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Abstract

We are developing a visually-guided au-
tonomous underwater vehicle. We have im-
plemented a computed torque controller, us-
ing Euler parameters, for position and velocity
control. This formulation eliminates singular-
it y in the model and controller and o®erssome
degreesof coupling between vehicle degreesof
freedom. A calibrated thruster model which
computesthrust output from measuredvoltage
and current, provides input to the thrust con-
troller . We are now adding the vision into the
system for visually-servoed guidance.

1 In tro duction
At the Australian National University, we are developing
an autonomousunderwater vehicle(AUV), namedKam-
bara [Wettergreen et al., 1999]. Major objectivesare to
enableKambara to autonomously follow along ¯xed nat-
ural and arti¯cial features,and swim after dynamic tar-
gets. These abilities would help Kambara to perform
underwater inspection tasks, such as exploring the sea
°oor and studying marine creatures.

Kambara is equipped with an on-board computing
unit, various kind of sensors,a pan-tilt camera, and a
stereo vision system. We are using the stereo vision
system for tracking targets, and extracting target posi-
tion, velocity and orientation. We have developed area-
basedfeature tracking for following features from frame
to frame.

We are developing a computed torque controller for
controlling a vehicle position and velocity. Since an
AUV is usually highly coupledbetweenmultiple degrees
of freedom, by using computed torque control, we will
have some degreesof coupling between vehicle degrees
of freedom. In general, the performance of the com-
puted torque controller depends on accuracy of system
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Figure 1: Kambara solid model.

model. We developed Kambara model basedon model
proposed in [Fossenand Fjellstad, 1994] which use Eu-
ler parametersasan attitude representation to eliminate
singularity in the system. We also developed a thruster
model and thruster controller which useestimated thrust
from measuredvoltage and current, in order to control
forceand torque required by the vehiclecomputedtorque
controller.

By combining the vision systemand vehiclecontroller,
Kambara can track targets and move relative to them
autonomously. Thus Kambara can operate in a mission
like following a reef, following a pipe, or chasing a ¯sh.

This paper starts by describingthe Kambara model in
section 2, followed by the vehicle controller in section 3.
The thuster model and controller are proposedin section
4 and 5. Section6 shows the result of using the Kambara
model and vehicle controller in a simulation study. A
visual servo guidance for target tracking is proposedin
section 7.

2 Kam bara Mo deling
We have developed a mathematical modeling for Kam-
bara based on [Fossenand Fjellstad, 1994]. In this
model, we use Euler parameters for attitude represen-
tation instead of conventional Euler angles. The bene¯t



of using Euler parameters over Euler anglesis that the
singularity that occurs in system dynamic equations is
eliminated.

De¯ne a position state vector P = [x > ; q> ]> , where
x = [x; y; z]> , and q = [´ ; ²> ]> , ² = [²1; ²2; ²3]> . Here x
and q are the position vector and Euler parametersrep-
resenting Kambara attitude in the world-¯xed reference
frame f W g.

De¯ne a velocity state vector V = [v > ; ! > ]> , where
v = [u; v; w]> and ! = [p;q; r ]> . Here v and ! are
the linear and angular velocity vectors in the Kambara
referenceframe f K g.

De¯ne a torque/force input vector T = [T >
1 ; T >

2 ]> ,
where T1 = [X ; Y; Z ]> and T2 = [K ; M ; N ]> . Here T1

and T2 are force and torque vectors in the Kambara ref-
erenceframe f K g.

The generalsystemdynamics of Kambara in the f K g
frame can be written as

M _V + C(V)V + D(V)V + g(q) = T ; (1)

whereM is a mass/inertia matrix, including hydrody-
namic addedmass/inertia, C is a Coriolis and centrip etal
matrix, including hydrodynamic addedCoriolis and cen-
trip etal mass/inertia, D is a hydrodynamic damping ma-
trix, and g is a gravit y and buoyancy force vector.

De¯ne M = M R B + M A , where M R B is a rigid body
mass/inertia matrix, and M A is a hydrodynamic added
mass/inertia matrix given by

M R B =
·

mI 3£ 3 ¡ mS(r G )
mS(r G ) I k

¸
;

M A = ¡
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In the above, m is the Kambara mass,I k is the iner-
tia matrix, r G is center of gravit y and S(¸ ) is a skew-
symmetric matrix operator of vector ¸ given by

S(¸ ) =

2

4
0 ¡ ¸ 3 ¸ 2

¸ 3 0 ¡ ¸ 1

¡ ¸ 2 ¸ 1 0

3

5 ; S(¸ ) = ¡ S> (¸ ):

SANAME notation is used here, for instance the hy-
drodynamic addedmassforce YA along y axis which due
to acceleration _u in x direction is written as

YA = Y_u _u ; where Y_u =
@Y
@_u

To simplify the matrix M , we locate the origin of the
Kambara referenceframe f K g at the center of gravit y so

that r G = [0; 0; 0]> . SinceKambara is almost symmetric
in all planes,M R B can be approximated as

M R B = diagf m; m; m; I xx ; I yy ; I zzg:

We simplify M A so that it contains only diagonal val-
ues.

M A = diagf X _u ; Y_v ; Z _w ; K _p; M _q; N _r g:

De¯ne C = CR B + CA , where CR B is the rigid body
Coriolis and centrip etal matrix, and CA is the hydrody-
namic added Coriolis and centrip etal matrix.

Let

M A =
·

A11 A12

A21 A22

¸
:

CR B and CA are

CR B =
·

03£ 3 ¡ mS(v)
¡ mS(v) ¡ S(I ! )

¸
;

CA =
·

03£ 3 ¡ S(A11v + A12! )
¡ S(A11v + A12! ) ¡ S(A21v + A22! )

¸
:

Usually D is a complicated function of V, but we use
a rough approximation of D as:

D = ¡ diagf X u ; Yv ; Zw ; K p; M q; N r g

¡ diagf X u ju j juj; Yvjv j jvj; Zwjw j jwj;

K pjpj jP j; M qjqj jqj; N r j r j jr jg:

A Jacobean matrix J (q) is usedto relate the position
state vector P and velocity state vector V.

_P = J (q) V
·

_x
_q

¸
=

·
R(q) 0

0 1
2 U(q)

¸ ·
v
!

¸
;

where

R(q) =

2

4
1 ¡ 2²2

2 ¡ 2²2
3 2(²1²2 ¡ ´ ²3) 2(²1²3 + ´ ²2)

2(²1²2 + ´ ²3) 1 ¡ 2²2
1 ¡ 2²2

2 2(²2²3 ¡ ´ ²1)
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and

U(q) =
·

¡ ²>

´ I 3£ 3 + S(²)

¸
:

Thus with this model we can compute Kambara's po-
sition and velocity from applied forcesand torques.
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Figure 2: Velocity pro¯le used for determining Vd and
_Vd from position error.

3 Vehicle Con troller
There have been several approaches proposed for con-
trolling the position and velocity of AUVs, theseinclude
traditional PID control, adaptive control, sliding con-
trol, and learning control [Wettergreen et al., 1999]. In
many AUVs , PID control is commonly usedbecauseof
its simplicit y. Usually, vehicle controller is implement
in multiple single degreeof freedom (DOF) controllers,
having onestand alonecontroller for each DOF. Sincean
AUV is usually highly coupled between multiple DOFs
due to vehiclehydrodynamic and thruster con¯guration,
performanceof controller can be improved by using con-
troller that couplesbetweenmultiple DOFs.

Kambara is an open frame AUV (see Figure 1). It
has two main water tight enclosuresfor the computing
unit, sensors,the pan-tilt cameraand the battery. Five
thrusters are rigidly attached to the Kambara frame.
These¯v e thrusters provide Kambara 5 DOFs in surge,
heave, roll, pitch and yaw, but not direct sway. How-
ever, Kambara can roll to a certain degree and move
side-ways while keeping the altitude constant to get an
e®ectof sway. For Kambara to move along in one DOF
without a®ectingother DOFs with the current thruster
con¯guration, it can not ¯re just one single thruster. A
combination of two, three, or all ¯v e thrusters is needed
to createa movement in onedirection. Thus Kambara is
highly coupled betweenDOFs by thruster con¯guration
as well as due to hydrodynamic coupling.

We opted to develop a computed torque controller,
sinceit o®erssomedegreesof the coupling betweenmul-
tiple DOFs through computed torque component. From
the systemdynamicsequation (1), computed torque con-
trol law can be written as

T = ®T 0+ ¯ ;

where® = M , and ¯ = C(V)V+ D(V)V+ g(q). Here¯
cancelsthe nonlinear and the coupling components and
T 0 implements the linear control law.

We choosea PID control tracking controller for T 0 as:

T 0 = _Vd + kv _" + kvi

Z
_" + kp" + kpi

Z
";

where _" = Vd ¡ V and " = K Pd ¡ K P. Here K P is
vector P in the f K g frame.

The Euler parameter component of P is not a direct
subtraction but qe = q¡ 1qd where a multiplication of
two qs is

q1q2 =
·

´ 1 ¡ ²>
1

¡ ²>
1 ´ 1I 3£ 3 + S(²1)

¸ ·
´ 2

²2

¸

and an inverseof q is

q¡ 1 =
·

´
¡ ²

¸
:

.
Sincewe have an approximate model, ¯ will not cancel

out all the non-linearity and coupling in the system. The
terms kvi

R
_" and kpi

R
" are involved for minimizing error

during tracking.
Let U = [T1; T2; T3; T4; T5]> bea vector of thrusts from

¯v e thrusters (horizontal left, horizontal right, vertical
left, vertical right and vertical rear). De¯ne a matrix L
a 6 £ 5 mapping matrix such that

T = LU:

We can ¯nd a 5 £ 6 matrix ~L that satis¯es

U = ~LT :

SinceKambara has 5 DOFs and 5 thrusters, the force
for sway motion in T is not mapped back to U.

The computed torque controller that we have designed
is a tracking controller which needs K Pd, Vd and _Vd as
referenceinput. Traditionally K Pd, Vd and _Vd are cal-
culated from tra jectory planning. But recalculating the
tra jectory every time the target position changescould
be computationally expensive or have someother di±-
culties in implementation. Instead of doing full tra jec-
tory planning, we use the right hand side of a trape-
zoidal velocity pro¯le, seeFigure 2, for calculating Vd

and _Vd. The velocities Vd and _Vd are calculated from
the position error vector, " . There are two parameters
in designing this trap ezoidal velocity pro¯le, Vmax and
_Vmax . The value of Vmax could be obtained from Kam-
bara's physical maximum velocity, while _Vmax could be
obtained from its physical maximum acceleration. The
trap ezoidal velocity pro¯le should be within the Vmax ,
_Vmax velocity pro¯le.



Figure 3: Calibration of thruster using steady state
thrust model and estimated shaft velocity. T = k­ j­ j
where k = 4:19£ 10¡ 3 N

r ad2 =sec2 for forward thrust, and

k = 3:12£ 10¡ 3 N
r ad2 =sec2 for reversethrust.

4 Thruster Mo deling

The ¯v e thrusters installed in Kambara are modi¯ed
electric trolling motors with cut down propellers and
added ducts. With these modi¯cations, the original
thruster speci¯cations, if they were publically available
would be useless. Calibration is neededin order to be
able to control thrust.

One of the simplest ways to control thrust is
to use steady state thrust to represent all the
behavior of the thruster. It is well known,
[Whitcomb and Yoerger, 1999], that under bollard-pull
conditions, steady state thrust can be modeled as

T = ½AR2´ 2 tan2(p)­ j­ j; (2)

Where T is the thrust output, ½ is °uid density, A
is the duct/prop eller area, R is the propeller radius, ´
is the propeller e±ciency, p is the propeller pitch angle,
and ­ is the shaft velocity.

In [Bachmayer et al., 2000], Whitcomb proposed a
complex thruster model which requiresan accuratemea-
surement of several motor/thruster parameters, as well
as the online measurement of the shaft velocity, ­.

Several proposedthruster model suggestthat in order
to control the thrust, T, the propeller angular velocity,
­, must be controlled according to thruster model.

Becauseof thruster con¯guration and limited avail-
able spaceinside the noseof the thruster, we decidedto
put neither a shaft encoder nor a tachometer to measure
shaft velocity. Thus, we need to develop an alternativ e
way to estimate shaft velocity in order to control thrust
output.

Figure 4: Plot of estimated thrust output, using steady
state model and estimated­ ; versusthrust measurement
for ramp input.

We proposedto usethe motor electro-dynamicsto es-
timate shaft velocity. The thruster that we are using is
a permanent magnet DC motor. The general dynamic
equations for a permanent magnet DC motor are

e = iR w + L w
di
dt

+ kemf ­ (3)

kt i = J _­ + f r iction + ¿l oad (4)

Where e is the motor voltage, i is the motor current,
­ is the shaft velocity, Rw is the winding resistance,
L w is the winding inductance, kemf is the motor back
emf constant, kt is the motor torque constant, J is the
motor inertia, f r iction is the motor friction, and ¿l oad is
the motor load

Friction is modeled as

f r iction (­) = kf 0sign(­) + kf 1­ (5)

wherekf 0sign(­) is the coulomb friction, and kf 1­ is
the viscousfriction.

For many DC motor control applications, L w is usually
low and may be neglectedsince time constant induced
by L w is negligible compareto the motor time constant.
Rearranging equation 3 gives

­ =
e ¡ iR w

kemf
: (6)

Wecalibrated the thrusters by simultaneously measur-
ing thrust output, commandvoltageand current drained
by thruster. Figure 3 shows that our calibration result,
using estimates of ­, is in agreement with steady state
model T = k­ j­ j. In Figure 4, we evaluated steady
state model with ramp transient response. The result
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Figure 5: Simulation result of nonlinear PI thruster con-
troller, K P = 0:1, K i = 10, step responseand sine wave
response,f = 5H z.

shows that steady state model T = k­ j­ j can be used
for thrust estimation. We observed somedegreeof °uc-
tuations in thrust at the start of transient responsethat
this model could not accurately reproduce.

5 Thruster Con troller

In our system, we use pulse width modulation (PWM)
ampli¯ers to drive the thrusters. ThesePWM ampli¯ers
arevoltageampli¯ers which havecurrent sensorssending
signals back to the controller. The PWM signal gener-
ator and thruster controller will be implemented on a
Motorola 68332CPU.

We have designeda nonlinear PI controller for con-
trolling the thruster. In using PI control in the mo-
tor/ampli¯er application, there is usually an \in tegrator
windup" phenomenon.Such phenomenoncould degrade
the controller performance with lag response and/or
overshoot. We are implementing saturation integrator
to overcomethis problem.

For the thruster controller, K p and K i are currently
hand tuned. Saturation level of the integrator is limited
to the maximum voltage output of PWM ampli¯er. Fine
tuning of K p and K i will be determined empirically on
the real system.

From simulation, we found that using higher K p and
K i will result in faster response,but the motor will also
drain higher current. The level of current drawn from
the motor is another aspect in tuning the controller since
over current may degradethe magnet in the motor and
can possibly damagethe ampli¯er.

Figure 5 shows step and sine wave responsesof the
nonlinear PI controller. The system exhibits a lag re-

a)

0 2 4 6 8 10 12 14 16 18 20
-2

0

2

u

0 2 4 6 8 10 12 14 16 18 20
-0.2

0

0.2

v

0 2 4 6 8 10 12 14 16 18 20
-1

-0.5

0

w

0 2 4 6 8 10 12 14 16 18 20
-5

0

5
x 10

-3

p

0 2 4 6 8 10 12 14 16 18 20
-0.05

0

0.05

q

0 2 4 6 8 10 12 14 16 18 20
-1

0

1

r

b)

0 2 4 6 8 10 12 14 16 18 20
-200

0

200

T
1

0 2 4 6 8 10 12 14 16 18 20
-200

0

200

T
2

0 2 4 6 8 10 12 14 16 18 20
-100

-50

0
T

3

0 2 4 6 8 10 12 14 16 18 20
-100

-50

0

T
4

0 2 4 6 8 10 12 14 16 18 20
-100

0

100

T
5

Figure 6: Simulation results. a) Velocity V, solid line
and Vd, dot line; b) Thruster command U.

sponseunder a sine wave input. The responsecould be
made faster by tuning controller with higher K p and K i

gains.

6 Simulation Study
We use the Kambara model and computed torque con-
troller developed in the section2 and 3 to do a simulation
study. Figures 6 and 7 show simulation results of moving
the vehicle from initial position [0; 0; 0]> , heading 0r ad,
to target position [¡ 5; ¡ 1:5; ¡ 3]> , heading ¼r ad. Dur-
ing simulation study, we found that using the computed
torque controller alone gives a satisfactory result when
4P is small. Since Kambara cannot do direct sway-
ing, for large 4P , Kambara position might not converge
to desired target position. This is where the tra jectory
planner hasan important role. In this example,a simple
tra jectory planner which useonly surgeand yaw motions
in x-y plane is used. From the example,Kambara is ori-
enting itself to the target position, during the ¯rst 6 sec-
onds, before moving forward, but it is allowed to move



Figure 7: Simulation of Kambara with initial posi-
tion [0; 0; 0]> , initial heading 0r ad, target position
[¡ 5; ¡ 1:5 ¡ 3]> , target heading ¼r ad.

Figure 8: Multiple featuresZNCC tracking of a calibra-
tion target in stereo images.

freely in the z direction, since there is no constraint in
the z-axis.

An intelligent tra jectory planning scheme can be op-
timized to enableKambara to move to the target within
minimum time or using minimum power.

7 Visual Servo Con trol
We have developed a stereoarea-basedfeature matching
function for tracking the target. The stereosystem will
output the position of a feature relative to Kambara.
With the current hardware, weareusinga look and move
visual servo method for tracking the target.

For the task of tracking the moving target, the po-
sition and velocity of the features/target are extracted
from visual information. Then, the position and veloc-
it y of the target are used to calculate the desired vehi-
cle position and velocity such that it would track/follo w
moving target.

For the task of keepingstationary with respect to the
¯xed target, we are tracking multiple featuresof onetar-
get, e.g. 4 features for a planar target. Then, the target
orientation, and position relative to Kambara can be ex-

tracted from visual information. Such information could
then be use as the desired position and orientation ref-
erenceswhich are usedto drive Kambara.

In both cases, we use fast area-basedmethods for
tracking features. An optimized zero mean normalized
crosscorrelation (ZNCC) technique hasbeendeveloped.
In ¯gure 8, we use ZNCC to track multiple features in
stereo images. In this initial implementation, the single
template without template updating is being used. We
found that if feature being tracked change appearance
due to relative motion between the camera and target,
the tracking target is quickly lost. Multiple templates
and template updating schemesare under development
in order to provide more robustness.

8 Conclusions
This paper proposesan approach for visually-guiding
an AUV. We have developed the Kambara mathemat-
ical model and computed torque controller in a simula-
tion study. With a good mathematical model, computed
torque control gives a satisfactory results in controlling
vehicle position and velocity. The thruster model which
estimatesthe thrust from motor voltage and current has
been developed and veri¯ed in ¯eld test. The imple-
mentation of vehicle controller and thruster controller
on Kambara is in progress,with testing to follow.

The vision system which is another key part for
visually-guiding the AUV is in early development. A
robust 3D tracking technique for underwater vision is
underway.
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