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Abstract

This paper describes an integrated approach to the de-
sign and analysis of navigation, guidance and control sys-
tems for Autonomous Underwater Vehicles (AUV’s). The
general framework is illustrated with a design exercise in
which recent developments in multivariable control theory
and classical results in navigation and guidance were ap-
plied to the design of a trajectory following system for the
AUV MARIUS (Marine Utility Vehicle System).

1 Introduction

The importance of developing methods for automatic
acquisition and processing of ocean data can hardly be
overemphasised. The ocean is a source of minerals and
a reservoir of natural gas and oil, and its living species
constitute a renewable supply of protein. Furthermore, it
impacts on the global climate and the environment. With
current means at one’s disposal, the activity of acquiring
ocean data is costly and risky. For these reasons, ”our
understanding of the physical, chemical, geophysical and
biological processes that take place in the ocean is rather
limited” [2].

There is currently great interest in the potential of Au-
tonomous Underwater Vehicles (AUVs) to substantially
reduce the costs and the risk associated with the explo-
ration of the ocean. AUVs exhibit high maneuverability,
and do note require permanent support from a ship or
direct control via an umbilical cord. Moreover, their op-
eration does not jeopardize human lives directly. There
are, however, concerns that the technologies required to
achieve truly autonomous behaviour are “necessarily ad-
vanced and remain developmental” [2]. The long term goal
of using AUVs for the exploration of the ocean requires a
committed research and development effort to develop so-
phisticated mobile units endowed with advanced systems
for navigation, guidance and control.

This paper addresses the problem of developing guid-
ance, navigation and control systems for AUV’s to achieve
accurate tracking of trajectories defined in an universal
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reference frame. The framework adopted for its solution is
illustrated with a design exercise in which recent develop-
ments in multivariable control theory and classical results
in navigation and guidance were applied to the design of
a trajectory following system for the AUV MARIUS (Ma-
rine Utility Vehicle System) [6, 25]. The key ideas in the
design methodology are to clearly state performance spec-
ifications in the frequency domain, and to use design tools
that are adequate to this type of specifications. Thus,
the natural constraint that the navigation, control and
guidance systems exhibit decreasing bandwidths, can be
directly incorporated in the initial phase of the project.
Analysis of the integrated system is performed using a
simulation package that allows the user to assess the im-
pact of the navigation, guidance, and control algorithms
on the dynamic behaviour of the vehicle.

The organization of the paper reflects the sequence of
steps that go into the design of a trajectory following sys-
tem for an AUV.

Section 2 describes the general model for the dynamics
of underwater vehicles that are propelled by thrusters and
steered by deflecting surfaces. This model is the kernel of a
simulator that includes the AUV rigid body dynamics, the
dynamics of the thrusters, and the hydrodynamic effects
of the hull and deflecting surfaces. The general model has
been tuned for the MARIUS vehicle, based on hydrody-
namic data obtained in tank tests at the Danish Maritime
Institute, Lyngby, Denmark. The system identification
procedure is described, and the expected performance of
the vehicle is analysed.

Section 3 describes the design of a control system for
the vehicle in the vertical plane. The selected method is
gain scheduled control. The nonlinear plant model de-
rived in Section 2 is linearized about a finite set of operat-
ing conditions, and a linear controller is designed for each
linearized plant by minimizing an H, -criterion. The
resulting finite set of linear feedback controllers is then
interpolated and scheduled according to forward speed
(scheduling variable). A new methodology, henceforth re-
ferred to as the D- methodology, is described to implement
the gain-scheduled control law.

Section 4 is devoted to navigation. The basic motion
sensor package that is used to estimate the position and
attitude of the vehicle is presented. The design of its nav-
igation system based on single and multi-rate Kalman fil-
tering techniques is briefly described.



Finally, Section 5 combines guidance with navigation
and control. For a given reference trajectory, the dynamic
performance of the vehicle is examined when the classical
guidance algorithm of line-of-sight is used. The integrated
simulation package that supports this study has been de-
veloped and implemented on a SUN-SPARC station. It
is written in C language, and runs under the MATRIXx
software package for computer aided control systems de-
sign.

2 Vehicle Modelling

This section describes the dynamical model of the AUV
MARIUS that is used for simulation and control systems
design. The vehicle is depicted in figure 1. See [6, 7] for
a complete description of the vehicle’s design and con-
struction. The general structure of the model is standard,

Figure 1: The vehicle MARIUS

and was simply derived from first physics principles, as
explained in [1]. System identification, however, was far
more complex and required the combination of theoret-
ical and experimental methods that included tank tests
with the full scale prototype of the vehicle. The tests are
reported in [7, 22]. The estimated model can be found
in {11], which contains a description of the methodologies
used for modelling and identification.

2.1 Equations of Motion

The equations of motion for underwater vehicles can be
obtained from Newton-Euler laws following the classical
approach described by Abkowitz [1]. A simple and elegant
derivation based on a general set-up adopted in robotics
[4]can be found in {27]. Using this approach, the equations
are easily developed using a global coordinate frame {U}
and a body-fixed coordinate frame {B} that moves with
the AUV. This requires the following notation, adapted
from [4] and [8]:

Ups,,, = (£,9,2)" - position of the origin of
{B} measured in {U},

Vi,., = (u,v, w)" - velocity of the origin of { B}
relative to {U}, expressed in {B} (i.e., body-
fixed linear velocity),
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Buwp:= (p,¢q,7)7 - angular velocity of {B} rela-
tive to {U}, expressed in {B} (i.e., body-fixed
angular velocity).

The symbol Y R(X) denotes the rotation matrix from { B}
to {U}, parameterized by the vector Ai=(¢,8,%)" of roll,
pitch and yaw angles. Furthermore, q = (u,v,w,p,q,7)”
and 6:= (6a4,c,0a,4,6,6-)" denote the body-fixed linear
and angular velocity vector and the vector whose entries
correspond to deflections of the ailerons (common and dif-
ferential), elevator, and rudder, respectively. The symbol
n denotes the propeller rotational rate. With this nota-
tion, the dynamics and kinematics of the AUV can be
written in compact form as

Dynamics:
MRBQ+CRB(Q)Q = T(d.: in56,n}’ (1)
q= (Bv;wg,B wh)*. (2)
Kinematics:
d
(D) = SRV Vans, 3)
La=Qm)e ()
= Wa,

where 7 denotes the vector of external forces and moments

and @Q(X) is the matrix that relates body-fixed angular

velocity with roll, pitch and yaw rates. The symbols Mpp

and Cgrp denote the rigid body inertia matrix and the

matrix of Coriolis and centrifugal terms, respectively.
The vector 7 can further be decomposed as

T(d, q,A,9, n) = Trest(/\)
+Tadd(d; q) + Tlift((ia 6) (5)
+Tvisc(q; 6) + Tprop(“),

where 7,.,; denotes the the forces and moments caused
by gravity and buoyancy and 7444 (added mass term) ac-
counts for the dynamic forces and moments that would
act on the vehicle assuming it were completely submerged
in an inviscid fluid with no circulation. The term 7yi:
captures the effects of the lifting forces generated by the
deflecting surfaces, T,;5c consists of the forces and mo-
ments caused by skin friction and T, represents the
forces and moments generated by the main propellers.
The following notation will be used in the text: V =
(u? + v 4+ w?)'/? denotes the absolute value of the ve-
locity vector, a = arcsin(w/(u® 4+ w?)/?) is the angle of
attack and B = arcsin(v/(u? + v® + w?)!/?) is the angle
of side-slip.

2.2 System Identification

To be of practical use, the model described by equations
(1)-(4) must be tuned for the vehicle in study. Clearly, the
main difficulty lies in computing the term 7 that arises in
the equation of dynamics. This was achieved by using
both theoretical and experimental methods.



The restoring term was easily computed from geo-
metrical considerations, and the added mass term was
computed by assuming ellipsoidal and elliptical cylinder
approximations for the body and ailerons, respectively
(18, 23]). Approximations for the lift term were obtained
using thin airfoil theory [14].

The viscous damping and propulsion terms were deter-
mined from the following series of tests carried out at the
Danish Maritime Institute (DMI) in Lyngby, Denmark:

e Open water tests of the propeller/nozzle system to
determine its characteristics in undisturbed (open)
water,

o Resistance tests to measure the resistance of the ve-
hicle without the propulsion system in place,

e Self-propulsion tests to assess the performance of the
propulsion system in the wake of the hull,

e Planar Motion Mechanism tests in the horizontal and
vertical planes to measure the most relevant hydro-
dynamic derivatives of the vehicle.

The methodology used for testing is reported in [7] and
follows the main guidelines exposed in [1, 12]. Complete
test results can be found in [22, 26]. See also [10, 11] for
a description of the derived model used for simulation.

For control design purposes, the general model was di-
vided into two sub-models for the horizontal and verti-
cal planes. This procedure is standard [13],and fully jus-
tified for the case when the vehicle executes maneuvers
that require only light interaction between steering in the
horizontal plane and diving in the vertical plane. The
sub-models do not include the kinematics equation (3),
which is only relevant to the guidance system. In order to
simplify the design phase, the vehicle was assumed to be
commanded directly in thrust. Based on theoretical and
experimental results available from tank tests, the simpli-
fied vertical model can then be written as

Surge Motion Equation:

mu+ mquw = ELZXuzuz + gL2u2 I:Xég 063,0 + X5352]

2
+E02 X, 00?4 §L3X,;u +T,
Heave Motion Equation:

mw—mqu =

gL2u2 (Zs, 6ac+ Z5.6.] + nguwa

+§L3Zu,w+ §L4Zq~q',

Pitch Motion Equation:

Li = zCBBsin(9)+gL3u2 [Ms, 80,0 + M;.,5.)
+—§L3uMww + gL4uqu + gL‘*Mww
+§L5Mq'4,

0 = q,
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where X2, ..., M; are nondimensional hydrodynamic co-
efficients [1], p is the density of the water, and L = 4.2m
and m are the length and mass of the vehicle, respec-
tively. The symbol B denotes the buoyancy of the vehicle,
reg = (0,0,z¢c8)T and reg = (0,0,0)7 are the positions
of the center of gravity and buoyancy respectively, mea-
sured in the body-frame B, and I, is the moment of iner-
tia about the yy axis. The symbol T represents the thrust
generated by the propulsion system. The numerical values
of the parameters can be found in Table 1. It is important

m = 2234.5Kyg, B = 21898N,
p = 1025Kg/m3, zep = —4.1e ?m,
I, = 1700Kgm?, g = 9.8m/s?
X2 = —5.346_3, M,;a e = 5.886_3,
Xéz . = —7.75¢=3, M,;e' = 3.93¢~3,
X&z’ = —-9.816—3, M,y = 7-726_27
Xy =  —24271, M, = —3.76e?
Xg =  —3623 My = —6.083
Zs,. =  —3.92272  M; = —874e3,
Zs, = —9.05e73,  Zz; = —12le7},

3 = —92.58e~ 1, Z = —6.08¢73.

Table 1: Vertical model parameters

to stress that the experimental test conditions [7] impose
strict restrictions on the region of validity of the vertical
sub-model. In fact, the model applies only to small verti-
cal motions about the equilibrium, or trimming conditions
determined by vo = wo = pp = g0 = rg = ¢o = Oy = 0,
and 84 ¢y = 64,4, = 6 = 6, = 0. With this restriction, the
vertical model can be formally written as

d
el £, (%, 1), (6)

where x, = (u,w,q,6)T € R* is the state vector, u, =
(84,8, T)T € R3 is the input vector and f, : R* x R3 —
R*is a nonlinear function that is easily obtained from the
surge, heave and pitch equations of motion.

Identical procedure can be applied to the horizon-
tal plane to obtain the compact description %xh =
£ (xh, un), where x, = (v,p,r,é,%)7 is the state vector
and up = (64,4,6,)7 is the input vector. The horizontal
model] is not detailed here.

The expected performance of the vehicle in terms of sta-
bility, maneuverability, and mission duration and range
can been determined from the general model derived in
[11]. Mission duration and range were determined in [7].
Stability and maneuverability were thoroughly studied in
[11], from which figure 2 was taken as an illustrative ex-
ample. The figure depicts the trimming conditions é,,
and éq,c, for the elevator and (common) aileron deflection
angles, respectively, as functions of pitch angle . The
parameter u, sets the trimming for forward speed. The
curves were determined with the angle of attack a set to
zero. At aforward speed of 2.0m/s, the vehicle can sustain
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Figure 2: Trimming conditions in pitch angle

a pitch angle of 30 deg with the deflection of the ailerons
and elevator set to 8 deg and —30 deg, respectively.

3 Control System Design

This section focuses on the design of a control system
for the AUV MARIUS. The methodology adopted is gain-
scheduled control, whereby the design of a controller to
achieve stabilization and adequate performance of a given
nonlinear plant (system to be controlled) involves the fol-
lowing steps:

i) Linearizing the plant about a finite number of repre-
sentative operating points,

ii) Designing linear controllers for the plant lineariza-
tions at each operating point,

iii) Interpolating the parameters of the linear controllers
of Step ii) to achieve adequate performance of the
linearized closed-loop systems at all points where the
plant is expected to operate. The interpolation is
performed according to an external scheduling vector
(e.g., dynamic pressure and angle of attack), and the
resulting family of linear controllers is referred to as
gain scheduled controller,

iv) Implementing the gain scheduled controller on the
original nonlinear plant.

The methodology selected for linear control system de-
sign is Moo [5]. This method rests on a firm theoretical
basis, and leads naturally to an interpretation of control
design specifications in the frequency domain. Further-
more, it provides clear guidelines for the design of con-
trollers so as to achieve robust performance in the pres-
ence of plant uncertainty. The implementation of the gain-
scheduled controller was done using a new methodology,
henceforth referred to as the D-methodology. See [16] for
the theorical framework and Section 3.5 for a short de-
scription of the practical implementation aspects. In this
section, due to space limitations, we only illustrate the
design of a controller for the vertical plane about a single
operating condition.
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3.1 Linearization.
Analysis

Open-Loop System

The following notation is required. Given a nonlinear
dynamical system § described by %x =f(x,u); y =z,
where f : R® x R™ — R” is of class C!, the vector
(xF,uf)” € R™ x R™ is called an equilibrium point of
S if f(xg,ug) = 0. The linearization of S about the
equilibrium point (xp,uq) is the linear system with re-
alization {4, B,C}, where A = A(xg,up) = %f(xo,uo),
B = B(x¢,uo) = g%f(x0,u0) and C = L.

The model for the vertical plane was rewritten in
terms of the angle of attack « and total velocity V,
and linearized about the equilibrium point determined
by Xo:(Vo,ao,QQ,GQ)TZ (126 m/s,O,O,O)T and Ug =
(84,c058e0,T0)"=(0,0,77.2N)7. Close examination of the
structure of the linearized model revealed the following.

The state matrix for the linearized plant model exhibits
one stable, second order lightly damped mode with a natu-
ral frequency of 0.19 rad/s that is associated with §. This
mode couples itself to angle of attack «, and to the angu-
lar rate ¢. There is also a real pole at s = —1.4 rad/s that
couples the same state variables. Notice that & does not
exhibit a pure integration effect, due to the existence of
a restoring torque caused by buoyancy and gravity. For-
ward speed V is decoupled from the other state variables
and presents a real pole at s = —0.05 rad/s. As for the
input matrix, the elevator deflection 8, and the (common
mode) aileron deflection 8, . affect the evolution of ¢, «
and ¢. Thrust T affects forward speed V, only.

3.2 Design Requirements

The linear controller was required to satisfy the follow-
ing design requirements:

1. Zero Steady State Error. Achieve zero steady
state values for all error variables in response to com-
mand inputs in pitch (femq), angle of attack (@ema)
and forward velocity (Vemad).

2. Bandwidth Requirements. The input-output
command response bandwidth for all command chan-
nels should be on the order of 0.1 rad/s; the control
loop bandwidth for all actuators should not exceed
0.5 rad/s (these figures were selected to ensure that
the actuators were not be driven beyond their normal
bandwidth).

3. Closed Loop Damping and Stability Margins.
The closed loop eigenvalues should have a damping
ratio of a least 0.6. Classical gain and phase margins
of 6 db and 45 deg should be satisfied in all control
loops (one loop at a time analysis).

3.3 Linear Control System Design: The
Hoo Synthesis Approach

The controller for the linearized vertical model was de-
signed using Hoo synthesis theory. See [5] for an elegant
solution to this problem using a state-space framework



and [17] for a case study. In what follows, we adopt the

¢

Figure 3: Feedback interconnection.

general set-up and nomenclature in [5]. This leads to the
standard feedback system of figure 3, where w is the in-
put vector of exogenous signals, z is the output vector of
errors to be reduced, y is the vector of measurements that
are available for feedback and u is the vector of actuator
signals. The generalised plant G consists of the plant to
be controlled, together with appended weights that shape
the exogenous and internal signals, see Section 3.4. Sup-
pose that the feedback system is well-posed, and let Tzw
denote the closed loop transfer matrix from w to z. The
‘Hoo synthesis problem consists of finding, among all con-
trollers that yield a stable closed loop system, a controller
K that minimises the infinity norm ||7zw|le of the op-
erator Tzw. We remind the reader that ||Tzwl|e equals
sup{omax(Tzw(Jjw)) : w € R}, where 01,4,(.) denotes the
maximum singular value of a matrix. The norm ||7Tzw]||o
may be interpreted as the maximum energy gain of the
closed loop operator Tzw. Throughout this paper we as-
sume that all states are available for measurement, that
is, y equals the internal state of the extended plant G.

Suppose that a state-space realization for G can be writ-
ten as

x = Ax+ B;w + Bsu
z = Cix+ Djou
y = Xx

and assume that (A4, By) is stabilizable, D;, has linearly
independent columns, and that the system with input u
and output z has no zeros on the imaginary axis. The key
mathematical result on H., synthesis that we use in the
present work is stated below.

Theorem 3.1 Suppose v > 0 is a given positive number,

and let
_ | Hi1 Hi
H(v) = [ Hy1 Hap ]

denote the Hamiltonian mairiz with entries

Hy A — Bo(DT,Dy3) DL,y

Hy = 97 *B1B] — Ba(Df,D12)™ ' Bf
Hn = —C{(I-Diy(D,D12)™'DE,)C
Hy = —AT +CTDiy(DY,D1) ' BY.

Then, there ezists a stabilising controller K such that
| Tawll < 7 if and only if

i) H(v) has no eigenvalues on the imaginary azis and
there exists a basis for the spectral subspace x— (H (7))
of H(%) of the form [X{, X}Y, where X1 and X, are
square matrices of appropriate dimensions and X1 is
invertible

i1) X(7) 1= X2 X7 'is positive semi definite.

In this case, one such static controller is K = F, where

F = —(D,D12) ' [DT,C1 + BT X (7))

Existence and computation of X(¥) is a standard matrix
algebra problem that can be solved using a standard tech-
nique for solving Riccati equations based on the real Schur
decomposition [19].

In practice, this theorem is used in the following way.
First, a stabilizing state feedback gain matrix K is com-
puted using the aforementioned formulas with v = oo (this
step yields the optimal gain for the Hj problem). The
infinity norm of the resulting closed-loop transfer matrix
Tzw is then computed using the algorithm in [3]. This,
in turn, gives an upper bound 7, on the achievable per-
formance. The theorem is then used to perform a binary
search in the interval [0, #,] for the optimal value of «.
Once the binary search has determined a sufficiently small
interval in which the optimal value of v must lie, the search
is stopped and a (suboptimal) state feedback gain matrix
K is computed using the right endpoint of this interval for
v in the formulas above.

3.4 Synthesis Model and Controller De-
sign

The first step in the controller design procedure is the
development of a synthesis model which can serve as an
interface between the designer and the H, controller syn-
thesis algorithm. Consider the feedback system shown in
Figure 4, where P is the linearized model of the AUV in
the vertical plane and K is the controller to be designed.
The block G within the dashed line is the synthesis model,
which is derived from the linear model of the plant by ap-
pending the depicted weights. In practice, the weights
serve as tuning “knobs” which the designer can adjust to
meet the desired performance specifications.

The signal w, represents the vector of input commands
which must be tracked. It consists of velocity, angle of
attack and pitch commands, denoted V.4, @emaq and
8c.mad, respectively. The signal w, represents the noise in-
puts to each of the sensors, and disturbance inputs to the
states of the plant. The signal u represents the control
inputs to the system. It consists of the actuator signals
for common aileron deflection é, ., elevator deflection &,
and thruster command 7". The signal x, represents the
components of the state vector that must track the in-
put commands and consists of V, o and 4. The vector
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Figure 4: Synthesis model.

e=w,~x, = (V,,0.,a.)7 contains the respective track-
ing errors. The signal x, contains the remaining state
variable - pitch rate ¢ - that must be weighted.

The outputs of Wy, Ws, and W3 constitute the vector
z. Since zero steady-state errors in tracking the step com-
mand for all variables in x, was required, the weighting
function W; was chosen as

200
W1=O'§'O,
00 1

where the integrator gains were adjusted to get the de-
sired command response bandwidths. The weights W,
and W3 do not need include any dynamics. The elements
of W, = diag(1, 1, 0.1) were adjusted to meet the addi-
tional desired specifications. The weight W3 was set equal
to 1. The signal y includes all the states of the plant P,
together with the appended states that correspond to the

integrators, that is, y=(V, @, g, 8, %, % fe)

EEREE ]

Gain [dB]

0 1
o [radfsec] 10 10

Figure 5: Closed loop frequency responses.

The performance of the resulting controller is illustrated
in figures 5 and 6. Figure 5 depicts the closed loop fre-
quency responses from the command signals 0.m4, ®emad,

and V.4 to the corresponding outputs. Figure 6 shows
the closed-loop step responses. Notice that the overshoot
associated with the pitch angle 6 meets the design spec-
ifications. Furthermore, the angle of attack and speed
responses do not overshoot.
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Figure 6: Closed loop step responses.

3.5 Non-linear Controller Implementa-
tion

A set of controllers was determined for three values of
forward speed, and their parameters interpolated accord-
ing to the scheduling variable V, see [11]. The implemen-
tation of the resulting non-linear gain scheduled controller
was done using the D-methodology described in [16]. This
approach guarantees the following fundamental lineariza-
tion property: at each equilibrium point, the linearization
of the nonlinear feedback control system preserves the in-
ternal as well as the input-output properties of the cor-
responding linear closed loop designs. This property is
often not satisfied in gain scheduled controllers proposed
in the literature, see [16] and the references therein. In
practice, violation of that property may lead to degrada-
tion in performance, or even instability, of the closed -loop
system.

The method is based on the key observation that linear
controllers are designed to operate on the perturbations
of the plant’s inputs and outputs about the equilibrium
points. Proper blending of the different controllers re-
quires that they have access to such perturbations, locally.
This is achieved by differentiating some of the measured
outputs before they are fedback to the gain scheduled con-
troller. In order to preserve the input- output behaviour
of the feedback system, integral action is provided at the
input to the plant. Despite the use of differentiators, this
scheme does not introduce additional noise amplification
at the relevant inputs and outputs of the feedback system,
since all closed loop transfer functions are preserved. Fur-
thermore, the resulting nonlinear gain scheduled controller
is easy to obtain, and its structure is similar to that of the
original linear controllers. The existence of integrators di-
rectly at the input of the plant makes the implementation
of anti-windup schemes straightforward [9].

The controller implementation is depicted in figure 7,
where F(V') denotes the block for interpolating the state
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feedback gains obtained from the linear design method-
ology exposed in Section 3.3. It is important to stress
that the D-method presented above requires differentiat-
ing some of the plant’s measured outputs. Except for the
case where some of the derivatives are available from ded-
icated sensors, this cannot be done in practice. In this
case, the differentiation operator may simply replaced by
a causal system with transfer function 51> as shown
in the figure, or by a simple finite difference operator for
discrete-time implementation, see [16].

L[] [P Vs
M Ts 1"
v

&

Figure 7: Controller implementation.

4 Navigation System Design

This section describes the basic framework used in the
design of the navigation system for the AUV MARIUS.
The objective is to obtain accurate estimates of the posi-
tion and attitude of the vehicle, based on measurements
available from a motion sensor package installed on-board.
The estimates are input to the controller derived in sec-
tion 3, and to the guidance system that wil be described
in section 5.

From a theoretical point of view, the navigation sys-
tem design problem can be reduced to that of estimating
the state of a nonlinear plant from: which observations
corrupted with noise are available. Plant nonlinearities
are clearly displayed in the dynamic equations of motion
derived in section 2, and noise is inherent to sensor mea-
surements. This estimation problem has been thoroughly
studied in the literature, and under certain conditions so-
lutions can be found within the framework of Extended
Kalman Filtering theory [28]. However, the computational
burden associated with the implementation of the filters
proposed, and their possible lack of robustness against
mismatches between the nonlinear design model and the
dynamics of the vehicle, preclude their use in real time
applications.

In this paper we adopt an alternative, conceptually sim-
ple framework for filtering, that is rooted in the kinematic
relationships expressed by equations (3) and (4). This
approach borrows from the theory of complementary fil-
tering. See [20]for a lucid presentation of the subject, and
[8, 20] for interesting applications to aircraft and under-
water vehicle navigation systems. That approach leads
naturally to the design of linear, time-invariant Kalman
filters, whereby the covariance of the process and obser-
vation noises are viewed as tuning knobs to shape the fre-
quency responses from measured to estimated variables.
This methodology bears great affinity with the general
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procedure for control system design explained in section
3. In the case of pitch estimation, for example, it leads to
a systematic procedure to weight the relative contribution
of pitch and pitch rate measurements based on the quality
of sensor data (see section 4.1).

Due to space limitations, the complete navigation sys-
tem design procedure is not detailed in this paper. Sec-
tions 4.1and 4.2contain only a brief description of the sen-
sors used in the vehicle, as well as the navigation design re-
quirements and the basic filter structures adopted. Com-
plete details are available in [10].

4.1 Attitude Estimation

The motion sensor package of MARIUS includes two
pendulums that provide indirect measurements ¢, ! and
8, of roll and pitch angles, respectively, one gyrocompass
that provides measurements (¢, ) of yaw angle, and three
rate gyroscopes whose outputs p,, g.,r, correspond to the
angular body rates p, g, r.

The design of a filter to provide corrected estimates of
roll, pitch and yaw angles and of angular body rates based
on the information available from the sensors, follows the
basic methodology exposed in [20]. In its simplest form,
that technique requires that the evolution of A=(¢,8, )"
be interpreted as the output of a system of three double
integrators driven by gaussian, white noise (state model).
The state of the system consists of A and (), thus re-
flecting the obvious fact that the derivative of position
is velocity, and the derivative of velocity is acceleration
(which is not known). Measurements of A are obtained by
simple manipulation of the information available from ¢,,
0, and ¥.. Measurements of %/\ are obtained from rate
gyro data using the kinematics equation (4). It is also as-
sumed that the measurements are corrupted by gaussian,
white noise. By discretizing the state model, one is led to
the formal description 2

Fxi + Gwy,
ka + Vi,

Xp+1 =
Zp =
where x is the state vector, z is the measurement vec-

tor, and w and v are zero mean, gaussian, uncorrelated
stochastic processes with covariance matrices

E[Wkw?‘] = Qékja E[VkV]T] = Rlskj,

where 6;; denoted the Kronecker operator. Under some
technical assumptions, the stationary filter that minimizes
the mean-square error estimation of x based on the obser-
vations z, is asymptotically stable, and is given by the
Kalman filter structure [28]

Xpt1 = FXp + K(z — Hxy)
where x denotes the best estimate of x, and

K = PH"(HPHT + R)™

! Subscripts indicate variables that are measured by sensors.
2The subscript k is an abbreviation of kk, where h is the sampling
period.



is obtained from the positive semidefinite solution P to
the algebraic Riccati equation

P=FPF" — FPHT(HPH™ + Ry HPF" + GQG".

Again, it must be stressed that the covariance matrices
@) and R serve as weights to shape the transfer functions
between z and the estimate x of x.

For the sake of clarity, the synthesis of a Kalman filter
to estimate pitch angle based on corrupted measures of
pitch and pitch rate is presented below. Without loss of
generality, we assume that roll and yaw are zero. The
following design requirements are specified:

1. Zero Steady State Estimate Error. Pitch and
pitch rate estimation errors should be driven assymp-
totically to zero when the vehicle is following a tra-
jectory with zero angular acceleration (in particular,
the filter should reject constant rate gyro bias terms).

2. Bandwidth Requirements. The filter bandwidths
corresponding to the transfer functions from pitch
and pitch rate measurements to to the corresponding
estimates should be on the order of 15rad/sec (3H z),
that is, approximately one decade bigger than that of
the corresponding control loops (see section 3).

Using the formalism exposed above and adopting a sam-
pling frequency of 100 H z, the choice of covariance matri-

ces
100.0 0.0 [ 01 00
Q= [ 10.0 1.0] and R= [ 100 1.0]

leads to a filter with the Bode diagram of figure 8. Notice
how the estimator relies on the information provided by
the pendulum at low frequency. At high frequency,the es-
timator relies essentially on the integral of measured pitch
rate.

EEEN

Magnitude [dB)

1000
 [radfs]

Figure 8: Bode diagrams - transfer functions from ¢, and
0, to estimate .

4.2 Linear Position and Velocity Estima-
tion

The following sensor units are used to provide measure-
ments of the linear position and velocity of the vehicle: a

long baseline positioning system (LBL) that computes the
roundtrip travel times of acoustic pulses that are emitted
by the vehicle and returned by an array of transponders (a
triangulation algorithm is used to provide measurements
of “pa,,, = (2,y,2)7), a depth cell that provides direct
measurements of depth coordinate z, and a Doppler sonar
that measures the body fixed velocity vector "vp, , =
(u,v,w)". A simple paddle wheel sensor is used as a back-
up instrument to provide measurements of u,, where the
subscript denotes that the velocity is computed with re-
spect to the water.

An integrated filter to provide corrected estimates of po-
sition and velocity of the vehicle with respect tc the seabed
can now be designed following an approach similar to that
described in section 4.1. Notice, however, that due to the
characteristics of the acoustic channel, the measurements
from the LBL system are available at a rate that is much
smaller than that of the remaining sensors. This problem
can be tackled using multi-rate Kalman filter theory ex-
posed in [21, 29]. See [10] for the design of a multi-rate
filter for the vehicle, where the sampling rate of the LBL
system and that of the other sensors are 1 Hz and 10 Hz,
respectively.

5 Guidance. Integrated Simula-
tion with Navigation and Con-
trol.

The purpose of the guidance system is to generate the
references that are applied to the AUV’s control system
in order to achieve accurate tracking of trajectories speci-
fied in a universal reference frame {U}. Conceptually, the
design of the guidance system is rather simple as it relies
solely on the kinematics equation (3) of Section 2. The
basic strategy involved is easily explained by restricting
the motion of the vehicle to the horizontal plane, and by
assuming that the vehicle progresses at constant forward
speed ¥V with a small sideslip angle 3. In this case, the
role of the guidance system is reduced to computing the
reference command ¢..,,q for yaw angle v so that the z-
body axis of the vehicle will point to an imaginary point
located on the reference trajectory, at a certain visibility
distance d ahead of the vehicle. The guidance law used in
this study is a slight modification of that reported in [13].
See [11)for details, and for a complete study on the choice
of the visibility distance d.

The combined performance of the guidance, navigation
and control systems was evaluated in simulation with the
nonlinear model of the vehicle. The simulation included
also physically based models of the sensor units described
in section 4 In order to simplify the interpretation of the
simulation results, the velocity command V, was held con-
stant at 1.26m/s. The references to roll and angle of at-
tack were set to zero.

The reference for linear position is an I - shaped tra-
jectory that descends smoothly along the depth coor-
dinate z. Its projection on the horizontal plane con-
sists of two straight lines joined by a semi-circumference
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Figure 9: Reference and observed trajectory - horizontal
and vertical planes.

with a radius of 30 m. The projection on the vertical
plane consists roughly of two straight lines with a slope
of —10 deg. The desired and observed trajectories are
depicted in figure 9. The evolution of the control in-
puts and the activity of some relevant state variables
are condensed in figures 10, 11 and 12. In this simu-
lation, the LBL system uses four transponders located
in positions {—40,0,160}, {90,0, 150}, {—40,60,170} and
{90,60,135}.

[deg] , (N]

Time [sec]

Figure 10: Control activity: Rudder (6.), Ailerons (&4,
and 6, 4), Elevator (6.) and Thruster (7).

At the beginning of the maneuver, the vehicle shows a
pronounced rotation in pitch in order to converge rapidly
to the desired vertical inclination of —10 deg. This rota-
tion is achieved by deflecting the common rudder §, . and

0 50 100 150 200 250 300
Time [sec]

Figure 11: Commanded yaw (¥¢mgq) and pitch (6.,,4) and
respective measured angles.

[mjs] , [deg]

Time [sec]

Figure 12: Velocity (V), sideslip angle (8) and angle of
attack («). :

the elevator 6. in opposite directions, so as to generate
a pure torque. During this phase, the elevator saturates.
When the vehicle reaches the desired orientation, é, . and
6. decrease. However, their values don’t tend to zero,
since they must counteract the restoring torque due to
the combined effects of buoyancy and gravity.

Upon entering the circular path, the rudder deflects to
create a torque that will impart the desired rotational
speed to the vehicle. Once the desired speed is reached,
the rudder deflects slightly in the opposite direction to
stabilize the rotation. This maneuver is characteristic of
vehicles that are unstable in yaw. Finally, when the vehi-
cle reaches the end of the circular path, there is a strong
deflection in the rudder to drive the velocity of rotation to
zero. During the final phase of the maneuver, the vehicle
reaches an equilibrium condition with a pitch angle of —10
degrees.

It is important to remark that the thrust activity rises
during maneuvers that require large deflection of the con-
trol surfaces. This is required to counteract the increase
in drag, which tends to slow down the vehicle.
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6 Conclusions

This paper has introduced an integrated approach to the
design and analysis of guidance, navigation and control
systems for AUVs. The methodology adopted has been
applied to the design of a trajectory following system for
the AUV MARIUS. Future work will address the problem
of designing robust trajectory following systems to cope
with large plant parameter uncertainty, as well as actuator
and sensor failures.
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