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Summary

The company Epomat and NHL Hogeschool are currently working on developing a new solar boat.
This new boat will sail in the Top Class competition called “Dutch solar challenge”, a ranking
dominated by highly specialized firms and universities. In order to get a better place in the
competition, this solar boat needs to be equipped with a new technology for decreasing drag
called hydrofoil.

What are hydrofoils? The hydrofoil technology is capable of making the boat run faster. A
hydrofoil is a wing placed underneath a boat to lift the hull out of the water. As speed gains, the
hydrofoils lift the hull of the boat out of the water, decreasing friction in the water and thus
allowing higher speeds. There are two types of hydrofoils: a self-stabilizing water piercing
configuration and a fully submerged configuration that requires a controller.

The solar boat to be developed is designed with a fully submerged configuration hydrofoil;
therefore, a controller is necessary. The researcher is responsible for designing the control system
and writing the software of the control system. The whole system is designed as an automatic
control system via using PID controller. The researcher designs the action of each tuning value of
the PID controller. Different tuning value should be designed to effect on the height, pitch and roll
value of the boat separately. Different sensors to detect the position of the boat are applied. The
data got from the sensors to the desired point needs to compare. Correcting the difference via
the controller to lift the hull out of water, keeps the boat stable and maintains it at the constant
height.

The report is divided into 6 chapters: Introduction, Theoretical framework, Method, Result,
Discuss and Conclusion & Recommendations. The product is designed under the design method
of V-model. System design, subsystem design, component design and detailed design of the
control system are included. The objective of the report is to provide a clear description of the
execution of the project and detailed design of the hydrofoil control system.

As result of the research and regarded as an added value for the company Epomat as well for NHL
Hogeschool, are the facts that the accuracy of the sensors was improved and the controller
system was designed in particular. Based on the test result of the sensors and the test model, the
software to handle the data got from the sensors was written and optimized until the test model
can work and meet the requirements. The whole system was divided into two major parts,
stability and height control subsystem. A test model was built for testing the stability subsystem
and after several testruns with the test model it was proved that this subsystem meets the

requirements. The other height subsystem was designed with a test plan.

Due to the lack of time and that the hydrofoil was not finished in building, the whole system was
not tested in practice yet. For further research it is recommended, the whole system should be
tested by more realistic sea trials in order to optimize the whole system design.
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List of abbreviations and technical term

Hydrofoil:

IMU sensor:

PCB:
PWM:

PID controller:

Kp:

Ki:

Kd:

Tuning values:

CL:
AOA:

There are two meanings of hydrofoil nowadays. A hydrofoil is a wing can be
controller or a fixed lifting surface, which operate in the water. Boats that
use hydrofoil technology are also simply termed hydrofoils. To avoid
misunderstanding, in this document, the hydrofoil only means the lifting
surface or wing that operates in water, which are similar to airfoils of
airplanes in appearance and purpose.

Inertial measurement unit. Another name of the IMU sensor is compass
sensor.

Printed Circuit Board.

Pulse width modulation. In Arduino, the range of PWM value is 0~255. By
adjusting the value of PWM, the velocity of the motor can be controlled.

The letter PID means proportional, integral and differential action separately.
The PID controller is the most common controller. A PID controller calculates
the error value as the difference between a measured [Input] and a desired
set point. This controller contributes to minimize the error by adjusting [an
Output].

The value of proportion in PID controller. In this document, Kp1, Kp2, Kp3... all
means proportion, but with a different numerical value.

The value of integral in PID controller. In this document, Kil, Ki2, Ki3... all
means integral, but with a different numerical value.

The value of differential in PID controller. In this document, Kd1, Kd2, Kd3... all
means differential, but with a different numerical value.

The collective name for Kp, Ki and Kd. Adjusting these values will change the
way the output is adjusted. What are the "right" tuning values to use? There
isn't one right answer. The values that work for one application may not work
for another, therefore the tuning values need to be adjusted in practical life.
Coefficient of lift.

Angle of attack ( measured in degree).

Surface area of foil ( measured in m?).

Velocity ( measured in meter per second (m/s)).

Density of water ( measured in kg/m?>).


https://en.wikipedia.org/wiki/Boat

Table of Contents

(@0 F=Y o] =1 ol A T o Yo [0 Tt o o TSP 1
1.1 Company INTrodUCtiON.........uviieiiii e 1
1.2 Problem EXploration ........cc.eeveeieiiiiicceeee e 1

1.2.1 Assignment BackgroUNnd............uuvivieiiiiiiiiiieeec ettt e e e e s saraee e e e e e enees 2

1.2.2 AsSignMENt DESCIIPTION ....uuuueeii s 2
1.3 Project BackgroUnd ........cc.euiiiieieee i e e e e e e 2
1.4 Problem Definition ........coooiiie e 3
1.5 Problem ANalYSiS.. ..o 3
1.6 ReSearch ObjECHIVES ..ccoo i e e e e 4
1.7 Main Research QUESTION .......uiiiiiii i e e e s e e ee s 5
1.9 ReSearch BOUNAAries......ccccuueiiieieee ettt e e e e e e e e e s e e e neareeeas 5
1.10 REPOIT STFUCLUIE ...oieieiiiiiiiie ettt s e e e e e e earaes s s s e e e eeeaasaansssaaaens 6

Chapter 2 Theoretical FrameWOrK .........eeiiiiieicciiiiieiee e e e e e e 7
2.1 Previous Research RESUIES...........uuiieeiiii i 7
2.2 Theoretical DeSCriPtiONS ..occie e e e e e e e e e e eannes 7

D20 28 W o Yo o) o | I B 1Yo - s o ol SRR 7
2.2.2 How the Hydrofoil WOIKS ........ccccuiiiieiiee e eee s e s e e e e e e sneee s 8
D A e g1 d o] I3V =T o [ PSR 8
P I YT o o £SO PPP R PPPPPPPPPO 9
2.3.5 Hardware and SOfEWAIE .........uei i e e aee e e snree s 9
D2 T S o 1 0 e T o] =T oSSR 10

Chapter 3 Research Method ...........uuuiiiiieii e 11
3.1 ReSearch Method ..o e e e e e e 11
3.2 Detailed Research Method...........ceiviiiiicciiiiiiee e 11
G B B LTy T = o T AV, 114 o Yo SRRt 12

3.3.1 ReqQUIreMENT ANAIYSIS..cciuiieeiiieeeeciee et re e ee e rre e e s e e e s e e e e snraeeeennraeeeanes 13
3.3.2 Whole SyStemM DESIZN ....ueiiiieieieeeeiiee e eiee e esee e e sttee e e setre s e s sntee e e snteesesnsaeeeennraeeennns 13
3.3.3 SUDSYSTEM DESIGN....eiieeiieiiee et et e e e e et e e e st e e e snteeeesneeeeeennraeeeanns 14
3.3.4 COMPONENT DESIZN .eitiiiiiiiiiiiieet et eriiiiite et e sttt e e e s e s ssbrer e e e e s e sssbbteaeeeeessssssreeaeeas 14
I TR o o [T SRS 14
3.3.6 COMPONENT TESTING 1eeeiiiiiiiiiiiieee ettt et e e e s e s st e e e e s s e sssbbaeaeeeeessssnreeneeas 14
3.3.7 SUDSYSEEM TESTING ..vvvee ettt e e e sre e st e e e sne e e e esneaeeeenraeeeanns 15
3.3.8 SYSTEM TOSTING cuuueiirieeii ittt et e et e e e e st e e e e s e s s bt rr e e e e e e sssbbbbaeeeeesssnassreneeas 15
3.3.9 USer ACCEPTANCE. ... 15

Chapter 4 RESUILS cooeei ettt e e e e e e et e e e e e s e e et e e e e e e e e e sennnnsaeaens 16

4.1 Concept-Design of the Whole System .........cccovviiiiiiiieicceeee e, 16
4.1.0 SYSTEM OVEIVIEW .uuuiiiiiietiieeiiiiiteee e e e sssitire e e e e e sssstreaeeeeeessssaabtaaeeeesesssssteaaaeeasssnnnses 16
4.1.2 Test Plan of the Whole System .......ceiii i 18

4.2 Concept-Design of SUbSYSteEM..........ueiiiiiiiice e 18
4.2.1 TWO SUDSYSTEMS DESIZN ...ueveeeeieiieeeiiiee e et e estee e see e e s ere e e e srre e e s rntaeeeeneeeeesnneeeeas 18
4.2.2 Concept-Design of Stability SUDBSYSTEM .......coeviiiiiiieee e, 18

4.2.3 Test Plan of Stability SUBSYStEM ....ccevviiiee e 19



4.2.4 Concept-Design of Height SUDSYSTEM ......vvviieiieieccieeeecree e 19

4.2.5 Test Plan of Height SUDSYSTEM ......coivviiieiieee ettt et 21

4.3 COMPONENT DESISN ceiiiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeerer ettt 21
4.3.1 Components of Stability SUDSYSTEM .......cccviiiiiiiieccreeeccree e 21

4.3.2 Component of Height SUBSYSTEM ........coooiiviiiiiiieee e 26

O o o |1 = PSSR 31
4.4.1 Main Function of the Stability COdiNg......c.eceevvveeiiiiiieecciee et 31

4.4.2 Main Function of the Height COdiNg ......cccuvieeeieeiieieeeccree et 31

4.5 TEST MOAEI ettt e e e s e e e s snre e e e e e 32

(00 =Y o =T g T 1T o{ U ] o o SRR 33
Chapter 6 Conclusion and Recommendations........ccccoveccciviiieieeeiesccireeee e 34
6.1 CONCIUSION ..ttt e e e e st e e s e bt e e e e ssneeeessanneeeeenans 34

6.2 ReCOMMENAATIONS ..eeiiiiiiiieieiiiiee ettt re e e s saere e e s eaes 36
REFEIENCE LiSt..iiiiiiiiiiieiiiie ettt et e e s e e e s bae e sbeeesabaeesanees 37
AN 01T o L ST I
Appendix A: Whole system deSigN.........ueeeeeiiiieciiiiiiee et e e e e I
Appendix B: USer Manual........coeei oot scveree e nrraee e e e 1]
Appendix C: Requirements and fuNCLions ..........ccoooiiiiiiiciiiee e v
Appendix D: WOTKFIOW ........ueiiieeeiiee et e e e v
Appendix E: Electric Circuit of Stability Subsystem........cccoeocciiirieeiiiccreeeee, \"
Appendix F: Electric Circuit of Height Subsystem ..........cccoeeeiiiiieiicieec e Vi
Appendix G: Test plan of stability subsystem........ccccovviiieiiiiicieeeee e, IX
Appendix H: Test plan of height subsystem ........cccccvveeiiiiicic e, Xl
Appendix |: Test plan of the whole system .........ccoovveeiiviiieecc e, XV
Appendix J: The stability subsystem tested in test model ........ccccceeeevennnnnneeenn. XVl
Appendix K: Code of the stability subsystem........ccccceveeieiiecic e, XXI
Appendix L: Code of the height subsystem...........ccccce i, XXV
Appendix M: Code of angular velocity at X-axiS......ccccceeveeeciiiiieeeee e, XXXI
Appendix N: Code of angle of inclination at X-axis .....ccccccceeeeciiivieeeiee e, XXXII
Appendix O: Code of the height measurement........ccccceeeeeeeciiieeee e, XXXV
AppendixX P: Planning ...ttt e e XXXVI
Appendix Q: Workflow of improving the compass sensor ........ccccceeeeeunnneee. XXXVII
Appendix R: Workflow of improving the ultrasonic sensor...........cccc.uuuneeee. XXXVIII
Appendix S: The flow chart of stability subsystem ..........ccccovvveeeeiiniinnnnen. XXXIX

Appendix T: The flow chart of height subsystem........cccccooeciiiieiiiiiccceeeee, XL



Tables of figures

Chapter 1
Figure 1.
Figure 1.
Figure 1.
Figure 1.

Chapter 2
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.

Chapter 3
Figure 3.
Figure 3.

Chapter 4
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.

1 An overview Of COMPANY PrOJECES ....ccvvueieiireeeerirreeeeereeeeeereeeeetreeeesrreeeesareeeesnreees 1
2 The configuration of the hydrofoil to be developed ..........ccoceeeeveeeivciieeeeccieeeeee, 2
3 Four wings of the hydrofoil .........cccveiieiiieiiiieec et 3
4 Aeronautical direCtion WOIAS .........eeiiiiiiiiiiie et 4
L EXISEEA PCB ...ttt ettt et et et e st e s b e s nae e emteesnneeeneeennneas 7
2 Blocked diagrams of control system: (a) open loop. (b) close loop..........cccuvereuneee. 8
3 The ultrasonic sensor measuring the altitude..........cccovveeeiieieicciiee e, 9
4 Hardware and SOFtWAIE ........coiuiiiiinierieeitereerit ettt sae e s aaesaeas 9
5 Structure of the height controller (Miller, 2005) ........cccoveeeeirveeeeiireeeeeciree e 10
1 Workflow of the scientific method..........ccoeiiiiiiiii e 11
2 V-model (Firesmith, 2013)......cccoeiiiiiiiiriee ettt eearee e e eenrees 13
1 Coordinate establishment ..........cooiiiiiii e 16
2 Whole hydrofoil control system design ..........ccovcvevieiciii e 17
3 Keep a stick up right manually..........ooooiiiiioiiee e 18
4 Stability SUDSYSTEM ....eeiei e 19
51d@al SIUALION Bu.....eeiiieeieeeeeee ettt s 20
6 1d@al SITUATION C..eeeeeeiee ettt ettt s be e e e e e 20
7 Height SUDSYSTEM .....eeiiiee e e e e e e e snaae e e e 20
8 MPU 6050 IIMU SENSOF ...uutiieriieeiiiiriieeeeeeeiirrtreeeesessssrrereeeessssssrrereeeesssssnsreneeeesenns 22
9 Test PIiCture of IMU SENSON .....uvviiiiieee e s e e e s e e e srae e s ennaaeeenans 22
10 Test of accelerometer and gYroSCOPE .....cuvvveevceieeeeiiiee et 23
11 Test of angle calculated from accelerometer, gyroscope and Kalman filter........ 24
12 Angle feedback l00P .....cii i eiiei e 24
13 Whole design of stability subsystem with detailed velocity controlled loop ...... 25
14 Test of existed PCB board with old ultrasonic SeNsor.........ccccceevieiiieenieensieennne. 26
15 Ultrasonic sensor JSN-SROAT .....ccueiiiiiiiieeiee ettt e sttt e seee e s b e s re e e 27
16 SMOOthing fUNCLION .....eiiieee e e 28
17 The control system of front WiNgG .......ceveviiei i 29
18 The control system of rear WiNg......ccuveevcieeeeicieee e 30
19 Main function in the stability programming.........cccccovevvieiiriciee e, 31
20 Main function in the height programming.........ccccoecevevccee v, 32
21 Test model: tWO-Wheel Car.........ooiiiiiii e 32


file:///C:/Users/Administrator/Desktop/graduation/report%20-version5-%20Hui%20Du-03-06-2016.docx%23_Toc454008889

Table of tables

Chapter 1

Table 1. 1 Company infOrmMatioNn .......ccveeieciiieeeiieee ettt et eeare e e e stae e e esbaeeeeenbeeeeenns 1

Chapter 2
Table 3. 1 Research method



Chapter 1 Introduction

In this chapter, the research assignment is introduced and described. Including the background
information of the company and project, the complete description of the assignment, problem
definition related to this assignment. Moreover, the report structure is described in this chapter.

1.1 Company Introduction

Epomat was founded in 2010. The detailed and contact information of the company Epomat was
listed in table 1.1. The company Epomat not only has the background of the maritime industry,
but also the desire to innovate and to find solutions, a passion for the product and alternatives in
composite for existing products and problems. Figure 1.1 demonstrates an overview of company
projects. Epomat is one of the few composite production companies in the Friesland area who
dedicate themselves to all-round composite production. Epomat has all the knowledge and tools
available to design and produce products from beginning to end. For more than 5 years, Epomat
has been active in the wind industry, providing composite maintenance, repairs and solutions for
the wind turbine blades. They are certified for working at heights based on GWO standards, hold
an IRATA level 1 certificate and are in possession of a VCA certificate. (Epomat, 2015)

Having a background in the maritime/Yachting and wind industry, Epomat is specialized in solar
races. One of the objectives of Epomat is to design a new solar boat which can win a place in the
Top class competition. In order to reach that goal, the company Epomat and NHL Hogeschool

cooperated with each other to optimize the solar boat.

Company name: Epomat Wind incustry o e Sports Lame
Website: info@epomat.com : s

Street address: Apolloweg 24b

Post code: 8938 AT Leeuwarden

In-company mentor: Ir. M. Colon

E-mail: m.colon@epomat.com

Phone number: 0646894405

Level of education: MSc

Table 1. 1 Company information Figure 1. 1 An overview of company projects

1.2 Problem Exploration

This phase contains the background information and description of the assignment. Additionally,

the problem definition, main research question and sub questions are described as well.


mailto:info@epomat.com
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1.2.1 Assignment Background

The company Epomat and NHL Hogeschool are currently working on developing a new solar boat.
Figure 1.2 shows an example. The new boat will take part in the Top Class competition, a ranking
dominated by highly specialized firms and universities.

There is a big solar boat team for building and designing the new boat. This team consists of the
employees from Epomat, teachers and students from NHL Hogeschool. Everyone have different
assignments like designing the electrical circuit of the solar boat, designing the solar panels,
determining which motor will be used and so on. One of the assignments is to design the control
system of the hydrofoil.

Almost all the boats in the top 3 place at Top Class competitions are built with hydrofoils.
Hydrofoils are wings placed underneath a boat. Hydrofoils generate lift to lift the hull out of the
water, which reduce the resistance in the water and save energy. In order to make the boat run
faster, the hydrofoil technology is essential for the new solar boat.

Figure 1. 2 The configuration of the hydrofoil to be developed

1.2.2 Assighment Description

The company Epomat is regarded as the client who has formulated the following requirements:
The main target of the assignment is to design a hydrofoil control system to make the boat run
faster while keeping stable. According to previous research within NHL, the types of sensors and
microcontrollers were determined. Therefore, now the task it to design a hydrofoil control system
with the determined sensors and microcontroller. The design contains the electric circuit of
hardware and algorithm of software of the control system. The controllers need to be designed
more in detail and the software must be designed and written. Additionally, the accuracy of the
sensors needs to be improved yet.

1.3 Project Background

What are hydrofoils? Hydrofoils are wings placed underneath a boat to lift the hull out of the
water, which operates in the water. As speed gains, hydrofoils lift the hull out of the water,
decreasing friction in the water and thus allowing greater speeds. There are two types of
hydrofoils: self-stabilizing water piercing configuration and fully submerged configuration that
requires a controller.

In the project, the mechanical part of the hydrofoil has been designed already. The real
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appearance of the hydrofoils is determined. (Shown in fig 1.2) The front wing (Shown in fig 1.3) is
configured in such a way that it is actually three wings instead of one: the one in the middle and
two side wings. (Kagendijk, 2015) The rear wing is designed as one piece.

Figure 1. 3 Four wings of the hydrofoil

Via steering the two side wings, the stability of the boat can be ensured. Additionally, the middle
wing at front and the sole rear wing should be adjusted to control the height of the boat. The
height means the distance between the bottom of the hull and the water surface. As a result of
making sure the height and stability, the hydrofoil can ensure that the boat sails out of the water
straight and level.

1.4 Problem Definition

The hydrofoil control system contains a height control system and a stability control system. The
stability control system must keep the boat stable when it is sailing, while the height control
system is maintaining the stable height between the bottom of the hull and the level of the water.
The height adjusting and the stability are seen as two contradiction factors. How to control the
hydrofoil under any condition is the challenge to be met and is regarded as the problem.

1.5 Problem Analysis

The problem to be solved is incorporated within a long running project. The previous research
determined which two kinds of sensors would be used. One was ultrasonic sensor. It can get the
information of the height. The other one was IMU sensor, which can detect the roll and pitch
value. Figure 1.4 demonstrates the position of these two directions. These two values
contributed to determine the position of the boat. These two sensors contributed to detect the
height and determine the stability of the boat. A PCB was built with these two sensors and
assembled with Arduino board. However this PCB was a proof of previous concept, not a final
product.



Pitching Moment

Pitch

Figure 1. 4 Aeronautical direction definitions

The signals of the sensors were determined as the input to the Arduino board, but the waves in
the water lead to inaccurate height value got from the ultrasonic sensor and the movement of
the boat leads to inaccurate roll and pitch value got from the IMU sensor. Therefore, the accuracy
of the input signal needs to be improved. What need to be done next is that based on the signals
from the sensors, the output of the Arduino board controls the actuators. The main challenge is
to make a design of the hydrofoil control system and program this controller to the Arduino
board, which can operate in the harsh conditions.

Now that the type of sensors is known, it is time to make a test of the printed circuit board (PCB).
The choice was made to use the Arduino platform and make a test of PCB. Eventually a final PCB
was made, which was also applied an Arduino shield. (Veen, 2015)

Above is the reference from the report of previous research.

1.6 Research Objectives

In order to solve the problem a research was conducted with the following objectives:

1. To understand the working principles of hydrofoil.

2. To improve the accuracy of the sensors.
The sensors are utilized to detect the position of the boat. Only when the sensors are
accurate enough, the control system can work. Each software of getting the data from the
different sensor needs to be optimized by testing and analyzing the result of the tests.

3. To develop a control system to keep the boat horizontally stable when it is sailing.
Keeping the boat horizontally stable means that keeping it in a steady and safe position.
Based on the aeronautical theory (Shown in fig 1.4), it is essential to keep the roll value and
pitch value moving in range to avoid severe accidents. By adjusting the hydrofoil, the
direction in roll value and pitch value of the boat can be changed.

4. To develop a second control system that maintains the boat at constant height.
Maintain the boat at constant height means that maintaining the distance between the
bottom of the hull and the water surface. By adjusting the angle of attack (AOA) of the
middle wing in the front and the rear wing, the height can be changed. In the other words,
adjust the front and rear wings of the hydrofoil, to keep the boat verticality stable.

5. To write the code of the controller.
Not only the controller should be designed, but also the code of the controller should be

programmed in the software based on the design.
4



6. To combine both control systems into one main control system.
7. To verify the design by making a test plan and writing a user manual.
8. To verify the design by building a test model and test the design with it.

1.7 Main Research Question

Derived from the research objective the main research question could be defined as follows:
“What is the best cost-effective design of the control system of a hydrofoil that can maximize
the speed of the boat while keeping the boat stable and safe?”

1.8 Sub Questions

In order to be able to answer the main research question, the research is split up into three parts.
1. Gathering basic theoretical information about the project, resulting in theoretical
questions.[T]
Exploring the current position by raising empirical questions. [E]
3. Finding an improvement by raising analytical questions. [A]

Finally, the following sub questions must be answered:

T1. How to make the boat run faster while keeping the boat stable?

T2. How to waterproof the sensors without affecting the signals?

T3. Which method should be used to control the stability of the boat automatically?

E1. What should be controlled by the pilot manually?

E2. What else should be considered to keep the pilot safe under any conditions?

Al. How to reduce the error of the height measurement because of the waves?

A2. How to optimize the accuracy of the data got from the sensors?

A3. What is the range of the roll and pitch value of keeping the boat stable?

A4. How to check and adjust the angle of attack (AOA) continuously to keep the solar boat stable
when the hydrofoil is working?

A5. How to check and adjust the AOA continuously to maintain the constant height when the
hydrofoil is working?

1.9 Research Boundaries

In this research project, the researcher will design the controller of the hydrofoil control system.
This controller system is only suitable for this hydrofoil. (Shown in fig 1.3) This hydrofoil will be
finished in building next year so that the test in practice is not possible. The researcher has found
a way to build a test model to prove that the theory of the designed controller and coding can
work. On top of that, the accuracy of the sensors must be proved so that it is able to work in the
hydrofoil working environment.



1.10 Report Structure

The report is divided into 6 aspects:

1. Introduction

Introduction contains background information about the project and defines the research
problem.

2. Theoretical Framework

Theoretical framework contains knowledge, technique and theories related to the research
problem, including the result of previous research.

3. Method

Method contains the design method and research method applied to the project.

4. Result

Result includes the important results during researching period. The layout of the result was
determined by the design method.

5. Discussion

In this chapter, what the researcher has learned was described.

6. Conclusion and Recommendations

In this chapter, the conclusion to main research question and sub questions were described,

including the recommendation for the further development.



Chapter 2 Theoretical Framework

In this chapter, previous research results and theoretical description are elaborated in detail,
including the result of literature search.

2.1 Previous Research Results

The choice was made to use the height of the
boat as input for the height controller. The
height measurement is used for adjusting the
angle of attack (AOA) of front and rear wings.
Additionally, roll was chosen as the variable for
the second control system used for stability.
This system controls the side wings of the
hydrofoil. Research was done for different

sensors to measure height, pitch and roll.

Figure 2. 1 Existed PCB (Veen, 2015)

Above is the reference from previous research, the rough concept of the control system is to use
the roll value as input to control the two side wings for stability and use the height and pitch
value as input to control the front and rear wings for maintaining the whole hull at the constant
height. The types of sensors were determined, and the previous researcher who also built a PCB
(Shown in fig 2.1) with the ultrasonic sensor and IMU sensor, which proved that the value of
height and roll can act as input value. When the hydrofoil is working, the ideal situation of the
boat is that both the roll and pitch value are at 0 degree and the height maintains at 30
centimeter (cm). This PCB was assembled with Arduino board already. This PCB is only a proof of
the previous concept. It is not feasible in practice because the quality is insufficient. It does not
work every time and it is not waterproof. Besides, the accuracy of the input value is still an
existing problem.

2.2 Theoretical Descriptions

This section shows literature search results. The literature was chosen according to the project
requirements. To design and program a control system, it is essential to understand the working

principle of control system, hydrofoil and microcontroller.

2.2.1 Hydrofoil Dynamics

The lift formula for hydrofoils is similar to aerodynamics: Lift = (1/2)*p*A*CL*V?
A is dependent upon the actual wing shape. V represents velocity. Meanwhile, p means the
density of the water. CL is coefficient of lift; this is a dimensionless number found in tables of
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wing profiles as in theory of wing sections. (Vellinga, 2009)

Lift comes from the dynamics of the fluid in the area surrounding the foil. However, the lift can
be enhanced by positioning the hydrofoil at an angle. This angle is called the angle of attack
(AOA). (Radio corpotation of America, 1963)

As a result, changing the AOA contributes to changing the value of CL in the formula, which can
change the lift.

2.2.2 How the Hydrofoil Works

When the boat is at low speed, the hull flows in the water and the hydrofoil is totally submerged
in the water. As the speed of the boat increases and the AOA of the front and rear wing changes,
the hydrofoils generate lift. At a certain speed, the lift generated by the hydrofoils equals
the sum of the boat and pilot weights. As a result, the hull comes out of the water. Contrary to
what happens in traditional boats due to pressure drag, the boat with hydrofoils lift the hull out
of water without having an increase in drag with the increasing speed. The hydrofoils create a
more efficient way of cruising. Decreasing the drag contributes to the better usage of the power
needed for the movement of the boat. (Rosado, 1999)

The position of the boat can be adjusted by generating different lift of the front, rear and side
wings separately. For instance, when the boat is unstable, the lower wing of two side wings
experiences a bigger AOA and greater lift, while the higher wing experiences a smaller AOA and
lower lift. As a result of these, the hydrofoil makes sure that the boat is kept stable. With the
same working principle, the height can be ensured by adjusting the front and rear wings.

2.2.3 Control System

A control system is a system of devices, which commands, regulates, directs or manages the
behavior of other device(s) or system(s) to achieve desired results. There are two major
configurations of control systems, open loop control systems and closed loop control systems.
(Shown in fig 2.2) In open loop control systems, output is only based on inputs. In closed loop
control systems, not only current output is taken into consideration, but also corrections are
made based on feedback. (electrical4u, 2011)

Disturbance 1 Disturbance 2

+ + Output

Input + < Process. + x or
transducer Controller ~ or Plant R Controlled

Input
or —=|
Reference

Summing Summing variable
Jjunction Jjunction
(@)
Error
or i ance -
Actuating Disturbance 1 Disturbance 2
Actuating
signal C
Input _F +1 + Output
Input + + Process + or
or —* _ ={}j— Controller 4‘@—- (M V) ——
- transducer - or Plant Z Controlled
Reference - . .
Summing Summing variable
S\_.lmmmg junction Jjunction
junction
Output
transducer
or Sensor
) (Nise, 2011)

Figure 2. 2 Blocked diagrams of control system: (a) open loop. (b) close loop.
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2.3.4 Sensors

In the previous student research, they decided to use the ultrasonic sensor to detect the height.
However, there are two questions left. The first question is that the ultrasonic sensor selected by
the previous researcher is not waterproof. The second question is that when the boat is sailing,
the wave will definitely occur, which will affect the accuracy of the altitude (Shown in fig 2.3).
The solution needs to be found out. For example, the accuracy can be improved by changing the

type of the ultrasonic senor or changing the sample time in the software.

Figure 2. 3 The ultrasonic sensor measuring the altitude

2.3.5 Hardware and Software

In order to design a control system, Arduino (Shown in fig 2.4) is utilized as microcontroller.

[ Code of getting the height value ] [ Code of the algorithm for the front wing
o : Actuators of the
Data collection Software of i front wing
Ultrasonic sensor : and process ‘ ~ controller

[ Code of the algorithm for the rear wing ]

A Actuators of the
>

rear wing

IMU sensor

Actuators of the

> >
[ two side wings

[ Code of getting the roll and pitch value ] [ Code of the algorithm for two side wing ]

Figure 2. 4 Hardware and software

In order to design a control system, Arduino (Shown in fig 2.4) is utilized as microcontroller. All
the projects built with Arduino follow a simple pattern called “Interactive Device”. This
interactive device is an electric circuit. This circuit can contribute to detecting the environment
via using sensors and converting the real-world measurements into electric signals. This allows
the device to interact with the world by using actuators and electric elements. This pattern can
convert an electric signal into a physical action. (Banzi, 2009)

As shown in figure 2.4, the hardware part in hydrofoil control system consists of four major parts:
sensors, microcontroller, actuators and wings. The ultrasonic sensor and IMU sensor are used to
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detect the position of the boat. The Arduino board works as microcontroller, which are used to
collect and process the data according to the signals from the sensors. Besides, the control
system will be designed and programmed with Arduino to control the actuators of the wings in
hydrofoil.

For the software part (Shown in fig 2.4), the codes of achieving the height, pitch and roll value
need to be implemented. Additionally, the codes of algorithm of PID controller for each actuator
need to be designed and wrote to control wings separately. The controller will be realized by
writing the code of algorithm with Arduino.

2.3.6 PID Controller

A PID controller continuously calculates an error value as the difference between a desired set
point and a measured process variable. The controller attempts to minimize the error over time
by adjustment of a control variable.

PID algorithm consists of three basic actions, the Proportional, the Integral and the Derivative
actions. These 3 actions affect the plant in different ways; the proportional action responds
immediately to changes in height error but is insensitive to how rapidly the error is changing. If
the proportional gain is set high the steady state error will be small, but stability will be degraded
and the response will tend to be oscillatory. The second action is derivative action, this adds an
extra action that is proportional the rate of change of the error. It will improve high frequency
and transient response but will highlight high frequency noise. The final action is integral action;
this action removes steady state errors and improves low frequency response. However this then
degrades stability and phase margins.

Therefore, the detailed PID algorithm needs to be designed and implemented in software as
controller to realize the automatic control system (closed loop control system).

Required height
required height Ach dh
. >
currertt height
current height =
Hight controller
Current Pitch
»
cument pitch Lot
N
bl AoA th
II}—’ requiered pitch
Reauired pitch

Structure of the twin P.1.D. controllers.

Figure 2. 5 Structure of the height controller (Miller, 2005)

This paragraph illustrates the general idea of PID control system (Shown in fig 2.5). The
researcher will use this general idea to design the PID algorithm in particular. The details of PID
algorithm are specified to determine that different tuning values (Kp, Ki, Kd) should effect on
different data separately. In order to control the roll, pitch and height value at desired point,
which data should be affected by which tuning value is the challenge to be met and is regarded
as the problem.
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Chapter 3 Research Method

In this chapter, the research method and design method are described, including the explanation
of why the certain methodology is chosen and research process.

3.1 Research Method

The first phase of the assignment is where the researcher will get familiar with the assignment,
including a plan (Shown in Appendix P) about how to make this assignment a success.
Additionally, the researcher starts self-studying the related knowledge which will be applied.

In this project, the researcher used the book called “Doing research — The Hows and Whys of
Applied Research” as reference. The book provides a clear introduction to the research methods
and statistics used in education, social work, and the social sciences. The emphasis is on applied
research in which all the stages are demonstrated: setting up a research project, gathering data,
analyzing the results, drawing conclusions, and preparing and evaluating research reports.

(Verhoeven, 2011)
The method called “scientific method”. (Shown in fig 3.1) It is a simple
Question« method which has four steps. First step is generating question; second
y step is collecting data; the third step is testing hypothesis and the last
Collect data+ . . .
step is to come out a conclusion. According to the results, the researcher
will raise new questions and start this flow again. The scientific method
Test hypothesis+
will be used in the tests with ultrasonic sensor, IMU sensor and test
Conclusion model to optimize the code of data collection, process and control
system.

Figure 3. 1 Workflow of the scientific method

3.2 Detailed Research Method

In order to answer the research questions, questions are answered by the following way

according to the table 3.1.

Research Question Research Method

T1. What is the principle of | Interview the project manager and clients
making the boat run faster | Interview previous researcher

while keeping the boat stable? | Research on the hydrofoil technology

T2. Which method should be | Make a list of requirements

used to control the stability of | Determine the functions and ideal situation

the boat automatically?

E1. What should be controlled | Research on the existed hydrofoils
by the pilot manually? Communicate with project manager and clients

E2. What else should be | Present the current design
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considered to keep the pilot
safe under any conditions?

Improve from feedback
Conclusion

Analyze the result

E3. How to waterproof the
sensors without affecting the
signals?

Test the existed sensors
Search another type
Test

Al. How to reduce the error
of the height measurement
because of the waves?

A2.How to the

accuracy of the data got from

optimize

the sensors?

Research on the IMU sensor

Research on the ultrasonic sensor

Test the previous program

Collect data

Improve the codes of getting the height, pitch and roll value
Test with the new codes

Analyze the test results (Use scientific method)

A3. What is the range of the
roll and pitch value of keeping
the boat stable?

Research on the hydrofoil technology

Design the controller

Program the code

Test with the test model to figure out the range of it.
Analyze the result (Use scientific method)

Improve the code with the test result

A4. How to check and adjust
the AOA continuously to keep
the solar boat stable when the
hydrofoil is working?

A5. How to check and adjust

the AOA continuously to
maintain the constant height
when the hydrofoil s
working?

Research on the control system

Research on PID controller

Design the PID algorithm (Specified to design different
tuning values effect on different data)

Program the PID algorithm with Arduino

Build a test model

Test with test model

Analyze the result (Use scientific method)

Table 3. 1 Research method

3.3 Design Method

The design method chosen for this project is the v-model. (System/IT, 2011) The researcher is

familiar with the delft design method and v-model. The reason why the delft design method was
not selected is that a concept has been made already. The previous researcher has already
selected the most suitable sensors and microcontroller by comparing many different kinds of
sensors and microcontrollers, based on the delft design method. Now the new task is to use
these sensors and microcontroller to design a control system and get it work. Therefore, the

V-model is more suitable for programming projects than the Delft Design Method in this project.

The v-model (Shown in fig 3.2) gives a lot more structure for engineering a design into detail and

getting it working. This is because of the explicit division into sub-systems and set moments for
testing. V-model is a useful design method suitable for small to medium sized projects where
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requirements are clearly defined and fixed. The researcher will follow the V-model to add the
features which the client has requested at this semester.

Customer requirements

definition

Whole system design System integration test
777777777777777777777777777777777777777 Sub system integration
——————————————————————————————————————— test

Component testing

Figure 3. 2 V-model (Firesmith, 2013)
Based on the V-model, the workflow was listed in Appendix D.

3.3.1 Requirement Analysis

This is the first phase in the development cycle where the requirements are understood
from the perspectives of clients. Underneath a list of all the tasks were worked on in this
phase in no particular order.
Research proposal: This document includes all the results of the planning phase and serves as a
starting point of the project;

Get familiar to the C language and Arduino board.

Understand the working principle of the hydrofoils.

Understand the previous research and check the previous coding.

Get familiar to the usage of ultrasonic sensor and IMU sensor.

User requirements

Literature research and archive studies

Interviews with the previous researcher.

Analysis of existing qualitative information

Get familiar to how to use the ultrasonic sensor and IMU sensor
All of these contribute to achieve the success in the project. In the following phase, more
details of process plan were presented as follow.

3.3.2 Whole System Design

In the system design part, the whole system of the project is defined. About the whole system in
this project, the researcher needs to design the controller and program a whole algorithm to
realize the controller. This is the first phase of the project where will actually start working on
the problem. In this phase, the main idea and rough whole system will be designed. Underneath
a list of all the tasks will be worked on in this phase:
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System requirements: The entire requirement for the systems will be defined in the list of
requirements.

System overview: A system overview will be made with all the interactions the system will have
with the environment.

Test plan: A test plan on system level will be written to see if the system meets the

requirements.

3.3.3 Subsystem Design

In this phase, the whole control system of hydrofoil will be divided into smaller subsystems. A lot
of work will be done to define the interfaces and requirements of each subsystems. Underneath
a list of all the tasks will be worked on in this phase in no particular order:
System decomposition: The hydrofoil control system will be divided into two systems. The
advantage of this is that smaller parts can be engineered at the same time.
Subsystem requirements: All the requirements for the systems will be defined in the list of
requirements.
Test plan: A test plan on each subsystem level will be written to see if the subsystem meets the

requirements.

3.3.4 Component Design

The component design phase is similar to the subsystem design phase but one level deeper. At
the start of this phase, the whole system will be divided into sub-systems and then design the
component inside of each subsystem. Underneath a list of all the tasks will be worked on in this
phase in no particular order:
Subsystem decomposition: Each subsystem will be divided into several components. The
advantage of this is that smaller parts can be engineered at the same time.
Component requirements: All the requirements for the systems will be defined in the list of
requirements.
Tests with available components: Based on the scientific method, the accuracy of the
sensors will be enhanced by testing and improving the software.

3.3.5 Coding

The actual coding of the system programmed in the design phase is taking up in the coding phase.
The C language is chosen according to the previous program design. Based on the design phase,

the algorithm will be programmed with Arduino.

3.3.6 Component Testing

In this phase, each component will be tested. These tests will be done to verify the

components meet the requirements, which can contribute to determining and implementing
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in detailed design phase. If some requirements found out that are not met, the reason and
improvement will be added on the existed design and coding.

3.3.7 Subsystem Testing

In this phase the subsystems will be tested according to the test plans for these sub-systems.
These tests will be done to verify the system meets the requirements. During the process of
subsystem testing with test model, some expected and unexpected results may come out. If
some requirements found out that are not met, the reason and improvement will be added
on the existed subsystem. Therefore, the testing contributes to optimizing the design.

3.3.8 System Testing

In this phase the whole control system will be designed with test plan to see if the system
meets the requirements. Most of the software and hardware compatibility issues can be
uncovered during system test execution.

3.3.9 User Acceptance

In order to accept by the user, a user manual will be designed. (Shown in Appendix B)
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Chapter 4 Results

In this chapter, the results were described. Based on the process plan described in chapter 3, the
structure of the results followed the structure of V-model. During the process of research and
designing, the scientific method was utilized to optimize the result. (Shown in fig 3.1) The whole
system design, subsystem design, component design, detailed design and testing were described
in this chapter.

4.1 Concept-Design of the Whole System

The whole system design phase is the first step to design the project. Based on the functions and
the requirements (Shown in Appendix C), an overview and main idea of the whole system were
taken into consideration at first. In this phase, the system overview and test plan were described.
The ideal situation and user manual were elaborated in Appendix B. The most important part is
to describe all the inputs and outputs of the whole hydrofoil control system.

4.1.1 System Overview

First the coordinate was establishment. (Shown in Fig 4.1)

PiltehY A ROt

Figure 4. 1 Coordinate establishment

The boat with hydrofoils rotates around three axes. Rotation around the x-axes was called roll.
Rotation around the y-axes was called pitch. The boat with hydrofoils must be stable and
controllable around both 2 axes. The IMU sensor was used to achieve the data of roll and pitch
value. The height value was achieved from the ultrasonic sensor. The stability of the boat was
determined by the roll value. Through knowing the roll value, the system can calculate the angle
of inclination of the boat. Besides, this error (angle of inclination) can be eliminated by the PID
controller, which protects the boat from severe accidents when hydrofoil is working. The height
of the boat was determined by the distance between the bottom of the hull and the surface of
the water. Utilizing the height and pitch value, the PID controller can correct both the error of
height and pitch to ensure that the whole hull stays perpendicular to the z-axis and maintain
constant height. This whole system seems simple; however, the data collecting and accuracy, the

PID algorithm and coding were three grand challenges.
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Based on the ideal situation, requirements and the theory of control system, the whole system
was designed as an automatic control system. The automatic control system was realized by the
close loop control system. A closed loop system is also called a feedback loop control system.
There are two common types of control system, one is open loop control system and the other
one is feedback loop control system. In the feedback loop control system, current measurement
of the output is taken into consideration and corrections are made based on the feedback. In the
open loop control system, the output is only based on the input signal. The output of hydrofoil
control system was not only based on the input signal, but also the difference between the
current measurement and required set point. Therefore, the hydrofoil control system was
feedback loop control system. The bellowing figure demonstrates the input, output and feedback

of the whole hydrofoil control system. (Shown in figure 4.2)

Ultrasonic sensor

Required height The front winy
£qul cg »PID controller +  Comection — g >
¥
The rear wing
+
Required pitch
= i PDD controller ——————»  Comection ¥
* the solar boat
Required roll The two side wings
> T »PID controller »  Comection >

Compass sensor |«

Figure 4. 2 Whole hydrofoil control system design

According to the previous, the ultrasonic sensor and IMU sensor was determined to be used. This
hydrofoil of the solar boat haves four wings. Three wings are at front and one wing is at the back
of the boat. The two sides wings at front for controlling the stability. The middle wings at front
and the rear wing are for maintaining the height. The whole system was designed as automatic
controlled system with self-regulation. Via using the feedback loop, eliminate the error in the
system continuously. As mentioned before in the theoretical framework, the PID controller was
used as the self-regulation. To begin with, the required value was set upped. Simultaneously, the
sensor detected the current value. Following this, the feedback loop calculated the error. The PID
controller corrected the error and sent pulse width modulation (PWM) value as output to control
the actuators of the wings. At the same time, the sensor still detected the current value to
measure the new error and started a new round of feedback loop. This system worked
persistently. Measured the new error and corrected each error, which realized the dynamic
stabilization in dynamic situation with self-regulation. Only when the hydrofoil knows the
accurate position from the sensors, the whole system can be a stable and safe automatic control
system. In view of this, the accuracy of the sensor was really essential. Furthermore, the PID
controller was necessary for correcting the error. The detailed design of each PID controller, data

processing and coding were presented in the following phase.
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4.1.2 Test Plan of the Whole System

To check if the whole hydrofoil control system meets the requirements, the complete test plan can be

found in Appendix I. This test plan was used to find out if the hydrofoil can work as the ideal situation.

4.2 Concept-Design of Subsystem

In the previous phase, the inputs and outputs of the whole system were defined. Following this,
in the next phase, it is time to define sub-systems and interfaces between them. In the following
paragraphs, subsystems design; subsystems overview, requirements and functions for the
systems were presented, including the test plan.

4.2.1 Two Subsystems Design

The whole system was divided into two subsystems. They are stability subsystem and height
subsystem. Combined these two subsystem, the hydrofoil can not only make the boat run faster,
but also work at dynamic circumstance steadily and safely. Each subsystem has a specific set of
functionalities. In the following paragraphs, each subsystem was described in details, specializing
in requirements, functions and working theory.

4.2.2 Concept-Design of Stability Subsystem

The first subsystem was stability system. The function of the stability system was to ensure the
pilot security when the hull is out of water. Through adjusting the two side wings continuously,
the boat keeps stable at roll direction. Following this, what should be controlled? How to control
it? These questions were answered in the practical life.

According to the intuitive experience, any persons can keep a stick up right on his finger. (Shown
in Fig 4.3) There are two requirements why this can happen. One is that the eyes can observe the
angle of inclination and the trend of inclination, the other one is that the finger can move to
change the position of the stick. In practice, that is how dynamic stabilization works via using
feedback loop.

Control the

algorithm Acutator plant

Set point the motion of stick
Brain Finger Stick

Sensor

Eyes

Figure 4. 3 Keep a stick up right manually

The dynamic stabilization of the hydrofoil used the same theory via using the feedback loop. The
difference was that the sensors, PID algorithm and actuators replace eyes, brain and the finger.
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Besides, the angular velocity was used instead of the trend of inclination. In conclusion, the IMU
sensor was used to detect the angle of inclination and angular velocity to control the roll value.
As a result of this, the stability automatic control system was designed. (Shown in fig 4.4)

Correction

Required roll Two side wings

Installation
error
correction

Current angle of inclination Compass

sensor
Current angular velocity

Figure 4. 4 Stability subsystem

The Kp in the diagram means proportional action. It corrected the new error. In this case, the new
error was the difference between the set point of the required angle of inclination and the
current angle of inclination. In the angle feedback control loop, the proportional action controlled
the angle of inclination, which made the system react faster on deviations. The Kd in the diagram
means differential action. It controlled the angular velocity, which had most of the time a
stabilizing effect on the control loop. Accordingly, the parameter in the differential action was
similar to the damping force, which restrained upon the oscillation of the boat.

The stability subsystem was based on the data got from the IMU sensor. The IMU sensor was
detecting the angle of inclination so that the IMU sensor should be perpendicular to the z-axis of
the boat strictly. In other words, if the IMU sensor does not install on the boat strictly, because of
its character, the deviation of the angle will make the boat tilt to its side at roll direction with
acceleration until severe accidents. The character of the IMU sensor was described in following
paragraph 4.3 components design. In order to avoid this, installation error correction should be
included in stability subsystem for robust system.

The output of the PID algorithm was PWM for adjusting the actuators. The PWM value kept
steering and changing the AOA of the two side wings. When the boat is unstable, the lower wing
experienced a bigger AOA and greater lift, while the higher wing experiences a smaller AOA and
lower lift. As a result of these, the hydrofoil makes sure the boat stable. This is a correctional
force that rolls the wings back toward level flight at roll direction. Based on figure 4.4, the electric
circuit of stability subsystem was designed and connected. (Shown in Appendix E)

4.2.3 Test Plan of Stability Subsystem

For the subsystems test plans was made to check whether meet the requirements. This test plan can
be found in Appendix G. The code of the stability subsystem was presented in K. A test model was
built by the researcher to prove that this theory of control system works well. (See more details in

paragraph 4.5 Test model.)

4.2.4 Concept-Design of Height Subsystem

Besides the stability subsystem, the other subsystem was height subsystem. The function of the
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height system is to ensure the hull out of water at constant height. As the result of this function,
less resistance would be in the water so that the boat can sail faster. Through adjusting AOA of
the front and rear wings, the boat maintains constant height and keeps stable at pitch direction.

/Ultrasonic sensor

———
Figure 4. 5 Ideal situation B

As shown in the figure 4.5, the ultrasonic sensor would be installed at bow of the boat. The
ultrasonic sensor detected the height value, which compared to the set point of the height value.
Via adjusting the output PWM of the front and rear wings, the hull maintains constant height.
However, only the ultrasonic sensor was not enough to keep the whole hull out of water. The
ultrasonic sensor was installed at the bow of the boat; therefore, the height correction would
cease until the first half part of the boat reached the set point of the height value. Just like the
figure 4.5.

Figure 4. 6 Ideal situation C

In order to avoid the situation that only the first half part of the boat maintains the constant
height, the pitch value should be contributed to the height subsystem. The ultrasonic sensor
controls both the front and rear wing. The pitch value only controlled the rear wing to maintain
the boat parallel to the water surface. (Shown in fig 4.6) Accordingly, the output PWM of the rear
wing needs to be fusion process the error correction from the height and pitch.

Following this, the height subsystem was designed. (Shown in fig 4.7)

Ultrasonic sensor
Current height

Required height Emor - ‘The front win
= C LN +PD controller »  Comection - - & The solar bost

The rear wing
Required pitch Ermor )
. +PID controller »  Comection

Current pitch

Compass sensor <

Figure 4. 7 Height subsystem

The height subsystem was based on the height and pitch got from the IMU sensor and ultrasonic
sensor separately. Use the feedback loop of IMU sensor and ultrasonic sensor to correct the error
of height and pitch separately. The height values controlled both the front and rear wings, while
the pitch values only controlled the rear wing. The rear wing was controlled by the height and the
pitch value. A little adjustment of the rear wing influenced the hull of the boat at pitch direction.
This subsystem realized the function that the hull is out of water at constant height and also the
whole hull is parallel to the water surface. The PID controller for correcting these two values was
presented in the paragraph 4.3 component design. Based on figure 4.7, the electric circuit of
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height subsystem was designed and connected. (Shown in Appendix F)

4.2.5 Test Plan of Height Subsystem

For the subsystems test plans was made to check whether meet the requirements. This test plan can
be found in Appendix H. The code of the height subsystem was presented in Appendix L.

4.3 Component Design

In this phase, the components of each subsystem were presented. Both in the stability and height
subsystem, the components are measuring the position and the output PWM of actuators. Each
of them was described in the following paragraph.

4.3.1 Components of Stability Subsystem

Based on the stability subsystem design, the method to control the stability of the hydrofoil was
that control the PWM of the actuators, belonging to the side wings, through detecting the
angular velocity and angle of inclination of boat at x-axis and the correction of the roll value.
However, there are still two existed questions. How to measure these two kinds of value? How
to control the output PWM?

The stability subsystem was divided into two components: one was measuring the angular
velocity and angle of inclination; the other one was controlling the output PWM of two side
wings including the installing error correction. Underneath the two components of stability
subsystem was described. In this phase, the component was tested and proved that it can work
well. That is to say, the component was improved and redesigned, based on the results of the test,
to enhance the system. According to the chapter 4.2.2, the first important point of controlling the
stability of hydrofoil is controlling the angle of inclination and angular velocity to correct the roll
value.

4.3.1.1 Measure the Position of the Boat

In the whole system design, the closed loop control system and PID controller was selected. In
this kind of control system, the current position was taken into consideration. In the stability
subsystem, the roll value was controlled by the angle of inclination and angular velocity.
Additionally, the velocity of the actuators was detected by hall sensor, which contributed to the
control the position of the actuators and eliminated the installation error. In this phase, what was
essential to be measured was presented in the following paragraph. The workflow of measuring
the position was described in Appendix Q. The accuracy of IMU sensor was improved by
programming and testing with the electric circuit (Shown in appendix E).

Roll
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Only knowing the position continuously, the actuators can make accurate output. The IMU sensor
Mpu6050 was utilized to detect both the roll and pitch value. There are accelerometer,
magnetometer and gyroscope in the mpu6050 sensor. The roll and pitch value, the angle of
inclination and angular velocity of the boat at x-axis can be known from this sensor. Additionally,
mpu6050 can be easily communicated with Arduino. The Arduino board was used as
microcontroller, which was determined from the previous research. The PID controller was
programmed with Arduino, which contributed to control the actuators based on the error.

The mp6050 can detect the roll, pitch and yaw value.
Rotation around z-axis called yaw.

The gyroscope can detect the angular velocity.

The accelerometer can detect the acceleration.

Both of these can detect in 3D axis. The figure 4.8

Figure 4.8 Mpu 6050 IMU sensor shows the compass sensor mpu6050.

Angular velocity
Via gyroscope in mpu 6050, the rotation angular velocity of x, y, and z-axis can be measured

directly at the same time. This function was utilized to detect the angular velocity of boat in
x-axis (roll direction). The following pictures show that the mpu6050 was measuring the angular

velocity at x-axis. The output of gyroscope is angular velocity, which
“‘;:ﬁjﬁ‘;:gj_;; was created by the motion of the boat. It has been

et s tested. (Shown in fig 4.9) The noise of this signal is

Z::ﬁji:i:ﬁfg; really small. These values were accurate enough.

oo tos 1 That is because that the motion of the boat does

Gyrolydrofail2d. 83
Gyroltydrofoil2s. 63
Gyrolydrofail2d. 90
Gyroltydrofoil32. 61

v ttydaf137. 98 detecting the motion. As a result of this, the

Gyroltydrofail32. 10

not influence the signal due to the gyroscope is

angular velocity can be used directly without any
Figure 4. 9 Test picture of IMU sensor filtering to know the trend of angle for keeping the

hydrofoil stable at roll direction.

The detailed programming of how to get the angular velocity of x-axis was shown on the
Appendix M.

Angle of inclination

The measurement of angle of inclination was not as easy as the angular velocity measurement.
The first method was to measure the angle via using accelerometer.

Accelerometer can measure the acceleration caused by the gravity or motion of the object. The
accelerometer in mpu6050 sensor can detect the acceleration of x, y, and z-axis. Based on these
three values, each angle of inclination at different axis can be calculated. For instance, the angle
of inclination at x-axis can be known by this formula

AccelermeteryY

angleX = atan( ) = 180/m «

AccelerometerZ

(Pedley, 2013)

The value of accelerometer Y and accelerometer Z can be easily achieved from the mpu6050
sensor. It seemed that angle of inclination at roll direction can be acquired. However the
oscillation has great influence on the signal of acceleration, which makes it difficult to get exact
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angle of inclination. For the automatic control system, the accuracy of the sensor is the key to
success. A test was done to see how much it would influence the angle of inclination.
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Figure 4. 10 Test of accelerometer and gyroscope

Above figure 4.10 shows the result of the test. The X-axis is sampling numbers and the Y-axis is
the angle of inclination measured in degrees. The red line represents the angle calculated from
the accelerometer. The blue line represents the angle calculated from the gyroscope.

This test consisted of two different test statuses. At the beginning, the tester oscillated the object
manually. The front part of that chart demonstrates that oscillation part, which showed clearly
that the sensitivity of the accelerometer caused great influence on the angle of inclination.
Compared to the blue line, the noise of red line was severe when the object is oscillating. The
oscillation caused interference signal, which overlay with the output signal. Because of that, the
measured value from the accelerometer cannot reflect the angle of inclination exactly. The latter
part of the test was under static situation. The tester fixed the IMU sensor at O degree. At the
static situation, without any oscillating, the accelerometer worked well. As shown in the figure
4.10, the noise at that situation was not severe and the value was nearly zero, which was
accurate.

Another method is to integrate the angular velocity got from gyroscope. According to this
formula d® = w * dt (Lauszus, 2012), the value of the angle of inclination can be calculated. The
blue line represents the angle calculated from the gyroscope. However, the angle calculated from
the angular velocity via integral operation can form integrating error. This error accumulates
when the time is increasing. As shown in the front part of the chart, within a very short time
frame, the gyroscope can reflect the angle of inclination well. The line is smooth. Nevertherless,
the error accumulates constantly while the integral operation. As shown in the latter part of
figure 4.10, the tester fixed the sensor at O degree, but the value calculated from the gyroscope
in the figure was not 0 degree and it demonstrated a trend to decrease. It shows the fact that the
angle of inclination calculated from the gyroscope accumulated when the time was increasing.
The result from this test was that both the calculations from the accelerometer and gyroscope
were not capable enough to detect the angle at real-time. According to the test, these two
methods cannot reflect the angle of inclination at real-time.

In order to solve the accuracy of the calculation, Kalman filter was used to accurate the data. It is
an algorithm, which uses a series of measurements observed over time, in this context an
accelerometer and a gyroscope. These measurements will contain noise that will contribute to
the error of the measurement. The Kalman filter will then try to estimate the state of the system,
based on the current and previous states, that tend to be more precise that than the
measurements alone. The code of Kalman filter is an open source online, which can found easily.
A similar test was done to see how the Kalman filter works. The X-axis is sampling numbers and
the Y-axis is the angle measured in degrees. As demonstrated in the following figure 4.11, the
green line represents the angle calculated from Kalman filter. The red line represents the angle
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calculated from the accelerometer. The blue line represents the angle calculated from the
gyroscope. As mentioned before, gyroscope can reflect the accurate data within a very short time
frame. The green curve overlaps on the blue curve perfectly. The noise in the green curve is much
more less than in the red one. According to the chart, the Kalman filter applies smooth effects to
the reflection of the angle. Besides, the accuracy is better than the two method mentioned

before.
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Figure 4. 11 Test of angle calculated from accelerometer, gyroscope and Kalman filter

In conclusion, the sensor mpu6050 was used. The gyroscope was used to detect the angular
velocity of hydrofoil at x-axis. Both the measured value from accelerometer and gyroscope was
used to calculate the angle of inclination of the hydrofoil at roll direction. During the process of
calculation, the Kalman filter was utilized to enhance the accuracy of data. The angle of
inclination and angular velocity was used as input signal for detecting the position of solar boat.
These two kinds of input signal were capable of sending the correct position detected data.
These data will be used in the PID algorithm to control the two side wings for controlling the
stability of the boat. The code of angle of inclination was presented in Appendix N.

4.3.1.2 The Output PWM of Actuators

The accuracy of the two kinds of angle value was enhanced. According the PID algorithm, this
system was designed. (Shown in figure 4.12)
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Required roll wings
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Angle of
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Kalman
filter

Angular velocity « Gyroscope  «

Figure 4. 12 Angle feedback loop

Based on the intuitive experience, the proportional action reacts to the instant error. In this
feedback loop, the instant error was deviation between the required angle of inclination with the
current one. The Differential action applies the suitable correction to the error previously, based
on the changing trend of the error. In this case, the angular velocity represents the changing
trend of error. The parameter of P and D action called tuning value. The only way of defining the
tuning value was trying in practical life. How to find out these values was present in the test plan
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of stability subsystem. (Shown in appendix G)

In this phase, the accelerometer must be installed on the boat without any error. If there is any
difference between the Z-axis of the accelerometer with the vertical direction of the boat, the
value got from the accelerometer will have deviation. Because of the theory of how
accelerometer sensor works. By measuring the acceleration caused by the gravity or motion of
the object, the installation mistake will give rise to the accuracy problem. With the error of
installation, the stability of the boat cannot be ensured. It would cause the boat go ahead at one
direction in x-axis with acceleration until have a crash. So as to eliminate this problem, the
installation error correction needs to be included in the whole stability system.

The installation error gave rise to the unstable situation. Only the Angle loop of hydrofoil stability
control is not enough to ensure that the boat can keep stable. Therefore, the velocity loop of the
hydrofoil stability control is necessary to add in the whole stability control system. The first step
of controlling the velocity loop is to get the information from the actuator of the two side wings.
For that, hall sensor was selected. Hall sensor can send a pulse when the motor rotates a single
turn. The counter of the pulse and the time interval between the two pulses can calculate the
speed and position of the two side wings. Acquiring the information of speed and position, PID
algorithm were also designed to control the velocity of the two side wings automatically. The
figure below demonstrates the whole stability system in details, including the detailed installation
error correction.
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Current angle of inclination Accelerometer

Angular velocity « Gyroscope

Figure 4. 13 Whole design of stability subsystem with detailed velocity controlled loop

The theory of velocity controlled loop was similar to the angle controlled loop. As shown in the
figure 4.13, the proportional action Kp1 reacts on the velocity. The velocity was easily calculated
from the hall sensor. The proportional action controls the velocity, which makes the system react
faster on deviations. The integral action Ki controls the position of the motor, which eliminates
the static deviation of the proportional action. The position of the motor was calculated by the
accumulation of pulse of the hall sensor. There two tuning values need to be determined in
practical life as well. The angle and velocity control loop superimpose with each other to control
the output PWM of the two side wings. This closed loop via using feedback ensures that the
hydrofoil can keep the boat stable. The angle closed-loop keep the boat tracing the balancing
point. The installation error correction avoids the situation that the boat goes ahead at roll
direction with acceleration, which improves the dynamic stabilization of the boat.

According to the whole designed figure (Shown in 4.14), the output PWM in the coding is:

PWM = (AngleBoat — Base )* AngleP + GyroBoat * Angle + Position* V_I+ velocity *V_P
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In this formula, Base is the set point. The value of Base was found manually from the mechanical
balanced point. The detailed code was included in the stability subsystem coding in Appendix K.
In conclusion, the whole detailed subsystem was designed with each component. The test plan of
the stability control system through the test model was presented in Appendix J.

4.3.2 Component of Height Subsystem

Based on the height subsystem design, the method to control the height of the hydrofoil is that
control the PWM of the actuators, belonging to the front and rear wings, through detecting
height and the pitch value. However, there were still two existed questions. How to measure
these two kinds of value? How to control the output PWM?

The height subsystem was divided to two components: one is measuring the height and pitch
value; the other is controlling the output PWM of the front and rear wings. The accuracy of
ultrasonic sensor was improved by programming and testing with the electric circuit (Shown in
appendix F).

Underneath the two components of height subsystem was described.

4.3.2.1 Measure the position

In this phase, how to determine the right position of the boat was described. The height value
controlled the AOA of the front and rear foils. By adjusting this, the height and pitch value of the
boat would change. The ideal pitch value is zero, which means the hull was parallel to the water
surface. The pitch value only controlled the AOA of the rear foil. The underneath paragraph
describes the calculation of the height and pitch value in details. The workflow of measuring the

position was described in Appendix Ill.
Height

The height value means the distance between the bottom of the hull and the water surface it is
passing over. From the previous research in 2015, the ultrasonic sensor was selected as height
detector. (Shown in the fig 4.14)

N

Figure 4. 14 Test of existed PCB board with old ultrasonic sensor

This ultrasonic sensor had been lying idle in the electrical lab for half year. A test with
oscilloscope proved that it is broken. Above is the former ultrasonic sensor (shown in fig 4.14).
The ultrasonic JSN-SR04T (Shown in fig 4.15) was selected as the height detector instead of the
old one, because the waterproof part of the old one is tiny. Compare to ultrasonic JSN-SR04T, the

old one cannot be easily installed on the boat with tiny waterproof part.
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Figure 4. 15 Ultrasonic sensor JSN-SR04T

The ultrasonic sensor JSN-SRO4T has a tiny chip which can easily interface with Arduino board.
The distance detecting range is 15 ~ 200cm. The working temperature is -10 ~ 70°C. (Akhi, 2015)
Those characters are suitable for the competition working environment. The transmitter of the
ultrasonic sensor launches the signal and the receiver receives the signal. The ultrasonic sensor is
controlled by a pulse. After the pulse sends, the sound wave launched from transducer. When the
sound wave is emitted, the receiver waits until the transducer signal comes back to the ultrasonic
sensor and gives a high signal at the output. Through the time difference and the propagation
velocity of sound in the air, the travel distance and object distance can be calculated based on the
following formula.

TravelDistance = (TravelTim - SpeedO fSound)

(Lgel, 2013)

The above formula calculates the total distance that made the sound wave. This is thus the
transducer, to the object and back to the transducer. The distance to the object, therefore, is the
half of the travel distance.

TravelTime - SpeedOfSound

2 (Lgel, 2013)

ObjectDistance =

That is the theory about how the ultrasonic sensor works to detect the object distance. According
to this theory, the height of the boat can be calculated.

In the chapter 2, the previous researcher selected ultrasonic sensor to detect the height. There
are two questions left which need to be solved from the previous research. One is waterproof
problem and the other one is accuracy. The first problem solved by selecting the JSN-SRO4T
sensor. This kind of sensor integrated with wire enclosed waterproof probe, suitable for wet
situation. The other problem was accuracy. The wave occurs would affect the accuracy of the
height. (Shown in Fig 2.3)

The problem was solved by the smoothing function in the software. The smoothing function is
also called the circular buffer. This buffer is used to calculate a moving average. A moving average
is useful to reduce the effect of waves. Underneath will show some details and explanations in
this smoothing function. (Shown in fig 4.16)
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int mam = 10;  // set up the sampling rumber

int readings[nun]; /4 the readings from the analog input
nt readlndex = 0 #/ the index of the current reading
nt total = O; ff the running total

nt average = 0: /f the average

woid Toop () {

total = total - readings[readIndex];// subtract the last reading:
readings[resdIndex] = snslogRead (inputPin):// read from the sensor:
total = total + readings[readlndex];// add the reading to the total:
readTndex = readTndex + 1:// advance to the mext position in the array
if (readlndex >= numReadings) { // go to mect mew rouwnd

readlndex = 0;
}
average = total / numReadings: // caleulate the average:

Figure 4. 16 Smoothing function

The smoothing function can calculate the average of 10 values detected from the ultrasonic
sensor. Compared with other average function, this smoothing function is calculating the average
of 10 values while adding one new value and subtracting the first value each time. In other words,
there is no lagging time in this smoothing loop. The ultrasonic sensor was detecting the new data
continuously and calculating a running average. This smoothing function is useful for smoothing
out the values from jumpy or erratic sensors. Even if the sensor gets abnormal value (in practical
life, this abnormal value caused by waves), the average value is still approach to the last average
value. Therefore, the abnormal value can be eliminated so as to enhance the accuracy. The code
of the height measurement was presented in Appendix O.

The conclusion can be drawn that the moving average caused by the waves can be eliminated by
the smoothing function and the ultrasonic sensor is waterproof. The two problems remained

from the previous research has been solved.

Pitch

Besides the height value, pitch is another essential value which requires to be controlled. The
height value was used to control the front and rear foils. The pitch value is used to control the
rear foil which can keep the hull parallel to the water surface.

Similar to the roll value, pitch value can also be acquired from the mpu6050 sensor. As
mentioned before, the accelerometer in the mpu6050 sensor can detect the acceleration of x, v,
and z-axis. The vertical acceleration can be calculated from these three values. The noise and
oscillation, effected on these values, can be eliminated via the Kalman filter. The whole
component of detecting the pitch value was similar to the component of roll value. The only
different aspect was that roll value keeps the boat stable around the x-axis, but the pitch value
keeps the boat stable around the y-axis.

In conclusion, the sensor mpu6050 was used as well. The gyroscope in the sensor mpu6050 was
used to detect the angular velocity of hydrofoil at pitch direction. The measured value from
accelerometer and gyroscope was used to calculate the angle of inclination of the hydrofoil at
pitch direction. During the process of calculation, the Kalman filter was utilized to enhance the
accuracy of the data. The angle of inclination and angular velocity was used as input signal for
controlling the position of solar boat, which was helpful to correct the pitch error. These data
would be used in the PID algorithm to control the rear wing to make sure the hull of the boat

parallel to the water surface when the bow met the height requirement.
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4.3.2.2 The Output PWM of Actuators

The output PWM of actuators in the height subsystem was more complicated than the one in the
stability subsystem. In the stability subsystem, the actuators of two side wings only controlled by
the roll value. However, in the height subsystem, the front wings controlled by the height values
while the rear wings controlled by the height and pitch values. First, the output PWM of the front
wing was designed. (Shown in figure 4.17)

» Height emor » Kp2
Required height The front wing
» — — Cormection T >

» Old ermor -new ermor > Kd

Height measurement Ultransonic
¢

sensor

Figure 4. 17 The control system of front wing

As shown in the above figure, the actuator of the front wing was controlled by the height value.
According to the formula of the PID controller:

Differential = (new error - old error) / time period

Proportional = new error (Miller, 2005)

The Kp2 in the figure means proportional action, it corrects the new error. In this height control
subsystem, the error is the difference between the set point of the required height and the
current height measurement. This error should be corrected by the proportional action.
Additionally, the D in the figure means differential action. In the height feedback control loop, the
proportional action controls the height error, which makes the system react faster on deviations.
The differential action controls the height error impairment. As mentioned before in the stability
subsystem, the differential action is similar to the damping force, which was helpful to restrain
the vertical oscillation of the boat. The output PWM of the front actuator was designed in the
following formula.

“PWMT = (Kp2)*Height_Error+(Kd2)*(New_Height_Error — Old _Height_Error)”

Old height error is the last loop of new height error. The output PWM of the PID algorithm was
utilized to adjust the angle of attack to front wings. Via adjusting the angle of attack, the height of
the boat can be controlled. However, only by adjusting the angle of attack of the front wing is not
enough to make sure the whole hull of the boat maintain the same height with the water surface.
The output PWM of the rear wing was design to help the hull parallel to the water surface.
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Figure 4. 18 The control system of rear wing

Above figure 4.18 demonstrates the design of the output PWM of the rear wing. All the
ultrasonic sensor, hall sensor, accelerometer and gyroscope are utilized to detect the position of
the boat. Expect the ultrasonic sensor; the other part of the rear wing system was the same as
the stability subsystem. The theory of stability subsystem was controlling the roll value, while the
theory of the height subsystem was controlling the pitch value. The Accelerometer and gyroscope
was used to detect the angle of inclination and angular velocity at y-axis, which was contributed
to control the pitch value. Furthermore, in order to eliminate the installation error of
accelerometer, the velocity and position of actuators need to be controlled. Accordingly, the hall
senor was used in the same way as the one in the stability subsystem.

On the contrary to the output PWM of the two side wings, the rear wing was not only controlled
by the pitch value but also the height value. The pitch and height control loop superimpose with
each other to control the output PWM of the rear wing. This closed loop via using feedback
ensures that the hull of the boat was parallel to the water surface.
According to the whole designed figure (Shown in fig 4.18), The output PWM of the rear wing in
the coding is:
“PWMb = (Kp3)*Height_Error+(kd3)*(New_Height_Error — Old _Height_Error)

- (Pitch_Boat — PitchBase )* (Kp4)

- GyroPitchBoat * (Kd4)

- RearPosition* (ki5)

-RearVelocity * (Kp5)”
In the formula, both the pitch and height value was used to control the output PWM of the rear
wing. “Pitch Base” is the set point at O degree. The value of “Pitch_Base” was found manually
from mechanical balanced point. All the tuning values need to be determined in practical life as
well. How to find out these values was present in the test plan of height subsystem. (Shown in
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appendix H) The detailed code was included in the height subsystem coding in Appendix L.

4.4 Coding

Based on the detailed design of PID algorithm, the code was implemented. (Shown in Appendix K,
L, M, N, O) In the coding phase, some particulars were reported in this phase. These particulars
contributed to meet the requirement of the whole design and connected each component.

4.4.1 Main Function of the Stability Coding

The code of stability subsystem was implemented by following the flow chart of the stability
subsystem. (Shown in Appendix S) The flow chart of the stability subsystem was designed by
combining each component design. In the programming, the sequence of functions was essential
to make sure the design work. The order of functions was designed. (Shown in fig 4.19)

AngleBoathvg[2] = AngleBoathwg[1];
AngleBoathvg[1] = AngleBoathwg[0];
AngleBoathvg[0] = AngleBoat;
Anglebvg= (AngleBoatAvg[0]+tAngleBoatAvg[l]tAngleBoathvg[2]1)/3;
if (Anglehvg <40 || AngleAwgi—40 ) {
MotorSpeeddutput {J;
Teadtime () ;
I

Figure 4. 19 Main function in the stability programming

After detecting the roll value of the boat and calculating the average of 3 values. The whole
program went to judgment. When the average were smaller than 40 degrees, or bigger than -40
degrees, The “motorSpeedOutput()” function works. In this function, the error was calculated
and the PID algorithm worked as a controller to send the output PWM value which can correct
the error. Following this, it was “deadtime()” function. This one was helpful to limit the range of
the calculation from the PID controller. Because of the range of the PWM in Arduino is 0~255.
This main function of stability connected the two components of stability.

4.4.2 Main Function of the Height Coding

The code of height subsystem was implemented by following the flow chart of the height
subsystem. (Shown in Appendix T) The flow chart of the height subsystem was designed by
combining each component design. In the programming, the sequence of functions was essential
to make sure the design work. The order of functions was designed. (Shown in fig 4.20)
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AnglePitchivg[2] = AngleFitchAwg[l];
EnglePitchhvg[l] = AnglePitchAvg[0];
EnglePitchAvg[0] = AngleHeight;
Anglebvg= (AnglePitchAvg[0]+hnglePitchivg[1]+Angl eFitchivg[2])/3;
if (Anglebvg <40 || AngleAwzi—d40 ){
MotorSpeeddutput (J;
Deadtime ();
}

Figure 4. 20 Main function in the height programming

In the height subsystem programming, the main function was similar to the one in the stability
programming. (Shown in fig 4.20) After detecting the pitch value of the boat and calculating the
average of 3 values, the whole program went to judgment. When the average were smaller than
40 degrees, or bigger than -40 degrees, The “motorSpeedOutput()” and “deadtime()” function
works.

4.5 Test model

A test model was built by the researcher and a test-program was designed in order to prove that
the feedback loop with PID controller is working according the design specifications. As shown in
figure 4.22, the two-wheel car stands up-right on the ground by itself. This two-wheel car used
the same theory of stability control system. It is an unstable system, which was similar to the
hydrofoil system. The video of the working prototype was updated in YouTube. The link is
https://www.youtube.com/watch?v=YColjHgtVpA

pROWNT V4 After several falling testing, the test model
, succeeds in standing up-right on the
ground. The tuning values were found out in
actual test by cut-and-trial. The test model
was similar to the two side wings of the
hydrofoil. Via controlling the roll values of
the car, the feedback loop controlled the
two wheels to keep the car stable on the
ground. Additionally, the hall sensor was
used to detect the velocity and position of
the wheel to optimize the control.

Figure 4. 21 Test model: two-wheel car

The whole system of the car was the same with the hydrofoil stability control system. And the
test model was proved that it can work well. Only with two wheels, the car can stay stable on the
ground. Even a push on the car or working on rough ground, the car can still find it balanced
point and stay up- right on the ground.
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Chapter S Discussion

In this chapter, the research discussion is described below. These are based on the personal

experiences achieved from this project and a critical looking back.

1. The previous researcher did not work at the company Epomat anymore as the researcher did.
Sometimes, it was hard to understand the previous result and exchange ideas by e-mail. If
working together, the research progress would be more efficient.

2. The blind range of ultrasonic sensor JSN-SROA4T is 15 ~200cm. If the blind range reduce, it will
be easier to control the hydrofoil.

3. The mechanical balanced point of the boat needs to be found in practice. This value should
be changed in the coding. For instance, the researcher found the mechanical balanced point
of the test model manually and set the value as set point in the coding. If the boat finished in
building, the balanced point of the boat needs to be figured out.

4. The factor “time” played a too dominant role. A more realistic planning might have achieved
a higher added value
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Chapter 6 Conclusion and
Recommendations

This section contains the general conclusion of this project and some recommendations about

the further research, including the imperfection of the product.

6.1 Conclusion

In this phase, the main question and all the sub questions were presented in the following
paragraphs. The whole detailed design was demonstrated in Appendix A.

Main research question: What is the best cost-effective design of the control system of a
hydrofoil that can maximize the speed of the boat while keeping the boat stable and safe?
Answer: The feedback control system was used to control the hydrofoil. Via using the ultrasonic
sensor and IMU sensor and PID controller, the height, roll and pitch value of the solar boat can be
controlled. The detailed PID algorithm was designed and written with Arduino as a controller.

[ Code of getting the height value ] [ Code of the algorithm for the front wing
Actuators of the
Data collection : Software of ' front wing
Ultrasonic sensor and process i controller

[ Code of the algorithm for the rear wing ]

\ Actuators of the
>

rear wing

IMU sensor

Actuators of the

> >
l two side wings

[ Code of getting the roll and pitch value ] [ Code of the algorithm for two side wing ]

Figure 6. 1 Conclusion

As shown in figure 6.1, the controller was researched and the algorithm was designed. According
to the algorithm of controller (Shown in Appendix A), the code was written. Besides, all the codes
of gathering the data were written.

The accuracy problem of the sensors was solved. Smoothing function in the software enhanced
the accuracy of ultrasonic sensor. The accuracy of the IMU sensor was improved by fusion the
date processing from the accelerometer and gyroscope in IMU sensor.

Both the hardware and software was implemented. A test model was built to prove that the
stability control system can work well. The height control system was designed with test plan.
With these two control system, the hull of the boat can be maintained at the constant height. As
the result of hull out of water, the resistance was reduced so that the boat can run faster. For
safety, the stability control system contributed to avoid severe accident.
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Sub questions:

T1. How to make the boat run faster while keeping the boat stable?

Answer: Use the hydrofoil to lift the hull of the boat out of water, so that the resistance in the
water was reduced and the speed increased. According to the calculation from the previous
research, the maximum speed of the boat without hydrofoil is 17 km/h. The maximum speed of
the boat with this hydrofoil is 24 km/h. Therefore, a control system needs to be designed to
realize the hydrofoil technology.

T2. How to waterproof the sensors without affecting the signals?

Answer: This problem was solved. In the previous research, the old ultrasonic sensor only has
short waterproof part. (Shown in fig 4.14) Compare to the new ultrasonic sensor, it was not easily
installed on the boat. (Shown in fig 4.15) Additionally, the new ultrasonic sensor integrated with
wire enclosed waterproof probe, more suitable for wet situation.

T3. Which method should be used to control the stability of the boat automatically?

Answer: Closed loop control system. The detailed design was shown in figure 4.7. The closed loop
works with PID controller can realize the stability of the boat automatically.

E1. What should be controlled by the pilot manually?

Answer: There should be a button or display screen to turn on and turn off the control system of
hydrofoil.

E2. What else should be considered to keep the pilot safe under any condition?

Answer: Once the roll value of the boat is bigger than 40 degree or smaller than -40 degree (This
value was known by testing with test model), the actuators would be shut down automatically.
Additionally, a so called “deadman-switch” would be used.

Al. How to reduce the error of the height measurement because of the waves?

Answer: This question was actually another deeper question about the accuracy of the data got
from the ultrasonic sensor. In practice, the wave influenced the detecting accuracy. Therefore,
the researcher reduced the error by adding the smoothing function in programming.

A2. How to optimize the accuracy of the data got from the sensors?

Answer: In this whole system, two kinds of sensor were used to detect the boat position and
collect the data. The data are height, pitch and roll value. Two aspects were taken into
consideration to enhance the accuracy of the data got from the sensor. They were hardware and
programming in software. At the end of the project, the accuracy of ultrasonic sensor and IMU
sensor were improved and can be proved to use to detect the boat position. The accuracy was
improved by coding, testing, analyzing the test results and optimizing the program.

A3. What is the range of the roll and pitch value of keeping the boat stable?

Answer: In the programing, the range of the roll and pitch value is -40 degree to 40 degree. It was
proved in the test model that can be used.

A4. How to check and adjust the AOA continuously to keep the solar boat stable when the
hydrofoil is working?

Answer: In the control system, via setting the mechanical balance point of the boat, and compare
it with the current position detected from the IMU sensor. The difference was the error in the
closed loop. The PID controller contributed to eliminate this error. That was the way to keep the
boat stable. (Shown in fig 4.4) The detailed PID algorithm, especially in tuning values (Shown in
Appendix A), was designed and written as the software with Arduino. This works as a controller.
A5. How to check and adjust the angle of attack continuously to maintain the constant height
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when the hydrofoil is working ?

Answer: Closed loop control system. Use the similar control theory of the stability control system.
The height value was utilized to control the front and rear wings, and the pitch value was utilized
to control the rear wings, so that the boat can maintain at the constant height and the hull was
parallel to the water surface. The detailed PID algorithm, especially in tuning values (Shown in
Appendix A), was designed and written as the software with Arduino. This works as a controller.

6.2 Recommendations

Due to lack of time and the hydrofoil was not finished in building, only the stability control system
was tested. The height control system has not been tested. Therefore, the recommendations can
contribute to further design.

Height controller

This part of height controller was designed based on the many existed hydrofoil control system. It
will be better to build a test model to prove that the design of PID controller in the height
subsystem can work in practice.

Tuning values

The stability subsystem was tested in the test model and proved that it can work now. But the
tuning values of the hydrofoil need to be found out in sea trials in practice. The tuning values of
the height controller also need to be found out in practice via sea trial.

Actuators

When the hydrofoil is finished in building, a suitable motor should be selected with enough
torque. Therefore, the current of the motor will also increase. As a result, a new drive chip needs
to be used for realizing the electric circuit.
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Appendix

Appendix A: Whole system design
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Figure 1 Concept-Design of whole control system

The whole control system was designed (Shown in figure 1). Based on the general idea of whole

system (Shown in figure 2), the researcher was specified to design the tuning values (Kp, Ki, Kd).
Different tuning values should be effect on different data. According to this concept-design of the

whole control system, the algorithm can be written.
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Appendix B: User manual
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Figure 3 Ideal situaion

A B C
1. The ideal situation of the hydrofoil control system is that when the boat is sailing (Shown in Fig
3A), the pilot takes off the hydrofoil manually. (Shown in Fig 3B)
2. When the height value is more than 20cm, the pilot pushes the button to turn on the Height
controller and stability controller.
3. After taking off, the boat keeps stable and maintains at constant height. (Shown in Fig 3C) The
idea situation of stability is that both the roll value is at O degree. By lifting the boat out of water,
the friction of the boat decreased. The hydrofoil control system ensured the dynamic stabilization
of the boat, constant height to speed up and the safety when hydrofoil is working.
4. If the pilot wants to land the boat on the water, turn off the height controller first and adjust
the front and rear wing to lower AOA manually.
5. As result of the lower AOA, the height will reduce. When the height is smaller than 20 cm, the
pilot pushes the button to turn off the stability controller.
6. The boat lands on the water and continues to flow and sail on the water.



Appendix C: Requirements and functions

Requirements

The goal of hydrofoil control system is to make the boat run faster. In order to realize this, the
hydrofoil needs to lift the hull of the boat out of water and maintain the stable and constant
height. In order to reach this goal, a list of requirements needs to be met.

Steady and safe.

Control the two side wings of hydrofoil for stability.

Control the front and rear wings of hydrofoil for height.

The accuracy of the IMU sensor.

The accuracy of the ultrasonic sensor.

The waterproof system.

Low power consumption.

© N o Uk WwN R

User friendly.

Functions

The functions of the whole control system are:

The hydrofoil can keep the boat stable when taking off.

The hydrofoil can keep the boat stable when sailing.

The hydrofoil can find the balanced point of the boat again after turning around.

The hydrofoil can reach the bow at desired height when taking off.

The hydrofoil can keep the hull of boat at constant height, which also realizes level sailing.
The hydrofoil can maintain the hull of the boat at constant height at unstable situation.

The control system will automatically shut down when the boat falls on the water.



Appendix D: Workflow
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Appendix E: Electric Circuit of Stability Subsystem

The electric circuit of stability subsystem was designed and connected. (Shown in fig 4) The
layout of electric circuit was drawn. (Shown in fig 5)

Figure 4 Electric circuit of stability subsystem
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Figure 6 Concept-design of stability subsystem
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Based on the concept-design of stability subsystem (Shwon in fig 6), IMU sensor, Arduino board,
drive chip (L298N) and two motors are connected. The detailed PID algorithm (Shown in
Appendix A) was implemented with the Arduino by writing the program.
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Appendix F: Electric Circuit of Height Subsystem

The electric circuit of height subsystem was designed and connected. (Shown in fig 7) The layout
of electric circuit was drawn. (Shown in fig 8)

Figure 7 Electric circuit of height subsystem
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Figure 8 Electric circuit layout of height system
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Figure 9 Concept-design of height subsystem
Based on the concept-design of height subsystem (Shown in fig 9), IMU sensor, waterproof

ultrasonic sensor, Arduino board, drive chip (L298N) and two motors are connected. The detailed
PID algorithm (Shown in Appendix A) was implemented with the Arduino by writing the program.

Vil



Appendix G: Test plan of stability subsystem

Test the stability subsystem of hydrofoil when it is sailing.

1. Introduction
This test plan was written as a reference to test the stability subsystem in the hydrofoil. This
subsystem only needs to be tested when the boat is sailing out of water.

2. Aim

The aim of this test plan is to prove that the code of the stability subsystem can work well. This
code need to be proved that it can realize dynamic stabilization. The requirements were listed as
follow.

® The hydrofoil can keep the boat stable at roll direction.

The hydrofoil can keep the boat stable at unstable situation.

Dynamic stabilization.

The control system will automatically shut down when the boat falls on the water.

Functionality to be tested

The hydrofoil can keep the boat stable by itself when the hull is out of water.

The hydrofoil can keep the boat stable by itself at unstable situation.

After the boat turning around, the boat can still find its balanced point and maintain stable.

e 6 6 o v

The control system will automatically shut down when the boat falls on the water.

4. Hypotheses

Assuming that all the functions of this subsystem work well, then the hypothesis should be: The
hydrofoil can keep the boat stable at roll direction when the boat is taking off and sailing. When
the boat is turning around, the boat will tile to one side. After the boat turning around, the boat
can still find its balanced point and maintain stable. Additionally, when the hull falls on the water,
the actuators of hydrofoil will not move any more.

5. Target group

The tester should have basic knowledge of PID controller and the Arduino programming language.
The tester should also be familiar with fluid dynamics and the characters of all the components in
this solar boat, like motors, solar panel and so on. The rescuer should be standby to make sure
the safety of the pilot.

6. Actual actions during the test
1) Before testing by sea trial, the boat with hydrofoil should be calculated the following things:
i Take off velocity and maximum velocity when hydrofoil is working, which contributes to
limit the speed when sailing.
ii. The desired height value and set it as set point in the programming.
iii. The center of gravity, the center of buoyancy and mechanical balanced point.
2) Before testing by sea trial, the boat with hydrofoil should be made sure this following things:
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i The center of gravity with pilot is behind the center of buoyancy. When the hydrofoil is
not working, the stem should be buoy higher than the stern. This permits a takeoff with
the stem up and a tiny additional positive AOA on the wings.

ii. The IMU sensor should be installed on the boat, and its front side is perpendicular to
the z-axis of the boat.

3) Set the mechanical balanced point as roll value in the programing.

4) Prepare the battery of 12V and 5V and test it on the day with sunniness.

5) Charge the actuators and Arduino board separately.

6) Take off the boat manually. Keep the power low to limit speed.

7) Turn on the power of Arduino.

8) If the hydrofoil cannot keep the boat stable when taking off, change the value of proportional
action on the angle loop in the programming.

9) Disconnect all the batteries and connect the Arduino board with computer.

10) Upload the new program to the Arduino board and then repeat step 5-10 until the hydrofoil
can keep the boat stable when taking off.

11) If the hydrofoil keeps the boat stable at roll direction with oscillation, change the value of
differential action on the angle loop in the programming.

12) Disconnect all the batteries and connect the Arduino board with computer.

13) Upload the new program to the Arduino board and then repeat step 5-13 until the hydrofoil
can keep the boat stable without oscillation when taking off.

14) After taking off, if the hydrofoil cannot keep the boat stable when sailing, adjust the value of
proportional action on the angle loop in the programming a little.

15) Disconnect all the batteries and connect the Arduino board with computer.

16) Upload the new program to the Arduino board and then repeat step 5-16 until the hydrofoil
can keep the boat stable when sailing.

17) After taking off, if the hydrofoil keep the boat stable with oscillation when sailing, adjust the
value of differential action on the angle loop in the programming a little.

18) Upload the new program to the Arduino board and then repeat step 5-18 until the hydrofoil
can keep the boat stable when sailing.

19) Turn around the boat, the boat will banking.

20) If the boat cannot find its balanced point after turning around, change the value of
proportional and integral action on the velocity loop in the programming by trial and error to
optimize the dynamic stabilization at unstable situation.

21) Disconnect all the batteries and connect the Arduino board with computer.

22) Upload the new program to the Arduino board and then repeat step 5-22 until the hydrofoil
can find the balanced point of the boat after turning around.

23) Land the boat on the water.

24) Take off the boat manually and sail it at maximum speed.

25) Repeat step 7- 22. Change the tuning values in programming by trial and error to optimize
the dynamic stabilization.

26

27

28

29

Land the boat on the water.

Charge the actuators and Arduino board with solar supply.

Repeat step 24-26.

Get the boat with hydrofoil out of water and record the turning values.

—_— = — —=



7. Average and bandwidth

Best value: The hydrofoil can keep the boat stable when the hydrofoil is taking off and sailing.
Additionally, the hydrofoil can find the balanced point of the boat after turning around. The
control system of hydrofoil should shut down automatically when the boat falls on the water

Bad value: The boat cannot keep stable all the time.

Worst value: The boat falls on the water and breaks while testing.

8. Predicted conclusions

Desired case

The desired case is that the hydrofoil can keep the boat stable when the hydrofoil is taking off
and sailing. Additionally, the hydrofoil can find the balanced point of the boat after turning
around.

Other cases

The possible problems in the process of implementing the stability control system were listed as
follow. Besides, the corresponding possible reasons which will be helpful to solve this kind of

problems were included.

Case 1: No power supply
® Change the battery.

Case 2: The hydrofoil cannot keep the boat stable on the water
® The tuning value of proportional action needs to be changed.

Case 3: The hydrofoil can only keep the boat stable on the ground only for a short time.
® The tuning value of differential action on angle loop needs to be changed.

® The tuning values of proportional and integral action on velocity loop need to be changed.

Case 4: The boat cannot keep stable all the time
® The power supply from solar panel is not steady.
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Appendix H: Test plan of height subsystem

Test the height subsystem of hydrofoil when it is sailing.

1. Introduction
This test plan was written as a reference to test the height subsystem in the hydrofoil. This
subsystem only needs to be tested when the boat is sailing out of water.

2. Aim

The aim of this test plan is to prove that the code of the height subsystem can work well. This

code need to be proved that it can realize the function of height subsystem. The requirements

were listed as follow.

® The height controller can keep the bow at constant height.

® The pitch controller can keep the stern at constant height. In other words, the hull is parallel
to the water

Dynamic stabilization at pitch direction.
® The control system will automatically shut down when the boat falls on the water.

3. Functionality to be tested

® The hydrofoil can maintain the hull of the boat at constant height at unstable situation.
® The control system will automatically shut down when the boat falls on the water.

4. Hypotheses

Assuming that all the functions of this subsystem work well, then the hypothesis should be: The
hydrofoil can keep the bow at constant height when the boat is sailing. When the boat is taking
off, the hydrofoil let the bow of the boat reach the desired height first, and then, rise the stern up
to realize level sailing. Additionally, when the hull falls on the water, the actuators of hydrofoil will
not move any more.

5. Target group

The tester should have basic knowledge of PID controller and the Arduino programming language.
The tester should also be familiar with fluid dynamics and the characters of all the components in
this solar boat, like motors, solar panel and so on. The rescuer should be standby to make sure
the safety of the pilot.

6. Actual actions during the test

1) Before testing by sea trial, the boat with hydrofoil should be calculated the following things:
i Take off velocity and maximum velocity when hydrofoil is working, which contributes to
limit the speed when sailing.
ii. The desired height value and set is as set point in the programming.
iii. The center of gravity, the center of buoyancy and mechanical balanced point.
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2) Before testing by sea trial, the boat with hydrofoil should be made sure this following things:
i The center of gravity with pilot is behind the center of buoyancy. When the hydrofoil is
not working, the stem should be buoy higher than the stern. This permits a takeoff with
the stem up and a tiny additional positive AOA on the wings.
ii. The IMU sensor should be installed on the boat, and its front side is perpendicular to
the z-axis of the boat.
iii. The stability subsystem can work well.
3) Prepare the battery of 12V and 5V and test it on the day with sunniness.
4) Charge the actuators and Arduino board separately.
5) Take off the boat manually. Keep the power low to limit speed.
6) Turn on the power of Arduino.
7) If the bow cannot reach the desired height when taking off, change the value of proportional
action on the height loop in the programming.
8) Disconnect all the batteries and connect the Arduino board with computer.
9) Upload the new program to the Arduino board and then repeat step 5-9 until the bow can
reach the desired height
10) If the bow keeps at desired height with oscillation, change the value of integral action on the
height loop in the programming.
11) Disconnect all the batteries and connect the Arduino board with computer.
12) Upload the new program to the Arduino board and then repeat step 5-12 until the bow keeps
at desired height without oscillation.
13) After taking off, if the stern cannot keep at desired height when sailing, change the value of
proportional action on the angle loop in the programming.
14) Disconnect all the batteries and connect the Arduino board with computer.
15) Upload the new program to the Arduino board and then repeat step 5-15 until the stern can
keep at desired height after taking off.
16) If the stern keeps at constant with oscillation when sailing, change the value of differential
action on the angle loop in the programming.
17) Disconnect all the batteries and connect the Arduino board with computer.
18) Upload the new program to the Arduino board and then repeat step 5-18 until the stern
keeps at constant without oscillation when sailing
19) Disconnect all the batteries and connect the Arduino board with computer.
20) Adjust the value of proportional and differential action on velocity loop in programming
21) Upload the new program to the Arduino board and then repeat step 5-21 to eliminate the
oscillation.
22) Land the boat on the water.
23) Take off the boat manually and sail it at maximum speed.
24) Repeat step 6- 22. Change the tuning values in programming by trial and error to optimize
the steadiness of the control system.
25
26) Charge the actuators and Arduino board with solar supply.
27) Repeat step 23-25.
28) Get the boat with hydrofoil out of water and record all the turning values.

Land the boat on the water.

)
)
)
)
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7. Average and bandwidth

Best value: The hydrofoil can keep the bow at constant height when the boat is sailing. When the
boat is taking off, the hydrofoil let the bow of the boat reach the desired height first,
and then, rise the stern up to realize level sailing. Additionally, when the hull falls on
the water, the actuators of hydrofoil will not move any more.

Bad value: The boat cannot keep at constant height all the time.

Worst value: The boat falls on the water and breaks while testing.

8. Predicted conclusions

Desired case

The desired case is that the hydrofoil can keep the boat at constant height when it is sailing.
Other cases

The possible problems in the process of implementing the height control system were listed as
follow. Besides, the corresponding possible reasons which will be helpful to solve this kind of
problems were included.

Case 1: No power supply:
® Change the battery.

Case 2: The hydrofoil cannot keep the boat out of water at constant height:
® The tuning value of proportional action needs to be changed.

Case 3: The hydrofoil can keep the boat out of water at constant height only for a short time.
® The tuning value of differential action on angle loop needs to be changed.

® The tuning values of proportional and integral action on velocity loop need to be changed.

Case 4: The boat cannot keep stable all the time
® The power supply from solar panel is not steady.
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Appendix I: Test plan of the whole system

Test the whole system of hydrofoil when it is sailing.

1. Introduction
This test plan was written as a reference to test the whole system in the hydrofoil. This whole
system only needs to be tested when the boat is sailing out of water.

2. Aim

The aim of this test plan is to prove that the code of the whole system can work well. This code
need to be proved that it can realize the function of hydrofoil. The requirements were listed as
follow.

® The hydrofoil can keep the boat stable when taking off.

The hydrofoil can keep the boat stable when sailing.

The hydrofoil can find the balanced point of the boat again after turning around.

The hydrofoil can reach the bow at desired height when taking off.

The hydrofoil can keep the hull of boat at constant height, which also realizes level sailing.

e

Functionality to be tested

The control system will automatically shut down when the boat falls on the water.

The hydrofoil can keep the boat stable when taking off.

The hydrofoil can keep the boat stable when sailing.

The hydrofoil can find the balanced point of the boat again after turning around.

The hydrofoil can reach the bow at desired height when taking off.

The hydrofoil can keep the hull of boat at constant height, which also realizes level sailing.

The hydrofoil can maintain the hull of the boat at constant height at unstable situation.

4. Hypotheses

Assuming that all the functions of this subsystem work well, then the hypothesis should be:
When the boat is sailing, the pilot takes off the hydrofoil manually. The hydrofoil can reach the
bow at desired height when taking off. (Shown in Fig 4.1B) After taking off, the boat keep stable
and main constant height. (Shown in Fig 4.1C)

5. Target group

The tester should have basic knowledge of PID controller and the Arduino programming language.
The tester should also be familiar with fluid dynamics and the characters of all the components in
this solar boat, like motors, solar panel and so on. The rescuer should be standby to make sure
the safety of the pilot.

6. Actual actions during the test

1) Before testing by sea trial, the boat with hydrofoil should be calculated the following things:
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i Take off velocity and maximum velocity when hydrofoil is working, which contributes to
limit the speed when sailing.
ii. The desired height value and set is as set point in the programming.
iii. The center of gravity, the center of buoyancy and mechanical balanced point.
iv. The desired roll and pitch value and set these as set point in the programming.
2) Before testing by sea trial, the boat with hydrofoil should be made sure this following things:
i The center of gravity with pilot is behind the center of buoyancy. When the hydrofoil is
not working, the stem should be buoy higher than the stern. This permits a takeoff with
the stem up and a tiny additional positive AOA on the wings.
ii. The IMU sensor should be installed on the boat, and its front side is perpendicular to
the z-axis of the boat.
3) Search the weather forecast and test it on the day with sunniness.
4) Charge the actuators and Arduino board separately through solar power supply.
5) Take off the boat manually. Keep the power low to limit speed.
6) Turn on the power of Arduino.
7) Observe the situation of the boat and record all the tuning values and take off velocity.
8) After taking off, observe the situation of the boat and record all the tuning values and sailing
velocity
9) The pilot controls the boat to turn around at 30 degree. The tester observes the situation of
the boat and records it.
10) The pilot controls the boat to turn around at 60 degree. The tester observes the situation of
the boat and records it.
11) The pilot controls the boat to turn around at 90 degree. The tester observes the situation of
the boat and records it.
12) Land the boat on the water.
13) Disconnect all the power supply and connect the Arduino board with computer.
14) According to the record chart of the situation observed while testing, adjust all the tuning
values by trial and error.
15) Upload the new program to the Arduino board and then repeat step 4-15 until the hydrofoil
can work well when taking off, sailing and turning around.
16) Get the boat with hydrofoil out of water and record all the turning values.

7. Average and bandwidth

Best value: The hydrofoil can keep the bow at constant height when the boat is sailing. When the
boat is taking off, the hydrofoil let the bow of the boat reach the desired height first,
and then, rise the stern up to realize level sailing. Additionally, when the hull falls on
the water, the actuators of hydrofoil will not move any more.

Bad value: The boat cannot keep at constant height all the time.

Worst value: The boat falls on the water and breaks while testing.

8. Predicted conclusions
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Desired case

The desired case is that the when the boat is sailing, the pilot takes off the hydrofoil manually.
The hydrofoil can reach the bow at desired height when taking off. (Shown in Fig 4.1B) After
taking off, the boat keep stable and main constant height. (Shown in Fig 4.1C)

Other cases

The possible problems in the process of implementing the height control system were listed as
follow. Besides, the corresponding possible reasons which will be helpful to solve this kind of
problems were included.

Case 1: The boat cannot keep stable all the time

® The power supply from solar panel is not steady.

Case 2: The hydrofoil cannot keep the boat stable.
® Repeat the test plan of stability subsystem. Find out the right tuning values by trial and error
method.

Case 3: The hydrofoil cannot keep the hull of boat at constant height.

® Repeat the test plan of stability subsystem. Find out the right tuning values by trial and error
method.
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Appendix J: The stability subsystem tested in test model

Test the two —wheel car

1. Introduction
This test plan was written as a guide to test the stability subsystem testing in the test model. The
test model here is two-wheel car.

2. Aim

The tester listed a list of requirement for each system. The aim of this test plan is to prove that
the code of the stability subsystem can make the similar hydrofoil unstable system work well. This
similar hydrofoil control system is the two-wheel car. This code need to be proved that it can
realize in the dynamic stabilization. The requirements were listed as follow.

® This two-wheel car can realize the dynamic stabilization.

® The control system will automatically shut down when the car falls on the ground

3. Functionality to be tested

® This two-wheel car can stabilize on the ground by itself.

® This two-wheel car can stabilize by itself at unstable situation.

® Asudden force will not lead the car to fall on the ground.

® The control system will automatically shut down when the car falls on the ground.

4. Hypotheses

Assuming that all the functions of this subsystem work well, then the hypothesis should be: The
two-wheel car will be stabilized itself when placing it on the ground. And obstacles and a sudden
force will not lead the car to fall on the ground. Additionally, when the car falls on the ground, the
actuators will not move anymore.

5. Target group
The student who programed this code and built this two-wheel car will be the tester. The person
should have basic knowledge of PID controller and the Arduino programming language.

6. Actual actions during the test

1) Find the mechanical balanced point of the two-wheel car and got its balanced roll value to
the computer.

2) Get this point 10 times and calculate its average.

3) Use the average as balanced point and change this value in the programming.

4) Prepare the battery of 12V and make sure that the battery is full charged.

5) Charge the Arduino with batteries.

6) Put the car on the ground and push the button to turn on the Arduino board.

7) If the car cannot stand up-right on the ground, change the value of proportional action on

XVl



the angle loop in the programming.

8) Disconnect the battery with the Arduino board and connect the Arduino board with
computer.

9) Upload the new program to the Arduino board and then repeat step 4-6 until the car can
stand up-right on the ground.

10) If the car stands up-right on the ground with oscillation, change the value of differential
action on the angle loop in the programming.

11) Disconnect the battery with the Arduino board and connect the Arduino board with
computer.

12) Upload the new program to the Arduino board and then repeat step 4-9 until the car can
stand on the ground steadily.

13) Push the car to see if the car can still find its balanced point and stay up-right on the ground.

14) If the car falls down, change the value of proportional and integral action on the velocity loop
in the programming by trial and error.

15) Disconnect the battery with the Arduino board and connect the Arduino board with
computer.

16) Upload the new program to the Arduino board and then repeat step 2, 3, 11 until the car can
find its balanced point and stay up-right on the ground.

7. Average and bandwidth

Best value: The car can realize the dynamic stabilization.

Bad value: The car cannot keep stable all the time.

Worst value: The cat cannot even stand on the ground.

8. Predicted conclusions

Desired case

The desired case is that this two-wheel car can work as the hypothesis. All the functions can work
well.

Other cases

The possible problems in the process of implementing the stability control system were listed as
follow. Besides, the corresponding possible reasons which will be helpful to solve this kind of
problems were included.

Case 1: No power supply:
® Change the battery.

Case 2: The car cannot keep stable on the ground
® The tuning value of P action needs to be changed.

Case 3: The car can keep stable on the ground only for a short time.
® The tuning value of D action needs to be changed.
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Case 4: The control system of the car cannot turn off when if falls on the ground.
® The angle limitation in the programming needs to be changed.
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Appendix K: Code of the stability subsystem

J// Stability code for hydrofoil
J/Date:February to July 2016

[/ header file

#include “FPinChangeInt h>
#include “Wire h>
#include "Kalman h”
#include "I2C. L7

JfCreate the Kalman instances
Kalman kalmank;
Kalman kalman®;

f# IMU Data =/

double accl, accY, accZ;// data got from accelerometer
double gyroX, gyrol, gyrol:// data got from gyroscope
intlf_t tempRaw:

double gyroXangle, gyroYangle; // Angle calculated from gyroscope only
double kalAnglel, kallnglel; // Caleulated angle using a Kalman filter

uint32_t timer:

uint8_t i2cData[l4]; // Buffer for I2C data

J/define motor

#define pwml 6 /ML ENA
#define pwmR 5 //M2 ENE
#define Motorl2 7 /f IN
#define Motorll 8 // IN2
#define MotorB2 4 // I3
#define MotorRl 3 // IN4

ffdefine encoder

#define hallinterruptR 11 /) interrupt hallsensorA INI2
#define hallsensorR 12 Jf chI2

#define hallinterruptl 10 //interrupt hall sensorE INTL
#define hallsensorl 9 J/ CHI1l

double KA P KA D; // tuning wales for angle
double KP_P,KP_I:// tuning walues for welocity
double KBase;//mechnical balanced pointint Speedl;
int SpeedR;

int Speedl;

int pwm, pwml, pwmr;
double AngleBoat, GyroBoat;
int Fositionhdd;

void setup () {
Serial. begin (3600);
Initial(); // initialize
Wire. begin();
TWER = ((F_CPU / £00000L) - 18) / 2; // Set I2C frequency to 400kHz

i2eDatal0] = 7; //f Set the sample rate to 1000Hz - 8LHz/ (T+1) = 1000Hz

i2ecDatall] = 0x00; // Disable FSTNC and set 2860 Hz Acc filtering, 256 Hz Gyro filtering, 8 KHz sampling

i2eDatal2] = 0x00; // Set Gyro Full Scale Range to £250deg/s
i2eDatal3] = 0x00; // Set Accelerometer Full Scale Range to X2z

while (i2cWrite (0x19, i2cData, 4, false)): // Write to all four registers at once

while (i2cWrite (0xBB, 0x01, true)): f/ PLL with I axis gyroscope reference and disable sleep mode
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while (i2cRead (0x75, iZcData, 1))

if (i2eDatal0] '= 0x68) { // Read "WHO_AM_I” register
Serial. print (F ("Error reading sensor”));
while (1);

1

delay (200); f/ Wait for semsor to stabilize

f# Set kalman and gyro starting angle /

while (iZcRead (0x3E, iZ2cData, 6));

accl = (i2eDatal0] << 8) | iZeDatall];
acel = (i2eDatal2] << 8) | iZeDatal3];
acel = (i2eDatal4] << 8) | iZeDatal5];

#ifdef RESTRICT_FIICH
double ¥oll = aten? (aceY, acel) * RAD_TO_DEG;
double piteh = atan(-acel / =zqrt (acel ® aceY + acel % acel)) * RAD_TO_LEG;
#elze // Eq. 28 and 20
double ¥all = atan(acel / =zgrtlacel ® acel + acel % acel)) * RAD_TI0_DEG;
double piteh = atan? (~aecck, aceZ) #* RAD T0_DEG;
Fendi f

lkalmand. sethngle (roll); f/ Set starting angle
lalman®. setAngle (pitch);

grrolangle = raoll;

grrofangle = pitch;

FCintPort: attachInterrupt (hallinterruptl, Encoderl, FALLING);
FCintPort: attachInterrupt (hallinterruptR, EncoderR, FALLING);
1

woid loop (0]
double AngleBoatAvg[3]:
double AngleMvg=0;
AngleBoathvg[0]=0;
AngleBoathvg[1]=0;
AngleBoathvg[2]=0;
while (1)1
if(UpdateAttitude ()){

AngleBoathvg[2] = AngleBoathwg[1];

AngleBoathvg[l] = AngleBoathwg[0];

AngleBoathwg[0] = AngleBoat;

Anglebves (AngleBoathwg[0]+AngleBoathvg[l]+AngleBoathvg[2])/3;
if (Anglefwg <40 || AngleAvg—40 ) {

MotorSpeediutput (J;
Deadtime (J;
1

Jfcaleulate pwm
wvoid MotorSpeeddutput () {
float MotorSpeed;
flerror
MotorSpeed= (SpeedltSpeedR)*0.5;// two motor pulsze awerage
Speedl=0:
SpeedR=0;
f/Accunulation
PositionAdd += MotorSpeed;
PositionAdd = constrain (MotorSpeed, —B00, 800 ;

pem = (AngleBoat - KBase) % KAP // KAF: F action on Angle
+ GyroBoat * KA D S EAD: D action on angular welocity
+ MotorSpeed+EF_F J/KP_P: P action on veloctiy
+ Positionhdd *KP_I; //EP_I: I action on position
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ffinitialize

wvoid Initial () {

pirMode thallsensorl, IIF
pirMode (hallsensorR, IINF
pirMode (pwml, OUTFUT);
pinMode (pwmR, OUTPUT):

uT);
UT);

pirMode MotorLl, OUTFUT):
pirMode (Motorl2, OUTFUT);
pirMode (MotorR1, OUTFUT):
pirMode (MotorB2, OUTFUT):

f{ tuning values should be found out later

KA P =1
K& D =1
KP_P =1;
KP I =1;
KBasze =1:

Speedl = 0;
SpeedR = 0;
pwm=0, pam1=0, pwmr=0;

1

void Deadtime () //Deadtime compensation && saturate

{

if (pwml<d)

{
digitalWrite (MotorLl,
digitalWrite Motorl2,
pwml =— pwml;

1

else

{
digitalWrite (Motorll,
digitalWrite Motorl2,

if (pwmr<0)

{
digital¥rite (MotorRi,
digitaliWrite (MotorR2,
DMy = ~pwmr;

1

else

{
digitalWrite MotorRl,
digitalWrite MotorR2,

i

if( AngleBoat > 45 || AngleBoat < —45 )

{
pwml = 0
pwmr = 0
i
flsaturate

£ (pwml > 255)
{ pwml = 255; }
if (pwmr > 255)
{ pwmr = 255; }
analoghrite (pwmR, pwmr);
ansloghrite (peml, pwml);

1
Jfencoder pluze
void EncoderL()
{

HIGH) ;
LOW) ;

LOwW);
HIGH) ;

LOW);
HIGH) ;

HIGH):
LOW);

if (digitalRead(hallsensorR))

Speedl += 1;
else

Speedl —= 1;
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void EncoderR()
{
if (!digitalReadthallsensorL))//same wheel direaction but different motor direaction
SpeedR += 1;
else
SpeedR —= 1;
1

int UpdateAttitude ()

if ({nicros () — timer) »= 10000)

{ {f10ms

ffUpdate a1l the values

while (i2cRead(0x3B, i2cData, 14)):

acck = ((i2cDatal[0] << 8) | i2cDatal1]);
accl = ((i2cData[2] << 8) | i2cData[3]);
acc = ((i2cDatal[4] << 8) | iZcData[5]);
tempRaw = (i2cData[8] << 8) | i2cDatal7]:
gyrol = (i2cData[8] << 8) | i2cDatal9];
gyroT = (i2cDatal10] << 8) | i2cData[11];
gyrol = (i2cData[12] << 8) | i2cData[13];

double dt = {(double) (nicros{) - timer) / 1000000; /f Calculate delta time
timer = micros();

J/ atan? outputs the walue of -7 to M (radians)
S It is then converted from radians to degrees
#ifdef RESTRICT_PITCH
double ¥oll = aten? (aeel, acel) ® RAD_TO_DEG:
double piteh = stani-acel J/ =sqrt(accl # acel + acel * accZ)) ® RAD_TO_DEG:
#else /f Eq. 28 and 29
double ¥oll = staniaceT / =sogrt(mccl % acel + acel ® accZ)) ® RAD_TO_DEG;
double piteh = atan? (~acel, aeel) % RAD_TO_DEG:
#endif

double gyrolrate = gyrol / 131.0: // Conwert to degis
double gyrolrate = gyrol / 131.0: // Conwvert to degis

#1fdef RESTRICT_FITCH

Jf Thiz fixes the transition problem when the accelerometer angle jumps between 180 and 180 degrees
if ((rell < -890 && lalhnglel > 90) || (roll > 80 && lalhnglel < -80)) {

kalmani setAngle (roll);

kalbngleE = roll;

gyrolangle = roll;
} el=e
kalhnglel = kalmanX. gethngle (roll, gyrolrate, dt): // Calculate the angle using a Kalman filter
if (abs(kalbnglel) > 90)
gyrolrate = —gyrolfrate;
Lkalhnglel = kalmanY. gethngle (pitch, gyrofrate, dt):
#else

J/ This fixes the transition problem when the accelerometer angle jumps between —180 and 150 degrees

if ((pitch ¢ -90 &8 kallngleT > 90) || (pitch > 90 && kalhngleT < -90)) {
kalmanY. sethAngle (pitch);

kalhnglel = pitch;
gyrolangle = pitch;
} else

kalhnglel = kalmanT. gethngle (pitch, gyrolrate, dt); // Calculate the angle using a Kalman filter

if (abs(kalAngleT) > 90)

gyrolrate = —gyrolrate; // Invert rate, so it fits the restriced accelerometer reading

kalhnglel = kalman®. gethngle (roll, gyrolrate, dt); // Calculate the angle using a Kalman filter
#endi f

AngleBoat = kalAngleX;
GyroBoat = gyrolrate;
return 1;

1

return 0;
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Appendix L: Code of the height subsystem

// heighteontroller
JfDate February to July 2016

ffheader file

#include “PinChangeInt h>
#include Wire h>
#include "Kalman h”
#include "T2C L7

ffCreate the Kalman instances
Ealman kalmank;
Kalman kalmani;

f4% IMU Data #/

double acel, acel, aeccl;
double gyrol, gyrol, gyrol:
intl6_t tempRaw;

double gyroXangle, gyroVangle: // Angle calculate using the gyro only
double kalAnglel, kalbngleY; // Caleulated angle using a Kalman filter

uint3Z2_t timer;

uint8_t i2eData[14]; f/ Buffer for I2C data

ffdefine motor

#define pwmF & //M1 ENA front foil
#define pwmB 5 //M2 ENE Back foil
#define MotorFl 7 // IN

#define MatorF2 8 // IN2

#define MotorE2 4 // I3

#define MotorBl 3 // IN4

ffdefine ultrasonic
int trig = 10; I
int echo = 9; 1/

/f Can be changed later
const int numBReadings = 10;// buffer for waves

int setpoint = 40:

int readings[numReadings]; J/ the readings from the analog input
int readlndex = 0; Jf the index of the current reading
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int total = 0; ff the running total

int average = 0 /f the average

Jfdefine encoder

#define hallinterruptF 11 // interrupt hallsenszorh INT2
#define hallsensorF 12 f/ cmi2

#define hallinterruptB 10 //interrupt hall sensorB INT1
#define hallsensorB 9 ff I

int SpeedF:

int SpeedB;

int pwm, pwmf, pwmb;
float HeightSpeed:
double BngleHeight, GyroHeight;
double KA P, KA D:
double KP P, KP I:
double KBase:;

double KH P, KH T EH D;
int PositionAdd;

int E_0, E_1;

wvoid setup(){

Serial begin(3800);

Initial®); // initialize the module

for (int thizReading = 0; thizReading < numReadings; thisReadingtt) {
readings[thisReading] = 0;
i

Wire. begin():

TWER = ({F_CPU / 400000L) - 18) / 2: // Set I2C frequency to <00kHz

i2eDatal0] = 7; // Set the zample rate to 1000Hz - 8lHz/ (T+1) = 1000Hz

i2cDatall] = 0x00; // Disable FSTNC and set 260 Hz Ace filtering, 256 Hr Gyro filtering, 8 KHz sampling
i2cData[2] = 0x00; // Set Gyro Full Scale Range to +250deg/s

12cDatal[3] = 0x00; // Set Accelerometer Full Scale Range to *2g

while (12cWrite (0x19, i2cData, 4, false)); // Write to 21l four registers at once
while (i2eWrite (0x6B, Ox01, true)): // FLL with I axis gyroscope reference and disable slesp mode

while (i2cRead(0x75, 12cData, 1));

if (i2eData[0] != 0x68) { // Read "WHO_AM_I" register
Serial print (F ("Error reading semszor”));
while (1);

1

delay (200); f/ Wait for sensor to stabilize

J# Set kalman and gyro starting angle %/

while (i2cRead(0x3E, i2cData, 6));

acck = (i2cDatal0] << 8) | i2cDatalll;

acel = (i2cData[2] << 8) | i2cData[3];

aceZ = (i2cData[4] << 8) | i2¢Datal5];

#i1fdef RESTRICT_PIICH
double roll = atan?(acel, acel) % BAD_TO_DEG:
double pitch = atan(-acel / sqrtiace? # acel + accl # aceZ)) % RAD_TO_DEG;
#else // Eq. 28 and 29
double roll = atanfmcel / =sqgrtlacel # acel + acel % acel)) % RAD_TO_DEG:
double pitch = atan? (~acck, accI) # RAD_TO_DEG:
#endif

kalmank. sethngle (roll); // Set starting angle
kalmanY. sethngle ipitch);

gyrolangle = roll;

gvrofangle = pitch:
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FCintFPort: attachTnterrupt (hallinterruptF, EncoderF, FALLTIG);
PCintFort: attachTnterrupt (hallinterruptB, EncoderB, FALLTIG):
i

wvoid loop () {
double AnglePitchéwvg[3]:
double Anglebwg=0:
AnglePitchiwg[0]=0;
AnglePitehbwg[1]=0;
AnglePitchhvg[2]=0;
while (1){

if (UpdateAttituds () {

AnglePitchAvg[2] = AnglePitchhvg[1];
AnglePitchhwg[1] = AnglePitchiwg[0];
AnglePitchAvg[0] = AngleHeight:
Anglehves (AnglePitchbwgz[0]+AnglePitechAvg[1]+Angl eFitehhvg[2])/3:
if (Anglefvg <40 || Angledwgi—40 ) {
MotorSpeediutput ();
Deadtime (J;
1
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[fealeulate pwm
woid MotorSpeeddutput () {
Jferror
HeightSpeed= (SpeedF+SpeedB)*0. 5;// two motor pulse average
SpeedF=0;
SpeedB=0:
Sfhccumulation
PositionhAdd += HeightSpeed;
PositionAdd = constrain (HeightSpeed, -800, 800); //32--800
long IntervalTime=0; //
while (1){
digitalWrite(trig, 1);//
delayMicroseconds (18);//
digitalWrite (trig, 0);
IntervalTime=pulseIn (echa, HIGH):
float S=IntervalTime/58. 00;
total = total - readingz[readlndex];
J/ read from the sensor:

readings[readIndex] = 5;

J// add the reading to the total:

total = total + readingz[readlndex];

J/ advance to the next peosition in the array:
readIndex = readIndex + 1

Serial. print ("Mewdata=");

Serial. printlnireadings[readlndex]);

S/ if we're at the end of the array. ..

if (readIndex ’= numReadings) {

Jf .. wrap around to the beginning:
readlndex = 0;
1

J/ caleulate the average:

average = total / numReadings:

Serial. print ("Average=");

Serial. println(average);

delay (100); // delay in between reads for stability
1

pwenf =KH_P#E_0 + KH D+ (E_0-E_1); // only calculated from ultransonic sensor

pwmb = (AngleHeight-KBase)*KA P //p
+ GyroHeight * KA D /D
+ HeightSpeed+KP_I I
+ PositionAdd *KP_P: //P

H

Sfinitialize

wvoid Initial () {
pinMode thallsensorF, INFUT);
pinMode thallsensorB, INFUTY;
pinMode (pwmF, OUTPUT);
pirMode (pwmB, OUTPUT);
pirMode MotorF1, OUTEUT);
pirMode MotorF2, OUTPUT):
pirMode (MotorBl, OUTEUT);
pirMode (MotorB2, OUTEUT);
pinMode (echo, INFUTY;
pirMode (trig, OUTFUT):

SpeedF = 0;
SpeedB = 0;
pwmE=0, pwmb=0;

}
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void Deadtime () //Deadtime compensation &% saturate
{

if (pem£<D)

{
digitalWrite (MotorF1, HIGH);
digitalWrite MotorF2, LOW):
pwmf == puwmf;

1

else

{
digitalWrite MotorFl, LOW);
digitalWrite MotorF2, HIGH);

if (pwmb<0)
{
digitalWrite MotorBl, LOW);
digitalWrite (MotorB2, HIGH);
pwmb = —puwmb;
1
else
{
digitalWrite MotorBl, HIGH):
digitalWrite MotorB2, LOW);
1
if( AngleHeight » 45 || AngleHeight < -45 )
{
pwmf = 0;
pwmb = 0
1
ff=zaturate
if (pwmf > 255)
{ pamf = 255; }
1£ (pwmb > 255)
{ pemb = 255; }
analoghrite (pwmF, pwmE) ;
analoghirite (pwmB, pwmb);

Jfencoder pluse
woid EncoderF ()

if (digitalRead(hallsensorF))
SpeedF += 1:

else
SpeedF —= 1;
1

wvoid EncoderB ()
{
if (digitalRead(hallsensorB))//same wheel direaction but different motor direaction
SpeedB += 1;
else
SpeedE -= 1:
1

int Updatehttituds ()
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if((micros () - timer) >= 10000)

{ //10ms

SfUpdate 21l the waluss

while (iZcRead (0x3B, iZcData, 14));

acck = ((12cDatal0] << 8) | i2cDatal1]);
ace? = ({iZcData[2] << 8) | iZ2eDatal[3]);
acc? = ((i2cDatal4] << 8) | i2c]]ata[5]):|
tempRaw = (i2cData[8] << 8) | iZeDatal7];
gyrol = (iZcDatal8] << 8) | i2cData[9]:
gyrol = (i2cDatal10] << 8) | iZeDatalill;
grol = (iZcDatall2] << 8) | i2eDatal13];

double dt = (double) (nicros() - timer) / 1000000; // Caleulate deltas time

timer = micros();

ff atan? outputs the walue of -7 to ™ (radians)
ff It iz then converted from radians to degraes
#1fdef RESTRICT_PIICH
double voll = atan? (acel, acel) % RAD_TO_DEG;
double pitch = atan(-acel / saqrtfacel % accl + accZ * accZ)) * RAD_TO_DEG;
#alse /f Egq. 28 and 29
double roll = atan(aceY / sgrtiacck % acel + acel * accZ)) ® RAD_TO_DEG;
double piteh = atan? (-acel, accl) % RAD_TO_DEG;
#endi £
double gyroErate = gyrok / 131.0; //f Comwert to degfs
double gyro¥rate = gyrol / 131.0; // Conwvert to deg/s

#1fdef RESTRICT_PIICH
J/f This fixes the transition problem when the accelerometer angle jumps between -180 and 180 degrees
if ((roll < -90 && kalhngleI > 90 || (roll > 90 && kalAngleR < -90)) {
Lkalman®. zethngleiroll);
kalAnglel = roll;
grrokangle = roll;

else

kalhnglel = lkalmanf gethngle (roll, gyrolrate, dt); // Caleulate the angle using 2 Halman filter

if Mzbs (kalhngleX) > 90)
gyrolrate = —gprolrate;
kalhngle? = kalmant. gethngle (pitch, gyrofrats, dt):
#ezlze

J/f Thiz fixez the tranzition problem when the accelerometer angle jumps between —180 and 180 degrees
if (fpitch < -90 &% kalhngleT > 90) || (pitch > 90 &8 lkalhngleY < -90)) {
Lkalman®. setAngle (pitch);

kalAngleY = pitch:
gyrofangle = pitch;
} else
Lkalhngle? = LkalmanT. getAngle (piteh, gyro¥rate, dt): // Caleulate the angle using 2 Kalman filter

if (abz (kalbngleT) > 90)
gyrolrate = —gyrolrate; // Invert rate, so it fits the restriced accelerometer reading

kalAnglel = Lkalmank. getAngle(roll, gyrolrate, dt); // Calculate the angle using 2 Kalman filter
#endi f

AngleHeight = kalhnglel:
GyroHeight = gyrolrate;
E_0O=average-setpoint;
E_1=E_0;

retwn 1;

1

return 0;
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Appendix M: Code of angular velocity at x-axis

#include <Wire h»
#include "ComPacket h”
#inelude "I2C L

f% IMNU Data %/
double gyrol;

double gyrofangle; // Angle calculate using the gyro orly
donble GyroHpdrofeil:

uint32_t timer:

nintS_t iZeDatal14]: // Buffer for I2C data

void setup () {
Serial begin(3600);
Wire. begin();
TWER = ({F_CFU / 400000L) - 18) / 2; // Set IZC frequency to 400kHz

12cDatal0] = 7; // Set the sample rate to 1000Hz - BlHz/ (T+1) = 1000Hz
i2eDatal1] = 0«00; // Disable FSINC and set 260 Hz Ace filtering, 256 Hz
12eData[2] = 0x00; // Set Gyro Full Scale Range to +250deg/s

i2eDatal[3] = 0x00; // Set Accelerometer Full Scale Range to +2g

while (12cWrite (0x19, i1Z2cDats, 4, falsel);
while (12cWrite (0xBB, Ox01, true));

while (i2cRead (0x75, iZ2cData, 1)):

if (i2eDatal0] '= 0x68) { // Read "WHO_AM_I” register
Serial.print (F ("Error reading senzor™));
while (1);

delay (200); // Wait for sensor to stabilize

timer = micros();

1
wvoid loop () {

while (1)
{
UpdateAttitude (J);

1
int UpdateAttitude()
{
if({nicros () - timer) >= 10000)

{ /{10ms

f# Update all the walues %/

while (i2cRead(0x3B, i2cData, 14));
gyrok = (i2cData[8] << B) | iZeDatal9]:

double dt = (double) {nicros() - timer) / 1000000; f/ Caleulate delta time

timer = microsi);
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double gyro¥rate = gyrol / 131.0; // Conwert to degls
GyroHydrofoil = gyrolrate;

Serial. print ("GyroHydrofoil”);Serial. println (GyroHydrofoil);
return 1;

i

return 0;
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Appendix N: Code of angle of inclination at x-axis

#inelude <Wire h>
#include "ComPacket. h”
#include "I2C. L7
#inelude "Kalman h”

Ealman kalmank;
Kalman kalmanT;

Jo IMU Data %/
double acel, acel, acel;

double gyroX, gyrol, gyrol;

double gyroXangle, gyroYangle; // Angle calculate using the gyro only
double accAnglel, acchngleY; [/ Calculated angle using a Kalman filter

uint3Z_t timer;

uintd_t i2cData[14]; // Buffer for I2C data

double AccAngle:
double GyroAngle:
double kalAngle;
void setup () {
Serial begin(9600);
Wire begin();
TWER = ((F_CPU / 400000L) - 18) / 2; f/ Set I2C frequenecy to 400LHz

i2cDatal0] = 7: /f Set the sample rate to 1000Hz — 8kHz/ (T+1) = 1000Hz
i2cDatall1] = 0x00; // Dizable FSINC and set 260 Hz Ace filtering, 256 Hz Gy
iZeDatal2] = 0x00; ff Set Gyro Full Seale Range to *250degfs

i2cData[3] = 0x00; // Set Accelerometer Full Scale Range to *2g

while (i2cWrite (0x19, i2cData, 4, false)); // Write to all fowr registers :
while (iZcWrite (0x6B, Ox01, true)); /f PLL with I axisz gyroscope reference

while (i2cRead(0x75, i2cData, 1));
if (i2cData[0] != 0x68) { // Read "WHO_AM_I” register
Serisl. print (F ("Error reading sensor™));

while (1];

delay (200); // Wait for sensor to stabilize
timer = micros();

void leop () {
while (1)

{
UpdateAttitude ();
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int UpdateAttitude ()

{

if({micras () — timer) >= 10000)

{ //10ms

J# Update a1l the values #/

while (i2cRead (0x3B, i2clata, 14));
acck = ((i2cData[0] << 8) | i2cDatal1]);
ace? = ((i2cData[2] << 8) | i2eDatal3]);

accl = ((i2cDatal4] << 8) | i2cDatal51);
grrok = (i2cDatal[8] << 8) | i2cDatal9];

gyrol = (iZ2cData[10] << 8) | i2cDatalll];
gyrol = (i2cDatal12] << 8) | i2cDatal13];

double dt = (double) {(nicros () — timer) / 1000000:

timer = microsi);

double Acchngle = ztan(acel/acel) # RAD_TO_DEG;

double gyrolrate = gyrol / 131.0; // Convert to degfs
double kalAngle = kalmani. gethngle (Acchngle, gyrolrate, dt);
Gyrobngle= Gyrohngle tgyrolrate % dt;

Serial. print (Gyrohngle); Serial print(”, ");
Serial print (Acchngle) ;Serial print (", "); Serial println(kalAngle);

return 1;

return 0;
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Appendix O: Code of the height measurement

/f smoothing ultrasenic sensor

J/Date: February to June 2016

const int trig = 10; I
const int echo = 9; L

const int rmamBeadings = 10;

int readings[rumReadings]; J/ the readings from the analog input
int readIndex = 0; S/ the index of the current reading
int total = 0; J/ the rurming total

int average = 0; J/f the average

woid setup i) {
pinMode (echo, INFUT):
pirMode (trig, OUTFUT);

Serial. begin(9600);
for (int thisReading = 0; thisReading ¢ numBeadings; thisReadingt+) {
readingsz[thizReading] = 0;
1
1
woid loop () {
long IntervalTime=0; //
while (1) {
digitalWrite (trig 1)://
delayMicroseconds (15);//
digitalWrite (trig, 0);
Intervallime=pulzeln (echo, HIGH);
float S=Intervallime/58.00;
SiSerial. print ("5=");
JiSerial. println(5);

total = total - readings[readIndex];
ff read from the =zensor:

readings[readIndex] = 5

J/ add the reading to the total:
total = total + readings[readTndex];
// advance to the next position in the array:
readlndex = readlndex + 1
Serisl. print ("Mewdata=");
Serial. printlnireadings[readlndex]);
Jf if we're at the end of the array. ..
if (readTndex = numBeadings) {
Jf ... wrap around to the beginning:
readlndex = 0
1

/f caleulate the average:
average = total / numReadings;

Jf send it to the computer as ASCIT digits

Seriszl. print ("Average=");

Serisl println(average);

delay (100): /I delay in between reads for stability
}
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Appendix P: Planning

Plannn"lng_
(10/2/2016-29/6/2016)
fsas Menth February I March April Mav June
Activities o o3[ 4| s 6] 7] = 1o 1] 12[ 13] 14] 15] 16| 17 18] o] zo

Orientation Fhase

Research proposal

Froblem definition

Theory framework

Research method

Planning

Communicate and improve

Exection Phase

Self-study PID controller

Eequirements analysis

Yhole system design

Stability sub system dessin

Design the electronic circult

Height sub system design

Design the electronic circult

Component design & testing

Gather regquirements

Program with INU sensor

Test the progran

Optimize the program

Program with ultrasonic sensor

Test the progran

Optimize the program

Design the turning walues

Design the algorithm of PID

Coding

In—company presentation

Build the test medel

Discussion & Modification

Sub system integration testing

Test the code with test meodel

Discussion & Modification

Optimize the program

System integration testing

Interface design

Iser acceptance

User manual

Yrite report

Conclusion FPhase

Nodify report

In—company presentation

In-school final presentaion
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Appendix Q: Workflow of improving the compass sensor

In designing and testing, the scientific method will be obeyed. (Shown in fig 3.1) There are four
steps in one work flow.

Collect Test

Conclusion

Question

data Hypothesis

Figure 10 Scientific method
A new work flow will be processed depend on the foundation of the conclusion of last work flow.
The work flow will end when the experiment has got a satisfied result. It’s also an easier way for

other researchers to continue with the experiment improvements.

Question:
How to optimize the accuracy of the data got from the compass sensor?

N

Collect data:
In order to control the roll value, the angle of inclination and angular velocity need to be
detected. The angular velocity can be easily got from gyroscope. The angle of inclination
can be got from accelerometer or gyroscope.

V4

Test hypothesis:
1. Test the angle of inclination got from accelerometer.
2. Test the angle of inclination got from gyroscope.

Conclusion:
Neither of the angle of inclination got from accelerometer and gyroscope can detect the
situation accurate for a long time. A kalman filter used to process the data. Additionally, a test
with kalman filter proved that it can work. The test result was described in chapter 4.3.1.1
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Appendix R: Workflow of improving the ultrasonic

sensor

In designing and testing, the scientific method will be obeyed. (Shown in fig 3.1) There are four
steps in one work flow.

Collect Test

Question

Conclusion

data Hypothesis

A new work flow will be processed depend on the foundation of the conclusion of last work flow.
The work flow will end when the experiment has got a satisfied result. It’s also an easier way for
other researchers to continue with the experiment improvements.

Question:
How to optimize the accuracy of the data got from the ultrasonic sensor?

N2

Collect data:
In order to control the height, the influence of the waves needs to be reduced. The data
got from ultrasonic sensor tested in practice first.

Test hypothesis:
1. Test the old type ultrasonic senor.
2. Test the new type ultrasonic sensor.

3. Test the ultrasonic sensor with improved program.

Conclusion:
The waterproof problem was solved by selecting a new type. A smoothing function was added
in the software to prove that it can work. The test result was described in chapter 4.3.2.1
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Appendix S: The flow chart of stability subsystem

Achiewe the value of Achieve the value of
angle of indination angular welocity
Caloulate the average of
3 values

Iff thie averags bigger
than 40 or smaller
than -30

YES

Limit the range of the
result after caloulated by
PID algorithm

¥

Control the two side
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Appendix T: The flow chart of height subsystem

l l
Achieve the value of Achieve the value ofj Achieve the value of
angle of indination angular velocity angle of inclination
Calculate the average of Calculate the running
Jvalues average of 10 values
If the average bigger
than 40 or smaller
than -40
L
PIC: algarithmn for angle ‘ PID zlgorithm for height
Limit the range of the Limit the range of the
result after caloulated by result after caloulated by
PIC algorithm PICr algorithm
Controd the rear wing Control the front wing
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