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1 Introduction

The current proposed ROV design implements four thrusters and four gimbaled connections. On a
mobile platform operating in six Degrees Of Freedom (6-DOF), this presents a system that is inherently
underactuated. However, underactuated control is possible and is fundamentally limited by non-
holonomic thruster constraints, gimbal angular rates, and reactionary moments from thrust vectoring.

Figure 1: 4-Thruster 4-Gimbal ROV Convention

1.1 Modeling Assumptions

The model shown in Figure 1 presents the four-thruster convention with the origin set at the center of
mass, X to the starboard side of the vehicle, y to the front of the vehicle, and z out of the page. Roll
is measured around the y axis starting from x, pitch is measured around the x axis starting at y, and
yaw is measured around the z axis starting at y.

To effectively compare the controllability of various designs, it is necessary to assume that

2 Dynamics and Control

2.1 System Reactions

The system dynamics can be found by finding the component of each input force applied in each
component of the coordinate system. This serves to determine how each degree of freedom of the
system is affected by each input force.

F, = sin¢1(Fycos 0y — Fy cosby) + sin o (Fy cos by — F3 cosbs), (1)
F, = cos ¢1(Fycosfy + Fi cosbr) + cos go(Fs cos By + F5cosbs), (2)
F, = Fisinf; + Fysinfy + F3sinfs + F,sinf,. (3)



Moments are taken with respect to the center of mass of the vehicle using the coordinate (z;,y;)
for each thruster to find the moment arm. In the 3D extension of the planar case, it is assumed that
all forces are acting in the xy-plane of the center of mass.

M, = Fisinfyy; + Fosinfyys + F3sinf3ys + Fysin 64 y4, (4)
My = —F1 sin 91 xr1 — F2 sin 92 T — F3 sin 93 Tr3 — F4 sin 94 T4, (5)
M, =—k,1 Ficosby + k. FyocosOy — k, 3 F3cosls + k, 4 Fy cos Oy, (6)

k.; = p; cos(atan2(y;,z;) — ¢;), pi = \/m7

where j =1 for i € {1,4} and j = 2 for ¢ € {2,3}.

2.2 Control Basis Vectors

The components of the system reaction can be combined to find the wrench of the system applied
with respect to each of the input forces. A wrench is a combined column vector of the forces and
moments applied in a coordinate system. This 6x4 matrix represents the control basis of the system.
The columns of this matrix are the basis vectors, which represent the wrench applied to the system
for each input force.
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k.; = p; cos(atan2(y;, z;) — ¢;), pi = \/m7

2.3 Verification

cos 01 cos ¢
by = |[cosf; sin ¢

sin 91

b1 ]|* = (cos By cos ¢1)* + (cos by sin ¢y)? + (sin 6;)?
cos? 0, (cos2 é1 + sin® qi)l) + sin® 6,

cos? 6y -1 +sin? 6, = cos? 6y +sin? 6, = 1.

b1 = 1.

3 Conclusion — Underactuated Control

The four-thruster, four-gimbal system operates in 8DOF with four controllable basis vectors. This
provides the system with full range of motion if and only if the gimbals can reach any orientation.
Hardware implementation presents concerns about feasibility of the system practically.
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