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Samandrag

Denne masteroppgava tar eit fgrste steg inn i utviklinga av ei autonom drone for overvak-
ing av innandgrsklima.

Ei ramme vart designa og 3D-printa for & fungere som eit grunnlag for framtidig testing
av sensorar for overvaking av innandgrsklima, samt maskinvare for autonom styring av
dronen.

Itillegg til ramma, vart det designa og 3D-printa eit sensorkammer med luftinntak for mon-
tering til ramma som ein ekstern modul. Det same vart gjort for LIDAR-fester. Det viste
seg seinare at den innbilte metoden for & feste modulane til ramma ikkje fungerte, og in-
gen av modulane vart testa. Teoretiske estimat indikerte eit velfungerande sensorkammer,
medan seinare analyse og diskusjon sadde tvil om dette, og presenterte heller eit alternativ.

Ei lgysing for tradlaus lading vart utvikla og testa med suksess, med opp til 0.8 A lade-
straum og eit potensiale pa ~1.6 A. Lgysinga kan brukast i eit autonomt oppsett, sjglv om
det testa oppsettet manglar enkelte fordelaktige kvalitetar.

Dei utfgrde flytestane var dominert av ei driftande drone og, i byrjinga, mykje stgy pa
gyroskopet. Sjglv om implementering av eit “notch filter” praktisk talt eliminerte stgy
pa gyroskopet, fortsette driftinga. Ein gyroskop-akselerometer ”dance theory” med ubal-
anserte motorar vart sett pa som ei mogleg arsak til dette problemet.

Uheldigvis vart fleire komponentar i dronen seinare gydelagt, noko som gjorde at prob-
lemet med drifting aldri vart 1gyst. Av same érsak vart heller ikkje sensorkammeret testa.

Kort summert har denne masteroppgava produsert ei konseptuell drone, med lagare vekt
enn andre liknande eksempel, samtidig som den truleg er for stor til a kunne kallast ei
“miniatyrisert drone”. Plassering av miljgsensorar pa dronen vart foreslatt, der tilsvarande
sensorar for nokre av dei ikkje var inkludert i eksisterande lgysingar. Kombinert med
grunnlag for trddlaus autonom lading finnast, sa vidt forfattaren kjent, ingen liknande ek-
sisterande dronar.
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Summary

This thesis takes the first step into the development of an autonomous drone for indoor
climate monitoring.
A frame was designed and 3D-printed, with the aim of providing a base for testing of in-
door climate sensors and autonomous hardware in the future.
In addition to the frame, a sensor chamber with air intakes was printed for modular mount-
ing to the frame. Also LiDAR mounts were designed and printed for modular mounting.
Unfortunately, the mounting technique did not work as intended, and none of the external
modules were tested. Theory implied a well working sensor chamber, while analysis and
discussion gave some doubt and presented an alternative.

A wireless charging solution was developed and successfully tested, with a charging cur-
rent up to 0.8 A, and later potential of ~1.6 A. The solution can be used as part of an
autonomous solution, though the tested setup lacks some desirable features.

Flight tests conducted were dominated by a drifting drone and, initially, much gyro noise.
With the implementation of a notch filter gyro noise was practically eliminated, but drift-
ing persisted. A gyroscope-accelerometer “dance theory” and imbalanced motors seemed
likely to be causing the drift.

Unfortunately, a fault in the drone resulted in damage to several components, and so the
drifting was never resolved. The sensor chamber was, for the same reason, not tested ei-
ther.

In short, this thesis has produced a conceptual drone lighter than discovered existing so-
lutions. At the same time, the current prototype is likely too large for it to be called a
miniaturized drone. Allocation of environmental sensors has also been suggested, some
of which equivalents are not found in the existing solutions either. Combined with a base
for wireless autonomous charging there are, to the best of knowledge, no existing drones
similar to this.
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Chapter

Introduction

While the word “drone” has a broad definition, it has, with a few exceptions, been used
throughout this thesis to describe a remotely operated four-motor aerial vehicle. Some
other terms found in other papers that may describe the same type of vehicle are ”quad-
copter” or "UAV”.

1.1 The importance of indoor climate

Indoor climate is a product of a number of factors, such as temperature, humidity, CO-,
radon and more, and regulations on acceptable indoor climate conditions exist in order
to ensure a safe and healthy working environment. Too poor of an indoor climate over
time may lead to temporary health issues such as tiredness, headaches and irritated throat
(Helsedirektoratet). In more extreme cases people may suffer long term illness due to, for
example, excessive radon levels or mold formation from too much humidity.

Healthy employees on fewer sick leaves is of clear advantage to the employer. In a 2015
report on the years 2008-2012 by Arbeidstilsynet (The Norwegian Labour Inspection Au-
thority) on “likely cause of sickness in the workplace” a frequently reported cause was
"physical conditions’, or indoor climate (Direktoratet for Arbeidstilsynet, 2015).

A less measurable advantage, and possibly more relevant to buildings with already ’suf-
ficiently good indoor climate’, is how the indoor climate affect those who do not fall ill
enough to go on a sick leave. While these employees do continue to work, it will be at re-
duced efficiency, and, in fact, studies show that improving the indoor climate can increase
productivity up to 10% (Wyon and Wargocki, 2013).

That leaves the question of “what financial motivation is there for spending money on an
already sufficient ventilation system?”. An American study found that doubling ventila-
tion rates cost less than $40 per person per year, while increased productivity from better
ventilation can be valued at $6,500 per person per year (Allen, 2017). A similar conclusion
has been reached in another research presenting benefit-cost ratios ("productivity benefit
divided by costs of energy, equipment, and maintenance”) up to 9.4 when increasing ven-
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Chapter 1. Introduction

tilation rates (Berkely Lab). Improving indoor climate is therefore not just beneficial for
the sake of the employee’s health, but can also be financially viable and advantageous.

1.2 How indoor climate is monitored today

Today’s buildings that monitor indoor climate often do this in a simple manner. Stationary
sensors are placed in areas with some degree of air flow to measure simple environmental
factors, while other factors are sampled and later analysed and evaluated in a lab.

Regulation of the indoor climate may then be done either open loop or closed loop. An
example of open loop control is a window being opened by an employee when the indoor
air starts feeling a little "heavy’. The window is not closed again until new action is taken.
A common closed loop indoor climate control is a thermostat. A desired temperature is
set, and the room is heated until the desired temperature is reached, requiring no further
action.

Some of today’s regulation is open loop, and indoor climate in a building is monitored and
regulated either in-house or in an off-site facility, based on readings from the stationary
monitors. These monitors have limited coverage, and climate regulations are unlikely to
be made until they report values approaching the limit for unacceptable climate values.
Simultaneously, an area of the room that is not being monitored may already have passed
this threshold. In other words, there is little to no understanding of how the indoor climate
of each section relate to each other, and only monitored areas draw full advantage of cli-
mate regulation.

Another disadvantage of today’s monitoring of the indoor climate is the fact that, as men-
tioned, some factors are analysed in a lab, rather than live. Regulations on the climate,
based on lab analysis, can therefore be performed only much later than ideal. With more
advanced sensors providing live analysis this issue can be avoided, but that brings us back
to the first issue of today’s indoor climate monitoring.

Simply put, one can say that today’s solution is a reactive approach to the problem of
poor indoor climate. This is most evident from the late responses to lab analysed factors,
but also from the fact that some areas are not monitored. Poor climate conditions in one
area will eventually propagate through a room, and will only be acted upon on a later time
when picked up by a limited range stationary monitor. With the occasional poor indoor
climate, the reactive approach may therefore cost the business hours of productivity.

1.3 The overall concept of a proactive approach by use of
drone

To reduce lost hours of productivity a proactive approach can be imagined. Two simple
reasons that ”define” today’s reactive indoor climate regulation are the mentioned lab anal-
ysed climate factors and limited coverage and understanding of indoor climate. While lab
analysis can only be eliminated through sensors capable of live analysis, a drone is here
suggested to eliminate, or reduce, the latter problem.

2



1.3 The overall concept of a proactive approach by use of drone

By copying the stationary sensors onto a drone you introduce mobility and the option
to cover areas that are currently not monitored. One or several drones constantly moving
around in a work environment might, however, introduce new problems, and so it could be
difficult to directly transfer the working method of stationary monitors to a drone.

A drone may instead create an understanding of the indoor climate. This includes how
conditions measured by one stationary monitor relate to the one on the other side of the
room, and the area in between, or how the change in one measured parameter affect a
different parameter. Through large amounts of data and smart algorithms one might be
able to predict the effect of, for example, increasing ventilation rate in a room of certain
geometry with a given live measurement of the current climate conditions.

The concept of indoor climate monitoring by drone may involve one or several drones
operating in the same room/building, mapping environmental conditions. All data gath-
ered on the indoor conditions needs to be linked to the position of the drone at the moment
data is recorded, and relative positioning of the drone is therefore necessary. Proper drone
infrastructure, such as communication and charging possibilities, is provided through one
or several docking stations. In addition to communication and providing a standby charg-
ing dock for the drone(s), the docking station also acts as a link between drone and human.
Data gathered by the drone is communicated to the docking station, through radio or any
other means of communication. The docking station can then, by use of WiFi, relay data
to a cloud. Data is further accessed by anyone with cloud access for analysis and pre-
sentation, either in raw format or through a user friendly interface. An illustration of the
information flow is seen in figure 1.1.

«« )
Temperatu re

-mm-— <_ Docking
station

(SR

Figure 1.1: Illustration of information flow in the overall concept
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Chapter 1. Introduction

1.3.1 Autonomous flight and measurements

Basis for a proactive approach to the issue of poor indoor climate has now been imagined.
For efficient use of the drone one would require some degree of autonomy. Six levels of
autonomy have been defined for vehicles, where 0 equals no autonomy and a level 5 vehi-
cle is fully autonomous. Level 4, high automation, is the point where driver presence is no
longer required. If imagined transferred to a drone, level 4 is the minimum level of auton-
omy that should be aimed for in this case. What differs level 5 autonomous vehicles from
level 4 is that level 4 cars do not allow autonomous driving in more hazardous conditions,
such as snow or rain (Hendrickson, 2020). While challenging weather conditions do not
exist indoors, the presence of other humans during drone operations pose an increasing
risk. A level 5 autonomous drone may therefore be thought of as a drone that can operate
safely and with high confidence in an environment where other human’s presence intro-
duce a degree of uncertainty.

Three elements are imagined required for the autonomous functioning of the drone:
e Follow generated flight route autonomously
e Measure indoor climate parameters and transfer to a cloud autonomously
e Dock, charge and prepare for new mission autonomously

Two options for executing a mission can be considered. The first option is uploading and
storing flight instructions on board the drone while docked. Environmental sensors then
sample and store measurements during flight in the drone. When returning and docking
once again sensor measurements are uploaded to a cloud for presentation and analysis.
Upon complete autonomous re-charge the drone is ready to repeat the same procedure for
a new mission.

A simple flowchart for a drone with on-board mission processing is shown in figure 1.2.

WHEN DOCKED:

DETERMINE CHARGE. UPLOAD SENSOR

DESIRED STATE MEASUREMENTS & FLIGHT DATA -

«IF BATTERY LOW - RECEIVE NEW MISSION
RETURN TO CHARGE

MEASURE &
STORE COMPARE TO

ENVIRONMENTAL CURRENT STATE
CONDITIONS

CREATE &
EXECUTE ACTION

Figure 1.2: Flowchart of on-board mission processing




1.3 The overall concept of a proactive approach by use of drone

“Desired state” is, in simplified terms, the desired location of the drone, according to
the current mission. As seen the docking station is not involved in the process at all, unless
the drone is docked. The main advantage of this option is that the drone can operate out-
side communication range of the docking station, and does not suffer from communication
latency. On the negative side, there will be greater requirements for drone hardware, as
extra computational power is required for on-board calculation of action. Additional stor-
age is also necessary in order to store sensor and flight data, as well as the mission itself.
There is also no option to monitor sensor or flight data live.

The other option involves the docking station to a much greater extent, with continuous
drone-docking station communication. Live measured environmental data and the current
state of the drone are continuously communicated to the docking station. Current state is
compared to the desired state according to the mission in the docking station, and a com-
mand is passed to the drone.

A flowchart for this option is seen in figure 1.3, with green circles representing the drone
perspective and blue the docking station perspective.

DETERMINE WHEN DOCKED:
DESIRED STATE CHARGE DRONE
oIF BATTERY LOW -

RETURN TO CHARGE

MEASURE & SEND

ENVIRONMENTAL COMPARE TO
CONDITIONS & CURRENT STATE
CURRENT STATE

EXECUTE
COMMAND

SEND COMMAND

Figure 1.3: Flowchart of off-board mission processing

The docking station is now involved to a much greater extent and the drone is ”dumbed
down”. This allows for live updates on the whereabouts of the drone as well as sensor data.
Less computational power and little to no storage is required on-board, resulting in reduced
weight. Naturally, it lacks that advantage of the other option - the possibility of flying out
of range.

Means of autonomous flying has not been taken into further consideration, and so that
is still open for evaluation. Combinations of the two options swiftly described above, or a
completely different approach, is still possible.

One element of autonomy that has been researched is the means of achieving autonomous
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Chapter 1. Introduction

charging. This is further discussed in chapter 6.

1.3.2 Advantages and applications

Based on the descriptions of today’s solution on indoor climate monitoring and the drone
solution, on can deduct the following long term advantages of introducing drones to the
problem:

e A better understanding of how relevant factors for indoor climate relate

e Data to create a base layer for optimal control of existing indoor climate regulation
systems

e Data to function as guidelines in optimal design of climate regulation systems in
new buildings

e Improved indoor climate to increase workers efficiency and satisfaction

The combination of optimal climate regulation and increased employee efficiency and
health will also be of great financial benefit to the business/building owner.

From a business perspective one may also consider means of making revenue from the
product itself. ROVs (remotely operated vehicles), the drone’s “underwater sibling”, have
often been sold as a service-for-rent product in campaign-based operations. However,
with Industry 4.0 emerging, many businesses look to integrate more products into their
own system as a permanent solution (Lu, 2017). Some service oriented business models
that satisfy this, to various extents, are (Scibilia, 2019):

e Service and Support Contracts - The drone is sold along with warranty and in-house
services

e Assisted Services - The drone is connected to the manufacturer’s control center for
advice on machine performance

e Machine-as-a-service - The drone is operated by the customer but owned by the
manufacturer, responsible for maintenance

While the focus so far has been on drone use in office buildings, and will continue that
way throughout the report, one might see the possibility to conduct similar operations in
public buildings and private homes as well.

1.4 Existing solutions
To the best of knowledge no solutions to indoor climate monitoring by drone exist as of
today. There are, however, examples of research that combine environmental sensors and

drones.

A paper from the University of Helsinki presents a drone equipped with sensors to mea-
sure volatile organic compounds (VOCs) (Ruiz-Jimenez et al., 2019). The research took
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more of a chemical approach, investigating the applicability for a drone to carry different
types of sampling systems, rather than designing an autonomous sensor carrying drone, as
is the overall concept of this project.

Similar examples exist, such as the fixed-wing solar powered UAV (unmanned aerial ve-
hicle) measuring and 3D-mapping greenhouse gases (Malaver et al., 2015), the fixed-wing
UAV and drone dust measurement comparison (Alvarado et al., 2015) or the autonomous
E-drone (Environmental drone) for air pollution measurements (Rohi et al., 2019). Com-
mercially available solutions can be found at for example Scentroid, providing sensors to
be equipped on existing drones (Scentroid).

Common for all above mentioned examples is a fairly bulky and heavy construction, all
weighing several kilos. The mentioned E-drone, with a number of sensors for measuring
environmental conditions, comes fairly close to appear suitable for indoor climate mon-
itoring. It does, however, suffer from the mentioned bulky construction, and, hence, a
visual distraction, as well as being GPS dependant. Indoors, GPS service may not always
be available or accurate enough.

1.4.1 State-of-the-art examples

When investigating state-of-the-art examples on drones it is hard not to mention the FLIR
developed military grade Black Hornet (FLIR). Though it rather resembles a miniaturized
helicopter than a drone, its performance shows the great potential in small remotely oper-
ated aerial vehicles. The Black Hornet 3 weighs less than 33 g and measures 168 mm in
length, all while maintaining 25 minutes flight time at up to 2 km range and a live camera
feed (FLIR). Created as a tool for stealthy military operations it is also designed not be
noticed, both visually and audibly.

On the autonomy side of high performance drones, a team of researchers from ETH Ziirich
and the University of Bologna have come up with a low power and weight solution (Palossi
et al., 2019). Utilising convolutional neural networks (CNN) and a low power image sen-
sor for visual navigation, autonomy with on-board real-time computations on a 100 mm
nano drone was achieved at only 64 mW power consumption. With the autonomy hard-
ware weighing only 5 g this paper proved the feasibility of implementing autonomy on
drones where weight and power consumption are critical factors.

The MIT project Navion may allow for even lighter, smaller and more power greedy con-
structions (Suleiman et al., 2019). A team of researchers have developed a microchip that
takes inertial measurements and mono/stereo images in a visual-inertial odometry (VIO)
algorithm to both map an area and localize the drone’s trajectory. While VIO is not a re-
cent method for mapping and localization, the MIT created chip manages to do this while
consuming as little as 2 mW of power. The chip itself measures no more than 4x5 mm,
and is therefore far from dominant in a drone. However, as the previously mentioned ETH
Ziirich/University of Bologna researchers point out, the microchip alone is not sufficient
for autonomous flying since additional components and circuity would be required (Palossi
et al., 2019).
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1.5 Aims for the project

The ideal long-term aim for the indoor climate monitoring drone is a compromise between
the lightweight, autonomous state-of-the-art examples and the currently existing solutions,
modified to suit the earlier discussed applications.

In this thesis the following goals have been set:

e Design and create a prototype frame for a indoor climate monitoring drone

— Design with future implementation of autonomy hardware in mind

— Create room for a set of essential sensors for indoor climate monitoring, more
suitable than the presented existing solutions

— Ensure means of air supply/sampling to the sensors

Evaluate and select hardware for a prototype construction

Design and test a charging solution that satisfies future requirements for autonomous
operations

e Tune and test the drone to satisfactory performance

Test and verify sensor air supply works as intended




Chapter

Basic Theory

Some basic theory was required in the process of designing the drone. For a better design
it is beneficial to understand the behaviour of the drone components as well as the drone
itself. Following are therefore theoretical approaches to the essential features of the drone.

2.1 Thrust to Weight Ratio

Thrust to Weight Ratio (TWR) is a simple unitless term describing the ratio of thrust
produced by the motors to the weight of the drone. The TWR is given by equation (2.1),
and may either be calculated for the drone as a whole, or for each motor.

TT n

TWR =
Wa/4

2.1)

Here, T,,, (N) is the thrust of a single motor and W;/4 (N) is the drone weight equally
divided by four motors.

In order to be able to take off the drone needs a TWR greater than one, as this is the
thrust required in order to overcome the gravitational forces experienced on the drone. It
is, however, recommended that TWR is at least 2, both to compensate for the reduced
vertical thrust when flying at an angle and for improved flight performance with some
level of acceleration (Drone Omega).

2.2 Shroud design

The shrouds on a drone have three main purposes:
e Protection for both propellers and the surroundings
e Noise reduction

e Increase thrust
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2.2.1 Protective shrouds

The protective quality of shrouds is simply the physical barrier they create between pro-
pellers and the surroundings. This is a two-way protective feature, meaning that propellers
(and motors) are protected from surroundings in a crash, while surroundings are protected
from hazardous rotating propellers.

Unless the shrouds are manufactured in a brittle material that may shatter and spread with
the rotating propeller like grenade splints in a crash, there are no drawbacks, protection
wise, with using shrouds.

2.2.2 Noise reducing shrouds

The noise reduction one can achieve with the use of shrouds depend much upon their ma-
terial and shape.

Noise from drones mainly come from the high speed rotating propellers. This noise trav-
els through air, before hitting the shrouds. This is the first step of noise reduction. Some
materials will more or less let the noise waves fully pass or reflect, while others will add
a level of absorption and damping, much like sound isolating material used in houses.
Dotterel Technologies are a leading company on noise reducing shrouds, much thanks to
the acoustic nano material they use (Dotterel Technologies). Acoustic materials are either
absorbing, barriers or composite.

Absorbing materials simply absorb noise, and may come in the shape of acoustic foam or
acoustical absorption blankets. These materials are rated with an NRC number (Noise Re-
duction Coefficient), where higher rated materials provide better absorption (Noise Control
Specialist).

Barrier’s, or noise barriers, sole purpose are to prevent noise transmission from one zone
to another. Examples of noise barriers are acoustical Barrier Blankets or ceiling barriers.
Noise barriers are, similarly to absorbing materials, rated with an STC number (Sound
Transmission Classification), where higher numbers indicate more efficient noise barriers
(Noise Control Specialist).

Composite materials are basically a combination of absorbing materials and noise barri-
ers, providing the qualities of both. These are therefore rated with both an NRC and STC
number (Noise Control Specialist).

The second step in noise reduction is a matter of shroud design. A quick search on Google
Images for drone shrouds yield numerous pictures of similarly shaped shrouds. They stay
fairly narrow at the bottom, but opens up at the top. The basic idea behind this is to direct
any noise that is not absorbed in the material upwards, limiting the amount of noise that
reach humans on the ground. In an indoor environment this means that the ceiling must
have noise absorbing qualities.

By combining well suited, noise reducing materials and well designed shrouds, Dotterel
Technologies have achieved a 6 dB noise reduction, with hopes of later doubling the expe-
rienced distance, sound wise, between you and the drone (The Revolutionaries, 2016).
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2.3 Propeller air flow

2.2.3 Thrust increasing shrouds

Much like with noise reduction the increase of thrust lays in the shape of the shroud.
There is, however, no need to guide the thrust downward, as this is already forced by the
propeller, but rather concentrate it. Much of the concept can be explained with the basic
equation for flow rate, Q (m?/s), in equation (2.2):

Q=Axv 2.2)

where A (m?) is the area the air flows through and v (m/s) is the velocity of the air.

A rotating propeller moves air at a certain flow rate, pushing it into the area beneath the
propeller. With no shrouds present this area is in theory more or less “infinite”, but in
practice just large, or a little larger than the working area of the propellers. Rearranging
equation (2.2) to determine v, it becomes apparent that a large A” will produce a ”small
v”. As one can experience simply by blowing on your hand, ”small v’ equals ”small
force”.

With the help of shrouds the area beneath the propellers can be reduced and constricted,
giving a larger velocity, and, thus, more thrust without increasing the flow rate. It is not
unrealistic to expect a 50% increase in thrust with the use of shrouds (Hrishikeshavan
and Chopra, 2012). It must, however, be noted that shrouds are normally fairly large
and dominant components that increase drone weight, and so the gained thrust must be
weighed up against increased drone weight.

2.3 Propeller air flow

A part of the project involves exploring the use of air ducts taking in air flow generated
by the propellers and exiting it into a sensor chamber, as further explained in chapter 5. It
was therefore useful to study the air flow generated by the rotating propellers.

In basic terms, a propeller takes air from above and accelerates it in order to generate
thrust. The thrust generated will depend on several qualities in the propeller and motor, but
an approximation can be found with base in the momentum theory as shown by equation
(2.3)(Hepperle, 1997)

A
Tm:%*DQ*(v—&—TU)*p*AU (2.3)

where D is the propeller diameter (), v the velocity of incoming flow (m/s), Av the
additional velocity created by the propeller (m/s) and p the density of the fluid (kg/m?).
To solve the equation for Av one can write the equation out to become a second order
equation, shown below in equation (2.4)

8T,
2 . m
1 Avi 4 2v Av 2.4)

wD2p -
a b ——

C
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Solving for Av
—b+Vb? —dac —2vE \/41}2 - 4(_%3}) B —20 42 /v? + %”é‘p
2a 2 2 2.5)
8T,
= - 2 m == A
v+ /v + xD2p v

Note that the ”+” is simplified to a "+ as the direction of thrust and Av are defined as
the same, and an increase in thrust should always increase Awv.

If the drone is just hovering and there is no incoming air, then v in equation (2.5) is set
equal to zero. This yields a simpler equation for Av, equation (2.6)

8Tm

Av = —-
v wD2p

2.6)

In this case, the thrust generated by each motor in a quadcopter is given by Newton’s
second law of motion, equation (2.7)

T, = — *a 2.7

where my is the mass of the drone (kg), “3¢ is the drone mass carried by each motor
individually (assuming weight evenly distributed to all motors) and a is the acceleration.

One may also give the thrust in terms of TWR with a re-arranged equation (2.1)

T = TW R« Wy/4 2.8)

The equations described above suggest that the air velocity is uniformly distributed across
the full area underneath the propellers. This is, however, not the case. There are numerous
examples of propeller simulations available online, such as in one report on Reverse En-
gineering and CFD analysis on propeller (Uthira Kumar et al., 2017). This study had the
luxury of scanning a propeller to create a 3D-model of it, before simulating the air flow
for a given rotational speed of the propeller. Simulation results, shown in figure 2.1, show
fairly large variations in air velocity in the area underneath the propeller (red ~ 10 m/s,
green ~ 6 m/s).

12
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Figure 2.1: Air flow simulation of a 3D-scanned propeller (Uthira Kumar et al., 2017)

The simulation, using a 9 inch (228.6 mm) propeller rotating at 5000 rpm, found a
maximum air velocity of 10.618 m/s and a maximum thrust of 2.029 N. By inserting the
thrust results and the propeller diameter into equation (2.6), one might be able approximate
which colour coded section of the air flow this equation gives the velocity for.

8 % 2.020N
Av = = 8.98 2.9
v \/WDQ \/ (0.2286m)2 = 1.225kg/m? m/s @9)

According to the simulation results this equals the velocity in the border of the yel-
low/orange region. Closer to the outer ends of the propeller radius the velocity will there-
fore be less than this. The same goes for the air located further down the air stream. If one
is interested in, for example, the green area (air velocity ~ 6 m/s), one could discount the
calculated air velocity with a discount factor (DF) of approximately 67";5 = 0.67. Note
that these numbers are very approximated, and not as reliable as a proper simulation or
experimental approach. The effects of shrouds, propeller shape or other factors have not
been taken into account. It is, however, clear from the simulation results that air velocity
vary underneath the propeller, and that anything near the edge of the propeller radius will
not experience the full velocity of the generated air flow. It even seems likely that this
velocity is less than what is calculated using equation (2.6).

2.4 Power consumption

Calculating power consumption can help estimate expected flight time, and there are sev-
eral ways of approaching this problem.

13
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The mechanical output power, i.e. the power that keeps the drone flying, is equal to
battery power input, minus losses, and may be described as following:

Pmech, = Pel - PEMF - Piron - Pcopper

where P,; = battery input power, Pgjsr = back EMF (back electromotive force) losses,
Piron, = motor iron losses and Fppe = motor copper losses.

The relation between motor power and input power, i.e. the motor efficiency, is given by
equation (2.10):

Pmech
'motor = 2.10
Nmot P (2.10)
For a given motor efficiency electrical input power is given by
Pmec
P = Ny "% = Voo Iin 2.11)
Timotor

with N, being the number of motors, V,,,,, the rated nominal battery voltage and I,
battery current output.
And total current consumption:

Iip = —< (2.12)

In other words, knowing P,,ecn, and 7,0t0,- 1S enough to estimate P,; and, hence, flight
time for a given battery. While 7,,,¢,» may be available from the supplier, P,,¢.r, should
be calculated.

2.4.1 Method 1

One way of calculating P,,..;, has already been partially derived when finding Awv.
Assuming no incoming air, the air velocity, v,;-, equals O ’far’ above the propeller, accel-
erated to Av/2 at the propeller, and fully accelerated to Av underneath. The mechanical
power, or work, at the propeller generating a thrust 7}, then becomes

A
Pmech:F*d/t:TmT’U (2.13)

The method takes drone mass, propeller diameter and air density into account, but fails
to include other factors, such as propeller pitch, number of blades, several efficiencies
and more. It may, however, be sufficient for a rough and simple estimate of the power
consumption in a drone at a hovering point, with just a few basic parameters at hand. With
P, ccn determined, the power consumption can be estimated for N,,, motors with a given
efficiency (assuming the motors operate at a constant efficiency). It is, however, normal
that batteries do not drain a full 100%, but rather around 80%, and so this needs to be taken
into account. Estimated flight time, T'¢;;45,¢, in minutes then becomes:

0.8 x Battery capacity(Ah) * Viom

Tr1ight(s) = P (W)

* 60 (2.14)
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2.4 Power consumption

Note that the method is only valid for drones at hover, i.e. a TWR of 1.

2.4.2 Method 2

Another method of estimating flight time is by looking at a known motor efficiency in
terms of grams lifted per watt consumed, 7, y-. Power consumption is then given as

p, = 2.15)
Ng/w

while current consumption and flight time is found using equations (2.12) and (2.14), re-
spectively.

The advantage of this method is that it ’passively’ incorporates any losses in the motor
as well as propeller parameters. On the downside it requires a physical thrust test of the
motor. The results are then valid for the parameters of the propeller(s) tested.

A comparison between the two methods for a range of drone masses are shown, as an
example, in figure 2.2.
Parameters used are the following:

Viom = 11.1 V (3S LiPo, more information in chapter 4)

Battery capacity = 0.5 Ah

D =2.5” (0.0635 m)

p = 1.225 kg/m3

Nmotor = 0.5 (set low to compensate for the lack of data on losses in the motor)

°
&
E
I
%)
i)
2
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Power consumption vs. weight
T T T T T
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Figure 2.2: Comparison plots of the two methods. M1, M2 = Method 1, 2

The two methods are not really comparable at this point as some random values have been
chosen. In this case, however, one can observe a more pessimistic flight time from the
second method, while the first method has a steeper decline with increased weight.

2.5 Flow in air ducts

As previously mentioned, it is desirable to explore the use of air ducts to guide air from the
propellers to a sensor chamber. The basic working of the ducts is that air enters the inlet
with area A; (m?) at velocity vy (m/s) and flow rate Q (m?/s), with the relation earlier
described in equation (2.2). The air flows through the duct at the same flow rate, but exits
at the outlet of area Ao, into the chamber, at velocity vs.
An expression for v, can then be derived with base in equation (2.2), as shown in equation
(2.16)
Ay

Q:Al*vleg*vgﬁvng—Q*vl (2.16)
The inlet and outlet areas, A; and A,, respectively, are a matter of design. The inlet
velocity may be assumed to be the same as the air velocity generated by the propellers, plus
any additional incoming air, as described in equation (2.5) and (2.6), but with a discount
factor DF.
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Combining equations (2.6) and (2.16) (where Av = v7), with the discount factor, gives a
general equation, equation (2.17), for the velocity of the air entering the sensor chamber,

as well as the flow rate.
Ay | 8T,
= —xDF{/ —— 2.17
V2 A2 * 7'('D2p ( a)

8T,

=A1*DF{| —
Q 1% 7D%p

— Ay * vy (2.17b)

Note that this equation assumes no additional incoming air, which may be considered a
reasonable assumption and simplification for a drone hovering or flying at low speed in
surroundings with still standing air. For a moving drone with incoming air equation (2.5)
is used instead of (2.6).

2.6 Drone equations of motion

While many drone hobbyists tune their drone with an experimental approach, a math-
ematically designed PID regulator may speed up the process of getting the ideal drone
behaviour. This require equations of motion for the drone, as well as an understanding of
how a PID regulator works.

2.6.1 PID regulator

A basic system with a PID controller is seen in figure 2.3, with a detailed block diagram
of the PID regulator itself at the bottom. In the figure, r(z) is the desired state command,
e(t) the error, or difference, between desired state and actual state of the system, u(t) the
PID regulated plant input command and y(¢) the actual, or measured, state of the system.
u(t) is given by equation (2.18) below:

t
u(t) = Kpe(t) + K; / e(r)dr + Kd%e(t) (2.18)
0

Using Laplace transformation to find the transfer function of the PID regulator:

L{u(s)} = L{Kpe(t) + Ki/e(t)dt + Kd%e(t)}
u(s) _ Kus® + Kps + K;

e(s) s

(2.19)
_>

where e(s) = r(s) — y(s).
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r(t) e(t) u(t) y(t)
PID » Plant

Y

¥

Kp-e(t)

u(t)

Kife(t)

v

h A

Kd*e'(t)

Figure 2.3: PID regulated system

2.6.2 Equations of motion

Now that one has the transfer function for the PID regulator derived the same is necessary
for the plant (drone). Step one is finding its equations of motion. This process involves
a number of steps, but the equations can be found readily derived online. As there is no
focus on designing the system from scratch not all parts of the process in getting to the
equations will be thoroughly detailed.

The motors are what move and rotate the drone, and therefore a good starting point in
modelling its dynamics. We here assume a quad-copter in an X-configuration, with x, y
and z axes and motor directions as shown in figure 2.4

18



2.6 Drone equations of motion

CcCw CWwW

CW CCw

Figure 2.4: General layout of drone workings

Thrust (vertical movement), roll (¢, rotation about the x-axis) pitch (, rotation about
the y-axis) and yaw (%), rotation about the z-axis) is created by increasing and reducing
power to the right combination of motors. Assuming positive motor force is upward, thrust
(F) and torques (7) according to above mentioned motions are given by the following
equations:

Fpr = Fuyn + Fyo + Fus + Fua (2.20a)
7o = U(=Fyr — Faz + Fus + Faa) (2.20b)
7o = U(Fuy1 — Fue — Fus + Fua) (2.20c)
Ty = U(=Fy + Fuz — Fas + Fua) (2.20d)

The [ is the length between the motors and the centre of gravity (CoG), as this is the point
the drone will rotate about (Torque(Nm) = Force(N) * length(m)). Note that the
above equations assume equal distance to the CoG for all motors.

Equation (2.20a) is fairly self explanatory, as it describes a simultaneously generated bal-
anced lift on all four corners of the drone. Equations (2.20b) and (2.20c) describe an
imbalance about the x- and y-axes, respectively, ultimately tilting the drone to either roll
or pitch. Equation (2.20d) manages to avoid imbalance about the x- and y-axis, as well
as maintaining the sum of upward thrust at zero (to avoid vertical movement), and rather
rotates about the z-axis.

Further on, we define a earth-fixed frame and a body-fixed frame. The earth-fixed frame
is locked from drone rotation and movement with constant direction of the axes, while the
body-fixed frame follows the rotation and movements of the drone. An illustration can be
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seen in figure 2.5.

Body-fixed frame

Earth-fixed frame

Figure 2.5: Illustration of an earth-fixed frame and body-fixed frame

Some body-fixed frame definitions are given below (Charlie, 2017):

U
vl= v
w
Linear velocity (2.21a)
p| [¢
w=|q|l =186
rl
Angular velocity (2.21b)

In addition, the following is used to describe the forces and moment acting on the drone
(Charlie, 2017):

Fy

Force = | F, (2.22a)
F.
T

Moment = | 7y (2.22b)
Ty

The derivation of equations of motion heavily relies on Newton’s second law of motion.
While many are familiar with the linear version of this, the angular version is less familiar.
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Both are given in equation (2.23) (Charlie, 2017).

F = ma (2.23a)
M = IQ (2.23b)

Here, F is the force vector (2.22a), m the mass of the drone, a the acceleration vector, M
the moment vector (2.22b), I the inertia matrix of the drone and €2 the angular acceleration.
The inertia matrix can, assuming a perfectly symmetric drone, be given as (Charlie, 2017):

Ly 0 0
I-=|0 I, O
0 0 L.

The gravitational forces acting on the drone in the earth-fixed frame is simply given as
below (positive direction down)

0
Fo, = | 0
mg

with superscript e indicating it is defined in the earth-fixed frame. To translate this to
the body-fixed frame the Euler angle transformation matrix, Cg, is used (Charlie, 2017).
Subscript and superscript, e and b, respectively, indicate translation from the earth-fixed to
the body-fixed frame.
F) = ClF;, =
cosBcosip cosfsiny —sind 0]
—cosfsiny + singsinfcosy  cospcosy + singpsinfsiny  singcost 0
singsiny + cospsinfcosy)  —singcosy + cospsinfsiny  cospcosd | | myg |
—mgsin(6)
= |mgsin(¢)cos(6)
mgcos(¢)cos(0)

In addition to gravitational forces, the force from the propellers will act on the drone.
These were given in equation (2.20a) as a scalar, and are already in the body-fixed frame.
In vector form propeller force is given as F = [0 0 F,1 + Fro + Fons + Fm4]T. Applying
Newton’s second law of motion:

— b _ . b
ZF—ma%Fgr—Fpr—mve

—mgsin(0) (2.24)
- mgsin(o)cos(d) = m\'lg

mgcos(p)cos(0) = iy Fi
\'/2 is found based on Coriolis theorem (Charlie, 2017):
v

b=+l xvh (2.25)

e e
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where d;g x is simply a skew-symmetric cross-product matrix (Charlie, 2017):
p 0 —-r q
d;zx =|q| =|r 0 -—p
Tl —q p O
Inserting to equation (2.25):
al’ 0 —-r g U U+ qw —rv
VZ: vl 4+ | r 0 —p| |v| =|0v+7ru—pw
w q p 0 w w4+ pv — qu
Finally, inserting into equation (2.24):
—mgsin(6) U+ quw —rv
mgsin(¢)cos(0) =m |0+ ru—pw

mgcos(P)cos(6) — Z?:l Foi

w4+ pv — qu

(2.26)

(2.27)

Next, a similar process is repeated for moment acting on the drone, with the assumption

of no external moment. The Coriolis theorem now becomes:

M = I’ + Wb x I°W°

With all components of this equation already described this yields the following:

Té I.. O 0 P 0 —-r g I.. O
To| =10 I, O gl + | r 0 —p 0 Iy,
T 0 0 IL.| |7 —q p 0 0 0
I.p (L.

= | Lyyq | + | Lax

I,.7 (Lyy

The equations of motion derived from force and moment are, thus, the following:

= —gsin(0) + rv — qw
v = gsin(p)cos(0) + pw — ru

Fpr
w = gcos(p)cos(8) — TZ + qu — pv

b= 7o — (e — Iyy)qr

Iww
_ T — (Iww - Izz)qr

Ly
RO (Lyy — Loa)qr

IZZ

Linearizing around an equilibrium of hovering, with small angle approximations (sin(6)

0
0
IZZ

Lyy)
Izz)
Iww)

p

q
r

qr]
p’f'
pq|

(2.28)

(2.29)

(2.30a)
(2.30b)

(2.30c)

(2.30d)

(2.30e)

(2.30f)

~
~

0, cos(0) ~ 0) and neglecting multiplications of small linear/angular velocities, give the
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linearized equations of motion for altitude and attitude:

w:é’:g—% (2.31a)
. . T

p=¢= I—‘f’ (2.31b)

j=0="10 2.31¢)
Iyy

=)= IT‘” (2.31d)

2.6.3 PID regulator design

Typical drone controllers control elevation rate (w), pitch (¢), roll () and yaw rate (r). In
the case of elevation and yaw it is therefore desirable to design controllers for their respec-
tive rates, rather than angle of rotation or position.

The above equations of motion transformed to the frequency domain using Laplace trans-
formation (initial conditions = 0), with respect to the parameters of desired control, yield
the following transfer functions:

R s (2.32a)
P(s) 1

T¢(s) = .52 (2.32b)
O(s) 1

o) = Tos (2.32¢)
r(is) 1

) = T (2.32d)

2.6.4

For further calculations on the PID regulator design the following is redefined to match
labels in figure 2.3:

° Fp,,.(s) —>uw(s), 'LU(S) —>Yw(s)
o T4(s) =ug(s), B(s) —=ye(s)
e 19(s) —=up(s), 0(s) =yo(s)

o Ty (s) 2uy(s), r(s) =yr(s)
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