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p-Synthesis for Unmanned Underwater
Vehicles Current Disturbance
Rejection

This note focuses attention on a novel approachlisturbance rejection when the p-
synthesis control procedure is applied to Unmannénderwater Vehicles (UUVSs).
Environmental external disturbances simplify to ateurrent for a totally submerged
vehicle and greatly contributes for hydrodynamilcalds and the tether cable disturbance.
Our case scenario deals with the incorporationtaf sea current disturbance to the plant
model employed for control design. In the propodedign method, we substitute the
structured unmodeled dynamics uncertainty, whicheserally difficult to come up with
and eventually utilized to represent external disamces, by parametric uncertainty,
relatively easier and straightforward to come bheTsea-current load parameters are,
therefore, treated as parametric uncertainty andrfithe p design framework. Assuming
that both vehicle motion and current directionihethe horizontal plane, the incoming (to
vehicle) current vector sets a horizontal circurefege sector in which it may vary. When
in the 3D space, current uncertainty renders a congpace. For validation purposes, the
linear controller is simulated with the nonlineaghicle model.

Keywords:mobile robots, robust control, nonlinear contrgbems

Introduction

The success of controlling a dynamical system iectly
connected to the designer's ability on determiriregrelevancy of
present uncertainty and on obtaining, thereafteestimate of what
is not or is poorly known. The resulting uncertgimodel if
unstructured may yield conservative designs byifepeut desired
performance. Obtaining an uncertainty model caarbexhaustively
difficult task in general, even for structured utaiaty.

Unmanned Underwater Vehicles (UUV) have been entelys
utilized over the years due to increasing inteneghe underwater
environment. One variant of such vehicles, the Aatoous
Underwater Vehicles (AUV), is endowed with featuredich
enable them to work autonomously from human assistaEarlier
results on UUV control design, such as those in zaet al. (1998),
point out relevant issues in regard to structurattettainty
modeling for AUVs and compare sliding-mode apgynthesis
control results. Some uncertainty modeling dethitsyever, remain
unclear. An integrated guidance and gain-schedatgral design
strategy for AUVs was addressed in Fryxell et B96). In a recent
study (Feng and Allen, 2004), reduced order roBISO controllers
were designed for AUV speed, heading, and depttraowia the
LMI approach. Souza et al. (2004), the LQG/LTR mtbu
multivariable linear control technique, applied ®UV dynamical
positioning, considered unmodeled dynamic uncestaimnd
parametric plant perturbation dealt with by the sawcontrol
specification, which could render a conservativeigte In addition,
specifying unmodeled dynamics, even if structuredy not prove
to be an easy task. To overcome this difficultys thote focuses
attention on transforming what could be consideedernal
disturbance into “easily” modeled parametric pdragion.

The following developments below will restrict aiten to
AUV class systems, for which no tether cable to theface is
present as seen on Remotely Operated VehiclesOMsRIn this
case, given a totally submerged vehicle, and fegadte buoyancy
and gravity compensation, the environmental extedigiurbances
simplify to the hydrodynamical loads induced byateurrent. The
p-synthesis control method is applied for vehicléogity control.
Disturbance rejection is exchanged to plant modattupbation
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through the incorporation of the sea current distnce to the plant
model employed for control design.

In the proposed design approach we substitute tituetsred
uncertainty due to unmodeled dynamics, which iscaly difficult
to come up with and eventually utilized to represemternal
disturbances, by structured parametric uncertairetatively easier
and straightforward to come by. The sea-currend Iparameters
are, therefore, treated as parametric uncertainty f& in the p
design framework. Two principal case studies aseutised; one of
which is implemented. System sensitivity with regpéo the
underlying uncertainty parameter spaces may bdieedraccording
to these two cases. For validation purposes, tieaticontroller is
simulated with the nonlinear vehicle model.

This text is organized as follows. At first, systenodeling is
addressed. A brief overview of thesynthesis control strategy is
then presented. In the following section, a fewtraler design
issues are considered and some synthesis reseltdemicted. A
quick discussion on fundamental issues such asilistab
performance and computational implementation iso afsade.
Simulation results are presented. Finally, conelgdiemarks are
drawn based on what has been presented, and arehkim for
future implementations is presented.

Nomenclature

G  =linearized dynamic system model
K =linear controller
M =generalized mass matrix

P(s) =augmented plant transfer function
Fy(A,B) =LFT of Aand B. i = {I(lower), u(upper)}.

Greek Symbols
n = position/attitude vector in inertial coordinafeame,
— T
/7 - [Xr yrzv¢1ng]
v = velocity vector in body coordinate frame
v=[uv,wpqr]" OR®
ve = current velocity vector in body coordinate frame
T = system input vector in body coordinate frame

r=[XY,Z,K,M,N]" OR®
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Subscripts

A  =relative to Added mass dynamics
RB =relative to Rigid Body dynamics
C = relative to current

System Moddling

Underwater vehicle modeling

The model used in the following discussion is basedthe
MURS 300 Mark Il ROV (Ishidera et al., 1986). Althgh our
discussions are AUV oriented, control design idized with the
MURS 300 vehicle model due to its complete hydredyital drag
coefficient data available. This assertion is sufgabby the fact that
we will be restricting our model based control dasio relatively
low velocities and, so, ROV and AUV dynamics cancbasidered
similar, when neglecting ROV tether cable loadse TMMURS 300
vehicle is nearly neutrally buoyant and controkaldn all six
degrees-of-freedom (dof). It is propelled by sixutters distributed
longitudinally two-by-two on each body axis. A fulbrder
mathematical model has been developed, i.e., all &f are
considered. The underwater vehicle nonlinear angled dynamics
can be modeled by the following expression (Kakskd Happonen,
1991; Fossen, 1994; Souza, 2003):

MV +C(v)v +Fp () +G(7) =7, +7, )

=3V @
where

M =Mgg+M, andC=Cgz+C, 3)

The generalized mass matrM accounts for vehicle inertia
matrix Mgg and the addedAj mass inertia matriM,, taken as
diagonal. It is important to note that added masfficients may be
considered constant for a totally submerged veliti#epths where
the influence of waves is minimal. Likewise, thenttgetal and
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forces matrixC,, which derives from Kirchhoff's equations, see
Fossen (1994). The terRp(v,) stands for nonlinear hydrodynamic
damping action, or drag. Observe from Eq. (1) thhe
hydrodynamic drag is a function of the relativeoa#ly v,, which is
obtained by the vehicle orientation with respecfltadd motion or
currenty.. That is:

Ve =v-ve “4)
The hydrodynamic coefficients iRy(v;) also vary with the vehicle
state and current orientation. Lift force composeste considered
negligible for non-wing like vehicles and when riged to
operation with moderate velocity profiles. Restgriforces and
moments are accounted for@{y), comprising gravitational weight
and buoyancy components. Unrelated drag, curresitirthiance is
given byz. and other environmental phenomena are not coreglder
For neutrally buoyant vehicles with homogeneousigtrihuted
mass, Eq. (1) may be rewritten with respect tortiative velocity
v, by switchingz, to the left side of the equation and pluggingpit t
the vehicles dynamics intbly and C(v)v. System input is denoted
by the r force vector. Thel matrix indicates when coordinate
transformation is made between the inertial and ilaaleference
frames, see Fig. 1.

Modé linearization

The velocity vectow is chosen as the system new state vector
The UUV linear system dynamics was obtained by sita$ or
Jacobian linearization around nominal state valdies linear
velocity v;" = [1.0; 0.1; 0.1] m/sand angular velocity,” = [0.1;
0.1; 0.1] rad/s Furthermore, as will be explained later, the entr
magnitude and direction are treated as system peasnand affect
the linear model. For a 1 m/s magnitude currenttoren the
opposite direction to surge, the linear model foumas stable.
However, taking the current vector aligned in thege direction,
the linear model rendered two slightly unstable esdgiven that
current tends to accelerate the vehicle. Lineddmayielded the
state matrixA and the input matriB used in the control framework
detailed below. System outputwas chosen to reflect the velocity

Coriolis forces matrixC is computed from the rigid body centripetalvector v and, hence, full state feedback is considered,ingathe

and Coriolis forces matrixCrg, derived from rigid body RB)
dynamical expressions, and from the correspondidde@d mass

system observable. The resulting linear systemirgmnmam phase,
and was tested and confirmed for controllability.

Mobile Coordinate Frame

3 o T
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q
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Figure 1. Vehicle body and inertial coordinate frames.
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Current
Uncertainty

_A(T

u

7ﬂ Current direction U
Uncertainty Region ¢
(a) Current U. and current uncer- (b) Current U, and current uncertainty {—A,A}g_ 4., in a 3-dimensional

tainty {—Ac¢, Ac}, when restricted to
2-dimensions, is represented by a sec-
tor on the horizontal plane.

space, is represented by a cone.

Figure 2. Two possible case studies.

Variable scaling

This procedure may be carried out by employing etqub
maximum values for the outpyt(= v) and the inputi (= 7) of the
linear system modéb(s)in the following manner:

6(S) = Gnorm(s) = S_ly q $Su : (5)

The entries for the scaling matric& and S, are usually
obtained by employing nominal or maximum expectetues for

the outputv and the inputr variables. In this case, the scaling

matrices are given as:

Sy = diag{umax'vmax'wmaxv pmaxv qmax' rmax}v (6)
Su :diag{xmaXIYmaXIZmawKmameaXINmax}- (7)

A direct consequence of this normalization traeslato the
minimization of the condition number, i.e., theigadf the system
largest to the smallest singular values is led walae close to one,
for the frequency range of interest. Instead ofsatering variable
scaling by maximum values, the scaling procedurs @#ained by
fully automating a search process, in the frequedeognain, by
iterating the scaling matrices. Nominal or maximwutput and
input entries may be used as a boundary condifldre search
algorithm stops when the local minimum is foundisTprocedure
was found to be more efficient than the formerratiéve.

Uncertainty characterization

The proposed approach for current disturbance tiejec
considers the modeling assumption described in $lystem
Modeling section, except that instead of writing thverall vehicle
dynamics with respect to the relative velocity the current
velocity dependent terms are considered as systeampeters that

difficult to come up with, is transformed to plaparametric
perturbation, much more easily identified by simppecifying the
interval of coefficient variation or, in this casef current data.
More details are given in what follows.

Two principal case studies are worthy of note. fitst assumes
that both vehicle motion and current vector corség to lie in the
horizontal plane. Hence, the uncertainty for theoming (to
vehicle) current vector sets a horizontal circumifiee sector in
which the currenU. may vary. This circumference sector, which
describes the uncertainty, can be parameterizgzblay coordinates
(lU¢l; @0, Fig. 2(a). The angle. varies in the range4; AJ about a

nominal valuep.. The second case generalizes the first in that the

vehicle is allowed to move freely in space, and therent
uncertainty can be realized as cone in space. ®he subspace can
be parameterized by spherical coordinateg|;(lpe; 0c), Fig. 2(b).
The angleg. andé, vary in the ranges Ay, ;A¢. ] and [AG. ;A0 ],
respectively. Nominal values for these two coortéaare given by

#. and 6., respectively. These parameters, along with addasis
Ma coefficients, will be termed as physical in theneénder of this
note.

Figure 5 shows the block diagram for the UUV dynzsrin a
special arrangement. The blocks labeletl, RB and HD are
indicative of UUV inertial, rigid body and hydrodgmical forces,
respectively. It is important to stress out that timcertainty relative
to the generalized mass mathkikcomplies real physical parameters,
of the added mass coefficients bfs, since the uncertainty is
relative only to the added mass coefficients andtmohe vehicle's
mass, center of mass or moments of inertia. Thertaioty with
respect to the hydrodynamic bloelb is described below.

Most of the uncertainty modeling was realized igamel to the
actual physical hydrodynamical parameters. More this is
explained in a later section. For others, howewersimpler
alternative approach to modeling the physical patam
uncertainty was adopted. This alternative approashsisted in
computing the final maximum and minimum dynamicalues of
the trigonometric functions present in some hydrayic terms,

may vary slowly in time. This enables the control method Wwhich are evaluated with respect to the physicabpeters and
implementation for LTI systems. System state remdlire vehicle their uncertainty. In other words, by consideringrent and added
velocity v. By proceeding in this manner, the “external” emtr mass variations, the maximum and minimum valuesthsir

disturbance, which would initially be modeled asfraquency hydrodynamic dependent terms were obtained and widse,
dependent unmodeled dynamics uncertainty and sorasti parametric uncertainty could be specified.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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The p-Synthesis M ethod Overview inconclusive assertions, when dealing with strieduperturbation.

) ) ) Thus, the structured singular value, oris introduced in order to
As stated previously, thp-synthesis method is employed for gyercome this conservativeness.

the underwater vehicle velocity control. A briefeoview of thep- The singular valugi is not a norm in the strict sense and, in
synthesis control design method is made below. general, cannot be obtained directly, but inferfemn a limited

The first thing to bear in mind is that with thesynthesis, as range, given by bounding values. For a purely cempincertainty
with every robust control procedure, performancec#jgations A, thep bounds can be obtained by the following relation:
must be defined. These are defined as pass-bamghddstransfer
functions, more details are discussed in the negtians. For the - -1
method formulation, it is convenient to come uphwat generalized g??));lp(NA) < #a(N) < " g (DND )., ©)
plant P, which lumps the plant modeb and the performance
specifications. From Fig. 3(a), the design objextis to find a wherez is the closed-loop system maximum singular valie ¥
Stabilizing controlleK such that for all uncertaintzy of the closed- SymboL in thql upper bound expression’ represents the matrix used

loop system is robustly stable and satisfies: to scale the input and output of the nominal cleiseg (control)
system N, Fig. 4. The uppemp bound calculation is a convex
[F.LF (P.K), Al =||F[F,(P.8),K]|, <1. (8) optimization problem and may not always equal the p value

(Zhou and Doyle, 1998). When only real structuredeastainty is

However, theH, norm may represent a conservative measure §€sént. the lowep bound may converge to a value which is

the magnitude of the robustness of a system, whiz even lead to significantly lower than the real expected value,itomay not
converge at all (Zhou and Doyle, 1998; Balas et28101).

A
uA ya
s
L] — Ay
v P .
) — (ua,w) (ya, 2)
un yn
’ ’ N
K w z
(a) General setup for controller syn- (b) Robust performance
thesis. analysis block structure. Notice that
N = F(P,K).

Figure 3. System block diagram setup for robust control synthesis.

K -

Figure 4. Control synthesis via D-scaling matrices.

For the robust performance analysis, the size efrtbminal the controllerK. Because a direct solution for thesynthesis
control systemN is compared to unity for all possible uncertaintyproblem remains unavailable, the synthesis proeetucarried out
Ap, as shown in Fig. 3(b). Robust performance isfieeriwhen the by an iterative process, known as the D-K iteratibinis procedure
system is internally stable and whinis “small” with reference to combinesH,, synthesis angi-analysis, see Fig. 3(b), by alternating
Ap, or, in symbols: the minimization of

maxy, (F (PK)() =maxu, (N(je)<1, (10) minmin|DN(K)DY|_, (11)

whereAp = diag{ A, A} and Ay is a fictitious uncertainty relative to with respect to either the controlléror scalingD while holding the
the performance design specs. Notice tHais a function of the other fixed. Thus, the D-K iteration amounts toeguence of scaled
controllerK, sinceN is a lower LFT of the augmented pldhtand H,, control designs.

360 / Vol. XXXIII, No. 3, July-September 2011 ABCM
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*
o =
]

Figure 5. Underwater vehicle LFT and uncertainty representations. The RB and HD blocks stand for the Rigid Body and Hydrodynamic linearized
expressions. The RB block has no associated uncertainty.

System Control Design where X, is the mean added mass valuyg, is the percentage
u

In order to employ th@-synthesis method for control systemmeasure of relative uncertainty, ary is the scalar coefficient
design, it is important to construct the Linear dti@n !
Transformation representation of the plant modeld aits
uncertainty. The purpose of LFT is to set the monhitrices,
performance weighting functions, and structured rggeetric)
system uncertainty in the appropriate format tautniiie synthesis
algorithm.

uncertainty. In contrast, due to the difficulty posing a LFT
representation for parameters that enter trigonaenahd complex
polynomial functions, the uncertainty of the hydypdmic efforts of
block HD was not obtained in the same manner. As already
mentioned, the modeling procedure adopted rendérSTaof the
general hydrodynamicaiD block for every matrix element. The
extremal values or worst case current and hydradices
LFT representation uncertainty were obtained by a semi-automated hgor
implemented in MATLAB, where maximum and minimumr (o
worst case) values were obtained for generalizeH afftheM” and
HD blocks of Fig. 5. All added mass coefficients wat&ibuted a
10% relative uncertainty. As stated before, in pheposed design
method, the current is not considered as an extdistarbance, but
is treated as part of the vehicle model. Thusctiveent vector also
has a 10% variation interval relative to its magdd. In addition,
the current vector had a 5° uncertainty on its mainorientation.
A:{AM* 0 } (12) Moreover, each hydrodynamic drag coefficient, whiha function
0 Ap of the vehicles velocity and current, also has asoeiated 10%
relative uncertainty. Since uncertainty in this teom is only
attributed to hydrodynamical dynamics, rigid boapmressions have
no related uncertainty, and, therefore, need noteha LFT
representation. As explained above, the systemigddysarameter
uncertainty in theHD block representation was not performed
i directly due to difficulty in expressing the LFT ¢ifie complex
Ma =diag{ Xy, ¥y, 2 K p M, Ni (13) hydrodynamic drag dynamical model, composed ofotrignetric

] ) ] ) ) and high degree polynomial coefficient functionsghwiespect to
the associated uncertainty is obtained from theedamty J) vehicle attitude in the current.

relative to each of its added mass coefficientkinigathe surge
direction, the uncertainty modeling for the firstry in M, above is:

Various system model blocks are defined and maaipdl
within the LFT context. In Fig. 5M" stands for the LFT
construction of the inverse of the generalized masdrix. HD
represents LFT of all hydrodynamical forces lumpegether in a
single block. The overall plant, or perturbatiomcertainty A is
obtained by “pulling out” all the uncertainty blacknd making:

The generalized mass matrix uncertainty- is composed only of
the uncertainty of added mass matiy, as exemplified next. For
the added mass matii#, given by

Performance Specification

Xu=)_(u+p

. )_(de ’ |5x.|51 (14) The sensitivity performance weighting functivv, of Fig. 6,
u u u

was obtained by considering entries of the form:

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright O 2011 by ABCM July-September 2011, Vol. XXXIIl, No. 3/ 361



(15)

_| Stew -
|S(s)|sh/wp(s>|—}m{ (i=1.6),

where M is the peak of the sensitivity functidB(s) and is a
function of the closed-loop damping rati@, is the closed-loop
bandwidth and is a small value. The multivariabW is diagonal
where each entry equals a functiens. The system outpuy is

Eric Conrado de Souza and Newton Maruyama

where M; is the low-frequency maximum gain of the
complementary sensitivity functiom(s) and specifies the closed-
loop system damping ratiey; is the system bandwidth. Likewise,
the controller outpuu can be weighted by a diagonal matw
whose entries are similar to those \Mr. When all uncertainty
parameters were treated as real scalars, the |olWweund showed to
be very discontinuous, despite the complex seityitperformance

weighted by the diagonal matriW; whose entries are obtained specification. On the other hand, when considerogy the

according to the following function:

generalized mass uncertainty as complex, the lowebound
function was found to be “smooth” or continuous rotlee entire
frequency range, similar to results obtained whaly @womplex

[T ()| <[/ wr (3)] :‘j‘;—ﬁ\ﬁ‘ (i=1.9), (16)  uncertainty was considered.
)
) K o AUV +iu”>wp—»
- W,
Wr ——

Figure 6. Augmented control system. The input signal d stands for arbitrary external disturbance.

Table 1. Summary of some design results for the AUV p-control system.

System Stable U, = —1m/s) Unstabley, = +1m/s)
D Scalng Autc-Fit. full sem full sem
Iterations 17 18 17 18
Peak u(jw) 0.976 0.988 1.010 1.017
Peakz(ja) 0.990 0.992 0.994 0.991
ControllerK order 70 68 78 70

The obtained controller& were stable, minimum-phase, andcontroller order could be reduced while still maining robust

achieved robust performance. Table 1 summarizemtmeber of
iterations and controller order based on the deggrformance
specification of Fig. 6. Figures 7 display the amea closed-loop

performance, i.e., checking whethep (N) <1 would still hold.
One approach to find a smaller order controlléoisverride the
automatic pre-fitting algorithm used to compute $ealing matrices

g(jw) and u(jw) plots. Observe that these plots are in accor®(jw) and manually limit their order. This process wested with

with peak values found in Table 1.

Design schemes with other performance specificatiarere
tested, such as those with reference command agdalsi
measurement noise specifications. However, becauwseg of the
performance weights functions requires some tinteraany design
iterations, we will delay these results to a forthcoming preation.

The design procedure may result in a controllersessing
prohibitive high order which renders it unsuitedr fpractical
implementations. This is certainly a major methadwback. On
completion of design iterations, we verified how ahuof the

! The designer should bear in mind and evaluatedtisfactory closed-loop
system performance and design effort trade-offs.

2 Since the controller order equals the sum of thgrreanted plant's order
with that of both scalin@(jw) matrices.

362 / Vol. XXXIII, No. 3, July-September 2011

some success, making it possible to lower the otbetrorder from
78 to 70, for the unstable system, at the cost iofmal degraded
performance. Reduced order designs are not coesidezre, but
may overcome this issue and render smaller ordgigiie refer to
Zhou and Doyle (1998), Skogestad and Postlethwa#86) and the
references therein.

Simulation Results

The obtained controllets rendered the linear closed-loop system
stable and were simulated with the linear and neali AUV models.
These simulations evaluate the system capacityotopensate for
parametric variation during system stabilizatioonir off-nominal
velocity state values. For both controller desigasplanar current
scenario with a sector uncertainty region was clamsd.

ABCM
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Singular Value ¢ plot of Closed-Loop Response
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(a) Closed-loop @ for Us = —1m/s.

Closed-Loop p plot of Closed-Loop Response

magnitude

041

0.3f

max

0.2f

Fmin

01F

;
N 10° 10° 10* °

frequency (rad/s)

(c) Closed-loop p for Ue
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(b) Closed-loop 7 for U. = +1m/s.
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(d) Closed-loop p for Ue = +1m/s.

Figure 7. Closed-loop system singular values 0 and strutucture singular values p.

The system was simulated with input reference \iloc
trajectories in the vicinity of the nominal veloe& used in the
linearization. The velocity trajectories are givanpre-filtering step
inputs for each system dof. These pre-filters ms¢ érder functions
of time constants approximately close to 5 s. Thminal set-point
velocities were initially given by [1.0; 0.1; 0.f&j/s and [0.05; 0.05;
0.05] rad/s for linear and angular dof respectivélyre angular
velocity set-points were simultaneously broughzéoo 30s into the
simulation. A set of “perturbation” reference vetgctrajectories
was then applied over the velocity set-points antuaneously to
all dof 20 s later, as depicted in Fig. 8. In aiddit perturbation on
the magnitude of the current of 0.1 m/s was comsii@round a

constant mean value tfc = +1.0 m/s from the simulation start-up.

The current profile was defined on the inertiahfeasystem. Some
simulation results are shown in Fig. 8.

Discussions and Concluding Remarks

From the results presented above it can clearlysdmn that
AUV stabilization for surge, sway, and heave linealocities and
roll, pitch, and yaw angular velocities was satisfaly
accomplished. Reference tracking to small veloeéhues was also
verified for both nonlinear system models considerethe System
Modeling section.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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The controller design for the AUV model obtainedhna Uc =
+1 m/s current must satisfy an additional lowersbiconstraint
imposed on the complementary sensitivity weighfumctionswi(s)
cut-off frequency to counteract the presence ofia of unstable
complex poles.

Nominal performance and robust stability were aledfied in
addition to the obtained system robust performaiteparticular,
robust stability can be achieved with an uncerjagst as large as
|A] < 1.8 with the obtained controll& for the AUV stable model.

Even though not designed for reference input tragki
performance, the closed-loop systems with stablé anstable
nonlinear system models were simulated with a esf@ input
profile for all three translations and rotations, @escribed in the
section above. Notice that a 2-dof scheme was adomt define
“perturbation” velocity trajectories by using a #ileer® to weight
step input. This significantly contributed for a @oth trajectory
and, therefore, time domain characteristics inéitabsence of or
small overshoot and tracking errors (< 0.005 mé «0.005 rad/s).
Steady-state error was not observed in the closgol-Isystem
simulation results with the linearized plant model.

3 With a cut-off frequency smaller than the closedp transfer function
(CLTF) bandwidth, i.e., smaller than the cut-offduencywy.
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Vehicle linear velocity trajectories Vehicle linear velocity trajectories
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(a) Linear velocity tracking results. (b) Linear velocity tracking results detail.

Vehicle angular velocity trajectories Vehicle angular velocity trajectories
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Figure 8. Velocity tracking results.

Once again, in the present study, we have not dereil the an associated uncertainty. A robust linear contiekign was
controller order as a design constraint; a typdoalcern for practical performed and results were obtained with a fulleordonlinear
implementation. In this way, one could be interéstethe optimal Underwater Vehicle model.
performance, that is, in obtaining the limits of himvable

performance for a spe_cmed maximum controller or_clﬂaw-order Futureimplementation
controller design techniques should be employedhiisrintent.
Results can still be optimized for the performarafe the The present study is far from being complete antciusive.

nonlinear system model if operated over a largegeanf state Results still need to be optimized for performaramed many
variabled. Specifying the performance weight functions forquestions still remain by the above considerati@mme of these
controller design may play a role in this regartiug, many design could include comparisons of the above implemeotatiith other
iterations may be needed to determine best perfurena important uncertainty modeling schemes:

specification and the corresponding state bounderevithey are

satisfactorily valid. A gain scheduling scheme wibtihen switch » Different current uncertainty modeling, such as the
between the many designed linear controllers. physical hydrodynamic parameter uncertainty modelin

A final comment relates to the high number set afametric contrast to the above proposed parametric modeling;
uncertainties for the present system model. This fizay render a e Current treated as external disturbance in a mixed
conservative control system design, (Skogestad Roudlethwaite, unstructured/parametric scheme, etc.
1996). However, due to the relative high state sphmension (dof)
of the full AUV velocity model, the control systerdesign Alternative design methods remain yet to be impleiee to this
conservativeness is difficult, if not impossible practice, to robust control problem. One such method could ristcally
ascertain. consider the computation of a reduced order cdetroand,

In summary, this note focused attention on tramsfiog what therefore, to treat the limit to the order oras a design constraint.
could be considered as external disturbance insilyeanodeled Further evaluation of these control strategies wvoiél possible
parametric perturbation. This was carried out bysaering current through experimental tests of vehicles, currentiger development,
and added mass dynamics as parametric dependartsixms with  through pool and open sea test trials.

A challenging task for general, higtof-number nonlinear dynamics and
certainly a recurrent issue when using linear @ymiethods.
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