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Abstract

This document describes the design process the prototype of a measurement light bulb which is able to
project spherical harmonics of orders 0-1-2. Photographs of these projections can be combined to represent
many light distributions. The measurement light bulb can be used in the field of research focused on the
computation of the illumination impact of lighting, more specifically, simulating different light sources.
Our prototype consists of a laser beam rotating over two axes, which allows the device to project onto a
sphere around itself. The device can be controlled wirelessly using Bluetooth.

The lamp can project spherical harmonics in a resolution of 4° and 256 monochrome light levels. The
time one projection takes is about one second, which allows for quick measurements. The dimensions and
the weight of the lamp are such that it is portable. At this stage, the prototype can only operate in a dark
environment, due to the use of a low powered laser.

In this document, the focus will be on the design of the power distribution, the motors and the construction.






Preface

We would like to wholeheartedly thank everyone involved in this project.

Our supervisors Elmar Eisemann, Markus Billeter and Nestor Salamon for giving excellent guidance during
this project. They were always compassionate to us and brought excellent knowledge to the table. They
also delivered very helpful advice regarding the writing of our theses.

Ioan Lager also receives our gratitude for organising the bachelor graduation project and keeping things on
track.

Another person we would like to thank is Jianning Dong, who gave us advice regarding motors and their
corresponding controllers.

We would also like to thank the Intelligent Systems Department for letting us use their cluster computer,
which allowed us to run a heavy optimisation algorithm for pattern calculations, and letting us use their 3D
printer, which allowed us to easily produce custom parts.

Lastly we would like to thank Martin Schumacher for being supportive of our project and his dedication to
make sure all our components were delivered in time.






Contents

I__Intreduction|

1.1 Prerequisite knowledge about spherical harmonics|. . . . . . .. .. ... ... ... ...

|1.3  Problem definition and challenges beyond previous work] . . . . .. ... ... ... ...
|I1.4  Criteria for the prototypel . . . . . . . . . . . e
I1.5 Projectdynamics| . . . . . . . . . e e e

. ystem breakdown| . . . . ..o oL oL Lo L e

[3  Requirements for the system|

3.1 Assumptions on the system and its environment| . . . . . . . .. .. ...

3.2 System requirements| . . . . . . ... L. o e e e e e e e e e e e e e e e
4__Construction|

4.1 Requirements for the construction] . . . . . . . .. ... L L oL

1D |m§!ementat10n of tEe construct10§| ..............................
EZ | Earts of tEe 1m§!emente§ construcnoﬁ] ........................

) Eullamg rnater1al| ...................................
B3 Results and discussion of the consfruction] . . . . . . . . .. ... ... ... ... ...
5 Motors|
5.1 Electricmotortheory| . . . . . . ... .. .
5.2 PIDcontrol theory| . . . . . . . . . . . . e e
5.3 Projectionmethod|. . . . . . . .. ...
[3.-417 Requirements for MOtor M| . . . . . . . . . o v it e
[3.42 Tmplementationof Motor M| . . . . . . . . . .. ... ...
(.43 Results and discussion of Motor M| . . . . .. ...................
BSMOIOrBl .« o o o oo e e
5.5.1 RequirementsforMotorB| . . . . ... ... o o o L
(32 Tmplementation of Motor B] . . . . ... ... ..., ... ... ... ...
‘ esults and discussion of MOtOr Bl . . . . .« o v v v e e
6 Power distribution|
[6.1 Power convertertheory| . . . .. ... ... .. oo
[6TT Tinearregulator]. . . . . . ... ... ... ....... ... ..........
6.1.2 Switching regulator (Buck converter)] . . . . . . . . . . . oo it
6.2 Requirements for the power supply|. . . . . . . . .. .. oo Lo
6.3 Implementation of the power supply| . . . . . . . .. ... o oo Lo

16.3.1 Topology of the power supply| . . . . . ... .. .. ... ..

W LW W NN — -

W

~J



vi CONTENTS
[6.3.2 Subsystems of the powersupply| . . . . . . ... ... ... oL, 28

6.4 Results and discussion| . . . . . . . ... 31

(7 Prototype implementation and validation results| 33
[7.1 _Fabrication of the prototype|. . . . . . ... ... ... ... ... .. ... L 33
[72 Results of complete System tests] . . . . . . . . . o vt 34
) . F Its 35
9 Conclusion and future workl| 37
0.1 Conclusionl . . . . . . . . 37
02 Futureworkl . . . . . . . 37

| Appendices| 43
[A Design choice| 43
A.1 Designoptions| . .. ... ... ... .. 43
A2 DesignChoiCE] . . . . . . . . o 44
[B~Motor M parameter estimation and PID tuning| 45
[B.1__Parameter estimationl . . . . . . . . . . . ... e 45

B PID =1 45
[C_Fusion 360 sketches| 47
[D_STip ring measurement] 57
D SCLUD| + o v e e e e e e e e e e e e e e e e e e e e e e e e e 57

D S 57
D2T ReSUllS . . . o oo ot e e 58

D.2.2 Conclusionl . . . . . . . . . . e 58
[EComponent selection for 7.2 V converter] 59




Chapter 1: Introduction

Almost nothing is as much part of our everyday life as light. It is therefore no surprise that light can have a
large impact on us: correct lighting can set the right mood and is thus also an important element in interior
design. Designing a room requires knowledge of how the room is to be lit, what it is going to look like
and how this influences the people inside. Simulating lighting plays a big part in this. Computer programs
have been developed specifically for this purpose. However, simulating light, either from a lamp or from
the sun, turns out to be hard, since the way it spreads across a room depends on a large number of factors,
a lot of which are unknown. Due to this, computer simulation is very costly and difficult to control. This is
where our project comes in.

Instead of simulating lamps via computer programs, we opt for a simulation with a physical measure-
ment light bulb. This measurement light bulb has been built to project a finite set of special light patterns:
spherical harmonics (SHs), which can be combined to represent many light distributions.

The principle is to capture the device’s illumination impact from a given point in the room with the
aid of a camera. The photos, resulting from capturing several spherical harmonics projections from the
measurement light bulb, can be combined in a post-process to yield the result that would have been obtained
by a different light source placed at the same location. For any light source, a specific combination of
SHs coefficients exist so that their weighted linear combination yields an approximation of the light’s
emission pattern. In consequence, by combining the photos using the same coefficients, we can predict the
illumination of the given light source. The resulting technique is a lot more efficient than simulating all
reflections of the room.

When the light bulb is able to project high resolution SHs and the reflectance properties can be captured,
many sorts of light sources could be simulated. Hereby, our work can become a useful tool for interior
designers to simulate lighting in a room, or even an entire building. It is possible to have a preview of the
results of lamp arrangements without physically installing these. Hereby, the user saves a lot of time and
as the capture is only performed once, it enables the exploration of many design options in a post-process.

In this chapter, some prerequisite knowledge about spherical harmonics will first be discussed. This
is followed by a brief overview of some related work. After this, the problem definition is laid out. Next
come the criteria for the prototype, an overview of the project dynamics and lastly an outline of the entire
thesis.

1.1 Prerequisite knowledge about spherical harmonics

As indicated in the introduction, the idea of our solution is to approximate the light emission pattern
of a light source using spherical harmonics and rely on our measurement light bulb to actually emit the
spherical harmonics pattern into the scene. In order to provide a better understanding, we will first briefly
revisit spherical harmonics.

Spherical harmonics are a set of orthogonal basis functions over a sphere. In principle, they can be
thought of as the equivalent of a Fourier basis on a spherical surface. In consequence, they can be used
to represent various spherical functions by projecting the function into their spherical harmonics basis.
The higher the order of the basis, the more accurate the representation of the function becomes (similar to
adding frequencies for the Fourier case).

The general equation for complex spherical harmonics is given in However, since com-
plex light cannot be projected, they are transformed to form a real basis.
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In 1 is the order and m is the index of the spherical harmonic function Y, N is the
normalisation constant and P is the Legendre polynomial. ¢ is the longitude and 6 the colatitude of the

sphere as can be seen in[Figure 2.2}

In our work, we will focus on a lower dimensional SH space up to order two (as illustrated in
[ure T.T). In the future, higher order representations could be added, but it has been shown that the first
three bands can be used to make very accurate representations [Ramamoorthi and Hanrahan, 2001]).

Figure 1.1: The first three order of spherical harmonics. 1 indicates the order, m the index. Source: [Luger,

2018

1.2 Related work

The goal of illuminating an environment in a post-process instead of actively setting up lights has received
much interest in the past from the vision and graphics community but none focused on building a portable
device to support the simulation of arbitrary emission patterns.

For omnidirectional light sources, an algorithm exists, which served as the inspiration for our work. In
this case, a lamp is used to sweep the environment, while recording a video. The captured imagery can
then be used to relight the scene [[Salamon et al., 2017].

Multiple projects study the interaction of light and objects by projecting light from a fixed measurement
setup around the object [Debevec et al, 2000; [Hawkins et al.}, 2001} [Levoy et al., 2000; [Tunwattanapong]
2013]. A big disadvantage is that most of these projects require large constructions that are hard to
bring to different locations and cannot be used to project outwards into an entire room.

Until now only a couple of projects exist that direct light patterns outward into an entire room. Most of
these projects are about screens to be looked at. These screens can take the form of a sphere, or a spinning
ring of LEDs that creates an image through persistence of vision (POV) [GreatScott!, 2017; [Groenendijk,
[2018}, [Yamada et al., 2017]. While it might seem possible to use such screens as a light source and emit
patterns into the room, their light is diffuse and thus does not allow us to derive a clear projection of the
displayed pattern to the surroundings.

1.3 Problem definition and challenges beyond previous work

For this project, the aim is to make a portable setup that projects spherical harmonics outward, making it
possible to cover an entire room as opposed to just objects. This project differs from the ones in[Section 1.2]
Firstly, we need an outward projection instead of an inward projection. Secondly, a certain resolution is
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required in order to be able to project spherical harmonics, even at varying distances, since not every wall
has the same distance to the measurement light bulb.

1.4 Criteria for the prototype

The main criterion for the prototype is that it needs to be able to project spherical harmonics at such an
intensity and resolution that the impact of the illumination can be captured by a camera. The photos of
these projections can then be used to accurately simulate any light source. This process should be easy
and relatively fast, allowing the user to intuitively use this device to simulate lighting options for the room.
Another criterion is that the device should be safe to use, portable and cheap, allowing research groups to
build one and easily test it out themselves.

1.5 Project dynamics

The project proposer is the Computer Graphics and Visualization (CGV) group, thus the prototype is to be
delivered to them. The bachelor graduation project is executed in a group of six people, that is divided into
three subgroups of two people. Each subgroup is responsible for a specific part of the project and hands in
a corresponding thesis. The distribution of the subgroups is as follows:

* Rob Damsteegt & Jippe van Dunné — control, communication and PCB design
* Sebastian Jordan & Ids van der Werf — power distribution, motors and construction

* Bob van Nifterik & Jurgen Wervers — light sources, the corresponding drivers and camera synchro-
nisation

All of these three theses will cover the project globally and their own subsystems in more depth. The
thesis outline given in the next section is therefore specific to this thesis.

1.6 Thesis outline

The next chapters are structured as follows. First, we discuss the design in and the programme
of requirements in Then the chapters, specific for our subgroup follow. The construction is
discussed in The motors are discussed in The power distribution is discussed in
Then we will elaborate on the integration of the different parts delivered by each subgroup in
After that we will discuss the functionality of the complete system compared to the programme
of requirements in Finally we will discuss the conclusions, recommendations and future work

of this project in[Chapter 9|
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Chapter 2: Design overview

At first, some different design options were drafted. Of these options, one was chosen. An overview of
these design options and the reasoning behind the choice can be read in

In this chapter, an overview of the final design will be given. First a general overview is given, followed
by a short breakdown of all the subsystems and their placement on the construction.

2.1 Design

A basic overview of the design is given in It consists of
a laser which is aimed at a fast spinning mirror, driven by a motor
(marked "M’). This construction is driven by a motor (marked 'B’),
which rotates slower, such that a small angular step is taken for each
complete rotation of Motor M. This allows the laser beam to turn
over two axes and to project onto a sphere around itself, as depicted B

in In this figure the colatitude is indicated by 6 and the

10ng1tud§ is indicated by ¢. , , . . Figure 2.1: Impression of the mea-

In this process, the las.e.r dravys the spherlcz.ll harmomc§ on the surement light bulb design
walls of the room it is positioned in. Since spherical harmonics con- z
tain positive as well as negative values, but 'negative light’ does not
exist, the positive and negative parts are projected with separate pat-
terns. This can later be compensated for in post-processing.

These projections are captured by a camera, of which the expo- ‘
sure time is controlled to capture an entire projection, so that every y
part of the room is lit once.

This system is controlled by a microcontroller, which regulates @
the rotation speeds for both axes, controls the laser and handles com- .
munication with the user. This controller, together with some other
subsystems, is placed on a printed circuit board (PCB), which is Figure 2.2: Depiction of red
mounted on the moving construction. Power is fed to the system ]aser beam moving over two axes.
through the lower axle using a slip ring. Control signals for Motor B Source: [Tbrahiml|
and the camera are also sent over this slip ring.

2.2 System breakdown

The system consists of seven subsystems which are discussed in this section. The location of the subsystems

in the final design can be seen in

Controller The controller is the one that binds all the subsystems together. It monitors speeds and angles,
reads pattern data and converts it to a drive signal for the laser and controls the motors.

Motor M(irror)  This motor rotates the mirror. Motor M is implemented with a DC motor and a driver to
operate it. The motor as well as its driver are placed upon the moving construction. Attached to the axle of
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this motor is the mirror. The driver has a pulse-width modulation (PWM) signal as input, which dictates the
speed. The speed of this motor is monitored by a Hall effect switch, which gives a pulse on each rotation.

Motor B(ase) This motor is used to rotate the upper part of the construction. Motor B is implemented
with a stepper motor and a driver to operate it. Motor B and its driver are located in the base of the
construction and control signals are transmitted from the controller through the slip ring. This slip ring is
placed upon the lower axle and the stepper motor is moved off axis and connected with a belt. The stepper
motor driver has two inputs, a direction input which determines in which direction it spins and a step input,
which makes the motor rotate a step for each pulse sent to it. The speed and orientation of this motor are
monitored by a Hall effect switch.

Laser The laser and its driver are also placed upon the moving part. The laser is focused on the mirror
using a lens. The laser driver takes a PWM signal as input and produces an accurate drive signal for the
laser.

Bluetooth module The Bluetooth module is for connecting the device to for example a phone, which
allows the user to control it from a distance. It also enables transmission of pattern data from the user
device to the lamp.

Camera The camera is connected to the controller via the slip ring. It is synchronised with the complete
system using the microcontroller to make be able to capture exactly one projection with as little noise as
possible.

Power supply The power supply is partly on-board and off-board. The on-board power supply contains
some voltage regulators, which produce the voltages required for all the different subsystems. This on-
board power supply takes a 12 V DC input supplied from the off-board part.

(Laser) (Motor M)

,[ Hall switch

Laser driver Controller Motor M driver

Power supply

Hall switch

Slip ring Belt

) ——
Camera Power input }—(Motor B driver)—-)(Motor B)

Figure 2.3: Design overview. Circuit boards are depicted by a green frame.



Chapter 3: Requirements for the system

In this chapter, an overview of the requirements of the system is given.

In general, the product should be able to project SHs at a certain light intensity so that the reflections
of the pattern can be captured by a camera. The required camera settings are strongly dependent on the
type of room, e.g. the amount and direction of lighting in the room. Therefore, the assumptions on the
environment in which we aim the product to be working will be specified first. After that, the requirements
for the system in order for it to work in the assumed environment will be stated.

3.1  Assumptions on the system and its environment

To be able to simulate lamps, all different light colours need to be simulated. However, we assume that a
proof of concept of this device can also be given if the measurement light bulb only projects in one colour.
This will not allow for every lamp to be simulated, since only monochromous simulations are possible.

We also assume that the lamp can be tested in a dark environment, in case the lamp is not bright enough
to create visible projections in a lit up room. This allows for a proof of concept even if the light source is
not powerful enough for projections in daylight.

3.2 System requirements

In[Section 1.4] some system criteria for the prototype were specified. In this section, these criteria will be
further specified and quantified. First some definitions will be elaborated, followed by the requirements.

Some definitions that are important for understanding the requirements are given below.

Pattern: This is the projection of one spherical harmonic (SH), of which one or multiple photos can be
taken.

Measurement: This is a complete set of patterns, which together form a complete picture. For example,
one pattern could be an SH of any of the orders that are desired to display. If the first three orders of SHs
are displayed, this means 9 (=143+5) SHs in one measurement. Since all the SHs require a positive and
negative projection (except for order 0), this results in 17 photographs.

The requirements for the system are listed below and in where they are specified in three cate-
gories: must have, should have and could have.

Angular resolution The angular resolution of the projection is defined in degrees. This resolution is the
same for both the longitudinal as the latitudinal direction. These values were chosen based on simulations.
15° allows for the SHs to be distinguished, but for an accurate representation, an angular resolution of at
least 5° is required. A plot for indication can be seen in[Figure 3.1}

Projection time  This is the amount of time one pattern projection takes. It is proportional to the resolu-
tion and inversely proportional to the speed of the motors. It is required that it takes a finite time to project
the pattern correctly, but ideally, this is in the order of a minute or a second.
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¢ ¢ ¢

(a) Angular resolution of 15° (b) Angular resolution of 5° (c) Angular resolution of 2°

Figure 3.1: Three plots of the spherical harmonic function of order 2, index -1 at different angular resolu-
tions

Power Since portability is a criterion, the choice of the power source is important. The most simple
source of power is a regular power outlet, but for more portability, an implementation with a battery would
be more suitable.

Start-up time This is the time required between switching on the device and the start of the first pattern
projection. This involves spinning up the motors, buffering the projection from the memory and synchro-
nising the system. Between pattern projections, the time required for setup is less, because the motors are
kept spinning and only the memory needs to be updated for the next pattern.

Dimensions For better portability, smaller dimensions are preferable. The prototype should fit through
a door, so measurements of any room can be taken.

Phase drift Phase drift is the deviation in average speed of the projection over one of the two axes.
Ideally this average speed deviation would be zero, because then the pattern does not shift over the sphere.
The allowable amount of phase drift is the same for both axes. The values for this are chosen based on the
angular resolution, meaning that they are the same amount of degrees per revolution (divided by two, to
account for the positive and negative direction of the phase drift).

Maximum phase error This is the maximum phase error of the projection caused by vibrations or
instabilities of the system. This means that there can still be a phase error while the phase drift is zero. The
maximum phase error is the same for both axes and has the same bounds as the phase drift.

Colour of the light source To simulate any lamp, the projection should contain all colours. However,
monochromous design can also suffice for a prototype.

SH orders The more SH orders are projected, the more accurate the resulting computer simulations can
be. It is required that at least the SHs up to order two can be projected for simple simulations.

Brightness This involves the power of the light source on the device. The power should at least be high
enough to be able to capture projections in a dark room. However, higher power would allow for capturing
in brighter environments, ideally in daylight.

Light levels The amount of different light levels contributes to the resolution of the projection. The more
light levels, the less quantisation noise occurs in the projection. However, since the camera has 14 bit light
levels, a higher accuracy than this is not visible.
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Camera synchronisation For capturing these projections, synchronisation with the camera is desired.
This allows the exposure time to contain exactly one pattern projection, which minimises the amount of
captured noise light.

User interface  For controlling the device, a user interface (UI) is required. Any working UI suffices for
the prototype but a graphical UI (GUI) is preferred for a more intuitive experience.

Table 3.1: Overview of complete system requirements

Type Must have Should have Could have
Angular resolution 15° 5° <5°
Projection time “converges” 1 min pattern—! 1spattern—!
Power 230V, 16 A - battery powered
Start-up time <15min <1min <10s
Dimensions Imxlmx1lm “fits through door” 0.4m x 04m x
<0.8m for smallest 0.4m
rib
Phase drift 7.5°rev! 2.5°rev! <2.5°rev!
Maximum phase error 15° 5° <5°
Colour of the light source  monochrome - RGBW
SH order 0-1-2 - higher orders
Brightness Capturable in com- - Visible in daylight
pletely dark room
Light levels 8 (3 bit) 256 (8 bit) 16384 (14 bit)
Camera synchronisation =~ Change settings and Change settings  Everything done by
take pictures manu- manually, use mi- microcontroller
ally crocontroller to take
pictures
User interface working Ul - GUI

Price A requirement that does not have a must/should/could have value is price. However, the goal is to
make this prototype relatively cheap, since that makes it accessible to research groups to reproduce and use
for themselves.

Safety Safety constraints should also be taken into consideration. Some parts of the light bulb may be
moving, which the construction should support. Also, the light bulb needs power. The system that takes
power from the mains should be safe and intuitive to use in order to avoid electric shocks or a short circuit.
A safety system should be included in the design, so that in case of any failure or danger, the system shuts
down by itself.
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Chapter 4: Construction

In this chapter we discuss the details about the construction. We will start by identifying the requirements
for the construction in After this we discuss the implementation of the construction by de-
scribing the different parts in[Section 4.2} and finally we will present and discuss the results of the designed
construction in[Section 4.3

4.1 Requirements for the construction

In this section we discuss the requirements for the construction. The only requirement in that
directly concerns the construction, is the requirement for the dimensions of the system. However, we set
more detailed requirements for the construction, as listed below. These requirements are all of the category
’Must have’ since these must be reached in order to have a working system.

1. The construction should be able to rotate in such a way that the light source can span an entire sphere,
apart from the part that is obstructed by the construction itself. This requires two axes of freedom:
axis M and axis B.

2. Ideally the construction does not obstruct the projection of the light pattern and its reflections. As
the construction has to be somewhere, it will result in some obstruction and our goal is to keep it
minimal.

3. The two motors, one for each axis, should be securely mounted in the construction.

4. The distance between the mirror and the light source should be variable, so that the distance from
the light source to the mirror can be adjusted to match the focal length of the light beam. Further

elaboration is given in[Section 4.

5. The rotating part of the construction should receive power, since Motor M, the laser and the PCB are
on the rotating part of the design, and these need power to operate.

6. Safety constraints should be taken into consideration. The construction must be able to withstand
the stress on its materials while operating, with the speeds mentioned in [Chapter 3]

4.2 Implementation of the construction

In this section we will elaborate on the implementation of the construction. First an overview of the imple-
mentation is given, then parts of the construction will be discussed individually, followed by a discussion
about the building material.

An overview of the implemented construction is given in

4.2.1 Parts of the implemented construction

In this section we will discuss the different parts of the implemented construction. A visualisation of all

the parts is given in Technical drawings of all parts can be found in



12 Construction

= M\ Mirrgy:mount

Stepper
motor axle

Figure 4.1: Photo of the complete construction with annotations of the different parts.

Mirror mount

The mirror mount is the part that is mounted on the axle of Motor M. The angle of the mirror with respect
to the light beam has to be 45°, to ensure that it spans a circle exactly above the point where the mirror and
light beam meet. The second axis can then be aligned through this point in order to let the system span
a sphere. The mirror mount has a hole, designed so that the magnet which is used for the motor control
(discussed in fits in. To prevent oscillations during the rotation, the hole for the motor axis is
exactly aligned with the centre of mass of the mirror mount. A set screw is used to mount the mirror mount
on the motor axle.

Motor M mount

The mount for Motor M should hold this motor in place securely. However, the motor should not be
completely covered to prevent it from getting too hot. For this reason two brackets are used to hold the
motor in place with a large gap between them. The brackets are tightened by two bolts each and these bolts
are countersunk on one side. This motor mount also has a small recess to place a hall effect sensor for
speed feedback.

Laser mount

The laser mount is similar to the motor mount, but it has one bracket that is the full length of the mount.
This way the laser can be placed anywhere, within the length of the bracket, to make sure the distance
of the light source to the mirror coincides with the focal length. When the laser beam is set to a specific
opening angle using a lens, the beam will first converge into a point, called the focal point, and will then
diverge. This is depicted in If this focal point coincides with the mirror, it will seem like all
the light from the system originates from one point. By correctly adjusting this focal point, the quality
of the projection onto the surroundings is improved, since the laser overlap between different parts of the
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Figure 4.2: Schematic depiction of the focal length of the laser, when it is set to an opening angle (). The
laser beam is depicted in red.

projection does not depend on the distance from the device. Once the laser is in place, it is fixed in this
position by tightening six bolts that connect the lower mount and the upper bracket. The laser does not heat
up very much, so the fact that the laser is completely covered does not cause a problem.

PCB plate

The PCB will be placed on a plate below the motor mount and the laser mount. The total length on one
side needs to be longer than the other side, since the laser mount is longer than the motor mount. Because
of this, the PCB plate is asymmetric with respect its axis of rotation. However, there is enough space on the
construction to balance the weight of the system once all components have been mounted. The PCB plate
is also connected to the slip ring and has a hole to feed the wires through that come from the slip ring. The
PCB will be mounted to this plate using PCB spacers. These spacers will also be used between the PCB
and the motor mount and between the PCB plate and the laser mount.

Bearing and slip ring construction

The motor mount, the laser mount and the PCB plate are connected to the top part of the slip ring, which is
the moving part. However, ideally the slip ring should not support the whole construction. For this reason,
a bearing is integrated into the construction, to support the rotating part. An exploded view of the bearing
and slip ring construction is shown in The teeth of the gear part are designed to match the
dimensions of a GT-2 belt, which will be used to rotate the construction. The flange part is designed to
prevent the belt from slipping off the gear part and has a hole for the bearing to fit in.

(a) Base (b) Bearing and slip ring construc-
tion

Figure 4.3: (a) Overview of the base (black) and stepper motor (grey). (b) Exploded view of the bearing
and slip ring construction, from top to bottom: slip ring (black), gear part (grey), flange part (grey) and
bearing (red).

Base

The base consists of a part that supports the bearing from below. This bearing support is located in line
with the stepper motor axle, as can be seen in[Figure 4.3a] The pillars on either side of the bearing support
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are used to mount a magnet, which is used for the motor control of Motor B (discussed in [Section 5.3).
The base also has space to mount the stepper motor, which drives the rotating part with a belt, and a hole
for a belt tensioner. The base is designed in such a way that a box, in which the stepper motor and its
corresponding driver are placed, can be designed and mounted to the bottom of the base.

4.2.2 Building material

To fabricate all the parts described above, a 3D printer is used, more specifically the Ultimaker 2+. The
use of a 3D printer allows us to create custom parts quickly, with great accuracy and at an affordable price.
The material used is Polylactic acid (PLA), this is a common type of 3D printing filament and it is strong
enough for our purposes.

To design our parts we used Fusion 360 by Autodesk [[Autodesk, 2019]. This software is free for stu-
dents and is said to have a quicker learning curve compared to for example SolidWorks [Dassault Systmes
SolidWorks Corp.,[2018]].

To prepare a design to be printed with an Ultimaker, the software programme Cura is used [Ult, 2019].
Cura slices the design into layers that can be printed using an Ultimaker. Cura has a lot of different settings
that can be changed according to what needs to be printed. The choice was made to print everything with
100% infill, meaning there are no hollow parts in the components to save material. The reason everything is
printed with 100% infill is the fact that most components are structural and a large part of the construction
is rotating. Printing with 100% infill ensures the components are strong enough. Another setting that is
used, is the ”support” setting. This setting prints a separate support structure under overhanging parts of a
design, like the countersunk holes for the bolts mentioned in[Section 4.2.1] The layer height that is used on
all of the 3D printed parts is 0.15 mm.

4.3 Results and discussion of the construction

In this section we will discuss the results of the implemented construction and discuss to which extent the
requirements are reached.

For the system requirement on the dimensions of the system, the ’Could have’ requirement is reached.
The construction can rotate withing a box of 0.24m x 0.24m X 0.2 m. Further more, the light source can
span an entire sphere, apart from the part that is obstructed by the construction itself. The construction
obstructs the pattern in the shape of a cone beneath the origin of the light (the mirror) of roughly 90°. The
distance between the mirror and the light source can be adjusted to match the focal length. A slip ring
is integrated into the construction to transfer power to the rotating part of the design. All the parts of the
construction are 3D printed with PLA and are strong enough to withstand the stress during operation. Thus
all the requirements for the construction are met.
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The construction consists of two motors which drive the rotation of the system. First, we will elaborate on
the theory of electric motors and on PID motor control in [Section 5.1| and [Section 5.2| respectively. Then
we will discuss the projection method in [Section 5.3] After that, we will discuss Motor M and Motor B in
detail in respectively [Section 5.4 and [Section 5.5}

5.1 Electric motor theory

In this section we will discuss the different types of motors and briefly elaborate on their properties, with
which we can make a well informed choice for Motor M and Motor B. Some commonly used terms re-
garding electric motors are defined below:

Stator: The ’stator’ is the non-moving part of a motor. The stator is often on the outside of the the rotor.
Rotor: The ’rotor’ is the moving part of the motor. The rotor is connected (directly for non-geared, indi-
rectly for geared motors) to the axis of the motor.

AC/DC: AC stands for Alternating Current and DC stands for Direct Current. Both types of current can be
used to deliver power to the motor. The type determines the topology of the motor.

Three-phase: Three-phase is a method for AC power transportation. Three out of phase currents/voltages
are used to deliver power (instead of one).

Now we will discuss different types of motors and elaborate on their properties.

AC motor An AC motor exploits the force between two rotating magnetic fields. The rotating magnetic
field on the stator is created by three-phase AC currents. Because AC motors have no brushes that wear
over time, they are effectively maintenance free. However, the accurate speed/torque control of AC motors
is rather complex and expensive [Kim} 2017} p.5-6,36].

Brushed DC motor In a DC motor there are two stationary magnetic fields. The magnetic field in the
rotor is kept stationary by the use of brushes and commutators. They make sure the current distribution in
the rotor windings is always the same, even when the rotor is spinning. The main advantage of DC motors
is their simple speed and torque control. This is the result of the fact that the speed is directly proportional
to the applied voltage and the torque is directly proportional to the current. One disadvantage of a DC
motor is the fact that the brushes wear out over time and thus require maintenance to ensure reliability
[Kim, 2017, p.5,36].

Brushless DC motor Brushless DC motors (BLDC) were developed to get similar electrical characteris-
tics as a brushed DC motor, but without the mechanical commutation. BLDCs use electronic commutation
by placing the armature windings on the stator side and the magnets on the rotor side. The control of a
BLDC motor is somewhat similar to the control of an AC motor but (semi) square waves are used instead
of sine waves . The control of a BLDC motor is a bit more complex than that of a brushed DC motor,
but BLDC motors are more reliable. The cost of BLDC motors is usually higher than brushed DC motors
[Kiml| 2017} p.389-391].
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Stepper motor A stepper motor is a brushless DC motor, thus with permanent magnets on its rotor and
electromagnets on its stator. The magnetic fields of the electromagnets are controlled in such a way that
the permanent magnets on the rotor are pushed/pulled to the next ’step’. A stepper motor can thus only be
in a limited amount of positions, called steps. This is different than a *normal’ brushless DC motor that
is designed to have a smooth rotation. A stepper motor is often rated at a certain amount of degrees per
step, which determines the amount of positions (= f}gg;) per rotation. Due to these steps, a stepper motor
is able to rotate to an exact amount of degrees or to rotate with a constant amount of steps per time unit.
In addition to this, stepper motors usually have a high torque rating. The control of a stepper motor is
slightly more complicated than the control of a 'normal’ DC motor because of the specific order in which
the electromagnets are controlled.

At low speeds a stepper motor can become less smooth, because vibrations are introduced after every
taken step. This can be seen as a disadvantage. A solution to this problem is called microstepping. One
step is divided into smaller so called microsteps. This is done by controlling the electromagnets on the
stator with a PWM signal, instead of a DC value. Microstepping divides one rotation in more steps,
thereby smoothing out the motion. However, the smooth rotation comes at a cost, because the torque per
step decreases. The microsteps may not be as accurate as the normal steps, especially when a load is
connected to the shaft of the motor. In addition, the control of a stepper motor becomes more difficult
when microstepping is introduced.

5.2 PID control theory

In this section we will discuss a commonly used control mechanism; the proportional-integral-derivative
control (PID control). Such a control mechanism can be used in a system, with a motor and a form of
feedback, to control the motor speed.

A PID controller stabilises its output value by comparing the output with the desired value, the setpoint,
and adjusting the output accordingly. To calculate the adjustment the error is defined as the difference be-
tween the output value and the setpoint. The mechanism calculates the adjustment using
which consists of three factors, namely the proportional factor (kp), the integral factor (k;) and the deriva-
tive factor (kp). These three factors are multiplied with the instantaneous error, the integral of the error
over time and the derivative of the error over time respectively.

The proportional term reduces the steady-state error, but can not remove it. Further more it decreases
the damping of the system. The addition of an integral term can be used to further reduce the steady-state
error. Contrary to the proportional term, the integral term can, in theory, reduce the steady-state error
to zero. The integral term also decreases the settling time of the step response of the system. Finally a
derivative term can be used to speed up the system. It decreases the settling time and reduces overshoot
[Franklin et al.,[2015} p.196-203].

A(e):k}p~€+k['/€'dt+kp'% (51)

5.3 Projection method

In this section we will give a description of the projection method, to help understand the dependency
between Motor M and Motor B.

There are multiple ways to span a sphere with two axes of rotation. In combination with the subgroup
that focused on the control of the system, we chose a projection method, which will we will describe here.
Motor M will spin faster than Motor B, in such a manner that Motor B makes a step every time Motor
M has finished a complete rotation. For this reason Motor B will be implemented with a stepper motor.
Half a rotation of Motor B will account for one projection. With this implementation, the frequency of
Motor M should be a multiple of the frequency of Motor B to ensure the starting point and the endpoint of
a projection coincide.

From simulations, done by the controller subgroup, it was concluded that in order to achieve enough
accuracy in the projection, the step size of Motor B should be smaller than the required angular resolution.
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The opening angle of the light source is adjusted to be equal to the angular resolution. Therefore a smaller
step size will create overlap in the illumination between rotations of Motor M. Running these simulations
with the step size of Motor B being four times smaller than the angular resolution gave satisfactory results.

5.4 Motor M

In this section we begin with the requirements for Motor M, followed by the implementation and the results
and discussion of this implementation.

5.4.1 Requirements for Motor M

In this section we discuss the requirements on speed, steady-state error of the speed, speed deviation,
start-up time and power consumption for Motor M.

Speed The speed of Motor M, in combination with the speed of Motor B, influences the angular reso-
Iution in longitudinal direction and the projection time of the system, which are both part of the system
requirements, defined in

To meet the system requirements that are set for angular resolution, Motor M needs to spin a specific
amount of times faster than Motor B. The amount of times Motor M needs to spin faster than Motor B can

be calculated by [Equation 5.2] in which the factor 4 accounts for the desired illumination overlap described
in
v 180° - 4
fMoto M 80 (5.2)

fuotorB Angular resolution (°)
To meet the system requirements that are set for the projection time, Motor M should rotate at a minimum
speed. The speed that Motor M needs to rotate at, in order to reach a specific projection time can be
calculated using the following equation:

180° - 4

otorM — N 5.3
Fatoror Tprojection - Angular resolution (°) (-3)

The required speeds for Motor M for different combinations of angular resolution and projection time are

stated in{Table 5.1} These speeds are calculated using [Equation 5.3[(with Tprjection in minutes).

Table 5.1: Required Motor M frequency in order to reach specific system requirements.

Projection time\ Angular resolution ~ 15° 5° <5°

1 1
1

1
1

> 9.6 revmin~
> 144 revmin—
> 8640 rev min—

9.6 revmin~
144 rev min~—
8640 rev min—

15 min 3.2revmin~
1 min 48 rev min~1!

1s 2880 rev min~1!

1 1

Steady-state error of the speed The steady state error of the motor speed is the difference between
the stable speed the motor reaches and the setpoint of the motor speed. The requirements on this parameter
are based on the system requirements on phase drift, more specifically in latitudinal direction, stated in
The phase drift requirements are given in degrees. These requirements are converted from
degrees to percentages by multiplying the degrees by 100% = These percentages represent the allowed

360°
steady-state speed error and are shown in[Table 5.2

Speed deviation Speed deviation is the deviation in speed, with respect to the average speed, once the
motor has reached a stable frequency. The requirement on maximum speed deviation is defined by the
system requirement on maximum phase error, more specifically in latitudinal direction, which is stated in

For the requirement for the speed deviation of Motor M, stated in the numbers from

the system requirements are converted from degrees to percentages by multiplying the degrees by 15)80(?.
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Table 5.2: Maximum steady-state speed error allowed in order to meet the system requirement on phase
drift.

Type Must have  Should have  Could have
Phase drift 7.5° 2.5° < 2.5°
Maximum percentage of steady-state error  2.08 % 0.69 % < 0.69%

Table 5.3: Maximum percentage of speed deviation allowed, in order to meet the phase drift requirement
in colatitudinal direction.

Type Must have  Should have  Could have
Angular resolution 15° 9° <95°
Maximum speed deviation  4.17 % 1.39% < 1.39%

Start-up time The start-up time of Motor M is the time it takes for Motor M to reach its steady state.
After the start-up time, the maximum speed deviations should be less than 1 %. This requirement is defined
by the system requirement on the start-up time, stated in|[Chapter 3] The requirements on the start-up time
for Motor M are stated in

Table 5.4: Requirements on the start-up time for Motor M

Type Must have  Should have Could have

Start-up time < 15min < 1min < 10s

Power consumption Finally there is a requirement on power consumption. This requirement equals the
output of the mains (230 V - 16 A). Although this requirement is for the entire system, it is expected that
Motor M will consume around 30% of the total power of the system.

To get an indication of the maximum power this motor could use, when the whole system is battery
powered, we looked at the typical power ratings of mobile phone charging batteries. These batteries are
readily available and can usually deliver around 50 Wlﬂ This means Motor M could consume 50 W h -
30 % = 15 W h. In other words Motor M could run for one hour at 15 W, which is more than enough time
to finish a series of measurements. An overview of the requirements concerning power can be found in

Table 5.5: Requirements on the power for Motor M

Type  Must have Should have  Could have
Power < 230V, 16 A (mains) - 15W

5.4.2 Implementation of Motor M

In this section we will elaborate on the implementation of Motor M. First the choice concerning the type
of motor will be discussed, then a description of the corresponding motor driver and the motor control will
follow.

IThe ”Anker PowerCore 10 000 mA h” was used as a benchmark.
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Choice of the motor type

For Motor M, a brushed DC motor was chosen, due to its simple speed and torque control. The wear of the
brushes within the motor should not pose any problems, because it will not be operating for large amounts
of time continuously. A brushless DC motor would probably last longer, but this does not result in an
overall advantage, because the price of a brushless motor is usually higher than that of a brushed motor.

The chosen motor is an RS PRO DC motor’ of 19.68 W and is rated at 19 000 rev min—?!, 3.3—7.2V,
4.41 A (at maximum efficiency) [MFA]. The specifications of this motor meet the requirements for Motor
M. This is validated with measurements, discussed in|Section 5.4.3

Motor driver

In order to drive the motor at the desired speed, a PWM signal of 1.4 kHz, coming from the microcontroller
(STM32F401RE) is used. Although the DC motor should, in theory, be controlled with a constant DC
voltage, the motor has no problems with a PWM signal, as long as the modulation frequency of the signal
is high enough. It was found that a PWM frequency of 1.4 kHz was sufficient. By changing the duty cycle
of the PWM, the average voltage will change and thus the speed of the motor will change. However, the
microcontroller generates a PWM signal with an amplitude of 3.3 V, but the RS PRO DC motor is rated at
7.2V (max). For this reason a motor driver is needed, that converts a 3.3 V PWM signal into a 7.2V PWM
signal.

Topology of the motor driver The circuit of the

motor driver that is designed for this project, is e Power decoupling
shown in|Figure 5.1] This circuit increases the am- \ w72V

plitude of the PWM signal. It consists of two in-
verting transistor stages. When the PWM signal
at the input is high, the NPN transistor is open,
thereby pulling the gate of the PMOS transistor
down (to ground). In this situation Vg is nega-
tive and the PMOS transistor is conducting. Thus,
when the input of the driver is high, at 3.3V, the
output of the driver is also high, but at 7.2 V. When oND
the input PWM signal is low, the NPN transistor
is closed and the gate of the PMOS transistor is
pulled up (to 7.2V). In this situation the Vg is
(close to) 0 V and the PMOS transistor is not conducting. Thus when the input of the driver is low, 0 V, the
output of the driver is also low, 0 V. To protect the motor driver from voltage spikes or any voltage ripple
coming from the power supply, a decoupling capacitor is used.

I 470u

M

Q2

-

> IRF9530 GND
N

MotorOut+

§ NRVHP220SFT3G

1

Figure 5.1: Motor drive circuit

Simulation of the motor driver The functionality of the motor drive circuit was checked
with a simulation in LTspice [Linl [1999]]. First, the circuit was simulated with a purely resistive load, this
resulted in the operation that was expected; the circuit increases the amplitude of the input signal without
changing any other parameters. Then the circuit was simulated with a resistor and inductor as load, which
is a simple model for the DC motor. The resistor is taken 22 and the inductor 87.7 uH, to match the
characteristics of the chosen motor. The input signal is a PWM signal with a duty cycle of 90 %. The
result of this simulation is shown in [Figure 5.2] In this simulation the circuit also shows the right response;
it increases the amplitude of the input signal. When the input is high (3.3 V), the output goes to 6.29V,
instead of 7.2V, and 3.14 A. This voltage difference is due to the voltage drop over the PMOS transistor.
The voltage drop will result in a small decrease of maximum speed of the motor, which is not a problem
since the motor will never operate on its maximum speed, 19 000 revs™?.

To determine the right component values, results of the same simulation were used. The RMS current
and the peak current flowing through all the components were measured. The results of this simulation can

be found in
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Table 5.6: Overview of currents flowing through the components of the motor drive circuit (Figure 5.1)),
with a 90 % duty cycle PWM input signal

Component RMS current (A) Peak current (A)

Ry 1.61 x 1074 2.62 x 1074
Rs 5.98 x 1074 7.18 x 1074
Q1 5.30 x 1073 1.95 x 1072
Q- 2.19 3.14
D, 5.93 x 107! 2.34
8 Motor driver output voltage 35 Motor driver output current
s\ " | 3 ‘J’, \ J‘f \‘ / \‘ /
s e
4 I M I g 2 I I I
g2 ‘ 3 | I ‘ I
5 ‘ ‘ 515 | ‘\\‘ \Hw “‘
s’ 3 | | !
2 ’ / 05
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Time (s) %107 Time (s) %107

Figure 5.2: Motor driver output voltage and current, with a 90 % duty cycle PWM input signal.

Component choice of the motor driver The first stage could be implemented with different types
of transistors, but a simple NPN transistor suffices. This is because only small currents, of maximally
19.5mA, will flow through the device. The second stage needs a transistor capable of conducting a lot of
current, since this is the stage that drives the motor. The simulation shows a 2.19 A RMS and 3.14 A peak
value. For this reason a P-channel power MOSFET is needed. The two resistors, 21 and Ro, should have
a value high enough to prevent high currents to flow through the NPN transistor. If a resistance of 10 k{2
is used, an RMS current of only 0.161 mA and 0.598 mA will flow through respectively R; and Rs. A
general NPN transistor should be able to handle currents in the order of mA. The diode is used as flyback
diode to protect the motor driver from back EMF current coming from the motor, due to the inductive
behaviour of the windings. Therefore, the diode should be able to handle high currents. The simulation
shows an RMS current of 593 mA and a peak current of 2.34 A.

All the components should handle the discussed voltages and currents. The exact components that were

used for this project can be found in[Figure 5.1]

Motor control

As already mentioned, the motor is controlled by a PWM signal coming from the microcontroller. The
speed of the motor can be controlled with the duty cycle. However, when a PWM signal with a constant
duty cycle is applied, the motor axis does not rotate with a constant speed, due to imperfections in the
motor and due to influences from the environment. To ensure the speed stability of Motor M, a motor
control system is required.

The motor control system is implemented with a single feedback loop. The motor speed is continuously
measured using a Hall effect switch. A Hall effect switch is a device that switches its output from high to
low if the magnetic flux density in the device reaches a certain threshold, and pulls it up if the magnetic flux
density goes down again. By mounting a permanent magnet on the rotating axis and placing the Hall effect
switch on the non-moving part (or the other way around - although this choice makes it more difficult)
a block pulse signal is created. This signal has exactly the same frequency as the motor frequency. The
signal is fed back to the microcontroller which measures the period length of the signal. In this way the
microcontroller can compensate for any frequency errors by adjusting the duty cycle of the PWM signal
to the motor. The microcontroller uses a PID controller to calculate the right adjustment. To calculate the
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PID constants, the parameters of Motor M need to be identified. These parameters were estimated using
the method proposed by Wu| [2012]]. The parameter estimation method and other calculations that were
used to find the PID constants, which result in a desired response, are given in The resulting
PID values are kp = —7.672srad~!, k; = —1.4796 x 10 °rad and kp = —4.217 x 10~ 2s%2rad~!. A
schematic overview of the implemented control system for Motor M can be seen in

Power supply
Period setpoint Error PWM Voltage Motor
—)O—) PID controller Motor driver M
+

T Measured period

Y

Hall switch

Figure 5.3: Schematic overview of the control system for Motor M.

In addition to the speed adjustments from the PID controller, the micro-
controller resets the projected pattern each time the Hall effect switch 3.3V
pulls its output down. In this way the pattern is reset at the start of each
rotation and large fluctuations in the speed of Motor M, spread out over
multiple rotations, do not influence the pattern. shows the
circuit with the Hall effect switch. Node 2 is the output signal of the s1z0cua-7| vour|2 HallSwitch
device. Rpq is used as pull up resistance, which limits the output cur-
rent. The Hall effect switch is only capable of driving its output with

Tout maz = 25mA. Thus must hold and R},,;; must be

larger than 1322 [All]. The exact components that were used for the

circuit can be found in[Figure 5.4} The magnet that was used, is made of ~Figure 5.4: Hall effect switch
neodymium. circuit
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5.4.3 Results and discussion of Motor M

This section will first elaborate on the results of the implementation, then the results will be compared with
the requirements for Motor M.

Results of Motor M

In this section we discuss the results of the implementation of the motor driver and the motor control.

Motor driver Measurements with varying duty cycles were performed in order to test the functionality
of the motor driver for Motor M. shows the output waveform of both the simulation and the
actual motor driver, both with a 70% duty cycle input PWM signal. It can be seen that these waveforms
differ. This is mainly due to the fact that the DC motor was modelled as a series connection of a resistor
and an inductor. Although such a model includes the inductive behaviour of the motor, other aspects such
as the actual movement of the motor are not taken into account. shows the RMS voltage of the
motor drive circuit and simulation corresponding to different duty cycles. It can be seen that both curves
are not linear. This is due to the non-idealities of a DC motor. However, the motor driver output is a one to
one function of the duty cycle and the motor will be controlled using a feedback loop. For this reason the
non-linearity of the motor driver does not form a problem.

Motor control [Figure 5.6|shows the step response of the control system for Motor M, that is depicted in
During the measurement for this step response, the mirror mount was connected to Motor M as
a load. The characteristics of the step response are stated in Table[5.7]
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Measured results (70% duty cycle) Simulated results (70% duty cycle) Motor driver output
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Figure 5.5: Left and middle: Measured and simulated motor driver output voltage, with a 70 % duty cycle
PWM input signal. Right: Measured and simulated motor driver RMS output voltage, with duty cycles
ranging from 10 % to 99 %.
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Figure 5.6: Step response of the system with PID control. PID constants: kp = —7.672, k; =

1.477 x 1072, kp = 4.217 x 1072

Discussion of Motor M

Driving Motor M with a 90 % duty cycle resulted in speeds up to 20400 rev min~!, which is enough to
meet the Could have’ system requirements for both projection time and angular resolution, as long as
Motor B can also meet the requirements for the *Could have’ category.

The steady-state error of the motor speed is 0.62 %, which is within the *Could have’ requirement on
steady-state error (steady-state error < 0.69 %). Although there is a steady-state error, this error does not
contribute to the phase drift of the system, because of the synchronisation with the Hall effect switch.

The maximum speed deviation of Motor M is 0.29 %. Thus the *Could have’ requirement on the speed
deviation of Motor M (Speed deviation < 1.39 %) is reached.

The system takes 0.68 s to achieve a stable output between +1 % of the steady-state. This settling time
contributes to the start-up time of the system, which is a system requirement, stated in The
requirement is still within the ’Could have’ category, but this also depends on the start-up time of the other
subsystems.

Concerning power consumption, ’Must have’ requirement has been reached. At 90 % duty cycle, the

Table 5.7: Step response characteristics

Characteristic value
Settling time (£1%)  0.68s
Steady-state error 0.62%

Max. speed deviation  0.29 %
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output of the motor driver has values up to 6.29 V, 3.14 A. Thus Motor M uses up to 19.8 W, at 90 % duty
cycle. This would probably not be practical to draw from a reasonably sized battery.

5.5 MotorB

This section begins with the requirements for Motor B, then the implementation and the results and discus-
sion of the implementation follow.

5.5.1 Requirements for Motor B

In this section the requirements on speed, speed deviation and power consumption for Motor B are dis-
cussed.

Step frequency and step size The speed of Motor B, in combination with the speed of Motor M,
influences the angular resolution in longitudinal direction and the projection time of the system, which are
both part of the system requirements, defined in

As Motor B will be implemented with a stepper motor, the step size also influences the angular resolution
and projection time. The most common step size of a stepper motor is 1.8°. With a 1.8° step size, it takes
200 steps to complete half a rotation and thus one full projection. Furthermore a higher angular resolution
can be reached by using the microstepping technique. An overview of the required step frequencies, for
different step sizes and projection times, can be found in These step frequencies are calculated
using the following equation (with Tpjection in s€conds):

180°

op = —— 5.5
S P Step size(°) - TProjection 62

Table 5.8: Required Motor B step frequency (Hz) in order to reach the system requirements on projection
times, for different step sizes

Projection time\Step size  1.8° 0.9° 0.45°

15 min 1.11 x107'Hz 2.22x107'Hz 4.44x 107! Hz
1 min 1.67Hz 3.33 Hz 6.67 Hz

1s 100 Hz 200 Hz 400 Hz

Step inaccuracy The requirement on step inaccuracy is defined by the system requirements on maxi-
mum phase error, more specifically in longitudinal direction, which is stated in|Chapter 3} When a step is
missed, this contributes to the phase error. The percentages of allowable missed steps are given in[Table 5.9]

Table 5.9: Maximum percentage of missed steps in order to reach the system requirements on maximum
phase error, for different step sizes.

Maximum phase error\Step size  1.8° 0.9° 0.45°
15° 8.33% 4.17% 2.08%
5° 2.78 % 1.39% 0.69 %
<5° <2.18% <1.39% <0.69%

Power consumption Finally there is a requirement on power consumption. The reasoning behind this
requirement is identical to the power requirement for Motor M. For this reason this will not be explained
again. The power consumption requirements for Motor B are given in
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Table 5.10: Requirements on the power for Motor B

Type Must have Should have  Could have
Power < 230V, 16 A (mains) - 15W

5.5.2 Implementation of Motor B

This section elaborates on the implementation of Motor B. First the choice concerning the type of motor
will be discussed, then a description of the corresponding motor driver and the motor control will follow.

Choice of the motor type

Motor B should be a stepper motor rated at a high resolution, or a low step size. The motor should be able
to rotate the construction. The chosen motor is a NEMA17 Stepper motor [Chi] with 1.8° per step, which
meets the requirements for Motor B.

Motor driver

Ideally the stepper motor is controlled by the microprocessor with a PWM signal, just like Motor B. How-
ever the stepper motor has four input wires that lead to the coils inside, thus a PWM signal can not directly
be fed to the stepper motor. Therefore a motor driver is used. The motor driver makes sure that the motor
takes one step each time it gets a pulse. The motor speed is determined by the frequency of such pulses,
and not the duty cycle.

For this project the motor driver for the stepper motor was bought as a pre-assembled PCB [Rep].

This driver is able to perform microstepping, with step sizes down to 3% of a full step, and drive its output
with an output current of 2.5 A. We chose to use half stepping, thus 400 steps (0.9° each) per revolution
instead of 200 per revolution. This resulted in a much smoother rotation, which reduces projection errors
caused by vibrations of the system. Although microstepping reduces the torque per step, the motor still has
enough torque to drive the construction.

To connect the stepper driver, the explanation in the datasheet [Rep] was followed. A 24V power
source is used to drive motor and a 5V power source is used as logic voltage. By connecting this logic
voltage to specific pins on the driver, it is possible to permanently enable the driver and select the half step
setting that is needed.

Motor control

As mentioned before, the stepper motor is controlled by the frequency of the pulse signal, coming from the
microcontroller. For this motor, a control mechanism is not needed, since the stepper motor takes exactly
200 steps per revolution. However, since half stepping is used, the step accuracy decreases and the motor
skips a few steps sometimes. Measurements on this accuracy are discussed in the following section. As
discussed in two magnets are placed upon the base. Another Hall effect switch is placed upon
the moving part of the construction. By doing this the microcontroller can synchronise the projection in
such a way that a pattern always starts with the construction oriented in the same position.

5.5.3 Results and discussion of Motor B
This section will first elaborate on the results of the implementation of Motor B, then the results will be
compared with the requirements for Motor B.

Results of Motor B

Since it was chosen to use microstepping (half stepping in this case), Motor B loses accuracy and the
motor misses steps under certain conditions. Measurements were performed in order to test the accuracy
of the motor under these different conditions. A function generator was used to give the motor driver 4000
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pulses, thus 10 rotations while half stepping, each measurement. After these rotations the motor should
stop at exactly the same place it started the measurement. The number of missed steps was counted. The
measurements were performed for different step frequencies and different drive voltages. When rotating
the construction with a typical step frequency of 200 Hz, the power needed to drive the stepper motor is
24V -0.7A = 16.8 W. The results of these measurements can be found in [Figure 5.7}
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Figure 5.7: Number of missed steps, per 4000 steps, at different step frequencies and different drive volt-
ages

The motor operates flawless at step frequencies up to 2.2 kHz. At higher frequencies the motor starts
missing steps, about 0.2 % to 1 % of the total steps. By increasing the drive voltage, the average number of
missed steps is decreased. Since the torque of the motor also increases with an increasing drive voltage, it

is desired to have a high drive voltage. For this project the stepper motor will operate at step frequencies

below % ~ 317 Hz, because the step frequency has to be equal to the frequency of Motor M.

In this step frequency range the stepper motor works as desired.

Discussion of Motor B

Motor B is able to rotate the construction with a step frequency up to 2.2 kHz and steps of 0.9°, using half
stepping. With these results Motor B can meet the ”Could have” requirement on projection time.

Operating at this step frequency and step size, the percentage of missed steps is < 1.39 %. Therefore
Motor B is also able to meet the ’Could have’ requirement on maximum phase error (< 5°).

Motor M and Motor B are both able to reach the ’Could have’ category of the system requirements on
projection time and maximum phase error. Therefore the combination combination of the two is also able
to reach the these system requirements.

Concerning the power consumption, the "Must have’ requirement has been reached. During typical
operation, the stepper motor uses roughly 16.8 W. With this power rating it will not be practical to deliver
the power with a readily available battery, since the estimated power budget when using such a battery is
15W.
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Chapter 6: Power distribution

To deliver power to all the subsystems at the right ratings, a power supply was designed. This chapter
describes the power supply in detail. First some theory on power converters is given in then
the requirements of the power supply and the implementation follow in|[Section 6.2|and|Section 6.3] Finally
the results of this implementation are discussed in

6.1 Power converter theory

As will be explained in we will not design our own AC/DC converter. For this reason we
will only elaborate on DC/DC converter theory. In this section two different DC/DC converters will be
discussed, namely a linear regulator and a switching regulator.

6.1.1 Linear regulator

The linear regulator is a straightforward step down converter. It makes use of the variable resistance
behaviour of a transistor. The linear regulator uses a feedback loop to adjust the variable resistance in such
a way that a constant output voltage is obtained. The voltage difference between the input and the output
is dissipated into heat by the variable resistance, which is the main disadvantage of a linear regulator. This
type of DC/DC converter can only be used as a step-down converter. The converter needs a certain voltage
drop in order to work, this is called the drop-out voltage.

6.1.2 Switching regulator (Buck converter)

The switching regulator has several applications, namely as buck converter, as boost converter and as buck-
boost converter. The different applications are used to respectively step up, step down and either step up
or down the voltage. Here only the buck converter will be discussed, because it is a step down converter.
Motivation on the use of step down converters can be found in[Section 6.3.1]

The step-down switching regulator switches its output by pulling it up, to the input voltage, or down, to
ground. An energy storage unit, connected to the output of the switching regulator, is used to store energy if
the output of the switching regulator is high and to deliver energy to the load if the output of the switching
regulator is low. In most cases an inductor, cascaded in series with the output of the switching regulator,
is used as energy storage unit. A switching regulator is a more advanced converter, when compared to the
linear regulator, but it is more efficient, especially when a large step down voltage is required.

6.2 Requirements for the power supply

The voltage and current ratings that the different subsystems require to operate, define the requirements
for the power supply. The identified requirements are listed in and the power ratings of the
subsystems are listed in The requirement for the power source is taken from The
requirement for the output only has a *must have’ because it is essential for the system, but can not be
further improved once it works and therefore has no ’should have’ or "could have’.
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Table 6.1: The requirements for the power supply

Type Must have Should have Could have
Power source  The mains, 230V, 16 A - battery powered
Output The power supply delivers power to the - -

different components of the system at the

ratings, listed in[Table 6.2}

Table 6.2: The required voltage and current ratings of the different subsystems

Subsystem Voltage (V) Max. current (A)
Motor M 7.2 3.5

Motor B 24 1

Driver for Motor B 5 250 x 10~
Microcontroller 33 0.2

Light source 12 0.1

6.3 Implementation of the power supply

In this section the implementation of the power supply is presented. First the topology of the power supply
is given, then the subsystems of the power supply are discussed individually.

6.3.1 Topology of the power supply

The power supply is designed to operate connected to the mains. This coincides with the *must have’
requirement for power. This implementation is cheaper and quicker than an implementation using a battery.

The power supply is implemented with two AC/DC converters and three DC/DC converters of which
one is a switching regulator and the other two are linear regulators. All of these converters are step down
converters, because all of the voltages that are needed in the system are lower than the 230 V coming from
the mains. Although the power supply is shown as one whole in[Figure 6.1] it actually consists of two parts
which are connected via a slip ring; the stationary part and the rotating part. The implementation of the
five converters and the slip ring will be discussed in detail in the following sections.

6.3.2 Subsystems of the power supply

In this section the subsystems of the power supply are discussed individually.

AC/DC converter (12V)

An AC/DC converter, positioned on the stationary part, is needed to convert 230 VAC (mains) to 12 VDC,
to be fed to the rotating part of the system. The lab, where the system was built and tested, has various
safety rules, which do not allow to build systems that are supposed to operate at voltages above 45 V. For
this reason an AC/DC converter was bought. For this project a converter rated at 12V, 4 A was used [XP |,
bl

AC/DC converter (24 V)

Another AC/DC converter, positioned on the stationary part, is needed to convert 230 VAC (mains) to
24 VDC, to supply Motor B. This AC/DC converter was bought, for the same reasons as the previous
AC/DC converter. For this project a converter rated at 24 V, 1 A was used [XP | [a]].
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Figure 6.1: Block diagram of the implemented power supply

5V converter

This DC/DC converter, positioned on the stationary part, converts the 24 V into 5 V. It is used for logic
voltages to make the driver for Motor B operate correctly. This section discusses the implementation of
this converter. First the choice of regulator type is explained, then the corresponding circuit topology is
discussed.

Choice of regulator type The converter is used to supply logic voltages that do not require large cur-
rents. The motor driver for Motor B, the DRV8852 [Rep], has a pull down resistance of 100 k{2, which
corresponds with 50 pA per logic port. Since the driver has five logic ports, this corresponds with 250 pA.
At these power ratings, heat dissipation, will not be a problem. Therefore this converter does not need the
high efficiency of a switching regulator to prevent heat dissipation and a linear regulator will suffice. In
addition, a linear regulator is simple to implement and takes up less space than a switching regulator. For
this reason, an implementation with a linear regulator is the best choice.

For this project, a UA7805 [Tex| |b] is used as linear regulator. It has an input voltage range from 5.3 V
to 25V and can deliver an output current up to 1.5 A, which is more than enough for this application.

Topology of the converter circuit  An overview of the circuitis 4 7505 IS
shown in[Figure 6.2] The linear regulator only needs an input and Hwv oun

output capacitor to reduce the voltage ripple at the input and at the o - 24

load respectively. The values for these capacitors are taken from 0.33u T 0-1u

the typical values given in the datasheet of the device [Tex, |b] and T

are stated in e

Slip ring Figure 6.2: 5.0 V converter circuit

In order to get power from the stationary part to the rotating part, a slip ring or a wireless connection can
be used. An implementation with a slip ring is a lot faster than a wireless implementation. This is mainly
due to the fact that there is no need for a protocol when transferring low frequency signals over a slip ring.
When using a wireless protocol, this protocol needs to be encoded and decoded, which is time consuming.

For this project a slip ring with six wires was used [[Ada]. The wires are rated 240 V, 2 A each. The
operating speed is rated at 300 revmin~!. To test the performance of the slip ring when it is rotating,
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a measurement was performed. A brief description and the results of this measurement can be found in
The conclusion of this measurement is that the slip ring functions well, even when rotated at

higher speeds than 300 rev min—!.

7.2V converter

This DC/DC converter, positioned on the rotating part, converts the 12V into 7.2 V. It delivers the power to
Motor M and to the second DC/DC converter. This section discusses the implementation of this converter.
First the choice of regulator type is explained, then the corresponding circuit topology is discussed.

Choice of regulator type The converter needs to be able to deliver current up to 3.5 A, in order to drive
Motor M properly. To prevent heat problems, a high efficiency is desired for this converter. For this reason,
an implementation with a switching regulator is the best choice for this converter.

For this project, an LM2679 [Tex, 2016] is used as switching regulator. This device has a large in-
put voltage range (8 V-40 V) and an adjustable output voltage range (1.2 V-37 V). The output voltage is
adjusted with the values of the components around the integrated circuit (IC). It is able to deliver an out-
put current up to 5 A and has a high efficiency, typically around 80 %. Thus the device suffices for this
application.

Topology of the converter circuit An overview of the circuit is shown in [Figure 6.3] The inductor L
stores energy when the output of the switching regulator (Uz), called SwitchOutput, is high and delivers
energy to the load when this output is low. The input and output capacitors (Ca1, Cag, Ca7) are used
to reduce the voltage ripple at the input and at the load respectively. The diode is used as flyback diode
to protect the switching regulator from the voltage spikes, generated by the inductor when the switching
regulator is switching its output from high to low. The values and connection of the other components are
specific to the chosen switching regulator, the LM2679. The values of these components were calculated
using the datasheet of the device, and are stated in The calculations and motivation for all the

component values can be found in
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Figure 6.3: 7.2V converter circuit

3.3V converter

This DC/DC converter, positioned on the rotating part, converts the 7.2V into 3.3 V. It delivers power
to the microcontroller. This section discusses the implementation of this converter. First the choice of
regulator type is explained, then the corresponding circuit topology is discussed.

Choice of regulator type The converter delivers power to the microcontroller, which maximally needs
200 mA. At these power ratings, heat due to dissipation, will not be a problem. Thus this converter does
not need the high efficiency of a switching regulator to prevent heat dissipation and a linear regulator will
suffice. In addition, a linear regulator is simple to implement and takes up less space than a switching
regulator. For this reason, an implementation with a linear regulator is the best choice.
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For this project, a UA78M33 [Tex| |a]] is used as linear regulator. It has an input voltage range from
5.3V to 25V and can deliver an output current up to 0.5 A, which is enough for this application.

Y72V U6 +3.3V

Topology of the converter circuit  An overview of the circuit is uA78M33
. . . 1 3
shown in The linear regulator only needs an input and I o
c22 c24

O}

output capacitor to reduce the voltage ripple at the input and at the =
load respectively. The values for these capacitors are taken from —[ 0:33u e
the typical values given in the datasheet of the device [Tex| |a] and
. ~
are stated in oD

Figure 6.4: 3.3 V converter circuit

6.4 Results and discussion

In this section we will elaborate first on the results of the implementation of the power supply, then we will
discuss to what extent the requirements for the power supply have been reached.

Results of the power supply
In this section the results of the implementation of the subsystems is discussed.

5.0V converter The 5.0V converter has a mean output voltage of 5.08 V and has maximum voltage
deviation of 5.51 %. A graph of the output voltage can be found in the middle of

7.2V converter The 7.2V converter has an output voltage of 7.22 V and has maximum voltage ripple of
3.89 %. The frequency of this ripple is 1.4 kHz, this is probably due to the PWM driving of Motor M. A

graph of the output voltage can be found on the left side of

3.3V converter The 3.3V converter has an output voltage of 3.36 V and has maximum voltage ripple of
3.57 %. The frequency of this ripple is 1.4 kHz, this is probably due to the PWM driving of Motor M. A

graph of the output voltage can be found on the right side of
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Figure 6.5: Output voltages of the DC/DC converters. Left:7.2 V supply, Middle:5.0 V supply, Right:3.3V
supply

Discussion of the power supply

All the converters deliver the desired output. Thus the power supply is able to deliver the power ratings that
are required for the subsystems. For the requirement on power source, the "Must have’ category is reached.
In order for the system to be battery powered, the power converter should be designed differently, since the
battery typically has different ratings than the general power outlet (the mains).
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Chapter 7: Prototype implementation and val-
idation results

This section will discuss the last steps in the building of the measurement light bulb. First, the fabrication
of the prototype will be discussed, followed by the test results of the complete system.

7.1 Fabrication of the prototype

The final prototype consists of all subsystems as shown in[Figure 2.3] The subsystems, separately designed
by the subgroups, are assembled together to form the prototype.

The laser, implemented in the final prototype, has an opening angle of 4° and is focused such that
the focal point coincides with the mirror. By using this angular resolution, the spherical harmonic can be
projected accurately while still limiting the time needed for each measurement. The construction has two
axes over which it can rotate, which allows the laser to project onto a sphere around itself. The measurement
light bulb acts as a point source, due to the fact the focal point coincides with the mirror, from which the
spherical harmonic is projected into the room.

Motor M spins at 200 Hz, while Motor B steps at 200 Hz with steps of 0.9°, thus 400 steps for one
rotation. This means that during the projection of one pattern, Motor B rotates 180°, which corresponds
with 200 steps. Therefore the projection of one pattern takes 1s. The microcontroller controls the speed of
the two motors and synchronises this with the intensity of the laser to create a pattern. The synchronisation
with the camera is not yet implemented, so the camera is controlled and set up manually.

Figure 7.1: A photograph of the prototype
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7.2 Results of complete system tests

The goal of this project was to build a measurement light bulb which can project spherical harmonics and
to synchronise it with a camera so that the impact of the illumination can be captured. shows
the result of a projection of the measurement light bulb. The photograph is taken in a dark environment to
eliminate as much ambient light as possible, which is required since the laser is relatively low power. The
exposure time for this photograph was 8 s. The pattern that is projected is the positive part of the spherical
harmonic function of order 2 and index -2, of which a plot is depicted in [Figure 7.2]

However, it still contains some errors. The posi-
tioning of the Hall effect switch for Motor M causes
some offset in latitudinal direction, which should be
corrected for. Also, a bug in the projection algorithm
causes the spherical harmonic to be projected in two
different orientations: once normally, and once rotated
180° over the longitudinal axis. These two errors com-
bined make it that the projection is actually two pro-
jections of the same spherical harmonic oriented in
slightly different ways.

Also, since the Hall effect switch for Motor B is Figure 7.2: Plot of the positive part of the spheri-
not yet placed, the measurement light bulb is not yet cal harmonic function of order 2, index -2
able to orient itself longitudinally.

Figure 7.3: A photograph of the first spherical harmonics projection
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In this section the results of the measurement light bulb are compared with the system requirements, stated
in [Chapter 3} [Table 8.1|shows an overview of the system requirements and the results that are achieved.

Table 8.1: Overview of complete system requirements

Type Must have Should have Could have Result
Angular resolution 15° 5° <5° 4°
Projection time “converges” 1 minpattern™! 1spattern—? 1spattern—!
Power 230V, 16 A - battery pow- 230V,16A
ered
Start-up time <15 min <1 min <10s 1 min
Dimensions ImxImx1m “fits through 04mx04mx 0.24m X
door” <0.8m 0.4m 0.24mx0.20m
for smallest rib
Phase drift 7.5°rev! 2.5°rev—! <2.5°rev! 0°rev—!
Maximum phase error 5° 5° <5° 1.044°
Colour of the light source  monochrome - RGBW monochrome
SH order 0-1-2 - higher orders None
Brightness Capturable in - Visible in day- Capturable in
completely light completely
dark room dark room
Light levels 8 (3 bit) 256 (8 bit) 16384 (14bit) 256 (8 bit)
Camera synchronisation Change settings Change settings  Everything Change settings
and take pic- manually, use done by micro- and take pic-
tures manually ~ microcontroller  controller tures manually
to take pictures
User interface working Ul - GUI working Ul

Angular resolution The final angular resolution of the system is equal to 4° and therefore the *Could
have’ requirement is reached.

Projection time  Since Motor B has a frequency of 0.5 Hz and one projection only needs a 180° rotation,
the projection of one pattern takes 1s. Thus the and therefore the ’Could have’ requirement is reached.

Power The system is powered using the mains. Therefore the *Must have’ requirement is reached. In
order for the system to be powered by one or multiple batteries, the power supply should be designed
differently to be compatible with the battery instead of with the mains.

Start-up time The device can start a measurement within one minute of switching the device on. There-
fore the *Should have’ requirement is fulfilled. A faster start-up time would require a faster data transmis-
sion when a pattern is uploaded to the device, since this is the bottle neck for the start-up time.
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Dimensions The measurement light bulb has the dimensions 0.24 mx0.24 mx0.20 m. Therefore the
’Could have’ requirement is reached.

Phase drift The phase drift of the pattern is equal to zero, since the pattern is reset each time Motor M
finishes one revolution. Thus, the Could have’ requirement is reached.

Maximum phase error Motor M is the main cause of the maximum phase error, in colatitudinal direc-
tion. The maximum speed deviation of Motor M is 0.29 %, with respect to the steady-state speed. This
corresponds to a maximum phase error of 1.044° in one revolution. Therefore the *’Could have’ requirement
on phase error is reached (phase error < 5°).

Colour The colour of the projection is red monochrome light with a wavelength of 650 nm. Therefore
the "Must have’ requirement is reached. For this project, a monochrome light source is enough to create
satisfying results and give a proof of concept.

SH order The software has currently been developed for spherical harmonics of orders 0, 1 and 2. How-
ever, due to some bugs in the software, only one of these can be projected. At the moment this is the
function of order 2 and index -2.

Also, some unfinished work relating to the Hall switches give rise to some synchronisation issues,
which cause double projections at different orientations.

When these are fixed, the device will be able to project all the specified spherical harmonics correctly.
When this has been done, the *must have’ requirement can be fulfilled.

Brightness The prototype is able to capture patterns in a completely dark room. Therefore the "Must
have’ requirement is reached. To reach the ’Could have’ category, the light source should have a higher
light intensity than the ambient light. Then, a camera can capture the pattern in daylight.

Light levels The driver and the microcontroller together allow for 256 light levels (8 bit), thus the
’Should have’ requirement is fulfilled.

Camera synchronisation The microcontroller can synchronise the pattern and the camera to take a
photograph. The camera settings are set manually by the user. Thus the ’Should have’ requirement is
reached. In order for the microcontroller to also control the camera settings, an extra (wireless) connection
between the microcontroller and the camera is needed.

User interface A user interface has been implemented via a command line interface using a Python
program. It allows the user to control the device intuitively using only four different commands. This
means that the "Must have’ requirement is reached.

Price The material costs for the measurement light bulb are roughly €150.

Safety The output power of the used laser is within the TU Delft regulations and is therefore considered
safe. The prototype can be controlled wirelessly which eliminates the need of being close to the moving
parts of the device when performing measurements. Also, a safety measure has been implemented to make
sure that the motors and the laser shut down if something gets stuck in them or a part falls of.
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9.1 Conclusion

The goal of this project was to deliver a proof of concept for the measurement light bulb. The final pro-
totype is able to project a spherical harmonic onto its surroundings. However, the prototype only works
in a low light environment. In environments with a higher light intensity, the camera is not able to dis-
tinguish the ambient light from the the projected light. Patterns can be uploaded to the prototype using a
Bluetooth connection. Also, the control signals, like a starting and stopping signal, are managed by Blue-
tooth. Although not implemented yet, the prototype could support camera synchronisation, to capture the
illumination impact of the measurement light bulb.

9.2 Future work

All requirements for the prototype were reached to some extent (Must have/Should have/Could have), yet
there are still things to improve on for future versions of the measurement light bulb. This prototype is only
used for a proof of concept. A future design for a measurement light bulb could improve on individual
subsystems as well as the system as a whole.

Beam profile The current beam profile has a quasi-Gaussian distribution. A future version of the mea-
surement light bulb could contain a laser with a more accurate Gaussian distributed profile or a circularly
symmetric beam profile. This will reduce errors in the projections or omit the need for complicated com-
pensation algorithms for this problem.

Light output intensity The current prototype is only able to capture spherical harmonic projections in a
completely dark room. A future model could contain a light source with a higher power output. This would
enable the measurement light bulb to perform measurements in lit rooms as well as dark rooms. However,
this would require the involvement of a laser safety officer.

Spectrum of the light source The current prototype of the measurement light bulb can only emit red
light with a wavelength of 650 nm. A future design of the measurement light bulb could improve on this
by using a light source that covers the complete visible light spectrum or even a light source that can cover
certain parts of the spectrum upon request.

Linearity of light source As seen in tests, the light intensity as captured with the camera is not com-
pletely linear with the PWM signal that was fed to the laser driver. A future model of the measurement
light bulb could contain a linear laser driver or could compensate for this problem using software.

Camera The Canon EOS 5D Mark II has two main forms of unpredictable delay. Firstly the shutter
delay, which is the time between the signal that activates the camera to take a picture and the opening of
the shutter. Secondly the buffer delay, which is the time between the end of one exposure and the start of
the next, needed for saving the image file. To implement an accurate and efficient camera synchronisation
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algorithm, a camera with predictable delays is required. In addition, newer camera models often have better
image sensors that have better low-light performance, which would give more accurate results.

Light levels Together with the microcontroller, the laser driver is able to output 256 different light levels
(8 bit). The sensor of the camera is able to capture 16384 (14 bit) different light levels. Therefore, in a
future model of the measurement light bulb, the amount of light levels could be increased up to 16384
(14 bit), equal to the sensitivity of the sensor in the camera.

Construction  Although the construction is functional, a few aspects could be improved. Motor B, its
corresponding and the power converters can be put into a 3D printed box, which can be mounted to the
bottom of the current construction. This way there will be no loose wires or components. This box could
also have a mounting point for a camera tripod. This way the system could easily be placed in many
position. Another possible point of improvement is the part of the projection that is obstructed by the
construction. This obstruction could be reduced if the construction is designed differently.

Start-up time  The start-up time of the measurement light bulb is currently around a minute, but this could
be reduced significantly if the symbol rate of the Bluetooth communication was increased. Currently, this
is set at 9600 Bd, but this could be increased to 115200 Bd or even to 1382400 Bd, for a approximate
speed-up of 10 or 100 respectively.

Motor speed To reduce the projection time, the time it takes to capture one pattern, the motors could be
driven at higher speeds. In this way more measurements could be performed within a shorter amount of
time.

Higher order spherical harmonics Future work could include higher order spherical harmonics to be
able to be projected. The hardware of the device is already capable of this, but the patterns for higher order
have not been calculated and stored. If this were to be done however, they could be projected.

Power supply The current implementation uses two AC/DC converters. One for the stepper motor and
one for the rest of the system. In a future version this could be reduced to one AC/DC, by changing the
topology of the power supply. Another improvement could be the use of a battery to power the system. It
is expected that a large battery pack would be needed in order to power the whole system.

User interface The user interface could be improved by transforming it into a graphical user interface.
This allows for more intuitive usage.
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Appendix A: Design choice

In this chapter, several design options will be discussed, the option that was chosen in the end and finally
what is to be delivered to achieve this design.

A.1  Design options

At the start of the project, the CGV group proposed a basic idea for an implementation of the measurement
light bulb. In addition to this, two alternative implementations were thought of. These three basic imple-
mentations could be all solutions to the problem. They all work with one or multiple light sources that spin
around to project onto a sphere. The reflections of this light in the room are captured with a camera with a
sustained shutter time to capture one or more entire rotations. A brief explanation of the three design ideas
is given below, of which the corresponding design impressions can be seen in

~ ~

I B ) B

B L

(a) Design 1 (b) Design 2 (c) Design 3

Figure A.1: Sketches of basic design options. Red lines indicate lasers, grey rectangles indicate motors,
the letters M and B describe the axes of rotation and the black arrows indicate the direction of this rotation.

Design 1 This design consist of a ring with light sources, which can all be controlled individually at high
speed. The ring is rotated around axis B. Due to the rotating movement, the ring projects onto a sphere.
By varying the light intensity of the individual light sources during the rotation, the system is able to show
light patterns on the sphere.

Design 2 This design consists of one or two light sources that rotate(s) around two perpendicular axes.
With the rotation around axis M, the light source(s) will project onto a circle. When this part is rotated
around axis B, which is perpendicular to axis M, the device will be able to project onto an entire sphere.
By varying the intensity of the light source while the device spins around both axes, it is possible to project
different light patterns into a room.

Design 3 This design consists of a rotating mirror instead of a rotating light source. The design uses
only one light source that is focused on a mirror that rotates around axis M. In this way the rotating mirror
spans up a circle. When this part is rotated around axis B, which is perpendicular to axis M, the device will
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be able to project onto a sphere. By varying the intensity of the light source while the device spins around
both axes, it will be possible to project different light patterns into a room.

A.2 Design choice

After simulating and testing parts of the designs that are mentioned above the third design was chosen as
the best.

Design 1 is not a good option because of a trade-off between weight and resolution. Adding more light
sources increases the resolution, but increases the weight, which makes the device heavier to rotate. For a
resolution that meets the requirements, this would require a lot of lights, which would be infeasible.

For design 2, axis M was built. Unfortunately it turned out to be very difficult to align the axle of the
motor, as it needs to be fixed to the construction on either side. Due to this alignment problem, the laser,
which is mounted on axis M, was not able to move smoothly and could not reach the frequency stability
that is desired for projecting a stable pattern.

For design 3, a test version of axis M was built, of which the test results were promising. It has the
advantage that the only part which is spinning at a high frequency is the mirror, which is relatively light,
whereas the laser is only moving slowly. This makes it easier to stabilise the system.

These results and the difficulties with the other two designs, lead to the decision to implement design
three.



Appendix B: Motor M parameter estimation and
PID tuning

In this chapter, the method used to find the parameters for the Motor M PID controller will be described.
In the estimation of the parameters will be discussed. After this the tuning method, using the

parameters found in|Section B.1} of the PID controller will be discussed in

B.1 Parameter estimation

In order to accurately calculate the PID parameters, a model of Motor M and its load, the mirror mount,
is needed. In order to create this model a number of parameters need to be identified. In an ideal case the
motor parameters are all stated on the datasheet. However, for most low cost DC motors these parameters
are not properly listed in the datasheet. For this reason the parameters were estimated using the method
proposed by Wu [Wul, 2012]. The proposed method fits a polynomial to speed measurement data and uses
the coefficients of this polynomial to calculate the motor parameters. The method is based on a Taylor
series expansion of the theoretical transfer function of a DC motor.

We followed this method to find the motor parameters listed in With these parameters the
transfer function of Motor M becomes:

1
w(s) _ Ky
V(s) tmtes®+tms—+1

(B.1)

Where kj, is the back-EMF constant of the motor, ¢,, is the mechanical time constant, ¢, is the electrical
time constant and s is the Laplace variable.

Table B.1: Estimated parameters of Motor M

Parameter Estimated value

ky 3.4 x 1073 Vsrad~!
tm 1.74 x 10~ 's
te 6.11 x 1015

Although this model is simplified and the fitted curves did not exactly match the measured data, this
transfer function gives us a good starting point to tune the PID constants.

B.2 PID tuning

To tune the PID constants, the estimated transfer function, was filled into Matlab’s PID
tuning application. This application calculates PID constants and shows the resulting step response. The
PID values that were found using Matlab are kp = 7.672, k; = 328.8 and kp = 4.217 x 10~2. These
constants can not be implemented in the controller immediately, because the speed measurements are done
with periods in ps instead of frequencies in Hz. The fastest way to compensate for this was to invert



46 Motor M parameter estimation and PID tuning

the signs of the three constants and scale k; by a factor 10~ !2. These PID constants were tested by
implementing the PID control with the microcontroller and measuring the step response of the system.
At first the results were unsatisfactory, so k; was manually tuned until the response was almost critically
damped. The results of this manual tuning are depicted in The resulting PID values are
kp = —7.672, k; = —1.4796 x 107° and kp = —4.217 x 10~2. These will be implemented in the
controller for Motor M.

PID tuning results

250
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Figure B.1: PID tuning results
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Appendix D: Slip ring measurement

The slip ring is the component that connects the electrical wires for one rotating part to a relatively sta-
tionary part of the device. The speed of the rotating part should be tested to achieve the highest possible
rotations per minute (rpm). By the manufacturer it is rated on 300 rpm [Adal].

Some testing is required to find out if the ring can take more than its original rating. The signal transfer
characteristics for the slip ring are unknown. Especially when exceeding the manufacture rating, a test is
required to be sure the signals are able to transfer over the slip ring without too much noise.

D.1  Setup

On the axle of a motor a PVC tube is connected. In this tube an oscillator is mounted to generate a signal.
Power is transmitted through the slip ring to the oscillator, of which the output is sent back through the slip
ring to measure with an oscilloscope. This setup is depicted in Figure B.3.

slip ring
PVC tube

Motor |

Data Output

->

Figure D.1: Schematic view of the test set up

The tube will now rotate when the motor starts and so does one half of the slip ring, whereas the other half
will stay stationary and measurable for an oscilloscope.

The oscillator in the tube is constructed around an 555NT timer[[]and the circuit is shown in[Figure D.2f]

D.2 Testing

The testing will be done by changing the speed of the motor and measuring the output signal of the slip
ring. By comparing the behaviour of the measured signal and the steady state signal the quality of signal
transfer can be determined.

Another possible problem is the heat that might be generated inside the slip ring when it is spinning at a
high frequency. After a measurement it should be sensed if the slip ring got heated up.

' Datasheet NE/SA/SES55/SESS55C Time. Philips. http: //pdf .datasheetcatalog.com/datasheet/philips/NE_
SA_SE555_C_2.pdf. Accessed: 01-05-2019

“The simplest 555 oscillator circuit. |http://www.555-timer—-circuits.com/simplest-555-oscillator.
htmll Accessed: 01-05-2019


http://pdf.datasheetcatalog.com/datasheet/philips/NE_SA_SE555_C_2.pdf
http://pdf.datasheetcatalog.com/datasheet/philips/NE_SA_SE555_C_2.pdf
http://www.555-timer-circuits.com/simplest-555-oscillator.html
http://www.555-timer-circuits.com/simplest-555-oscillator.html
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Figure D.2: Schematic of 555t based oscillator.

D.2.1 Results

The result of the measurement at 3750 rev min~! is shown in As a reference, the signal
was also measured at 0 rev min—!. This result and the difference between the to results is also shown in

The only spikes in the “difference’ graph have widths around 50 ns. Delays of the slip ring
would thus be in the order of nanoseconds (if these spikes are not due to measurement errors).
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Figure D.3: Results of the slipring measurement

After the measurement, the slip ring was touched to see if spinning it at a much higher rpm than rated had
heated it up. However, it was still cold to touch, indicating that there is no mechanical strain on the ring.

D.2.2 Conclusion

The conclusion of this experiment is that the slip ring performs very well under the testing conditions,it
shows good performance, even at speeds much higher than its ratings. No noticeable decay in signal quality
or noise figure was detected and the slip ring did not get hot. Also an implementation with a slipring is a
lot faster than a wireless implementation, which has delays orders of magnitude higher.



Appendix E: Component selection for 7.2 'V con-
verter

This chapter describes the calculation and the motivation for all the component values of the 7.2 V DC/DC
converter circuit, shown in The order in which the component values are calculated and their
corresponding equations are based on the information given in the datasheet of the switching regulator
LM2679 [Tex,2016], that is used in this circuit.

Resistor Rig and Rig

These resistors define the output voltage of the converter as shown in[Equation E.T] The datasheet suggests
using a 1 k{2 resistor for R14. Since the goal for this circuit to have an output voltage V,,,; of 7.2V and the

typical value of Vi equal to 1.21 V, the value of ;g can be calculated using |[Equation E.2

R
Vour = Vip - (1 + 18) (E.1)
Rig
Vour 72V
— Rye - 1) = : 1) ~4.95k0 E2
Ris = Rig (VFB 1) 1kQ (1.21V 1) (E.2)

Inductor L,

To determine the inductor value, a nomograph, given in the datasheet [Tex, 2016], is used. First the product

E - T [V - ps] has to be calculated using [Equation E.3]

Vour +Vp 1000
E-T=(V, 7 -V . .
( IN(MAX) ouT SAT) Vinaraxy — Vsar +Vp 260 (E3)
2 5V 1000 ’
=(12V =72V —-042V)- 72V+0 =10.74V - ps

12V —-042V+05V 260

This calculated E - T' value corresponds to a 15 uH inductor. However, the datasheet states that the use of
this value is not practical, because with such an inductor it would be impractical to select correct output
capacitors later in the design process. For this reason the suggested 33 pH inductor was chosen.

Capacitor Cyr;

Using the chosen inductor value and the required output voltage, the suggested capacitor for Cs7 is read
from a table in the datasheet. For this project, two 100 puF capacitors are needed to handle the load current,
which is 3.5 A for this project.

Capacitor Cos

Using the chosen inductor value and the required input voltage, the suggested capacitor for Ca3 is read
from a table in the datasheet. For this project, two 100 uF' capacitors are needed to handle the load current.
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Figure E.1: 7.2V converter circuit

Table E.1: Overview of the components used for the 7.2 'V converter circuit

Component  Type or Value

R 1kQ

Rz 5.6k
Rig 4.99k2
021 100 nF
023 100 },lF
026 10nF

027 100 },IF

Ly 33 uH

Dy MBR745G
Uz LM2679

Diode D,

The diode must be able to handle the maximum load current and its reverse voltage rating should be greater
than the maximum input voltage. With these two parameters a suggested diode can be read from a table.
For this project the maximum input voltage is 12 V. A schottky diode, the MBR745G, suffices.

Capacitor Cog

This capacitor is used to improve the efficiency by minimising the power loss during the time the switch is
ON. We chose a 100 nF, 50 V capacitor for Cs7, as recommended in the datasheet.

Resistor R;7

The value of resistor Ry7 can be calculated using that was given in the datasheet (including
the value 37.125). This resistor is used to set an output current limit at a suggested value of 6 A. “This
allows the use of less powerful and more cost-effective inductors and diodes” [Tex|[2016].

37.125 37125
Dimit ~ 6.3A

Capacitor Co;

This capacitor is used as decoupling/bypass capacitor. In the datasheet of the LM2679 a reference can be
found to a documentﬂ about PCB layout guidelines. This document states: “For high-speed devices (for
example, LM267x) do not omit placing input decoupling/bypass ceramic capacitor (0.1 uF-0.47 uF').”. For
this reason a 0.1 uF ceramic capacitor was used for Cb;.

VAN-1229 SIMPLE SWITCHER PCB Layout Guideline. , Texas Instruments. http://www.ti.com/lit/an/snva054c/
snva054c.pdfl Accessed: 4-06-2019.


http://www.ti.com/lit/an/snva054c/snva054c.pdf
http://www.ti.com/lit/an/snva054c/snva054c.pdf
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