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Abstract— Streamlined autonomous underwater vehicles ments that are independent of vehicle speed. In this paper,
(AUVs) are typically designed to operate at a nominal speed. we consider the problem of controlling longitudinal motion
Control surfaces are sized to meet control requirements nearhis of a conventional streamlined AUV at low speed, where stern

operating condition. Occasionally, the need arises for a vehicle to | t turate. C ider th dul al
operate at a lower speed, for example, to perform an inspection planes are prone 1o saturate. Lonsider the modular, onegiegr

task. Because hydrodynamic forces and moments decreaseOf freedom MMA shown in Fig. 1. When secured below a
quadratically with speed, there is generally some minimum streamlined vehicle, such as the Virginia Tech MiniatureVAU
speed below which a streamlined AUV can not operate. If the (VTMAUV) shown in Fig. 2, the actuator provides a constant
vehicle is slightly buoyant, for example, it may be incapable of . 5yjtational pitch moment that depends only on the size and
generating sufficient down-force to maintain depth. This paper | itudinal locati f th . A v sized
describes the use of a moving mass actuator (MMA) module ongitudinal location of the moving mass. prppv_ary_sae
to augment control of an existing streamlined AUV in order to MMA can therefore extend the lower speed limit without

obtain a lower minimum operating speed. In some scenarios, as greatly diminishing the vehicle’s efficiency at its nominal
described in the paper, the MMA may be combined with a fixed speed.
wing to generate additional lift. The results of analysis include

sizing guidelines for control surfaces and MMA modules and a
technique for estimating the minimum controllable speed.

I. INTRODUCTION

Streamlined autonomous underwater vehicles (AUVs) are T

designed to swim efficiently over long distances. Moreover, E_LL,

even though additional power is required to maintain depth,

AUVs are typically trimmed to be slightly buoyant or slightl Fig. 2. Virginia Tech Miniature AUV [3].

heavy. If the system fails, the vehicle will then either rise¢he

surface or sink to the bottom. Buoyant or heavy streamlinedA two degree of freedom MMA can provide control in pitch

AUVs maintain depth through some combination of propulsioand roll. For a neutrally buoyant vehicle, for example, a two

and lift generated by the hull. Both components require tifegree of freedom MMA would enable tilt control in hover.

vehicle to travel at a nonzero pitch angle, which a nonzefsother application is demonstrated by a new class of AUV,

control moment. In conventional vehicles, the control momethe buoyancy-driven underwater glider. Power storage és th

is generated by control surfaces. Both the control momeaht a@ssential limitation for AUVs. Because conventional marin

the lift generated by the body vary quadratically with spged propulsors are too inefficient for long-term, battery-pogee

that, at some minimum speed, the body is unable to maint4iperation, underwater gliders have begun to play a cruclal r

depth. in long-term oceanographic monitoring [1]. A key advantage
of moving mass actuators in this application is their irgign
robustness. Since the actuators are housed internallyatiee
not subject to corrosion and biological fouling. Thanks to
their extreme efficiency and robustness, gliders have @&jrea
demonstrated endurance of months; deployments exceeding
one year are not unrealistic. A thorough review of existing
buoyancy driven glider technology is given in [7], along hwit
design guidelines and quantitative comparisons to othargfly
vehicles and creatures. An excellent discussion of moglelin

Fig. 1. One degree of freedom MMA. and control design is given in [4].
The concept of buoyancy-driven gliding raises another-ques
A moving mass actuator (MMA) can provide control motion related to low-speed control of conventional streasdi
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AUVs: When should one add a wing? A wing provides a

greater lift force at smaller angles of attack, allowing ahe

or buoyant vehicle to maintain depth at lower speeds, afthou

it also produces greater drag. To determine whether a wing is~2

necessary and, if so, what its dimensions should be, one must 1

consider the vehicle’s hydrodynamics, its submerged weigh

and the desired speed. Section Il discusses wing sizing for a

streamlined AUV. myg
Alternative methods for attitude control at low speed idelu Mg

additional fixed thrusters, super-articulated fins, or rimae

rotors such as reaction wheels or control moment gyroscopes

Additional thrusters are commonly used on remotely opdrate A

vehicles, however they are subject to fouling and corrosion ]

and can add significantly to a vehicle’s drag at higher speeds

Super-articulated fins have been demonstrated for control i L

hover [9], [5], however these actuators are also subject to

fouling and corrosion. Reaction wheels can be used to contro

a vehicle at low speed, but they consume considerable power

and volume and are subject to saturation [11]. Each of these ‘

moment actuators requires continuous power, unlike a MMA

which exerts a gravitational moment. s -
Increasingly common among streamlined AUVs is vectored

thrust propulsion. A vectored thruster can generate pitch a Eae-a

yaw moments which are more or less independent of speed, -,

although it can not be used for roll control. As is true for B =

stern planes, the off-axis force generated by a vectoretir

is opposite the direction of desired force. (For example, in

order to pitch nose down to generate a downward body lift %

force, the stern planes or vectored thruster must generate a "

local upward force.) Thus, some of the thrust which could Fig. 4. Reference lengths and areas.

otherwise contribute to maintaining depth instead makes th

problem more difficult. For a vehicle with a fixed thruster

and a MMA, all of the thrust acts in the desired direction islender body with a constant cross-sectional shape are [8]

trimmed flight.

0/a

Fig. 3. Longitudinal free body diagram.
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Il. LONGITUDINAL STATICS AND COMPONENTSIZING A \7 A /3 1
P (24— Z ) gin2
Here, we consider longitudinal motion of a streamlined +nCa, A, (27 2) s a (@)
AUV with a MMA. We fix a reference frame in the body V= Ap(l — zn) 1 ) ) o
at the center of buoyancy (CB), assumed to be located at then., = (T) (—2 +7° = 1) sin 2a cos o
. g . . r Y
geometric center. The bodyg axis is aligned with the hull's A/ - 3
axis of symmetry and the bodyg axis points down through +nCdnATp (%) (57 - —) sin?a (2)
the belly. Theyy axis completes the right-handed triad. The r

body center of gravity (less the contribution of the movintn these expressiond] represents the vehicle volume and

mass) is located at the point,, with respect to the body represents an empirical factor (assumed here to be onepwhic
frame; the mass of the body less the point massis The accounts for cross-flow drag. The actual force and moment are
point massm,, is located at the point,.

Fig. 3 depicts a longitudinal free body diagram for an AUV N = O (@) Payn A 3)
with a fixed tail. To determine the potential benefit of a fixed My, = Gy, (@) PaynArL (4)
wing, we assume that one is attached to the vehicle such thafere
the wing aerodynamic center is aligned with the CB. (The P, = }pvz
aerodynamic center is the point about which the wing moment 2

does not vary with the angle of attack.) Important lengtiogt is the dynamic pressure. Because the dynamic pressure varie

for the vehicle shown in Fig. 4 are the fineness rgtie- 2—[ quadratically with the water-relative speéd the hydrody-

and the ratioy = > > 1. namic force and moment vanish at very low speeds. By
The normal force and pitching moment coefficients for mcreasing the wing size (represented by the faetprone



may increase the lift force at lower speeds to aid in maiimgin  Using (2) and (6) one obtains the following relationship
depth. At zero water-relative speed, however, only a \a@rtichetween angle of attack and the horizontal tail volume ratio
thruster or a buoyancy control device will allow a vehicle to - 0.983 1 o
maintain a fixed depth. Vy=—f <0.222 + = ) (—2 + 7% — 1) sin 2 cos —
. . . sin «v o 2
The moment coefficient in equation (2) represents a desta- (11)

bilizing pitching moment due to the wing and body. The effegtqyation (11) can be used to size the tail for the “worst case
may be offset by including properly sized stern planes. &emVscenario” in which the CG coincides with the CB. Using

actuated stern planes are the conventional means of piffiameters for the wingless VTMAUV as an example, one
actuation for streamlined AUVs. The tail moment contribati 5ptains the curve shown in Fig. 5. Choosing the value-pf V

scales linearly with the area ratig so that greater than the peak value, which occurs araunre 24°, will
A ensure that the tail counteracts the destabilizing windybo
Cn =Cnyy + ATCNt (5) moment throughout the full range of speeds and angles of
! attack.
where, for a flat plate [6], Ensuring that there is sufficient control authority to maint
1 a given pitch attitude, however, is a separate issue. Faeren
ONy = ——5m3 " (6) tional streamlined AUVs, the CG is below the CB for statit il
0.222 + === L g
sin a stability. At some minimum speed, the stern planes are enabl
The axial force coefficient for the tail is to overcome the stabilizing CG moment. Rather than increase
) the tail volume ratio (9) to decrease this minimum speed, we
Ca, = Cpy, cos” as. (") consider moving the CG itselr.
The termCp, in (7) is the zero angle of attack tail drag 1. DYNAMIC MODELING

coefficient for the tail andy; is the stern plane angle of attack,
including the commanded deflection.
The pitching moment due to the horizontal tail is

To develop a dynamic model, define a second reference
frame, fixed in inertial space, by the orthonormal triad, (
Y1, z1) With z; pointing in the direction of the local gravity

C. = _\.C g) Vector. The vehicle position is given by the inertial vector
my — t U N ( ) T . ..
X = [z, y, 2]" which extends from the origin of the
where-V, is aratio of volumes inertial frame to the origin of the body frame. The attitude
LA can be described using the conventional XYZ Euler angles
Vi = LtAt' (9) & = [¢, 0, ¢]T as defined, for example, in [2]. The body
P translational and angular velocity ate = [u, v, w]? and

Ignoring any moment contribution due to a low center ab = [p, ¢, r]T, respectively.
gravity (CG), requiring that the tail moment balance the The kinematic equations are

wing/body moment gives 3
g y g < X ) — ( J1(¢797¢)” ) (12)
Vt N Cg,lwh (10) 3] J2(¢a 9)"‘"
Nt where
cOcyy  sgsbcy) — copsyp  cpsbe) + spsy
o1 ‘ Variauo‘n ofHorizo?!a\ Tail Vol‘ume Ratio \‘/vi!h AoA ‘ Jl = Cesw C¢C’(/} + S¢S9S’(/} —S¢C1/} + C(]SSQSQZ}
—sb s¢ch coch
0.09 b d
an
0.08F B 1 S(bte C¢t9
0.07f i J2 = 0 C¢ —qu
0 s¢/cd co/ch
il | In the expressions above, “s” represents the sine functain,
oSy 7 represents the cosine function, and “t” represents theetang
004 1 function.
vosl | Now let the body vectorr, denote the position of the
' moving mass patrticle relative to the origin of the body frame
002f A The velocity of the mass particle relative to inertial spémat
ooil | expressed in the rotating body frame) is

L L L L L L L L = Y
% 10 20 30 40 50 60 70 80 %0 Up U+ wX Tp + Tp- (13)
Angle of Attack, AoA, degrees

Assuming that the point mass is constrained to move parallel
Fig. 5. Relation between angle of attack and tail volume ratio to the vehicle’s longitudinal axis, only the first component



the vectorr,, is free to vary under the influence of a controDefine the terms
force. We therefore defing, = e; -7, wheree; = [1, 0, O]T.

To develop the dynamic equations, first define the 7 mr = Mp+ Mp — Mbuoy
generalized inertia matrix for the body/particle system Nt = Ngp+ Ny
Jy — mpPpPp  MpPeg +mpfy, mpPper Ar = Awp + Ac
Iy, = —MpPeg — MpTp ml mpe; . ) _
—myel#, mpel m, Thus, mrg represents the submerged weight of the vehicle,

) ) Nt represents the total hydrodynamic normal force, adnrd
In the expression above, the operatds used to CONVert a represents the total hydrodynamic axial force. From the fre
vector into a skew-symmetric matrix that satisfieg = x x y body diagram in Fig. 3, the condition (16) requires
for vectorsxz andy. Also, Jy, represents th8 x 3 rigid body

inertia matrix andl represents th8 x 3 identity matrix. mrg = Nrcos — Arsind + Tsin 6. (17)
The generalize&dded inertia matrix is
J., D, 0 A horizontal force balance gives
L= DY M, o

of of o 0=Tcosf — Apcosf — Npsinf.
where J, represents added inertid), represents inertial Solving for the thrust required to maintain constant speegsg
hydrodynamic coupling, and/ , represents added mass. Each

of these matrices i8 x 3. Added mass and inertia arise from T = Ar + Ny tant (18)
potential flow theory; the associated “inertial forces” @aat

for the effort required to accelerate the fluid around theybo@umtitu"ing (18) into (17) yields

as it moves. . . .
The total generalized inertia matrix is the sum of the'™ = N cosf = Arsind + Arsin§ + N tan 6 sin 6

generalized body/particle system inertia and the gerzedhli = Nrcost + Nrtanfsinf

inertia due to the fluidlys = I/, + L.. The matrix Ly = Nrpcosf (1+tan®0)

is positive definite and depends on the vehicle geometry and = Nrsech.

mass distribution and on the densjiyof the ambient fluid.
The total body angular momenturh,,, the total body Solving for the total normal force gives
linear momentump,,,, and the along-track point mass mo-

mentump,, are defined as follows: Nt = mrgcosb.
hesys w Normalizing and solving for the dynamic pressure gives
psys = Hsys U . (14) 0
| o S Payn = g0 (19)
With these definitions, the dynamic equations are [10] N (a)A
hoys = Rays X W+ Py X U + Mg whereCy () is given by (5). Noting tha? = « for constant
P = P Xwt f‘ ) depth flight, equation (19) relates the equilibrium pitclylan
RE 58 ext to the dynamic pressure. The minimum achievable equilibriu
Pp = Up+ fpo speed is

wherem,,; and f,, represent external moments and forces _ [2mrgcost 3
applied to the vehicle, respectively. These include gatigihal Vinin = mn {; m}
effects (weight and buoyancy), viscous flow effects (sudiftas
and drag and angular rate damping), and the vehicle thrhst. TThe equilibrium moving mass position can be obtained by
term u,, in the last equation represents a control force actirapoosingr, such that, at the equilibrium pitch angle, the
along the moving mass track; the terfp, . represents other moment due ton,g balances the hydrodynamic moment (4)
along-track external forces, such as gravity and frictiba. and the residual CG moment due to the fixed vehicle weight
implement moving mass control, one may choose the contral,g.
input to cancel the relative motion of the mass induced by the
vehicle itself and to servo the mass to its desired position. V. EXPERIMENTAL PROOF OFCONCEPT
Steady motion at constant depth requires that, andr, _ _ _ ) ) )
remain constant and that = 0. From these requirements, the This section describes design and field trials of a one degree
fo”owing equi“brium Conditions must ho'd: Of fl’eedom MMA bUIlt fOI’ use W|th the VTMAUV. The goal
is to demonstrate the use of a MMA to lower the minimum
Mo = (mI + Ma)v xv (15)  speed for a streamlined AUV by supplementing the control
for = 0. (16) authority of servo-actuated tail fins.
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Fin deflections, degrees
o

A. Actuator Design

The MMA was designed to mimic the size and shape :
of a YSI CTD sensor, which is a standard payload for the &
VTMAUV. Attached below the vehicle, the MMA provides
passive roll stability by lowering the vehicle’'s CG. The
VTMAUV supplies the MMA with 5 volts DC power. The Wk m w  wm % w0
actuator is controlled serially using simple position coamats.
The command set is the set of integers from 0 through 60 ‘ ‘ ‘ ‘
with O corresponding to the rearward-most mass position ant BT B s e s T s T s
60 corresponding to a forward-most position.
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Fig. 7. Dynamic data taken with MMA at position 30. (In the tdptpthe
Lead Nut Rear Gear Train solid line represent$'in,, the dashed line represerif§ny,, and the dotted
line represent&'inc. In the bottom plot, the solid line represents pitch angle

m T é/ EQ#Z%’ and the dotted line represents roll angle.)
1

Tpat Acme Lead Screw Servo TEI&(;trmLir' TABLE |
Motor Storage

/Front Gear Train

EQUILIBRIUM CONDITIONS AT MASSLOCATIONS
Fig. 6. Components of the MMA.

MMA Location | Depth | Pitch Roll Fing Finy, Finc

O O
The layout of MMA components is shown in Fig. 6. The I B I O U Bl
mass moves along an Acrjeinch lead screw with a pitch of 20 15 | 83 | 51° | 43 | 4 | 3.1°
Z-inch per turn. The lead screw is driven through a custom- ig igj :g-g: :2'4212 :(1)-22 :g-; 192-8;
designed gear assembly by a high torque servomotor located g 15 | 57 | 67 | 36 | 83 | 150
at the rear of the actuator. The integrated servo potenteime 60 15 | 56 | -86 | -6.6° | -11.22 | 18.%

was replaced by an equivalently rated 10-turn potentiomete

which is slaved to the lead screw at the front of the actuator

through another gear assembly. Two brass lead screw napparent discrepancy between i@, andFin;,, data shown
travel along the lead screw; a pair of anodized aluminum Fig. 7 is due to the constant roll moment required to caunte
rails prevent the lead screw nuts from rotating, ensuringtlae roll moment induced by the propeller. As can be seen in
smooth linear motion. A bolted assembly of brass weights,

sandwiched between the lead screw nuts, serves as the moving ¢

mass. The amount of movable mass can be varied to change

the net buoyancy of the MMA. For the experiments described

in this section, the amount of movable mass was chosen to

give the combined VTMAUV/MMA assembly a net buoyant

force of 1.5% of the dry weight. The moving mass accounted f B

for roughly 15% of the total vehicle weight. With a full trdve

distance of approximately 8 inches, the MMA provides 1 inch Fig. 8. VTMAUV fin orientation, viewed from the front.

of longitudinal movement of the vehicle CG, a significant

amount considering the scale of the vehicle. Fig. 9, the PID-controlled fins compensate for the changing
] gravitational moment as the moving mass travels forwanahfro

B. Experimental Results its rearward-most location.

The MMA was attached to the VTMAUV and ballasted The vehicle is trimmed so that, for a moving mass loca-
so that the assembly sits level in the water with the movirtgpn of 30, the CG is longitudinally aligned with the CB.
mass centered at position 30. To verify that the VTMAU\Gmaller (more rearward) mass locations generate a nose-up
could operate over the entire range of moving mass posjtiogsavitational moment which must be countered by the the tail
the vehicle was commanded to swim at its nominal speed fofs to maintain a nose-down attitude. Larger (more forward)
1 m/s and to maintain a depth of 1.5 meters in a series m@ss locations require less moment of the tail fins up to the
experiments for which the moving mass was fixed at variog®int where the nose-down attitude exceeds the trim camgiti
locations. (In all experiments, a separate PID feedback loat which point the fins must generate a nose-up moment. At
actuated the fins to maintain the specified depth.) this critical mass location, the fins become unnecessaryeas t

Control, depth, and attitude histories were recorded fentire equilibrium pitch control moment is generated by the
experiments corresponding to seven mass locations. Ote siMMA. This observation is particularly important for confiatt
data set is shown in Fig. 7. The data suggest near-equitibrilower speeds, where the fins might be incapable of generating
flight. The time histories were averaged to yield the equilithe necessary equilibrium pitch control moment.
rium approximations shown in Table I. A front view of the tail The vehicle was next programmed to maintain depth with
fin configuration for the VTMAUV is shown in Fig. 8. The the moving mass at its rearward-most position, allowing suf
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Fig. 9. Equilibrium fin locations with commanded MMA locationd@he

solid line represents a linear fit to tHéin, data points 4’. The dashed
line represents a linear fit to tHéin;, data points ¢’. The dash-dotted line
represents a linear fit to tHein. data points [1'.)
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Fig. 10. Vehicle response to slewing the moving mass from ltgdéarward

to its full forward position. The transition beginstat 301.5 seconds. (In the

top plot, the solid line represent&n,, the dashed line represerfi$ny,, and

the dotted line representsin.. In the bottom plot, the solid line represents

pitch angle and the dotted line represents roll angle.)

V. CONCLUSION

Streamlined AUVs are typically trimmed to be somewhat
buoyant or heavy in water. To maintain depth, they must
generate a constant hydrodynamic force which requires that
they swim at a constant pitch angle. Although tail fins are
the typical mechanism for generating this control moment,
they become ineffective at low speeds. To enable an existing
AUV to travel at lower speeds, one may easily incorporate a
modular moving mass actuator. In some cases, it may also be
advantageous to include a fixed wing.

In addition to static analysis that provides actuator and
wing sizing guidelines, this paper describes the design of a
one degree of freedom moving mass actuator module and
preliminary experiments using the Virginia Tech Miniature
AUV. The results illustrate the effectiveness of a movingssa
actuator at generating control moments. Planned expetimen
should further demonstrate the actuator’s ability to calréin
AUV at an otherwise uncontrollably low speed.
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