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Abstract

The Norwegian Experimental Remotely Operated Ve-
hicle (NEROV) is described. The vehicle is designed
and built at the Department of Engineering Cybernet-
ics, The Norwegian Institute of Technology (NTH). The
NEROYV vehicle is an unmanned autonomous underwa-
ter vehicle (AUV) especially designed for testing ad-
vanced intelligent and conventional control algorithms.
The vehicle is autonomous with respect to both en-
ergy and information. The vehicle will also be used
in the Modellbased Teleoperation (MOBATEL) project
at NTH. In teleoperation it is desirable to remove the
non-minimum phase behaviouri.e. the time delay in the
communication channel caused by e.g. a hydroacoustic
communication link. This suggests a modellbased con-
trol structure. The vehicle is currently being tested in
the Towing Tank and the Ocean Basin Laboratory at
the Norwegian Marine Technology Research Institute
(MARINTEK) in Trondheim, Norway.

Introduction

Norway has long recognized the importance of the ocean
to its economy, security and environment. Hence, Nor-
way’s economic interests are highly tied to areas such as
oil and gas exploration, merchant shipping and the fish-
eries. We believe that the development of a new genera-
tion of unmanned underwater vehicles as well as under-
water vehicle-manipulator systems will be crucial for oil
and gas exploration. In particular as the costs of build-
ing and inspecting off-shore platforms and pipelines will
drastically rise with increasing water depths. The use
of divers in deep water is hazardous and limited due
to obvious physiological limitations. Hence, it is desir-
able to limit the use of divers. As major developers of
off-shore technology, Norwegian industry and research
institutes have recognized the need for more advanced
underwater vehicle systems. As a result of this, we
have increased our activites in underwater robotics at
the Norwegian Institute of Technology. Some of the
research programmes on autonomous underwater vehi-
cles in Norway are described in Rgdseth (1990) while
a description of the Norwegian research programme on
advanced robotic systems is found in Egeland (1991).
The NEROV vehicle, Sagatun and Fossen (1991a), is

a result of this new research activity. The NEROV ve-
hicle is built as an open frame housing three cylindrical
containers where the batteries, sensors and the com-
puter system are located. Six adjustable thruster are
mounted on the frame such that each thruster pair can
be used to control one translational and rotational mo-
tion. Hence, the vehicle is controllable in all 6 degrees
of freedom (DOF). A brief sketch of the NEROV vehi-
cle is shown in Figure 1. The most important design
criteria for the NEROV Vehicle were that the vehicle
should be:

e inexpensive.
e controllable in 6 DOF. Testing and integrating of new

control algorithms on the vehicle should be a routine
matter.

e positive buoyant.
e designed for at least 100 m depth.

e built of standard off-the-shelf sensors, computer hard-
ware, thrusters and energy sources.

e autonomous with respect to energy and information.
e easy to test for different thruster configurations.

e designed for dynamic positioning (DP) in 6 DOF. This
requires symmetrical thrust.

e used in underwater robotic research e.g. teleopera-
tion and graduate courses at the Norwegian Institute
of Technology.

This paper is outlined as follows: the second section
discusses the NEROV equations of motion. The next
sections describe the NEROV propulsion, sensor and
computer system, respectively. Finally, the NEROV
control system is discussed. Compensation of current
induced disturbances are emphasized. Our conclusions
and recommendations for future work are given at the
end of the paper.

The NEROV Equations of Motion

It is convenient to define the ROV state vectors ac-
cording to the Society of Naval Architects and Marine
Engineers (SNAME) notation. The body-fixed linear
and angular velocity vector in surge, sway, heave, roll,
pitch and yaw, is defined as: ¢ = (u,v,w,p,q,7)7,
where q is a virtual vector. The corresponding earth-
fixed position and Euler angle vector is defined as:



O

0.945 m

FORWARD

T3  fURWARD
T6 }\ T5
(o)

7 < T 7 .

1.065 m

Figure 1: General arrangement of the NEROV vehicle.

x = (v,9,2,6,0,%)T. Further, let T be a vector of
thruster forces and moments defined as

T=B(q)u

where B can be interpreted as a 6 x 6 velocity depen-
dent thruster configuration matrix and w is a vector
of thruster inputs corresponding to thruster T1-T6 in
Figure 1.

For the NEROYV vehicle the local coordinate system
is chosen to coincide with the vehicle’s centre of gravity
ie. 7 = (0,0,0)T. The centre of buoyancy can be
described as 7 = (x5,0,25)". The most significant
terms in the 6 DOF NEROV equations of motion are:
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Here u, = u—uy, v, = v—vy and w, = w—wy are the
relative velocity in surge, sway and heave, respectively.
The subscript f denotes the fluid motion.

Sea currents may dramatically reduce the perfor-
mance of the control system. We suggest including
an adaptive feedforward term to compensate for slowly
varying environmental disturbances. Hence, in the non-
linear underwater vehicle equations of motion, we as-
sume that the earth-fixed current velocity components
Z¢, Uy and wy are constant or at least slowly varying.

Hence, the current velocity in the vehicle-fixed reference
frame are
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We will also assume that all terms including compo-
nents of the fluid velocity can be lumped together into a
total current disturbance vector v such that the nonlin-
ear equations of motion can be expressed in a compact
form as

Mg+C(q)q+D(q)q+g(x)+o(t) =7

v =n(t) ,  m(t) is white noise

& = J(2)q (1)

Here M is a 6 x 6 inertia matrix including hydro-
dynamic added mass, C is a 6 x 6 matrix of Coriolis,
centrifugal and added mass coupling terms, D is a 6 x 6
matrix of dissipative terms, such as potential damping,
viscous damping and skin friction, g is a 6 x 1 vector of
restoring forces and moments and J is a 6 x 6 transfor-
mation matrix, function of the Euler angles: ¢, 8 and
1. These terms are described more closely in Fossen
(1991).

The disadvantage of the assumption that distur-
bances can be linearly superpositioned in the nonlin-
ear equations of motion is that model misalignments
are imposed. However, simulations show that this is a
good assumption.

The NEROV Propulsion System

The NEROV propulsion system is based on six 24 V
400 W permanent magnet motors which are made by
the Outboard Marine Coorporation. By extending the
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Figure 2: The NEROV ducted thruster.

motor house we were able to fit a tachogenerator inside
the unit, see Fig. 2.

The tachogenerator was used to design an analog in-
ner loop PID-controller. Consider the motor and regu-
lator transfer functions

K
]. —+ Tls)(l —+ T25)

hmotor(s) = (

hpip(s) = Kp (L+Tys)(1+Tps)
PID T Tys 14+ Tys

This suggests that the regulator time constants
should be selected as Tt =T, Tp =T> and Ty =~ 1071p
which yields the loop transfer function

KpK

L(s) = hprp(s) hmotor(s) = m

Hence, excellent tracking and noise rejection is ob-
tained. The thruster bandwidth can be improved by
simply increasing the regulator gain Kp. A block dia-
gram illustrating the inner loop feedback control system
is shown in Fig. 3.
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Figure 3: Block diagram of the inner loop feedback con-
trol system where n is the propeller angular velocity
measurement and n, is the commanded angular veloc-

ity.

We have also designed a duct for the thruster to in-
crease the maximum thruster force. Experiments with a
three bladed propeller (diameter 0.24m) of Kaplan type
with radial pitch distribution showed that the maximum
thruster force in Bollard pull was T' = 79N, Sagatun
and Fossen (1991b).
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Figure 4: Experimental non-dimensional thrust coeffi-
cient K7 versus advance coefficient J, for the NEROV
thruster.

From the experimental data, the non-dimensional
thrust coefficient

T

Kyr=—"7F—"——
T p D4 n|n|

with p as the water density, n as the propeller rev-
olution and D as the propeller diameter, was plotted
against the advance coefficient .J,

Va

J, = —
°" nD

Here V4 is the advance velocity at the propeller. The
results are shown in Figure 4. The experiments show
that the thruster force is almost symmetrical, Sagatun
and Fossen (1991b).

The NEROV Sensor System

The NEROV sensor system is based on the kinematic
equations of motion which make the sensor system inde-
pendent of the vehicle’s hydrodynamic coefficients. The
linear and angular state estimators were designed indi-
vidually, see Figure 5.

For implementation simplicity, steady state diagonal
Kalman filter gain matrices were used. The sampling
frequencies are 10 Hz for the linear state estimator and
50 Hz for the angular state estimator, respectively. The
bandwidth limitations are due to the measurement rate
of the hydroacoustic system. The performance of the
linear state estimator is shown in Figure 6.
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Figure 5: Linear and angular state estimators.



The NEROV Computer System

The computer system is based on the VMEbus and is lo-
cated in one of the vehicle’s upper containers. We used
the single height Eurocard format due to the limited size
of the vehicle’s container. The processor board consists
of one Motorola MC68020 32 bits 16 MHz microproces-
sor, one MC68881 floating point co-processor, 1 MByte
of static RAM and 512 KBytes of ROM. The micropro-
cessor card is fitted with two RS232 serial ports. These
ports are used to connect a terminal and a monitor to
the system while programming, testing and operating
the computer system.

Besides these two computer cards take care of the I/O
to and from the sensors and the propulsion system. We
have currently sixteen 12 bits A /D input channels, eight
TTL I/0O ports and twelve A/D output channels. All
I/0O ports are programmable. The software is interrupt
driven and is programmed in C on a SUN workstation
and downloaded through a serial port to the VME rack.
The NEROV computer system is described in (Sagatun
and Fossen, 1991b).

The NEROV Control System

Conventional multivariable controllers are difficult to
design for AUVs. This is because their strongly cou-
pled dynamics are highly nonlinear and vary according
to the vehicle’s operating point. One of the design goals
for the NEROV vehicle was that the vehicle should be
able to perform highly coupled manoeuvres in all 6 DOF
with some speed. Simulations show that this can be ac-
complished by applying nonlinear adaptive control the-
ory. We will restrict our discussion to passivity-based
adaptive control (PBAC) schemes. PBAC, Slotine and
Li (1987), Sadegh and Horowitz (1987) and Kelly and
Carelli (1988), exploit the skew symmetry property of
M -2C, cf. Ortega and Spong (1988). The parameter
update laws in this section are based on an extension of
the PBAC scheme of Slotine and Li (1987) and Slotine
and Benedetto (1990) to underwater vehicles. Compen-
sation of environmental disturbances is emphasized.

PBAC

Consider the equations of motion for an underwater ve-
hicle which can be written as, Fossen (1991),

M*(z)& + C*(x,z)x + D*(x,z)x + g*(x)
+v*(x) = J T (x)T

where

M*(x) = J TMJ!
C(z,z) = JT C—MJ—I.'I] J!
D*(z,&) = J 'DJ!

g(x) = J g

vi(x) = J T

Define a measure of tracking s as

s=2& 4 \& (2)

where A is a strictly positive constant which may be
interpreted as the control bandwidth and & =  — x4 is
the tracking error.

Let @ = 0 — 0 be the parameter error vector and
© = ¥ —v be the current vector estimate error. The hat
denotes the adaptive parameter estimates. Consider the
Lyapunov-like function candidate

. 1 T
V(s,0,5,1) = 5(s"M"s + 0" 1o+ " Wa)

where I' and W are symmetric positive definite
weighting matrices. Differentiating V' with respect to
time (assuming M = M") and using the skew sym-
metric property éT(M* —2C™) $ = 0 yields

. T .T
V=-s"Ds+0 TO+v Wb
+s' (" "r - M*%, - C*%, — D*&, — g* —v*)

Fossen (1991) defines a virtual vector g, which satis-
fies the transformation

&, = J(T) q,

Hence, the virtual reference vectors ¢, and g, can be
calculated as

(JT = J_l(w)i:T
i, = J7'(@)(@ — J(2) T (@)i)

We now notice that the unknown terms M*, C*, D*
and g* can be parameterized as

M*%, +C*z, + D*z,. + g* =
JT Mg, +Cq, + Dq, + g = J "®(z,q,q,,4d,) 0

where 0 is an unknown parameter vector and @ is a
known regressor matrix of appropriate dimensions. We
have here assumed that the terms M , C , D and g
are linear in their parameters. This yields

. T .
V=-—5TDs+sTT ' (r—®0—v)+0 T'O+% Wb
Let the control law be chosen as

r=60+9—-J Kps (3)

where @ is the estimated parameter vector, v is the
estimated disturbance vector and K p is a symmetric
positive definite design matrix of appropriate. Then,
the parameter update laws

é = _F_léT(‘,B:‘.L qr:ér)J_l(w) s (4)
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Figure 6: Upper left: actual (dotted) and estimated (solid) positions, upper right: position errors, lower left:
actual (dotted) and estimated (solid) linear velocities and lower right: linear velocity errors.

=W (@) 5 (5)
yields

V=-s(Kp+D")s<0

This is due to the fact that the damping matrix D >
0 implies that D* = J DI ' >0. Hence, Barbalat’s
Lyapunov-like lemma ensures that @ is bounded and
s — 0. This in turn implies that the tracking error
vector £ — 0.

VS-PBAC

An alternative parameter update law can be found by
deriving a variable structure passivity-based adaptive
controller (VS-PBAC). This approach was inspired by
the variable structure model reference adaptive con-
troller (VS-MRAC) of Tso et al. (1991). This scheme
uses the parameterization of Craig (1988) which require
both acceleration measurements and that the estimated
inertia matrix is invertible. These limiting conditions
may be removed by applying the parameterization of
Slotine and Li (1987) instead. Thus we will show that
it is straightforward to generalize the results of Tso et
al. (1991) to the scheme of Slotine and Li (1987). De-
fine a Lyapunov-like function candidate

1
—sTM*s |,

V(s,6,0) =

M*=(M*" >0

Hence V can be written as
V=-s'Ds+(J ') (r—®6-0)

Substituting the control law Eq. 3 into the expression
for V yields

V=-=s"(D"+Kp)s+ (J's)T($0 + v)
We now notice that the last term in the expression

for V can be written as

r

> (0 = 0:)(BT T s);

i=1

(J1s)'d(6—0) =

r

(T (o —v) =Y (9 —vi)(J 's)i

i=1

Then, the parameter update laws

b= =07 sgn (@ 's).] |6 <6p

b= o sgn [(T's),] ol < o
yields V < 0. Since ||®|| < co, Barbalat’s Lyapunov-
like lemma ensures that s — 0 and thus that the track-

ing error & converges to zero. A comparison study of
the PBAC and the VS-PBAC is found in Fossen (1991)



Calculation of the Thruster Inputs

The control input vector is calculated as
u=B"'(q) T

where the non-zero elements in the input matrix are
found as, Fossen (1991),

Bjj=pD*Kr,(J,) i=1.6 j=1.6

Hence, the desired propeller revolution is given by
n; = sgn(u;)y/u;- Uncertainties in the input matrix
can be compensated by adding a discontinuous term to
the adaptive control law. This is described more closely
in Fossen and Sagatun (1991).

Dynamic Positioning of the NEROV vehicle

To illustrate the performance of the adaptive controller,
dynamic positioning of the NEROV vehicle in surge and
sway was considered. In the simulation study a 4 DOF
model of NEROV vehicle was used,

(m— X))t — (m —Yy)rv, =
(m —Y3)0 + (m — Xo)ru,
(m — Zy)w

(Iz —N,:)f+ (Xu —YI})UT’UT =

Xyur + Xu|u|u7‘ |u7‘| + 7
Y, v, + Yv|v|v7‘ |v7‘| + 12

ZwWr + Zw‘w‘wr |wr| + 73
Nev + Nyjp 7 || + 76
The state vectors are recognized as = (z,v, z,%)7
and ¢ = (u,v,w,7)T. An unknown current i; =
0.9 [m/s], yr = —0.8 [m/s] and Z; = 0.0 m/s was
injected after 5 seconds. Hence,

0 iy

]

Uy cos sin 1)
vy = —siny cosy
wy 0 0
The regressor matrix ¢ was based on the terms:

m— X, 0 0 0
. 0 m—Y, 0 0
M = 0 0 m— 7, 0
0 0 0 I. - N,
0 —mr 0 Y, v,
_ mr 0 0 —X,un
C - 0 0 0 0
~Yyvr Xiur O 0
D= -
Xu 4 Xy lur 0 0 0
o] Y"+Yv|v||“7“ 0 0
0 0 Zw + Z || lwr] 0
0 0 0 Ny + NIl
cosy —siny 0 0 v1
_ sin 1) cos Y 0 0 _ V9
J= 0 0 1 0 V=1 o
0 0 0 1 vg
Kq K, 0 0 0 0
. 4 0 0 —-Kr, K 0 0
B = pD 0 0 0? ot Ky KTy
~UKr, laKp, 0 0 0 0

The adaptive control law, Eqgs. 3-5, was simulated
with Kp = diag(500,500,500,250), I' = 0.001 I,
W = 0.001 I and A = 1. The NEROV vehicle was
dynamically positioned in surge and sway (zg = 1
and yg = 1 m) while the depth was switched between
zg = 2 m and zg = 3 m. The desired heading angle
was shifted between 1¢; = £30 deg. The sampling rate
used in the simulation was 10 Hz. The desired outputs
and the tracking errors are shown for both the PBAC
and a PD-controller in Figure 7. Notice that there is a
relatively small increase in the tracking error at t = 5s
where the current disturbances are injected. This shows
that the PBAC yields high performance even for relative
large constant disturbances. The simulations also ver-
ify that the model missalignments due the assumption
that sea current disturbances could be linearly superpo-
sitioned in the nonlinear underwater vehicle equations
of motion, hardly affects the performance of the con-
troller. Indeed, the control law was found to be highly
robust for errors in the regressor matrix.

Conclusions and Future Work

The NEROYV vehicle has been described. This includes
a brief discussion of the vehicle’s equations of motion,
thruster system, computer system, sensor system and
control system. A simulation study of the vehicle’s con-
trol system was performed to illustrate the robustness
of the adaptive autopilot for unknown sea currents.

In the coming months a large number of full-scale
experiments of the NEROV vehicle will be performed
in the Ocean Basin Laboratory at MARINTEK. The
PBAC will be implemented in late spring 1991. The
full-scale experiments will include dynamic positioning
in 6 DOF, heave compensation and tracking of general
time-varying reference trajectories in 6 DOF. Pipeline
tracking based on camera vision will also be investi-
gated. The vehicle is also intended as a test bench for
the MOBATEL telerobotic research programme at the
Norwegian Institute of Technology which currently has
4 doctoral students.
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