Electric Propulsion System for Exceptionally Short Takeoff and Landing Electric
Air Vehicles



Electric Propulsion System for
Exceptionally Short Takeoff and Landing
Electric Air Vehicles

By Parisa Mahvelatishamsabadi,

A Thesis Submitted to the School of Graduate Studies in the Partial
Fulfillment of the Requirements for the Degree Master Of Science

McMaster University & _Cdpyright by Parisa
Mahvelatishamsabadi September 18, 2019


http://www.mcmaster.ca/

McMaster University
Master Of Science (2019)

Hamilton, Ontario (Mechanical Department)

TITLE: Electric Propulsion System for Exceptionally Short Takeo and Landing
Electric Air Vehicles

AUTHOR: Parisa Mahvelatishamsabadi (McMaster University)
SUPERVISOR: Dr. Ali Emadi

NUMBER OF PAGES: xxiii, 157


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech
http://www.mcmaster.ca/

Abstract

Over the past few years, electric propulsion systems have been widely used in au-
tomotive applications. The next decade is likely to see the electri cation of aerial
vehicles. In the past 20 years, the passengers demand in the aviation industry
has increased by roughly 5% annually. Drastic increment in the passengers de-
mand leads to many problems such as emission, noise pollution, airports capacity
shortage and high fuel consumption. An electric airplane that can take o and
land in extremely short runway can solve all the mentioned problems. Also, an
airplane that is smaller and lighter with the ability to take o and land from an
extremely short runway can be used as a new transportation system in congested
cities and solve the urban road tra c and compensate for people's time wasted in
tra c. With this in mind, in this thesis, the feasibility of converting a conventional
xed-wing direct-drive propeller airplane to an electric extremely short takeo and
landing airplane has been examined.

An overview of the history of electric aerial vehicles and ying cars is conducted
where some of these vehicles are still under development phase. The main aim of
this thesis is to address the e ect of takeo and landing runway length on the elec-
tric motor main speci cations, including power, torque, and speed. Also, the e ect
of cruising speed on the motor speci cations are investigated, and it is observed
that there is a considerable di erence between the amount of required power for
the cruising mode and takeo mode. In the end, the impact of the braking system
and airplane weight on the landing distance are examined, and It is found that for
an airplane with a cruise-e cient propeller, usage of thrust reverser is not practical

and hence it is not recommended. Although if the propeller is designed to have



high e ciency at takeo and landing, the thrust reverser can be a good solution

to make the landing runway shorter.
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Chapter 1

Introduction

The modes of transportation are changing. People are always thinking about a
faster and more comfortable way to reach their destination. Cars are becoming
more autonomous, and taxis are being equipped with ride-sharing applications such
as Uber and Lyft. Even soft-mode transportations such as walking and biking, are
being a ected by some technologies like e-bike and bike-sharing [1]. Now it's time
to use the sky for commuting passengers. The concept of "Air taxi" has been
o cially released in 2015 by some companies such as Airbus Vahana, Ehang, and
Volocopter. They have made successful ight test of their prototypes in 2017 and
2018 [1]. Up to now, more than 70 projects are ongoing on this topic [2]. However,
there are several obstacles that need to be overcome before industrializing this
concept, including low battery's speci ¢ energy, society acceptance di culty, noise
pollution, safety concerns, and certi cations issues. An airplane which can takeo

and land in an extremely short runway may be a possible solution.
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1.1 Extremely Short TakeO and Landing Air

Vehicle Applications

1.1.1 Airport Shortage Capacity

In the past twenty years, the passengers demand in the aviation industry has grown
about 4.8% per year [74] and based on Boeing prediction from the "Subsonic Ul-
tra Aircraft Research”, 4% growth is expected in the next twenty years [74]. The
International Air Transport Association's report points that 2.8 billion passengers
traveled all over the world in 2011. The report predicts that this amount will in-
crease by 175 million passengers annually [62]. Fig. 1.1 depicts number of boarded
passengers from 2004 to 2017 [81]. Based on statistics, total commuters around
the world in 2017 was 4.09 billion. However, based on IATA%sreport prediction,

it should be 3.8 billion meaning rate of increase in air transport is even more than
175 million yearly. To summarize, it can be said that the rate of increase in air
transport is roughly about 5% annually. Consequently, in the best case scenario,

by 2025, the total worldwide travel passengers will be 5.4 billion.

Linternational Air Transport Association
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Figure 1.1: Total passengers boarded worldwide from 2004 to
2017 (in billion) [81]

Drastic increment in the passengers' demand can cause many problems, consist-
ing of capacity shortage, noise pollution, emission, and high fuel consumption [74].
Nowadays, most of the airports all over the world are running at their maximum
capacity while an increase is expected in the future. One of the main problems is
the capacity shortage in central connection airports, and capacity shortage leads
to ight delays, and even cancellations [101]. This problem is mainly due to the
limited space for airplanes to take o and land. Fig.1.2 shows the United States

airport distribution with varying runway length [81].

Figure 1.2: US airport distributions with di erent runway length
[81]
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Airport expansions or building new airports can be a solution to the passenger's
demand increment. Nevertheless, it has some environmental consequences on the
airport's neighborhood, such as noise pollutions and emissions.

Another possible solution to this problem can be an airplane that can take o
and land in a shorter runway or smaller area than a regular plane. This concept
rst was introduced in 1970s [98]. By implementing this technology, the number
of airplanes which take o and land in a specic time will increase. New take-
0 approaches such as Vertical Take-O and Landing (VTOL), Short Take-O
and Landing (STOL) or Extremely Short Take-O and Landing (ESTOL) can use
the limited runway more e ectively. Bauhaus Luftfahrt in one of their researches
showed that by using ESTOL airplane and rearranging the take-o eld, the air-
port capacity could be increased[101]. Another similar study has been conducted
by the National Aeronautics and Space Administration (NASA). Results expli-
cated a signi cant increase in the airport capacity and huge decrements in travel's

delay by using ESTOL planes [111].

1.1.2 Urban Road Trac

People from all over the world are always thinking about a solution just like a
ying car to save their time when they are stuck in high congested road tra c.
Every day many people are traveling through cities, which creates long tra c jams
and consequently wasting hours of people's time. Drivers can be stuck in tra c in
big populated cities for about 50 to 100 hours per year [83]. In more detail, Los
Angles, Moscow, New York, and S&o Paulo inhabitants lose about 102, 91, 91, and

89 hours annually in tra ¢ jams respectively [1]. In some cities, there is no other

4
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area left for building new transportation infrastructure. However, the aviation
industry has a great potential to use three-dimensional airspace to avoid ground
tra c and help people saving their time. As an example, based on Uber's white
paper, a round trip between downtown Sao Paulo and San Francisco's Marina can
take more than four hours. However, by applying an aerial vehicle, it can only take
about thirty minutes [80]. Based on my experience a single trip from downtown
of Hamilton to Richmond hill center in Canada takes about 60 minutes by a road
vehicle such as car and the travel time can be raised to 100 minutes in rush hours.
On the other hand, by using an aerial vehicle with the cruise speed of roughly 150
mph, the whole trip would only takes around 16 minutes. It worth mentioning that

a capable aerial vehicle should have an adequate range and speed and its "stop
stations" in the town for boarding passengers should be readily accessible [3]. Then
the whole trip can be a combination of air and ground travel. [1] reported that
for trips of more than 20 km, the air taxi could save costumers time if the person
is using air and ground mobility. The passenger boarding and de-boarding time
and time for getting to "takeo stations" are taken into account. In conclusion,
not only a suitable areal transportation system can help intracity travels, but also

it can be bene cial for city-to-city trips, which are usually more than 100km.

Figure 1.3: Example of comparison between road and air trip



Master Of Science ParisaMahvelatishamsabadi ; McMaster University
Mechanical Department

1.2 Challenges in Developing Urban Air Vehicle

1.2.1 Costs

Nowadays, Due to the low production volume of aerial vehicles, ying trips are
high-priced and infrequent. Current global civil rotorcraft production is only about
1000 units annually. Previous studies declare that if the production becomes dou-
ble, then the cost will decrease by 15% for aerospace and automotive products
[80]. Based on Uber's assumption if the VTOL aircraft costs about $1.2M at rst
prototype, by mass production of roughly 5,000 units per year, the price will de-
crease to $200,000, which is a ordable [80]. Another factor besides the vehicle's
price is building new infrastructures for boarding passengers and charging vehicles
which need huge money investment; however, the "air road" is almost cost-free [1].
Constructing a 35 kilometers highway or subway line may cost something between
hundreds of million to billions of dollar. However, the urban aerial transportation
system only needs a few stop stations and charging sites [1]. Approximately four
million dollars is needed for building a small stop station and around $100,000 for

installing one high-speed battery charger [1].

1.2.2 Lack of su cient stop stations and ports

"Ports" are generally hubs with multiple take-o and landing spots/runways with
charging or fueling infrastructures. "Stop stations" are stations suitable only for
one aerial vehicle with minimal infrastructure. Top of parking garages and towers,

helipads, outdated airports, and unused lands surrounding highways can be used

6
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as stop stations and ports. Another novel suggestion which was proposed by
NASA is the idea of using highway cloverleaf as stop stations. Standard highway
cloverleaf's diameter is approximately about 255 NASA proposed an elevated
at as a vertical stop station as shown in Fig1.4 to grant the highest safety for
passengers and minimize distraction to road tra c [80]. By some adjustments,

this proposition can be used as a runway for ESTOL vehicles.

Figure 1.4: Proposed stop stations by NASA for VTOL aircraft
[80]

Lack of su cient stop stations and ports is one of the most challenging barriers

in developing urban aerial transportation systems.

1.2.3 Safety

An aerial vehicle should be safer than a driving car on fatalities per passenger
miles. Since the highest cause for ight accidents is due to human situational
awareness and control loss, pilot aid should evolve to a fully automated system
over time to decrease human aws and increase safety. Engine failure and fuel

management errors are the next highest cause of aerial accidents, which contained
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18% of general aviation accidents [80]. Problems relating to engine failure can be

fully solved by using electric redundant propulsion systems.

1.2.4 Noise level

One of the essential aspects that should be considered for an urban aerial vehicle to
be acceptable to communities is the vehicle noise production as these vehicles are
going to operate directly overhead and close to urban regions. To be acceptable for
society, the vehicle's noise should blend into the existing background noise [80]. A
medium-sized truck moving at a speed of 35 to 55 mph can make the sound level
of 75-80 dB at 50 feet. In the long-term goal, numbers of urban aircraft are going
to be more than the numbers of trucks, so their noise level should be less than
trucks [80]. Based on Uber's report, a reasonable noise level goal for these vehicles
should be half of the medium-sized trucks. This is almost like sensing noise from
25 feet distance of a Prius driving by 35 mph. Moreover, this is approximately
one-fourth as loud as the smallest four-seats current helicopter [80].

Other features such as the duration and the repetition of the noise are important
ones. As an example, if a 70dB(A) sound remains for 2 seconds, it would produce
73 dB SEL, and if it lasts for 4 seconds, it will increase to 76 dB SEL. Single event
noise equivalent level or SEL is a metric for measuring short-term annoyance [80].
Repetition of the noise depends on the number of aircraft operating at the same
place and at the same time, which extremely depends on take-o and landing
strategies. Furthermore, the duration of the sound made by the vehicle depends
on the vehicle's take-o and landing method. Besides, it should be mentioned that

inside cabin noise should be less enough inherently as adding a large amount of
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noise-reduction insulation leads to a signi cant weight penalty, which is undesirable

[84].

1.3 Thesis Contribution

A lightweight two-seat airplane is modeled in Simulink MATLAB, and the feasibil-
ity of ESTOL electric lightweight airplane is investigated even when the airplane
body, wing, and propeller structure are not optimized. The developed mode is
exible to changes of several variables meaning that any lightweight xed-wing
electric airplane can be tested and modeled by this model.

The main purpose of this study is to analyze the electric motor speci cations based
on takeo and landing distances. In addition, the e ect of cruising speed on the
electric motor's power-speed and torque-speed pro le is studied. In the end, the
impact of two other parameters on the landing distance are investigated, which

are the braking system of the airplane and the maximum airplane weight.

1.4 Thesis Outline

The necessity of using electric propulsion system for the future air transportation
is described in the Chapter 2. Moreover, any aerial transportation system intended
to be used in cities should take o and land from the smallest area as possible. The
reasons why an ESTOL vehicle is a appropriate choice as an urban air vehicle are

given in Chapter 3. In the following, the aerodynamic forces acting on a moving
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xed-wing airplane are explained in Chapter4. The rst section presents a method
to calculate the air density based on ying height, and then the procedure to
calculate lift and drag for the airplane are given. The mechanics of ight and the
aircraft motion equations in takeo , cruise, and landing are described in Chapter 5.
Based on these equations and relations the required power and thrust at each
ight segment can be calculated. This study is conducted on a speci ed airplane.
Therefore, the selected components are elaborated and de ned in the Chapter 6.
Chapter 7 is about how we modeled the airplane in MATLAB Simulink. Two
models are built in Matlab Simulink. The rst model can nd the required thrust
and power for takeo , cruising, and landing. Then the airplane's requirements are
fed to a numerical calculation model and subsequently results from the numerical

model are used in the second Simulink model for validation.
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Chapter 2

Electri ed Aircraft

Electric aircraft is one of the most promising solutions to the global environmental
issues associated with transportation. However, the low battery energy density,
temperature-sensitive performance, and electric motor power density are the main
signi cant challenges [97].

In this chapter, rst, the common electri ed power architectures are presented.
In the following, an overview of full-electric aerial vehicles are given, and at the
end, the necessity of using electric propulsion system for the future air transport

is explained.

2.1 Electric Propulsion Architectures

There are mainly two electri ed architectures which rely on the battery as energy
storage: All electric and hybrid electric. The all-electric, which is the case study
of this thesis, uses batteries as the only energy source to power the aircraft. On

the other hand, the hybrid con guration utilizes the gas engine and batteries for
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powering the vehicle. Hybrid-Electric con guration divides into three subcate-
gories. Gas turbine engine and battery-powered electric motors are both mounted
on the shaft in the parallel hybrid architecture. It means both of them can provide
propulsion at any time. In a series hybrid con guration, only the electric motor is
connected to the shaft, and the gas turbine drives an electrical generator which is
charging the batteries [88]. The rst serial hybrid airplane is made by Simens and
EADS named Diamond [71]. Using hybrid electric architecture can be a desirable
solution as gas turbines are very e cient, and they can charge batteries during
the ight. One of the problems associated with gas turbines is their noise which is
undesirable for ying at low altitude. However, when the airplane is ying at cruis-
ing altitude, the gas turbine can charge the batteries. Today's batteries' specic
energy is low, which leads to a short trip range. By using a hybrid con guration
instead of fully electric con guration, the airplane's trip range becomes longer.
However, in this thesis, a full electric architecture is chosen.

Turboelectrics architectures do not rely on the batteries for providing energy. They
use a gas turbine connected to electric generators which produce electricity. Then
the energy from the generators can be used to run the electric motors connected

to propellers or fans [88].

2.2 Overview of Electric Flight in the Past and

the Future

In this chapter, an overview of electric aircraft in the past and in the future is

presented. The rst successful ight powered by batteries was in summer 1884
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where Krebs and Charles Renard made the rst fully-controlled airship [103]. Years
later, the rst battery-powered airplane which is done by Militky and Brditschka,
completed its rst ightin 1973 [107]. Itwas ying for about 9 minutes [107]. Since
then, many attempts were made for making electric aircraft. Some of them are
presented in the section2.2.1. Based on [103]'s database, 46% of electric aircraft
concepts are developed by the start-up companies, and only 20% are being lunched
by aerospace OEMs such as Boeing and Airbus[103]. The rest are from motor and
other aerospace companies [103].

Commercial aircraft can classi ed as: General aviation (fewer than 6 passengers),
Commuter (fewer than 20 passengers), Regional (30-100 passengers), Single-aisle
(100-200 passengers) ,and Twin-aisle (more than 200 passengers) [88]. The main
focus of this thesis is on the rst category. Currently, all-electric aircraft are
operating as research purposes and for technology demonstration. In the following
sections, a summary and overview of electri ed aircraft in general aviation and
commuter aircraft are presented. Electri cation of regional, single-aisle, and twin-

aisle airplanes are out of the scope of this thesis.

2.2.1 General Aviation and Motor Gliders

General aviation and small sport airplanes are a great platform for testing new
propulsion system concepts. Because, currently most of them are propeller-based
and changing only the power plant is manageable. Mostly small electric motors on
the order of 60 to 80 KW are being used for general aviation which is not a big deal
for motor industry. Therefore, manufacturing electric small airplanes is not chal-

lenging from the motor side. The challenge would be the batteries energy density
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,which determines the airplane's weight and consequently the range capability of
the plane. Ultralight aircraft can be divided into two categories: General aviation,
and Motor gliders. Aircraft in general aviation section can use the runway for
taking o or they can vertically take o. Some of the electric airplanes in gen-
eral aviation which utilize takeo runway are demonstrated in Table 2.1. eVTOLs
which stands for electric Vertically Takeo and Landing aircraft are presented in
Table 2.3. Table 2.2 summarized state of art's electric motor gliders speci cation.
Most of the information and all the pictures are taken from the manufacturer
website and product's catalog. The "Pax" is the total number of seats and the
"MTOW" stands for Maximum Takeo Weight which includes the aircraft body

frame, batteries, motors and payload weights.

2.2.2 Commuter Aircraft

Mostly a commuter aircraft carries more than 10 and less than 20 passengers.
In 2015, Siemens introduced the development of a 260 KW electric motor which
weighs around 100 Ibs. In the other words, it has 5kW/kg power density, which is
su cient for developing a commuter aircraft. It means that it is possible to electrify

a twin-engine commuter by current motor technology. However, the battery energy
density challenge remains. For bigger airplanes such as single-aisle or twin-aisle,
the motor speci ¢ power should be improved by the factor of 5-10 from the motor's

state of art [88], which is above the scope of this thesis.
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Electric Light Aircraft Speci cations

Table 2.1:

[20T]BY G'€8 [90T]6Y 6T
[68] [68] wy Gze/ UMIEET wdiosye [68] [68] 2 0Ev®
y/wy 0ST Ugze [68]6%/ym 09T M OF 89T G5 299NNA
od-17 Jojow T
6] Bivo [20T ‘68] B 2'¥
[68] [20T ‘68]wX00t/ s8] uAwIg'S AVIOT [68] [z0T] |I[80T] T enos|g
y/wy 09T ye UOIIT AV TEXeW GO'TT 00€ T 0JaY Od
e Jlojow T
[68] B £°g¢ [68]wdi 0082
[68] [68] w 691/ Bx/um 091 Eo%v_\z,v_mo T | 68l [68] I 1ok enag
y/wy T ygt [zoTl umi9's |[[20T ‘68IWIF'ET | 8T ¥82
od-17 Jojow T
6
[68] [68] wy 22T/ [68]6% 2 a\ﬂv_ m_%ﬁ [68] [68] [68] 2.1
y/wy zoe uz od-17 10100 T G/ 69T Z eUSS8D-3
[68] B v2
§) oea
[68] [68] wy 9/ BY/UM SZT a\,w_ @v._mwﬁswmw WN [68] [68] Tieglle)
y/wy 092 Iy LT UME <10 0.1 T aulelsud-3
0w ¢
0d-I7
[2] B% 9'82 [8] 6% 0T yoes
w
Y \&Nwwmm [68] <ﬂ_ e/ UM 02 AMITT yoes VN mﬁ aﬁw_ 1D usalo
od-I sJjojow
1 m .
[68] [o] wy otT/ [9] uWiLT [o Hm_ww,\m N@NN [68] [68] [68] wb4-3
y/wy 802 sulw 0§ uor-1 Jo10W T 8'6 009 T Xauos
N0SZ
VN/ [20T] m10E yoes [v] [¥] )
y/wy 022 T [s] B>/um 202 SI00W Z VN 055 > Tue)-3
od-1
paads abuey Aaneg J010N dv B xed abew| aweN
Xen aoueinpug Buipmy | MOLIN

15



; McMaster University

Master Of Science ParisaMahvelatishamsabadi

Mechanical Department

m .
[68] [68] wx 008/ (681615 amw,v_v_mw s [68] [68] 3 Kan4
u/wy 29T Usy UL Y J010W T GE'0T €8T 0O
[6T]wdioose
WN ¥2€
[6T] VN/ [6T] [6T] uoIsan4a
[6TIumi T°0T M St : r4 :
u/wy 08T 02l u T AW SgxeW g9 009 snubep
Jjojow T
[9T]wdi00SZ 605
6
L 56 N/ :ﬁﬁ o oywizs | [otl | forl | 370eE
[9T] suiw 0z Lol AV 09Z:Xeuw 9 000T BIIX3 SuswaIS
o Jojow T
7Tl [ST] wy 00/ [yl avt 7Tl [Tl 011083 elaylued
y/wy vee VN VN ¥l 00¢ XEUl 0T GTIET < [aasidid
Jjojow T o
wdio0¥Z-00TZ
6
[eT] [eT] wy 02T/ Hmmzw_wwﬁ [eTIM 05 [¥9] [eT] - 01109(3 eyd|y
y/wy O€T yT od-r M09 :Xew 1T 0SS [onsidid
: Jjojow T
§) wdi
[68] [68] Wy 002/ aw_z@wﬂﬁ l68l e mﬂomm 6] | [68] | I[z1] dNSLIYM
u/wy 82 UgT od-1 J010W T 1T 0SS r4 [2ns1did
[TT] m102
VN [0T] B3/yMm09z . [0T] [oT]
w : Al4-
[oT] y/wy oSz o7l ' uor- zw_oom xew 1 08 4 Z J19A|I4-uns
Jow T
paads abuey/ v ()Y
Xenw aoueINpUT Aianeg 1010 Bum | mouw | 9 abew| aweN

16



; McMaster University

Master Of Science ParisaMahvelatishamsabadi

Mechanical Department

Electric Motor Gliders Speci cations

Table 2.2:
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