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Abstract

There are benefits to the use of internal actuators for rotational maneuvers of small-scale
underwater vehicles. Internal actuators are protected from the outside environment by
the external pressure hull and will not disturb the surrounding environment during
inspection tasks. Additionally, internal actuators do not rely on the relative fluid motion
to exert control moments, therefore they are useful at low speed and in hover. This paper
describes the design, fabrication and testing of one such autonomously controlled,
internally actuated underwater vehicle.
The Internally Actuated, Modular Bodied, Untethered Submersible (IAMBUS) can be
used to validate non-linear control strategies using internal actuators. Vehicle attitude
control is provided by three orthogonally mounted reaction wheels. The housing is a
spherical glass pressure vessel, which contains all of the components, such as actuators,
ballast system, power supply, on-board computer and inertial sensor. Since the housing
is spherically symmetric, the hydrodynamics of IAMBUS are uncoupled (e.g. a roll
maneuver does not impact pitch or yaw). This hull shape enables IAMBUS to be used as
a spacecraft attitude dynamics and control simulator with full rotational freedom.
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1. Introduction
1.1 Background
As technology has advanced in recent years, unmanned vehicles, both remotely-operated
and autonomous, have become the top choice for a wide array of operations. Tasks either
too dangerous or expensive for humans to complete are now being accomplished by these
unmanned vehicles. Remotely operated vehicles (ROVs), which are underwater vehicles
controlled by tether or wirelessly, have been used for search and rescue missions and
underwater surveying among many other tasks [1]. A representative example is the
problem of inspecting a nuclear reactor. Lethal radiation levels near the core of a nuclear
reactor prevent divers from being able to inspect the integrity of the reactor. Researchers
at the University of Missouri-Rolla are now able to do a visual inspection of their nuclear
reactor’s core using a tethered submersible, constructed entirely from off-the-shelf
components, to take pictures thirty feet below the water’s surface [2].
With faster computers and more advanced control algorithms, humans have been
removed from the control loop altogether. Preprogrammed autonomous underwater
vehicles (AUVs) can accomplish many of the tasks that ROVs can be used for, without
the operator interaction. Examples of this are bathymetric mapping and seafloor imaging
[3]. AUVs have an on-board computer that is preprogrammed with commands to
complete the mission objective. AUVs make at-sea corrections to speed, direction and
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depth using the computer inputs from many sensors on-board the AUV. Because there is
no human operator in the control loop, the AUV must be able to determine the necessary
inputs to complete its mission. This may necessitate many sensors and actuators onboard the vehicle.
The use of external fins with a single propulsor has been the classical means of
accomplishing attitude maneuvers for many underwater vehicles. MIT’s Odyssey series
of AUVs have performed many underwater surveying and mapping missions using
external fins [4,5]. The Virginia Tech Miniature Autonomous Underwater Vehicle [6]
and UK Autosub’s DOLPHIN [7] also employ external fins to control their attitude.
These external fins, however, have a minimum speed at which the vehicle must be
traveling in order to generate the torque required for the fins to be effective. Therefore
low speed and hover maneuvers can not be accomplished by external fins. Internal
actuators have no minimum speed requirement to generate a required torque and do not
suffer the adverse effects of exposure to the harsh undersea environment; e.g. corrosion,
biological fouling and damage. Internal actuators thus offer one approach to AUV
control tasks requiring low-speed or hovering maneuvers.
Other means of performing these low-speed or hover attitude control maneuvers have
been adopted and are currently employed by various underwater vehicles. Sets of
external thrusters are the standard approach for hover-oriented or low speed maneuvers.
The decision to use external thrusters is due to their relatively high torque output
independent of the vehicle’s speed. The AUV Kambara employs five thrusters, in
combination of two or more per maneuver, to control five degrees of freedom (DOF) [8].
Electrically powered thrusters do not have a minimum speed requirement to be effective,
but they do have some impediments that must be addressed during the design process.
First, thrusters that protrude from a vehicle add drag to the vehicle. This drag grows
quadratically with vehicle speed. In addition, external thrusters are exposed to the
environment and are susceptible to environmental corrosion or damage from impact with
underwater objects.
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A cost-effective approach to long duration oceanographic surveys is the use of
underwater gliders. These gliders use gravity to provide propulsion while an internal
moving mass controls their attitude. As the mass is shifted to one side of the glider’s
center of gravity, the vehicle will pitch or roll in that direction due to the unbalanced
gravity torque on the body. An onboard ballast control system allows for the control of
the vehicle’s ascent and descent. If the vehicle’s weight is more than the buoyant force
on the body, it will descend towards the sea bottom, but if the buoyant force is greater,
the vehicle will ascend toward the surface. The moving mass allows for the control of
the vehicle’s trajectory during ascent or descent [9]. Since the control system, the
moving mass, and the ballast system are inside the vehicle, none are exposed to
biological fouling or collision damage during use. The underwater glider Spray has been
used to measure salinity, temperature and pressure on its trip from Woods Hole,
Massachusetts to Bermuda. The AUV surfaces for fifteen minutes every seven hours to
report its position and recorded data as well as receive new instructions via satellite.
Spray can remain in use at sea for several months at low cost to the researcher [10,11].
Gliders, however, do not allow for hover observation. Using the force of gravity as
propulsion keeps the gliders in constant movement. Therefore, gliders can perform
intermittent long-term studies, but are unable to maintain constant observation of one site.
A unique means of underwater control is the use of articulated pectoral fins. These fins
are modeled after the pectoral fins of a fish and give full dynamic control, but at the
expense of intricate control laws. These fins can generate great amounts of torque and
allow for control of all six degrees of freedom [12]. Fin-shaped thrusters, known as
Nektors, have already been implemented on the underwater vehicle Morpheus [13].
When arranged in an X-pattern, four Nektors allow for a full 6-DOF system. However,
due to the complex design of the articulated fins they are quite vulnerable to underwater
fouling and damage.
Internal actuators are currently used in a variety of applications, both underwater and in
outer space. A torque inducing flywheel is used on the FlySpy [14] underwater remote
control camera housing. The flywheel generates a counter-torque equal to the torque
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created by the panning of the on-board camera. This counter-torque holds the camera
steady during underwater filming [14].
IAMBUS, due to its spherical shape, can effectively be used as an underwater spacecraft
simulator for performing attitude control maneuvers. The near zero atmosphere in
outerspace means that there is no added mass to compensate for during spacecraft
repositioning maneuvers. Underwater, spherical objects do have added mass, but this
added mass has no effect on the vehicle during reorientation. IAMBUS has no tether or
umbilical to limit its range of movement while underwater. The orthogonally mounted
reaction wheels allow for full rotational control; similar to those aboard many satellites.
Reaction wheels have been used for many years by laboratory spacecraft simulators as a
means of attitude control [15]. These apparati have used various configurations of
reaction wheels, but all are based on the same principle of linearly independent, mounted
wheels that give full rotational control. One of the most utilized designs for spacecraft
simulators makes use of an air bearing. Virginia Tech’s Space Systems Simulation
Laboratory (SSSL) has developed a testbed of two air-bearing systems for performing
coordinated control [16]. WHORL-I utilizes a tabletop air bearing with both reaction
wheels and air thrusters for testing and system identification [17]. A dumbell style air
bearing platform, WHORL-II, is being developed for use in conjunction with WHORL-I.
A similar tabletop air bearing simulator has been built at the Georgia Institute of
Technology (GIT). The GIT simulator features three wheel/motor assemblies. These
wheels can be operated in momentum or reaction mode [18]. This type of air-bearing setup allows for a maximum angle of rotation about the x and y axes, e.g. 30 degrees, and
full rotation about the z (vertical) axis. These set-ups do not allow global attitude motion
control. Another set-up utilizes specialized reaction wheels in “Dyson’s Spheres” to
demonstrate “leader-follower” control characteristics. These spheres are levitated in
bearing seats by pressurized air pumped through a small orifice aligned with the sphere
axis. A DC motor with an attached flywheel is mounted to the inside of the lower
hemisphere. An optical sensor on the top of each sphere intercepts the beam of a laser in
each of the other spheres. The laser-optical sensor system gives the relative rotational
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position of each sphere. An initial rotational velocity command is given to the leader
sphere and control commands are generated for the follower spheres to match the leader
rotation [19].
External thrusters do not suffer from environmental exposure in space, but the required
fuel and fuel storage for these thrusters add weight to the spacecraft. This increased
weight means increased manufacturing and launch costs. For these reasons, many
satellites use reaction wheels as a means of attitude pointing. (Reaction wheels are
powered by electricity, which is a renewable energy source in most space applications.)
The Hubble Space Telescope is equipped with four reaction wheels, working in
cooperation with magnetic torquers, to control the satellite’s pointing attitude [20].
NASA chose to use both torque thrusters and reaction wheel assemblies (RWA’s) in their
Cassini spacecraft. Cassini’s mission to Saturn is to study both the planet and deliver an
atmospheric-probe into the atmosphere of Saturn’s largest moon, Titan. During long
duration cruising, and for detumble and momentum management, Cassini uses its thruster
controllers. The RWA’s are implemented during more precise sensor pointing and
during specialized portions of the cruise to Saturn [21].

1.2 Research Objectives
The main objective of the current research using IAMBUS will be to study the use of
internal actuators for AUV attitude control. As built, IAMBUS can be used as an
underwater satellite attitude simulator, with full rotational control. IAMBUS uses three
internal reaction wheels to control and stabilize its attitude. Research has been done
regarding the optimal control of rigid bodies, including those using internal controllers.
Time-optimal and fuel-optimal control has been the driving force behind much of this
research [22]. Experimental studies into the control-optimal solution to reorientation of a
rigid spacecraft, developed by Chowdry, Ben-Asher and Cliff [23], and the time-optimal
bang-bang solution, in Chowdry and Cliff [24], can be performed using IAMBUS.
Bilimoria and Wie [25] used bang-bang control of all three axes, unlike Chowdry and
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Cliff [24] who used control of only two axes, to show that the time-optimal reorientation
axis is not necessarily the eigenaxis of a rigid body. Wie and Lu [26] took this study a
step further and placed physical constraints of actuators and sensors on the solution. An
experimental study of required time for reorientations about the eigenaxis versus the
proposed time-optimal axis of Bilimoria and Wie [25] or the controller gain matrices of
Wie and Lu [26] can be performed using IAMBUS. Many other time-optimal control
laws have been developed and can be studied given IAMBUS’s full rotational freedom.
A feedforward/feedback control law was developed by Byers and Vadali [27] from their
open-loop algorithm, ELVIS, and reorientation times were compared to Meier and
Bryson’s [28] switch time-optimization (STO) algorithm. The symmetries and group
properties of these time-optimal solutions were explored in Bocvarov, Lutze and Cliff
[29]. For example, a time-optimal maneuver can be performed about one axis, using
control of all three axes, by negating the control about the other two axes. Therefore, the
solution is symmetric about the rotation axis. Due to its full rotational freedom,
IAMBUS can be used to experimentally test all of these optimal control strategies and
many more. Experimental testing is needed to validate the controllers under realistic
conditions including computational time delays, sensor bias and noise, actuator saturation
and actuator and sensor dynamics.
This thesis will describe the design, analysis, fabrication and testing of IAMBUS as a
platform for investigating nonlinear attitude control algorithms. Preliminary results are
given for depth and attitude control testing.
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2. Dynamic Modeling
2.1 Introduction
This chapter describes the modeling of an AUV with internal rotors. Section 2.2 presents
the equations of motion for a spheroidal AUV. Section 2.3 describes the special case of a
spherical AUV. This section also shows how IAMBUS can be used to demonstrate
various non-linear spacecraft attitude control schemes.

2.2 General AUV Equations of Motion
The rigid hull of a vehicle, with three internal reaction wheels, immersed in an ideal fluid
is depicted in Figure 2.1. An orthonormal body reference frame {b1 ,b2 ,b3 } is affixed to
the center of buoyancy of the hull. The reaction wheels are assumed to be axisymmetric
and mounted orthogonally to one another; the intersection of the three spin axes is located
€
at the origin of the body reference frame. A second orthonormal reference frame

{i1 , i2 , i3 } is fixed in inertial space.

A proper rotation matrix R expresses the attitude of

the rigid body in the inertial reference frame. A vector x , defined in the inertial
coordinate system, represents the translational position of the rigid body origin in the
inertial reference frame. With these relationships, any point x B , expressed in the body
reference frame, can be expressed in the inertial frame by
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x I = Rx B + x .
T

Letting φ = {φ1, φ 2 , φ 3 } be the vector of rotor spin angles measured relative to the body,
then the system configuration can be fully described by the three-tuple (R,x,φ ) .
€

€

Figure 2.1 Rigid hull with internal rotors

2.2.1 Kinematics
Let Ω and v represent the angular and the translational velocity, respectively, of the
vehicle with respect to inertial space, expressed in body coordinates. By letting

€

ΩR =

dφ
, the system configuration (R,x,φ) is related to the velocity (Ω, v, ΩR ) by the
dt

kinematic equations. To write the kinematic equations, first define the skew operator ⋅×

€

such that

€

€

€
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 0

y× =  y3
−y 2

−y 3
0
y1

y2 

−y1
0 

for y ∈ ℜ3 . The skew matrix of a vector post-multiplied by another vector is equivalent
×
3
to the cross product of the
€ vectors. That is, y z = y × z for vectors y, z ∈ ℜ . Now,

€

using the definition above, the kinematic equations are

€

2.2.2 Dynamics

˙ = R Ω×
R
x˙ = Rv
φ˙ = ΩR .

€

€

Let Π be the total angular momentum of the system about the body frame origin,
expressed in body coordinates. The total translational momentum of the system, in body

€

coordinates, is denoted by P . Lastly, let L represent the vector whose components are
the total angular momenta of the rotors about their spin axes, also in body coordinates.
As will be shown, these momenta can be computed from the kinetic energy of the system.
Both the motion of the rigid body and reaction wheels and the induced motion of the fluid
contribute to the kinetic energy of the system.
The rigid body contribution to the system’s kinetic energy depends on the vehicle’s
distribution of mass, m . Let the center of mass be represented by the vector rcm , in body
coordinates. The “locked inertia” matrix Λ RB is the inertia matrix of the body/rotor
assembly with all of the rotors locked in place. Because the rotors are axisymmetric,
Λ RB remains constant. Let J i denote the moment of inertia of the i th internal rotor about
€
its spin axis and define J = diag ( J 1 , J 2 , J 3 ) . These parameters are sufficient to define

€

the rigid body contribution
to the total kinetic energy, but by recalling the assumption
€
that the rotor spin axes intersect at the body coordinate origin, the body coordinate axes
can then be chosen collinear with the spin axes of the rotors. Now, the rigid body inertia,
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I RB , is the vehicle inertia excluding the inertia of the rotors about their spin axes. That
is,
IRB = Λ RB − J .

The fluid kinetic energy induced by rigid body motion is expressed in terms of the
€
generalized added inertia

 IF
 T
CF

CF 

MF 

where I F is the added inertia matrix, C F is the hydrodynamic coupling matrix and M F
is the added mass matrix. The elements of these matrices may be calculated using volume
€
integrals for simple shapes as shown in Lamb (as cited in [26]).
The kinetic energy of the body/rotor/fluid system is
 Ω T  Λ
1  
KE =  v  CT
2 
ΩR   J

C J Ω 
 
M 0  v 
 
0 JΩR 

where

Λ = Λ RB + IF

€

×

C = m rcm + CF
M = mI + M F .

Here, I is the 3Χ3 identity matrix.

€

€
The momenta Π, P and L , as stated above, are related to the velocity of the body and
rotors through the kinetic energy. That is,
€

∂KE
= ΛΩ + Cv+ JΩR
∂Ω
∂KE
P=
= CT Ω + M v
∂v
∂KE
L=
= JΩ + JΩR .
∂ΩR
Π=

The dynamic equations, shown on the following page, relate the time derivative of these
momenta to the forces and torques acting on the vehicle.
€
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By using a ballast actuator with PID control of depth, IAMBUS is able to equalize its
weight to the weight of the fluid it displaces. This neutral buoyancy constraint was
assumed in the design process. Let f ext1 = mgi3 denote the weight of the vehicle and
f ext 2 = −f ext1 = −mgi3 , the buoyant force exerted on the vehicle by the fluid. The latter

relationship is a result of the assumption that the vehicle is neutrally buoyant. Finally,
suppose that an external force, Fexti acts at a point ri , where both vectors are expressed in
body coordinates. Likewise, suppose that an external torque, Text j , also defined in the
body reference frame, acts on the system. Let the internal rotor torques be represented by
a vector Tint k . The equations of motion, with gravity and buoyancy effects expressed
€
explicitly, may now be written as
€

˙ = R Ω×
R
x˙ = Rv
φ˙ = ΩR
I

J

i= 3

j=1

˙ = Π × Ω + P× v+ rcm × mg R T i3 + ∑ ri × Fext + ∑ Text
Π
i
j

(

)

I

P˙ = P× Ω + ∑ Fext i
i= 3

K

˙ = ∑ Tint
L
k
k =1

€
2.3 Spherical
AUV Equations of Motion

In this section the dynamics of a spherical AUV will be explored and it will be shown
how this set-up can be used as a spacecraft attitude simulator. By properly trimming the
vehicle, the center of mass can be aligned with the center of buoyancy ( rcm = 0 ); for the
case of a spherical hull this is the geometric center of the sphere. As a result of this
process there is no longer a gravitational torque acting on the vehicle. Assume that the
vehicle has no means of external propulsion. Therefore, starting from rest in a quiescent
fluid, the system will not translate (v = 0 ). Using IAMBUS as the model for this section,
11

the first simplification to the generic AUV equations of motion comes from using
IAMBUS’s spherical hull. Because of the spherical symmetry, there is neither added

1
inertia (I F = 0 ) nor hydrodynamic coupling (C F = 0 ). The added mass is M F = mI .
2

€

Figure 2.2 General spherical module
Since experiments with IAMBUS are conducted in a laboratory water tank, a valid
assumption is that the only external torque acting on the system is viscous drag, and the
only external forces are gravity and buoyancy. However, the kinematic viscosity of
water is small enough that rotational drag is negligible for pure rotational maneuvers.
The rotor torque is assumed to take the form
K

∑T

int k

= −DΩR ΩR + u

k=1

€
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where DΩR = diag( d1 ,d2 ,d3 ) >0 is a matrix of linear damping coefficients and u is the
vector of applied control torques. This linear damping model appropriately represents the

€

friction in the support bearings on the reaction wheel shafts. By ignoring the cyclic
coordinates φ , the equations of motion reduce to

˙ = RΩ×
R
Π˙ = Π × Ω

€

L˙ = −DΩR ΩR + u.

Based upon the previous assumption that the system is free from external moments, the
€
angular momentum about the inertial origin, expressed in inertial coordinates, is
conserved. This implies that the magnitude of body angular momentum must also be
conserved. See Appendix A for further details. Therefore, by letting the initial body
angular momentum equal zero, Π(0) = 0 , then Π must be equal to zero for all time. The
equality
0 = Π = ΛΩ + JΩR
€
€
may now be used to solve for the rotor angular velocity in terms of the body angular

velocity. This can be rewritten as,
€

ΩR = − J−1 ΛΩ.

Now, using the rotor momentum rate equation,

€

d
(J(Ω + ΩR )) = −DΩR ΩR + u
dt

and substituting in the prior equality for ΩR , results in

(J− Λ )Ω˙ = −DΩ

€
Define
€

R

J−1 ΛΩ + u.

€
Π˜ = Π − L = ( Λ − J)Ω

Π˙˜ = Π˙ − L˙
= (Π × Ω) − (−DΩ ΩR + u)

[(

]

= Π˜ + L × Ω + DΩR ΩR − u.

)

Choose u = L× Ω − u˜ , so that
€

Π˙˜ = Π˜ × Ω + DΩR (− J−1 ΛΩ) + u˜ .

€
€
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The governing equations of motion may now be written in their final form
˙ = RΩ×
R
Π˙˜ = Π˜ × Ω + D

ΩR

(J

−1

ΛΩ) + u˜ ,

assuming zero total angular momentum. These equations are exactly the equations of
motion for an externally actuated rigid body, assuming linear rotational damping. This
€
damping term may be cancelled through the proper choice of u˜ . Doing so, one obtains
the classic Euler equations for the free rotation of a rigid body.

€
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3. Design and Fabrication
3.1 Introduction
The design process and fabrication of IAMBUS are described in the following sections.
Performance requirements are defined and incorporated into the structural design.

3.2 Design Requirements
3.2.1 Actuator Sizing
In order to verify IAMBUS’s utility as an attitude control platform, the motors have to be
properly sized. That is, they have to generate the torque required to maneuver and
stabilize the system. This calculation begins by choosing an angle that IAMBUS will be
able to slew through within a given time. For the idealized system, the relation between
slew angle and the required time is

θ 1T
=
2 2I

2

t
  .
2

Here, T represents the torque required to complete a slew maneuver in a given time, t ,
the inertia of the vehicle about a given axis is I and θ is the slew angle about the fixed
axis [30]. For IAMBUS, the chosen desired re-attitude conditions are θ = 2π radians in
t = 6 seconds. Using these values in the equation above, the required torque is T = 72
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oz-in. This gives a minimum torque requirement to begin the search for the motors
required to spin the reaction wheels.

3.2.2 Components and Constraints:
The design of IAMBUS began by selecting the spherical housing that would serve as the
outer hull. A glass sphere from Benthos, with an outer diameter of 17 inches, was
chosen. The sphere is composed of two hemispheres with finished edges to ensure a
complete, watertight seal.
The volume inside of IAMBUS is very limited, so components were chosen based upon
their size, weight and functionality. A PC/104 computer stack serves as the command
center. It takes up relatively little room compared to other computer formats, but still
provides fast processing speed, 667 MHz, and peripheral modularity.
An inertial measurement unit determines IAMBUS’s attitude. The MotionPak II, from
Systron-Donner, measures angular rates about all three axes and the acceleration along
each axis. By knowing the component of gravity along each axis, the PC/104 can solve
for the orientation of the MotionPak (modulo the heading angle), and therefore of
IAMBUS. To accomplish this computation, the only external acceleration acting on the
vehicle can be gravity. This means the depth of IAMBUS must be constant. The
procedure for deriving the orientation of IAMBUS from the gravity acceleration
measurement is given later in Chapter 4.
Power is supplied to the entire vehicle by a Lithium-ion battery pack from EAC
Corporation. The nominal voltage of the pack is 28.8 V, but it can be charged as high as
32.8 V. The circuitry in the pack limits the maximum current to 10 A, so all of the other
components have been fused at this limit to protect them from a short.
An Animatics’ SmartMotor (Model 2330) was chosen for the reaction wheel system.
These motors can deliver a peak torque of 125 oz-in. A smaller SmartMotor (Model
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2315D) was selected for the ballast system. The ballast motor can deliver a peak torque
of 50 oz-in, which is more than enough to drive the ballast pistons.

3.3 Structural Design & Analysis
3.3.1 Center Plate
A circular aluminum plate was designed and fabricated on which all of the internal
components are bolted. All of the internal components of IAMBUS are mounted to the
plate before it is placed inside the housing. This facilitates the installation and
maintenance of the internal components. The plate sits just over two inches below the
“equator” of the sphere. This places two of the motor shaft axes in the equatorial plane
and allows more room for the third rotor, which is mounted vertically.

Figure 3.1 CAD rendering of IAMBUS
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For neutral buoyancy, IAMBUS must weigh 54 pounds, excluding the 39-pound glass
housing. The plate thickness had to be chosen such that there would be minimal
displacement due to bending when loaded with full weight. If the plate was allowed to
bend the motor axes would no longer be orthogonal and the dynamics of the system
would be different from what is expected. Therefore a hand analysis was done to solve
for the displacements and the displacement of a comparable plate was measured while
being loaded with weight greater than what is required. The calculation was done using a
structural stability analysis, derived by Timoshenko [31] for a circular plate with a
distributed load and a load applied at the center. The maximum displacement, wmax , of a
plate with a distributed load, q , is:

wmax =

(5 + ν )qa 4
64(1 + ν ) D

where
D=

Eh 3
.
12(1 − ν 2 )

Here, ν is Poisson’s ratio, a is the radius of the plate, E is the modulus of elasticity, and
h is the thickness of the plate. The maximum displacement was calculated for three

prescribed thicknesses;

1 3
1
,
and inches.
4 8
2

As a worst-case scenario, the maximum displacement was calculated with the entire load,
€
P , applied at the center of the plate. For this set-up, the maximum displacement is

wmax

(3 + ν ) Pa 2
=
.
16π (1 + ν ) D

Table 3.1 shows the maximum displacement for the three thicknesses. The deflection for
each thickness is small in relation to the diameter of the plate, for both cases. The
quarter-inch thick plate has over three times the deflection of the three-eighths inch plate
for the distributed and centrally located loads. It was decided that the possible deflection
of the three-eighths inch thick plate was small enough, given the weight savings over the
one-half inch thick plate.
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h (in.)

Distributed Load
wmax (in.)

Centrally Applied Load
wmax (in.)

0.25
0.375
0.5

4.51E-03
1.34E-03
5.64E-04

1.13E-02
3.34E-03
1.41E-03

Table 3.1 Table of center plate thickness and maximum displacement.

3.3.2 Mounts
To secure the motors to the center plate, mounts were designed to “clamp” the motors
down. Designing mounts to hold the x-axis and y-axis motors in place was easily
accomplished due to the layout of IAMBUS, however the z-axis motor is surrounded by
other components. The x-axis and y-axis motors are in contact with the z-axis motor on
two sides. This mount is minimal in size but still able to support a cantilevered motor
with a rotor attached to the end. A finite element analysis was done on this mount to
ensure that it can support the required weight. The stress diagram is included in
Appendix E.
The motors are only rated to carry three (3) pounds of axial load and five (5) pounds of
radial load. Each rotor weighs almost seven (7) pounds, so another bearing had to be
incorporated into the design. A pillow block was designed to house a collar bearing for
the x and y-axis motors. The collar bearing has a setscrew attached on one side of the
collar. The setscrew locks the bearing to the reaction wheel and carries the axial load of
the assembly. The pillow block and bearing are located at the cantilevered end of the
motor shaft, thereby supporting the shaft (See Fig 3.2). This set-up is not possible for the
z-axis motor, so a pillow block was designed to be located between the motor and the
rotor. This pillow block is bolted to the shaft end of the motor. The rotor is still
cantilevered, but the extra bearing takes the load off the motor’s internal bearings.
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Figure 3.2 Some motor mount and pillowblock locations

3.3.3 Ballast
IAMBUS’s depth control is accomplished through the use of a double-plunger type
ballast system designed by Nate Lambeth. To control IAMBUS’s depth the weight of
water ballast needed to be plus or minus one percent of IAMBUS’s total weight. This
meant that the ballast system would need to start with approximately nine-tenths of a
pound of water for neutral buoyancy and be able to take on an additional nine-tenths of a
pound. An Animatics SmartMotor 2315, with a pinion on the motor shaft, drives a 2.5
inch pitch diameter gear that has a second, identical gear meshed on the opposite side.
Glued coaxially at the center of each gear is an Acme threaded bushing. A matching
Acme threaded lead screw runs through each bushing. Attached to one end of each lead
screw is a 3.25 inch diameter piston with two o-rings around the circumference of each to
seal the ballast tanks. These pistons travel through the ballast tanks, which have a 3.5
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inch outer diameter and have 2 inches of usable length. One end of each tank is capped
and a hose fitting is screwed into a threaded hole in each cap. Two plastic plates, aligned
parallel to each other, are used to hold the gears, tanks and motor in place. Standoffs are
placed between the plates, which are screwed together sandwiching the pinion and gears
between them. One ballast tank is placed on either side of the “gear box” plates.
Therefore, even though the gears are driven in opposite directions, the pistons move in
the same axial direction in the tanks.

Figure 3.3 Ballast system- opened at gearbox plates

3.3.4 Support Ring
Recall that IAMBUS was designed to allow full rotational freedom. When IAMBUS
flips over, the center plate would fall from one hemisphere into the other if it were not
restrained. Therefore, a support ring was designed to sit on four threaded rods that are
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screwed into the center plate (See Figures 3.4 and 3.6). This ring presses firmly against
the upper hemisphere when the housing is sealed to ensure that the center plate does not
move. The threaded rods are also used to mount weights for trimming the vehicle’s
center of gravity to coincide with the center of buoyancy of the sphere. Nuts are placed
on either side of the weights to hold them in place along the rod. See Figure 3.4 below.

Figure 3.4 IAMBUS RWAs and trim weights

The weight of the center plate is carried axially through the threaded rods. Each of the
four rods must be able to support one-quarter of IAMBUS’s internal weight;
approximately fourteen pounds. Because IAMBUS will rotate at a slow rate, the torsion
on the rods is negligible. Therefore the axial load on the threaded rods is the critical
failure case to analyze. Euler’s formula for the critical buckling load for a rod, with fixed
ends, in compression is given by:
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4π 2 EI
Pcr =
L2
where
E ≈ 30,000 ksi
I=

πd 4
.
64

The geometry of a sphere and the layout of the trim rods determine the exposed length of
each rod ( L = 6.625" ). Using 1 − 28 threaded rod, with a root diameter of .20624
inches, the critical load for buckling is Pcr = 2394.6 pounds. The center plate should
remain held in place since this critical buckling load far exceeds the weight each rod must
carry.

3.3.5 Rotors
In order for IAMBUS to be a useful experimental platform, the internal rotors must have
sufficient inertia to be able to reorient the vehicle in a set time. As one motor applies a
torque to the attached rotor, a counter-torque is applied to the vehicle. This countertorque is equal to the motor torque minus the torque wasted in fighting friction in the
motor shaft bearings. This friction grows as the rotational speed of the motor increases.
The angular acceleration of the motor shaft must be minimized to maximize the effective
motor torque applied to the vehicle. All other factors being held constant, minimizing the
angular acceleration of the motor shaft decreases the torque applied to the vehicle, as
seen in

τ = Iα .
The counter-torque available to overcome friction and be applied to the vehicle is
represented by τ , I is the inertia of the rotor and α is the angular acceleration of the
rotor. If α is minimized to reduce torque loss due to friction, then the inertia of the rotor
should be as large as possible in order to generate a large counter-torque. The inertia of
each rotor is governed by the size and material of the rotor. The rotor size is constrained
by the internal dimensions of the sphere and by the maximum weight of IAMBUS.
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The layout of IAMBUS’s internal components and the inner diameter of the sphere
limited the outer diameter of each rotor to 8.75-inches. The thickness of the rotors was
limited by the physical layout of the surrounding components. This thickness could be
no more than 0.5-inches for the lead and 0.13-inches for the aluminum ring and hub plate.
A mass budget, shown in Table 3.2, was created to determine a maximum allowable mass
for each rotor. Once the approximate weight for each rotor was chosen, the rotor material
was selected. A dense material was needed to maximize the ratio of rotor inertia to rotor
weight. For this reason a comparison was done between a steel rotor and a lead rotor of
the same size. The steel rotor would be able to withstand higher dynamic stresses, but
would not have nearly the inertia of a lead rotor. Since lead is about one and a half times
as dense as steel, a lead rotor would have about one and a half times the inertia of a steel
rotor of the same dimensions. Therefore, lead was chosen as the material from which to
fabricate the rotors. From the weight budget, an approximate weight of five and a half
pounds was chosen for each rotor. This leaves approximately ten pounds for wiring,
rotor hubs, trim weights and other miscellaneous parts. The chart shown in Figure 3.5
was created using the chosen dimensions and the mass density of lead. The inner
diameter of the annular rotors, 6.5-inches, was selected by picking the corresponding
diameter to the chosen mass using Figure 3.5.
Component
Battery
Motor
Inertia Sensor
Computer
Plate, Ring, Mounts
Ballast System
Total
Under

Mass (lbs)
2.7
2.3
2.5
3
9.5
4

Qty.
1
3
1
1
1
1

Mass (total)
2.7
6.9
2.5
3
9.5
4
28.6
27.4

Table 3.2 IAMBUS internal component weight budget

While the size and material of the rotors was being chosen, the hub to mount the rotors to
the motor shaft was designed. Each hub was machined out of a single piece of aluminum
to ensure axial alignment of the hub and the motor shaft. Aluminum rings with the same
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outer and inner diameters as the lead rotors were made. The lead rotor is placed between
the aluminum hub and the aluminum ring. All three pieces are bolted together using
eight bolts, spaced forty-five degrees apart. This reaction wheel assembly is slid onto the
motor shaft and then these are pinned together by placing a roll pin through a pre-drilled
hole.
Inner Diameter vs. Weight
10
9
8
7
6

Weight (lbs.) 5
4
3
2
1
0
0

2

4

6

8

10

12

Inner Diameter (in.)

Figure 3.5 Plot of rotor weight versus rotor inner diameter

A dynamic stress analysis of the reaction wheel assembly was performed to find the
maximum angular velocity at which the wheels can safely be operated (See Appendix C).

3.4 Fabrication
This section will describe the fabrication process for all of the custom made components
including the ballast control system and reaction wheels. Professional machinists
manufactured some of the more intricate components; e.g. reaction wheel components,
center plate and the upper support ring. Students working on IAMBUS fabricated other
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parts, including the motor mounts, pillow blocks and battery pack holders.

Figure 3.6 IAMBUS’s internal components

3.4.1 Rotors
Lead shot was purchased and melted down in a mold that was machined out of a solid
block of aluminum. The mold is slightly larger than the final rotor dimensions, allowing
for the oversized rotor to be turned on a lathe to the required dimensions. Four holes
were drilled and tapped in the bottom of the mold. Bolts are threaded into these holes
from the bottom, up to the lower surface of the mold when the lead is being melted and
cooled. Once the rotor has cooled, the bolts are removed to allow for air to flow in
behind the mold. The rotor is then removed from the mold. To achieve the final size, the
rotor is mounted in a jaw vise on a lathe. After turning one face of the rotor, it is flipped
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over and the other side is faced down until the rotor is one-half inch thick. Next, the
inner or outer diameter is turned down, then the jaws are reversed and the other diameter
is machined. This process is repeated for all three rotors.
After assembling the reaction wheel and motor, the assembly needs to be balanced. The
balancing is required because the molding process and the alignment of the assembly are
not exact. A Bently Nevada Field Balancing Kit and rotor balancing computer software
were used to balance the rotors. Each rotor was spun-up to a constant angular velocity,
measured by the optical probe, then the amplitude of vibration and phase lag were
measured using the hand-held probe. The amplitude and phase lag were entered into the
computer program and the process was repeated with a trial weight of modeling clay
added to the rotor. The new amplitude and phase lag were entered into the computer and
the required weight and angular position on the rotor were returned to the user. After
changing the weight and position of the clay, the rotor was spun-up and the amplitude
and phase lag were re-measured. This process of taking measurements and moving the
clay was repeated until the amplitude of vibration was minimized.

3.4.2 Components
The center plate, motor mounts, pillowblocks and support ring were each machined out
of a solid piece of aluminum. Due to the intricate machining required, the center plate
and support ring were done by professional machinists Bruce Stanger, Michael Vaught
and James Lambert. The motor mounts and bearing pillowblocks were fabricated by
Laura Elliott, a student worker.

3.4.3 Ballast
The pinion and gears to drive the ballast system and the hose fittings for the tanks’ end
caps were purchased along with the stock material for making the gear box plates, tanks,
pistons and end caps. Holes for the lead screws, the bolts to hold the plates together and
for mounting the motor were drilled through the plates. Counterbores were then
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machined into the plates to allow for the motor, tanks and thrust bearings. The thrust
bearings were placed on each lead screw on either side of the gears. These bearings
allow the gears to turn smoothly without rubbing against the plates. See Figure 3.3 for a
detailed picture of the ballast components and Figure 3.7 for a picture of the ballast
system mounted to IAMBUS.

Figure 3.7 Mounted ballast system

The clear polymer tube for the ballast tanks was cut to length and the ends were
machined square to the axis. PVC material was turned on the lathe to make the ballast
pistons and the ballast tank end caps. Two o-ring grooves were then turned in the outer
diameter of the pistons. These serve as a seal and a backup to prevent water from leaking
into the housing. A blind hole was drilled into one side of each piston and two
perpendicular holes were drilled and tapped in the o-ring groove nearest the side of the
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blind hole. The pistons were placed on one end of each lead screw and setscrews were
threaded into the tapped holes to hold the pistons onto the lead screws.
Holes were machined in the glass housing by the manufacturer, Benthos, before delivery.
A port was machined out of brass for one of these holes to serve as an inlet/outlet for the
ballast system. The two piece port was threaded together from either side of the glass.
An o-ring and rubber gasket were used to seal the port from leaking. A tee fitting was
threaded into the inner part of the port. Plastic tubing takes water from the tee fitting to
the fitting in each ballast tank.
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4. Control Design & Implementation
4.1 Introduction
This chapter describes the type of experiments that IAMBUS can perform and
preliminary test results. Sections 4.3 and 4.4 define the control systems used on
IAMBUS.

4.2 A Representative Attitude Control Experiment
An attitude control experiment using IAMBUS would begin by trimming the vehicle’s
center of gravity to its center of buoyancy before closing and sealing the sphere. Once
the sphere has been sealed, IAMBUS is placed in the water tank with the umbilical cord
plugged into the waterproof connector. Sending a signal from the external computer to
the on-board computer through the connector begins the program and the cord is
unplugged. The program begins by filling the ballast tanks half-full and expelling all of
the water, thereby priming the ballast system. Once the system has been primed, the
ballast tanks are again filled halfway. Now, IAMBUS should be neutrally buoyant,
although there will be some error. The ballast pulls more water into the tanks and
IAMBUS begins to sink. The pressure sensor takes continuous readings and the
computer converts these into the approximate depth of the vehicle. A PID feedback
depth controller operates until IAMBUS has reached its programmed depth and remained
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there for a specified time period. Once this has been accomplished, the ballast system is
shut down and the program continues.

Figure 4.1 Waterproof connector with umbilical plugged in

The initial step in the attitude control process is for the MotionPak to measure the gravity
components along each axis. From these measurements, the attitude of IAMBUS can be
determined, except for its heading angle. The actual attitude is compared with the desired
attitude and a control torque is computed for each motor. IAMBUS can demonstrate a
variety of nonlinear attitude control strategies, such as energy-based attitude control and
time- or energy-minimal slewing maneuvers.
Remark: Efforts to measure heading using a magnetometer are frustrated by the
fact that experiments take place within a ferro-magnetic water tank. Heading is
therefore estimated by defining the initial heading angle to be zero and integrating
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the vertical component of body angular rate. Of course, unknown biases in the
angular rate sensor measurements introduce heading error that grows with the
time. However, this approach provides adequate precision for short-term attitude
control experiments. See Section 4.4.2 for more details.
After the reorientation phase of the program has finished, the ballast system is re-started
and the ballast tanks are emptied. This returns IAMBUS to the surface of the tank where
it can be retrieved.

4.3 Depth Control
A simple one-degree of freedom model is assumed for the ballast control system. Letting
z represent depth, one finds
3
( ρ∀g ) &z& = 2( ρAg )u .
2

The term ρ∀g is the neutral buoyancy weight of IAMBUS with ∀ being the volume of
fluid nominally displaced by the vehicle. The term ( ρAg)u is the weight of the fluid in
one ballast tank where A is the cross-sectional area of the ballast tank. The factors,
3
and 2 , account for the added mass of the fluid and the two ballast tanks, respectively.
2

The control input, u , is the displacement of the ballast piston face from its nominal,
neutrally buoyant position. A positive displacement means an increase in ballast while a
negative displacement represents a decrease in ballast. Canceling and rearranging terms
leads to
&z& =

4A
u.
3∀

The transfer function, G (s ) , from input, U (s ) , to output, Z (s ) , can now be written as

G (s) =

Z (s) 4 A 1
=
.
U ( s ) 3∀ s 2

Our depth control system can be seen graphically in Figure 4.2. Note that for our
standard PID controller,
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1
TD s 

,
F(s) = k 1 +
+
 TD  
 TI s
1+  s

 N 


N has been inserted to ensure that the derivative term is proper, i.e. realizable. Through
simulation, the control gains
€

k = .001
TI → ∞ (no integral action)
TD = 50

were chosen to guarantee that the ballast actuator can not overrun its physical limits with
a settling time of approximately two minutes. See Section 4.5.1 for experimental depth
€
control results.

Figure 4.2 Depth controller

4.4 Attitude Control & Determination
This section derives a control strategy for IAMBUS’s reorientation. The depth and
attitude control strategies are given along with a method to approximate the unmeasured
yaw heading.
Remark: In Woolsey & Leonard [33], internal actuators are proposed as a means
of performing attitude control of AUVs at low speeds in place of conventional
actuators. Plans to add streamlined fairings to IAMBUS necessitate the
investigation of the torque required to overcome the Munk Moment, defined in
[32], on an unstable streamlined vehicle with internal actuators. Internal actuators
generate a torque independent of the vehicle velocity. This is not true of
conventional attitude control surfaces, i.e. fins. The torque generated by fins is
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proportional to the square of the vehicle speed. Therefore, a minimum velocity
exists at which a conventional fin controlled vehicle must be traveling in order to
generate the required torque to complete a maneuver. Internally controlled
vehicles have no such minimum velocity requirement, but they do have a
maximum speed at which they are able to translate and still be stabilized. For
steady, forward translation of a streamlined, finless body, the internal actuators
must generate enough torque to overcome the Munk Moment, P × v , on the
vehicle. This destabilizing moment can be seen in the total angular momentum
rate,
I

J

i= 3

j=1

Π˙ = Π × Ω + P× v+ rcm × ( mgRT i3 ) + ∑ ri × Fext i + ∑ Text j .

As the body moves through the fluid, any slight disturbance from streamlined
€
translation will cause a greater pressure on the area that is moving into the flow.
See Figure 4.3 for a pictorial representation. The Munk Moment is a maximum
when the body is pitched at

π
radians, that is θ = 45o . Defined in terms of
4

vehicle mass and velocity, the Munk Moment is

 0
€  
1 ⋅ (P× v) = ( m3 − m1 )v1v3
 0
 
= ( m3 − m1 )(v cos θ )(v sinθ )
1
m3 − m1 )v 2 sin2θ
(
2
1
= ( m3 − m1 )v 2 .
2
=

P× v

max

For the case of a very slender body, where m1 → m and m3 → 2m ,

1
= mv 2 .
2
€
€
By setting this destabilizing fluid torque equal to the maximum torque of a given

€

P× v

max

motor, the maximum velocity at which the vehicle can translate and still be
€
stabilized by internal reaction wheels can be determined. Ideally, this velocity
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overlaps with the minimum velocity of the externally actuated vehicle, thereby
allowing both systems to be implemented on a single AUV. This duality gives
the vehicle complete attitude control for a full range of speeds. For IAMBUS, the
maximum velocity that the current motors can stabilize is approximately 0.2 m/s.
Calculations for this velocity can be found in Appendix B.

Figure 4.3 Pitched, streamlined body

4.4.1 System Dynamics
Using the procedure described in [34], it is first noted that a noncanonical Hamiltonian
system can be used to express the system dynamics of IAMBUS. Define a system of unit
vectors ( d1 , d 2 and d 3 = d1 × d 2 ) to be aligned with the inertial principal axes, but

& = R Ω × , may now be replaced
expressed in the body frame. The kinematic equation, R
with
d& 1 = d1 × Ω
d& 2 = d 2 × Ω .

By defining the Hamiltonian to be

˜ ,d1 ,d2 ) = 1 Π
˜ T ( Λ − J )Π
˜
H (Π
2
the system dynamics can now be described by the noncanonical Hamiltonian equations

€
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 ˙˜  Π
˜×
Π   ×
 d˙ 1  = d1
d˙   ×
d
 2   2

×
I 
d2 

 
0 ∇H +  0  u˜ .

0
0
 


×

d1

0
0

Potential shaping, as set forth by Leonard (as cited in [34]), is applied to the noncanonical
€
Hamiltonian system to drive IAMBUS to a desired attitude. The potential shaping
function Ψ = k1 d1 ⋅ b1 + k 2 d 2 ⋅b 2 , with control gains k1 and k 2 , is chosen such that the
potential shaping control law derives as

(

×

×

u˜ = 0 d1

)

d2 ∇Ψ.

By defining H C = H + Ψ , the Hamiltonian system may now be written as
€

~& 
~×
Π
   Π
 d& 1  =  d1×
&   ×
 d 2  d 2
 

d1

×

0
0

×
d2 

0  ∇H C .
0 

Including rotational damping with the input gain k 3 , the control law becomes
~ = k b × d + k b × d + k Ω.
u
1 1
1
2
2
2
3

A simple numerical simulation was performed to attempt to validate the above stated
control law. The results of this simulation can be found in Section 4.5.2.

4.4.2 Attitude Determination
T

IAMBUS’s attitude, θ = {φ θ ψ} , is determined from the gravity vector measurement
of the MotionPak. For a 3-2-1 reorientation, the rotation matrix R ib , mapping inertial
coordinates€to body coordinates, is defined by

cosθ sinψ
 cosθ cosψ

R ib =  sinφ sinθ cosψ − sinφ sinθ sinψ +
cosφ cosψ
 cosφ sinψ
cosφ sinθ cosψ + cosφ sinθ sinψ −
sinφ sinψ
sinφ cosψ

€

−sinθ
sinφ cosθ
cosφ cosθ




.
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Let Γ be the measured gravity vector, such that
0  −sinθ 
  

Γ = R ib 0 =  sinφ cosθ  .
1 cosφ cosθ 
  


€

The solution to the first two orientation angles is

θ = −sin −1 (Γ1 )

 Γ 
−1
 sin  2 

 cosθ 
φ =
cos−1 Γ 3  .



 cosθ 

€

The yaw angle can not be directly solved for, but an estimate can be obtained through
knowledge of the other two angles. Begin by relating the angular velocity of IAMBUS,
€
T
expressed in body coordinates, ω = {Ω1 Ω2 Ω3 } to the rate of change of the heading
angles, θ˙ . This relationship is ω = S θ˙ where, for a 3-2-1 rotation,

€
€

€

1
0
−sinθ 




S = 0 cosφ sinφ cosθ .


0 -sinφ cosφ cosθ

By inverting the previous relationship, θ˙ = S−1 ω , ψ˙ can be solved for in terms of the
body angular velocity and the heading angles. That is,
€
€ ψ˙ = sin€φ Ω2 + cosφ Ω3 .
cosθ
cosθ
From the gravity vector solution,

€

Γ2 = sinφ cosθ
Γ3 = cosφ cosθ .

Summing the squares of both of the previous terms leads to

Γ2 + Γ32 = sin 2φ cos2θ + cos2φ cos2θ
€2
= cos2θ sin 2φ + cos2φ

[

]

= cos2θ .

€
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Substituting the acceleration equalities into the above equation allows the yaw rate to be
expressed in terms of the measured body angular velocities and linear accelerations. This
equality is

ψ˙ =

Γ2
Γ
Ω2 + 2 3 2 Ω3 .
2
Γ + Γ3
Γ2 + Γ3
2
2

An approximation of ψ can be determined by solving for ψ˙ , using the measured values

€

of Γ 2 , Γ 3 , Ω2 and Ω3 , and integrating over discrete time periods. The use of this
€
approximation can lead to large errors over an extended period of time due to the
€
integration of constant bias errors in the angular rate measurements. For brief attitude
control maneuvers, however, the error is acceptably small.

4.5 Preliminary Results
This section contains the experimental results from a depth and an attitude control test
with IAMBUS.

4.5.1 Depth Control
IAMBUS was pre-programmed to descend to a prescribed depth and hold position. The
on-board pressure sensor measured the water pressure and the computer calculated the
depth of the pressure sensor. Since the sensor is not located at the center of IAMBUS,
there is a displacement vector, rp , that relates the location of the pressure sensor to the
center of buoyancy with respect to body coordinates. The depth of the center of
IAMBUS with respect to the pressure sensor can be determined from this displacement
€
vector and the gravity vector measurement [34]. That is,
zcb / p = rp ⋅ Γ.

Figure 4.4 shows the result of a depth control maneuver with IAMBUS when
€
programmed to hold a depth of 1 meter. The test shows that IAMBUS is able to achieve
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the desired depth with minimal oscillations. A very slow drift of approximately 0.5

mm
,
s

with IAMBUS rising to the surface, is evident from the figure. This drift can most likely
be corrected by increasing the integral control gain.
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Figure 4.4 IAMBUS depth test

4.5.2 Attitude Control
The potential shaping control law derived in Section 4.4.1 was used to achieve the results
presented in this section. A gravitational torque cancellation term was added to the
control law because the center of mass does not lie exactly at the center of buoyancy, as
was assumed for an ideal system. IAMBUS was allowed to sink to the prescribed depth
and come to rest at its static equilibrium. The defined control routine was activated and
IAMBUS maneuvered itself into the prescribed orientation. The experimental results are
given in Figure 4.5. As can be expected, there is some offset between the numerical
solution and the experimental result. Oscillating convergence to the desired state is
clearly seen with some small drift. This drift is most likely due to sensor biases.
Figure 4.5 also gives the results of a simulated rest to rest maneuver. The simulation
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used the attitudes

1
 0

 

 
1

 0
1
qinitial =   and q final =  
2 
 0
1

 

 
1
 1
expressed in terms of unit quaternions. The control gains k1 = k 2 = −1.0 Nm and
k 3 = −0.5 Nm were used
€ in this simulation.

Figure 4.5 Unit quaternions from simulation (solid) and experiment (dotted)
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5. Summary & Conclusions
As built, the Internally Actuated Modular Bodied Untethered Submersible (IAMBUS)
can be used as an autonomous, underwater spacecraft attitude simulator with full
rotational freedom. The spherical hull and minimum extrusions give IAMBUS nearly
zero added mass and minimize its drag. IAMBUS was constructed to perform
experimental attitude control testing using internal actuators. Dynamic modeling of the
required slew torque was performed to properly size the reaction wheel assemblies as
well as a structural analysis on the internal support frame. The on-board computer
controls the depth and attitude control systems during testing, without relying on inputs
from outside of the vehicle. This autonomy expands the scope of control testing that can
be performed by IAMBUS. A tether would inhibit performance during attitude
maneuvers while remote operation limits the range of use.
IAMBUS can be used to perform unconventional tasks in the field. Due to its internal
actuation, IAMBUS is able to hover over an area for long periods of time without
disturbing the surrounding environment. Internal actuators can efficiently control low
speed and hover maneuvers, something that typical external fins cannot perform.
External fins have a minimum speed that the vehicle must be traveling for them to be
effective. These fins can be damaged or become unusable due to their exposure to the
environment. Internal actuators are not susceptible to biological fouling or damage from
a collision with underwater objects.
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Tests with IAMBUS have shown that a nearly stable depth can be achieved for an
attitude control test. The small drift in the system can most likely be corrected by control
programming (such as integral control) to account for this drift. Preliminary rotational
experiments have been performed using potential shaping control laws. Test results have
shown that the motors and rotors are sufficiently sized to allow for rotational maneuvers
while IAMBUS is submerged. A prescribed attitude can be achieved in approximately 15
seconds with minimal oscillations. IAMBUS can be used to perform attitude control
research into stabilization, minimum energy or minimum time maneuvers about all three
axes.
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Appendix A: Conservation of Momentum
To show that the initial zero momentum condition of IAMBUS is conserved over all
time, begin with the equality
I

π˙ = ∑ τ exti .
i=1

From the condition that there are no external torques acting upon IAMBUS, π˙ = 0 .
Therefore π(t) is a constant. Using the knowledge that the determinant of a rotation
€
π ) and the equality
matrix is always one, the determinant is associative ( R T π = R T €
€

Π = RT π

it can be seen that the magnitude of Π is conserved. This can also be seen from the
€
2
direct computation of the derivative of Π . That is,
€
d
d
2
€
Π = (Π ⋅ Π )
dt
dt
€
= 2Π ⋅ Π˙
= 2Π ⋅ (Π × Ω)
= 0.

As was stated in Chapter 2, since the body angular momentum is conserved and is
initially equal to zero, it must be equal to zero for all time.
€
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Appendix B: Maximum Stabilizable
Velocity
T : maximum motor torque
m : mass of IAMBUS
v : maximum stabilizable velocity
T = 125 oz - in = .651 lb - ft
m = 91 lbs = 2.8 slugs
1
T = mv 2
2
⇓
v= 2

T
ft
in
m
= .682
= 8.18
= .2
m
s
s
s

€
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Appendix C: Rotor Dynamic Stress
Analysis
Being that lead is a very ductile material, it was necessary to ensure that the rotors are not
run at an angular speed which would cause stress great enough to tear apart the lead. A
stress analysis was performed on the combined lead/aluminum rotor using results from
the analysis of the aluminum disc. (The aluminum plate pinned to the motor shaft is
assumed to be a flat disc since the outer diameter is much greater than the inner
diameter.) The analysis begins with the equations for the radial stress, hoop stress and
radial displacement of a rotating disc. These are, respectively:
C
ρ Alω 2 r 2
+ C1,disc − 2,disc
8g
r2
C
ρ ω 2r2
σ H,disc = −(1+ 3ν Al ) Al
+ C1,disc + 2,disc
8g
r2
r
sdisc =
(σ H,disc − ν Alσ r,disc )
E Al

σ r,disc = −(3 + ν Al )

where ρx is the density of material x, ω is the angular velocity of the rotor, r is the radius
€
at which the stress is calculated, νx is Poisson’s ratio of material x, Ex is Young’s
modulus of material x, g is gravity and C1 and C2 are constants to be solved for based on
boundary conditions. It is easily seen from the radial stress equation that C2,disc must be
equal to zero, otherwise the last term in the equation would go to infinity when r = 0.
Beginning with the disc, the first imposed boundary condition is that at r = 4.375, the
outer radius, the radial stress is equal to zero. Setting C2,disc equal to zero, C1,disc can be
calculated. Now, using the equations for radial stress, hoop stress and radial
displacement of the combined lead/aluminum ring, which are respectively:
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C
ρ comω 2r 2
+ C1,ring − 2,ring
8g
r2
C
ρ ω 2r 2
σ H,ring = −(1+ 3ν com ) com
+ C1,ring + 2,ring
8g
r2
r
sring =
(σ H,ring − ν comσ r,ring )
E com

σ r,ring = −(3 + ν com )

these constants can be solved for using results from the disc analysis. The combined
material properties, ν com and E com , are solved for by using the different thicknesses of the
€
materials. That is,
€

hAl = .5 inches
hPb = .125 inches

ν com =

ν Al t Al
ν t
+ Pb Pb .
t Al + t Pb t Al + t Pb

Solving the ring radial stress equation for C1,ring at the outer radius, where σ r,ring = 0 , but
not setting C2,ring equal€to zero, leaves C2,ring as the only unknown constant. By setting
sdisc equal to sring at the inner radius of the ring, i.e. r = 3.25, C2,ring may now be solved
€
for. This previous equality assumes that the friction between the disc and the ring will
keep any small deflection in one piece equal to the deflection in the other.
The ultimate tensile strength of lead is 1740 psi and the yield tensile strength is 800 psi.
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Appendix D: System Dynamics
Linearization
As shown in Section 2.2, the equations of motion for a spherical AUV with internal
rotors can be written as
˙ = RΩ×
R
Π˜˙ = Π˜ × Ω + D

ΩR

(J

−1

ΛΩ) + u˜ .

The equations of motion for a spherical AUV with a generic torque input, τ , can take the
form of

€

˙ = IΩ × Ω + τ
IΩ
θ˙ = S−1 ω.

€

Recalling from Chapter 4 that,

€

 sinφ sinθ
1
cosθ

−1
S = 0
cosφ


sinφ
0
cosθ


cosφ sinθ 

cosθ 
−sinφ 

cosφ 

cosθ 

the complete equations of motion are easily shown to be


I − I  τ 
Ω2Ω3  2 3  + 1 
 I1  I1 
Ω
˙ 1 
 I 3 − I1  τ 2 
˙  
Ω2  = Ω1Ω3  I  + I 
 2  2
˙ 3 
Ω
 
 I1 − I 2  τ 3 
Ω1Ω2  I  + I 

3
3 

€

€
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φ˙  Ω + sinφ sinθ Ω + cosφ sinθ Ω 
1
2
3
  
cosθ
cosθ

 ˙ 

cosφ Ω2 − sinφ Ω3
θ  = 

  

sinφ
cosφ
ψ˙  
Ω2 +
Ω3

cosθ
cosθ


The linearized system around the equilibrium state θ = 0, Ω = 0 is written as

∂θ˙
∂θ˙
+
θ = 0,Ω= 0
∂θ θ = 0,Ω= 0 ∂Ω θ = 0,Ω= 0
€
˙
˙
∂Ω
∂Ω
˙ =Ω
˙
Ω
+
+
θ = 0,Ω= 0
∂θ θ = 0,Ω= 0 ∂Ω θ = 0,Ω= 0
θ˙ = θ˙

€

+

In matrix format, the linearized system can be written as
 θ˙ 
θ
  = Α  + Β u
˙
Ω
Ω

€

where

0

0
0
A =
0
0

0

0
0 0 1 0 0
€


0 0 0 1 0
0

0
0 0 0 0 1
,
B
=


0 0 0 0 0
1
0
0 0 0 0 0


0 0 0 0 0
0

0
0
0
0
1
0

0
 τ1 

 
0
 I1 

0
τ 2 
 and u =  .
I
0
 2
0
τ 3 

 I3 
1

By checking the rank of the linearized system, it can be shown that the system is
controllable.
€
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Appendix E: Stress Analysis
The following pages are screenshots of Finite Element Analyses (FEA) of the center plate
with a centrally located load, then with an equally distributed load and the motor mount
loaded in the maximum bending stress position. The load on the center plate is equal to
the total internal weight needed to make IAMBUS neutrally buoyant. The weight of an
individual motor plus a cantilevered rotor was used as the load on the motor mount. The
stress values given in the color column at the right of the plots are in pounds per inches
squared (psi).
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Figure E.1 FEA of center plate with centrally located load.
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Figure E.2 FEA of center plate with equally distributed load.
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Figure E.3 FEA of motor mount.
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