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prototyping machine; these sections can be used for additional sensors, and for bal-

lasting and adjusting trim conditions.

For prediction purposes, a MATLAB-based motion simulator has been developed for
mission planning. The six-degree-of-freedom motion equations include the effects of
added mass, hydrodynamic forces and moments, and hydrodynamic damping. Sevcral
strategies are used to improve the quality of these predictions, including CFD (Com-

putational Fluid Dynainics) analysis, analytical methods and empirical techniques.
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Chapter 1

Introduction

1.1 Underwater Gliders

The underwater glider is a relatively new type of oceanographic Autonomous Under-
water Vehicle (AUV) used for oceanographic measurements or experiments. Under-
water gliders rely on buoyancy change to operate and they always have buoyancy
engines, fixed wings and internal positioning mass.

Nowadays, there arc several commercial gliders available. Different existing underwa-
ter glider designs can be found in the following references[17], [5], [12]. At Memorial
University of Newfoundland (MUN) and the National Research Council in St. John’s
(NRC in St. John’s) glider related research is still going on. New concept designs
and iimprovements are developed and realized. Figure 1.1 is a photo of the SLOCUM

glider in the Autonomous Ocean Systems Lab (AOSL).

1.2 Motivation and Scope of Work

It is always within our interest to better understand the performance of underwater

gliders. To develop a platform for in-door rescarch on dynamics and control of this






1.3 Contributions of Thesis

The following work is considered and conducted in this thesis work.

Recheck the pitch and roll mechanism design.

e Develop the clectronic part of the roll and pitch mechanism and integrate it into

the overall glider clectric system.
e Integrate the pitch and roll mechanism.
e Test the pitch and roll mechanism.
e Design and assemble back and forth movable wings.
e Design and assemble appropriate fins.
e Design and assemble appropriate glider nose and tail sections.
e Develop software for controlling the whole system.
e Develop numerical motion simulation model for the IOT Glider.

e Measure and calculate the basic parameters of the glider. (Centre of Gravity,

Moments of inertia)
e Test the IOT Glider in the trim tank and deep tank at MUN.

The structure of this thesis will be described in the next section.

1.4 QOutline of Thesis

This thesis addresses the design and tests of the lab-scale IOT Glider. Chapter one

is the introduction to the thesis project. Chapter two summarizes previous designs



and describes new designs for the IOT Glider. Chapter three describes the numerical

simulation model development for the IOT Glider. Chapter four addresses the CFD
analysis on 10T Glider wings and the bare hull. Chapter five describes the testing
procedure of the IOT Glider in open air and the measurements of its mass properties.
Chapter six describes a set of tests of the IOT Glider in water. Chapter seven provides

a summary of the whole work.



Chapter 2

Completing the IOT Underwater
Glider Design

2.1 Introduction

The TOT Glider is designed for research on underwater gliders in a lab environment.
It has an overall length of 1.56 m and an overall inass of approximately 10 kg. The
main diameter of its torpedo-shaped bare hull is approximately 115 mm. The 10T
Glider design contains a complete buoyancy engine which is located at the front and
an active roll and pitch mechanisin inside the glider hull. It also features back-and-
forth movable wings which have a 0.7 m wing span. The glider also has four identical
fins near the tail scction. The glider is controlled by a Rabbit Smartcat™ single
board computer. The on-board sensors include two pressure sensors, a two-channel
inclinometer, two motor encoders and a linear potentiometer which are all located in
the electronic section of the glider. Figure 2.1 shows a perspective view of the IOT

Glider in SolidWorks™, with the main parts labelled. Table 2.1 gives a summary of

the main dimensions of the IOT Glider profile.

(2






2.2.1 Vehicle Main Profile

The bare hull shape of the IOT Glider is based on the body shape of the Phoenix
AUV [18]. The bare hull is composed of three sections: the nose section, the cylinder
lhull section and the tail section. The cylinder hull section is a circular cylinder shape
with a diameter of 0.115 m and a length of 1.01 m. The cylinder’s hull section is also
composed of three parts: the forward buoyancy engine section, the mid-body section
and the aftward electronic section. See Figure 2.1 for the arrangement of the IOT
Glider.

Equation 2.1 gives the shape of the nose-section. Nose shape is given by radius 7.

3

) (2.1)

- 1/2 s 2

r X X
— = 5(— — — —
5 = 0.8685(5)  —0.3978(%) + 0.006511(F;) + 0.005086(

o >

where X is the distance aft of the Forward Perpendicular, D is the bare hull diameter.
The length of the nose section is determined by Ly = 1.75D.
Equation 2.2 gives the shape of the tail-section. Tail shape is given by radius 7 as

well.

(3-=) (2.2)

where X’ is the distance ahead of the Aft Perpendicular, D is tlie bare hull diameter.
The length of the tail section is determined by Ly, = 3.00D.

Figure 2.2 gives a sketch of the outline profile for the veliicle’'s bare hull. The cylin-
der hull section is scaled and the nose section and the tail section arc attached to it
by machine screws. The nose and tail sections are designed as hollow bodies. The
benefit is that additional buoyancy or mass could be provided later by putting foam
or ballast mass into the hollow sections. Drain holes on their surface were designed
for the water to get in and out.

The parts werc manufactured using the FDM (Fused Deposition Modelling) machine,



10T glider Bare Hull Profile

Urilirom

Nose Section Cylinder Hull Section *- Tail Section

- | i

Figure 2.2: SolidWorks Drawing of the IOT Glider

also called the rapid prototyping machine. The material used was ABS plastic. The
parts made on this machine are formed from melted plastic material layer by layer
according to the specified profile. During the process, some pores 1nay be left between
the layers. This results in less density of the final parts than the raw ABS material.
The labelled specific gravity of the raw material is 1.04, but the final specific gravity of
the parts is around 0.5. This is beneficial because these parts will provide additional

buoyancy for the glider.

2.2.2 Glider Fins

The IOT Glider is equipped with four identical fins which are mounted in a cruciform
pattern near the forward end of the tail section. Each fin is made of a square flat plate

of 6 em side length. The main purpose of these fixed fins is not for control surfaces.






Wing Dimensions

Figure 2.4: Dimensions of the Wings

Four views of the Wing Mount
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Figure 2.5: Four Views and Dimensions of the Wing Mount
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on any of the structural components of the IOT Glider. The wings seem to be weak,
however, from the test observations, the wings did not deflect much. It is reasonable

due to the low speed of the vehicle motion.

2.2.4 Buoyancy Engine

Underwater gliders normally rely on changes in buoyancy-gravity-difference to oper-
ate. The buoyancy engine of the IOT Glider involves the use of a linear actuator
and a rolling diaphiragm. Figure 2.7 gives the conceptual drawing of the IOT Glider
buoyaucy engine [10].

When the linear actuator extends or retracts, the piston which is near the nose part

Rubber
Diaphragm

Piston

Linear
Actuator

Neutrally Positively Negatively
Buoyant Buoyant Buoyant

Figure 2.7: Conceptual Drawing of the Buoyancy Engine on IOT Glider

of the glider will make the rolling diaphragm deform. At the same time, a certain

amount. of water will be expelled or injected through the drain holes on the surface of
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the nose part. This action will change the buoyancy force on the vehicle. Usually at
the start of a ission, a glider will be ballasted to be neutrally buoyant. Later, when
there is a difference created between the buoyancy and gravity forces on the glider,
the glider will not be neutrally buoyant and will start to rise or dive.

The diaphragin is a custom made DiaCom™ Type D-300-300 Rolling Diaphragm.
The Type D diaphragm is molded with a bead on the flange for easy sealing. A
key feature of a rolling diaphragni is that it maintains a constant arca as long as it
is positioned within its recommended half-stroke. This allows for precise control of
volume when position feedback is used.

The linear actuator uses a HT23 stepper motor which allows the piston movement

in a 14 ¢m range. The piston is a circular cylinder with a frontal area of 0.0036 m?.

Setting the initial actuator piston position at the middle of the moving range, the zero
position, the buoyancy engine has a capability of expelling or injecting 256.47 cm?
volume of water. According to the Archimedes’ principle, in water with 1000 kg/m?
density, the buoyancy engine is capable of providing at most about 2.5 N huoyancy-
gravity-difference. When the buoyancy engine is in its zero position, the centre of the

piston is located at 246 mm aft of the glider nose tip.

2.2.5 Pitch and Roll Mechanism

The active pitch and roll motion coutrol of the IOT Glider is achieved by moving the
battery pack. It is moved along the glider’s longitudinal axle and rotated around it.
The motion of the battery pack will result in the change of the centre of gravity in
three directions. The battery pack is mounted around a sleeve bearing which rides on
the buoyancy engine actuator tube. An actuator is used for driving the translating
motion of the battery pack and a stepper motor with a set of gears rotates it. This

allows the batteries to translate for pitch control, and to rotate around the shaft for
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2.3 Electronic Components on the IOT Glider

2.3.1 Electronic Tray

The clectronic components on the IOT Glider are mainly set on two sides of an
aluminium plate which is attached in the electronic section of the vehicle. Figure 2.10
shows the two sides of the electronic tray on the IOT Glider, with the main electronic
components labelled. The aluminum tray is not coated with anything but rubber
pads are put between the electronics and the tray to prevent shorts. Plastic cable
connectors are used for easy connection and insulation. Plastic coats are used for
coating wires when necessary. To mount the electronic tray, two rails glued inside the
hull wall provide attachment for the plate. Figure 2.11 shows the aluminium tray and
the two attachment rails. The clectronic system sketch on the IOT Glider is shown

in Figure 2.12.

2.3.2 Rabbit Single Board Computer

The IOT Glider uses a high-performance C-programmable single board computer
(SBC) BL2100 for controlling the entire glider system. The BL2100 offers several
built-in digital and analogue I/O ports with serial communications. A Rabbit 2000
niicroprocessor operating at 22. 1M Hz provides fast data processing. The BL2100 is
also provided with its own file system which can be used for run-tinie data storage in
stand-alone applications, supported by its 256/ flash memory and the 128K static
RAM. The usage of the I/O ports is listed in Table 2.2.

The BL2100 is programmed using Rabbit’s Dynamic C. Dynamic C is an integrated
development system for writing embedded software and is designed for use with SBCs

and other devices based on the Rabbit microprocessor.
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Figure 2.12: Electronic System of IOT Glider




2.3.3 Buoyancy Engine

As stated before, the buoyancy engine design consists of a rolling diaphragm driven
by a linear actuator. To move the diaphragm, an UltraMotion™ Digit 8 inch stroke
Linear Actuator with NEMA HT23-401 size stepper motor is used. To obtain position
feedback the linear actuator is fitted with a Precision Lincar Potentiometer. The
analogue output from the potentiometer is attached to the BL2100 SBC. With this
set-up, precise control of the volume of ballast water is possible. For motor control the
system uses an Applied Motion™ 3540M Stepper Motor Driver. Inputs to the driver
are optically isolated signals for step, direction, and enabling the motor. To coutrol
the buoyancy engine, the signals are sent out from three digital output channels on
the BL2100 SBC. The construction and testing of the buoyancy engine have been

doue by Skilling [13] and Warren [15]. Refer to their reports for more detail on this.

2.3.4 Pitch and Roll Motors and Encoders

The battery pack rotating motion is actuated by a NEMA HT11 bipolar stepper mo-
tor, while the translating notion is actuated by a Haydon Kerk™ E2644 Can-Stack
stepper motor linear actuator which has a threaded shaft and a nut. Both the stepper
motors can be controiled by a TRINAMIC TMCM303 3-axis step motor driver at the
same time. The two E8P optical encoders attached to the mmotors are connected to
a TRINAMIC TMCM323 3-axis encoder interface module. The TMCM303 can talk
to the TMCM 323 using SPI communication. These result in accurate control and
feedback of the position and orientation of the battery pack. Figure 2.13 describes

the electronic system of the pitch and roll mechanism.
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The NEMA HT11 stepper motor is a standard 2 phase 1.8 degree hybrid step motor
which can offer high holding torque (minimum 7 oz - in, thus 0.0494 N - m) which is
sufficient[8].
The Haydon Kerk E26449 Can-Stack stepper motor is a 7.5 degree captive bipolar
external linear actuator. The linear travel per step is 0.00025 inch. As a result, the
linear travel per revolution is:

360

0.00025 inch x — = 0.012 inch
7.5

The E8P encoders have a 500 CPR (cycles per revolution). As a result, we expect

the linear travel of the pitch motor in mm/resolution to be:

012 x 25.4
MM PerEncoder Res = 00—26;0—— = 0.000154 mm/resolution (2.3)

Additionally, the rotating angle of the roll motor in degree/resolution is:

360
DegreePer Encoder Res = 2000 — 0.18 degree/resolution (2.4)

Cousidering the gear ratio of the gear system, the relationship between battery pack

rotation and encoder reading is:

0.18 degree

BPDegree2Encoder Res = = 0.03 degree /resolution (2.5)

The above two parameters will be used as constants in the future software develop-
ment.

As an inverting level shifter is required by use of the TMCM303 RS232 communica-
tion, a MAX232ACPE is used for level shifting.
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float readPitch(void) This function reads the X-axis voltage output of the incli-
nometer. It then calculates the pitch angle of the glider and returns the data in

degrees. The following relationship is used from the data sheet.

PitchAngle(degree) = arcsin((ADC Read(V) — 2.5V )« INC_GAIN) (2.7)

where INC GAIN is 0.5 which can be obtained from the data sheet. 2.5 V' is

given as the offset on the data sheet.

float readRoll(void) This function reads the Y-axis voltage output of the incli-
nometer. It then calculates the roll angle of the glider and returns the data in

degrees using the following relationship from the data sheet.

Roll Angle(degree) = arcsin((ADC Read(V)) —2.5V) x INC_GAIN) (2.8)

where INC GAIN is also 0.5 which can be obtained from the data sheet. 2.5V

ig given as the offset on the data sheet.

2.4.2 Functions in ‘TMCMcommunication.LIB’

This library is written for communication between the BL2100 SBC and the TMCM
driver modules and for control of the two stepper motors. The functions include
sending commands to TMCM 303 via RS232 port C on BL2100 and reading replies
from the TMCM303 via RS232.

void setupSerialPortC(void) This function sets up serial port C which is con-
nected with the TMCM303 module. This function also opens serial port C
at 9600 baud rate with no flow control. It allows conumunication with the

TCMC303.
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Table 2.3: Axis Paramcters for TMCMs

[ Deunca vatue Description Axis parameter nuntber in
TMCM 303 module
ActnalPosition | The present. position of the 1
motor
MaxSpeed Maximuin positioning 4
speed
MaxAcce Maximuni acceleration 5
(deceleration)
MaxCurrent Absolute maximum current 6
value
StandCurrent The current linmit two 7
seconds after the motor has
stopped
Microstep Microstep resolution 140

The six parameters which will be used during a application are the same as the

SAP function.

float readRM Angle(void) This function rcads the roll motor position from the
attached encoder and determines the battery pack present rotation angle in

degrees.

float readPMPos(void) This function reads the pitch motor position from the at-
tached encoder and determines the battery pack present linear position in mil-

Hmetres.

char MTP(char Motor, float Pos) This function moves or rotates oue of the mo-
tors and moves the battery pack to the specified position, judging by feedback

fromn encoder signals.
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2.4.3 Other Custom Libraries

Another four custom libraries were also developed. The ‘BE_ Pressure.LIB’ provides
functions used for reading the two pressure sensors. The ‘BE.LIB’ contains functions
for controlling the buoyancy engine [15]. The ‘PCcommunication.LIB’ provides func-
tions used for talking hetween the BL2100 SBC and a PC via serial communication.

The ‘ADC.LIB’ helps with converting an analogue signal to digital volts data.

2.5 Summary

In this chapter. the design details of the IOT Glider mechanical systems, electrical
systems and the software development are described. Now the IOT Glider is oper-
ational in the saw-tooth mode and is also capable of active pitch and roll motion
control using the internal pitch and roll mechanism.

To better study the movement of gliders, a six-degree of freedom motion simulation

model is developed.



Chapter 3

A Six-Degree of Freedom
Simulation Model for the IOT

Underwater Glider

3.1 Introduction

To better understand the motion patterns of underwater gliders, a numerical simula-
tion model is necessary. As the motion equations already exist [6], for simulation of
underwater vehicles, the main work is the evaluation of the external forces on them
while they move. Previous underwater vehicle simulation work [11] evaluated the
external forces and moments on the vehicle based on the assumption that they come
from hydrostaties, hydrodynamic damping and added mass effects. The hydrody-
namic damping should be from both translational motion and rotational motion. In
[11], the discussed AUV doesn’t possess wings and the author treated the hydrody-
namic damping force as separated axial drag , rolling drag and cross-flow drag. In

Stante’s simulation work [14] on the SLOCUM glider, one of the weak points is that
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the author didn’t consider the hydrodynamic damping from the rotational motion. In
this work, damping cffects from the translational motion will be treated as drag and
lift forces on the main hull, fins and wings using CFD analysis. The evaluation of
damping effects from rotational motions will be using the strip theory and empirical
formulas as in Prestero’s work. The added mass and added moments of inertia will
be evaluated by an existing program, "ESAM.

The model which will be discussed in this chapter differs from a propeller driven AUV.

The differences include:

As stated before, there are two swept wings on the [OT Glider.

The IOT Glider doesn’t have propellers.

Operation of the buoyancy engine and the pitch and roll mechanisi on the IOT

Glider will change its centre of gravity, mnoment of inertia tensor, and buoyancy.

There is no rudder for turning the IOT Glider.

For accurate simulation of the glider, all of these factors should be considered properly.

3.2 Governing Equations

3.2.1 Vehicle Body-Fixed Coordinate System

The origin of the body fixed coordinate for the IOT Glider is fixed with regard to the
glider hull. The origin point is 0.72 m aft of the nose tip, and it is at the center point
of the cross section. Figure 3.1 shows the vehicle body-fixed coordinate system in the

simulation model.
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3.2.2 Vehicle Kinematics

The general motion of a rigid body in six degrees of freedom includes translational
motion and rotational motion. The following vectors describe the general motion of

the IOT Glider:
m=y2" m=l[o0yY"
v=uvw’; ve=[pqr]’
n=[XY Z|", m=[|K MN]"
where 1 describes the position and orientation of the glider with respect to the inertial
coordinate systeni, v the translational and rotational velocities of the glider with
respect to the body-fixed coordinate system, and 7 the total external forces and
moments acting on the glider with respect to the body-fixed coordinate system. The

following coordinate transformn relates translational velocities between body-fixed and

inertial coordinate systems:

i u
g | =) | v (3.1)
z w
where Jy(n2) =
cosircos —singcosy + cosgsinfsing  sin @ siny + cos g sinf cos Y
sinycos® cosdeosy +singsinfsinyg — cospsinyg + sin psind cos Y
—sgind cos fsin ¢ cosf cos @

(3.2)

Note that Jy(1p,) is orthogonal:

(Ji(m2)) ™" = (Ji(m2))" (3.3)
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In addition, the following coordinate transforin relates rotational velocities between

body-fixed and inertial coordinate systems:

¢ p
0 | =Jm)| q (3.4)
) y

wlere
1 singtanf cos¢tanf

J2(n2) = | 0 cos ¢ —sing (3.5)
0 sing/cosf cosp/cosd

3.2.3 Vehicle Rigid Body Dynamics

As stated in the previous section, the origin of the body-fixed coordinate system is

located at a fixed point in the glider. The equations of motion for the IOT Glider in




six degrees of freedom can he written as:
mli — vr + wqg — xG(g* + r*) + yG(pqg — 1) + 2G(pr + §)] = ¥ Xext,
mlo —wp 4+ ur —yG(r? + p*) + 2G(qr — p) +yGlgp + 7)) = ¥ Yeur,

mli — uq + vp — 2G(p* + ¢*) + 2G(rp — 4) + yG(rq + p)} = ¥ Zear,

-[;r;lrp =+ (]zz - [‘yy)qr - (T’ + ;DQ)I.IZ + (7‘2 - q2)]yz + (pT - (])111/

+m[yG(i — uqg+vp) — 2G(0 — wp + ur)] = ¥ Kep,

Lyq+ (I — L2)rp— (P + qT)]my + (P2 - 7'2)-’.1:: + (qp — 7;)].1/:

+m[zG (0 — vr +wq) — xG(Ww — uq + vp)] = X My,

[z:".' + (-[yy - I.’z:;r)pq - ((] + T'p)-[yz + ((12 - ])2>]a'y + (7"(1 - p)f.'l:z

+m[aG(0 — wp+ur) — yG(a —vr + wq)] = 3 Newr.

where the location of the glider centre of gravity is expressed as:

zG
yG
zG

The moment of inertia tensor with respect to the body fixed frame is:

I_T:I: ‘[J:y ‘[.'L'Z
L=\ 1, I, I,
I.TZ -[yz I,

Note that for the IOT Glider, expelling or injecting water does not change the ve-

hicle’s mass. As a result, the mass m is the vehicle dry mass and is considered as



constant.

The external forces and moments are functions of the velocities and other state vari-

ables. The external forces and moments will be derived and evaluated in the following

sections.

3.3 Change of Mass Properties During Operations

As mentioned in previous sections, the IOT Gliders relies on moving its piston and
battery pack to dive or rise in the water. The movement of these devices will change
the buoyancy force and mass properties of the glider. It is necessary to re-evaluate

these properties at each time step. The following variables in Table 3.1 are considered

in the simulation model.

Table 3.1: List of Changine Mass Properties

Syntax Description Cause of changes
B Buoyancy force Piston movement in
buoyancy engine
xB Longitudinal position of Piston movement in
buoyancy force buoyancy engine
xG Longitudinal position of Piston movement in
gravity force buoyancy engine,
translational movement of
battery pack
yG Position of gravity force in Rotation of battery pack
Y direction
G Position of gravity force in Rotation of battery pack
7 direction
1 [nertia tensor Piston niovement in
buoyancy engine,
translational mmovement of
battery pack, rotation of
battery pack
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3.3.1 B and zB Evaluation

Moving of the buoyancy engine will cause the overall buoyancy force B and center of
buoyancy zB to change. The change is from extending or retracting the piston. As a
result, the buoyancy force and centre of buoyancy can be determined by the following
cquations.

B = By + x_piston x A_piston X p X g (3.7)

where By is the buoyancy force when the piston is in its neutral position (correspond-
ing to the neutrally buoyant state in Figure 2.7 and might differ from its zero position),
and By = W, where W is the weight of the glider when subuerged; x_ piston is the
X-axis position of the piston movement relative to the ncutral position; A piston is

the frontal area of the pistou.

By xxB 04 x_piston x A_piston x px g x a'’

rB 5

(3.8)

where £B_ 0 is the original X-axis position of the buoyancy force with regard to the
body-fixed frame; 2’ is the X-axis position of the gecometry center of the expelled or

injected ballast water with regard to the body-fixed frame.

3.3.2 zG, yG and zG Evaluation

The moving of the buoyancy engine and battery pack both have effects on the change
of the center of gravity position. Taking these factors into account, the center of

gravity position in three directions can be evaluated by the following equations.

mx axG 0+x piston x m_piston +x batt x m batt
+G = JrEpe - preto ' (3.9)

m
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where G 0 is the X-axis position of the glider center of gravity when both the
buovancy engine piston and the battery pack are in their neutral positions (which

might differ from its zero position).

JG = m X yG 04 rG_batt x .:lin(th,cta. batt) x m  batt (3.10)
7

where yG__0 is the Y-axis position of the glider’s center of gravity when both the
buoyancy engine piston and the battery pack are in their zero positions; rG_batt is
the distance from the overall battery pack center of gravity to the glider’s central axis;

theta_batt is the angle the battery pack rotates with regard to their zero positions.

m x :G_0 — rG_batt x cos(theta__batt) x m__batt

m

:G = (3.11)

where zG_0 is the Z position of the glider center of gravity when both the buoyancy
engine piston and the battery pack are in their zero positions. Figurc 2.9 shows that

r(G batt is 19.64 mm.

3.3.3 Moment of Inertia Evaluation

Duc to the moving pattern of the buoyancy engine piston and battery pack, it is
obvious that Irx never changes. Considering the profile of the IOT glider and the
syminetry of the glider arrangement, Iyy and Izz of the IOT glider are always close.

It is assumed that Tyy = Izz. They can be evaluated by the following equation.

Tyy = Tyy +m_ pistonx (X __piston* — X piston™)+m _batt x (X _batt*— X batt?)
(3.12)
where Tyy' is the original Iyy value; X _ piston is the X position of the piston in the

body-fixed frame; X piston’ is the previous X position of the piston in the body-fixed
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frame; X batt is the X position of the battery pack in the body-fixed frame; X batt’

is the previous X position of the battery pack in the body-fixed frame.

3.4 Hydrostatics

The hydrostatic forces come from the effects of the glider’s weight and buoyancy. The
hydrostatic forces can be evaluated using the equations in the previous section. Then
the hydrostatic forces and moments on the glider can be expressed as:

Fus=G - B
S (3.13)

MHs:erG—erB

Note that all of the above vector terms should be expressed in the body fixed frame.

3.5 Hydrodynamic Drag and Lift Forces

The cvaluation of the hydrodynamic effect on the IOT Glider uses a CFD analysis
technique. In the analysis, we treat the glider hull, wings and fins separately, using a

component-buildup strategy.

3.5.1 Hull/Main Body

The evaluation of the hydrodynamic forces and moments on the IOT Glider’s hull is
based on the experimental results from the Phoenix AUV model tests [18]. In the
Phoenix tests, the overall length to diameter ratio is between 8.5 and 12.5, while the
ratio for the IOT Glider is 13.55. However, as the hydrodynamic performance turned
out to be alinost the same at different length to diameter ratios, we assume that when

the ratio reaches 13.55. the results are still applicable.
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Beside the experimental data, CFD analysis on the hull is conducted as well.
Comparison between the data from the two strategies shows close results. The results
from experimental data are used in the simulation model. Details on the CFD analysis

and a comparison can be found in the next chapter.

3.5.2 Wings

As there arc no available hydrodynamic drag and lift data found for a swept flat
plate, the evaluation of the hydrodynamic forces and moments on the glider wings
is based on the CFD method. This part of the work is detailed in the next chapter.
The hydrodynamic effects on the wings will be expressed as drag forces, lift forces
and pitch momients. The relationship between them and the local angle of attack was

found.

3.6 Hydrodynamic Damping

The hydrodynamic rotational damping coefficient evaluation is based on summing up
the drag of two-dintensional cylindrical cross-sections along the glider’s body. This
method is analogous to strip theory. This results in the following expression for the
damping forces and moments. An example is shown below. Note that wings and fins
are considered separately.

NOSE 1 1
Y = / ——2~pchv|v|d(ﬂ:)dm — 2% (ipvfi,L|'sz,;7l|Sf,».nc(,f) (3.14)
Jiail :

where ¢, 1s the drag cocfficient for the two-dimensional circular cylinder cross-section,
Hoerner [9] estimates it to be 1.1; x is the location of the cross section in the body-

fixed frame; v is the local body velocity relative to the surrounding water; d(x) is the
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diamcter of the local cross-section; Syq, is the arca of a single fin; and ¢, is the drag
cocfficient of a thin rectangular plate perpendicular to the flow. It is estimated to be
1.05 [3].

The damping forces and moments on the vehicle can be also expressed using damping

coefficients. For example the lateral force Y can be expressed as:
Y =Y rlr| (3.15)
where Y[, the damping coefficient, can be determined by the following relationship.

1 "LOSe 1
Y = — 5Pl '/m” zlzld(z)da — 2 pin|T fin] <§/)Sfi,lcdf) (3.16)

Using the sane strategy, we can get other damping coefficients Zy,, Ny, Myjq and

[ypp as follows.

nose

1
Z =50 |

1
alz|d(x)dr + 22 pin @ i <§p5ﬁncdf>
1

+ 2'TW'ingCenter|$I'V'11n,g(7€nter’ —pSI’VingCtlw
2

(3.17)

The wings are assumed to be rectangular plates here, ¢y, is the drag cocfficient
of a thin rectangular plate perpendicular to flow, and is estimated to be 1.12 [3].
TWingCenter 18 the X position of the geometry centre of the wings in the glider body-
fixed frame.

1 nose , 1
Ny = — 5P / l 23d(x)de — 2.’1:},.,, (5[)5}{,1‘(5(#) (3.18)
Jtai

1 nose 4 5 1
Mg = = §pcdc/l vtd(x)dr — 2a7y,, <§p5fincdf>

ail
1

3 .
- Q‘FW’ingGen,ter <§pSH/ing Cr{w)

(3.19)



1 rool .
Kppp = = 5pca /L 2%l () da

2

ip

. 1

- 4}?,;1;71 (5()dfpsfzn> (320)
D h’VVin Mount ’ 1

-2 (5 + + (5C(u/)SIwngMounL>

Here ¢4 is the drag coefficient of a thin flat plate two-dimensional bluff section. It
is estimated to be 1.98 [3]; Ay, is the radial distance of the fin center from the
longitudinal axis of the IOT Glider; Awingarount is the hight of the wing mounts.
The glider’s constant parameters for these equations evaluating damping coeflicients

are sunmarized in Table 3.2. Using MATLAB codes shown in the Appendix E, the

Table 3.2: Glider Constant Paraneters for Hydrodynamic Damping Calculation

Parameters | Value | Unit
X fin -0.3 m
Stin 0.0036 | n?

TWingCenter 0.1 m

SWing 0.02 m*
hrin 0.09 m

Swingarount | 0.004 | m?

hW’ing/\IO’unt 0.2 m
liing 0.3 ™m

hydrodynamic damping cocfficients are summarized in Table 3.3.

Table 3.3: List of Damping Coefficients

Parameter | Value Units
Yrr 1.20 | kg-m/rad?
Kpp —~0.355 | kg - m?/rad?
Maqq —8.38 | kg-m?/rad?
Nrr —8.35 | kg - m?/rad?
Zqq —0.922 | hkg-m/rad®







~0.1708 0 0 0 0 0
0 -1420 0 0 0 0.201
0 0 —16.66 0  —020612 0
M_AM = (3.21)
0 0 0 —0.0706 0 0
0 0  —02612 0 ~2161 0
0 0.201 0 0 0 -2.152

Note that the result is based on the most aft wing position. Change of wing position
results in a slight difference in the values of the my;, and ms3 elements. By moving
the wings from its most aft position to its most forward position, 1ns3 changes from

—-0.2612 kg - m/rad to —0.0795 kg - m/rad.

3.8 Summary

This chapter describes the development of a numerical siinulation model for the IOT
Glider. It also presents the evaluation of mass properties, hydrostatic forces, hydrody-
namic drag and lift forces, hydrodynamic dainping forces, and added mass. Different
strategies were uscd in these evaluations and comparisons are made. The MATLAB
codes developed are shown in Appendix F. The details of the CFD analysis will be

provided in the next chapter.




Chapter 4

CFD Analysis on the IOT Glider
Wings and the Bare Hull

4.1 Introduction

The hydrodynamic forces and moments on the IOT Glider include forces and moments
on the glider wings and its bare hull. The drag force, lift force and pitch moment
are evaluated by means of a set of numerical simulations utilizing CFD methodology.
The relationship between the non-dimensional coefficients and angle of attack are
determined using curve fitting. The CFD commercial code COMSOL is used in this
analysis. This chapter presents the details of the CFD analysis. The results for the

bare hull are compared with experiinental results from the Phoenix tests.
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4.2 Numerical Models

4.2.1 CFD Code, COMSOL

COMSOL Multiphysics is an integrated euviromment for solving multi-physics time
dependent or stationary systems in one, two, and three dimensions. It provides so-
phisticated and convenient tools for choosing the pliysics, the study mode and for
defining the turbulence model. The Autonomous Ocecans Systems Laboratory has a
licence for the COMSOL package which was taken advantage of in this comnponent of

the work.

4.2.2 Turbulence Models

For analysing the hydrodynamic coefficients of the wings and the bare hull, the 3D
stationary studies were chosen. The analysed objects are fixed in the fluid domain
space, not. attached to anything. The uniform flow is passing through the objects by
a specified speed and angle of attack. The objects were arranged in a duct, in which
a uniform flow passes through. The duct has enough size to allow the flow to fully
develop in it. The flow velocity was defined in the inlet of the duect in this model,
as the incoming flow. The outlet was defined such that pressure there was zero and
there was no viscous stress. To change the angle of attack, the duct geowmetry was
rotated by a certain angle. The object was modelled by using the wall functions in
COMSOL to generate boundary layers. The surrounding four walls of the duct were
set as slip walls.

Within the whole flow domain, the flow was assumed as incompressible. The standard
A = turbulence model was chosen as it is used in the prediction of most turbulence
flows because of its robustness, economy and reasonable accuracy for a wide range of

flows.
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4.3 CFD Analysis of the Wings

4.3.1 Design of Numerical Experiments

The hydrodynamic forces and moments acting on the glider wings when the glider
is moving in the water are equivalently divided into drag force, lift force and pitch
moment. The drag force is the component defined as in the direction of the incoming
flow, while lift force is perpendicular to the incoming flow. In most cases, the yaw
moment and roll moment will cancel out due to the symmetry of wing location.

The hydrodynamic drag and lift forces and pitch moment acting on each wing can be

calculated as in Equation 4.1 - 4.3.

1 .
L= 5/)V25l’l/ingCL(awa V) (41)
1
D= EPVQS\«VingCD(Q/lm V) (42)
1.
M = 'épvzsl'vinglwingcl\[((—l'wv V) (43)

where p is the density of the water, V' is the incoming flow velocity, Sy, is the area
of the wing, l,n, is the wing tip-to-root length along the mid-chord line which can
be found in Table 3.2 and Cp(w,, V), Cp(®w, V'), Crr(v,, V) are lift, drag and pitch
moment coefficients of the wing at the local angle of attack (AOA) a,, respectively.
The work completed in this chapter is finding an accurate relationship between these
cocfficients and the angle of attack, by means of CFD simulations.

To achieve this goal, a set of simulations was designed. Two independent variables
were studied. One is the incoming flow veloeity and the other is the angle of attack
of the flow relative to the wing. During normal operations, the gliders will have a

velocity of no more than 1m/s and an angle of attack of less than 10 degree [4] [7].
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The experiment design is shown as below. Taking the [y, as the characteristic

length, the Reynolds Number can be evaluated using Equation 4.4.

Vluring
v

(4.4)

Re wing —

where the kinematic viscosity v is taken at 20°C' to be 1.308 x 107 for fresh water;

value of [, can be found in Table 3.2.

Table 4.1: Numerical Experiment Design for the Wings

Run Number | Inclined Angle (deg) | Flow Velocity (n/s) | Re Number
1 2 0.5 1.147E5
2 2 1.0 2.294E5
3 2 1.5 3.440E5
4 ) 0.5 1.147E5
o ) 1.0 2.294E5
0 D) 1.5 3.440E5
7 10 0.5 1.147E5
8 10 1.0 2.294E5
9 10 1.5 3.440EH
10 15 0.5 1.147E5
11 15 1.0 2.294E5
12 15 1.5 3.440E5
13 20 0.5 1.147E5
14 20 1.0 2.294E5
15 20 1.5 3.440E5

4.3.2 Simulation Results and Data Processing

Below is an example case study result. The inclined angle of the flow is 20° and the
velocity is 1m/s. Figure 4.1 shows the velocity distribution around the wing profile.

In the meshes of the wing CFD miodel, the maximum clement size is 0.06 m; the
minimum element size is 0.019 m. The results obtained from COMSOL stationary

studies include three velocity components, in x y and z directions and pressure values
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Arrow: Velogity field

04 ’ Us

Figure 4.1: Example CFD case result (V=1m/s, o = 20°)

for each clement within the whole fluid domain. It was found no significant difference

on the results using a ’fine’ or 'normal’ mesh in COMSOL. A finer mesh will result

in more accurate prediction but will involve a much longer consumption of time and

110TC 1NCIOTY USage.

As it is unable to get forces or moment value acting on the wing directly from the

CFD code because the CFD code targets the fluid domain, thus we need to calculate

them by using the pressure distribution surrounding the wing. Note that the origin

point of the coordinate system in the model is at the leading edge at the root.

First we derive the force acting on the wing. It theory, it is the surface integral of

the pressure. Note that a pressure value is a scalar and a force value is a vector.

F— //5 pi - S (4.5)
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where Sy is the whole wing surface, p; is the pressure distribution, and n; is the unit
vector normal to the wing surface. If we present nj as n; = (1, Ny, Nz ), the force

acting on the wing can be expressed as:

Er, = // Di- nirds (46)
So

F,/ = / Pi ‘IY/ide (47)
’ 485

F. = / P - N dS (4.8)
JJSy

—

where F = (F,. F,, F,).

Now we translate the force vector into drag and lift forces.
D = F,cos(a) + F, sin(«) (4.9)

L = F,sin(a) + F, cos(«) (4.10)

where «v is the inclined angle of the incoming flow in the test desigi. The moments

can be derived using the following equation.

M = // r; x (n; - p;)dS (4.11)
JJ s

where r; is the location of the elements on the wing surface. Note that the calculated
moment is about the origin point in the COMSOL geometry model, which is located
at the leading edge of the wing root. Later transfer of these moments to the glider
body-fixed frame is necessary.

If we write ¥} as (1., 7y, 1i2) and again write 1; as (ng,, ny, 1), then we get:
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M, = / Pit (Tiy - Mz = Tiz - iy )dS (4.12)
J Sy '
M, = / pi- (Tiz " Nig — Tig N4z )dS (4.13)
J Sy
AI: = / Pi - (Tizls . ”iy - Tiy : nia:)ds (414)
JJ Sy

After evaluating the drag, lift and pitch moment, the hydrodynamic non-dimensional

coefficients are determined from equations 4.1, 4.2 and 4.3.

D((Yuﬂ)
; vy Dlaw) 4.15
D, V) IoV2S "
L{cw,)
Crlaw V)= 15— o
]f((y ) %[)VQSwing ( )
My,
C/\I((Yzl7~‘/) = (a ) (417)

N %/)stwin_(]{lu’ing

Before curve fitting, we first define the local angle of attack on the wings.

As the wing is swept, tapered and in the form of a flat plate 3 mm thick, the wing local
coordinate systein is used for calculating the AOA on the wings. In order to more
accurately capture its behaviour, we define a local wing body-fixed frame. The origin
of this local frame is coincident with the origin of the body-fixed frame. The wing local
frame is oriented along the wing’s sweep line. That is to say, the body-fixed frame is
rotated 33° about its Z-axis. Figure 4.2 shows the wing local coordinate system. The
local angle of attack for the wing is determined fromn the following equation using the

vehicle velocity components in the body-fixed frame.

sin(tan™t%)
cos(taniy *1 A 418
cos(tan=1%) sin(Ay)) (4.18)

U

(v, = tan -1






Table 4.2: Wing CFD Analysis Results

Flow
clined

Angle(deg)

In- | Wing
Local
AOA (deg)

V(m/s)

CD

CL

CM

2

2.38

0.5

0.0130

0.0386

-0.0146

2 2.38 1.0 0.0127 0.0317 -0.0120
2 2.38 1.5 0.0125 0.0282 -0.0107
0 5.96 0.5 0.0186 0.0880 -0.0303
5 5.96 1.0 0.0181 0.0830 -0.0283
5 5 aR 1.5 0.0178 0.0805 -0.0273
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Figure 4.3: Wing Drag Coefficient Curve Fitting
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Figure 4.4: Wing Lift Coefficient Curve Fitting
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Figure 4.5: Wing Pitch Moment Curve Fitting (About the leading point of the wing
root)

Cp = —0.000004922¢° + 0.01460v,, (4.20)

u

Chy = 0.0000016¢, — 0.0048cx,, (4.21)

u

where v, is measured in degrees.

4.4 CFD analysis of the Bare Hull

4.4.1 Design of Numerical Experiments

The hydrodynamic forces and moments acting on the glider bare hull when the glider
is moving in the water are also equivalently divided into drag force, lift force and
pitch moment. The drag force is the component defined as being in the direction of
the incoming flow, while the lift force is perpendicular to the incoming flow.

The hydrodynamic drag and lift forces and pitch moment acting on the glider bare



hull can also be expressed as Equations 4.1 - 4.3. The worle completed in this section
is finding the accurate relationship between these coefficients and the angle of attack,
by means of CFD simulations.

To achieve this goal, a set of simulations was designed. As can be seen in the previ-
ous scction and in the results from the Phoenix tests[18], the incoming flow velocity
variable has no effect on the dimensionless coefficients. Only one independent vari-
able was studied for the bare hull, the angle of attack. We chose the AOA range of
+20°. Assuming that the performance of these coefficients is symmetrical, five cases
are studied, 0°, 5°, 10°, 15°, 20°. All cases were studied using the incoming flow at
Im/s. Taking the overall length as the characteristic length, the Reynolds Number

1s:
VL,  1x156
T 1.308 x 106

= 1.19 x 10" (4.22)

Rehu” —

where the kinematic viscosity v is taken at a temperature of 20°C' for fresh water.

4.4.2 Simulation Results and Data Processing

Below is an example case study result. The inclined angle of the flow is 20°. Figure
4.6 shows the velocity distribution around the bare hull profile. In the meshes of the
barc hull CFD model, the maximum element size is 0.09 /m; the minimmmn element
size 1s 0.017 m.

Again. use Equations 4.5, 4.6, 4.11 and 4.12 to calculate forces and monents acting
on the hull from the pressure distribution. Transfer the force into the body-fixed
frame using Equations 4.9 and 4.10. Then use Equation 4.23, 4.24, and 4.25 to find

the non-dimensional coefficients. The results can be found in Table 4.3.

D
C = . 4.23
p(e) soV2Volum?/3 (423)
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Figure 4.8: Glider Bare Hull Lift Coefficient Curve Fitting

Table 4.4: Curve Fitting Results for Bare Hull CFD Analysis

Drag Coefficient Lift Coefficient Pitching Moment
Coefficient
CFD Phocnix CFD Phoenix CFD Phoenix
Analysis Result Analysis Result Analysis Result

ay | 2.24E-7 2.02E-7 0 0 0 0
as 0 0 1.202E-5 | 1.822E-5 | -6.35E-6 | -9.99E-6
s 1.05E-6 3.01E-4 0 0 0 0
- 0 0 0.010 0.011 0.0236 0.0223
(g 0.010 0.035 U | U 0 0
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Figure 4.9: Glider Bare Hull Pitching Moment Coefficient Curve Fitting



4.5 Summary

This chapter presents a detailed study of the hydrodynamic forces on the glider bare
hull and the wings. CEFD methodology is used. The relationship is found between
the angle of attack and the hydrodynamic cocfficients using polynomial curve fitting.
Part of the prediction is confirmed by comparison with experimental data. The results
from the CFD analysis will be integrated into the glider sinmulation model to predict

the forces and moments acting on the velicle.



Chapter 5

Testing of the Pitch and Roll

Mechanism

5.1 Introduction

After the pitch and roll mechanism was integrated into the IOT Glider, a set of tests
was conducted in the open air. The tests verified the proper working of the whole
system. At the same time, some of the mass properties were measured. This chapter

presents the preparation work and tests before putting the IOT Glider into the water.

5.2 Assembly of the Glider

Warren[15] detailed the procedure of the buoyancy engine assembly for the IOT Glider.
As the current IOT Glider possesses the pitch and roll mechanism, the installation
should he done after the buoyancy engine actuator is mounted to the aluminium

mid-section.

1. First attach the rolling motor ou the roll motor mount plate with four screws,
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Equation 5.3. The masses and thic measured or assumed centre of gravity positions

of each component on the IOT Glider are provided in Appendix G.

oM X T &

= 3
G S 5.3)

Note that all results are for the glider without wings or tail fins. The reason is that

Table 5.1: Longitudinal CG Measurcments

Total mass m (kg) | Longitudinal CG position G (mm.)
Components build up 9.50 651
V\/'eighing platform (1) 9.61 649
Waighing platform (2) 9.58 646
" Load cell results (1) 9.61 649
Load cell results (2) 9.63 651
Load cell results (3) 9.64 650

the wings are able to be fixed in different positions. As long as we have the mass and
exact position of the wings, we can calculate the overall CG. The measurements do

not iuclude any ballast mass cither.

5.3.2 Center of Gravity in Y-Z Plane

To evaluate the CG position in the Y-Z plane, it is expressed by 6y and rg in an
angular coordinate system fixed on the center of the glider’s bare hull cross section.

For measuring the 6, and rg parameters, a mass is suspeuded from the wing mount
on one side. Sce Figure 5.7. The rolling angle the glider rotates 6, with regard to
the zero position and the weight of the mass m’ are recorded, the rolling angle of the

glider without a mass is also recorded, which is just 8. The angle information is given
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by the on board inclinometer. Then r¢ can be determined by Ecquation 5.4.

m X d x cosf,,
m X sin(6,, — 6y)

TG = (54)
where d is the distance from the mass hanging point to the center of the angular
coordinate system.

Figure 5.7 shows one of the r¢ tests. The glider is suspended on two pivots so that
it can rotate freely about its central axis. Four different mass blocks were used for

these tests. The results are shown in Table 5.2.

Table 5.2: Measurements for CG in Y-Z Plane Position

Testing Mass (kg) | 0o (deg) | 6., (deg) | ra (man)
Test (1) 1.035 12 80 1.6
Tost (2) 0.247 11 54 1.7
Test (3) 0.323 10 59 1.3
Test (4) 0.463 10 67 1.7

5.4 Testing on Pitch and Roll Mechanism

After assembling the pitch and roll mechanism into the glider, several tests were

performed to check the subsystem.

5.4.1 Test Set-Up

To facilitate the tests of the glider in the open air, a pair of multi-functional supports
arc designed and made for holding the glider hull to let it roll or pitch freely. In Figure
5.8 is a SolidWorks drawing of one piece. The support is composed of three parts: a

platform, a stand-up pipe and a rod. The rod is welded to the middle of the stand-up









5.4.2 Steady-State Tests on Pitch and Roll

The first step tests after the pitch and roll mechanisi has been integrated and cali-
brated are steady-state tests. The pitch actuator (roll actuator) for the battery pack
is moved to various positions and the pitch (roll) attitude is measured by the incli-
nometer and recorded by the SBC and transterred to a PC.

The test results are summarized in Tables 5.3 and 5.4 below. In the pitching tests,
the sign-convention systemn is used different from the normally used because of the

signal given by the inclinometer.

Figure 5.10 and Figure 5.11 show plots about the steady-state pitching angle and

Table 5.3: Pitching Steady-State Test Results

Test Nwmber | Battery pack position (mm) | Pitching angle (deg)
1 -18.3 -0.2
2 -15.3 -3.5
3 -10.3 -1.2
4 -5.3 0.8
5 -0.2 2.4
6 5.3 3.5
7 10.3 5.0
8 15.2 6.6
9 19.7 9.1

Table 5.4: Rolling Steady-State Test Results

Test Number | Battery pack rotation (deg) | Rolling angle (deg)
1 -93.2 0.7
s -62.3 -1.2
3 -31.7 -3.5
4 -0 -7.2
) 33.1 -11.4
6 62.2 -14.9
7 91.7 -17.8







Glider Rolling Angle (deg)

Pitch and Roll Mechanism Roll Steady Test Results
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Figure 5.11: Steady Roll Test Results
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5.4.3 Pitching Angle PID Control Tests

PID control loops for controlling the pitching angle and rolling angle of the IOT
Glider when suspended in air were developed. The pitch motor and roll inotor speed
signal are determined using a PID algorithm from the error between the set point and
current pitch angle and roll angle feedback, respectively.

The set point of the pitch angle control is 3 deg. Small pitching angle set point
was used for preventing the glider from hitting the ground in the tests. Firstly, P
control is applied, with [ gain and D gain both set as 0. Various P gain values and
saturation values of motor speed are tried. PID control is then applied with suitable
gain values. Two P control cases are shown as Figure 5.12 and 5.13. Both cases use
+600 saturation on the motor speed signal. The result in Figure 5.12 uses a P gain of
150; the pitching angle reaches the set point gradually in about 60 sec. Figure 5.13
uscs a P gain of 4500; as it is too large, the pitching angle turns out to be vibrating
around the set point.

After trials on the P coutrol, a group of PID control tests were conducted. Figure

5.14 gives an example of a successful PID coutrol case with a settling time of about
20 sec. It is obvious that the glider pitching angle reaches the set point much faster

than the P control in Figure 5.12.
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The effects and observations from the tests are selected and sunmmarized below.

Table 5.5: PID Pitch Control Results

79

Saturation of | P Gain | I Gain | D Gain | Time Obscrvation
Motor Speed Used
200 50 0 0 150 No overshoot, 1o
vibration.
200 450 0 0 40 Overshoot, no
vibration.
400 100 0 0 130 No overshoot, no
vibration.
400 900 0 0 50 Overshoot, no
vibration.
100 3000 0 0 inf Overshoot, vibration.
600 150 0 0 60 No overshoot, no
vibration.
600 4500 0 0 inf Overshoot, vibration.
600 810 100 200 inf Unstable.
600 500 10 50 22 No overshoot, no
vibration.

The time history of the pitch angle, battery pack longitudinal position and the motor

speed sigual are plotted for all the tests. The raw data is also filtered using a simple

digital low pass filter. The plots can be found in Appendix A.




80
5.5 Calculation and Test of Mass Moments of In-
ertia

The IOT Glider was supported by two frames with ball bearings to determine the
moments of inertia about the X-axis and Y-axis.

The glider was set to a small initial pitching angle (rolling angle) and released to
perform free oscillations. The pitching angle (rolling angle) time history was recorded
by nieasurements with the inclinometer. Figure 5.15 shows the rolling angle time
history in the Iza test; Figure 5.16 shows the pitching angle time history in the ITyy
test.

The rotational motion period T was captured from the plots and the moment of

¥-axis Pendulum Test Rolling Angle Time Histary

Rollirg Angle (deg)

-ED I ] 1 i A i

Time {s)

Figure 5.15: Rolling Angle Tinie History in the lxx Test




Y-axis Pendulum Test Pitching Angle Time History
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Figure 5.16: Pitching Angle Time History in the Tyy Test

inertia can be evaluated fronm the small angle penduluin theory. The derived equation

for caleulating moments of inertia is Equation 5.5

[@a
c
A

[:(Zz)zxszG (

m

where M is the total mass of the glider, as a 1.37kg ballast mass was attached in the
tail section, M = 11kg; =G is the CG position from the centre of rotation axle, which
is taken as r@G.

The estimated rotation period and the evaluated moments of inertia arc shown in

Table 5.6.




Table 5.6: Moment of Inertia Measurcment Results

Period (s) [ Moment of Inertia (kg - mn?)
About X-axis 1.7 0.016
About Y-axis 9.8 0.525

5.6 Summary

This chapter demonstrates the proper working of the pitch and roll mechanism on the
IOT Glider. Several tests were conducted, including steady-state pitch and roll tests
and pitching angle PID eontrol tests. Measurements were also applied to determine
several mass properties of the glider. Rolling angle PID control tests were not con-
ducted because they are using similar control algorithm and experimental set-up. By
now, the IOT Glider is equipped with its buoyancy engine, pitch and roll mechanism

and several on-board sensors. The vehicle is working properly and has been tested.

[t is now ready to be put underwater.




Chapter 6

Deep Tank Testing of the IOT
Glider

6.1 Introduction

The glider components have all been assembled together; the pitch and roll mechanism
is now working properly. A group of tests in water was performed next. The 10T
Glider was made to fly with various combinations of buoyancy engine actuator position
and positions of the pitch actuator for the battery pack. Then a look-up table was
made to study the effects of the two varying factors.

This chapter presents preparation work before the tests, the procedure of the tests

and results fromn the tests.

33
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6.2 Test Set-up and Water Tanks at MUN

6.2.1 Water Tanks at MUN

The OERC (Ocean Engincering Rescarch Centre) at MUN is equipped with several
water tanks, including a 52 m long wave tank, a 12’ x 12’ x 13’ deep water tank, a
30 x 17" x 22" open water flume, a 12" x 3’ x 1'8” trim tank and a riverbed flumne.
These facilities help with the tests of the IOT Glider in water. The tests presented in

this chapter were conducted in the tanks at MUN.

6.2.2 Leak Check

The IOT Glider is assembled from a number of sections joined together using O-ring
seals. Moreover, the end cap also contains three ports for sensors, wire, and the
air valve [15]. As a result, before putting the IOT Glider underwater, a leak test is
necessary for verifying these seals and for ensuring the vehicle is watertight.

As it has been proved that the main air leakage appears through the cable [15], a
section of cable with one of its ends sealed and blocked was used instead. Figure 6.1
shows the end cap and the sealed cable section.

All clectronic components were moved out of the glider. After assembly of the
glider’s bare hull. a vacuum pump was used to establish a 24” Hg vacuum inside. It
was then left in the bottom of a 1 m deep tank. A total of 27" Hg pressure difference
was generated between inside and outside of the glider hull. The inside pressure was
tested after several days. The results are shown in Table 6.1.

As the IOT Glider is designed for lab use only, a normal test will take place within a
few miutes; this is long enough time in the leak test to verify its sealing. As shown,
there was just 3” Hg drop of the inside vacuum in such a long duration, so we conclude

that the sealing on the IOT Glider is ready for the future underwater tests.















6.3 Procedures and Results

6.3.1 Ballasting

After assembly (remove the ballast mass during the tests in air), the IOT Glider floats
when put in water. Suitable ballast mass needs to be mounted on the glider. At the
same time, to approximately level the glider, the appropriate amount of mass put in
botli nose section and tail section is necessary. After several trials in the Trim Tank
at MUN, a 0.727 kg mass was fixed in the nose section, located at 101.6 mm aft of
the glider nose tip; a 1.510 k¢ mass was fixed in the tail section, located at 1117.6
mm aft of the glider nose tip.

The rest ballasting was accomplished by using the buoyancy engine and the pitch and

roll mechanism following the steps shown below.

1. Use the buoyancy engine actuator to make the glider neutrally buoyant when

fully submerged in the Deep Tank.

2. Move the pitch actuator for the battery pack to achieve a level-pitch attitude of

the glider while it is fully submerged.

3. Move the roll actuator for the battery pack to achieve a level-roll attitude of the

glider while it is fully submerged.

Figure 6.6 shows a photo for ballasting and trimming in the trim tank at MUN. It
was found that the buoyaucy engine in the 2.1 ¢m position makes the glider neutrally
buoyant. The battery pack in the —8 mm linear position makes the glider have a
level pitching attitude. The battery pack in the —35 degree rolling position makes
the glider level in its rolling attitude. Based on this configuration, using Equation 3.9
we call obtain the longitudinal position of the glider’s centre of gravity. It is 677 mm

aft of the glider’s nose tip. It is also concluded that the centre of buoyancy is located






6.3.2 Experiment Design and Results

Both rising tests and diving tests were conducted with different buoyancy engine
position and battery pack linear position combinations. The wings are settled in their
most forward positions in order to generate more hydrodynamic pitching moment on
the vehicle from the wings.

At the start of each diving run, the desired buoyancy engine and battery pack positions
are sct. Then the glider is held at the water surface and fully submerged. When
the water calms down, we set the glider free and let it fly. During the flights, the
glider real-time pitch attitude in deg and the depth information (pressure outside the
glider) among other data are measured and recorded by the electronic equipment and
are transmitted and shown on a desktop PC. Figure 6.7 shows a photo of one of the
diving tests.

At the start of cach rising run, the desired battery pack position is first set. Then the

Figure 6.7: A Diving Run

glider is adjusted to dive mode by retracting the buoyancy engine. Put the glider into
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water and settle it down at the bottom of the tank using the cable. After the glider is
set at the bottom of the tank, set the buoyancy eugine to the desired position. Then
the vehicle begins to rise. Figure 6.8 shows a photo of one of the rising tests.

The buoyancy engine position is varied by —1 em, —0.5 c¢m, 0.5 ¢m, and 1 cm

Figure 6.8: A Rising Run

with regard to its neutral position 2.1 ¢m; the battery pack position is varied by —8
mm, 0 mm, 8 mm, and 16 mm with regard to its neutral position —8 mm. Note
that positive numbers mean forward movements of both the buoyancy engine and
the battery pack. Using Equations 3.7, 3.8, and 3.9, the buoyancy-gravity difference,
longitudinal centre of gravity, and longitudinal centre of buoyancy can be evaluated
for each combination. These paraineters for all the tests are sumimarized in Table 6.2,
6.3, and 6.4.

In cach diving (rising) run, the glider pitching angle keeps increasing (decreasing)
at the start; then it turns stable, which demonstrates the reaching of the steady state
in the glider’s typical motion[1].

The barometric pressure time history can be turned iuto depth information using



Table 6.2: Buoyancy-Gravity Difference (W-B) Status for the Tests (unit: V)

Buoyancy Engine Position (cm)

Rising Diving

1 0.5 -0.5 -1
Battery | 16 -0.3532 -0.1766 0.1766 0.3532
Pack 8 -0.3532 -0.1766 0.1766 0.3532
Position | 0 -0.3532 -0.1766 0.1766 0.3532
(mm) | -8 -0.3532 -0.1766 0.1766 0.3532

Table 6.3: xG Status for the Tests (aft of the glider’s nose tip; unit: m)

Buoyancy Engine Position (cm)

Rising Diving

1 0.5 -5 -1
Battery | 16 0.6757 0.676u 0.6760 0.6769
Pack 8 0.6761 0.6764 0.6770 0.6773
Position | 0 0.6764 0.6767 0.6773 0.6776
(nun) | -8 0.6767 0.6770 0.6776 0.6779

Table 6.4: xB Status for the Tests (aft of the glider’s nose tip; unit: m)

Buoyancy Engine Position (cm)

Rising Diving

1 0.5 -0.5 -1
Battery | 16 0.6756 0.6763 0.6777 0.6784
Pack 8 0.6756 0.6763 0.6777 0.6784
Position | 0 0.6756 0.6763 0.6777 0.6784
(mm) | -8 0.6756 0.6763 0.6777 0.6784
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Equation 2.6. The pressure in open air is also measured using the same sensor to
eliminate error; it is typically Py = 101.6k Pa. Then the time histories of the pitching
angle and depth are plotted. Two example cases are shown in Figures 6.9 and 6.10.
Figure 6.9 shows a rising case and Figure 6.10 shows a diving case.

The experiment design and results are summarized in Tables 6.5 and 6.6.

Depth Time Histary

Depth (m)

Time (s)

Pitch Angle Time Histary

Pitching Angle (deg)

Figure 6.9: Buoyancy Engine 0.5 ¢m, Battery Pack —8 mm, Rising

From the test results we can see that the IOT Glider has a motion pattern similar
to the SLOCUM glider. It will pitch into a steady state in about 10 seconds. Two of

the main features of its steady state, depth rate and pitching angle, are dependent on



Depth Time History

60

Time (s)

Pitch Angle Time History

Pitching Angle (deg)

Figure 6.10: Buoyancy Engine —1 c¢m, Battery Pack 0 mm, Diving

Table 6.5: Rate of Asceut or Descent Results from the Tests (unit: m/s)

Buoyancy Engine Position (cm)

Rising Diving

0.5 -0.5 -1
Battery | 16 -0.055 -0.05 0.167 0.341
Pack 8 -0.073 -0.057 0.25 0.326
Position | 0 -0.115 -0.055 0.16 0.27
(mm) | -8 -0.225 -0.13 0.072 0.15
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Table 6.6: Pitching Angle Results from the Tests (unit: deg)

Buoyancy Engine Position (cm)
Rising Diving
1 0.5 —0.5 -1
Battery | 16 -10 -6 55 63.25
Pack 3 -17.5 -13 95.37 59
Position | 0 -31 -20 56 o4
fmm) | -8 -38 -16.7 32 53

both the buovancy engine position and the battery pack position.
A\ y

6.3.3 Steady State Results From Numerical Model

To make a comparison with the steady state experimental data from the IOT Glider
water tank tests, numerical results are obtained from a simplified version of the sim-
ulation model described in Chapter Three and Founr.

As seen from test results; in the steady states of the [OT Glider, the turning rates of
the vehicle in all three directions are zero and the velocity of the vehicle is constant.
As a result, in the steady state the added mass terms are making no contributions
to its motion any more. In addition, as no rolling motion is involved in the tests,
the motion is reduced to only three degrees of freedon, surge, heave and piteh. The

motion equations arc siniplified to he:

Xus(w _piston,a batt, 8) + Xwig(Va, ) + Xgar(Va, o) =0
Zus(x_piston,x_batt,0) + Zwing(Va, ) + Zun(Va, o) = 0 (6.1)

Mpyg(x_ piston,x_batt,0) + My ing(Va, ) + Myu(Va.a) =0

where HS means hydrostatic forces which can be evaluated from 3.13, Wing means

hydrodynamic drag and lift forces on the wings and Hull means hydrodynamic drag
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and lift forces on the bare hull. V, is the total velocity of the IOT Glider, « is the
angle of attack of the IOT Glider, € is the pitching angle of the IOT Glider. Ouly
the X and Z directions forces and the pitching moment in the body-fixed frame are
involved.

The equation system has three unknown variables, V4, «, 8, which can fully define the
moving status of the vehicle in its steady state. x piston and x__batt are the initial

input variables. Using ‘fsolve’ function in MATLAD, the cquation system can be
solved. The evaluation of the hydrostatic and hydrodynamic forces and moments can
be referred to Chapter 3 and Chapter 4 for details. The MATLAB scripts for solving
the steady state variables can be found in Appendix F. The two input variables are

varied as same as in the water tank test designn. The results are sunnmarized in the

following tables.

Table 6.7: Rate of Ascent or Descent Results from Numerical Model (unit: m/s)

Buoyancy Engine Position (cm)
Rising Diving
0.5 -0.5 -1
Battery | 16 -0.1449 -0.0483 0.1743 0.3447
Pack 8 -0.2093 -0.0622 0.1331 N NAR
Position | 0 -0.2646 -0.0867 0.0855 V. 20U
(mm) | -8 -0.3106 -0.1341 0.0619 0.2038

Table 6.8: Pitching Angle Results from Numerical Model (unit: deg)

Buoyancy Engine Position (cni)
Rising Diving
0.5 —-0.5 -1
Battery | 16 -24.1 -8.6 36.4 48.4
Pack 8 -31.9 -14.7 29.4 43.6
Position | 0 -38.5 -21.4 21.2 38
(mm) | -8 -44.1 -29.6 14.5 31.3
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From the prediction results and the experimental results, a comparison is available.

Figures 6.11, 6.12, 6.13 and 6.14 show the comparison between prediction from the

model and the result from the water tank tests. Clearly the water tank test results

confirm the trend in the predictions. Although most results are well predicted from
nunerical model, the agreement between the figures is not perfect. It might be ex-
plained by the effects from the existence of the communication cable during the water
tests. The communication cable is not included in the numerical simulation model.
However, the cable still has inertia and will involve added mass and hydrodynamic
drag forces during the motion of the IOT Glider, even if foam blocks have been at-
tached to make it neutrally buoyant. The comparison gives coufidence on hoth the
numerical model and the water tests. It also stimulates future improvement of the
water tank tests. Future experiments should eliminate the communication cable by

allowing the IOT Glider be pre-programmed to dive and rise autonomously.

60
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Figure 6.11: The Pitching Angle Results from Simulation









Chapter 7

Conclusions

The design and assembly of the lab-scale underwater glider, the IOT Glider has been
completed. The pitch and roll mechanism design has been rechecked and realized.
The wing and wing mount design allows the wing position to be adjustable. The
nose section and tail section shapes make the IOT Glider torpedo-shaped. Software
development for the glider has been accomplished. Equipped with various sensors on
board, the IOT Glider is able to dive and rise underwater and is capable of active pitch
and roll control. Tests of the glider pitch and roll mechanism has been conducted.
The mechanism is working properly. Some mass properties of the glider have been
measured by testing the glider in air. PID control has been conducted for pitching
angle control in air. Testing in water has been conducted varying the buoyancy cugine
position and battery pack longitudinal position.

From the tests in air and the tests underwater, it was found that the IOT Glider
is sufficient for a research platform. From the water tests we found that during the
motions of this glider, its rate of ascent and desceunt and pitching angle are dependent
on both its buoyancy engine position and battery pack position.

To study the hydrodynamic performance of the glider, CFD analysis has been con-
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5-hole or 7-hole probe for measuring the instantaneous angle of attack (AOA).
Calibrate this AOA sensor. Perform dives and turns and mecasure the instanta-

neous AOA.

Upgrade the 6-DOF simulation code to include the results from the tests. De-
sign some specific manoeuvres for the glider which will enhance the presence
of certain hydrodynamic coefficients. Perform those experiments and compare
the values of the experimentally-determined hydrodynamic coefficients with the

value predicted by the CFD process, analytical and other methods.



Bibliography

1]

(6]

R. Bachmayer, N. E. Leonard, J. Graver, E. Fiorelli, P. Bhatta, and D. Paley.
Underwater gliders: Recent developments and future applications. Underwater

Technology, 20-23 April:195-200, April 2004.

Christopher Baker. Estimating drag forces on submarine hulls. Technical Report

CR 2004-125, Defence R&D Canada - Atlantic, September 2004.

Robert D. Blevins. Applied Fluid Dynamics Handbook. Van Nostrand Reinhold

Company Inc., 1984,

Brian Claus. Development of an underwater glider equipped with an auxiliary

propulsion module. Master’s thesis, Memorial University of Newfoundland, 2010.

Charles C. Eriksen, T. James Osse, Russell D. Light, Timothy Wen, Thomas W.
Lelunan, Peter L. Sabin, Jolin W. Ballard, and Andrew M. Chiodi. Seaglider:
A long-range autonomous underwater vehicle for oceanographic research. IFEE

JOURNAL OF OCEANIC ENGINEERING, VOL. 26:424-436, 2001.

Thor I. Fossen. Guidance and Control of Ocean Vehicles. John Wiley & Sons,
1994.

104



7

[10]

[11]

[12]

[13]

[14]

[15]

16)

105

Mogin He and Christopher D. Williams. A simple method for hydrodynamic
prediction of the manoeuvring performance of a twin-pod vehicle. In The 29th

American Towing Tank Conference, 2010.

Gerald Hewitt. Design of pitch and roll control for the IOT Glider. Technical

Report SR-2005-28, National Research Council Canada, December 2005.
Sighard F. Hoerner. Fluwid Dynamic Drag. Published by author, 1965.

Nicholas Janes. Design of a buoyancy engine for an underwater glider. Technical

Report LM-2004-13, NRC-IOT, April 2004.

Timothy Prestero. Verification of a six-degree of freedom simulation model for

the remus autonomous underwater vehicle. Master’s thesis, MIT, August 2001.

Jeff Sherman, Russ E. Davis, W. B. Owens, and J. Valdes. The autonomous un-
derwater glider spray. IEFEE JOURNAL OF OCEANIC ENGINEFERING, VOL.
26:437-446, 2001.

Ben Skillings. Buoyancy engine construction and design for an underwater glider.

Technical Report LM-2004-21, NRC-IOT, August 2004.

Giorgio F. Stante. Dynamic simulation of the slocum glider. Technical report,

McGill University, 2007.

Christopher Warren. Testing and evaluation of a buoyancy engine for an under-

water glider. Technical Report SR-2005-03, NRC-10T, April 2005.

George D. Watt. Estimates for the added mass of a multi-component, deeply
submerged vehicle part one: Theory and program description. Technical report,

Defence Rescarch Establishment Atlantic (DREA), 1988.



106

[17] Douglas C. Webb, Paul J. Simonetti, and Clayton P. Jones. Slocum: An un-

derwater glider propelled by environmental energy. volume 26, pages 447-452,

2001.

Christopher D. Williams, Ralf Bachmayer, and Brad deYoung. Progress in pre-
dicting the performance of ocean gliders from at-sea measurements. In Oceans,

2008.

Steven Williams. Trim, ballast and battery systems in a buoyancy engine for a

underwater glider. Techimical Report SR-2005-16, NRC-IOT, 2005.




Appendix A

Pitch Angle PID Control Plots

107



ny

Pitch Angle (Degree)

=]

1'0¢ uen J 7'y omsij

[

3

L

24

=

o

Battery Pack Paosition (mm)

O RCEIRUL

T

jeangeg ‘o 1

motor Spee

00g+ uot

Raw Fitch angle Cigial LPF Filtered Fitch angle
] i ! :
- L ,Qw_vmlvﬁvwlu‘ J‘W“‘v'm' o “‘Tmﬂrn\ el 3 3 - VNS SRVt G et
RN ITPP L . 0 e Ldndi SN SRR P I 2 [STTTTITION o o ol TP PP PTRPIN (RSTPPNRIT] P
n.}wiw\ . o4 e
: 2
= g 2 -
o C 2 . |y
y Lol g, -
i : Pl !
o £ it .
&2
| | _1 |
4o 60 B 100 120 140 160 180 2 ju} 20 40 0 a3 100 120 140 160 2
Time (s) Time (s)
Raw Batiery Pack Linear Pasdion Digital LPF Fitered Battery Pack Linear Position
- 2
= Es =]
— 5 ]
L 2
-7 2 e
o 10
i~
]
&
o
35 T :
& : //, . 4 o
: . 3 . l
40 &0 i1} 100 120 140 160 130 200 0 ot ac 60 i 1] 100 120 140 160
Tume (s) Time (s)
Raw Motor Speed Cngital LPF Filtered Motar Speed
200
150
i, 2 L\\
T =1 . -
- - . vl -
i 5 ™
Y =) ~— n
. I R B 1o = e 1 .
vt e 4 Lo o)L a [ENRN
i R Al Lt el - - g D,
- -50
40 60 80 100 120 140 160 18] 200 0 20 40 €0 23] 100 120 140 160
Time () Time (s)

801




00ZF uonrIneg ‘g uren) ( ‘0 wen 1 ‘061 umn) J gy oansig

Battery Pack Position (mm)

Pitch Angle (Degree)
N}

Raw Pitch Angle

o o 40 B0 &0 100 120 140
Time (s}
Raw Battery Pack Linear Pasition

40 50 &0 100 120 140
Time (s)
Raw Motor Speed
200
=
¥ 100
%)
g
g0 =
_1m Do N T
0 20 40 60 0 100 12 140

Motor Speed

Battery Pack Postion (mm)

Fitch Angle (Degree)

—_
(0]

-
o

()]

Digital LPF Filtered Pitch Angle

80 140

Time {s)

40

Digtat LPF Filtered Battery Pack Linear Position

g B R R I AR o
0 20 40 60 80 100 120 140
Time (s)
Digital LPF Filtered Motot Spee
<00 : T T ST T
m——r—
0
_1DD 1 _ 1 i 1 o1 M B
0 20 40 &0 80 100 120 140
Time (s)

601



Lo

Raw Piich Angle

3

Pitch Angle (Degree)

20 a0 50 €0 100 120
Time (&)

—_
j6 4}

—

Raw Battery Pack Linear Position

[y ]

(=}

Battery Pack Position (mm)

20 40 b0 50 100 120
Time (s)
Raw Motor Speed
T T T T T

Motor Speed

00ZF uorjeaieg ‘() urex) (J ‘() ues) [ ‘(0cF ues) J ¢y oandig

~

Digital LPF Filtered Pitch Angle

w

=)

—

Pitch Angle (Degree)

o

Battery Pack Pasition (mm)

&0 80 100
Time (3)
Digutal LPF Fitered Battery Pack Linear Positien
60 80 100

Time ()

Digital LPF Fillered Motor Speed

Motar Speed

011




00ZF uonemIvg ‘(g urex) (1 ‘0 uren) 1 ‘00gr ums) J 'y omsng

Motor Speed

Pitch Angle (Degree)

Batltery Pack Position (mm)

10

[

Raw Pitch Angte

60 80 100 120 140

Time (s}

Raw Battery Pack Linear Position

Time (s)

Raw Motor Speed

™1 J91-T5F -7t 1 7T

100 120 140

Time (s)

Motor Speed

Piteh Angle (Degree)

Battery Pack Position (mm)

Digital LPF Filtered Pitch Angle

4
2
_2~~::'-_,- L e sy :
0 .l 40 60 80 100 120 140
Time (5)
Digital LPF Filtered Battery Pack Linear Position
2
10
0 : - : S RN :
60 80 100 140

Time (s)
Digital LPF Filtered Motor Speed
T . L N

200 EE S B N

| \ S T SR e
) - \\MJ .. LA

1

Mg 0 10

111



Y oIngiy

e

1

00FF Topwmes ‘0 uen q ‘0 uren [ 00T 1w J

Motor Speed

Battery Pack Position {mm)
o

Raw Pilch Angle

4

@}

E .

3

o |-

22

2|

I

< 1

=

ED':I N R S R I I T [
N 20 a0 60 80 100 120 140 160 180

Time (s)
Raw Battery Pack Linear Position

D
o}

—
w

w

[}

0 20 a0 &0 &0 100 120 140 160 180
Time (s)
Raw Motor Speed

Pitch Angle (Degree)

Battery Pack Pasition {mm)

Qigital LPF Fiitered Pitch Angle

40 60 B0 100 120 140 160 180

Digital LPF Fitered Battery Pack Linear Position

Time (3)

e —————+

20 e0 81 100 123 140 1A3 180

Tirne (s)
Digital LPF Filtered Motor Speed

80 100 120 180
Time (s)

¢l



00FF uoneanieg ‘g uren) (1 ‘0 weo [ ‘00g e J 9y oIngdiyg

Muator Speed

Battery Pack Fosition (mm)

Pitch Angle (Degree)

[am)

Haw Hitch Angle

£a

30 40 0 60 70 B0

an
Time {s)
Raw Battery Pack Linear Position
40 a0 B0 70 g0 30

Time (s)

¥ RS R

AT AEIVRT T

1 i

40 50 60 70 g0 a0
Time (s)

IMotor Speed

gree)

w

Pitch Angle (De

Battery Pack Position (mm)

~

Dugital LPF Filtered Paitch Angle

28]

_

0 10 20

Time (s)

3 40 &0

Digital L PF Filtered Mator Speed

30 40 50
Tirme (s)

60 70 30 90

el




r
[

N 1006 UeD) J (LY 0andig

2
d

00FF uonegeg ‘() umes) (J ‘() urk

Motor Speed

Battery Pack Position {(mm)
=]

Pitch Angle (Degree)
a }

(]
o

()]

m

o

400

200

Raw Pitch Angte

e A bl PP TTILTICINITTY, . WP PP S eApope. | 1Y
s T | ekt 2 A o

50

00 150

Time (s}

Raw Battery Pack Linear Position

00 150

Time (s)

Raw Motor Speed

a0

Time (g)

Battary Pack Position (mm)

Motor Speed

Pitch Angle (Degree)

Digital LPF Filtered Pitch Angle

100 150 200
Time (s)

Dugital LPF Filtered Battery Pack Linear Fosition

100 150 20
Time (5]

250

VLl



Q0P F uonrIngeg ‘g mwen) (J ‘() weo [ ‘000g uren) J 8y oIS

Fitch Angle (Degree)

Motor Speed

Battery Pack Position (mm}

w
[E4]

(]

rJ
a1

ey
en]

[ux]

o

a

F

Raw Pitch Angle

N3

0 50 100 150 200 250 300 350

Time ()

—_
N

Raw Batlery Pack Linear Position

0 50 100 150 0 250 30 380

Time (g)
Raw Motar Speed

150 200 250 300 3E0
Time {g)

Fitch Angle (Degree)

Motor Speed

Battery Pack Position (mm)

[}
(8]

Digital LPF Filtered Pitch Angle

“"51" ; lH!‘ |J!i|3 |l|i it ..g| lllll.u il mﬂll P
|trlr|;| pir IIH”HIH] ” il 111||| I'|£:

0 ' a0 -1DIJ 150V 200 . 25[] . 300 350

Time (3)

Digital LPF Filtered Battery Pack Linear Position

T 100 150 a0 #0300 30

Time (s)

D|gital LPF Filtered Motor Speed

g xmunnu;m.m j

IR

0 50 mh 120 200 %0 300 350

QIl



009F uoneanjeg ‘(g uren) q ‘0 uren) [ ‘0¢1 1en) 4 6V onsiyg

Matar Speed

Pitch Angle (Degree)

Battery Pack Position (mm)

Raw Pilch Angle

Time (2)
Raw Battery Pack Linear Position

120

Time [s)
Raw Molor Speed

T P B LI N T . 1

Ritch Angle (Degree)

16

10

Battery Pack Pasition (mm)

Motor Spead

Chgital LPF Fiitered Pitch Angle

Time (s)

Cigital LPF Filtered Battery Pack Linear Pesition

20 40 B0 =R EEE:

Time ()
Digital LPF Filtered Motar Speed

911



000F UOHRIRG *( Uy ([ ') ures) [ 0GF ures) J 01y omstg

Raw Pitch Angle

m\f FERT LT J.ilf\mm

I R A L

Pitch Angle (Degres)

40 60 80 100 ' 120
Time (s)
Raw Battery Pack Lineat Position

Battery Pack Fasition (rnm)

0 20 40 60 o m 10
Time (s)
Raw Motor Speed

Motor Speed

w

Pitchr Angle (Deyree)
. o =
th =) n N

[

Battery Pack Position (mm)

=

Motor Speed
[N
o
o

Digitat LPF Filtered Pitch Angle

: - 3“”-\)_‘ kAL \‘}m‘ e, A‘v“'-’i" N 1\”,- "
A o : : : . :
L - . B . R ‘ 3 :

Time (3]

20 40 60 60 . 100 120

Digital LPF Filtered Battery Pack Linear Fosition

Time (s)

20 40 60 80 0 120

5

Time (s)

L11




Ritch Angle (Degres)

[\

(=)

Haw Piich Angle

o 10 20 30 40 50 &0 70 &0 90

Time (=)
Raw Battery Pack Linear Position

Pitch Angle (Degree)

Digital LPF Filtered Paitch Angle

40 50 60 70 80 1]
Time (g)
Digital LPF Filtered Battery Pack Linear Position

p—
(53]

m

o

Battery Pack Posttion (mm)
=

_
=
£

=
c
=1

=
@
o

o 10

=
3]
)

a.
=
Z
@
&
=
™

m

0 0 20 30 40 s1 B0 70 &0 90 0 10 20 30 40 s 6170 80 @

009F morprInyeg ‘() wre (1 ‘0 uren) 1 06T uieD) J ([1Y 2ansig

fotor Speed

Time [5)
Raw Motor Speed

10

Motor Speed

00

Tirme (s)
Digital LPF Filtered Motor Speed

A a P

Aon g L,

Y AN

410 50
Time (s)

gL1



[ap}

I

Pitch Angle (Degree)

[wm] (]

Battery Pack Position (mm)

1000

500

Motor Speead

-1000

009F TOMRILS ‘0 Ues) ('O WD [ '00GF e J g1y ondig

Raw Pitch Angl

Time (<)

—[jlif

0 ' &0 1o ' 150

Time (s)
Raw Molor Speed

-500 —

Motor Spead

o —_ ] w =9

Pitch Angle (Degree)

—
(o)

—
o

Battery Pack Posiion (mm)

1000

500

1000 L=

Cn gl al LPF Filtered Pitc hArgIe

A 4 ﬁ!ﬁﬂﬁﬂ\ﬂﬂ*nnnﬂﬂfﬂﬂnﬁ

,/ YUY uwvvvvuwuvvvuv *vuy@

T m ' m
Time (s)

150

=

Digital LPF Filtered Batlery Pack Linear Position

IJ\

1\/\‘“\(\,\ TR SR : i

; - A ’VN\/XPJV\W\AMU\/\, :

[=] (&, ]

T ' m
Time (s)

150

Digital LPF Fittered Motor Speed

-500 A A

150

GI1



D 17008 MY g1y omSiyg

X
[}

:

0g uren ( ‘o1 e

O09F torjemILg ¢

Motor Speed

Battery Pack Position {(mm}
=

Raw Pilch Angle

=N

@ B AN A i .
oy Lo : | :
§3 Ll N : .
o R T :
& 2 e, o
= B
< A
R YaRE
=

G

0 5 10 15 20 2
Time (5}

30

Raw Battery Pack Linear Fosition

‘35

40

45

[\
[ )

—_
o

M

o

0 & 10 15 2 %
Time (s)
Raw Motor Speed
800 —

45

400 R 5

200

-200
0

Time (s)

Pitch Angle (Degree)
L]

Battery Pack Position (mm)

Matar Speed
19 [u)]
=] =

)
=

Digital LFF Fiitered Fitch Angle

10 15 20 25 30
Tirme (5)

35

45

Digital LPF Filtered Batlery Pack Linear Position

33 IF S SIPN BORS

0 15 20 25
Time (s)
Cigital LPF Fittered Mator Speed

I
=]

0gl




=5
—
ae
—
=
97
>
—
e
=
P
o~
=.
=
oo
—
=
—
)
o
=.
=
=
—
<@
=
-,
»)
m
=.
=
=
]
=
=
w2
o
-
—
=
o
=
=.
@]
=
=
H
N
-]
j}

Motor Spead

EN m

N

Ritch Angle (Degres)

=

—
)]

)]

Battery Pack Positior (mm)
=

[}

1000 —

S0

-1000

Raw Fitch Angle

q ....... ﬂ ﬁ {\ [\ ]

15 w25 W % 0 45 &0
Time (3)
Raw Battery Pack Linear Pasition

]
]

I EEEE:
Time (s)
Raw Motor Speed

T B T . T C T - T N T . Bl

Time (s)

Muoter Spesd

Pitch Angle (Degres)

Battery Pack Position (mm)
=)

1000

S0

Digital LPF Filtered Pitch Angle

a 5 10 15 20 Jid 30

35 40
Time (s}

Digital LPF Filtered Battery Pack Linear Pesition

Time (s}

...............................................................................................

Time {s)

1¢1



009F uOBRIRS ‘00T WeD) (I 'GT WD) 00§ e J (G1'V oandig

Mntnr Speed

Battery Pack Position {(mm)

Raw Pitch Angle

=

T
z Dl
2T
=T FRPPI IS B
@ 2 N
2 i
< 1 yas
b :
0

8] ) it 15 20 24 30 ¥* 40 45
Time (s)
Raw Battery Pack Linesr Posthion

Time (s)
Raw Mator Speed
600

400

200

-200
0 5

Motor Speed

Battery Pack Position (mm)
=]

Pitch Angle (Degree)

Digital LPF Filtered Pitch Angle

5 10 15 20 25 3 3B 40 45

Time (3)
Cigital LPF Filtered Batlery Pack Linear Positicn

5 10 15 20 25 3 3% 40 45

Time (3)
Cigital LPF Filtered Motor Speed

ael



Appendix B

Deep Water Tank Test Plots
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Figure B.1: Buoyancy Engine 1 cm, Battery Pack 0 mm, Rising
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Figure B.3: Buoyancy Engine 1 em, Battery Pack 16 mm, Rising
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Figure B.4: Buoyancy Engine 1 ¢m, Battery Pack —8 mm, Rising
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Figure B.5: Buoyancy Engine 0.5 ¢m, Battery Pack 0 mn, Rising
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Figure B.11: Buoyancy Engine —1 ¢m, Battery Pack 16 mm, Diving
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Uuse= E8 OEM Optical Kit Encoder
DIGITAL Page 10f8

The E8P optical incrementai kit encoder is esigned for high volume, low cast, ;
mid-resolutich OEM motion control appiications. The E8P is small enough for a §
NEMA Size 11 stepper motor. Tre E8P uses a single 5V supply and offers two ;
TTL quadrature outputs. Single-ended or differential output options are availabie.
A single chip reflective encoder module incorporates an LED. monalithic detector
and molded lenses. The phased array technology accepts far wider mechanical
tolerance and misalignment than traditional aperture type encoders. The E8P
uses an innovative, patent pending, push-on codewheel that provides extrenmely
secure and accurate, yet easy installation without setscrews.

The E8P provides mounting holes for two #4-40, length .250" screws or t«0 {
M2 5x.45mm. length 6mm screws on a 0.75" diameter holt circle. 'When i
mounting holes are not available. an option with a transfer adhesive pre-applied “
o the base is available. A centering tool is provided to center the hase to the
motor shaft during instaltation. The codewheel pushes on by hand using a ————
spacer tool to set the gap in one step. The cover snaps on o ccmplete the
assembly in seconds.

Features

+ Subminiature size, easy installation

The singie-ended output version has a 4-pin high retention polanzed connector + Single-ended or differential output option
and is designed to dfive cables up to six feet long. For longer cable iengths, the + A and B quadrature TTL outputs
differential output version (6-pin connector) is recommended to nxaximize noise + Fits shatt diameters from 0.118" (3mmy to
immunity. The intemal 26C31 differential line driver can source and sink 20 mA 0.276" (Tmm) i

at TTL levels. The recommended recewer 1s industry standard 26C32. Maximum + Accepts +- 0.020" axial shaft piay

noise immunity is achieved when the differential receiver is terminated with a 110 + Off-axis mounting tolerance of 0.010"

(Y resistor in seres with a .0047 [ F capacitor placed across each differential » Count frequency from DC to 60 kHz

pair. The capacitor simply conserves power. Otherwise power consumption + 180 to 512 cycles per rev (CPR}

would increase by approximately 20 mA per pair, or 40 mA for 2 pairs. + 720 to 2048 quadrature states per rev.

+ Singie +5Y supply

 Mechanical Drawing

yse= 1400 NE 136th Avenue info@usdigital.com Local: 360.260.2468

DIGITAL Vancouver, Washington 98684, USA waww.usdigital.com Toll-free; 800.736.0194

Rev 1113123132801






















SCA121T Series

ELECTRICAL CONNECTION

SCA121T series

Wire color Name Function
Blug GND Ground
Red Vee Power supply
Yellow Qut X X-axis output
Green OutyY Y-axis output
White Not connected

MECHANICAL SPECIFICATION MOUNTING

Cable length: ggg oot ]313 ir:] The sensor module is to be mounted on a flat and smooth surface
Total weight: Approx. 60 grams with 2 screws, dimension M4. Mounting torque 5 +1Nm.
Protection ctass: P66

Housing: Zinc casting with passivation

SENSOR DIMENSIONS

Dimensions in mm.

29

Figure 2,

‘%
= XY
o Y

VOLTAGE TO ANGLE CONVERSION

Inclination angle = arc sin (

Vout - Offset)

Sensitivity
where:
Vout = analog output [V}
Offset = 2.5 V, output at 02 inclination position

Sensitivity = sensitivity of device (V/q]

VTl Technologles Oy
Myllynkivenkuia 6
P.0. Box 27

F1-01621 Vantaa

Finland
Tel, +358 9 879181
9 87918791

VT Technologies Oy
Frankfurt Branch
Rennbahnstr, 7274
-60528 frankfurt am Main
Germany

Tel. +49 69 6786 880

Fax +49 69 6786 8829
sales.ded@vtifi

VTI Technologies, Inc.
One Park Lane Blvd.

Suite 804 - East Tower
Dearborn, M| 48126

USA

Tel, +1 313 425 0850

Fax +1313 425 0860
sales@vtitechnologies.com
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#define PitchMotorGAIN  3.840FE-5 // mm/EncoderStep

#define RollMotorGAIN  0.0075 // degree/EncoderStep
#define PitchMotorSpeed 200 // ROR, ROL max spced
#define RollMotorSpeed 40 // ROR, ROL max spced

/++x EndHeader */

/**% FUNCTION PROTOTYPES & DESCRIPTIONS sk ok ook sk ok s skok ok ok ok ok ok ook k0% /

/**x BeginHeader sctupServialPortC =/

void sectupScerialPortC (void);

/**xx EndHeader =/

/% START FUNCTION DESCRIPTION sk s ok sk sk ok sk ok sk ko ok ok ok ook KOk o ok ook Kk

setupSerialPortC <TCMCcommunication . LIB>

SYNTAX: void sctupScrialPortC(void);

DESCRIPTION: Sets up scrial port C. Opens scrial port C
at 9600 baud with no flow control. Allows
communication with TCMC303.

Defines both CINBUFSIZE and COUTBUFSIZE
to be 255 characters.

PARAMETER:  None.

RETURN VALUE: None.

KEY WORIX: open, PortC, baud

END DESCRIPTION sk sk s sk sk ok ok ok ok ok ok ok ok ok o ok ook ook 4k K oK 3 Kok ok ok ok KOk Kok k% ok

void sctupSecrialPortC{void) {

serCopen (9600); // open serial port C, baud rate 9600 bps
serCwrFlush (), // flush scrial port C transmit buffer
serCrdFlush ();  // flush scrial port C input buffer
serMode (0): // port C sct up as RS-232, 3 wire
//communication port

}

/xxx Beginlleader msDelay x/

void msDelay (unsigned int delay ),

/*** EndHcader =/

/% START FUNCTION DISSCRIPTION sk s sk ok ok sk ok o ok o ok e 40k 4 40k % Kk kK

msDelay <TCMCcommunication . LIB>

SYNTAX: void msDelay (unsigned int delay);

DESCRIPTION: delay for # of ms

PARAMETER:  delay — # of s

RETURN VALUE: none.

KEY WORIX: delay ., ms

END DESCRIPTION oK R K oK K KK o o K K ok R o KK R Kk ok ok kR koK K Kok ok




nodebug

void msDelay (unsigned int delay)
{
auto unsigned long donc  time;
done time = MS _TIMER + delay;
while ( (tong) (MS TIMER — donc _time) < 0 ):
}
/#%x BeginHeader serCgets «/
charx serCgets{charx buffer);
/**x EndHeader =/
/* START FUNCTION DESCRIPTION ok o or ok ok s ko ok ok 4 % %k ok ok ok
serCgots <TCMCcommunication . LIB>
SYNTAX: charx serCgets(chars buffer);
DESCRIPTION: Reads in a string of characters from
serial port C into s=bhuffer
PARAMEIER: *buffer — Pointer to a character buffer
RETURN VALUE: Last string transmitted to Serial Port C.
KEY WORI®S: string , PortC
END DESCRIPTTION ko sk ok koo ook ok ok ok ok ok ok o K ok ok ok ook koK ok ok ok ok o ok ok ok ok ok ok % /)
chars serCgets(charx buffer) {

int i, temp;

// Get the data string that was transmitted to scrial port C

i = 0;
while ((temp = serCgetc()) '= —1) {
// Copy only valid RCV’d characters to the buffer
buffer [i++] = temp; }
return (buffer);

}

/x*xx BeginHeader serCdone /

int serCdonce{void);

/*xx EndHeader */

/* START FUNCITON DESCRIPTION ok s s s o s kok o ok 40k 40k 5 ok 4 ok % %

serCdone <TCMCcommunication . LIB>

SYNTAX: int serCdonc(void);

DESCRIPTION: Checks 1o sece that serial port C is
finished transmitting all the data
sent Lo it by checking if the write
bulfer is cmpty and the serial holding

and shift registers are empty.



PARAMEIER: Nonce.
RETURN VALUE: 1 if the port has finished transmitting.

0 if the port hasn’t finished transmitting.
P g

KEY WORIS: transmitted , PortC
END DESCRIPTION s s sk sk s sk ok 0ok 5 5 % ok o okok ok ok ook ok 6 ok kok o ok ok ok [
int serCdonc(void) {

unsigned int bufused . wrstatus;

// Wait for memory data buffer, scrial holding register

// » and shift register all to become empty
bufused = serCwrUsed ();
wrstatus = RdPortl (SCSR)&0x0C;
if ((!bufused) && (!wrstatus)) {
return (1},
}oelse |

return (0);

}

/+*x*x BeginHeader InitTMCM #/

void InitTMCM( void);

/**x EndHeader /

/x START FUNCTION DESCRIPTION ok s s oo ook % o ook k% ok ok ok %

Init’ I’NCM <TMCMcommunication . LIB>

void InitTMCM(void ):

DESCRIPTION : Initialize the TOMC 1Cs, sct
parameters for glider usc.

PARAMETTR:

RETURN VALUE:

KEY WORDS: Initialization , TOMC

FND DESCRIPTTION ek e ko o ook ok 4 okt or ko ok ok o 4ok %k bk ok ko ok ok [

void InitTMCM( void)

{

SAP(ActualPosition ,0,0):

SAP(ActualPosition ,1,0);:

SAP(AMaxSpeed 0, PitchMotorSpeed );

SAP(MaxSpeed , 1, RoliNotorSpeed );

SAP(MaxAcce ,0,2500);

SAP(MaxAcce,1,250);

SAP{MaxCurrent ,0,500);

SAP(MaxCurrent , 1 ,800);



SAP({StandCurrent ,0.200);

SAP(StandCurrent , 1 ,300);

SAP( Microstep ,0,6);

SAP( Microstep .1 ,6);

(
SAP(EuncoderPosition ,0,0);
(

SAP( EncoderPosition ;1,0);

}

/+¥x BeginHcader ROR */

char ROR(char Motor,

/*+x EndHeader x/

long Spced);

/* START FUNCTION DESCRIPTION % ok %k ok ks ok % % ok ok ok okok ok 5 %k

ROR

SYNTAX: char

DESCRIPTION:
PARAMETER:

RETURN VALUE

KEY WORIX:

END DESCRIPTION sk oo sk sk sk s ok ok ok ok ok okok ok kok ok ok ko ok ok ok ok ok ok ok /)

char ROR(char Motor,

{

char

<TMCMcommunication . LIB>

ROR(char MNotor, int

Speed);

Rotate Right.
Motor — motor number, 0,1,2.
Speed — Velocity , 0..2047

¢ Status number if checksum

(100 — ok)

0 if checksum wrong

rotate , right

TxBuffer [9];

char RxBuffer [9]:

char

i . Checksum;

TxBuffer[0]=0x01:

TxBuffer[1]=0x01;

TxBuffer [2]=0x00;

TxBuffer [3]= Motor;

TxBuffer
TxBuffer
TxBuffer [6]= Speed
TxBuffer [7]= Speed

TxBufter [8]=0;

for (

//Now, scnd

for (i=0;

P=0; i<8: it+4)

[
[5]=Spced >> 16;
(

long Speed)

4]=Speed >> 24

>> 8
& Oxff;

TxBuffer [8]+=TxBuffer [i];

the 9 bytes stored

1< i4+)

in

TxBuffer

to

correct,

the

module

1

3



serCpute (TxBuffer[i]);
msDelay (50);
serCgets ( RxBuffer ):
Checksum=0;
for (1=0; i<8; i++)
Checksum+=RxBuffer [i];
if (Checksum!=RxBuffer [8])
return U;
else
return (RxBuffer [2]):
}
/#*+ BeginHeader ROL */
char ROL(char Motor, long Speed);
/**x EndHeader =*/
/* START FUNCTION DESCRIPTION s % ko ok & kokok ok kokokok ok k ok
ROL < TMCMcommunication . LIB>

SYNTAX: char ROL{char Motor, int Speed);

DESCRIPTION: Rotate Left.
PARAMETER:  Motor — motor number, 0,1,2.
Speed — Velocity, 0..2047

RETURN VALUE: Status number if checksum correct.
(100 — ok)

0 if checksum wrong

KEY WORIX%: rotate , right
END DESCRIPTTON ok sk ok sk ok % ok 0K ok % K K K ok 0k kK KoK % kR KKk ok % [
char ROL({(char Motor, long Spced)
{
char TxBuffer [9];
char RxBuffer [9]:
char i, Checksum;
TxBuffer [0]=0x01;
TxBuffer[1]=0x02;
TxBuffer{2]=0x00;
TxBuffer [3]= Motor;
TxBuffer [4]=S8Speed >> 24;

4



TxBuffer[5]=S8peed >> 16:
TxBuffer [6]=Speed >> 8;
TxBuffer [7]=Spced & Oxff;
TxBuffer [8]=0;
for(i=0; i<8; i++)
TxBuffer[8]+="TxBuffer {i];
//Now, send the 9 bytes stored in TxBuffer to the module
for (i=0:i<9; i++)
serCpute ( TxBuffer [i]):
msDelay (50);
serCgets ( RxBuffer);
Checksum=0;
for (i=0; i <8 i++4)
Checksum+=R xBuffer [ i)
if (Checksum!=RxBuffer [8])
return 0
clse
return ( RxBuffer [2]):
}
/x+x Beginllcader MST x/
char MST(char Motor);
/*+x EndHeader «/
/% START FUNCTION DISCRIPTHON ok sk ok s ok sk okok ok ok ok ok ok ok %%
MST <TMCMcommunication . LIB>
SYNTAX: char MST(char Motor);
DESCRIPTION : Motor stop.
PARAMETER: Motor — motor number, 0,1,2.
RETURN VALUE: Status number if checksum corrvect.
(100 ~ ok)
0 if checksum wrong
KEY WORDS: motot , stop
END DESCRIPTION ok ok ook okok sk ok ok ok ok ok ok ok ok kK ko &k ok o ok ok ok ok %/
char MST{char Motor)
{
char TxBuffer [9];
char RxBuffer [9]:
char 1, Checksum:
TxBuffer [0]=0x01;
TxBuffer[1]=0x03;



TxBuffer[2]=0x00;
TxBuffer [3]= Motor;
TxBuffer [4]=0x00;
TxBuffer [5]=0x00;
TxBuffer [6]=0x00;
TxBuffer [7]=0x00:
TxBuffer [8]=0;
for(i=0; 1<8; i++)
TxBuffer[8]+=TxBuffer [i];
//Now, send the 9 bytes stored in TxBuffer to the module
for (i=05i<9; i++)
serCpute (TxBuffer [i]);
msDelay (50);
serCgets ( RxBuffer ),
Checksum=0;
For (i=0; i<8 i++)
Checksum+=RxBuffer[i];
if (Checksum!=RxBuffer [8])
return (G
clse
return { RxBuffer [2]);
}
/#**x BeginHeader MVP =/
char MVP(char Type, char Motor, long Value);
/*xx EndHeader «/
/* START FUNCTION DIESCRIPTION s ok ok sk ok 5ok o 540k % ok ok %k
NVP <TMCMcommunication . LIB>
SYNTAX: char MVP(char Type, char MNotor, int Value);
DESCRIPTION : Move to position.

PARANMETER:  Type — operation types, 0 — absolute |

1 - relative
Motor — motor number, 0,1 ,2.
Value — Position or offset.

RETURN VALUE:  Status number if checksum corrvect.
(100 — ok)
0 if checksum wrong

KEY WORIS: move ., motor, position

END DESCRIPTTION ok oo s o o ook ook kok ook o ok o ok ko ok ox ok ok [

char MVP(char Type, char Motor, long Value)

6



char TxBuffer [9]:

char RxBuffer {9];
char i, Checksum;
TxBuffer [0]=0x01;
TxBuffer[1]=0x04;
TxBuffer [2]=Typec;
TxBuffer[3]=Motor;
TxBuffer [4]=Value >> 24:
TxBuffer [5]=Value >> 16:
TxBuffer [6]=Value >> &;
TxBuffer [7]=Value & 0x(f;
TxBuffer [8]=0;
for (i=0; i<8 it+)
TxBuffer[8]+=TxBuffer [i]:
//Now, send the 9 bytes stored in TxBuffer to the module
for (i=0;i<9; i++)
serCpute (TxBuffer{i]);
msDelay (50):
serCgets ( RxBuffer);
Checksum=0;
for(i=0; i<8; i++)
Checksum+=RxBuffer [i];
if (Checksum!=RxBuffer [8])
return 0;
clse
return ( RxBufter [2]);
}
/*x+x Beginlleader SAP */
long SAP(char Paramter., char Motor, long Valuc);
/#++ EndHcader */
/* START FUNCTION DESCRIPTION sk ok ok ok sk ok ok ok 40k
SAP <TMCMeommunication . LIB>
SYNTAX: char SAP{char Paramecter, char Motor, int Value);
DESCRIPTION: Sct axis parameter.
PARAMETER:  Parameter — Parameter number
Motor — motor number, 0,1,2,
Value — parameter value.

RETURN VALUE: paramcter valuce



0 if checksum wrong

KEY WORDS: set , parameter

END DESCRIPTION ***********************************/

long SAP(char Paramcter, char Motor,
{
char TxBuffer{[9];
char RxBuffer [9]:
char i, Checksum;
long vd, v, v6, r7;
TxBuffer [0]=0x01;
TxBuffer[1]=0x05;
TxBuffer[2]=Paramcter;
TxBuffer[3]=Motor;
TxBuffer [4]=Value >> 24;
TxBuffer [5]=Value >> 16;
TxBuffer [6]=Value >> 8;
TxBuffer [7]=Value & 0xff:
TxBuffer [8]=0;

for (i=0; 1<8; i++)

long Value)

TxBuffer[8]+=TxBuffer[i];

//Now, send the 9 bytes stored in TxBuffer to the

for (i=0;i<9; i++)
serCputc{ TxBuffer [i]);

msDelay (50);

serCgets ( RxBuffer ),

Checksum=0;

for(i=0; i <8, i+-+)

Checksum+=RxBuffer [i];

r4d=(long) RxBuffer [4];
r5=(long)RxBuffer [5];
r6=(long) RxBuffer [6];
r7=(long) RxBuffer [7];
if (Checksum!=RxBuffer (8])
return 0
clse
return ((rd << 24) | (r5 << 16)
}
/*+x BeginHeader GAP «/

long GAP(char Paramter, char Motor);

(r6 << 8)

module

8
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/x#+x EndHeader */
/* START FUNCTION DESCRIPTION sk ook ok hk koo
GAP <TMCMcommunication. LIB>
SYNTAX: int GAP{char Paramcter, char Motor);
DESCRIPTION: Get axis parameter.
PARAMETER:  Parameter — Parameter number
Motor — motor number, 0,1,2.
Value — parameter value.
RETURN VALUE: parameter value
0 if checksumm wrong
KEY WORIDS: get, parameter
END DESCRIPTION skt ok ok skt sk okox sk ok ok sk sk %0k ok ok o ok skokok ok /
long GAP(char Paramcter, char Motor)
{
char TxBuffer [9]:
char RxBuffer [9];
char i, Checksum;

-

long Value, vd, rd, rG, r

75
TxBuffer[0]=0x01;
TxBuffer [1]=0x06;
TxBuffer[2]=Paramecter;
TxBuffer[3]=Motor;
TxBuffer[1]=0x00;
TxBuffer[5]=0x00;
TxBuffer[6]=0x00;
TxBuffer [7]=0x00;
TxBuffer {8]=0;
for (i=0; <8, i+4)
TxBuffer[8]+=TxBuffer {i];
//Now. send the 9 bytes stored in TxBuffer to the module
for (i=0:i<9; i++)
serCpute{ TxBuffer[i]);
msDelay (50);
serCgets ( RxBuffer )
Checksum=10;
for (i=0; i<8 i++)
Checksum+=RxBuffer [i]:
ri=(long ) RxBuffer [4];
r5=(long) RxBuffer [5];




r6=(long)RxBuflfer [6];

r7=(long ) RxBuffer [T];
if (Checksum!=RxBuffer [8])
return 0;
else
Value=(r4 << 24) | (rd << 16) | (r6 << 8) | rT:
return {Value );
}
/*%» BeginHeader readRMAngle =/
float readRMAngle(void);
/*xx EndHeader */
/* START FUNCTION DESCRIPTTON ootk sokokox ook ok o o
readRMAngle < TMCMcommunication . LIB>
SYNTAX: float readRMAngle(void);
DESCRIPTION : Read roll motor rotation angle,
determined by encoder position.
PARAMETER: N/A
RETURN VALUE: Current rotation angle of the roll motor, in
KEY WORIDXS: Angle position ,roll motor
END DESCRIPTTION ok sk sk o sk sk ook ok sk ok s ok ok % ko okok b okok o/
float readRMAngle (void)
{
long currentRecading;
float gain;
currentReading = GAP(EncoderPosition , RollMotor )
gain=RolIMotorGAIN;
return (currentReadingxgain);
}
/*x*x% Beginlleader readPNTPos #/
float readPMPos(void):
/xxx EndHeader */
/* START FUNCTION DIESCRIPTTON sk o sk ok o ok ok sk ok o o 4 ok ok % ok
readPMPos < TMCMcommunication . LIB>
SYNTAX: float rcadPMPos(void);
DESCRIPTION : Read pitch motor position,
determmined by cncoder position.
PARAMETER: N/A
RETURN VALUE: Current position of the pitch motor . in um

KEY WORDS: position ,pitch motor

degree



END DESCRITTTON ok ok ok 4 ok sk % %ok ok 5 ok bk 4k ok Aok kok [

float readPMPos(void)
{
long currentRceading;
float gain;
currentReading = GAP(EncoderPosition , PitchMotor);
gain=PitchMotorGAIN;
return {currentReading*gain):
}
/*»x BeginHcader MITP x/
float NMIP{char Motor, float Pos):
/**x EndHeader =/
/* START FUNCTION DESCRIPTTON sk ok stk sk ok sk ko kok %
MIT <TMCMcommunication . LIB>

SYNTAX: char M{P(char Motor, int Value);

DESCRIPTION: Move to position , feedback by encoder.

PARAMETER:  Motor — motor number, 0,1,2.
Pos — Target Position, in mn(motor 0)
or degree(motor 1).

RETURN VALUE: Current position
KEY WORIS: move, motor, position
END DESCRIPTION sk ook ok ok ok 4k ok ok 4 ok ok ook ok okok ok 4ok ok
float MIP(char Motor, float TPos)
{

long currentReading;

int i, spd:

float targetReading;

float gain;

currentReading = GAP(EncoderPosition ,Motor);

msDelay (50);

if (Motor==0)

{

gain=PitchMotorGAIN;

spd = PitchMotorSpeed;

}

clse if  (Motor==1)

{

gain=RollMotorGAIN;

spd = RollMotorSpeed;
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1
targetReading = Pos/gain;
if (currentReading < targetReading) {
ROR(Motor, spd):
//msDelay (50);
while (currentRcading < targctReading) {
currentReading = GAP{ EncoderPaosition ,Motor);
//msDelay (50);
output ();
serBputs ("\r\n");
}
MST( Motor );
} else if (currentReading > targetReading) {
ROL( Motor, spd);
//msDelay (50);
while (currentReading > targetReading) {
currentReadiug = GAP(EncoderPosition , Motor);
//msDelay (50);
output ();
serBputs ("\r\n");
}
MST( Motor );
1
current Reading=GAP( EncoderPosition , Motor )

return (currentReading*gain);



/* START LIBRARY DESCRIPTION ook sk ok ok soron o 5ok 4ok % o6k ok ok ok bk

INCLINOMETER.. lib

Copyright (c)

DESCRIPTION : Driver library for inclinometer Scnsor.
SUPPORT LIBS: RAM_ADC. LIB
REVSION HISTORY: DD/AM/YYYY

22/02/2012 Initial Relecase by Peng Wen.

END DESCRIPTION sk ok koo s ok s 40k o o 4ok ok ok o ok ok ok 40k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok [
/++ GLOBAL DECLARATIONS ko s sk sk ok ok ok koo ko ok ok ok s ok ok ok ok e |/
/*** BeginHeader OUIX, OQUTY x/
#dcefine OUTX 3 // Output X (Pitch angle) connected
// to analog input channel 3
#define OUTY 4 // Output Y (Roll angle) connccted
// to analog input channecl 4
#dcefine VIT GAIN 0.5

/xxx EndHeader =/

/%% FUNCTION PROTOTYPIS & DESCRIPTIONS  kor sk s sk o deok ok ok % % /

/#*x BeginHeader veadPitch =/

float readPitch(void);

/*xx EndHeader =/

/* START FUNCTION DESCRIPTION ks s s s sk sk sk ok sk ok s k% % %

readPitch <INCLINOMETER. 1ib >

SYNTAX: [float rcadPitch(void);

DESCRIPTION : Determines the pitch angle of the 10T Glider
by reading the voltage output of the
inclinometer X output, the voltage is
converted to degree.

PARAMETER: None.

RETURN VALULE:  The pitch angle in degrec.

KEY WORDS: pitch angle, inclinometer VT SCA121T-05

END DESCRIP TTON sk s skt ok s sk ob ok ok ook ke okok ok ok ok ook ok ok ok o ok okok ok ok kok ok ok %ok ok /[

float readPitch{void) {

float v;
v=(recad ADCVolts (OUIX) — 2.5) * VTL_GAIN;

it (v > 1)

v=v — 2
belse il (v < —1){

v =v 4+ 2;



}

return {asin(v)/3.114159x130):

}

/*xx BeginHeader rcadRoll %/

float rcadRoll(void);

/**% EndHcader =/

/* START FUNCTION DESCRIPTION st s s skoseok o sk ok sk sk ok ok ok 4 %k k ok ok

readRoll <INCLINOMETER. 1ib >

SYNTAX: float rcadRoll(void);

DESCRIPTION: Determines the Roll angle of the I0T Glider
by reading the voltage output of the
inclinometer Y output, the voltage is
converted to degree.

PARAMETER: None.

RETURN VALUE: The roll angle in degrec.

KEY WORDS: roll angle, inclinometer VTT SCA121T-05

END DESCRIPTION sk sk ok s ok ok k3 ok ok ok ko ok ok 0K ok Sk ok Kk K0k kK KOk KK 0K K ok ok ok [

float readRoll(void) {

float v;
v={rcad ADCVolts (OUTY) — 2.5) x VTI_CGAIN;
if (v>1)

Yelse if (v < —1){
v = v + 2
}

return (asin(v)/3.14159x180):




Appendix E

I0T Glider Hydrodynamic
Damping Coefficient Calculation

MATLAB Codes

Y% Damping Cocfficients Calculation Codes%
%by Peng Wenl
cdfl = 1.05;

cde = 1.1,
cdl = 1.9802;
cdw = [.12;

Ydistance between aft cnd and body frame orvigin
x_hf = 1.556-0.724758;

rho=1000;

D= .1148; %bare hull diamcter

r= D/2;

L = 1.5656; %glider overall length
x_fin = —0.305358; %fin center X position

Y%fin center height to the hull center line
h_fin = 0.03 + D/2;

S fin = 3.60-=3: %fin arca

I_wing = 0.26315;%Wing root to tip length [m]
x_wing_center = 0.111; %wing center X position

S_wing = 0.020412:%Per Wing area [m”™2]



l_root = 0.093617;% wing root length
l_tip = 0.062410;%wing root length
h base = 0.02;%wing base hight
B_basc = 0.210; %wing basc width
tYrr = @(x)((1/2)=(1/18)(3 —(x+x_bhf)/D)."2)xD.xx.xabs(x)*2;
nYrr = «@(x)(0.8685*sqrt ((l—x_bf—x)/D}—-0.3978%((L—-x bf-x)/D})...
+0.006511+((L-x bf-x)/D)."2...
+ 0.0050806*((L—x bf—x)/D)."3)}*D.* x ,* abs(x) = 2;
bYrr = @(x) r % x .*x abs(x) % 2;
tMaq = @(x)({1/2) —(1/18)*(3 —(x+x_bf)/D).72)*D.*abs(x).*x.+x*2;
nMgq = €@(x)(0.8685*sqrt {(L—x_bf—x)/D)-0.3978*((L—x_bf-x)/D)...
+ 0.006511((L—x bhf—x)/D)."2...
+ 0.005086%((L—x_bf—x)}/D).73)*D.*x abs(x) .* x .x x * 2
bMqq = @ (x) r = abs{x) .» x .x x * 2
Yrr = —0.5%rhoxcdex(quad(tYrr,—x_ bf,—x bf+3«D)... %tail
+quad (nYrr . L—1.75%D-x_bf L-x_bf)...% nosec
+quad (bYrr,—x_bf43*D. L—-1.75*D-x bf))... % mid body
—2xx fin * abs(x_fin) * 0.5 * vrho * S fin * cdf;% 2 fins
Zaq = =Yrr. ..
+2*x__wing __centerxabs(x  wing_center)*0.5%rhoxS_ wingxcdw;%2 wings
Nrr = =0.5xrhoxcdex(quad (tMqq,~x_bf,—x_bf4+3«D)... % tail
+quad (nMqq,L—1.75«D-x_ bf ,L-x_ bf)...% nosc
+quad (bMgq,—x bf4+3«D,L—1.75*xD-x_bf))...% mid body
—2%abs(x_fin)"3 % 0.5 %« rho * S fin » cdf;%2 fins
Mqq = Nrr. ..
—2xabs(x wing center ) 3%0.5xrho*S wingxcdw;%2 wings
wKpp = @(x)(] root—{1 root—1_ tip)/l _ wing*(x-12/2)).*x."3;
Kpp = —4* (abs(h fin))"3 % 0.5 % rho * S_fin = cdf... %4 fin
— 2x0.5+rhoxcdlxquad (wKpp,D/2+h_ fin ,D/2+1_wing ) ... %2 wing
— 2%(D/24h base/2)73%x0.5xrhoxcdl*B basexh base:%wing basc
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%by Peng Wal

A S e S O e I L

% 10T Glider Parameters
%

rho = 1.00E+4+03;
% Water Density

g = 0.81:

% g

A  piston = 0.0036;
% Piston Area

loa =1.556;

% overall length

W = 116.2485;

% Measured Vehicle Weight

fambda wing = 0.9948;
%Swept angle of the wings

x _wing _root _leading = 0.15;

%Wing root leading cdge x—position in

r stbwing = [x.
%Position of the starboard wing center
r portwing = [x _wing root

%Position of the portside wing center

A_wing = 0.020412;

%Per Wing area [m~2]
l_wing = 0.3;

AWing root to tip length [m]
r h = 0.0574:

%Radius of Hull cross scction

A_h = pixr h72;

%Cross scction area of Hull
X_BodyFrame = 0.72;

YBody frame origin from nose tip
XB = 0.70;

% Distance from Nose tip to

% Center of Buoyvancy w.r.t.

leading —0.1187

Injtial CB (Local
Origin (CB)

[kg/m™3]

[m/s 72]

(2]
[m]

[N)
[rad]
of CFD

body frame, origin
A g

wing_root_lecading —0.1187 0.157 0];

{n]
—0.157 0];

[m]

(ESAM Origin)

frame origin point)

%
xB_0 = X BodyFrame-XB:
A Center of Buoyancy: X—dir

vB = (0.00k+00:;

[m]



% Center

zB
% Center
% Center

Y%

of Buoyancy: Y-dir [mi]

= 0.00E+00;
of Buoyancy: Z-dir [m]

of Gravity w.r.t. Origin at CB

xG 0
% Center
yG_0
% Center
zG_ 0

% Center

Uﬂ
%
% Added
Xudot
Xvdot
Xwdot
Xpdot
Xqdot
Xrdot
Yvdot
Ywdot
Ypdot
Yqdot
Yrdot
Zwdot
Zpdot
Zqdot
Zrdot

U,

Yrr

% Cross—flow Drag

Zqq = 5.5957;
Y% Cross—flow Drag [kgm/rad 2]

!

= X _BodyFrame-XB;

of Gravity: X—dir [m]
= 0.00E4+00;
of Gravity: Y-dir fm]

= 1.96K-03:

of Gravity: Z—dir [m]

Non—lincar Force Cocfficients

Mass Terms

= —1.708E-01; [kg]

= OEQ; [kg]
= 0EO0; [kg]
= 0FE0; [kgm/rad]
= 0EO0; [kgm/rad]
= 0E0; [kgm/rad]
= _1.42E401; [ke]
= 0KEO; [kg)
= OEO; [kgm/rad]
= 0F0; [kgm/rad]

= 2.011E-01; [kgm/rad |
= —1.666E+01;  [kg]

= 0EO0; [kgm/rad ]
= —2.612E—01; [kgm/rad]

= 0F0: [kgm/rad]

¢ Hydrodynamic Damping Terms

= —=58.3140;

% Non—linear Moment Cocfficients

Uﬂ

% Added Mass Terms

Kpdot = —7.062E-02; [kgm2/rad ]
Kgdot = 0E0; [kgm2/rad |

[kgm/rad ™ 2]
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Krdot = 0E0: {kgm2/rad)
Mqdot = —2.161E+400; [kgm2/rad]
Mrdot = 0E0; [kgm2/rad ]
Nrdot = —2.152E+00: [kgm™2/rad)]

Y% Hydrodynamic Damping Terms

Nrr = —Y.10668;
% Cross—flow Drag [kgm™2/rad " 2]
Kpp = —0.3547;
% Rolling Resistance [kgm2/rad " 2]
NMqq = —9.1981;
% Cross—flow Drag [kgm™2/rad " 2]

% Other variables

Y%
m  piston = 0.7
Yopiston 4+ rod nass [kg]

I piston = X_BodyFrame—0.246;

Yepiston x position in body frame when piston in zero position
Il batt = X _BodyFrame—-0.465728;

Ybattery pack x position in body frame when battery pack

%in zero position

m batt = 0.5;

Ybattery pack mass [ke]
max piston = 0.01 ;

Yanax piston position [m]

max  x_batt = 0.020

Yanax battery pack position [m]
v piston = 0.005;

Ypiston spced (m/s]

v_batt = 0:

Y%battery pack speed [m/s]
theta__dot_batt = 0,
Yebattery pack rotating specd [rad/s]

rG batt = 0.02;

Y%battery pack OG radius w.r.t. hull central axle [m]
% delta_max = 1.36E+4+01;

% Maximum Fin Angle [deg]

D2R = pi/180:

% type conversion: deg to rad

R21> = 180/ pi;



% type conversion: rad to deg

m=W/ g;

% weight /G [kg]

% Definitions of variables for the simulation
tTimeStep = 0.01;

tTotalTime = 15;

tHorizon = tTotalTime/tTimeStep;

B A A Y A Y B Y O N O Y
% 10T Glider 6 DO Motion Simulator — init .nt%

Y% initial conditions%

%by Peng Welh

SIS T TAT ST SIS SIS TS SIS TS FI TS TSI SIS e

Y% Moments of Inertia w.r.t. Origin at CB

Yo

Ixx = 1.5E-02:

70 Moment of Incrtia [kgm ™ 2]
lyy = 1.645E+00;

% Noment of Inertia [kgm ~2]
lzz = 1.615E4+00:

% Moment of Inertia [kgin"2]
Ixy=0:

Ixz=0;
lyz=0;

Y% State vector

Yo x = [u v wp qr xpos ypos zpos t0 qtl qt2 qt3]’
x = zeros (13, 1)

x(1) = 0.15%cos(2/180«pi):
x(2) = 0;

x(3) = 0.13%s8in(2/180% pi);
<

5 x(1) = 1.54; % forward velocity: 1.54 m/s
phi = 0xD2R; % 5 deg > rad

theta = —20xD2R;

psi = 0xD2R;

% Converting Euler angles to Quaternions

epsi2 = cos(psi/2); spsi2 = sin(psi/2):

cthe2 = cos(theta /2): sthe2 = sin(theta /2);

cphi2 = cos(phi/2); sphi2 = sin(phi/2);

x(10) = cphi2*cthe2xcpsi2 + sphi2+stheespsi2; Y% qt0

x(11) = sphiZxcthe2xcpsi2 ~ cphi2*sthe2xspsi2; A qtl
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x(12) = cphi2*sthe2%cpsi2 + sphi2*cthe2*spsi?2; % qt2
x(13) = cphi2*cthe2+spsi2 — sphi2xsthe2xcpsi2; % qt3
forces = zeros(6, 1):

% control variables

x_piston = 0; %initial piston position [m]

x piston_0 = 0

x_batt =0, %initial battery pack position [m]

x_batt_ 0 =0; %initial battcry pack positio [m]

theta batt = 0: %initial battery pack angular position

Y%deltaR = [0, 4, —4].%D2R; % angle of rudder plane [rad]
YodeltaS = O; % angle of stern plane [rad]

U= sqri(x(1)«x(1) + x(2)*x(2) + x(3)*x(3));

% speed [m/s]

% Dunmy variables for numerical integration (Runge—Kutta 4th order)

kl = zeros (13, 1

)i
k2 = zeros (13, 1);
)
)

)

k3 = zeros (13, 1

\

kd = zevos (13, 1

A A R S S T S S S T ST VS
% 10T Glider 6 DOF Motion Simulator — ctrsgn .nl%

% control signals%

Yby Peng Worlk

SIS SN S I S A S A S S S R S S T T S S e
YeThe three control variables are:

%1. position of the piston, x_ piston;

Y%2. position of the battery pack, x_batt;

%3. rotated angle of the battery pack,theta_ batt .

%The control signals are used dependent%

R I N A A A A S S A A S S I R e
% 10T Glider 6 DOF Motion Simulator — para .nt%

% Re—cvaluate parameters%

%by Peng Werh

B A A T B A I VA A AV

B =W+ x_piston * A_piston * rho * g;

xG = (xG_0 * m + x_piston * m_piston + x_ batt m__batt) / my

yG = (yG_O0 * m + rG_batt = sin (theta_batt) * m_batt) / m;
zG = (2zG_ 0 *+ m — rG_batt * cos (theta_batt) * m_batt) / m;
xB = (xB_0 * W4 x_piston * A_piston « rho % g * (l_piston ...
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+ x piston/2 + 0.033)) / B;

Ivy = Iyy + m__piston * ((x_piston + |_piston)~2
— (x piston 0 + | piston)72) + m batt = ((x batt...

+ 1_batt)"2 — (x_batt_0 + I_batt)"2);

lzz = lyy;

Ixy = —m » xG * yG;
Ixz = — m * xG * 2G;
Iyz = — m » yG * zG;
x piston 0 = x_ piston;
x _batt__0 = x_batt;

% Incrtia matrix

Y

mll = m — Xudot;
mid = mxz(;

ml6 = —nxyG;

m22 = m — Yvdot;
m24 = -m*zG;.

m26 = mxxG — Yrdot;
m33 = m — Zwdot:
m3d = mxyG;

m3d = -m*xG - Zqdot;
ml2 = <z

m43 = mxyQG;

mdd = Ixx — Kpdot;
mdl = mxzG:

mb3 = —m*xxG — Zqgdot;
mbh = lyy — Mqdot;
m6l = —yG;

m@G2 = m*xG ~ Yrdot;
m66 = lzz — Nrdot;
Inertia = zcros (6, 6);

Tuertia(l, 1) = mll;  Inertia(l, 5) = ml5; Inertia(l

Inertia (2, 2) = m22; Inertia(2, 4) = m24; Inertia(2

) (

) ) (:
Inertia(3, 3) = m33; Inertia(3, 4) = m34; Inecrtia(3,
Inertia(4, 2) = md2; Inertia(4d, 3) = mi3; Inertia(4,
Inertia (5, 1) = mdl; Incrtia(5, 3) = md3: Inertia(

( ) (

5,

Inertia(6, 1) = m6l; Inertia(6, 2) = m62; Incrtia(6

Minv = inv(Inecrtia);

R N A A A Y A A A A A AT A A A A

ml6;
m26;
m3d;
mdd
mds5:

meG ;



Y% 10T Glider 6 DOF Motion Simulator — RKAM.nf4

% Numerical Integrator Using RK—4 Method%
%by Peng Wer%

Y A O S A O A A A AV A A A A A A A A VA
x0=x;

M2,

kl1=xDot ;

x=x + 0.5*xtTimeStep=*kl;

ME:

k2=xDot ;

x=x + 0.0xtTimeStepxk2;

MIE;

k3=xDot;

x=x +tTimeStepxk3,

ME;

kd=xDot :

x = x0 + tTimeStep*{kl + 2xk2 + 2+k3 + k4)/6;

R A A A A A A A A A
% 10T Glider 6 DOF Motion Simulator — ME.nt%

% Derivative of the State Vector Evaluation%

Y%by Peng Werll

R A A A A A A A A A A A A
Y% Get and check state variables and control inputs

Y% Get state variables

Y

u=x{1); v = x(2); w = x(3)

p = x(4); q = x(5); r = x(6):

qtd = x(10); qtl = x(11}); qt2 = x(12); qtd = x(13);

% Normalization of quaternion

qual = [qt0 qtl qt2 qt3]°/sqri{qt0*qt0 + qtl*qtl...
+ qt2xqt2 + qt3xqt3);

qt0 = quat (1}:

qtl = quat (2):

qt2 = quat {(3):

qt3 = quat {4);

U= sqgrt(uxu + vv + wiw):

% Rotation matrix:

Ch2n =

[1=2%(qt2xqt2+qt3+qt3) 2=(qtlrqt2—qtO+qt3) 2+(qtOxqt2+qtl*qt3):



2% (qtOxqt34+qtlxqt2) 1-2x(qtlxqtl+qtI*xqtd) 2x(qt2*xqt3—qtO*xqtl };
2¢(qtl*qt3—qt0*qt2) 2x(qtOxqtl+qt2+qt3) 1-2x(qtl*xqtl+qt2*qt2)];
% Calculate AOA & drag & 1ift & pitch moment on wings
v_stbwing = [u v w] + cross([p q r],r_stbwing);
v portwing = [u v w] 4+ cross([p q r],r_portwing);
if v stbwing(l)==0 && v_stbwing(3)==0
alfa_stbwing = 0,
clse
alfa stbwing = atan(sin(atan(v_stbwing(3)/v_stbwing(1)))...
/(cos{atan{v_sthwing (3)/v_stbwing(1)))*sin (lambda_wing)));
end
if v_portwing(1)==0 && v_portwing(3)==0
alfa _portwing = 0,
else
alfa portwing = atan(sin(atan(v_portwing(3)/v_portwing(1)))...
/{cos(atan(v portwing(3)/v _portwing(1}))*sin(lambda_wing)));
end
CD stb = polyval ([1.8551¢—1 0 0.0123],alfa sthwing/pi()*180);

CD _port = polyval ([1.8551c—4 0 0.0123],alfa_portwing/pi()*180}):

CL stb = polyval([—-4.922e—6 0 0.0146 0],alfa stbwing/pi()*180);

CL port = polyval([—-4.922¢—6 0 0.0146 0},alfa portwing/pi()*180);
CM _sth = polyval ([0.301 0 —0.2756 0].alfa_sthwing/pi()*x180);

CM _port = polyval ([0.301 0 —0.2756 0],alfa portwing/pi()*180);

D sth = 0.5 % rho = U2 x A wing * CD_sth;

D _port = 0.5 x rho x U2 x A wing = CD port;

I sth = 0.5 % rho * U2 x A wing * CL_stb;
L _port = 0.5 % rho x U2 x A_wing * CI.__port;
M sth = 0.5 x rho * UT2 x A_wing * I_wing x CM_sth;
M_port = 0.5 = rho = U2 x A_wing * |_wing » CM port;
if v stbwing(l)==0 && v stbwing(3)==0
afa s = 0;
clse
afa s = atan(v stbwing(3)/v stbwing(1));
end
if v portwing(l)==0 && v portwing(3)==0
afa _p = 0,
clse
afa_p = atan(v portwing(3)/v_portwing(1));

end



X_wing = L sth * sin{ata_s) — D sth = cos(afa_s)
+ L._port * sin(afa_p) — D_ port * cos({afa_p):
Z wing = —1, sth x cos(afa _s) — D sth x sin(afa_s)
— L_port * cos(afa_p) — D_port * sin{(afa_p);
M wing = M_sth + M _port — x_wing_root__leading x Z_wing;
% Calculate AOA & drag & lift & pitch moment on hull
Yo

if u=20
alfa h = 0:
else

alfa h = sign(w) * atan(sqrt(v 24+w™2)/u);

end
if w=—20
slip_h =0
else
slip_h = —atan(v/w):
end

(D h = polyval ({13.5495 0 2.7638 0],alfa h):

CD h = polyval ([1.3964e—=6 0 0.0012752 0 0.16454] . alfa_h+R2D);

CL h = polyval([12.6763 0.0084 3.223 0],alfa_h);

CL h = polyval{[1.8219¢=5 0 0.01142 0] ,alfa hx*R2D)/A h...
«0.013987(2/3);

CM h = polyval([—-7.932 —0.0043 -0.3319 0].alfa_ h);

CM h = polyval([=9.9954¢—6 0 0.022261 0] ,alfa_h+R2D)/A h...
/loax0.01398;

D h= 0.5 % rho » U2 » A h « CD h;

L h= 0.5  rho » U2 x A h » CL h;

M_hull = 0.5 % rho * U2 x A_h x loa * CM_h;

Xp h =L h x sin{alfa h) - D_h x cos{alfa_h);

Zp h = — 1L h x cos(alfa_ h) — D h x sin{alfa h);

F h = L _transformn{slip. h, 0, 0, [Xp h;0;Zp_h]);

M h = R _transform(slip__h, 0, [0:M hull:0]);

% Hydrostatic forces:

U(\
HydrostaticForces = Ch2n'«[0 0 W-B] '
Xhs = HydrostaticForeces (1);
Yhs = HydrostaticForces (2);

Zhs = IlydrostaticForces {3):

HydrostaticMomentW = [0 —2G yG; 2G 0 —xG; —yG xG 0]*Ch2n'«[0 0 W]~

)
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HydrostaticMomentB = [0 —zB yB; zB 0 —xB; —yB xB 0]+*Cb2n’+[0 0 -B]’;

Khs
Mhs
Nhs

= HydrostaticMomentW (1) + HydrostaticMomentB (1);
= HydrostaticMomentW (2) + HydrostaticMomentB (2);

= HydrostaticMomentW (3) + HydrostaticMomentB (3);

% Added MNass cross term forces:

Y
XAN

YAM

ZAM

KAM

MAN

NAN]

— Ypdotxrxp + (Zrdot — Yqdot)*xqxr — VYrdot*r 2 4+ Zwdotswxq ...

+ Zqdotxq~2 4+ Zpdot*pxq:

= Xvdotsxvxr — Ywdotxvkp + Xudotxuxr + Xwdotx(wsr—uxp)...

+ (Xpdot—Zrdot)*rxp + Xqdotkq*r + Xrdotxr™2 — Zwdotxwsp ...
— Zpdot«p”2 — Zqdotxpxq;

= —Xwdot*wxq + Ywdotxwsp — Xudotxuxq + Xvdot*{usp—viq)...
+ (Yqdot—Xpdot)xqxp — Xqdotxq 2 — Xrdotxqxr + Yvdotsvp ...
+ Ypdotxp™2 + Yrdot*xrxp;

= —Ypdotxwxp+Zpdot xvxp—Kqdot*r*p+Krdotxpxq—Xvdotxusw. ..
+Xwdotxuxv—Xqgdotxu*xr+Xrdotxuxq+(Zwdot—Yvdot )* vaw. .
+Ywdot* (v 2—w"2) —(Yqdot—Zrdot ) * {vxr+wxq)+{ Yrdot ...

+Zqdot ) x (veq—wxr) —(Mgdot—Nrdot }xgxr+Mrdot * (¢ 2—1 " 2);

= Xqdot*xwrq—Zqdot*xuxg+Kgdot*r*q—Mrdot*xpxq+(Xudot . . .
—Zwdot ) wxwtXvdotsws v+Xwdot«(w™2—u"2)+(Xpdot . . .

—Zrdot }x (pxwtuxr) —(Xrdot+Zpdot }* ( pru—wkr ). ..
—Ywdotsuxv+Ypdotxvir—Yrdot*vxp+(Kpdot—Nrdot }. ..
spxr—Krdot*(p 2—r"2);

= —Xrdot*vsr+Yrdotxuxr—Krdotxq*vr+NMrdotxp*r—(Xqgdot . ..
—Yvdot)kurv+Xvdot*(u 2—v72)— Xwdotsvsw—{Xpdot—Yqdot ) . ..

¥ (uxq+vap)+{ Xqdot+Ypdot ) * (uxp—vx*q)+Ywdot xuxw. . .

—Zpdotxwrg+Zgdot*xwkp—(Kpdot—Mqdot }xpxg+Kqdot = (p™2—q~ 2);

Y% Sct total forces from cquations of motion

—Ewk(p + mxxGrgxq + mevsr 4+ mexGxrxr — mxyGepxg — msx2G*p*r
+ Xhs ... Hydrostatics

4XAM .. Added mass terms

+ X wing ... Hydrodynamic, wings

+ F_h(l);

mxwkp — mruxr — (mxzG)xqxr — mkxGepxq + mxyGx(rxr + p*xp)...
+ Yhs...

+ YAM. ..

+ Yrrxrxabs{r)... damping

+ F h(2);

= — Xvdotxusxr + Xwdotxuxq — Yvdot*vxr + Ywdot*(vxq — wxr)...




7 = (mx2G)xpxp + (m*zG)*xqxq + mxuxy — mevep — mxxGrrxp — mxyGrrxqg

+ Zhs

+ZAM
+ Zggxgxabs(q)... damping
+7Z wing . ..
+ F h(3);:
K= pxqgq*lIxz — (172 — q 2)*lyz — p*rxlxy — (laz—=Ilyy)=q*r...
— (mxzG)rwxp + (mxzG)xuxr + mxyGruxq — mxyGrvsp
+ Khs ...
+ KAM. ..
+ Kpp*pxabs(p)... damping
A h( 1)

M= — (Ixx—lzz)*xrxp + Ixy*g*r — (p 2 —r 2}xIxz — lyzxqxp...
+ (mxzG)xvrr — (mxzG)*wrq — mxxGruxq + mexGxvxp
+ Mhs ...
+ MAN. ..
+ Magxg*abs(q). .. damping
+ M wing. ..
M h(2);
N = —(Iyy=Ixx)*p*xq + lyz*rxp — (q 2—p ~2)xIxy — rxqxlxz ...

+ nxGrwsrp— mExGrusrr + meyGrwrq — mryGrvsr
+ Nhs
+ NAM. ..
+ Nrrxr*xabs(r)... %damping
+ M_h(3);
forces = [XY Z KMN]’;

% Quaternion based

xDot =

[Minv (1 ,1}*X + Minv(1,3)+Z + Minv(1,5)*M;
4+ Minv(2,2)*Y + NMinv(2,4)xK + Minv(2,6)*N;
NMinv (3. 1)*X + Minv(3,3)x2 + Minv(3,5)=*Nl;
+ Minv(4,2)*Y + Minv (4 ,4)*K + Minv(4,6)*N;
Ninv(5,1)*X + Minv(5.,3)*Z 4+ Minv (5 ,5)*N;
+ Minv (6 .,2)*Y + Minv(6,4)*K + Minv(6,6)*N;
Ch2ux[u v w] ',

—0.9*xqt 1 *p — 0.3*%qt2x*q — 0.5xqt3*r;

0.5*xqt0=*p — 0.5xqt3*q + 0.5%qt2xr;

0.5xqt3*p + 0.5xqt0xq — 0.5*xqtl=r;

—0.0*xqt2%p + 0.5%xqtlxq + 0.5%qtO*r];






cpsi2 = cos(psi/2); spsi2 = sin(psi/2);

cthe2 = cos(theta/2); sthe2 = siu(theta/2);

cphi2 = cos(phi/2); sphi2 = sin(phi/2);

qt0 = cphiZ*xcthe2*cpsi2 + sphiZxsthe2xspsi2; %
qtl = sphi2«cthe2xcpsi2 — cphi2xsthe2xspsi2; Y%
qt2 = cphi2xsthe2*cpsi2 4+ sphi2*cthe2xspsi2; Yo
gt3 = cphi2#cthe2*spsi2 — sphi2xsthe2xcpsi2; %

u =VA *x cos (alfa);
v = 0y

w = VA « sin (—alfa):
%Rotation matrix

Ch2n =

[T=2%(qt2%qt2 4+ qt3*xqt3) 2*(qtl*xqt2 — qO*xqt3) 2+(qL0*qt2 + qtl=qt3):
2x(qtUxqt3 + qtlxqt2) 1-2«{qtl*qtl + qt3*qt3)

2x (qtlxqtl3 — qtO0*qt2) 2x(qtOxqtl 4+ qt2xqt3)

Y%Hydrodynamics on wings

qt
qtl
qt2

qt3

2+ (qt2xqt3 — qtOxqtl);

I-2x(qtl*xqgtl + qt2xqt2)];

v _sthwing = [u v w]:
v portwing = [u v w];
alfa_stbwing = —atan(sin(atan(v_stbwing(3)/v_stbwing (1)))...

/(cos(atan{v_stbwing (3)/v_stbwing(1)))*sin(lambda_wing)));
alfa portwing = —atan(sin(atan(v_portwing(3)/v portwing(1)))...

/(cos{atan{v portwing(3)/v_portwing(1)))*sin (lambda_wing)));
CD_ sth = polyval ([1.8551c—4 0 0.0123),alfa_stbwing/pi()*180);
CD port = polyval ([1.8551¢—4 0 0.0123],alfa
CL_sth = polyval([-4.922¢—6 0 0.0146 0],alfa_stbwing/pi()*180);
CL port = polyval({~4.922¢—6 0 0.0146 0] .alfa
CM sth = polyval ([0.0000016 0
CM_port = polyval ([0.0000016 0 —0.0048 0], alfa_portwing/pi()*180);

D sth = 0.5 % rho * VA2 x A _wing * CD_sth;

D _port = 0.5 % rho = VA72 x A_wing * CD port:

L_sth = 0.5 % rho * VAT2 % A _wing * CL_sth;

L. port = 0.5 % rho * VA2 x A_ wing * CL_port;

M sth = —0.5 % rho = VAT2 x A wing * |

Yawing pitching moment about wing root leading edge

Mo oport = —0.5 = rho * VAT2

* A wing * |__wing x CM

afa s = atan{v_sthbwing(3)/v_stbwing(1));

afa_p = atan(v portwing(3)/v_portwing (1});

X_wing = L sth « sin(afa_s) — D_stb * cos(afa_s)

+ L _port x sin(afa p) — D port * cos(afa_p);

portwing/pi()*180);

portwing /pi()«180);
—0.0048 0] ,alfa _stbwing/pi{()=180);

wing * CM stb;

port ;



7 wing = L_stb * cos{afa_s) 4+ D_stb + sin(afa_s)

+ L port * cos(afa_p) + D_port x sin(afa_p):

M wing = M sth 4+ M port — x wing_ root_lcading = Z_ wing:

Y%Hydrodynamics on hull

alfa _h = —sign(w) * atan(sqrt (v 2+w™2)/u);

CD_h = polyval ([2.02E-7 0 3.01E—4 0 0.035],alfa hxR2D)/A_h...
«0.013987(2/3);

CL_h = polyval ([1.8219e-5 0 0.01142 O] ,alfa_hxR2D)/A_h...
*0.013987(2/3);

OM h = polyval{{—=9.9951c=G 0 0.022261 0],alfa_h*R2D)/A_h.. .
/loa*0.01398;

D h= 0.5 % rho » VA72 « A h = CD h;

I., h = 0.5  rho » VAT2 « A_h * CL_h;

M_hull = 0.5 * rho * VA2 x A_h x loa * CM_h;

Xp h =1L h * sin(alfa_ h) — D h % cos(alfa_h);

Zp_h = L_h % cos(alfa_h) + D_h % sin(alfa_h);

Y%eHydrostatics

HydrostaticForces = Cb2n'«[0 0 W-B] *;

Xhs = HydrostaticForces (1);

Zhs = HydrostaticForces (3);

HydrostaticMomentW = [0 -zG yG; zG 0 —xG; —yG xG 0]*Cbh2n’«[0 0 W] ",

HydrostaticMomentB = [0 —zB yB; zB 0 —xB; —yB xB 0]+*Cb2n'+«[0 0 —-B] ;

Mhs = HydrostaticMomentW (2) 4 HydrostaticMomentB (2);

F=[{X wing+Xp ht+Xhs;Z wing+Zp_h+Zhs ;M _wing+M_ hull4hhs];

%Steady State Solving Solver%

Y%By Peng Werth

function solveangle ()

clear all:

options=optimset ( "Display ", "iter );
ly,Fval (exitflag] =fsolve(@projectmodel _modified , ...
[20/180%pi;0.2;7/180«pi],options)
thita=y {1}/ pi*180

V=y(2)

alpha=y(3)/pix180
glideangle=(y(1)+y(3))/3.14%180
VZ=—(y(2)*sin(y(1)+y(3)))
VX=y(2)*xcos(v(1)+y(3))



Appendix G

Plan View and Mass Distribution

of the 1OT Glider
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Table G.1: Mass and C. G. Position of the IOT Glider’s Components (Masses are in
kg; positions are in mm; position’s reference point is the glider’s nose tip)

Components Mass X C.G. Y C.G. Z C.G.
Position Position Position
Black Nose 0.531 107.83 0 0
Diaphragm End Pipe 1.125 490.719 0 0
Diaphragm Mount 0.553 265.38 0 0
Diaphragm Nut 0.154 212.28 0 0
Mid-body Section 0.517 734.34 0 0
Elec End Pipe 1.017 962.98 0 0
End Cap 0.348 1183.998 0 0
Tail 0.448 1322.818 0 0
Piston 0.489 246.11 0 0
Alignmient Collar 0.307 348.89 0 0
Buoyancy Engine 1.134 687.008 0 0
Actuator Base
Buoyancy Engine 0.34 514.498 0 0
Actuator Tube
Buoyancy Engine 0.227 539.943 0 0
Actuator Rod
Roll Motor and Mount 0.157 608.823 0 31.75
Pitch Motor! 0.23 571.628 0 0
Pillar 1 0.016 482.728 0 23.5
Pillar 2 0.048 482.728 0 -18.42
Batteries 0.35 465.728 0 19.636
Battery Mount, 0.119 485.7275 0 0
Elec Trail 1.013 913.23 0 0
PX303 0.206 1139.798 0 19.05
Wings? 0.1 649.6 0 0
Wing Mouuts 0.146 630.9 0 0
Fins 0.08 1170.0 0 0

Hucluding Pitch Motor, Piteh Motor Mount, Ring Gear

#This is the aftmost position situation. The corresponding X C.G. position for the most forward
position is 559.6 nun
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Plan View of the |OT Glider
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Figure G.1: The Plan View of the IOT Glider















