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Abstract— This paper reports preliminary experimental
evaluation of a family of model based trajectory-tracking
controllers for the low-speed maneuvering of fully actuated
underwater vehicles. First, previously reported studies are
briefly reviewed. Second, one linear and five model-based
based controllers are presented. Third, preliminary experi-
mental studies are reported. The experimental results cor-
roborate the analytical predictions that the model-based
controllers outperform PD control over a wide range of
operating conditions. The exactly linearizing model based
controller is outperformed by its non exactly linearizing
counterpart. The adaptive controllers are shown to provide
reasonable online plant parameter estimates, and velocity
and position tracking consistent with theoretical predic-
tions — providing good velocity tracking and, with the
appropriate parameter update law, position tracking. To
the best of our knowledge, this is the first reported com-
parative experimental study of this class of model based
controllers for underwater vehicles.

I. Introduction

This paper addresses the trajectory tracking problem
for the low-speed maneuvering of fully actuated underwa-
ter vehicles. It is organized as follows: First a brief review
of previously reported control studies and plant models is
presented. This is followed by the presentation of the con-
trollers. Finally we report results from experimental trials
using these controller.

The problem of trajectory tracking is defined as follows:
Given the underwater vehicle dynamical plant model and
a continuous bounded time varying reference trajectory,
whose derivatives are continuous and bounded, design a
control law that ensures asymptotically exact tracking of
the reference trajectory. Finite dimensional approxima-
tions for the dynamics of underwater vehicles are struc-
turally similar to the equations of motion for a fully-
actuated rigid body — both classes of plants are nonlin-
ear, yet the plant parameters enter linearly into the overall
nonlinear differential equation of motion. For the case of
second order systems with linear dynamics, classical linear
controller design techniques apply directly. Early studies
of trajectory tracking for rigid-body robot arms, employed
linearized plant approximations in order to apply linear
model-reference control techniques [27], [13], [44].

The controllers reported herein do not employ lin-
earized plant approximations. Their structure is moti-
vated by previously reported model-based approaches to
the problem of trajectory tracking for fully nonlinear holo-
nomic mechanical systems — robot arms. Most previous
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studies on robot arms have taken one of the three follow-
ing general approaches:

1. Linear Control — PD and PID: The globally
asymptotic regulation of a fully nonlinear mechanical sys-
tem was first addressed for PD control of robot arms in [4],
in which Lasalle’s invariance theorem, [33], is employed to
show that PD control provides globally asymptotic set-
point regulation.

The application of this approach to the control of un-
derwater vehicles is the PD controller outlined in Section
ITI-A.

2. Nonlinear Model-Based Exact Linearization:
The case of exact, model based trajectory tracking control
of robot arms was first reported independently in [36], [35]
and [18], which report controllers with model-based feed-
forward terms that exactly linearize (without any approx-
imation) the plant and result in globally asymptotically
stable linear error dynamics. Working implementations of
this approach were first reported in [1]. An adaptive ver-
sion of this exact linearization approach was reported in
[10], [9] and shown to be globally asymptotically stable in
tracking error and locally stable in plant parameter error.
The application of this approach to the control of under-
water vehicles is the ezact linearizing controller (EL) out-
lined in Section ITI-B, and the adaptive exact linearizing
controller (AEL) outlined in Section III-D.

3. Nonlinear Model-Based Without Linearization:
The case of exact model based tracking control of robot
arms without exact linearization was first reported in [39],
[40] along with an adaptive extension that is globally
asymptotically stable in position and velocity tracking er-
ror and globally stable in plant parameter error. Varia-
tions of this general approach are reported in [38], [47].
The application of this approach to the control of under-
water vehicles is the nonlinear controller (NL) outlined
in Section ITI-C, the adaptive nonlinear controller (ANL)
outlined in Section III-E, and the epsilon adaptive non-
linear controller (¢ANL) outlined in Section III-F.

These ideas have each been applied, in various forms,
to the problem of the control of underwater vehicles. A
significant number of previously reported studies of the
control of underwater vehicles employed linearized plant
approximations both for the theoretically justified case of
setpoint regulation as well as the theoretically unjustified
case of trajectory tracking. In [20] the authors report a
linear discrete-time approximation for underwater vehicle
dynamics, and report simulations of linear quadratic and
robust control methods for this class of discrete time lin-
ear plants. In [21], [31] the authors report linear quadratic
control and self tuning control of a linearized vehicle dy-
namical plant model and numerical simulations. In [12],
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[28] the authors report Proportional-Integral (PI) and lin-
ear model-reference adaptive control of a linearized under-
water vehicle plant model and experimental demonstra-
tions. In [23], [25] the authors report the model-reference
adaptive control of a linearized underwater vehicle dy-
namical plant model and numerical simulations. In [11]
the authors report the sliding-mode control of a linearized
underwater vehicle dynamical plant model and numerical
simulations. A few studies, e.g. [29], have reported neu-
ral network and/or fuzzy logic control techniques for un-
derwater vehicles and numerical simulations. Several re-
ported studies address the special case of propulsion-less
and appendage-less symmetric vehicles in inviscid fluid for
which the PDE fluid component has a closed form solu-
tion, e.g. [34].

Relatively few control studies directly address decou-
pled nonlinear plant models for underwater vehicles. In
[49] the authors report nonlinear sliding mode control for
an underwater vehicle, and numerical simulations for X,
Y, and heading. The first reported experiments of non-
linear adaptive model based control of an underwater ve-
hicle are reported in [48]. In [6] the authors address the
problem of model-based underwater vehicle state estima-
tion. In [8], [50] the authors report an adaptive control
approach to underwater vehicle control employing un-
bounded gains, and demonstrate the approach with ex-
perimental data.

Several studies address fully coupled nonlinear models
for underwater vehicles, associated controllers, and report
simulation studies, e.g. [16], [17], [3]. These approaches
make explicit assumptions on the structure of the approx-
imate finite-dimensional vehicle plant dynamics to ensure
that the vehicle dynamical plant model possesses passiv-
ity properties identical to those possessed by rigid-body
holonomic mechanical systems — an assumption that to
the best of our knowledge has not been empirically vali-
dated.

A. Review of Dynamical Modelling of Under-
water Vehicles

Exact analysis of a rigid-body underwater vehicle’s dy-
namics includes both the finite-dimensional dynamic of
the vehicle body itself and the infinite-dimensional dy-
namics of the fluid surrounding the vehicle. The former is
a finite-dimensional dynamical system represented by an
ordinary differential equation (ODE), but the latter is a
continuous (infinite dimensional) dynamical system rep-
resented by the incompressible Navier-Stokes equation, a
partial differential equation (PDE). Except for a few ideal-
ized cases of little practical utility (e.g. symmetric bodies
in inviscid fluid) for which the PDE fluid component has a
closed form solution, the numerical solution of the full ve-
hicle (ODE) and fluid (PDE) dynamical system remains a
formidable computational obstacle, and an area of active
research [32].

The overwhelming computational complexity of PDE
dynamical models has motivated the widespread use (by
naval architects and others) of finite dimensional ap-

proximate models for marine vehicles, sometimes termed
“lumped parameter models”. The expedient of ex-
perimentally determining approximate finite-dimensional
models for complex fluid phenomenon is widely em-
ployed in naval architecture. The most commonly ac-
cepted finite-dimensional dynamics models for submarine
vehicles trace their lineage to studies performed at the
U.S. Navy’s David Taylor Model Basin beginning in the
1950’s [22], [19] with subsequent revisions reported in
[14], [15]. These second order nonlinear ODE dynami-
cal models (known as “the DTRC standard submarine
equations of motion”) and subsequent enhancements have
been adopted for use in the design of control systems for
underwater robotic vehicles, in either linearized form, e.g.
[23], or in full nonlinear form, e.g. [25].

Most reported finite dimensional plant models for holo-
nomic (fully actuated) underwater vehicles take the fol-
lowing general form

7(t) = M(2y (1), v(£))0(t) +d(zw (1), (1) +b(zw (1)), (1)

where ,,(t) € IR®! is a vector of the vehicle position
and orientation in world inertial coordinates; v(t) € IR%*!
and 0(t) € R®! are, respectively, vectors of the vehi-
cle velocity and acceleration in vehicle body coordinates;
7(t) € R is a vector of control forces from thrusters
and control surfaces in body coordinates; M (x4, (t), v(t))
is a mass matrix representing both rigid-body mass and
velocity-dependent “added mass”; d(z,(t), v(t)) is a vec-
tor of vehicle drag and coriolis forces; and b(z, (1)) is a
vector of vehicle buoyancy forces. Note that the velocity
in inertial (world) coordinates vy, (t), is related to the ve-
locity in body coordinates by a linear transformation of
the form vy, (t) = T(zw(t))v(t) [19]. The plant (1) can
also be rewritten as

o(t) = M(zw(t),v(t)"'r ~
M(zw(t),v(t) " d(zu(t),v(t) = (2)
M (z(t), v(8) 7 (2w (t)).

At present, there is no uniform consensus within the
research community on the exact analytical form of
the terms comprising M (x4, (t),v(t)), d(zw(t),v(t)), and
b(x4(t)), nor for the force vector 7(¢). The few stud-
ies that have reported specific instances of (1), e.g. [25],
have based their component terms on the DTRC standard
submarine equations of motion [19], [15].

Although not theoretically justified, in this report we
adopt the common practice of further approximating the
full six degree of freedom equations by neglecting off di-
agonal entries and coupling terms, coriolis forces, tether
dynamics, as well as assuming a constant added mass [37],
[7]. The resulting decoupled single degree of freedom dy-
namical equations take the form

Ti(t) = mibi(t) + do,vi(t)|vi()] + dr,vi(t) + bi,
m; > 0; dLi,in >0, (3)
or, rewritten,
w(t) = my'n(t) —mi dgui®i(t) —  (4)
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TABLE 1

NOMENCLATURE
Degree of Freedom Force Linear Velocity Linear Position
Moment | Angular Velocity | Angular Position
1: X Translation (Surge) 71 (1) v1(t) z1(¢)
2: Y Translation (Sway) T2(t) v2(t) z2(t)
3: Z Translation (Heave) T3(t) v3(t) z3(t)
4: Rotation About Z(Yaw/HDG) | 74(t) va(t) z4(t)
5: Rotation About Y (Pitch) 75(t) vs (t) 5(t)
6: Rotation About X(Roll) 76(t) vg (t) z6(t)

mi_ldLivi(t) — mi_lbi,

where, for each degree of freedom 4, 7;(¢) is the net control
force, m; is the effective mass, dg,v;(t)|v;(¢)| and dr,v;(t)
represent the hydrodynamic drag, and b; is the buoyancy.
Using lumped parameters, (4) can be written as:

0i(t) = i + Bivi(@)|vi(t)] + pivi(@) + i (5)

The decoupled single degree of freedom, lumped parame-
ter, dynamical plant model can be written in vector form
as

o(t); = @7 ()i, (6)
where ®; = [a; Bi; 14i; Vi]ax1 is the vector of lumped plant
parameters and f(t); = [7(t)s;v:()|vi(t)];v:(2); 1]ax1 is a
nonlinear vector of state and the control input 7(¢);. The
lumped parameters are defined in Table II.

TABLE II

LUMPED PARAMETERS
Lumped Physical
Parameters | Definition
a; mfl
Bi _mi_lin
i —m; dp,;

L1

Vi -m; bl

B. Review of Dynamic Positioning of Under-
water Vehicles

Most dynamically positioned marine vehicles in
use today employ Proportional-Derivative (PD) or
Proportional-Integral-Derivative (PID) controllers for
each controlled degree-of-freedom of the form

Td = KpAilbedy =+ KdAU + K; fot A:Ebody(’r)d’r (7)

where Azpoq, and Av are the position and velocity track-
ing errors, respectively, in body coordinates, and K, Kj,
and K4 are empirically tuned feedback gain matrices, and
74 1s the vector of net forces and moments commanded to
the vehicle thruster system.

The development of model-based control techniques for
the dynamic positioning of underwater robotic vehicles
has been limited by the paucity of experimentally vali-
dated plant models. Although a variety of authors have
reported the development dynamical models for under-
water vehicles, very few report direct experimental vali-
dation of their reported plant dynamics models for low-
speed maneuvering. Most control studies demonstrate the

performance of the resulting closed-loop system in com-
puter simulations alone, e.g. [21], [11], [45], [2], or employ
non-parametric control methodologies that do not require
knowledge of the plant dynamics [8]. Relatively few stud-
ies, e.g. [24], [48], have reported experiments which ex-
perimentally identify the plant parameters for dynamical
plant models in multiple degrees of freedom; even fewer
studies, [37], [7], [42], report both experimentally deter-
mined model parameters and compare experimentally ob-
served vehicle dynamical response with that predicted by
the proposed analytical models.

II. Decoupled Single Degree of Freedom
Dynamical Plant Model for the JHU
ROV

In this section we present experimentally identified, de-
coupled, single degree of freedom dynamical plant models
of the form (4), for the Johns Hopkins University (JHU)
Remotely Operated Vehicle (ROV). A set of plant model
parameters was identified for the xq, xo, x3 , and x4 de-
grees of freedom using a stable adaptive identifier, origi-
nally reported in [42]. The scalar adaptive identifier was
run on experimental data, collected by conducting dy-
namic vehicle trials in which the JHU ROV was com-
manded to follow an open loop sinusoidal thrust profile.
The output of this process is an estimated plant velocity,
0(t);, as well as estimates for the unknown plant param-
eters.

How well does the identified plant model performance
agree with experimentally observed actual vehicle mo-
tion? To answer this question we ran simulations on the
adaptively identified plant parameters, in each degree of
freedom 4. The output of the simulations was a velocity,
Umodel;- Lhe logged experimental plant velocity, vp,, was
then compared to the velocity predicted by the dynamical
plant model, vpoger,- The error for each degree of freedom
i, is calculated as e; = mean(|Vmodet; — Up;|). The best
identified parameters were those with the lowest “error”,
and are listed in Table III.

As seen by the error listed in Table III, the identified
dynamical plant models were able to predict the dynami-
cal behavior of the JHU ROV down to 1.6 em/s in the z1,
x9, and x5 DOF, and 1.651 degrees/s in the x4 DOF.

II1. Model Based Control

In this section we present five different model based
controllers and a basic Proportional-Derivative (PD) con-

1108



TABLE III
ADAPTIVE ID LUMPED PARAMETERS

Degree of Freedom o Bi i v; Error e;
1 (z1) 0.003755 -4.406 0 0.007358 0.01664 m/s
1 (z2) 0.002355 -4.9952 0 -0.004066 0.01607 m/s
3 (z3) 6.237e-4 -1.102 0 0.01934 0.01652 m/s
4 (x4) 0.0102 -1.9086 0 -0.001221 1.651 degrees/s
Degree of Freedom Inertia Dg Dy, Buoyancy
1 (z1) 266.3 [kg] 1173.4 Tkg/m] 0 [kg/s] -1.96 [N]
2 (z2) 424.6 [kg] 2120.9 [kg/m] 0 [kg/s] 1.73 [N
3 (z3) 1603.3 [kg] 1766.84 [kg/m] 0 |kg/s] -31.01 [N]
4 (z4) 98.04 [kg m?] | 187.1 [kg m?] | 0 [(kg m?)/s] | 0.1197 [N-m]

troller. The stability of these controllers and their simu-
lated performance is reported in [43].

A. PD Controller
The basic PD controller takes the form

kpAz(t) + kqAv(t),
kp,kq > 0, (8)

(1) =

where k, and kg are scalar error feedback gains. The state
error coordinates are defined as

Az(t) = zq(t) — (1),
Av(t) = vq(t) — v(t), (9)
Av(t) = va(t) — o(t),

where 04(t), vq(t), and x4(t) are the desired acceleration,
velocity, and position. Note that v(t) = d(z(t))/dt. Sub-
stituting (8) into (3) the resulting closed loop dynamical
system is

mo(t) + dou(t)|v(t)| + drv(t) + b—

kpAz(t) — kgAu(t) = 0 (10)

In the case where the buoyancy term, b, is zero, the PD
controller will perform setpoint regulation but not trajec-
tory tracking.

B. Exact Linearizing Model Based Controller

The Exact Linearizing Model Based Controller (EL)
takes the form

T(t) = mig(t) + dgu(t)|v(t)] +
drva(t) + b+ kpAx(t) + kqgAv(t),

m, kp,kd > 0, dQ,dL > 0, (11)

where m, dg, dr,, and b are known scalar quantities, 7(t)
is the controller output, and k, and k4 are PD scalar error
feedback gains. The state error coordinates are defined in
(9). Substituting (11) into (3) the resulting closed loop
dynamical system is

mAD(t) + (d, + ka)Av(t) + kpAx(t) =0, (12)

a time varying linear system.

The EL fixed model based controller provides asymp-
totically exact position and velocity trajectory tracking.
In addition all signals remain bounded, as reported in [43].

C. Non-Linear Model Based Controller

The Non-Linear Model Based Controller (NL) takes the
form

T(t) = mig(t) + dgua(t)|va(t)] + drva(t) +
b+ kpAx(t) + kqAv(t),

m, ky, kg >0, dg,dr, >0, (13)

where m, dg, dr, and b are known scalar quantities, 7(t)
is the controller output, and &, and kg4 are PD scalar error
feedback gains. The state error coordinates are defined in
(9). Substituting (13) into (3) the resulting closed loop
dynamical system is

mAY(t) + dg(va(t)va(t)] — v(t)|v(t)])+
(dg, + kd)A’U(t) + kpAz t) =0. (14)
or rewritten as
Ad(t) = —m~H(dg(va(t)|va(t)| — v(t) v (t)])+
(dr, + ka)Av(t) + kpAx(t)). (15)

The NL fixed model based controller provides stable
position tracking and asymptotically exact velocity track-
ing. Additionally, all signals remain bounded, as reported
in [43].

D. Adaptive Exact Linearizing Model Based
Controller

The Adaptive Exact Linearizing Model Based Con-
troller (AEL) takes the form

T(t) = m(t)ba(t) + do()v(t)v(t)] +
dr (tyva(t) + b(t) + kpyAz(t) + kalAov(t),

kp, kg > 0, (16)

where 7(t), do(t), dp(t), and b(t) are adaptive estimates
of the scalar plant parameter values, 7(t) is the controller
output, and k, and k; are PD scalar error feedback gains.
The plant parameter error coordinates are defined as

Am(t) = m(t) —m,

Adg(t) = dgl(t) —dg,

Adp(t) = dp(t)—dp,

Ab(t) = b(t)—b,

AU() = U(t) -0,

Ab() = (), ¥ =0, (17)
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where W(t) = [m(t);do(t);dr(t); b(t)]ax1 is an esti-
mate of the unknown plant parameter vector ¥ =
[m;dg;dr;blaxi. Substituting (16) into (3) the resulting
closed loop dynamical system is

Am(t)oa(t) + Adg(t)v(t)|v(t)| + Adp(t)va(t)+
Ab(t) + mAD(t) + dr Av(t)+

kpAz(t) + kqAv(t) = 0, (18)
or rewritten as
Ad(t) = —m YAV ()T X (t)+
(dr + ka)Av(t) + kyAz(t)), (19)

where X (t) = [04(¢); v(¢)|v(t)];v4(t); 1]ax1. Note that if
the parameter error AW(t), were zero, then (18) becomes
the EL closed loop dynamical system (12).

All signals remain bounded using the AEL controller.
Further, asymptotically exact velocity tracking, and the
asymptotic convergence of the time derivative of the adap-
tive parameter estimates to zero is reported for the AEL
controller in [43].

E. Adaptive Non-Linear Model Based Con-
troller
In this section the Adaptive Non-Linear Model Based
Controller is presented. The ANL takes the form:
1m(t)0a(t) + dg(t)va(t) valt)] +
dr, (t)va(t) + b(t) + kpAx(t) + kaAov(t),
kp,kq >0,

(1) =

(20)

where m(t), cZQ(t), dp(t), and b(t) are estimates of the
scalar plant parameter values, 7(t) is the controller out-
put, and k, and kq are PD scalar error feedback gains.
The plant parameter error coordinates are defined in (17)
and the state error coordinates are defined in (9). Sub-
stituting (20) into (3) the resulting closed loop dynamical
system is

Am(t)04(t) + Adg(t)va(t)|va(t)|+
Ady (t)va(t) + Ab(t) + mAD(t)+
do(va(t)va(t)] —v(t)v(t)]) + drAv(t)+

kpAz(t) + kgAv(t) = 0, (21)
which can be rewritten as
Ad(t) = —m YAV ()T X (t)+
dq(va(t)[va(t)] = v(t)]o(®)])+
(dr, + ka)Av(t) + kpAx(t)), (22)
where X (t) = [04(¢); va(t)|va(t)]; va(t); 1]ax1. Note that

if the parameter error were zero, A¥(t) = 0, then (21)
becomes the NL closed loop dynamical system (14).

The ANL controller provides asymptotically exact ve-
locity tracking and stable position tracking. Further,
the time derivative of the adaptive parameter estimates
asymptotically converges to zero and all signals remain
bounded [43].

F. Epsilon Adaptive Model Based Controller

Although the ANL controller was shown to be stable,
bounded, and to provide asymptotically exact velocity
tracking, it does not guarantee asymptotically exact po-
sition tracking. This apparent defect can be corrected
with a slightly modification of the parameter update law.
The idea is to introduce a small cross term of the form
eAz(t)Av(t); € > 0, to the Lyapunov function. If € is
sufficiently small, the Lyapunov function remains positive
definite and radially unbounded and its time derivative is
locally negative definite. This local stability result was
first reported independently in [4], [30], [46]. A globally
stable variation was reported in [47]. Applying this ap-
proach to the present plant, (3), the control law (20) re-
mains unchanged, resulting in the closed loop dynamical
system (21).

The resulting parameter update law is

W(t) = DX (t)(Av(t) + eAx(t)), (23)
where X (t) = [04(t), va(t)|va(t)], va(t), ax1, € > 0, v >
0, and T'yx4 = diag[y;] for i =1---4.

This controller can be shown to be locally asymptot-
ically stable in position and velocity tracking error, and
stable in plant parameter error [43].

IV. Experimental Setup

The JHU ROV, Fig. 1, is a tethered, remotely oper-
ated underwater robot. The JHU ROV is powered by an
isolated 10kW DC power supply. The mass of the vehicle
is 140 kg and it’s dimensions are 1.5m long x 1m wide x
0.6m high. The position and heading of the vehicle are
actively controlled and the vehicle is passively stable in
roll and pitch. Actuation is provided by five DC brush-
less, electric thrusters. A complete description of the JHU
ROV is reported in [41].

aulanor _EJl'.!.I'.

Winng
s i Bom

1'"-;;:..
i o'

gt o Telemabry
Pige e Housing

Fig. 1. Physical Layout of the JHU ROV

The ROV is equipped for full 6-DOF position measure-
ment. For this set of experiments, XYZ position was
measured using a 300 kHz Sonic High Accuracy Ranging
and Positioning System (SHARPS) time-of-flight acoustic
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TABLE IV

INSTRUMENTATION
Variable Sensor Precision Update Rate
XYZ Position 300 kHz SHARPS Acoustic Transponder System | 0.5 cm 10 Hz
Depth Paroscientific 10ppm FS (0.007m) | 8 Hz
Heading Litton LN200 IMU Gyro (USNA) 0.01 deg. 20 Hz
Roll and Pitch | KVH ADGC 0.1 deg. 20 Hz
Heading KVH ADGC 1 deg 20 Hz

hardwired transponder system. Depth was instrumented
via a Paroscientific 8DP-700-1 Digiquartz depth sensor,
sampled at 8 Hz. A KVH Azimuth Digital Gyro Compass
(ADGC) measured the vehicle’s roll and pitch. Heading
was measured using a prototype Litton LN200 IMU. The
vehicle’s entire sensor suite is listed in Table IV.

Free running experiments were conducted in the 1,
X2, w3, and x4 degrees of freedom (DOF) to identify the
plant model parameters. Multiple trials in each DOF were
conducted with sinusoidal thrust profiles of varying peak
magnitude and frequency. A static thrust model was used
for these experiments to model the thrust produced by
each thruster — i.e. the thrust, 7, produced is assumed
to be proportional to the current commanded, i., as in
T = kyi.. Current was controlled using current mode am-
plifiers. The authors are aware of more advanced thruster
models [26], [5] that are more precise, however they re-
quire a dynamical thruster characterization not available
at the time of the experiments.

Free running closed loop experiments were conducted in
the x1, x9, x3,and x4 DOF to test the controllers. Mul-
tiple trials were conducted using each controller track-
ing sinusoidal position and velocity reference trajecto-
ries of varying peak magnitude and frequency. The ve-
locity trajectory is the time derivative of the position
trajectory. Wherever position is specified in this pa-
per, it is in inertial world coordinates, whereas velocity
is in body coordinates. Note that the velocity in iner-
tial (world) coordinates v,,(t), is related to the velocity in
body coordinates by a linear transformation of the form
V() = T(z(t))v(t) [19]. Whenever specifications such
as peak magnitude and frequency are given in this paper
regarding reference trajectories, they are for a position
reference trajectory.

The experiments reported in this paper were con-
ducted using the JHU ROV at the United States Naval
Academy’s Hydromechanics Laboratory, in Annapolis,
MD. The work was done in collaboration with Dr. Dan
Stilwell, of the United States Naval Academy, who de-
ployed his IMU on the JHU vehicle during these experi-
ments to examine IMU calibration.

V. Experimental Results — Comparative
Performance

A direct comparison of the performance of the EL, NL,
and PD controllers while tracking a sinusoidal trajectory
of the same peak magnitude and frequency will be pre-
sented first. This is followed by a comparison of the per-
formance of the adaptive model based controllers (AEL,

ANL, and eANL) to the fixed model based controllers (EL
and NL) tracking the same trajectory.

A. PD vs Model Based Control

The PD, EL, and NL controllers were implemented
to track a sinusoidal reference trajectory of the same
peak magnitude and frequency. For each degree of free-
dom, each controller used the same set of PD gains, &,
and kg, listed in Table V. The position error re-

X, DOF

. %, i
M0

0 1 2 3 4 5 6 7
PD EL NL AEL ANL eANL

Fig. 2. Plot of tracking error for the PD, EL, NL, AEL, ANL, and
eANL controllers in the 1 DOF. Reference trajectory is a sinusoid
of peak magnitude 0.5 m and frequency 0.3925 rad/s.

TABLE V
PD vs MODEL BASED COMPARISON
[ DOF | Magnitude [ Frequency [ kp [ kg |
T 0.5 m 0.3925 rad/s | 500 | 200
9 0.25 m 0.3925 rad/s | 500 | 200
z3 0.2 m 0.524 rad/s 600 | 800
T4 45 degrees | 0.3925 rad/s | 250 | 100

ported for each degree of freedom i, was calculated as
Xerr, = mean(|zg, — Tact,|) where x4, and z4., are the
desired /reference and actual logged position of the JHU
ROV in degree of freedom i. The velocity error was cal-
culated as Ve, = mean(|vg, — vVact,|), where vg, and vget,
are the desired /reference and actual logged velocity of the
JHU ROV in DOF i. Bar charts displaying both the po-
sition and velocity tracking error for each controller in
each degree of freedom can be seen in Fig. 2, Fig. 3,
Fig. 4, and Fig. 5. Based on the error metric reported,
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Fig. 3. Plot of tracking error for the PD, EL, NL, AEL, ANL, and

e€ANL controllers in the zo DOF. Reference trajectory is a sinusoid
of peak magnitude 0.25 m and frequency 0.3925 rad/s.

X, DOF

PD EL NL AEL ANL eANL

Fig. 4. Plot of tracking error for the PD, EL, NL, AEL, ANL, and
eANL controllers in the z3 DOF. Reference trajectory is a sinusoid
of peak magnitude 0.2 m and frequency 0.524 rad/s.

it is clear that (a), the NL controller performs as well or
better than the EL controller in each DOF, and (b), both
fixed model based controllers outperform the basic PD
controller tracking the trajectory.

B. Adaptive vs Fixed Model Based Control

The adaptive model based controllers were run on the
same trajectories as the non-adaptive controllers using the
same sets of PD gains, lister in Table V. The adaptive con-
trollers have the added complexity of setting the adapta-
tion gains, 7;. For the purpose of this direct comparison,
the adaptation gains were the same for the AEL, ANL,
and the eANL controllers in each degree of freedom. The
adaptation gains can be found in Table VI. Comparing
the performance of the AEL, ANL, and eANL controllers,

X, DOF
35

T
[ ] ><err [degrees]
[ ] Ve" [degrees/s]

25

15

0.5

PD EL NL AEL ANL eANL

Fig. 5. Plot of tracking error for the PD, EL, NL, AEL, ANL, and
eANL controllers in the z4 DOF. Reference trajectory is a sinusoid
of peak magnitude 45 degrees and frequency 0.3925 rad/s.

TABLE VI
ADAPTATION GAINS
[ DOF [ n [ 12 [ [ va |
1 5000 100000 0 0.01
T2 5000 100000 0 0.01
T3 50000 | 5000000 | O 1
T4 500 50000 0 1

the eANL controller did the best job tracking the position
trajectory in all but the x4 DOF. The eANL controller
also tracked the velocity reference trajectory the best in
the z1 and x5 DOF. The ANL controller performed the
best of the adaptive controllers in tracking the velocity in
the 3 and x4 DOF.

If we compare the performance of the AEL to the fixed
model based controllers, we see that it did a worse job in
tracking both the position and velocity trajectories than
did the fixed model based controllers. Similarly, the ANL
did not perform as well as either of the fixed model based
controllers. However, when compared directly to the basic
PD controller, we see that the ANL outperformed the ba-
sic PD controller in the z1, x3, and x4 degree of freedom,
and performed comparably to the basic PD controller in
the zo degree of freedom. The AEL also outperformed the
basic PD controller in the x3 and x4 degree of freedom,
but fared worse when used to track a position and velocity
trajectory in the x1 and xo degree of freedom. The eANL
controller performed as well as or better than the fixed
model based controllers and clearly outperformed the ba-
sic PD controller in all but the x4 degree of freedom.

We conclude that all the model based controllers (EL,
NL, AEL, ANL, and eANL) outperform the basic PD con-
troller in trajectory tracking. In comparing the fixed with
the adaptive model based controllers, we conclude that if
the right adaptation law is chosen, the adaptive model
based controllers can perform better than the fixed model
based controllers. By this we mean that while the AEL

1112



and ANL controllers consistently performed worse than
the NL and EL fixed model based controllers, the eANL
controller in general performed better or comparably to
the El and NL controllers.

VI. Conclusion

This paper has reported a preliminary experimental
evaluation of a family of model based trajectory tracking
controllers for the low-speed maneuvering of fully actu-
ated underwater vehicles.

We considered the simple, but empirically validated,
case of a decoupled plant dynamics model employing con-
stant added mass, linear and quadratic drag, buoyancy,
and thrust input. We compared the performance of PD
control, two fixed model-based controllers: an exactly lin-
earizing controller (EL), a nonlinear controller (NL) that
does not exactly linearize, and the performance of the
adaptive extensions of the fixed model based controllers.
The experiments of the closed-loop performance of these
systems corroborate the theoretical predictions. The fixed
model-based controllers outperformed the PD controller
in trajectory tracking. The NL controller outperforms the
exact-linearizing EL controller in trajectory tracking. We
surmise that this performance difference is due to the fact
that the EL controller attempts to exactly cancel non-
linear plant drag terms relying on the plant model pa-
rameters to be ezxactly correct, whereas the NL controller
exploits the stabilizing property of the vehicle’s natural
quadratic damping. The adaptive model-based controllers
all provide accurate velocity tracking, and the parame-
ter estimates remain bounded and converge to fixed val-
ues. The addition of a position error feedback term to the
adaptation update law in the eANL adaptive controller
provides for accurate position tracking.

The experiments suggest that the model based con-
trollers are robust with respect to (a) sensor noise and
inaccuracy; (b) thruster control accuracy; and (c¢) unmod-
eled plant dynamics.

The experiments do not reveal the effects of variations
in feedback gains, adaptation gains, fixed controller model
parameter matching, or variations in trajectory profiles.
We hope to shortly report an experimental evaluation of
these conditions on the performance of these controller on
actual underwater vehicles.

Acknowledgments

We gratefully acknowledge the support of the Office of
Naval Research and the National Science Foundation. In
addition, we gratefully acknowledge our ongoing collab-
oration with Professor Dan Stilwell of the United States
Naval Academy (USNA), who tested his inertial naviga-
tion system aboard the JHU ROV during these experi-
ments. We gratefully acknowledge the USNA Hydrome-
chanics Laboratory for their world-class testing facilities,
and to Dr. Dana Yoerger of the Woods Hole Oceano-
graphic Institution, who graciously provided use of his
300kHZ SHARPS acoustic transponder system.

References

[1]

2]

3]

[4]

[5]

[6]

7]

(8]

[9]
[10]

1113

C. H. An, C. G. Atkeson, and J. M. Hollerbach. Experimental
determination of the effect of feedforward control on trajectory
tracking errors. In Proceedings of the IEEE International Con-
ference on Robotics and Automation, pages 55-60, San Fran-
cisco, CA, USA, 1986.

G. Antonelli, F. Caccavale, S. Chiaverini, , and L. Villani.
Tracking control for underwater vehicle-manipulator systems
with velocity estimation. IEEE Journal of Oceanic Engineer-
ing, 25(3):399-413, July 2000.

G. Antonelli, S. Chiaverini, N. Sarkar, and M. West. Adaptive
control of an autonomous underwater vehicle: experimental re-
sults on odin. In Proceedings of the 1999 IEEE International
Symposium on Computational Intelligence in Robotics and Au-
tomation, pages 64—69, 1999.

S. Arimoto and F. Miyazaki. Stability and robustness of PID
feedback control for robot manipulators of sensory capability.
In Robotics Research, First International Symposium, Cam-
bridge, MA, 1984. MIT Press.

R. Bachmayer and L. L. Whitcomb. An accurate four-quadrant
nonlinear dynamical model for marine thrusters: Theory and
experimental validation. IEEE Journal of Oceanic Engineer-
ing, 25(1):146-159, January 2000.

M. Caccia, G. Bruzzone, and G. Veruggio. Guidance of un-
manned underwater vehicles: Experimental results. In Pro-
ceedings of the IEEE International Conference on Robotics and
Automation, pages 1799-1804, San Francisco, CA, 2000.

M. Caccia, G. Indiveri, and G. Veruggio. Modeling and iden-
tification of open-frame variable configuration underwater ve-
hicles. IEEE Journal of Oceanic Engineering, 25(2):227-240,
April 2000.

S. K. Choi and J. Yuh. Experimental study on a learning
control system with bound estimation for underwater robots. In
Proceedings of the IEEE International Conference on Robotics
and Automation, pages 2160—-2165, April 1996.

J. J. Craig. Adaptive Control of Mechanical Manipulators.
Addison-Wesley, Reading, MA, 1988.

J. J. Craig, P. Hsu, and S. Sastry. Adaptive control of me-
chanical manipulators. The International Journal of Robotics
Research, 6(2):16-28, Summer 1987.

R. Cristi, F. A. Papoulis, and A. J. Healey. Adaptive sliding
mode control of autonomous underwater vehicles in the dive
plane. IEEE Journal of Oceanic Engineering, 15(3):152-160,
June 1990.

J. P. V. S. da Cunha, R. R. Costa, and L. Hsu. Design of a high
performance variable structure position control of rov’s. IEEE
Journal of Oceanic Engineering, 20(1):42-55, January 1995.
S. Dubowski and D. T. DesForges. The application of model
reference adaptive control to robotic manipulators. ASME
Journal of Dynamic Systems, Measurement, and Control,
101:193-200, 1979.

J. P. Feldman. State-of-the-art for predicting the hydrody-
namic characteristics of submarines. In Proceedings of the Sym-
posium on Control Theory and Naval Applications, pages 87—
127, Monterey, CA, June 1975. Defense Technical Information
Center document #A071804 (unclassified).

J. P. Feldman. DTNSRDC revised standard submarine equa-
tions of motion. Technical report, David Taylor Naval Ship
Research and Development Center, June 1979. Defense Tech-
nical Information Center document #A071804 (unclassified).
T. I. Fossen. Guidance and Control of Ocean Vehicles. John
Wiley and Sons, New York, 1994.

T. I. Fossen and S. I. Sagatun. Adaptive control of nonlin-
ear underwater robotic systems. In Proceedings of the IEEE
International Conference on Robotics and Automation, pages
1687-94, Sacramento, CA, 1991.

E. Freund. Fast nonlinear control with arbitrary pole-
placement for industrial robots and manipulators. The Inter-
national Journal of Robotics Research, 1(1), 1982.

M. Gerler and G. Hagen. Standard equations of motion for sub-
marine simulation. Technical report, David Taylor Naval Ship
Research and Development Center, June 1967. Defense Tech-
nical Information Center document #653861 (unclassified).

K. G. Goheen and E. R. Jefferys. On the adaptive control of
remotely operated underwater vehicles. International Journal
of Adaptive Control and Signal Processing, 4:287-97, 1990.

K. R. Goheen and E. R. Jeffereys. Multivariable self-tuning
autopilots for autonomously and remotly operate underwater



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

32]

[38]

[39]

[40]

[41]

[42]

vehicles. IEEE Journal of Oceanic Engineering, 15(3):144-151,
June 1990.

A. Goodman. Experimental techniques and methods of anal-
ysis used in submerged body research. In Proceedings of the
Third Symposium on Naval Hydrodynamics, pages 379-449,
Washington, DC, 1960. National Academy Press.

A. J. Healey. Model-based maneuvering controls for au-
tonomous underwater vehicles. ASME Journal of Dynamics
Systems, Measurement, and Control, 114(12):614-622, Decem-
ber 1992.

A. J. Healey, P. E. An, and D. B. Marco. Online compensation
of heading sensor bias for low cost AUVs. In Proceedings of the
1998 Workshop on Autonomous Underwater Vehicles, pages
35-42, August 1998.

A. J. Healey and D. Lienard. Multivariable sliding mode control
for autonomous diving and steering of unmanned underwater
vehicles. IEEE Journal of Oceanic Engineering, 18(3):327-339,
July 1993.

A. J. Healey, S. M. Rock, S. Cody, D. Miles, and J. P. Brown.
Toward an improved understanding of thruster dyamics for
underwater vehicles. IEEE Journal of Oceanic Engineering,
20(4):354-61, October 1995.

R. Horowitz and M. Tomizuka. An adaptive control scheme for
mechanical manipulators - compensation of nonlinearity and
decoupling control. In ASME Winter Annual Meeting, Novem-
ber 1980.

L. Hsu, R. R. Costa, F. Lizarralde, and J. P. V. S. da Cunha.
Dynamic positioning of remotely operated underwater vehi-
cles. IEEE Robotics and Automation Magazine, 7(3):21-31,
September 2000.

T. W. Kim and J. Yuh. A novel nuero-fuzzy controller for
autonmous underwater vehicles. In Proceedings of the IEEE
International Conference on Robotics and Automation, pages
2350-55, May 21-26 2001.

D. E. Koditschek. High gain feedback and telerobotic tracking.
In Workshop on Space Telerobotics, pages 355-363, Pasadena,
CA, Jan 1987. Jet Propulsion Laboratory, California Institute
of Technology.

H. N. Koivo. A multivariable self-tuning controller. Automat-
ica, 16(4):351-66, July 1980.

L. Larsson, B. Regnstrom, L.Broberg, D. Li, and C. Janson.
Failures, fantasies, and feats in the theoretical/numerical pre-
diction of ship performance. In Proceedings of the Twenty-
Second Symposium on Naval Hydrodynamics, pages 11-32,
Washington, DC, 2000. National Academy Press.

J. P. Lasalle and S. Lefschetz. Stability by Lyapunov’s Direct
Method with Applications. Academic, New York, 1961.

N. Leonard. Stability of a bottom-heavy underwater vehicle.
Automatica, 33(3):331-46, March 1997.

J. Y. Liu, M. W. Walker, and R. P. C. Paul. On-line compu-
tational scheme for mechanical manipulators. ASME Journal
of Dynamic Systems, Measurement, and Control, 102:69-76,
June 1980.

J. Y. S. Luh, M. W. Walker, and R. P. Paul. Resolved acceler-
ation control of mechanical manipulators. IEEE Transactions
on Automatic Control, AC-25:468-474, 1980.

A. T. Morrison III and D. R. Yoerger. Determination of the hy-
drodynamic parameters of an underwater vehicle during small
scale, nonuniform, 1-dimensional translation. In Proceedings of
IEEE/MTS OCEANS’93, pages 277-282, October 1993.

N. Sadegh and R. Horowitz. Stability and robustness analysis
of a class of adaptive controllers for robotic manipulators. The
International Journal of Robotics Research, 9(3):74-92, June
1990.

J.-J. Slotine and W. Li. Adaptive manipulator control: A case
study. In Proceedings of the IEEE International Conference
on Robotics and Automation, pages 1392-1400, Raleigh, NC,
1987.

J.-J. E. Slotine and W. Li. On the adaptive control of robot
manipulators. The International Journal of Robotics Research,
6(3):49-59, Fall 1987.

D. Smallwood, R. Bachmayer, and L. Whitcomb. A new re-
motely operated underwater vehicle for dynamics and control
research. In Proceedings of the 11th International Symposium
on Unmanned Untethered Submersible Technology, pages 370—
377, Durham, NH, USA, 1999.

D. A. Smallwood and L. L. Whitcomb. Preliminary ex-
periments in the adaptive identification of dynamically posi-
tioned underwater robotic vehicles. In Proceedings of the 2001

[43]

[46]

[47]

[49]

[50]

1114

IEEE/RSJ International Conference on Intelligent Robots and
Systems, Maui, HI, USA, 2001.

D. A. Smallwood and L. L. Whitcomb. Toward model based
trajectory tracking of underwater robotic vehicles: Theory
and simulation. In Proceedings of the 12th International
Symposium on Unmanned Untethered Submersible Technology,
Durham, NH, USA, 2001.

M. Takegaki and S. Arimoto. An adaptive trajectory control of
manipulators. The International Journal of Control, 102:201—
217, 1981.

J.-S. Wang, C. Lee, and J. Yuh. Self-adaptive neuro-fuzzy sys-
tems with fast parameter learning for autonomous underwater
vehicle control. In Proceedings of the IEEFE International Con-
ference on Robotics and Automation, pages 3861-3866, May
2000.

J. T. Wen and D. S. Bayard. Robust control for robotic manipu-
lators Part I: Non-Adaptive case. Technical Report 347-87-203,
Jet Propulsion Laboratory, Pasadena, CA, 1987.

L. L. Whitcomb, A. Rizzi, and D. E. Koditschek. Comparative
experiments with a new adaptive controller for robot arms.
IEEE Transactions on Robotics and Automation, 9(1):59-70,
February 1993.

D. R. Yoerger and J. E. Slotine. Adaptive sliding control of an
experimental underwater vehicle. In Proceedings of the IEEE
International Conference on Robotics and Automation, pages
2746-2751, Sacremento, CA, USA, April 1991.

D. R. Yoerger and J.-J. E. Slotine. Robust trajectory control
of underwater vehicles. IEEE Journal of Oceanic Engineering,
OE-10(4):462-70, October 1985.

J. Yuh, J. Nie, and C. Lee. Experimental study on adaptive
control of underwater robots. In Proceedings of the IEEE Inter-
national Conference on Robotics and Automation, pages 393—
398, May 1999.



