System (SATS) conducted by the
NASA in 2008 [54]. Unmanned autonomous flights are

under heavy research by military institutions all over

Parameter Unit Value
MTOW keg] 4349
Battery mass [kg]  787.68
Fuel tank 1] 550
PAX 9

T /O-Distance [m] 158.99
Landing distance [m] 158.84
Cruise speed (max.) [kts] 250
Stall speed [kts] 49
Noise* [dB]  64.35
Max range [INM] 350
Electrical range [INM] 125
Alternate airport [INM] 100
Holding [min] 45
Length [m] 12.0
Span [m] 19.92
AR 15

* at flyover point

Table 3.6: Summary of key Parameters

the world. Apart from military uses Boeing researchs autonomous systems in relation to air taxis

[13]. It should be noted that, while autonomous cargo transports may be possible by 2025 with the

technologies at hand, this does not apply to autonomous passenger transport, since it can be assumed

that to overcome the distrust of the passengers and certification authorities the technology has to be

proven for years without any major incidents.

Key Technology

TRL Reference

Morphed Trailing Edge

DEPs

Single-Pilot Cockpit
Autonomous Flight (unmanned)
Battery

Microwave De-icing

S O O 00 O

4], [22], [29]
491, [6]
[54]

[13] [40]
6], [23]
[58]

Table 3.7: Overview of the TLRs of used technologies
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4.1. Take-Off and Landing

4 Performance Analysis

This chapter discusses the aircraft performance with focus on T/O, landing, noise and cruise per-
formance. To determine the overall performance of the aircraft, the wing including nacelles and the
influence of the HLPs as well as the fuselage are simulated in OpenFOAM. The CFD model of the
wing is validated against Stoll’s momentum theory-based approximation as described in section [3.4.2
Subsequently, the individual aerodynamic components of the aircraft are assembled in accordance to
Gudmundsson [17].

4.1 Take-Off and Landing

T/O is calculated by solving the equation of motion as proposed by Gudmundsson [I7]. For T/O a
flap setting of 20° as well as maximum thrust of the HLPs and CPs is considered leading to a mean
acceleration of more than 5 m/s2. This enables a very short ground run of 65 m and allows the aDEPt
to overfly a height of 35 ft within 158.99 m. For landing, flaps are at their full setting (40°), while the
HLPs are at full thrust to enable the low stalling speed of 25 m/s. To keep the velocity constant the
CPs already provide reverse thrust in the last segment of the final approach. As soon as the airplane
lands on the ground, the flaps move up to 9° to create downforce, while the CPs deliver maximum

reverse thrust. This configuration yields a total landing distance of 158.84 m.

4.2 Noise

The aDEPt features low noise emission. This is sup- SPL [dB] Segment 1 Segment 2

ported by the DEP approach, which emits signifi-

Propeller 50.74 62.70
cantly less engine noise, and by stowing the TG in the Airframe 49.20 59.34
aft. In order to estimate aircraft noise, the individual Aircraft 5131 64.35
noise contributions from the most crucial components
propeller, fuselage and wing are calculated individu- Table 4.1: SPL at segment one and two

ally. To predict the far-field propeller noise, a semi-

empirical approach according to Marte et. al. was used [26]. Based on the motor power, a reference
Sound Pressure Level (SPL) is determined for each drive. This SPL is then corrected by the number
of blades, rotational speed, directional characteristics and attenuation due to spherical spreading of
sound. Selfridge et. al. has proposed an equation that can be used to calculate the harmonic distri-
bution of sound up to the 10th order [44]. Depending on the loading sound frequency this leads to

ten different SPL’s which have to be corrected for atmospheric absorption.

The airframe noise is determined using the approximation proposed by Gibson [I5]. As specified in
procedure 24 CFR Part 36 Appendix G two SPLs are calculated at the relevant flyover points in
segment one and two (see Table . This results in a peak SPL of 64.35 dB.
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4.3. Cruise Performance

4.3 Cruise Performance

The aDEPt uses multiple systems to enhance cruise performance and therefore reduce the impact
of the additional battery weight on energy consumption. This allows efficient cruise operations at
250 KTAS and below, which is shown in Figure in terms of L/D and electrical range as a function

of cruise speed. The given electrical range incorporates a 10% battery power reserve for safety reasons.

The majority of today’s commuter flights 35 200
are performed by aircraft, which are re- 30 I T 180
stricted to a cruise speed of about 200 kts 05 I T :igg
T =z
[59]. At this speed the aDEPt excels with line
T 20 2
a L/D of 23.9 and an electrical range of Q 1100 §
15 =
163 NM, which for example covers about T8 §
- 10 160 §
90% of CA’s currently flown missions (see 5 1 40 %
Figure ’ . In addition, Wlth the TG, a tO— 5 ——Electrical Range :' 20
, i 0 ! s o
tal range of 280 NM can be achieved within 125 150 175 200 25 250

the specified time span of 99 min, with a Cruise Speed [kts]

consumption of only 43.5 kg of fuel. The Figure 4.1: Cruise speed performance

outlined mission, the cargo- and passenger design missions as well as the maximum range mission are
summarized in Table respectively. The design missions aims to achieve the highest possible uti-
lization while taking the requirements given by the NASA /DLR into account. Since the cargo mission

requires a shorter turnaround time, it can be flown more efficiently at a slower cruise speed.

Parameter Unit Mission Profile
Max. Range Passenger Design Passenger Design Cargo

Cruise speed [kts] 250 200 250 140

L/D ] 16.6 23.9 16.6 29.9
Range [INM] 350 280 120 120

Max. Range (electr.) [NM] 125 163 125 184
Flight time [min] 99 99 45 60

Fuel consumption [kg] 142.3 43.5 0 0
Turnaround [min] 45% /30%* 45 45 30

*passenger **cargo

Table 4.2: Overview of the aDEPts performance within different missions

5 Avionics and Autonomy

Compared to traditional FAR Part 23 aircraft, single-pilot and autonomous operations require addi-
tional avionic systems. These systems must increase the pilots situational awareness without inducing
information overload and enable safe autonomous flight. Additional requirements for the aDEPt’s use

case include the flight in Instrument Meteorological Conditions (IMC) under Instrument Flight Rules
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5.1. Single Pilot Operation

(IFR) as well as flight into known icing conditions. For training purposes the a DEPt can still be flown
by two pilots.

5.1 Single Pilot Operation

For single pilot operations the workload of the pilot has to be maintained at acceptable levels. Many
approaches for single-pilot operations have been pioneered by the military and can now be implemented
in civilian operations. To reduce the workload of the pilot, the aDEPt is designed as a fly-by-wire
plane. This allows the installation of flight augmenting software and prevents the plane to be flown
outside its design envelope. By fusing the input of several sensors into a comprehensible overall picture

the pilot can judge the planes status and flight environment. Each critical system is triple redundant.

In order to present the sensor data clearly, the cockpit is designed as a glass cockpit with a Head-Up
Display (HUD). The HUD can display information about the flight attitude, airspeed, height and
route [I8, 56]. With IR-cameras, a picture of the environment during low or no visibility flight can be
generated and projected onto the HUD [7]. The plane position is determined via a satellite navigation
system augmented with European Geostationary Navigation Owverlay Service (EGNOS) and Wide
Area Augmentation System (WAAS) allowing landing in IMC without an Instrument Landing System
(ILS) at the airport [54]. Additionally, the radar scans for landmarks to augment the accuracy of the
navigational data. To prevent mid-air collisions, the aDFEPt is equipped with Automatic Dependent
Surveillance - Broadcast (ADS-B) and is therefore capable of evading other planes without control

input by the pilot.

By integrating an Automatic Ground Collision Avoidance System (AUTO-GCAS), the aDEPt prevents
controlled flight into terrain in case of an incapacitated pilot and prepares the plane to be remotely
landed. The AUTO-GCAS collects data primarily via Terrain Following Radar (TFR) whose function
is to provide data for climb and approach [4]. The radar is also used to prevent bird-strike at T/O by
scanning the airspace for birds or drones. Data generated by inertia sensors are used to keep the plane
within its designed flight envelope as well as smoothing the ride by actively actuating the morphing

TE in case of disturbances.

5.2 Autonomous Flight

To ensure autonomous flights a strong data connection is needed. For this the aDFEPt is equipped with
a UHF radio communication system as well as a high bandwidth satellite communication system for
areas where no UHF coverage is available. The routes are predetermined by waypoints set before T /O
during the mission planning [25]. Inertia sensors are used to detect irregularities during the flight. To
prevent GPS spoofing a triple redundant inertia guidance system is installed. Additionally the radar
can backup the GPS data by comparing the planes surroundings with known topographical data. The

inertia guidance system is calibrated every time at its parking position on an airport.
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To prevent the a DEPt from being abused by unauthorised actors the data transfer between the aircraft
and the remote operator has to be encrypted with a strong encryption such as AES 256. A key is
generated before every flight using e.g. an authenticated Diffie-Hellman key exchange. The logic
and compute resources of this key exchange are in a hardware key module which can be exchanged,
when stronger encryptions become necessary. Due to the short validity of an exchanged session key
the risk of an aircraft being controlled by unauthorised actors is mitigated, as long as they can not
perform significant hardware modifications on the aircraft or the controller itself. Nevertheless, for
safety reasons a Ground Pilot (GP) is required, who can gain emergency access to the a DEPt [24] [48].
However, since the GP only provides stand by service he can be responsible for several existing aircraft

at once.

Besides the technical challenges, passenger acceptance is the greatest obstacle for autonomous flying.
Studies show that people offer great distrust against autonomous and even remotely controlled systems
[40]. Therefore, autonomous flight missions are initially limited to cargo missions at night until a
certain level of customer confidence is reached. Since operations with FAR Part 23 certified aircraft
have a significantly higher accident risk than those with FAR Part 25 certified aircraft, it can be
assumed as a first indication that autonomous passenger flights will not be possible until a similar
accident rate as with FAR Part 25 certified aircraft can be achieved [60]. Nevertheless, autonomous
cargo missions at night in the same aircraft that carries passengers throughout the day could help

overcome distrust and discomfort earlier.

Since a fully autonomous mission does not require a cockpit crew, both the pilot seat and instrument
panel can be removed. This saves weight and creates additional space. However, as the carriage of more
than 9 passengers would require certification to FAR Part 25 instead of Part 23, this space cannot be
used for the carriage of additional passengers, by todays standards. Instead the accomodation scheme
could be changed. At the passengers request, the separate cockpit area could be equipped with more
comfortable seating and entertainment at a small extra charge. Having no pilot on board also opens
up additional possibilities with regard to the operating concept, especially in relation to on demand

air travel, as the operator is not tied to the pilots location.

6 Operation Concept

Because of its Short T/O and Landing (STOL) abilities and avionic equipment the aDEP? can service
almost every airport worldwide only restricted by its span of 19.92 m. Airlines can therefore use more
than 18000 airports in the USA alone to build an air transport network that provides air services to
remote areas [54]. To use the aDEPt’s electrical capabilities, facilities for the recharge and/or swap
of battery packs are needed. The ongoing research and support in electrical ground transportation,
however, will help to integrate a large part of these airports into the electrical transportation network.
This applies in particular to future small airparks, who might emerge in otherwise dense suburban
areas. This promotes the opportunity of numerous Operating Concepts (OpCo) to ensure a high

utilization.
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6.1. Exemplary 24-hour Operational Concept

6.1 Exemplary 24-hour Operational Concept

The increasing demand in the thin-haul segment has not only been determined by CA on its own
missions, but is also investigated by various authors. The research conducted indicates that demand
for thin-haul flights will increase significantly in the future, if OC fall to a certain level [42] [46], [60].
This opens up the possibility for OpCos like the one depicted in Figure [6.1] which is based on the
given design mission (see Table [7.1]). This OpCo focuses on the maximum number of flights during a
18 hour utilization period. Taking the given turnaround and mission requirements into account, the

aDEPt can fly up to 8 passenger and 4 cargo missions within the given 18 hour time frame.
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Figure 6.1: Gantt chart of an exemplary operational concept

Because of its sensible cargo loading concept the a DEPt can start with a piloted cargo mission early
in the morning (5:30) outside of passenger rush hours. At the airport the cargo is unloaded and
the floorboards and seats are folded back into passenger configuration easily during the scheduled
turnaround. Subsequently, passengers who seek connection to the next major city can be conveniently
transported. In order to avoid any downtime outside of passenger rush hours, an additional cargo
mission can be flown in between passenger missions. Since the last flight of the day must be performed
to the home airport of the aDEPt for crew reasons, the seats can be removed and stored away after
the passengers disembark. Additionally, the airplane undergoes light inspections to prepare it for
autonomous cargo missions. This shall be done within 90 min (including turnaround), which is
enough time to fully charge the batteries with todays charger capacity. Since no passengers or pilots
are required for autonomous cargo missions they can be flown at a steeper climb rate as well as at
an higher altitude to reduce noise and avoid icing conditions. At night the aDEPt can undergo light
maintenance/inspections which includes the check of functionality of the TG and batteries as well as

virtual tests of the autonomous system.

Other possible OpCos include flying all cargo missions at night (autonomous), or, in absence of

passenger demand, additional cargo missions in the afternoon.
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6.2. Ground Handling

6.2 Ground Handling

After landing the aDEPt is connected to the GPUs as fast as possible. Charging the wing batteries
makes up a substantial part of the turnaround time as they are designed to be charged within 25 min.
For longer flights that rely on the use of the range extender refuelling can be done simultaneously.
Since its not possible to fully charge the batteries with todays charger output of around 150 kW the
battery cells within the fuselage can be swapped if needed. Due to safety concerns this cannot be
done while the plane is refuelling. Afterwards the cabin is cleaned and passengers board the aircraft
through the rear loading door. In case of cargo transport standard pallets can be easily loaded through
the rear door with the help of a forklift. The wide aisle in the cabin as well as ground clearance due

to the high-wing design ensure fast boarding and evacuation times in case of an emergency.

7 Cost Estimation

Life Cycle Costs (LCC) are commonly divided into
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Ceszgnpag Oeve o‘pmeCnt ogtij ( d;,' o lugtzon Range (complete) INM] 120
Doéts (H ), Op er](;téng 0sts ( 11) ana Zsp ?ja dOStS Range (electrical) [NM] 120
(DC). However, are typically not considered, as Flight time [min]  45%/60**
they represent an insignificant share of the total life .

: 1 ol ered wh Fuel consumption [ke] 0
cycle costs and are typically not considered when a Turnaround fmin]  45*/30%*
purchase desicion has to be made. The Tecnam P2012, -

Passenger missions/day  [-] 8
Cessna 402 and Pilatus PC12 are used as reference air- -

¢ IR BT ALl aireraf L on basis of Cargo missions/day ] 4

craft [8, 34} 51]. aircraft are compared on basis o workload days year ] 300

the design mission presented in Table To account
for inflation, all costs are adjusted to 2018-USD using

*passenger ** cargo

the corresponding Consumer Price Index (CPI). Table 7.1: Design mission

7.1 Life Cycle Costs

Acquisition Costs

The Eastlake business model, as proposed by Gudmundsson, is used to calculate the acquisition costs of
the aircraft, since the general aviation model proposed by the same author calculates unrealistical low
values for the reference aircraft whose purchase prices are known [I7]. The wrap values recommended
by Gudmundsson are inflation-adjusted to $100, $66 and $58 per hour for engineering, tooling, and
manufacturing, respectively. Gudmundsson further suggest avionic costs of $60 000 which are increased
to $240 000 to account for the additional equipment needed to ensure autonomous flights. To calculate
the electrical powertrain components the cost values proposed by Stoll are used [48]. Nykvist and
Nilsson propose Battery costs of $100/kWh to $150/kWh for the year 2025 [3I]. The upper bound
of $150/kWh is set as a conservative projection. Additionally, the quantity discount factor, which
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7.1. Life Cycle Costs

represents the learning curve in the production cycle, is set to 0.9 which poses the middle ground

between a very optimistic and a very conservative scenario.

The resulting List Price (LP) amounts to $3 258 056 for a profit margin of 15%. This places the
aDEPt between the P2012 ($2.7M) and the PC12 ($4.963M). This is reasonable, since the cost model
shows the greatest sensivity in terms of structural weight and maximum airspeed, both of which are
parameters where the aDEPt is closer to the P2012 than the PC12. The increased costs in relation to
the P2012 are primarily because of composite structures and the additional avionics and powertrain

costs.
Cash Flow Analysis

To reflect the profitability of the aircraft program for the manufacturer, the Net Present Value (NPV)
and Break Even Point (BEP) are determined. The NPV can be calculated with Equation

DDC . LP- PC

NPV = — 7.1
PR ; (1+44) (7.1)
The Production Rate (PR) is set to 800 air- 1000
craft over T = 8 years, as prescribed by the g 200 -
@
NASA/DLR. To account for cash flow dis- 3 800 NPV
counting an interest rate i of 5% is chosen. g ;22 BEP: 401 units
The NPV results in $422251831. The £ 500
BEP is reached at 401 aircraft sold as shown % 400
. . [
in Figure [7.1 E 300
T 200 -
Operating Costs 5 ——Fixed Costs
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0 200 400 600 800

ing Costs (VOC) and Fized Operating Costs Number of Units Produced
(FOC), whereby the VOC include all costs
that are only incurred when a flight is oper-
ated. To calculate the VOC and FOC the following points have to be considered:

Figure 7.1: NPV and BEP for a 15% profit margin

e Energy Costs $0.0692/kWh (average 2018 industrial rate) and a charger efficiency of 95%.
$4.5/gallon for 100LL fuel (for the reference aircraft) [24] [41].

e Overhaul: According to Harish, electric motors will not be overhauled during the operating

life of an aircraft [19].

e Maintenance: Electric motors and composite airframes require less maintenance. Therefore
discount factors are introduced and multiplied with the hourly maintenance cost rate of $140
proposed by Stoll [48]. A cost reduction of 20% for electric motors and 35% for a composite
airframe are proposed by literature [, [36]. This results in a weighted cost rate of $101.5/hour.
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7.1. Life Cycle Costs

e Labor: $40/hour [I7]. Since the turnaround times are low, the rate is applied to the complete

utilization period instead of just the block time.
e Fees: Calculated according to Gudmundsson [17].
e Battery: The batteries need to be replaced after 2000 charging cycles for $150/kWh [T, 31].
e Storage: $18000 (upperbound recommended by Gudmundsson) [17].

e Depreciation: In addition to the aircraft, a charging station worth $300 000 is being depreciated

over a period of 20 years [2].
e Insurance: Calculated according to Gudmundsson [17].

e Interest: 6% interest rate. It is conservatively assumed that the entire purchase price needs to

be financed over a 10 year loan period.

e Others: Ticketing, administration, promotion costs, etc. are considered with a surcharge factor

on costs-of-goods-sold (all OC except for capital expenditures) of 10% [24].

The cost model calculates the OC of the aDEPt to $2.777/NM ($336/flight, $0.309/ASM (Available
Seat Mile), $454/flighthour) when operated by one pilot, making it 31.2%, 33.3% and 53.3% cheaper to
operate than the P2012, C402 and PC12, respectively. Figure[7.2]shows the individual cost components
of the aDEPt and the reference aircraft.
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Figure 7.2: Operating cost estimates of the aDEPt and reference aircraft

Taking into account the purchase price, the aDEPt is therefore more profitable than PC12 from the
outset. Amortization in relation to P2012 is achieved after one operating year. The Cessna 402 is no

longer produced and is hence not considered here.
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7.2. Impact of Autonomy

Total Life Cycle Costs

Disregarding the DC, the total LCC of one aircraft can be calculated from Equation It should be
noted that the LCC only consider real cash flows, therefore the depreciation costs (OCpp) have to be
deducted from the total OC.

DD
LCC = TRC + PC +top * (OC — OCpp) (7.2)

An operating period (top) of 20 years is assumed. The resulting LCC amount to $23 206 142. Of
these, 89.5% are OC, 7.7% PC and 2.8% DDC.

7.2 Impact of Autonomy

In order to illustrate the influence of autonomous flights on costs, insurance and labor costs need to
be examined. In accordance to section a GP is needed out of safety reasons. It is assumed that on
average one ground pilot can oversee five aircraft for the same cost rate of $40/h [24]. Furthermore,
the GP will only monitor the aircraft for the duration of its block time. Additionally, it is assumed
that insurance costs will initially rise for pilotless aircraft due to the risk aversion of insurance groups.
However, it is expected that autonomous flying will reduce the risk of accidents, otherwise the tech-
nology will not be able to establish itself on the market. Therefore insurance costs for FAR Part
23 certified aircraft might actually decrease during the operating life of an aircraft. Yet, to give a
conservative estimation, insurance costs for autonomous cargo missions are not changed compared to
section For a fully autonomous mission in a distant future the FAR Part 25 rates are applied,
as the technology must already be well established on the market to ensure autonomous passenger

transport.
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it is launched on the market, no change in
DDC and PC can be observed. On the con-
trary OC and LCC decrease by 6.37% and

6.59%), respectively if an autonomous cargo mis- Non Autonomous  Autonomous Cargo  Autonomous

v

Costs incurred [Mio. 2018-USD]

o

sion is taken into account. This leads to
OC of $2.600/NM ($315/flight, $0.289/ASM,
$425/flighthour), making the aDEPt even more
viable compared to its competitors. In case of fully autonomous operations, the OC and LCC de-
crease by 21.84% and 22.58%, respectively, leading to OC of $2.171/NM ($263/flight, $0.241/ASM,
$355/flighthour).

Figure 7.3: Impact of autonomy on costs
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8 Conclusion

The aDEPt presents a versatile aircraft concept that offers an efficient and cost-effective transport
model for connecting remote towns or small cities to larger central hubs in metropolitan areas. By
combining a hybrid-electrical DEP approach with increased autonomy, the three biggest challenges of

commuter airlines are addressed: high OC, lack of qualified pilots and demanding routes.

With its T/O and landing range of just under 160 m the aDEPt can land at almost every airport in
the world and enables compatibility with future small airparks who might emerge in suburban areas.
This is supported by the low noise level of 64.35 dB at the flyover point specified in procedure 24 CFR
Part 36 Appendix G. In addition to the multi-redundant hybrid-electric DEP configuration, the dual
cruise motor configuration, powertrain system architecture, and improved avionics further decrease
error-proneness. Additionally the aDEPt’s avionic configuration allows for autonomous operations,

making it a sustainable aircraft for the future.

Through the sensible cabin conversion and loading concept, its electrical range of 125 NM at a maxi-
mum cruise speed of 250 kts, as well as the maximum range of 350 NM (within 99 min), the aDEPt
provides numerous operational possibilities for any airline. In combination with the high W/S and
the morphed TE the aDFEPt further offers passengers a smooth, gust insensitive, flight feeling and at
the same time increases its cruise performance significantly. This is especially evident in the high L/D

of 23.9 at a cruise speed of 200 kts, which is a typical cruise speed for commuter aircraft.

The combination of its numerous key technologies ultimatly makes the aDEPt several times cheaper
to operate than its direct competitors. In comparison with the Cessna 402, Pilatus PC12 and Tecnam
P2012, initial calculations show savings in OC of 31.2%, 33.3% and 53.3%, respectively, when oper-
ated by one pilot. This advantage further increases to 34.6%, 37.5% and 50%, respectively, if cargo
missions are flown autonomously and 45.4%, 47.3% and 58.3%, respectively, if all missions are flown

autonomously.

Looking ahead to 2025 and beyond the aDEPt awaits emerging challenges and will contribute to

connecting more people through air travel while enabling a more sustainable world.

Number Name Unit Threshold Goal aDEPt Reference
1 Max. Range [INM] 200 500 350 3.2 4.3
2 Alternate Airport [INM] 50 100 100 3.2
3 T/O and Landing [£t] 1000 250 520 41
4 Noise [dB] 80 65  64.35 4.2
5 OC (1 pilot) [2018-$/ASM] - - 0.309 71
6 OC (autonomous cargo) [2018-$/ASM] - - 0.289 71
7 OC (fully autonomous) [2018-$/ASM] - - 0.241 7.2

Table 8.1: Overview of requirements and degree of fulfillment
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A Appendix

Figure A.1: Front view of the aDEPt
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Figure A.2: Side view of the aDEPt
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Figure A.3: Top view of the aDEPt
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Figure A.4: Morphing wing calculation process overview
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Figure A.5: Streamlines around the aircraft

Figure A.6: Velocity distribution around the fuselage, 20cm off center
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Figure A.7: View over the left aft of aDEPt

Figure A.8: View on the front left of aDEPt
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