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ABSTRACT

In the field of underwater unmanned vehicle, Remotely Operated Vehicle (ROV) and
Autonomous Underwater Vehicle (AUV) are mobile robots that replace human to do
dangerous task such as carrying out operation under the deep ocean with the operator
on the surface of the ocean. One of the problems faced by ROV is that the new operator
cannot run the ROV perfectly because there is absence of direct orientation control of
ROV. So, a steering system that uses the sense of motion to control a ROV is discussed
in this project. In designing the ROV, SolidWorks software is used and undergoes
various simulation tests such as stress and strain test, sustainability test and stability
by referring the center of mass. This project was used MPU6050 sensor as a steering
system to control the angle of rotation of ROV in yaw, pitch and roll. In this research,
the performance of the ROV with steering system was evaluated in terms of
manoeuvrability and ease of handling. The experiments are carried out in the lab pool
to test the orientation control of the ROV through the communication between the
ROV and the steering system using Arduino MEGA 2560. The result obtained from
SolidWorks simulation tests was that the design of ROV has good stability in water
due to its center of gravity. The drifting angle on pitch and roll was filtered by using
Kalman Filter coding. The ROV was able to move in pitch and roll direction but not
yaw because the angle of the rotation on yaw was drifted too much. The only solution

for the drift angle on z axis is by replacing the MPU 6050 with MPU 9150.
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ABSTRAK

Dalam bidang kenderaan tanpa pemandu bawah air, kenderaan kawalan jauh (ROV)
dan kenderaan autonomi bawah air (AUV) adalah robot bergerak yang menggantikan
manusia untuk melakukan tugas yang berbahaya seperti menjalankan operasi di bawah
laut dalam dengan pengendali di permukaan lautan. Salah satu masalah yang dihadapi
oleh ROV adalah bahawa pengendali baru tidak dapat menjalankan ROV dengan
sempurna kerana tidak ada kawalan orientasi langsung ROV. Jadi, sistem pemanduan
yang menggunakan isyarat gerakan untuk mengawal ROV dibincangkan di dalam
projek ini. Untuk mereka bentuk ROV, perisian SolidWorks digunakan dan menjalani
pelbagai ujian simulasi seperti tekanan dan ujian terikan, ujian kelestarian dan
kestabilan dengan merujuk kepada pusat jisim. Projek ini digunakan sensor MPU6050
untuk mengawal sudut putaran ROV dan kayuria. Dalam kajian ini, ROV hanya
bergerak dalam yaw, padang, dan roll. Eksperimen dilakukan di kolam lab untuk
menguji kawalan orientasi ROV dari komunikasi antara ROV dengan sistem
pemanduan menggunakan Arduino MEGA 2560. Hasil yang diperoleh dari ujian
simulasi SolidWorks adalah bahwa desain ROV mempunyai kestabilan yang baik di
dalam air ke pusat graviti. Sudut drifting di padang dan gulung ditapis dengan
menggunakan pengekodan Kalman Filter. ROV dapat bergerak di arah padang dan
gulung tetapi tidak mengecil kerana sudut putaran pada lekukan terlalu banyak. Satu-
satunya penyelesaian untuk sudut drift pada paksi z adalah dengan menggantikan MPU

6050 dengan MPU 9150.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

On the Earth’s surface, 71 percent covered by the oceans and it still has plenty
of resources that not yet been explored and extracted [1]. Underwater vehicles are used
to replace diver that works in the hazardous environment such as explore, investigate
or recovery of the item under the deep ocean. There are 2 types of underwater vehicles
which are unmanned vehicles and manned vehicles. Autonomous Underwater Vehicle
(AUV) and Remotely Operated Vehicle (ROV) are categorized under unmanned
vehicles. A ROV is a tethered underwater robot that allows the operator to stay above
the ocean and give the command to ROV, whereas AUV is controlled by pre-
programmed instructions set by the operator on the controller which is equip with

sensors of the robot [2]. The overview of underwater vehicles is shown in Figure 1.

Figure 1.1: Overview of Underwater Vehicles. [3]



1.2 MOTIVATION

The demand for ROV is high in drilling support, construction support, repair,
and maintenance. According to World ROV Operations Market Forecast, Douglas-
Westwood expected annual expenditure on ROV operations has increased from USD
1.6 billion in 2013 to USD 2.4 billion in 2017. In the year between 2013 and 2017,
drilling support of exploration has occupied 75% of the total expenditure while the
construction support occupies for 20% and repair and maintenance for 4%. The
majority of global ROV demand is from Africa [4].The expenditure in global work-
class ROV operations from 2008 to 2017 is shown in Figure 1.2.

Figure 1.2: The expenditure in global work-class ROV operations from 2008 to
2017. [4]

There are many researchers and engineers in western countries that try to
design and develop the unmanned vehicles for underwater exploration. In Malaysia,
the research of underwater technology is much lagging behind those western countries
such as German, Japan, and the USA. As a result of unable to develop the underwater
unmanned vehicle, tragedy of Malaysia Airlines flight MH370 submerge into the
Indian Ocean occurred and gave a serious warning to everyone about the vital sign of
ROV technology in Malaysia. Malaysia required paying about $20 million to $70
million to Ocean Infinity US Company for the trace of missing Malaysia Airlines flight
MH370 [5].



1.3 PROBLEM STATEMENT

Recently, ROV started to grow as an important tool in various operation such
as exploring, investigating, cleaning, latching or recovery of the item to protect our
ocean resources. With the aid of ROV, human cognition of the ocean become higher.
This application requires ROV to be able to navigate to a given point and controllable
from the surface of the ocean [6] .Besides that, stability in orientation control is an
important issue for ROV. On the ocean, the waves disturb the underwater vehicle
severely. The change in direction and speed of currents in an irregular water has caused
the operation of ROV become harder. Moreover, the operator of ROV needs to control
the orientation of a ROV with the need to control the thrusters directly. The body of
the ROV must be waterproof and able to withstand certain deep water pressure. It is
not easy to fully seal the electronic components. Once the water entered the component,
the circuit will then short circuited. The stability of ROV due to its center of gravity
and center of buoyancy will also affect the performance of the ROV. The center of
buoyancy should be slightly higher than the center of gravity for stable orientation
control of ROV.

This project was developed in order to solve the difficulty in control a ROV
using traditional button type joystick. New operator cannot run the ROV perfectly
because there is absence of direct orientation control of ROV. The controller which
sensing the motion will ease the user in controlling the ROV. Therefore, a steering
system for ROV can make the user handle the movement easily without looking at the
manual of control. Besides that, the control system is needed for the ROV to move in
the desired position. There are various advanced techniques such as Proportional
Integral Derivative (PID) controller and Fuzzy Logic controller (FLC) to be used as a
controller of ROV. From the controller, a control algorithm can be made. A control
algorithm not only built for flexible movement in various direction but also maintain

the stability of orientation and move with constant velocity.



1.4 OBJECTIVE

There are three objectives that required to be achieved during this FYP

. To design and develop a ROV for orientation control in yaw, pitch and roll.

To develop a steering system for ROV orientation which are yaw, pitch and
roll using MPU 6050 sensors.
To evaluate the performance of a steering system developed in terms of

maneuverability and ease of handling.

1.5 SCOPE

The scopes and limitations of this project are:

1.

el

The ROV is required in small size, dimension less than 70cm x 50cm x 30cm
and lightweight less than 5kg.

The orientation of ROV involves only yaw, pitch and roll.

Arduino Mega is used as microcontroller due to it has the high processing
power and up to 54 General Purpose Input Output pins.

6 DOF MPU 6050 sensors are used on the joystick and the body of the ROV
to measure the angle of rotation.

The maximum depth for ROV is 2 meters.

MPU 6050 sensor is used as input to control the orientation of ROV.

Test on working space which are yaw, pitch and roll.

Test on time response when using MPU 6050 sensor to control orientation of

ROV.



1.6 ORGANIZATION OF REPORT

For the content of chapter 2 on literature review, it involves the theoretical
background that needed for this project. It also discussed the factors of choosing the
design of ROV for this project. Lastly, it summarises the design proposed by the
journals and the conclusion made from the review. Furthermore, chapter 3
methodology includes the block diagram and flowchart of operation and prototype of
a ROV. The method of doing the design is also mentioned in this chapter. Moreover,
chapter 4 for results and discussion has described several simulations using
SolidWorks Simulation. Besides that, the value that the sensor detects is also recorded
in this chapter. Last but not least, chapter 5 on conclusion and recommendation, future
work reviews the whole information in details for this project. There are some

suggestions for future work and recommendations.

1.7 SUMMARY

This chapter concludes that the importance of a ROV in the underwater application.
The development of this technology is needed to further exploration of the ocean. This
project is focused more on designing a control system to stabilize the orientation of

the ROV.



CHAPTER 2

LITERATURE REVIEW

2.1 Theory and basic principles

2.1.1 Centre of gravity

The center of gravity is the average position of the weight of an object whereas
the center of buoyancy is the center of mass of the floating or submerged body that
caused by a displaced fluid. Most ROVs are designed to be as stable as practical. Most
common design of ROV is open frame type. The open frame configuration also aids
the stability of the vehicle which is related to the distance where both the center of
gravity and the center of buoyancy intersect is known as metacentric height. The longer
the distance between the center of buoyancy and the center of gravity, the more stable
the vehicle and vice versa but the more maneuverable [7]. In order to prevent the ROV
from rotating itself, the center of buoyancy should be located above the center of

gravity [3]. Figure 2.1 shows the center of buoyancy located above the center of gravity.

Figure 2.1: Righting moment of stable ROV. [3]



2.1.2 Stability of ROV

Passive Stability

The stability of ROV is the ability of ROV to return to original position when
tipped or flipped by a disturbance such as a wave. BG is an important term in stability
of underwater vehicles. BG is the distance between the center of gravity (CG) and

center of buoyancy (CB). In Figure 2.2, the position of BG is shown [7].

Figure 2.2: The distance between CB and CG is BG.

According to a special case of moments, the couple is consist of two equal but
opposite forces that act upon a body [8]. It is about the same that happens on ROV
during operation. When the BG increases, d will increase and produce a larger turning

torque. From the formula of torque [9]:
t=Fxd (2.1)
7=Fw x BG sinf (2.2)

Where t = Torque,
Fw = Force of weight,
BG = distance between the center of buoyancy and center of gravity,
® = pitch or roll angle.
In Figure 2.3, the similar of couple force on ROV is shown. The stability of ROV

will increase when larger BG produces a larger torque [9].



Figure 2.3: Couple force on ROV. [7]

Active Stability

The thruster configuration is also an important factor for having a good stability
of ROV. The vectored thruster configuration gives a better performance as mentioned
in 2.2.2The equation 2.3 and 2.4, it shows that the thrust force for x and y axis. From
these equation, it is known that if any absence of the thruster will make the ROV
become unbalance in thrust force. Therefore, it will affect the stability of ROV on

motion to oppose the force.

2.1.3 Ballast System

Ballast is the adding or removing of weight on an underwater vehicle to
improve its stability [7]. A ROV requires both floatation and weight to carry out the
operation for the diving purpose. There are 2 types of ballast systems that can be used
by ROV which are the static and dynamic ballast. For static ballast system, the ROV
will be pre-set with the desired ballast and remain unchanged throughout the operation.
For dynamic ballast system, the ROV will change its ballast during the operation. It
allows the ROV to be heavy when diving in the high current situation. However, the
disadvantage of this system is the air in the tank changes in volume as the ROV dive
to a different depth. Therefore, it is uncommon for most ROV. The most common
material used for ballast system is syntactic foam. This is because of its low density
and ability to withstand high pressure [9, 10]. In Figure 2.4, it shows the float block
and ballast weights added to ROV to increase its stability.



Figure 2.4: Ballast system on ROV. [11]

2.1.4 Buoyancy (Archimedes’ Principle)

Buoyancy is a force that exerted by the liquid on an object that is fully or
partially submerged on it. Archimedes’ principle indicates that the upward buoyant
force that exerted on an object is equal to the weight of the fluid displaced by the object
[11]. ROV need to neutralize the negative buoyancy effect of heavier than water
materials on the submersible for example frame and pressure housing with lighter than
water materials. A slightly positive buoyant is the goal of ROV [7]. This is because it
allows the ROV to float to the surface when the propeller is damaged. Moreover, it is
easier to make any modification when the ROV stay at the surface. Most of the material
of frame used by the ROV is polymer type. Metal is not recommended to be used as
the material of the frame of ROV due to its increase in weight and degradation after

long periods of contact with seawater [3].

2.1.5 Control System

A Proportional-Integral-Derivative controller is a control algorithm that widely
used in industrial control system [12]. The most common tuning method of PID used
is Ziegler-Nichols rule. The Ziegler-Nichols rule is a method of PID tuning rule that
try to produce good values for the three PID gain parameters which are the controller
path gain (K;), controller’s integrator time constant (Ti) and controller’s derivative

time constant (Tq) [13]. The period Ty of the oscillation frequency at the stability limit
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and the gain margin Ky for loop stability are the two measured feedback loop
parameters derived from the measurements [ 13]. The advantage of this tuning method
is that it only need to change the P controller. Moreover, it gives a better illustration
on how the system is behaving. By using the values of K, and T., the values of PID

gain setting can be determined as shown in Table 2.1 [13].

Table 2.1: Tuning Rule

Rule Name Tuning Parameters
Classic Ziegler-Nichols Kp=0.6Ku Ti=05Tu Td=0.125Tu
Pessen Integral Rule Kp=0.7Ku Ti=04Tu Td=0.15Tu
Some Qvershoot Kp=0.33Ku Ti=05Tu Td=0.33Tu
No Overshoot Kp=0.2Ku Ti=05Tu Td=0.33Tu

2.1.6 Propulsion and Thruster Configuration

ROV propulsion system is divided into 3 types which are electrical, hydraulic,
and ducted jet propulsion. The size of the vehicle, type of operation and location of
work can affect the type of propulsion system used. The electrical type propulsion
system is used when there is required to change energy from electrical to mechanical.
For hydraulic type, it is needed when the vehicle requires huge work tooling for
intervention. Moreover, the vehicle that operated under the condition that can cause
waste to pull into the thrusters needs to use ducted jet propulsion system. The main
target of the design of ROV is to obtain a high thrust to physical size and power input
ratios [11].

The propeller is divided into 2 main groups which are fixed pitch propeller and
controllable pitch propeller. For the fixed pitch propeller, the position of the blades is
fixed. For controllable pitch propeller, there is a large hub for a mechanism to control
the pitch of the blades when hydraulically activated. Figure 2.5 shows the types of
propeller [14]. A number of propeller blades are different for certain operation. It can
be made of 2 to 6 blades. However, the lesser the propeller blade, the greater the

propulsion efficiency.
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Figure 2.5: Propeller types. [14]

The motion of ROV is dependent on the thruster configuration used within the
vehicle. In sequence to get a better maneuverability and controllability of a ROV, the
thruster must be well positioned on the vehicle so that the moment arm of their thrust
force, relative to the central mass of the vehicle is equal [11]. In order to have 6 DOF
for ROV, at least 6 thrusters must be utilized where two vertical and four horizontal
thrusters. With this thruster configuration, the ROV can move in heave, surge, sway,
heading, pitch and roll. However, this thruster configuration has limitations in the
surge and heading control. In order to have a more accurate surge, heading control and
sway, 4 thrusters in vectored configuration is needed. It is one of the most popular
methods of actuating an ROV due to increases in control in all horizontal direction
[11]. If the vectored thrusters are orientated at 45°, it will give greater thrust
capabilities and a higher level of fault tolerance. The comparison of vectored and non-
vectored thruster configuration is shown in Figure 2.6. The equation of thrust is shown

in 2.3 and 2.4 [3].
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O
1]

Figure 2.6: Comparison of thruster configuration. (a) Vectored, (b) Non-vectored [3]

Overall thrust,
Tx =4Fcos a (2.3)
Ty=4Fsin a 2.4)

If 45°, then Tx = Ty =2V2 F
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2.1.7 Hydrodynamic

Hydrodynamics is the physics that deals with the dynamic motion of fluid and
force exerted on the object that immersed in fluid [15]. Due to the design of ROV is
not concerns about the speed, there is little effort put on hydrodynamics. Most of the
ROV carry out the heavy work using its high power. However, when the size of ROV
is reduced, the hydrodynamic coefficient become significant as the vehicle requires

more energy to oppose the forces [3].

There are 2 methods to measure the hydrodynamics coefficient on small ROV
which is the experimental method and computational fluid dynamics method. Using
the experimental method such as tow tank that equipped a planar motion mechanism
(PMM) is very expensive [ 16]. However, for CFD method, it is inexpensive as it used
simulation to get the engineering data and the data can be obtained in a short period of

time [17].

2.1.8 Joystick

The joystick is an input device that helps in control the direction and angle.
There are few types of the joystick which are a digital joystick, paddle joystick, analog
joystick, accelerometer type joystick and potentiometer joystick [18]. Potentiometer
based joystick obey the Ohm’s Law which it uses resistance as working principle. It
has physical components that moved allow the increase or decrease of voltage or
current through the change in resistor value. This can be done by applying with the
very small amount of force. However, it has limitations in terms of durability and
reliability because of its wearing of moving parts [19]. For joystick accelerometer, the
accelerometer sensor is put inside the joystick and control by sensing the angle of

rotation.
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2.2 Review of Previous Related Work

2.2.1 Type of Controller

There are many types of the controller can be used in ROV for feedback
purpose. Based on the literature findings, a controller such as Proportional Integral
Derivative (PID) controller, sliding mode controller, Fuzzy Logic Controller (FLC)
and the combination of PID with adaptive control. Different type of controller will

give the different efficiency of work.

From the journals, most of them used Proportional Integral Derivative
controller (PID) to control the movement of ROV. The method used is such as trial
and error [21], Ziegler Nichols [24] and placing poles in the left half plane of complex
plane to achieve stability. There is one paper combined the PID with an adaptive
control which is neuro-network [23]. Besides that, there are few papers used fuzzy
logic as their controller for research. Usually, the fuzzy logic controller uses
MAMDANI fuzzy inference because there is the library at MATLAB that ease the
work [22]. MATLAB is the most common simulation software used to check the
controller and vary the gain using the SIMULINK. Only one article does research on
higher order sliding mode controller. The reason the researcher chose higher order
other than standard sliding mode controller is to prevent the high-frequency signal sent
into the system which called as chattering effect [20]. The type of controller used by

the paper summarises on Table 2.2.

Therefore, there are many controllers that can be used on ROV. PID controller

is the most common type of controller used on ROV to eliminate the error.

Table 2.2: Comparison of the type of controller used for ROV.

Type of Controller Used. Error detection

Second Order Sliding Mode (SMC) | Position tracking error.
[20].

PID. It uses the trial and error method | Depth control and heading control.

to get the value of gain [21].




Fuzzy Logic using rule matrix of the

fuzzy controller [22].

Precision tracking of ROV.

PID with neural network by tuning

the PID gain [23].

Learning rate.

PID using Ziegler Nichols tuning
method [24].

Overshoot and steady state error.

PD controller for station keeping is
developed by constructed using

MATLAB Simulink [26].

Damping value.

Proportional control by placing all
poles in the left half of the complex
plane [27].

Velocity control.

Fuzzy Logic using Mamdani fuzzy

inference method [28].

Pitch, roll and depth correction

15
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2.2.2 Thruster Configuration and Number of Thrusters Used

There are different kinds of configuration for thrusters which are x-shaped [20],
cross-shaped [20] and vectored [25] which are shown in Figure 2.6 to Figure 2.8.
Based on the vectors of forces and moments calculated by Anh Duy Nguyen [22], the
ROV can move smoothly in various direction when using the x-shaped configuration
with 45° to each other compared to the cross-shaped configuration. Due to the
difference in configuration, the number of thrusters used also not the same. The most
common number of thrusters used are six thrusters. The journals were suggested to use
six thrusters because it can control the orientation of ROV in six degrees of freedom
(DOF) easily [3]. The orientation of ROV is a surge, heave, sway, roll, pitch, and yaw.
For a system that used lesser thruster to control more DOF is called as an underactuated
system. Different orientation will need a different type of configuration in order to
achieve stability. For three thruster used with 1 on a vertical plane and 2 on a horizontal

plane, the stability of roll and pitch is low when there is significant disturbance [25].

Figure 2.7: Thruster configuration in x-shape.



Figure 2.8: Thruster configuration in cross-shape.

From the papers, a different type of thruster configuration will have a different
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orientation. The most stable orientation is using x-shaped thruster configuration with

45° and six thrusters are used.

Table 2.3: Comparison of thruster configuration

Thruster Configuration And Number
Of Thruster Used

Orientation/ Degree of freedom

4 thrusters are used where 1 is located

vertical, 1 lateral and 2 rear [20].

Surge, sway, heave, pitch and yaw.

Comparison between X-shaped and
cross-shaped thruster configuration.
Total of 6 thrusters are used where 2
are located vertical and 4 horizontal

[21].

Surge, sway, heave, pitch, yaw and

heading.

Total of 3 thrusters are used where 1

located vertical and 2 horizontal [23].

Surge, yaw and heave.




Total of 4 thrusters are used where 2
are located vertical and 2 horizontal

[24]

Heave.

Thrusters are in vectored. Total of 6
thrusters are located 2 at x-axis and 2

at y-axis and 2 at z-axis [25].

Heave, surge, sway, heading, pitch

and roll.

Total of 4 thrusters are used [26].

Surge, sway, heave and yaw.

Total of 2 thrusters are used [27].

Yaw.
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Total of 5 are used where 2 at | Surge, heave, sway, roll and pitch.

horizontal and 3 at vertical [28].

One—norm algorithm and modified | Surge, sway, heave and yaw.
singular values. Total of 4 are used

[29].

2.2.3 SENSOR

There are many sensors can be used to determine the location and orientation
of an object. The most common sensors used are gyroscope and accelerometer. A
gyroscope sensor can be used determine the orientation of ROV. It is a device that uses
the principle of Earth’s gravity to help determine the orientation [31]. An
accelerometer is a compact device designed to measure non-gravitational acceleration
[31]. For this project, a gyroscope is used as it can measure the angle of rotation around
a particular axis. From the sensor, we are able to know that how much the ROV has
rotated from its original position. It is needed to control the ROV directly without the
need to control the thruster directly. Observation can be made using the software that

obtains value from the sensor.

Based on the findings in the literature review, MPU 6050 sensor is the most
common sensor used for ROV. It consists of 3 axes gyroscope sensor and 3 axes
accelerometer. It is needed to sense the angle of rotation of ROV using MPU 6050 to
give the feedback to PID controller to check any angle of deviation from the input. The

pressure sensor is needed when the ROV has to heave for certain operation.
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2.3 SUMMARY

As a conclusion, most of the papers use PID controller in the control system of
ROV. For this paper, the control system chosen will be PID as it is simpler. The ROV
can steadily move in the surge, sway, heave, pitch, roll and yaw when using the x-
shaped thruster configuration with 4 located 45° to each other on horizontal and 2
located on vertical [22]. Therefore, x-shaped thruster configuration was used in this
project. Besides that, MPU 6050 sensor is quite popular to use for ROV to detect the
angle of rotation of the ROV [22], [24]. From the value obtained by MPU 6050, the
PID controller will deal with the error occurred by ROV due to disturbance. When
there is heave movement for ROV, there is pressure sensor needed on the ROV body
[24], [25], [26]. This is because the ROV can only withstand up to a certain pressure.
With the aid of pressure sensor, the ROV will not go beyond its limit. However, this
project was only involve the orientation in yaw, pitch and roll, therefore there is no
need to have pressure sensor. Moreover, the softwares that often used for simulation
in the journals are MATLAB and SolidWorks. MATLAB is used for the control
system purpose whereas the SolidWorks is used for drawing and analysis of the

drawing. Summary of all articles is made in the Table 2.4.



Table 2.4: Summary of literature review.
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REFERENCE TYPE OF | THRUSTER ORIENTATION SIMULATION SENSOR USED CONCLUSION RECOMMENDATION
CONTROLLER CONFIGURATION SOFTWARE

AND NUMBER OF

Thrusters USED
Research, Design and | PID using trial and | X-shaped and cross- | Surge, sway, | Visual Studio | MPU6050 consists | - move to desire | - Add camera to observe
Control of a Remotely | error method to get | shaped. Total of 6. 2 | heave, pitch and | C#2013, of 3 axis gyroscope | depth and response | - Reducing ROV weight
Operated  Underwater | the gain. vertical and 4 | yaw Computational Fluid | and 3 axes | of the heading | - Operating depth
Vehicle [22] horizontal Dynamics (CFD). accelerometer. control within £2°
Modelling, Design and | Second order sliding | Total of 4. 1 vertical, | Heave, surge, | MATLAB- Depth sensor, gyros, | - Position tracking | - Model-Free High
Robust Control of a | mode (SMC) 1 lateral and 2 rear. | sway,  heading, | SIMULINK, inclinometer  and | with little error and | Order Sliding Mode
Remotely Operated pitch and roll SOLIDWORKS, compass without overshoot. Control (MF-HOSMC)
Underwater Vehicle CAD. - To prevent high-
[20] frequency signals into

the system.

Fuzzy Controller for | Fuzzy Logic using Heave, surge, | MATLAB- - Easy  project | - Neuro-controller.
Underwater Remotely | rule matrix of the sway,  heading, | SIMULINK regulators for the
Operated Vehicle Which | fuzzy controller. pitch and roll nonlinear object.

is Moving In Conditions
of Environment
Disturbance Occurrence

(22]
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A Self-tuning Nonlinear

PID with neuro

Total of 3. 1 vertical

Surge, yaw, and

MATLAB-

Gyroscope.

- Improve the

- Identify  suitable

PID Controller for a | network by tuning | and 2 horizontal heave. SIMULINK, CFD performance of a | adaptive control rates
Three-Thruster the PID gain highly nonlinear | for ROV controller.
Remotely Operated ROV.
Underwater Vehicle - Carefully in select
[23] the learning rate

value.
Design  of  Thruster One—norm Surge, sway, | MATLAB- - Each thruster | - Roll and pitch can self-
Configuration and algorithm and | heave and yaw. SIMULINK achieve a lower | stabilizable.
Thrust Allocation modified  singular voltage input and
Control for a Remotely values. Total of 4. lower thruster
Operated Vehicle [29] utilization.
Implementation of PID | PID wusing Ziegler | Total of 4. 2 vertical | Heave Visual Basic, | A pressure sensor, | - Ziegler Nichols | - Best result when
Controller for Hold | Nichols tuning | and 2 horizontal MATLAB and | MPU6050. tuned PID controller | Kp=23.4, Ki=15 and
Altitude  Control in | method. Graphical User is efficiently better | Kd= 3.75 for depth
Underwater Remotely Interface (GUI) than classical PID | control.
Operated Vehicle [24] controller
Design,  Construction | PID by modified the | Vectored. Total of 6. | Heave, surge, Pressure sensor, 2 | - Successful in yaw | - Sliding mode
and Control of a | gain. 2 at x-axis and 2 at | sway,  heading, axis inclinometer, | angle regulation controller to  track
Remotely Operated y-axis and 2 at z-axis | pitch and roll and 3 axes different  paths is
Vehicle (ROV) [25] accelerometer considered.

- Tracking roll and pitch
angles are also taken

into account.
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Preliminary Studies of | PD controller for | Total of 4. Surge, sway, | SIMULINK - Able to move the | - Sensor and advanced

the Modelling and | station keeping is heave and yaw. vehicles to the | thrusters.

Control of Twin-Barrel | developed by desired coordinated | - Nonlinear controller

Under actuated | constructed  using as instructed. using Lyapunov

Underwater Robotic | MATLAB Simulink method.

Vehicle [26]

The Eyeball ROV: | Proportional control | Total of 2. Yaw. Gyro sensor and | - Successful in | - Future prototypes with

Design and Control of a | by placing all poles accelerometer implementing internal thrusters are

Spherical ~ Underwater | in the left half of the stability predicted to behave

Vehicle Steered by an | complex plane. augmentation on the | similarly to this

Internal Eccentric Mass system. research.

[27] -Wireless
communication will
remove  disturbances
from the tether.

Underwater ROV with | Fuzzy Logic using | Total of 5. 2 at | Surge, heave, 10 DOF IMU | - Able to adopt a | - Every movement

Fuzzy Logic Motion | Mamdani fuzzy | horizontal and 3 at | sway, roll and (accelerometer, shallow water | including the  self-

Control [28] inference method vertical. pitch magnetometer, environment up to | correction was very

gyroscope and | 10m depth. smooth.

pressure sensor)
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CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION

This chapter discussed the project methodology that was carried out in this
research. Project methodology is a method or technique used to achieve the aim of this
research. From an introduction and background of this project until the project design,
this chapter will provide a guideline for the reader so that they can understand the

project well.

Firstly, a block diagram was included in this chapter as shown in Figure 3.1.
This block diagram explained the control system of ROV. Besides that, the
methodology of research, a flowchart of ROV operation, a flowchart of building
prototype and Gantt chart were shown in Figure 3.2, Figure 3.3, Figure 3.4 and Table

3.3 and 3.4. This flowchart explained the overview of this research.

Moreover, there are some simulations and experiments that had carried out to
test the performance of the ROV. The mechanical parts used in this research drawn

using SolidWorks. Type of analysis done in SolidWorks software is discussed.
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3.2 CONTROL SYSTEM

When the user rotates the joystick to a certain angle, the MPU 6050 sensor on
the joystick will sense the angle of rotation made by the user. There is another MPU
6050 sensor located on the body of ROV to sense the angle of rotation of ROV. When
there is error or deviation of angle of rotation between the joystick and ROV, the PID
controller will correct it and send a signal to the motor driver. Then, the motor driver

will control which motor to turn clockwise and anti-clockwise.

.
ERR
USER INPUT ﬁ CONTROLLER | MOTOR DRIVER ——— MOTORS —{>

Angle of
yaw, pitch
or roll.

MPU 6050 SENSOR

Figure 3.1: Block diagram of a control system for ROV.

3.3 METHODOLOGY OF RESEARCH

In order to start this project, understanding of project can be done by defining
the problem faced by the project. After noticed the problem, research on the ROV
design and orientation control is needed to solve the problem. There are several designs
proposed in the literature review. Based on the proposed design in the literature review,
a new design that can meet the objectives of this project was created. Beside the body
frame of the ROV, electrical and software design are also required so that the ROV
can operation for its function. If there is any error during the simulation, modification
will be made to remove the error. When there is no more error, the hardware of ROV
will be constructed so that ROV can undergo the real-time full test. The full test
includes waterproof test, balancing test and buoyancy test. If there is an error occurred,

the modification is needed. After that, performance analysis of ROV will be carried
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out. Writing is the last step to complete the thesis. In Figure 3.2 shows the flowchart

of research.

START

v

DEFINE
PROBLEM

v

RESEARCH ON ROV
DESIGN AND

ORIENTATION CONTROL

LITERATURE
REVIEW
PROPOSED
DESIGN

y

ELECTRICAL
SYSTEM AND

A

SOFTWARE
DESIGN

SIMULATION
FOR
VERIFICATION

7

v

FULL TEST

SENSITIVIT
ERROR OF
SENSOR?

PERFORMANCE
ANALYSIS

l

WRITING

BUILT ROV -

YES

YES

Figure 3.2: Methodology of research.
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3.4 PROTOTYPE OPERATION

When the user rotates the remote control to a certain angle, the sensor on the
remote will send a signal to PID controller. At the same time, the ROV will rotate
according to the desired angle of the user. Sensor value of the angle of rotation in 3
axes on ROV will be compared with the signal received from the sensor on the remote.
If there is a deviation in the angle between 2 sensors, the PID controller will make the
correction by tuning the gain. Then the PID controller sends a signal to the motor driver
for controlling the motor to turn clockwise and anti-clockwise. The flowchart of

prototype operation is shown in Figure 3.3

AW, PITC NO
OR ROLL

COMPARE
SENSOR VALUE
ON ROV IN 3
AXES

ANGLE
DEVIATION
FOR 3 AXIS

MORE THAN 57

PID
CONTROLLER
FOR 3 ANGLES

NO

Y

MOTORS DRIVER <

END

Figure 3.3: Flowchart of prototype operation.
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3.5 BUILDING PROTOTYPE

For creating an ROV, research on the ROV design is the initial step. From the
design proposed on the literature review, a new design of ROV was created. The design
is drawn using SolidWorks software. After done assembly all the parts of ROV,
analysis on ROV was done using SolidWorks simulation. Those analysis are the center
of gravity, stress and strain test, and sustainability test. After getting all the value from
SolidWorks, fabrication of the body frame was carried out. Installation and
construction of electrical, mechanical and software system can be done simultaneously.
Verification and validation were started after the system was constructed. Testing was

carried out to test the performance of ROV. The flowchart of building prototype is

START

ROV HARDWARE
DESIGN USING e
SOLIDWORK

|

CENTER OF GRAVITY,

STRESS AND STRAIN YES

AND SUSTAINABILITY
TEST

!

T

SIMULATIO!
ERROR?
NO

FABRICATION

l

shown in Figure 3.4.

ELECTRICAL MECHANICAL SOFTWARE
SYSTEM SYSTEM SYSTEM
INSTALLATION AND

CONSTRUCTION

l

VALIDATION AND
VERIFICATION

"ONSTRUC
ON ERROR?

YES

Figure 3.4: Flowchart of building prototype.
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3.5.1 ELECTRICAL DESIGN

The electrical part design of a ROV is consists of an Arduino Mega 2560,
MPU 6050 sensor, 4 channels relay module, Electronic Speed Controller (ESC) and
brushless motor. The connection is shown in Figure 3.5.

Figure 3.5: Circuit and schematic diagram for a ROV.

3.5.1.1 ARDUINO MEGA 2560

The ROV is equipped with Arduino Mega 2560 as the main board to control
the ROV is shown in Figure 3.6. Arduino Mega was chosen because it has many
input/output pins which is suitable for this project that required many pins. The
microcontroller board of Arduino Mega operates using the ATmega2560. It consists
of 54 digital input/output pins which 16 analog inputs,15 can be used as PWM outputs,
4 UARTs (hardware serial ports), a USB connection, a power jack, an ICSP header, a

reset button and a 16 MHz crystal oscillator.

Figure 3.6: Arduino Mega 2560.
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3.5.1.2 MPU 6050 SENSOR

MPU 6050 sensor is a device that mixed a 3-axis gyroscope and a 3-axis
accelerometer which processes complex 6-axis MotionFusion algorithm [32].Figure
3.7 shows the MPU 6050 sensor board and Table 3.3 shows the product details of MPU

6050. This sensor is used because it is simpler to obtain the coding to read the angle.

Figure 3.7: MPU 6050.

Table 3.1: Product details of MPU 6050. [32]

3.5.1.3 BRUSHLESS MOTOR

Brushless motor is chosen for this project because it has higher efficiency,
longer lifespan and more reliable than a brushed motor. This motor is able to operate
with less noise and electromagnetic interference because it is fully enclosed for internal
parts. The brushless motor used is SunnySky A2212 980KV outrunner as shown in
Figure 3.8. It is cheap and waterproof so that it is suitable for this project. Figure 3.9

shows the operation of brushless motor for yaw, pitch and roll.



Table 3.2: Specification of SunnySky A2212 980KV
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KV 980

Stator Diameter 22mm

Stator Length 12mm

Shaft Diameter 3mm

Motor Dimension (Diameter * Length) 27 x 30mm

Weight 50g

Maximum Continuous Current 14.5A

Maximum Continuous Power 160W

Maximum Efficiency Current

(4-9A) > 80%

Figure 3.8: SunnySky A2212 980KV [33]



USER INPUT

THRUSTER 2
ANTICLOCKWISE,
THRUSTER 5
CLOCKWISE

THRUSTER 2

CLOCKWISE,

THRUSTER 5
ANTICLOCKWISE

THRUSTER 3 AND 6

ANTICLOCKWISE,

THRUSTER2 AND 5
CLOCKWISE

THRUSTER 3 AND 6
CLOCKWISE,
THRUSTER 2 AND 5
ANTICLOCKWISE

THRUSTER 3 AND 4

ANTICLOCKWISE,

THRUSTE 1 AND 6
CLOCKWISE

THRUSTER 3 AND 4
CLOCKWISE,
THRUSTER 1 AND 6
ANTICLOCKWISE

Figure 3.9 Flowchart of motor operation.
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3.5.1.4 Electronic Speed Controller (ESC)

ESC is a device used to control the speed of servo motor and direction of
motor. It is used to match with the brushless motor as the brushless motor acts like a
servo motor. ESC are often used to supply an electronically generated three phase
electric power low voltage source of energy to motor. The ESC chosen for this project
is Hobbywing Skywalker 30A ESC (Figure 3.9) because it is cheaper compared to
other ESC. However, it can only control the motor to run in one direction. Only
through manually changing the wire connection between ESC and brushless motor for
change of direction of motor turn. In order to solve the problem, a 4 channels relay
module was used for switching of wire automatically through coding using Arduino.
The ESC is required to get a signal from Arduino for activation of brushless motor.
The range of signal speed is from 1000us to 2000us. 1000us is for the motor to stop
and 2000us is 100% motor speed. For safety precaution, only 1400us is used in the

coding which is equals to 40% of motor speed.

Table 3.3: Specification of Hobbywing Skywalker 30A.

Continuous Current 30A

Burst Current (less than equal 10s) 40A
BEC Mode Linear
BEC Output S5V/2A

Weight 37g

Figure 3.10: Hobbywing Skywalker 30A ESC.
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3.5.2 MECHANICAL DESIGN

3.5.2.1 FRAME

Basically, the frame is divided into 2 types which are open frame and closed
frame as shown in Figure 3.11. Most of the ROV manufacturers use open frame as
their design. This is because open frame configuration can provide higher stability and
easier to add equipment such as a sensor on the body frame. Besides that, the open

frame can give the water flow directly to thruster without any obstacle.

Figure 3.11: Open frame ROV (left) and closed frame ROV (right). [34]

The body frame design of ROV is an important part for this research. This is
because the frame of an ROV is needed to provide support and protection for ROV
during operation. The material selection will also affect the performance of ROV.
Material that can withstand the strength and stress exerted by the water pressure must
be chosen. For this project, PVC pipe is used for building the body frame because it is
cheaper compared to aluminum. The Figure 3.12 shows the body frame design of ROV
for this project.
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Figure 3.12: ROV frame design.

3.5.2.2 THRUSTER

A thruster is consists of a motor that connects to the propeller. Different
thruster configuration will have different control level of motion of ROV. From the
journal in chapter 2, 6 thrusters are used for this project to run in 3 degrees of freedom
which are a roll, pitch and yaw. There are 4 horizontal thrusters arranged 45° and 2

vertical thruster.

Figure 3.13: Thruster drawn in SolidWorks.
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3.5.2.3 ROV ASSEMBLY DRAWING

Finally, a complete ROV design is done by combining the all mechanical parts.
A complete ROV design is shown in Figure 3.14 with 30cm length, 30cm width and
30cm height approximate 1kg. The shape is symmetrical. It consists of PVC pipe frame
and 6 thrusters arranged in vectored configuration. The horizontal thrusters are 45° to

each other.

Figure 3.14: Complete design of ROV.

3.5.2.4 JOYSTICK

The joystick is used to control the movement of ROV by the user. The joystick
is designed about the same as the WII controller. There is a sensor inside the joystick
to communicate with the control system. The drawing of the joystick is shown in
Figure 3.15. The fabricated design is shown in Figure 3.16. This design has 10cm long,
4cm wide, and 2.5cm thick. This dimension was set in order to comfort the user to use

it.
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Figure 3.15: Joystick design.

Figure 3.16: Fabricated design.

3.5.3 SIMULATION SOFTWARE

3.5.3.1 SolidWorks, MATLAB

SolidWorks is a computer-aided design (CAD) software that used to draw the
engineering design. It is easy to use and lower total cost while giving high efficiency.
Before fabrication of ROV, the parts that drawn using SolidWorks can be analyzed
using the simulation on SolidWorks software. Simulation such as the center of gravity,
stress-strain test, and sustainability test can be done using SolidWorks. The user can

choose any type of materials and undergo the analysis.

MATLAB is a software that used to solve engineering problem with high-

performance language. It consists of many libraries tools that can be used for many
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application such as hardware interface with Arduino. The movement control of ROV
can be done using the toolbox in the MATLAB such as PID, FLC and Neural Network.
For PID, the proportional controller (Kp) is used to reduce overshoot and steady state
error while the integral controller (K;) is used to remove the steady-state error and
derivative controller (Kp) is used to reduce the rise time and settling time hence
increase the stability of the system. The effect of increasing Kp, Ki, Kp parameters is
shown in Table 2.4. FLC is a control algorithm that uses experienced based rules to
produce an output. FLC is easier to design by giving certain membership value to
function but the tuning process requires trial and error that will take a longer time to

obtain the result.

Table 3.4: Effect of increasing KP, KI, KD parameters [30]

|CL RESPONSE | RISE TIME [OVERSHOOT|SETTLING TIME|S-S ERROR
L Kp |‘ Decrease ‘ Increase |‘ Small Change A Decrease ‘
L Ki H Decrease L Increase I‘ ~ Increase J Eliminate

L Kd HSmall Change L Decrease | L Decrease. _JSmall Change

3.6 GANTT CHART

Gantt chart is the overview of schedule of this research. It is divided into 2
which are Final Year Project 1 (FYP 1) and Final Year Project 2 (FYP 2). This chart
1s important because it gives the dateline for each task so that the project will not be a
delay. The Gantt chart for FYP 1 and FYP 2 are shown in Table 3.6 and Table 3.7

respectively.



Table 3.5: Gantt chart for FYP 1

38

ACTIVITIES

W2

Define Problem

W3

W4

W5

W6

W7

W38

W9

W10

W11

W12

W13

W14

Research on ROV
design

Literature review

Proposed design

Perform analysis
in SolidWorks

Design of
experiment
procedures

Data collection
and analysis

Presentation

Report writing




Table 3.6: Gantt chart for FYP 2.
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ACTIVITIES

Fabrication

W4

W5

Wo6

W7

W8

Installation and
construction of ROV

Validation

Performance Analysis

Presentation

Report writing
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3.7 SIMULATION AND EXPERIMENT FOR ANALYSIS

In order to achieve three objectives discussed on chapter 1, few experiments
were carried out. The simulation tests to fulfil first objective are centre of mass,
sustainability test and stress and strain test whereas experiment done was balancing
test and buoyancy test. These tests were carried out to make sure that this design is
environmental friendly and it is stable when operate underwater. Besides, second
objective was achieved by experiment such as MPU 6050 sensor and motor speed test.
Lastly, third objective was solved by using controller to control the orientation of ROV

and observe the changes.

3.7.1 Simulation 1: Centre of Mass

Objective: To determine the centre of mass and mass properties of the ROV.
Procedure

1) The assemble part is opened in SolidWorks.

2) Inthe drawing, click ‘Insert > Model Items Property Manager’.

3) Under Reference Geometry, click ‘Centre of Mass’.

4) The position of the center of mass appears in the drawing.

5) The image of the center of mass is captured.

6) Click the mass properties tab and change the units to any suitable units.

7) The center of mass refers to 3 axes is recorded.

3.7.2 Simulation 2: Sustainability test
Objective: To determine the sustainability of the ROV.

Procedure:

1) The assemble part is opened in SolidWorks.

2) Click ‘Sustainability icon’.

3) Click ‘continue’, fill in the required parameters.

4) Run the simulation.

5) Click ‘Save as’. Change the ‘file type, file name and location to save’ and
proceed.

6) Result obtained is saved and recorded.
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3.7.3 Simulation 3: Stress and Strain test

Objective: To determine the deformation and stress of the ROV.

Procedure:

1)
2)
3)
4)
S)
6)
7)
8)

The assemble part is opened in SolidWorks.

Click ‘Simulation Xpress” and add a fixture by select the face model.

Add load by applying a force or pressure to the particular area on the model.
Calculate the stress and displacement by select a material to the part.

The mesh setting can be changed between coarse and fine.

Run the simulation.

Click ‘continue’, the ‘stress, displacement and factor of safety’ will show out.

The result is obtained in Microsoft Word.

3.7.4 Experiment 1: Balancing Test

Objective: To study and determine the position of weight to balance ROV.

Parameters: ~ Manipulated Variable: Size of polystyrene foam

Responding Variable: Movement of ROV

Apparatus: ROV and polystyrene foam 2.7 x 10~ m? (3cm wide, 3¢cm height and 3cm

long).

Procedure:

. The ROV is put into a lab pool without any weight attached and then balance

it when floating.

A polystyrene foam is put inside both PVC pipes respectively.

The ROV is then submerged until it reached stability, neither float nor
submerge as shown in Figure 3.17.

Step 2 to 3 is repeated with increasing the weight for 5.4 x 10° m?, 8.1 x 107
m? and 1.08 x 10* m® long polystyrene.

The observation is then recorded and tabulated in table form.

For this experiment, the possible error to be happen is parallax error when observing

the result. The eyes should place perpendicular to the top surface of the ROV.
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Figure 3.17: ROV is neither float or submerge.

3.7.5 Experiment 2: Buoyancy Test
Objective: To study and measure the buoyancy force acting on the ROV.

Parameters: Manipulated Variable: Weight/payload

Responding Variable: Buoyancy force (upward force)
Apparatus: ROV and weight measuring device.
Procedure:

1. The ROV is measured weight by hanging it from the string of weight
measuring device without any weight attached as shown in Figure 3.18.

2. While the ROV is still hanging from the device, submerge it in the underwater
pool but it is not touching the sides or bottom of the pool.

3. Step 1 and 2 is repeated by attached the weight to ROV with a different mass.

4. The observation is then recorded and tabulated in table form.

5. Calculate the buoyant force by taking the difference between the mass (or

weight) in the air and the mass (or weight) in water.

The possible errors for this experiment are random error and systematic error. The
sensitivity of the electronic scale is need to be consider for measuring the weight of

ROV. The experiment should be repeated several times to get the average value.
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Figure 3.18: ROV is measured in air using electronic scale.

3.7.6 Experiment 3: MPU 6050 Sensor.

Objective: To calibrate and measure the angle of rotation of ROV in 3 axes.
Procedure:

1) The calibration coding is opened using Arduino software.

2) The calibration coding is uploaded to Arduino Mega and sensor.
3) The offset value is calculated by the sensor.

4) The offset value is edited in the original coding.

5) The coding is uploaded to Arduino Mega and sensor.

6) MATLAB software is opened with the coding.

7) The sensor is rotated and the values changes is observed.

8) The result obtained is captured and recorded.

The default sensitivity of the MPU 6050 is 131°/s. The sensitivity can be change inside
the coding for MPU 6050.
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Figure 3.19: Measure angle using MPU 6050.

3.7.7 Experiment 4: Comparison test on MPU 6050 of joystick and ROV
Objective: To determine the changes in the angle of orientation on ROV when user

giving input.

Parameters: ~ Manipulated Variable: Angle of orientation on joystick
Responding Variable: Angle of rotation on ROV

Apparatus: ROV and joystick.

Procedure:

1) The angle of rotation of joystick is set by the user.

2) The ROV will move according to the user input.

3) The angle of rotation of joystick and ROV in degrees are recorded and
tabulated.

The possible error for this experiment is the sensitivity of MPU 6050. The sensor is
very sensitive during measuring the angle. It will cause the control of the orientation

of ROV to be have latency.
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3.7.8 Experiment 5: Motor Speed test on the motor.

Objective: To determine the speed of rotation of the motor against thrust.

Parameters: Manipulated Variable: Speed of rotation of motor
Responding Variable: Thrust

Apparatus: ROV and electronic scale.

Procedure:

1) The motor is hanged in air using string for measuring the weight using
electronic scale.

2) The thrust in air is recorded.

3) The motor is hanged in water using string for measuring the weight using
electronic scale.

4) The thrust in water is recorded.

5) The step 3 to 4 is repeated by changing the motor speed from 0% to 100%.

6) The result obtained is recorded and tabulated in table.

Figure 3.20: Measuring motor thrust.

The possible errors for this experiment are random error and systematic error. The
sensitivity of the electronic scale used is in 3 decimals for measuring the thrust of ROV.

The experiment should be repeated several times to get the average value.
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CHAPTER 4

RESULT AND DISCUSSION

4.1 INTRODUCTION

This chapter discusses the simulation results obtained from SolidWorks and
the sensor value obtained using Arduino. All the results obtained are tabulated in table

or figure to provide a better understanding of the result obtained.

For the first part, the results taken from the analysis using SolidWorks is
analyzed and discussed. The analysis included the center for mass, sustainability and

stress and strain test.

The experiment on the sensor is also included in this chapter. The graph shown
by the sensor is taken as the result from the sensor. The experiments on ROV such as
waterproof test, balancing test and buoyancy test were tested in the lab pool. The result

obtained was tabulated in table form.



4.2 SolidWorks Analysis

4.2.1 CENTER FOR MASS

The purpose of this analysis is to determine the center of gravity or also known
as the center of mass of the ROV. The center of mass will appear in SolidWorks by
followed the procedures stated in the previous chapter. This function not only can
obtain the center of mass but also properties such as mass, density and volume. By
knowing the center of gravity, the stability of ROV during orientation will be increased

by placing ballast weight to the bottom of ROV or float material to the top of ROV.

The overview of centre of mass of ROV is shown in Figure 4.1.

Figure 4.1: Different view of ROV of the center of mass.

Table 4.1: Centre of mass in SolidWorks Mass Properties

Axis Coordinates (cm)
X 14.42
Y 14.87
4 16.49
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From the mass properties shown in Figure 4.2, it shows that the center of mass
of ROV is placed at 14.42c¢m on X-axis, 14.87cm on Y-axis, and 16.49cm on Z-axis.
From the result obtained through simulation, the center of mass is located at the center
of the body of ROV. It means that it is symmetrical shape and the ROV is more stable
when the center of mass is located at center of body as stated in chapter 2.1.1 on center
of gravity. However, it has some error on drawing the body as the result obtained was
not exactly located at the center. This maybe due to the diamater of the pipe, tee and

elbow are different.

Mass properties of ROV
Configuration: Default
Coordinate system: -- default --
Mass = 1020.22 grams
Volume = 373100.97 cubic millimeters

Surface area = 349402.01 square millimeters

Center of mass: (millimeters)

X =144.29
Y = 148.74
Z=16491

Principal axes of inertia and principal moments of inertia: (grams * square

millimeters)

Taken at the center of mass.
Ix = (1.00, -0.01, 0.00) Px =12359754.23
Iy =(0.00, 0.01, -1.00) Py =19719976.98
Iz =(0.01, 1.00, 0.01) Pz =27335973.41

Moments of inertia: (grams * square millimeters)

Taken at the center of mass and aligned with the output coordinate system.
Lxx = 12361564.20 Lxy=-164593.18 Lxz=1741.47
Lyx =-164593.18 Lyy=27333718.74 Lyz=-58268.21
Lzx = 1741.47 Lzy =-58268.21 Lzz = 19720421.68

Moments of inertia: (grams * square millimeters)

Taken at the output coordinate system.
Ixx = 17406538.37 Ixy=-1799765.98 Ixz=-2140219.98
Iyx =-1799765.98 lyy =31960544.38 Iyz =2375003.62
Izx =-2140219.98  1zy =2375003.62  Izz=23017391.27

Figure 4.2: Mass properties.
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4.2.2 SUSTAINABILITY TEST

The purpose of this analysis is to evaluate the environmental impacts of ROV
design. The results include the end of life, total energy consumed, carbon footprint,

water eutrophication and air acidification.

Table 4.2: End of life of ROV

Weight 1083.48¢g
Duration of use 1 year
Built to last 1 year
Recycled 15%
Incinerated 2%
Landfill 83%

Figure 4.3: Environmental Impact of ROV.
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Table 4.3: Component environmental impact of ROV.

Component Carbon Water Air Energy
Motor 0.606 2x 107 3.1x 107 6.5
Pipe Clamp 0.243 8.0x10* 1.3x 107 2.3
Wire Tie 0.096 3.2x 10 50x10* 1.0
Holder
30cm pipe 0.061 34x107 5.0x 10 1.0
10cm pipe 0.041 2.6x 107 3.3x 10 0.688
Tee 0.052 29x107° 43x 10 0.890
Elbow 0.040 22x107° 3.2x 10 0.670

Based on the simulation result in table 4.2, ROV will go to a landfill after the
end of the life. Besides that, on Figure 4.3, there are 6.7kg of carbon dioxide produced
and the highest percentage is on material which consists of 61%, followed by
manufacturing (21%) and the least percent of producing carbon dioxide is during
transportation with 8.5%. For total energy consumed, there are 78MJ consumed by the
ROV. Out of 78MJ, material took 57MJ, manufacturing consumed 13MJ and end of
life use up 0.474MJ of energy. Next, air acidification, manufacturing parameter
emitted 0.019kg out of 0.037kg, 0.015kg for material and end of life released least
sulphur dioxide which is 0.000026kg. Lastly, water eutrophication, the highest value
is of material which is 0.015kg from a total of 0.018kg and transportation release the
least phosphate which is 0.000059kg.

From table 4.3, there are four areas of environmental impact which are carbon,
water, air, and energy. Based on the top ten components contributing the most to the
four areas of environmental impact, the motor is on the top of the list as it produced
most carbon (0.606) to the surrounding and the energy consumed is also very high
which is 6.5. the component that on the bottom of the list is wire tie. It has all the

lowest value for carbon, water, air, and energy.

From the result obtained through this simulation, the design of this body frame
of ROV is environmental friendly because it has lesser impact to environment based

on the data in Figure 4.3.
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4.2.3 STRESS AND STRAIN TEST

The purpose of this analysis is to determine the deformation of the frame of
ROV when the pressure exerted on it. The analysis is carried out using the Finite
Element Analysis (FEA) simulation Xpress in the SolidWorks. The main material used
for this project is PVC. The value of pressure acting on the submerged part is depends
on the depth. Different depth will have different pressure and causes the material to
have different maximum stress. The body of the ROV is tested with different values

of pressure. The results obtained are shown in Figure 4.4 and 4.5.

Tensile strength is the maximum pressure a material can withstand before
breaking. For PVC Rigid, it has a density of 1300kg/m® and tensile strength of
40700kPa. To calculate the PVC start to break at which depth,

0 meter depth = 1 atmospheric pressure = 101.325kPa
10 meter depth = 2 atmospheric pressure = 202.650kPa.
Given tensile strength = 40700kPa,

x _ 40700

10 202.650

X=2008.39 meters from the surface of the ocean.
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Name Type Min Max
Stress VON: von Mises 3.183e-05 N/m~2 8.500e+02 N/m~2
Stress Node: 6599 Node: 1810

1p25Str-SimulationXpress Study-Stress-Stress

Figure 4.4: Result of stress for the ROV.
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Name Type Min Max
Strain Equivalent 1.740e-14 2.772e-07
Node: 6599 Node: 1810

1p25Str-SimulationXpress Study-Strain-Strain

Figure 4.5: Result of strain for pipe.

Table 4.4: Relationship between depth and water pressure.

Depth (m) Pressure (kPa) Maximum Stress (kPa)
0 101.3250 637.9
1 111.4575 701.7
2 121.5900 765.5
3 131.7225 829.3
4 141.8550 893.1
5 151.9875 956.9
6 162.1200 1021.0
7 172.2525 1084.0
8 182.3850 1148.0
9 192.5175 1212.0
10 202.6500 1276.0
2009 (Start to break) 40700 break
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Graph of Maximum Stress against Depth

1400
1200
1000
800
600

400

Maximum Stress (kPa)

200

Depth (m)

Figure 4.6: Graph of maximum stress against depth.

From Table 4.4 and Figure 4.6, the maximum stress is directly proportional to
depth. The material will break at depth of 2009 meters. However, the body of ROV is
designed to enter at maximum depth of 2 meters only as stated in scope of project.

Therefore, the body frame of ROV is able to withstand the pressure exerted to it.

4.3 EXPERIMENT ON MPU6050

Firstly, the sensor is calibrated using Arduino software. The new offset values
for accelerometer X,Y,Z and gyroscope XYZ are 550, -602, 2291, 190, 62, 9. After
that, the MATLAB code is used to display the graph and 3D visualization. Comparison
between the measured angle using protractor and MATLAB simulation are shown in
Figure 4.7, 4.8, 4.9 and 4.10. The values obtained are about the same. The tracking the
angle of rotation using MPU 6050 is very accurate and fast as it can read the angle at
maximum of 2000 degree per seconds. The sensitivity of MPU 6050 can set using the

coding to choose the range of scale it needs to read.



Figure 4.7: Angle of 0.
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Figure 4.8: Result obtained from MATLAB.
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Figure 4.10: Result obtained from MATLAB.
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However, gyro values for x axis (roll), y axis (pitch), and z axis (yaw) are
drifting over a long period of time. The value tends to vary a lot and no longer accurate.
Graph of drifting angles against time for x axis (red colour) and y axis (black colour)
are shown in Figure 4.11 and 4.12. In order to solve the drift problem occurred on
MPU 6050 sensor, Kalman filter and Complementary filter are used to get a better and
accurate value of gyro x and y axis. These filter uses the concept of combining both
accelerometer and gyroscope value into a single quaternion value. Accelerometer itself
is not stable in a short period of time whereas gyroscope will tends to drift during a
long period of time. By combining both devices, the values obtained will become more

accurate. These filter are done by minus the angle drift if the angle is exceed 180°.

Figure 4.11: Drift angle for x axis (roll).

Figure 4.12: Drift angle for y axis (pitch).
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For yaw angle which is z axis, there is no solution for the drifting angle. It is
parallel to gravity vector, therefor yaw has no fixed reference point for any
modification. Roll and pitch can be calibrated by a partial frame of reference which is
gravity. The only way for getting an accurate result for yaw is to replace the MPU
6050 to MPU 9150. MPU 9150 is consists of 3 axis accelerometer, 3 axis gyroscope
and magnetometer. Magnetometer is an important part to prevent the yaw angle from
drift.

4.4 EXPERIMENT ON BALANCING TEST

After the addition of component and cable, the center of gravity for ROV is
changed. The reason to carry out balancing test is to balance the ROV back so that it

can operate well. Table 4.5 shows the observation for ROV in balancing test.

Table 4.5: Observation of ROV in balancing test.

Volume (m?) Balance Observation Adjustment
Left Right
2.7x 107 2.7x10° No ROV was Replace a
submerged. longer size.
54x107° 54x 107 No ROV was Replace a
submerged. longer size.
8.1x 107 8.1x 107 Yes ROV still Replace a
little longer size.
submerged.
1.08 x 10 1.08 x 10 Yes ROV neither -
float nor
submerge.

From the observation in Table 4.5, ROV with different size of polystyrene
foam will have different results and cause unbalance. The polystyrene was tie to ROV
using cable ties. The longer the size of polystyrene foam will make the ROV to float.
For the ROV to be operate well, balancing is an important factor. The 1.08 x 10*m’
long polystyrene was able to make the ROV to be balance in water. Figure 4.13 shows
the balance of ROV in water. The ROV is at neutral buoyancy which is important for
stability of ROV. The polystyrene foam size must be symmetrical to maintain the
accuracy of the result obtained. When observing the top surface of the ROV, the eyes

is put perpendicular to the surface to prevent parallax error.
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Figure 4.13: Balancing test of ROV.

4.5 EXPERIMENT ON BUOYANCY TEST

The buoyancy of the ROV is important because it helps to support the weight
on the ROV. When an object is submerged in a fluid, the upward force which is
buoyant force will cause the weight in air and in fluid to be different. Therefore, the
buoyant force B is found by using the weight of object minus the tension force. The
mass of ROV measured using electronic scale is 2.195kg without weight attached to

it. The assumption made was the acceleration due to gravity is equals to 10m/s?,

Table 4.6: Buoyant force on ROV.

Mass of ROV attached with F=m *a(N)
average weight (kg)

In air, m; In water, my W=m; *a T=my*a B=W-T
2.195 0.000 21.95 0.00 21.95
2.445 0.200 24.45 2.00 22.45
2.695 0.415 26.95 4.15 22.80
2.945 0.603 29.45 6.03 23.42
3.195 0.810 31.95 8.10 23.85
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Buoyant force against weight
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Figure 4.14: Graph of buoyant force against weight.

From Table 4.6, the mass of ROV with 2.195kg is the equilibrium mass as it
neither float nor submerge. The experiment is only added until 1kg of weight because
of the safety issue as the ROV itself is light. The added weight must be consistent to
avoid inaccurate of the result. From the Figure 4.14, the buoyant force increases when
the weight attached to ROV is increases. It has fulfilled the Archimedes principle
stated on chapter 2.1.4 about buoyancy. The weight measured is repeated 3 times to
get the average weight to reduce random error. Besides that, the electronic scale used

is 3 decimal because the weight of ROV is light and the sensitivity is higher.

4.6 EXPERIMENT ON UNDERWATER MOTOR THRUST TEST.

Different motor speed will give different thrust in water. The motor is put in
water as shown in Figure 4.15. The motor speed is not affect the thrust in air as result
obtained in Table 4.7. The motor speed is differ a lot for the thrust in water as result
obtained in Table 4.8. Form the graph shown in Figure 4.16, the motor speed is
proportional to thrust. As the motor speed increased, the thrust of the motor also
increased. Therefore at optimum motor speed will give the ROV a better stability
because the angle of rotation will not be overshoot. The motor speed is set at 40%
because the ROV itself is light and to avoid any overshoot occur for orientation control.

The thrust obtained is repeated 3 times to get the average thrust in kilogram to prevent
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random error. The electronic scale used is with 3 decimal because it has higher

sensitivity and to get a more accurate result.

Figure 4.15: Measuring thrust of motor in water.

Table 4.7: Motor speed and average thrust in air.

Motor Speed (%) Average Thrust (kg)
0 0.060
10 0.065
20 0.065
30 0.065
40 0.065
50 0.065
60 0.065
70 0.065
80 0.065
90 0.065

100 0.065

Table 4.8: Motor speed and average thrust in water.

Motor Speed (%) Average Thrust (kg)
0 0.050
10 0.055
20 0.065
30 0.075
40 0.085
50 0.090
60 0.105
70 0.110
80 0.120
90 0.135

100 0.140
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Figure 4.16: Graph of motor speed against thrust.

4.7 SUMMARY

Simulation tests such as center of gravity, sustainability test and stress test are
successfully simulated by using SolidWorks Simulation Xpress. The results obtained
were tabulated and discussed in this chapter. Besides that, for the hardware
experiments such as MPU 6050, balancing test, buoyancy test and underwater motor
thrust test were carried out in the lab pool. The design of ROV for this project was able
to good stability in underwater based on the results obtained from experiments. The
ROV is slightly positive in buoyancy force as the suggested from journals. Besides
that, all the possible errors such as parallax error, random error and sensitivity error
were eliminated. The MPU 6050 sensor was able to control the orientation of ROV in
yaw, pitch and roll. However, the yaw angle was drifted and inaccurate during the test.
This had caused the orientation control of ROV to less smooth. This problem can be

solve by replacing the MPU 6050 sensor with MPU 9150.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 CONCLUSION

As a conclusion, design a remotely operated vehicle (ROV) was a challenging
task. Before starting this project, obtain information and knowledge from other sources
are very important. This is because there are plenty of design for ROV in articles. From
the articles, the idea can be obtained to do modification and improvement for the
performance of ROV. This project was to design a ROV with a control system for 3
degrees of freedom. The body frame was designed and constructed together with the
electrical and software. Through the analysis using SolidWorks, the final design of
ROV can be done with better performance. Several analysis were done such as the
center of mass, sustainability and stress test, buoyant force, balancing test and motor
speed test. All objectives are achieved by obtaining the result from the experiments.
Objective 1 and 2 were achieved as the ROV is stable in underwater and had good
orientation control. Besides that, the objective 3 was partially achieved as the angle of

rotation on yaw is not able to control using MPU 6050 sensor.
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5.2 FUTURE WORK

In future, student can replace the MPU 6050 sensor with MPU 9150 as the yaw
angle obtained from sensor is not accurate. MPU 9150 is able to avoid the drift angle
in all yaw, pitch and roll. Besides that, the control system such as PID controller and
Fuzzy Logic controller is needed to enhance the steering system of the ROV for a
better orientation control. This is because the controller can give feedback to motor if
there is any deviation in angle during orientation control. Moreover, a better ballast

system for ROV is needed for good stability in underwater orientation control.
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APPENDIX A

Document Mumber: PS-MPU-G000A-00

7
ificati Revision: 1.0
’ME?HSE MPU-G000/MPU-6050 Product Specification B 111942010

2 Purpose and Scope

This product specification provides preliminary information regarding the electrical specification and design
related information for the MPU-6000™ and MPU-6050™, collectively called the MPU-60X0™ or MPU™.

Electrical characteristics are based upon design analysis and simulation results only. Specifications are
subject to change without notice. Final specifications will be updated based upon characterization of
production silicon. For references to register map and descriptions of individual registers, please refer to
MPU-6000 Register Map and Descriptions document.

3 Product Overview

The MPU-G0X0 Motion Processing Unit (MPU™) is the world's first motion processing solution with
integrated 9-axis sensor fusion for handset and tablet applications, game controllers, motion pointer remote
controls, and other consumer devices. The MPU-60X0 has an embedded 3-axis MEMS gyroscope, 3-axis
MEMS accelerometer and Digital Motion Processor™ (DMP) hardware accelerator engine with an auxiliary
F*C port that interfaces to third party digital sensors, such as magnetometers. Interfacing with a 3-axis
magnetometer delivers a complete 9-axis sensor fusion output to the MPU's primary I°C or SPI port. (SPl is
available on MPU-6000 only). This combines acceleration and rotational motion plus heading information into
a single data stream for the application. This motion processing technology integration provides a smaller
foatprint and has inherent cost advantages compared to discrete gyroscope plus accelerometer solutions.
The MFPU-60X0 is also designed fo interface with multiple non-inertial digital sensors, such as pressure
sensors, on its auxiliary C port. The MPU-60X0 is a second generation motion processor and is footprint
compatible with the MPU-30X0 family.

The MPU-60X0 features three 16-bit analog-to-digital converters (ADCs) for digitizing the gyroscope outputs
and three 16-bit ADCs for digitizing the accelerometer outputs. For precision tracking of both fast and slow
mofions, the parts feature a user-programmable gyroscope full-scale range of +250, 500, £1000, and
+2000°/sec (dps) and a user-programmable accelerometer full-scale range of +2g, +4g, +8g, and +16g.

An on-chip 1024 Byte FIFO helps lower system power consumption by allowing the system processor to
read the sensor data in bursts and then enter a low-power mode as the FIFO collects more data. With all the
necessary on-chip processing and sensor components required to support many motion-based use cases,
the MPU-60X0 uniquely supports a varety of advanced motion-based applications entirely on-chip and
therefore is instrumental in enabling low-power mofion processing in portable applications with reduced
processing requirements for the system processor. By providing an integrated sensor fusion output, the DMP
in the MPU-G0X0 offloads the intensive motion processing computation requirements from the system
processor, minimizing the need for frequent polling of the motion sensor output.

Communication with all registers of the device is performed using either I°C at 400kHz or SPI at TMHz
(MPU-6000 only). For applications requiring faster communications, reading of the sensor and interrupt
registers may be performed using SPI at 20MHz (MPU-6000 only). Additional features include an embedded
temperature sensor and an on-chip oscillator with £1% vanation over the operating temperature range.

By leveraging its patented and volume-proven Nasir-Fabrication platform, which integrates MEMS wafers
with companion CMOS electronics through wafer-level bonding, InvenSense has dnven the MPU-60X0
package size down to a revolutionary footprint of 4x4x09mm (QFN), while providing the highest
performance, lowest noise, and the lowest cost semiconductor packaging required for handheld consumer
electronic devices. The part features a robust 10,000g shock tolerance, and has programmable low-pass
filters for the gyroscopes, accelerometers, and the on-chip temperature sensor.

For power supply flexibility, the MPU-60X0 operates from VDD power supply voltages of 2.5V+5%, 3.0V+5%,
or 3.3V+5%. Additionally, the MPU-6050 provides a VLOGIC reference pin (in addition to its analog supply
pin, VDD), which sets the logic levels of its FC interface. The VLOGIC voltage may be 1.8V+5% or VDD.
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APPENDIX B

User Manual of Brushless Speed Controller

Thanks for purchasing our Electronic Speed Controller (ESC). High power system for RC model is very dangerous, please read
this manual carefully. In that we have no control over the correct use, installation, application, or maintenance of our products,
no liability shall be assumed nor accepted for any damages, losses or costs resulting from the use of the product. Any claims
arising from the operating, failure or malfunctioning etc. will be denied. We assume no liability for personal injury, property
damage or consequential damages resulting from our product or our workmanship. As far as is legally permitted, the obligation
to compensation is limited to the invoice amount of the affected product.

Specifications
_— Curren BEC Duiput Capabiiity Babteny Ceil — S
25Lpo 38Upo 45Lpo ESUpo  Upo HIMH L"WH
Skyaalker-EA aA BA Linear SWOL.EA | 3 senas Z5 5-& cells E5p 32Mz45
Skywalker-124 124 15A Linear SWHA | 3senos | 2 5EnDS 235 5-5 cells ] 3E"18"6
Skywalker-1252 124 15A Linear SW2A | Ssenos | 4 senos 2-38 5-5 calls 109 IE"18"T
Skywalker-154 154 204 Linear SW2A | Ssenos | 4 senos 2-38 5-5 cells 1e.5p | 49"22E5"6
Skywalker-204 204 258 Linear SW2A | Ssenos | 4 senos 2-38 5-5 cells 189 42°75"8
Skywalker-304 304 A0, Linear EW2A | Ssenos | 4 senos 238 5-5 cells ITg BE"25"E
Skywalker-404 404 554 Linear SW3A | Ssenos | 4 SEnes 2-35 5-5 cells =g GE"I5"E
Skywalker-414UEEC 404 554 Swilch SW3A | Ssenos | Ssens | Ssenos 245 | E-1Zoslls £33 65"Z5"12
Skywalker-S0AUBEC EdA G54 Swilch SWEA | Ssenos | Eseres | Esenos | Esenes | 245 | E-1Z2csils 417 652510
Skywalker-£ 1A UBEC EQA a0A Switch SWEA | Ssenos | Eseres | Esenos | Esenos | 265 | 1B cEis 639 TTIIET4
Skywalker-E01A-CPTO EQA a0A & MitA 268 |E~1Ecells &g ag"ze"iz
Skywalker-E0AUEEC EQA 1004 Switch SW5A | 8senmds | B servs | Esenos | Esenps | 265 | E-1Eoells a3g as"38"i12
Skywalker-E0ACFTO EQA A00A A MiA 265 | 5~1Ecalls 759 85"3E"12

Programmable ltems (The option written in bold fontis the default setting)
1. HBrake 3eting: Enabled | Disabled
2. Battery Type: Lipo ! NiMH
3. Low Voltage Protection Mode{Cut-0f Mode):  Soft Cut-OFff [Gradually reduce the output power) [Cut-Off (Immediately stop the
output power)
4. Low Voltage Protection Threshold{Cut-OF Threshold): Low ! Medium / High
1} For lithium battery, the battery cell number is calculated automatically. Low / medium [ high cutof voltage for each cell is:
2.B5W3.15V3. 3. For example: For a 33 Lipo. when “Medium® cutoff threshold is set, the cut-off woltage will be:
3.15"3=0.45V
2} For NiMH battery, low [ medium / high cutoff voltages are 0%/50%/65% of the starup voltage (i.e. the initial voltage of
battery pack), and 0% means the low voltage cut-off function is disabled. For example: For a 8 cells NiMH battery, fully
charged voltage is 1.44"6=E.84V, when "Medum™ cut-off threshold is set. the cut-off voltage will be: 8.64"50%=4 _32V.
5. Startup Mode: Normal /Soft /Super-Soft (300ms [ 1.5s 1 3s)

a) Mormal mede is suitable for fixed-wing aircraft. Soft or Super-soft modes are suitable for helicopters. The initial acceleration of
the Soft and Super-Soft modes are shower, it takes 1.5 second for Soft startup or 3 seconds for Super-Soft startup from initial
throttle advance to full throttle. If the throttle is completely closed (throtte stick moved to bottom position) and opened again
(throttle stick moved to top position) within 3 seconds after the first startup, the re-startup will b= temporarily changed to nomal
mode to get rid of the chance of a crash caused by slow throtle response. This special design & suitable for aerobatic flight
when quick throtte response is needed.

6. Tming: Low /MWedium High,[3.75" N5" [26.25" )

Usually, low timing is suitable for most motors. To get higher speed, High fiming value can be chosen.

Begin To Use Your New ESC
IMPORTANT! Because different transmitter has different frotte range. please calibrate throttie range before fiying.
Throttle range setting (Throttle range should be reset whenever a new transmitter is being used)

Switch on the Connect batery The “Beep-Beep-~ tone Move throttle stick to the A long “Beep-" tone should
transmitter, pack to the should be emited, bottom  position, several be emitied, means the
move throtile ESC. and wait means e top point of “beep-" tones should be lowest point of throtle
stick to the for about 2 throttle range has been emitted to present the range has been comectly
top position seconds confirmed amount of battery cells confirmed

Normal startup procedure

Move throtiie stick Connect battery pack Several “beep-” fones When selftest is Move throfle  stick
to bottom position to ESC, special tone should be emitted to finished, a long upwards to go fiying

and then switch like * 5 123" means present the amount of “beep—-"  fone
on transmitter. pawer supply is OK lithium battery cells should be emitted
Protection Function

1. Start up failure protection: if the motor fais to start within 2 seconds of throtle application, the ESC will cut-off the output power. In this
case, the throtle stick MUST be moved to the bottom again to restart the motor. (Such a situation happens in the following cases: The
connection between ESC and motor is not reliable, the propeller or the metor is blocked. the gearbox is damaged, ete.)

2. Ower-heat protection: When the temperature of the ESC is ower about 110 Celsius degrees, the ESC will reduce the output power.
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APPENDIX D

/* Copyright (C) 2012 Kristian Lauszus, TKJ Electronics. All rights reserved.
This software may be distributed and modified under the terms of the GNU
General Public License version 2 (GPL2) as published by the Free Software
Foundation and appearing in the file GPL2.TXT included in the packaging of
this file. Please note that GPL2 Section 2[b] requires that all works based

on this software must also be made publicly available under the terms of

the GPL2 ("Copyleft").

Kristian Lauszus, TKJ Electronics

Web  : http://www.tkjelectronics.com

e-mail : kristianl@tkjelectronics.com

*/

#include <Wire.h>

#include "Kalman.h" // Source: https://github.com/TKJElectronics/KalmanFilter
#include<I2Cdev.h>

#include<MPU6050.h>

#include <Servo.h>

#define RESTRICT PITCH // Comment out to restrict roll to £90deg instead -
please read: http://www.freescale.com/files/sensors/doc/app note/AN3461.pdf

Kalman kalmanX; // Create the Kalman instances

Kalman kalmanY;

/* IMU Data */
double accX, accY, accZ;
double gyroX, gyroY, gyroZ;

intl6_t tempRaw;

double gyroXangle, gyroYangle; / Angle calculate using the gyro only
double compAngleX, compAngleY; // Calculated angle using a complementary filter
double kalAngleX, kalAngleY; // Calculated angle using a Kalman filter
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Servo servol;

Servo servo2;

Servo servo3;

Servo servo4;

Servo servoS5;

Servo servob;

const int relayPin = 22;
const int relayPinl = 23;
const int relayPin2 = 24;
const int relayPin3 = 25;
const int relayPin4 = 26;
const int relayPin5 = 27;
const int relayPin6 = 28;
const int relayPin7 = 29;
const int relayPin8= 30;
const int relayPin9 = 31;
const int relayPinl0 = 32;
const int relayPinl1 = 33;
const int relayPin12 = 34;
const int relayPinl 3 = 35;
const int relayPin14 = 36;
const int relayPinl5 = 37;
const int relayPin16 = 38;
const int relayPinl7 = 39;
const int relayPin18 = 40;
const int relayPinl19 = 41;
const int relayPin20= 42;
const int relayPin21 = 43;
const int relayPin22 = 44;
const int relayPin23 = 45;
uint32_t timer;

uint8 ti2cData[14]; // Buffer for I12C data
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// TODO: Make calibration routine
void setup() {
Serial.begin(115200);
Wire.begin();
TWBR = ((F_CPU / 400000L) - 16) / 2; // Set 12C frequency to 400kHz
12cData[0] = 7; // Set the sample rate to 1000Hz - 8kHz/(7+1) = 1000Hz

i2cData[1] = 0x00; // Disable FSYNC and set 260 Hz Acc filtering, 256 Hz Gyro
filtering, 8 KHz sampling

12cData[2] = 0x00; // Set Gyro Full Scale Range to £250deg/s
12cData[3] = 0x00; // Set Accelerometer Full Scale Range to +2¢
while (i2cWrite(0x19, i2cData, 4, false)); // Write to all four registers at once

while (i2cWrite(0x6B, 0x01, true)); // PLL with X axis gyroscope reference and
disable sleep mode

while (i2cRead(0x75, i2cData, 1));

if (i2cData[0] != 0x68) { // Read "WHO_AM 1" register
Serial.print(F("Error reading sensor"));
while (1);

}

delay(100); // Wait for sensor to stabilize

/* Set kalman and gyro starting angle */

while (i2cRead(0x3B, i2cData, 6));

accX = (i2cData[0] << 8) | 12cData[1];

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

accZ = (i2cData[4] << 8) | i2cData[5];

// Source: http://www.freescale.com/files/sensors/doc/app note/AN3461.pdf eq. 25
and eq. 26

// atan2 outputs the value of -m to m (radians) - see
http://en.wikipedia.org/wiki/Atan2

// 1t 1s then converted from radians to degrees
#ifdef RESTRICT PITCH // Eq. 25 and 26
double roll = atan2(accY, accZ) * RAD _TO DEG;
double pitch = atan(-accX / sqrt(accY * accY +accZ * accZ)) * RAD TO DEG;



#else // Eq. 28 and 29

double roll = atan(accY / sqrt(accX * accX + accZ * accZ)) * RAD TO DEG;

double pitch = atan2(-accX, accZ) * RAD TO DEG;
#endif

kalmanX.setAngle(roll); // Set starting angle

kalmanY.setAngle(pitch);

gyroXangle = roll;

gyroYangle = pitch;

compAngleX = roll;

compAngleY = pitch;

timer = micros();

pinMode(relayPin, OUTPUT);

pinMode(relayPinl, OUTPUT);

pinMode(relayPin2, OUTPUT);

pinMode(relayPin3, OUTPUT);// Set Pin connected to Relay as an OUTPUT
pinMode(relayPin4, OUTPUT);

pinMode(relayPin5, OUTPUT);

pinMode(relayPin6, OUTPUT);

pinMode(relayPin7, OUTPUT);

pinMode(relayPin8, OUTPUT);

pinMode(relayPin9, OUTPUT);

pinMode(relayPin10, OUTPUT);
pinMode(relayPinl1, OUTPUT);
pinMode(relayPin12, OUTPUT);
pinMode(relayPin13, OUTPUT);
pinMode(relayPin14, OUTPUT);
pinMode(relayPin15, OUTPUT);// Set Pin connected to Relay as an OUTPUT
pinMode(relayPin16, OUTPUT);
pinMode(relayPinl17, OUTPUT);
pinMode(relayPin18, OUTPUT);
pinMode(relayPin19, OUTPUT);
pinMode(relayPin20, OUTPUT);
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pinMode(relayPin21, OUTPUT);
pinMode(relayPin22, OUTPUT);
pinMode(relayPin23, OUTPUT);
servol.attach(3);

servo2.attach(4);

servo3.attach(8);

servo4.attach(9);

servoS.attach(10);

servob.attach(11);

b

void loop() {
/* Update all the values */
while (i2cRead(0x3B, i2cData, 14));
accX = ((i2cData[0] << 8) | i2cData[1]);
accY = ((i2cData[2] << 8) | i2cData[3]);
accZ = ((12cData[4] << 8) | i2cData[5]);
tempRaw = (i2cData[6] << 8) | i2cData[7];
gyroX = (i2cData[8] << 8) | i2cData[9];
gyroY = (i2cData[10] << 8) | i2cData[11];
gyroZ = (i2cData[12] << 8) | i2cData[13];
double dt = (double)(micros() - timer) / 1000000; // Calculate delta time
timer = micros();

//'Source: http://www.freescale.com/files/sensors/doc/app note/AN3461.pdf eq. 25
and eq. 26

// atan2 outputs the value of -n to m (radians) - see
http://en.wikipedia.org/wiki/Atan2

// Tt is then converted from radians to degrees
#ifdef RESTRICT PITCH // Eq. 25 and 26
double roll = atan2(accY, accZ) * RAD_TO DEG;
double pitch = atan(-accX / sqrt(accY * accY + accZ * accZ)) * RAD TO DEG;
#else // Eq. 28 and 29
double roll = atan(accY / sqrt(accX * accX + accZ * accZ)) * RAD TO DEG;
double pitch = atan2(-accX, accZ) * RAD TO_DEG;
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#endif

double gyroXrate = gyroX / 131.0; // Convert to deg/s
double gyroYrate = gyroY / 131.0; // Convert to deg/s
#ifdef RESTRICT PITCH

// This fixes the transition problem when the accelerometer angle jumps between -
180 and 180 degrees

if ((roll <-90 && kalAngleX > 90) || (roll > 90 && kalAngleX < -90)) {
kalmanX.setAngle(roll);
compAngleX = roll;
kalAngleX = roll;
gyroXangle = roll;
} else

kalAngleX = kalmanX.getAngle(roll, gyroXrate, dt); / Calculate the angle using a
Kalman filter

if (abs(kalAngleX) > 90)
gyroYrate = -gyro Yrate; // Invert rate, so it fits the restriced accelerometer reading
kalAngleY = kalmanY.getAngle(pitch, gyroYrate, dt);
#else

// This fixes the transition problem when the accelerometer angle jumps between -
180 and 180 degrees

if ((pitch <-90 && kalAngleY > 90) || (pitch > 90 && kalAngleY < -90)) {
kalmanY .setAngle(pitch);
compAngleY = pitch;
kalAngleY = pitch;
gyroYangle = pitch;
} else

kalAngleY = kalmanY.getAngle(pitch, gyroYrate, dt); // Calculate the angle using
a Kalman filter

if (abs(kalAngleY) > 90)
gyroXrate = -gyroXrate; // Invert rate, so it fits the restriced accelerometer reading

kalAngleX = kalmanX.getAngle(roll, gyroXrate, dt); // Calculate the angle using a
Kalman filter

#endif
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gyroXangle += gyroXrate * dt; // Calculate gyro angle without any filter
gyroYangle += gyroYrate * dt;

//gyroXangle += kalmanX.getRate() * dt; // Calculate gyro angle using the unbiased
rate

//gyroYangle += kalmanY.getRate() * dt;

compAngleX = 0.93 * (compAngleX + gyroXrate * dt) + 0.07 * roll; // Calculate
the angle using a Complimentary filter

compAngleY =0.93 * (compAngleY + gyroYrate * dt) + 0.07 * pitch;
/I Reset the gyro angle when it has drifted too much
if (gyroXangle < -180 || gyroXangle > 180)
gyroXangle = kalAngleX;
if (gyroYangle < -180 || gyroYangle > 180)
gyroYangle = kalAngleY;

/* Print Data */

#1f 0 // Set to 1 to activate
Serial.print(accX); Serial.print("\t");
Serial.print(accY); Serial.print("\t");
Serial.print(accZ); Serial.print("\t");
Serial.print(gyroX); Serial.print("\t");
Serial.print(gyroY); Serial.print("\t");
Serial.print(gyroZ); Serial.print('"\t");
Serial.print("\t");

#endif
Serial.print(roll); Serial.print("\t");
Serial.print(gyroXangle); Serial.print("\t");
Serial.print(compAngleX); Serial.print("\t");
Serial.print(kalAngleX); Serial.print("\t");
Serial.print("\t");
Serial.print(pitch); Serial.print("\t");
Serial.print(gyroYangle); Serial.print("\t");
Serial.print(compAngleY); Serial.print("\t");
Serial.print(kalAngleY); Serial.print("\t");

#1f 0 // Set to 1 to print the temperature
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Serial.print("\t");

double temperature = (double)tempRaw / 340.0 + 36.53;
Serial.print(temperature); Serial.print("\t");
#endif
motorstop();
Serial.print("\r\n");
delay(2);

if(kalAngleX > -95 &&kalAngleX < 80 && kalAngleY < -10 && kalAngleY > -
86){

rollleft();
delay(500);}

else if(kalAngleX > 80 &&kalAngleX < 98 && kalAngleY < 3.5 && kalAngleY >
-86){

rollright();
delay(500);}

else if(kalAngleX > -180 &&kalAngleX < 80 && kalAngleY < -5 &&
kalAngleY > -85){

pitchup();
delay(500);}

else if(kalAngleX > 6 &&kalAngleX <80 && kalAngleY < -5 && kalAngleY > -
84){

pitchdown();
delay(500);}
h
void motor1B(){
digitalWrite(relayPin, HIGH); // Set Pin to LOW to turn Relay OFF
digitalWrite(relayPinl, HIGH);
digitalWrite(relayPin2, LOW);
digitalWrite(relayPin3, LOW);
delay(500);

H
void motor1F(){
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digitalWrite(relayPin, LOW); // Set Pin to LOW to turn Relay OFF
digital Write(relayPinl, LOW);
digital Write(relayPin2, HIGH);
digital Write(relayPin3, HIGH);
delay(500);
h
void motor2B(){
digital Write(relayPin4, HIGH); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin5, HIGH);
digital Write(relayPin6, LOW);
digitalWrite(relayPin7, LOW);
delay(500);
b
void motor2F(){
digital Write(relayPin4, LOW); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin5, LOW);
digital Write(relayPin6, HIGH);
digitalWrite(relayPin7, HIGH);
delay(500);
h
void motor3B(){
digitalWrite(relayPin8, HIGH); // Set Pin to LOW to turn Relay OFF
digitalWrite(relayPin9, HIGH);
digitalWrite(relayPin10, LOW);
digitalWrite(relayPinl1, LOW);
delay(500);
h
void motor3F(){
digital Write(relayPin8, LOW); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin9, LOW);
digital Write(relayPin10, HIGH);
digitalWrite(relayPin11, HIGH);



delay(500);

}

void motor4B(){

digitalWrite(relayPin12, HIGH); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin13, HIGH);

digitalWrite(relayPin14, LOW);

digital Write(relayPin15, LOW);

delay(500);

b

void motor4F(){

digitalWrite(relayPin12, LOW); // Set Pin to LOW to turn Relay OFF
digitalWrite(relayPin13, LOW);

digital Write(relayPin14, HIGH);

digital Write(relayPin15, HIGH);

delay(500);

h

void motor5B(){

digitalWrite(relayPin16, HIGH); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin17, HIGH);

digitalWrite(relayPin18, LOW);

digitalWrite(relayPin19, LOW);

delay(500);

}

void motor5F(){

digitalWrite(relayPin16, LOW); // Set Pin to LOW to turn Relay OFF
digitalWrite(relayPin17, LOW);

digital Write(relayPin18, HIGH);

digital Write(relayPin19, HIGH);

delay(500);

}

void motor6B(){

digitalWrite(relayPin20, HIGH); // Set Pin to LOW to turn Relay OFF
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digitalWrite(relayPin21, HIGH);
digitalWrite(relayPin22, LOW);
digital Write(relayPin23, LOW);
delay(500);

h

void motor6F(){
digitalWrite(relayPin20, LOW); // Set Pin to LOW to turn Relay OFF
digital Write(relayPin21, LOW);
digital Write(relayPin22, HIGH);
digital Write(relayPin23, HIGH);
delay(500);

b

void motorstop(){

digital Write(relayPin, HIGH);
digital Write(relayPinl, HIGH);
digital Write(relayPin2, HIGH);
digital Write(relayPin3, HIGH);
digital Write(relayPin4, HIGH);
digital Write(relayPin5, HIGH);
digital Write(relayPin6, HIGH);
digitalWrite(relayPin7, HIGH);
digitalWrite(relayPin8, HIGH);
digital Write(relayPin9, HIGH);
digitalWrite(relayPin10, HIGH);
digitalWrite(relayPinl 1, HIGH);
digitalWrite(relayPin12, HIGH);
digitalWrite(relayPin13, HIGH);
digital Write(relayPin14, HIGH);
digitalWrite(relayPin15, HIGH);
digitalWrite(relayPin16, HIGH);
digitalWrite(relayPin17, HIGH);
digitalWrite(relayPin18, HIGH);
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digitalWrite(relayPin19, HIGH);
digital Write(relayPin20, HIGH);
digital Write(relayPin21, HIGH);
digital Write(relayPin22, HIGH);
digital Write(relayPin23, HIGH);
servol.writeMicroseconds(1000); // Send signal to ESC.
servo2.writeMicroseconds(1000);
servo3.writeMicroseconds(1000);
servo4.writeMicroseconds(1000); // Send signal to ESC.
servoS.writeMicroseconds(1000);
servo6.writeMicroseconds(1000);
b
void yawright(){

motor1B();

motor3F();

motordF();

motor6B();

servol.writeMicroseconds(1400); // Send signal to ESC.
servo2.writeMicroseconds(1000);
servo3.writeMicroseconds(1400);
servo4.writeMicroseconds(1400); // Send signal to ESC.
servoS.writeMicroseconds(1000);
servo6.writeMicroseconds(1400);

delay(3000);
}
void yawleft(){

motor1F();

motor3B();

motor4B();

motor6B();

servol.writeMicroseconds(1400); // Send signal to ESC.

servo2.writeMicroseconds(1000);
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servo3.writeMicroseconds(1400);

servo4.writeMicroseconds(1400); // Send signal to ESC.

servoS.writeMicroseconds(1000);
servo6.writeMicroseconds(1400);
delay(3000);
H
void pitchup(){

delay(500);

motor2F();

motor3B();

motor5F();

motor6B();

servol.writeMicroseconds(1000); // Send signal to ESC.

servo2.writeMicroseconds(1400);

servo3.writeMicroseconds(1400);

servo4.writeMicroseconds(1000); // Send signal to ESC.

servoS.writeMicroseconds(1400);
servo6.writeMicroseconds(1400);
delay(3000);
h
void pitchdown(){

delay(500);

motor2B();

motor3F();

motor5B();

motor6F();

servol.writeMicroseconds(1000); // Send signal to ESC.

servo2.writeMicroseconds(1400);

servo3.writeMicroseconds(1400);

servo4.writeMicroseconds(1000); // Send signal to ESC.

servo5.writeMicroseconds(1400);

servo6.writeMicroseconds(1400);
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delay(3000);

}

void rollright() {
delay(500);
motor2F();
motor5B();

servol.writeMicroseconds(1000); // Send signal to ESC.

servo2.writeMicroseconds(1400);
servo3.writeMicroseconds(1000);
servo4.writeMicroseconds(1000); // Send signal to ESC.
servoS.writeMicroseconds(1400);
servo6.writeMicroseconds(1000);
delay(3000);
b
void rollleft(){

delay(500);

motor2B();

motor5SF();

servol.writeMicroseconds(1000); // Send signal to ESC.
servo2.writeMicroseconds(1400);
servo3.writeMicroseconds(1000);
servo4.writeMicroseconds(1000); // Send signal to ESC.
servoS.writeMicroseconds(1400);
servo6.writeMicroseconds(1000);

delay(3000);
H
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