


3.2 Hardware

3.2.6 Power Distribution

The electrical components in this system runs
mainly at three different voltages, 5, 12 and 18
VDC. Power is distributed at 18 VDC from a top-
side power supply and transformed down to 12 and
5 VDC inside the aquapod using a Mini Power
Hub with Battery Eliminator Circuit (BEC) as de-
picted in figure 3.10.

3.2.7 Cables

Each cable that runs from the outside of the struc-
ture and into either the aquapod or the camera
house is fitted with epoxy filled penetrators that
ensures protection against leakage. The umbilical

Camera Power & Signal

Camera Voltage Bridge N
12/ 5V/vee

Figure 3.10: Matek Systems Mini
Power Hub [8]

is a 10-wire cable made specially for underwater use and consists of a CAT-6 ethernet

cable and two copper wires for power supply.
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Chapter 3. Implementation

3.3 Sofware

The Jetson TX1 is running a Ubuntu distribution made specifically for TX1. The soft-
ware implementation is based on the Robotic Operating System (ROS), which is basi-
cally a framework for robot software development that makes for a highly modular de-
velopment and provides a wide range of libraries. Message-passing between processes,
even on different computers in a network is one of the great features of ROS and has
proved to be very usefull in this project.

The yaw- and pitch-controllers are implemented in software on the NVIDIA Jetson
TX1.

3.3.1 ROS architecture

Software in ROS is devided into packages, and within each package is a number of
nodes. Each node is a separate executable that can be run completely independently
from all other nodes. Message-passing takes place between nodes on a given topic,and
the nodes can either publish or subscribe. Figure 3.11 illustrats the interaction between
nodes implemented in the Jetson TX1.

fimu_data_roll
/imu_data_pitch
fimu_data_yaw
fimu_data_acc_x
fimu_data_acc_y
fimu_data_acc_z

— Client

 Topside laptop

Isetpoint_pitch Isetpoint_yaw

fimu_data_pitch | PID-controller
i (pItCh ) {control_effort_pitch
| IMUdata [ Servo Controller
i processer [ icontrol_effort_yaw interface
i fimu_data_yaw PID-controller
| (yaw)
Jetson TX1

Figure 3.11: Ros architecture. Each block represents a node. Arrows represnts communication
between nodes.

3.3.2 IMU interface

All interaction with the IMU takes place in the IMU interface node. It’s main purpose is
to feed the controllers with measurements of the yaw and pitch angle posistions. Seeing
as the IMU it self can only provide raw data from accelerometers and gyroscopes, there
is a need for a data fusion algorithm that can estimate the euler angles based on the raw
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3.3 Sofware

IMU data. To that end, a versatile 9DOF IMU Library for embedded Linux systems
called RTIMULIib[9] has been integrated.

Communication is established over the I2C protocol, and raw data from the accelere-
moter and gyroscope in three axes is pulled at a manufactor recommended rate (80 Hz)
and passed through the data fusion filter that can be either a Kalman Filter or a simplified
Kalman filter called RTQF. Furthermore, the estimated euler angles are published in the
ROS environment on various topics as can be seen in figure 3.11.

3.3.3 Controller

A great number of open source packages are available in ROS, one of which is a general
purpose implementation of the PID-controller alogorithm as described in section 2.4.
The package has a lot of nice features that come in handy such as lowpass filters and
dynamic configuration of the PID-parameters (K, K; and Kj) in runtime to name a
few. Two instances of the pid controller node are configured. One for yaw, and one for
pitch. See ([10] for further details about the package and source code.

3.3.4 PWM interface

The general functionality of the Servo Controller Interface is fairly simple. It’s job is
to update the desired motor speeds commanded by the controllers. The control effort
produced by the controller varying from -100 to 100 is remapped to the corresponding
PWDM-signal and transmitted to the Servo Controller unit over USB.

3.3.5 Client

As mentioned, one of the great features of ROS is the message-passing functionality.
Any computer in the same network as the Jetson TX1 can easily subscribe and read
out messages in real time on any given topic either in a linux terminal, or in a separate
ros-node.

The client node illustrated to be running on a topside laptop in figure 3.11 is a node
used during testing and it’s only job is to publish a time varying setpoint for the yaw
controller.

21






Chapter

Experiments

In order to validate the preformance of the implementation, a number of experiments

have been conducted.

Initial testing took place under controlled environment at SEALAB’s wet lab facili-

ties located at Nyhavna, Trondheim.
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Chapter 4. Experiments

4.1 Lab setup

Figure 4.1a illustrates the setup at the wet lab facilities at SEALAB. The camera system
is suspended from a fixed steel bar and submerged in a tank filled with fresh water. The
length of the rope is fixed throughout all tests at 1.0 meter. One of the advantages of
using a setup such as this is the ability to reproduce the conditions under which the tests
are conducted, espessially during the tuning process of the controllers. It’s important
to note that the rope from which the camera system is suspended, is not the only thing
attatched to the camera system. As can be seen from the picture in figure 4.1b, the
umbillical will start to twirl around the rope when rotated, thus introducing a small
torque about the yaw axis.

e
\

(b) Lab setup at SEALAB wet lab

(a) Illustration

Figure 4.1

4.2 Field setup

The field test took place at a Marine Harvest fish farm facility located at Kéholmen,
Hitra. Unlike most fish farms in Norway, this particular one has a large steel frame
connecting all the cages, making them easily accessible.

The camera system is suspended from a ledge 3.0 m from the surface of the water,
and submerged 2.0 m into the fish cage. Due to physical constraints concrening wiring
and power outlets, the umbilical is not hanging parallel with the rope all the way up to
the ledge, but is still loose enough that the torque introduced by twirling with the rope
can be neglected within + 180 degrees (yaw).

4.3 Step response

The objective of this test is to evaluate the preformance of the yaw PID-controller. For
some time ¢t < 0, the desired heading 14 is at a constant value, then at ¢ = 0, it’s
instantly changed to another value. The resulting behavior reveals a number of properties
regarding stability and the systems ability to reach a steady state when starting from
another. The time it takes for the measured yaw angle 1/ to reach the desired value of
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4.4 Trajectory tracking

90 degrees is defined as the setteling time and is a measure of the controllers speed.
A speedy controller can be crucial if the system is to be used for tracking rapidly time
varying trajectories.

Step response tests were performed both in the wet lab, and in full scale at Kéholmen.

4.4 Trajectory tracking

In this test the desired yaw angle 14 is a continious function of time in order to evaluate
the controllers tracking abilities. The chosen function is based on the trigonometric
function arctan(t) with some adjustments. Spesifically it is defined as follows.

Ya(t) = %45arctan(1.1t) +45 4.1

which makes for a smooth transition from roughly O to 90 over the course of ten
seconds. The function is plotted in figure 4.2.

w S ] [o2] ~ @
o o o o o o
T T T T T T

Angular position, YAW [degrees]
N
(=)

-10 -5 0 5 10
Time [s]

Figure 4.2: Desired yaw angle 14 in trajectory tracking test.

This test was performed both in the wet lab, and in full scale at Kéholmen.

4.5 Free fall test

The rope from which the camera system is suspended is held in the hand by a person,
keeping the camera system positioned just below the surface of the water. The rope is
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Chapter 4. Experiments

suddenly let go, leaving the camera system in a free fall deeper into the sea until the
available rope length of three meters is up.

The data collected from the IMU during this test can be used to tune parameters in
the equations of motion to increase the accuracy of the model.

This test was preformed at Kaholmen fish farm.
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Chapter

Results and Discussion

5.1 Lab experiments

5.1.1 Step response
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o
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N
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Angular position, YAW [degrees]
()]

Time [s]

Figure 5.1: Step response, wet lab.

One of the first observations to be made is the presense of a small oscillation in the
measurement of the yaw position. This is probably due to the fact that there is very little
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Chapter 5. Results and Discussion

effort to be made for the thruster in order to keep the yaw angle at a constant value. The
control effort produced by the PID-controller takes on values in a small range around
zero, which in turn forces the thruster to reverse it’s rotational direction very often. The
thruster motor, being a brushless DC-motor does not exhibit great preformance when
the rotational direction is rapidly changed. However, the oscilations are fairly small in
magnitude, and can barely be observed in the images captured by the camera.

In terms of speed, the controller fairs very well. Desired angle of 30 degrees is
reached within about 1.5 seconds. If the camera system was ever to be used for tracking
purposes of a rapidly moving object, the controller is likely to achieve high agility.

The controller does suffer from a small steady state error which is highly present in
the left part of figure 5.1, where the measured yaw angle is at a steady 4 degrees.

5.1.2 Trajectory tracking

120* T T T T T ™

100 - .

Angular position, YAW [degrees]

Time [s]

Figure 5.2: Trajectory tracking, wet lab. 1q = %45arctan(1.1t) + 45

In this test, the desired yaw angle /4 is always moving, which in turn gives the thruster
a lot more work to do. As a result, the small oscillations are significantly reduced and
the controller seems to be working even better in regions where the trajectory is at a high
rate of change.
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5.2 Field experiments

5.2 Field experiments

5.2.1 Step response

100 N T T T T T T

90 Ja AN VAN

50

40

30
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Angular position, YAW [degrees]

10 —

Time [s]

Figure 5.3: Step response, field test.

The step response test in the field shows that the controller is having a hard time setteling
at 90 degrees. Although there were small oscillations in the lab test, they seem to have
increased when exposed to the real world sea conditions. Once again, this behaviour
accours when the rotational direction of the motor is rapidly changed. Another factor to
be aware of is the fact that the parameters of the PID-controller is tuned in the wet lab.
Better results may be possible if the controller is tuned in the field.
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Chapter 5. Results and Discussion

5.2.2 Trajectory tracking

100 [ 71[) 7

Angular position, YAW [degrees]

Time [s]

Figure 5.4: Trajectory tracking, field test. 1o = 245arctan(1.1t) + 45

Once again, the result from the field test shows a decrease in preformance compared to
the lab test, which is expected. Nontheless, the controller is able to follow the trajectory
to a certain degree.

5.2.3 Vertical free fall

During the free fall test, raw data from the 3 axis accelerometer was logged, which is
plotted in figure 5.5. This plot is a little to read, so a second plot of the combined
magintude is presented in figure 5.6. The magnitude of the accelereation is defined as

la| = sqrtz® 4+ y* 4 22 (5.1)

where |a| is the acceleration magnitude, and x, y, z are acceleration measurements in
their respective direction.
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5.2 Field experiments
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Figure 5.5: Vertical free fall acceleration in x- y- and z-direction.
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Figure 5.6: Vertical free fall acceleration magnitude.

Initially, the camera is kept still just below the surface of the water, measuring in
at 1g (9.1%3) due to the rope. The negative spike in figure 5.6 appears when the rope
holding up the camera system is let go and the system is left in a state of free fall.
The positive spike appears when the camera system is stopped by the rope reaching it’s
maximum length of three meters.

The interesting part about this plot is the time inbetween the spikes, indicating how
long it takes for the system to drop three meters in a free fall situation. This time frame
can be used as a guideline when the drag coefficients of the equations of motions are
determined.

5.3 Pitch controller

Installing a brushless DC-motor for the pitch actuation, turned out to be a bad choice.
As there is no device in the motor for measuring the rotors rotational position relative
to the stator, the ESC must rely on an estimate of the position based on the the backemf
induced back to the ESC as the rotor rotates. This principle works well as long as the
motor maintains a certain speed, but as soon as the motor is brought to a halt, the position
can no longer be estimated. When the motor is starting from still stand, it is running in
open loop, that is, without the knowledge of the rotor position.

Unfortunately, the time frame for this project did not allow for the replacement of

32



5.3 Pitch controller

the motor, leaving the pitch unactuated until the innstalation of a new motor.
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Chapter

Conclusion

An underwater camera system with motion control in pitch and yaw has been devel-
oped, implemented in full scale, and tested. The water jet propulsion system for the
yaw control shows promising results even though it was somewhat overdimensioned for
this particular application. The PID-controller yields good results whenever the circum-
stances allows the control effort to be in a range that does not include zero. In other
words, when the motor is constantly running in the same direction.

The pitch actuation on the other hand, gave very little results other than to confirm
that a brushless DC-motor works very poorly in low speed angular positioning.

The implemented camera system and it’s physical configuration is an interesting
approach for motion control in an underwater environment. It has the advantages of
being fairly lightweight, quickly deployable and easy to modify. A great deal of potential
still remains to be explored.
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Chapter

Further Work

7.1 Modifications

The brushless DC-motor currently installed in the pitch actuator needs to be replaced by
a motor better suited for low speed, high precision angle control. In addition, the camera
house would benifit from a weigth distribution analysis so that the center of bouyancy
and center of mass coincides, which in turn would enhance the balance in the pitch
actuator.

The water jet propulsion system is somewhat overdimensioned, both in terms of size
and thrust. A smaller tube, and a smaller thruster is likely to yield better results.

7.2 Implementing object tracking

One of the priorities while developing the camera system was to keep in mind future
work that goes beyond the scope of this thesis. The Jetson TX1 is highly capable of
running machine vision algorithms alongside the PID-controllers, which for example
can be used for an object tracking scheme.

7.3 Model equations

The model equations presented in this thesis still needs to be further developed. It would
be very interesting to se if a model based controller yields better results than the PID
controllers currently implemented.
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Appendix

The contents of the digital appendix is arranged as follows.

ROS Software
Matlab tools
Simulation tool
ROS plotting tool
Solidworks models

Demo video
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