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Modeling and Identification of Open-Fram Variable
Corfiguration Unmanne Underwate Vehicles

Massino Caccia Membe, IEEE, Giovanni Indiveri, and Gianmaro Veruggio

Abstract—A lumped parameter modd of open-frame un-
manned underwater vehicles (UUV'’s) including the effects of
propeller-hull and propeller—propeller interactions is presented.
The identification of the modd parameters consiss of a least
squaresmethod using only on-board senseo datawithout requiring
any towing tank tests The identification schene is based on sep-
arate tests for the estimation of drag and thruster installation
coeficients, takinginto accourt propeller—hull and propeller—pro-
peller effects first and inertia parameters subsequenty. The
scherre has been experimentally implemented on ROMEO, the
lates UUV developed by CNR-IAN. Experimental results show
both the effectivenes of the proposel method and the relevance of
the propeller-hull and propeller—propeller interactions that are
usually neglectal in standard UUV models.

Index Terms—identification, modeling, unmanned underwater
vehicles.

NOMENCLATURE

M € R6%6 Inertia matrix.

M, € R6x6 “Added mas$ inertia matrix.

C € R6x6 Coriolis ard centripethmatrix.

Cq € REX6 “Added mas$ Coriolis ard centripetal
matrix.

Dy € R6x6 Linear drag matrix.

Dg € R6x¢ Quadratt drag matrix.

Urel = [u, v, w, p, ¢, ]*' € RO*L: suge,
sway, heave, roll, pitch, and yaw veloc-
ities.

F e g%t Nomind applied force.

T € RO Nomind applied torque.

me € RN Inertiarelatve to the degree of freedom
¢ including addel mas effects.

ke € R Linear drag codficient relaive to the
degree of freedomé.

kee) € R Quadrate drag codficient relaivetothe
degree of freedomé.

¢ €R Nomind applied force (torque relaive

to the degree of freedomé.
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ve € R Additive noise relaive to the degree of
freedomé.

VeR Applied thruste voltage.

n € R Propelle revolution rate.

weEN Thrug mappirg mode index.

ne(p) € N Nondimensionk thruste installation

codficient.

I. INTRODUCTION

N THE LAST few years after the satigactoly experiences

of Jasm [1] and Ventara [2], the empbymert of remotely
operaté vehicles (ROV's) for marire sciene applicatiors has
definitely grown. Among the many differert kinds of unmanned
undewate vehicles (UUV’s), anew generatio of ROV’ s with
an interchangeakltoolsled for differert payload has been de-
veloped Examples of suc systens are the deepwate vehicles
Tiburon [3], [4] and Victor 6000 [5], [6] and the mid-wate ve-
hicle ROMEO [7], which are beirng exploited in a numbe of
scientfic prograns [8], [9]. Many of thes prograns require
high-precisim manewering in the proximity of environmental
structureswhich canna be alterad by the vehicle movements
(e.g, bentht applicatiors for studyirg the sedimentwate in-
terface or visud inspection) Indeed regardles of the specfic
missin requirementsthe problem of designirg motion con-
trollers for undewate vehicles able to guarante high-perfor-
mane in ternms of precision agility, and optimizatian of the
thruste action (i.e., reduction of power consumptio and en-
vironmert perturbationshas been extensgvely treatal in litera-
ture.

Many differert contrd methodologis rangirg from sliding
mocke [10], [11] to H, [12], [13] and adapive techniqus[14],
[15] have been propose to handEe the uncertaintis related
to the knowledge of the hydrodynami deiivatives ard the
externd disturbancesWhatkever the contrd straegy to face
parametit and environmenté uncertainy is, anomind vehicle
modd ard an estimaé of the dynamt equation parameters
are necessar for both contrd and stak estimation purposes.
Notice tha undewate vehicle linea speed are usually ob-
tainad by model-base stat estimatiom through noisy position
measuremest[15] or by noisy ard biasel low samplirg rate
dired measurementss when Dopplea velocimetes are used.
In this framework, the neal for performane improvemens in
navigation guidance and control required to execue tasks
sud as high-precisia hovering in the proximity of the seabed,
motivates a deepe investigatiom on the methodologis for
hydrodynami modeling and identification of open-frame
ROV’s.



Conventional hydrodynamic deiivative identification
method involve towing tark trials of the vehicle itself [16] or
of a scalel modé of the vehicle [17], expecting in this case,
an erra in the estimae of sorre of the parametes up to 50%
[18]. Thex kind of tess allow acomplee modéd identification,
but are lengthy, compkx, and expensve. As a consequence,
on-boad sensor-baskidentification of a simplified modé is
to be preferral for variable-coffiguration vehicles as it can be
simply and cheapy repeatd when a significart variation in
the systens structue occurs Indeed systen identification as
opposé to towing tark techniques for marire systens parame-
tersidentification has been propose by severd authors Asfar
as suifaee vesses are concernedthe use of extendal Kalman
filters (EKF’s) has been first suggestd ard experimente by
Abkowitz [19]. A state-augmentatioversian of an EKF for
ship hydrodynami codficients identffication has been pro-
posel by Liu [20] and the tuning of ship modek basa on least
squars (LS) and EKF to improve performane of dynamic
positioning systens has bean addressg by Selkainal [21] and
Fossa et al. [22]. Asfar asundevate vehicles are concerned,
systen identification methodologis have been suggestd by
Gohea and Jdferys [23]. EKF-basd identification of the
surge motion of the NPS Phoenk autonomos undewater
vehicle (AUV) has been presentd by Marco et al. [24] whilea
L Sidentification approab for the IFREMER VORTEX vehicle
is describe by Ziani-Cherf et al. [25]. A combinal use of LS
and EKF method for the identffication of a ROV has been
describe by Alessandr et al. in [26]. Morrison ard Yoerger
[27] applied to the ROV Hylas a one-dimensiong1-D) system
identification procedue bas& on numericd minimization of
the errar betwea the trajectories of the vehicle and several
modek during a free decs.

In the following, a researh study focusing on the develop-
mert of a procedue for the modelirg ard LS identification
of an open-frane variabk corfiguration ROV using on-board
senso dat@ without requiring any towing tark tests i.e., re-
markaby reducirg costs is presentd [28]. A suitabk lumped
parametemodé for thruste installation effects [29] has been
defined and the thrustes installation codficients which take
into accout the propeller—huland propeller—propelleinterac-
tions have been estimated Persistentf exciting input signals
have bean designé considerig the modé structure actuator
dynamics and type of available sensorsThe LS identification
procedue consiss of two steps 1) the drag codficients are esti-
matad by constanspeel tess and 2) on the bask of their values
asuboptimésinusoidainput is designe to identify the inertia
parameters.

The proposé methodolog has bea applied to modd and
identify ROMEOQ, the prototype ROV developal by CNR-IAN
for robotics researh and scientfic applications.

The pape is organizel as follows. Sectio Il discusse the
modelirg of ROV dynamis and of the thruste installation
codficients The LS-basé identffication procedue is reported
in Sectim Il . Experimenthresuls obtainal by adaptimg this
procedue to the identification of the ROMEO vehicle are
outlined in Sectian IV where generhimplementatio issue are
ale discussedFinally, Sectio V ends with sone concluding
remarks.

Il. MODELING
A. \Vehicle Modeling

The dynamt modé of a UUV can be delived from the gen-
erd Newton—Eule motion equatiom of arigid body in a fluid
medium If thefluidisirrotational inviscid, of uniformand con-
start densiy, ard of infinite extert except for the rigid body
itseff [14], [30], [31], then the equatia of motion can be ex-
pressd in spatid notatian in the locd referene frame as

My‘rel + C (QQrel) Urel

= _MAQrel - OA (erela EQrel) Urel — DLQrel

T T
- DQ |Qre1| Urel + QW [Ega Eg] + [ETa IT] (l)
where vep = [y{reh Q%;el]T = [U'v v, W, P, 4, 7)]T is the

six-dimensionbspeel colunn vecta relaive to the fluid, A1 is
the 6x 6 inertia matrix, C(ua.q1) is the Coriolis and centripetal
matrix, M4 andC 4 (v1rel, Varel) arethe addel mas and added
mass Coriolis-like matrices,Dy, and D¢ are the linea and
guadratt drag matrices,W isthe weight and buoyancy matrix
(g = 9.81 m/s? isthe gravity acceleration)k, isthe projection
of the z-axis globd inertid referene frame unit vecta on
the locd body fixed referenceand [F'7, T7]T are the force
ard torque produce by the vehicle’s propulsion system In
the following, all the quantities considerd up to now will be
assumd as projectal on the locd body fixed referene frame.

The experimenta identffication of a complee ROV model
sud as the one given by (1) is nat feasibk with only stan-
dard on-boad sensos becaus it would require acomplet state
knowledge Indeed it may be performel with complkex and ex-
pensvetowing tark facilitiesasdescribe by Nomob et al. [17]
or Gohee [16], but suc an approat is nat indicateal for sys-
tenms having a variabke and mission-dependércorfiguration.
Moreover, in many standad manewering conditionse.g, plane
surge motion or verticd translation and generaly at low oper-
ating speedsthe coupling terns may be reasonalyl neglected
without seriotslossof information Asaconsequeng®n-board
sensor-baskidentification experimens usually refer to a sim-
plified uncouple modéd that can bededuce from (1) neglecting
the off-diagond elemens of the addel mas matrix, the Coriolis
ard centripetd kinematics and drag coupling terms This ap-
proximatian relies on the fad that 1) the off-diagonad elements
of the addel mass matrix of arigid body having three symmetry
planes are identically null [30]; 2) the off-diagona elemens of
the posiive définite matrix are much smalle than their diagonal
counterpas [31]; ard 3) the hydrodynami dampirg coupling
is negligible at low speedsThe resultirg modé structue for a
single degree of freedam is

meé = —ke& — kepe € |€] + de + v 2

wherem, is the inertia relaive to the considerd degree of
freedom,¢ isthe 1-D velocity, ke and k¢ are the linear and
quadratt drag codficients, ¢¢ is the applied force or torque,
andz is the disturbane modelirg otherwis unmodele phe-
nomeraascabk effects Thiskind of uncouplel modé structure
is certainy the mod comma in the literature of undervater
vehicles regarding guidance navigation and contrd schemes



[24], [25]. Parametes are estimate assumig the nomind ac-
tuata actiong, known. The knowledge of ¢, isactualy related
tothefad tha the relation betwea applied thruste voltage and
torque has been identified a priori for ead single thruste in a
thrug tunnel A potentially seriows drawbad of sudh methodsis
related to the fad tha the identified thruste modé neglectsthe
propeller—propelleand/a propeller—hulinteractiorstha occur
in the vehicle unde the operatirg conditions Propeller—hulin-
teractiors are awell-known and studied phenomenoin surface
vesse$ [30], however, asfar asUUV’ sare concernegthey have
seldaon bea taken into account To the knowledge of the au-
thors only Gohea and Jeferys [29] modé explicitly sud in-
teractiors althoudh without measurig directly the codficient’s
values in their words “theinstallatian codficients of athruster
take into accoun the differenca in force that the thruste pro-
vides when operatirg in the proximity of the ROV, as opposed
towhen it istesta in open wate.” In the following, these phe-
nomera have been modela introducirg the thruste installa-
tion codficient 7., which takes accoun the aggegate reduc-
tion in the efficiency of the thrustes applying the desirel 1-D
force/torqueobtainirg the 1-D model

me§ = —ke§ — kejg S €] +nede +ve. 3

The nomind actuate action ¢} is assumd to be known,

i.e., computel accordimg to a thrug tunné identified model.
The inertia and drag codficients are assumd to be indepen-
dert from how the totd thrug is distributed on the vehicle’s
thrustes (thrus mappingy:), while the installation codficient
is definitely expectel to deperd on p, i.e., ¢ = n¢(p). The
modé given by (3) can beidentified by foll owing two different
approachesEither (3) is divided by the non-null 7 (1) giving

rise to a modd in which eat parametedepend on the thrust
mappirg in an a priori unpredictald fashion

me
ne (1)

ke o el v
= 775(/»)S ne (1) ne (1) )

or the paramete vector§ = [mgkekejene(p)re]” is identi-

fied for eath mappingy, of interes beirng the dependeneon

1 embeddd in the only 7. (1) rathe then in ead paramete

Notice tha the externd disturbance is not necessanl zero
mean thus its mean value mug be identified. As (3) is homo-
geneosin 4, in orde toimplemert thissecondmore appealing
approachy (1) mug be known for a leag one mapping .

Generaly, itisnat difficult to heuristicaly find a specfic thrust
mappinggx for which 7 (p+) can be reasonalyl thougtt to be
1, i.e, amappirg in which thrustes operaé in open wate as
during the thrud tunné identification experiments.

E1El+of +

B. Thruste Modeling

The modelirg ard contrd of undewate vehicle thruste sys-
tems have receved wide attention in the literature in the last
yeass [32]-[35].

Inmany applicationsthe sewo velocity loop of thecontrolled
thruste systen has anegligibletime constatwith respettothe
overal vehicle’s time constan [36], and thus the thruste dy-

3

namics can be neglected with respetto the vehicle’sdynamics.
In this hypothesisthe propelle thrug is modelal as

®)

whereu,, isthe velocity of the fluid through the propelle blade
(velocity of advancg and—c; |n|v, is asaturatio term [31]. By
virtue of the creepirg motion of UUV’s, the saturatio termm can
be neglected in many standad operationhconditiors as widely
acceptd in the literature [14], [17], [25], [31], [32]. Moreover,
unde steady-sta conditions the neglectad thrug drag term
T = —¢g|n|v, Will beindirectly taken into accoun by the drag
forces considerd in the equatian of motion (3) of the vehicle.
Thus neglecting the motar dynamicsthe thruste force may be
modelel as

T = ern|n| — cs|nfv,

T=cvV|V| (6)
wherecy isan unknown constatandV isthe contrd voltage,
which is appliad to the thruste sewo-amplfiers Singe the
thruste time constam has bee neglectal with respet to the
overal vehiclesone,V isassumd to be simply proportion&to
the propelle revolution rate It is worth noting that neglecting
the velocity of advance (6) is expectel to be more accurate
farthe from the propelle revolution rate inversian points In
particula, high-frequery sign changs of n tha may occur
with pseudorandm binaly inputs typicd of identification ex-
perimens produe unmodeld turbulene next to the thrusters,
making the outpu thrug computel by the standad modd less
accurateln the following, the nomind actuate action ¢} will
be assumd to be computel on the bass of (6) having beency
estimate by thrug tunné experiments.

II1. IDENTIFICATION

The structue of (3) iswell suited for the separag identifica-
tion of the drag ard inertia parametes when particula static or
dynamt conditiors are met In particula, the drag ard thruster
installation codficients can be estimatel by a standad LS pro-
cedue on the bask of the estimate velocity unde different
steady-stat(constamhvelocity) conditions The constamregime
velocity correspondig to the differert constan applied thrusts
may be accurate} estimate by LS with only position measure-
ments The experimens describé in the following show that,
even when only low samplirg frequerty position measurements
are available (e.g, 3-Hz samplirg frequerty sona prdfilers),
the estimate velocity standad deviation is lower than 3% of
the velocity. Onae the drag parametes have bean determineda
suboptimésinusoidaforce/torqe input isdesigné in orde to
identify the vehicleinertia Sud input guarantesobsevability
[37] and minimizes the turbulene generatd next to the pro-
pellers.

A. ldentification of the Drag and Thruste Installation
Codficients

Unde steady-sta conditions i.e, when the applied
force/torque is constant(3) becomes

0= —ke§ — ke € 1€l +ne df + ve ()



whete the unknown parametesare the linear ard quadratt drag
codficients the thruste installation codficient, ard the mean
value of the externd disturbancesAslong asareliable estimate
of the velocity is available correspondig to differert values of
theapplied nomind thrust thes parametescan be estimate by
astandad LS techniqueA se of »* constam force/torquep;
inputs are applied to the vehicle with a specfic thrus mapping
mode in which thrustes are assumd to operag in open wate,
i.e.,n;g = 1. FurthermoreM ses of n(u) constah nominal
inputs

(62,0 02, 0)

p=1’
o (SR, e, )]
correspondigto i+ = 1, ---, M propulsion mapping having

differert propeller—propelleard propeller—hulinteractiorscan
be applied.

As the velocity and nomind force are known, (7) can be
written in regressio form y = H# asshownin (8)—(10) shown
at the bottam of the page wherew represers the mean value
of the externd forces acting on the vehicle and n: (1) with 1
rangirg from 1 to M are the thruste installation codficients
correspondig to the M differert thrug mappirg modes.

According to LS theow, the standad deviation 64 of the es-
timated parametet = (HT H)~'H™y iscomputel as

4

wherec? is the Gaussia zelo mear measurememoise vari-
ance As suggestd in [37], if suth varian®@ is unknown, it can
be estimate by

(r—2)” o m0)

dim(y) — dim(6)

6_

(U V)

(12)

In the remaine of the pape, the quantity 100(54/|0]) will be
referra to as the percentie parameteerrar.

B. Identification of the Inertia Codficients

Having identified the drag parametesas describé alove, the
bast ideaisto conside them to be known and use this knowl-
edce to design a suboptimé experimert for the identification
of the inertid quantities The modé to identify is given by (3)
whete the drag and thruste efficiency codficients are assumed
known from the identification experimens describe above.

The desiq of the inertia parameteidentification experiment
has to take into accoum sone importart constraintsi) in the
absene of accelerometerthe identification proces mug be
performel with the only velocity and position measurements
and applied force estimae ard i) since the adoptel propulsion
modé is known to be very accuragé when the propelles do not

R . 1 suddeny chang revolution direction thus the sign of ¢ hasto
76 = \/dlag ((HTH) 02) (11) e kept constamnduring the whole experiment.
w w n* M (mu ,1
y=[6 - 9. 0 0, ye R Tl ®)
[ & &1 -1 0 0 |
&l ey alallm -1 oG] 0 0
- . Hew s
gn(p) p=1 Sn(;t) Sn(u) p=1 -1 _(bg’l(*‘)(u)‘u:l 0 0
-1 —n
& |H=JW SYS! ||M=M 0 0 (/)51 (N)‘M:M
i €nu) |u:1\4 €n(u) |£n(u) | |u:1\4 -1 0 0 _d)gm‘) (N)‘M:M |
9)
— T
0= [ke ke 7 ne()l,=y ne()l,=pns]” s ORI (10)



Equation (3) can be linearized abou the operatirg velocity
&* obtaining alinear mode| which correspondto afirst order
systen with time constant

me

tc = —

L

Note tha asm isthe sum of inertia (known) ard addel inertia

(aways posiive) andk, k|| and&* are known, alower bound

of the time constantt. is known. Moreover as addel mas is

expectal to be at mog 100% of the inertid massalso an upper
bourd of ¢, is given.

A comman criterion [37], [38] for the choice of the inputsis
tomaximizethecod functionJ = — logdet M, whereM isthe
Fishers information matrix which depend on the adoptel in-
puts Inrobotic applicationsthis criterion, namel thed-optimal
criterion, has been successfull adoptel by Swevers et al. [39],
[40Q] for the identification of an industrid arm In particula, a
first-orde systen can be optimally identified with asingle sine
input of frequerty [37]

where ky, = ke + 2ke¢) |€7] (13)

1
Wopt = ﬁ . (14)
The input force for the inertiaidentification experimensisthus
chosa to be of the form

¢ =PI 4+ AdY sin (wopit) -
d)g andA¢7 are selectel so that the correspondig regime ve-

locity £* isin the standad operatimg range and A¢y < d?g in
orde to awid force inversions The d-optiméd frequerty wep
is selectd in accordane to (14). The systen time constantt,
needd to computew,y,; isestimate a priori by (13) assuming
me to beequatotheinertiain air mg“ plusatem rangirg from
10% to 100% of mZ™ tha modeb addel mass.

To copewith theabseneof an acceleratio measuremen(3)
mug be integrated giving

(15)

me&(t) —mebo — kexo — bet = ye
Ye = @e(t) — kex(t) — kg 1(2)

where g (t) = 7 fot ¢2(s) ds, x(t) is the position, I(t) =
fot £($)1¢(s)| ds, andb isan eventud biasdueto the mean of v,
and to the numericé integratiors performel to calculateC and
1. Notethat theintegration proces doesnat affect thed-optimal
frequerty choice as the integrd of (3) has the same structure,
in particula the sarre time constantAs the drag constantsve-
locity, and position areassumd to be known, (16) can bewritten
in discrete-tine regressim formy = H8 as

1 — kex1 — keje Ia

(16)

Y= (17)
N = kexn — kejgdn
& -1 —t

H= : : (18)
Ev -1 —tn

0=[me mebo+hexo bel' (19)

and N the numbe of samples.
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Within thisapproachthe uncertainy of the inertiaparameter
estimae is expectal to be at leag of the sarre orde of magni-
tude asthe drag parameteuncertainy. As estimatirg theinertia
me IS somelow equvalert to estimatirg the time constantt,
of the linearized system by standad errar analyss it follows
that 6t./t. = Sk /kr. Moreover, the nomind applied force
¢¢, assumd to be perfecty known, will actually be affected by
sone erra. Numerica errois will also be introducel into the
computatiom of ¢ given by (17) since due to the eventua ab-
sene of avelocity measurementhe I;, ¢ € [1, N] are calcu-
lated filtering the acquirel position signd with an off-lin e Sav-
itzky—Golay polynomid filter [41] to evaluaethe velocity ¢ and
then integrating numerically¢|¢| over time. Numericd integra-
tions mug also be performel on the position signd and on the
applied force in orde to computey. Thes consideratioaand
the fad that the samplirg rate of the position measuremests
very low (e.g, 3.3 Hz for echo-sounderusel for the surge and
sway and 10 Hz for the yaw) suggesthat the inertia parameter
identification by only on-boad position measuremestcannot
be expectal to be very precise Neverthelessexperimens have
shown that, in the cae of ROMEOQ, the estimaté valueis good
enoud to provide reliable and usefud modek for motion esti-
mation ard contrd purposes.

IV. APPLICATIONS: ROMEO MODELING AND IDENTIFICATION

Themethodolog for theidentification of UUV’ sdescribein
Sectia Il hasbee testal on ROMEO, an over-actuatd open-
frame ROV developed by the CNR-IAN for robotics research
and scientfic applications.

A. ROMEO Mechanicd Desigh and Thruste Corfiguration

ROMEQ, which isabou 1 min height 0.9 m in width, and
1.3 min length weighs abou 450 kg in air and is intrinsically
stabkin pitch and roll. It is divided into three sections A steel
frame which is 0.6 m in height suppors the two uppe sec-
tions constitutel by foam for buoyancy and the electronic and
propulsian systemsThe bottam sectin of the vehicle consists
of an interchangealkeltoolsled for scientfic devices which, in
the standad version is equippel with two cylindrica canisters
for batteries and payloal electronis (see Fig. 1). The overall
structue of the vehicle is symmetrc with respet to both the
zz andyz planes and the eight thrustes are arrange two by
two in the cornerswith the horizontd ones paralld to the diag-
onak of the zy section This thruste corfiguration enable the
full controllability of the vehicle’s motion and the possibility
of distributing the propulsian ard contrd forces accordirg to
constraing of a differert nature Scientfic applicatiors can re-
quire atoolsled equippel with dedicaté devices asin the case
shown in Fig. 2, where a“micrones$ (zooplanktm sampler)
is positionel in the middle More detailal information about
ROMEOQ'’s mechanicglcompute, ard software desig can be
found in [7].

B. Distribution of the Propulsian and Control Forces

The resultan force and torque exerted by the vehicle’s ac-
tuatos are computel as¢ = B7, whereB € R™™ s the
contrd matrix, andr,the vecta of the actuate thruss com



Fig. 1. Clockwise from the top right: top view of ROMEO in which the
horizontd and verticd thrustes (labela FR, FL, RR, RL as describé in the
text) and the principd caniste are clearly visible; a picture (diagona view) of
the vehicle in its standad payloal corfiguration a laterd view of ROMEO,;
ard a front view of ROMEO.

Fig. 2. ROMEO in plankta samplirg payloal corfiguration.

puted accordirg to (6). In the cas of over-actuatd vehicles,B
is non-squae with m < n andrank(B) = m.

In the cag of ROMEO, the horizonta contrd of surge sway,
ard yaw isuncoupl@ from the verticd contrd of roll, pitch, and
heave. Two contrd matrices

(1 1 —1 —17
Byp=|1 -1 1 -1
1 -1 -1 1]
and
(-1 1 =1 1]
By=1|-1 -1 1 1
1 1 1 1]
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are defined such that ¢y = Bgy7g and ¢y = By7y,

where 7y = [rgpr  7THFr  THRL  THrer]® and
Ty = [TVFL TVFR TVRL TVRR]T are the hori-

zontd ard verticd vectos of the actuate thrusts and
¢y = [Fu/cosa F,/sina T,/b]" = [X Y N]*¥and
¢v = [Lp/c T,/d F,)* =[L M Z]* arethe normalized
horizontd ard verticd force-torqe vectors In the adopted
notation,« is the moduk of the angk betwea the horizontal
thrustes ard the vehicle’s longitudind axis while b, ¢, andd

are the thruste arms with respetto the vehicle cente of mass,
respedtely, for yaw, roll, and pitch motion The subscripts
H/V, F/R, and L/ R stard for horizontalvertical front/rea,

ard left/right, respedtely, indicating the thrusters position as
shown in Fig. 1.

Since there are more contrd inputs than controllabk degrees
of freedan (DOF's), it is possibe to find “optimal” distribu-
tions of the contrd actiors with the constrainty = Br, sat-
isfying some physicd constraing or minimizing a particular
cod function Thisis, for instancethe ca% of the Moore—Pen-
rose pseudodiverse B# = P~!BT(BP~1BT)~1, suc that
T# = B#¢$ minimizes the quadratt enegy cog functionJ =
(1/2)7T Pr [31].

The possibility of mappirg the contrd forces onto the actu-
ata thrussin differert ways has been exploited in orde to de-
sign and execut dedicaté experimens for the identification of
uncouplel hydrodynamis effects and of propelle interactions.
Thus as« of differert distribution of the contrd forceshasbeen
defined as summarizd in Table |. For ead mappirg mode the
motion direction where the propelle can be assumd to work
in open wate without remarkabé interactiors with the vehicle
hull ard othe propellesisindicated if existing.

C. Thruste Modd Identffication

Neglecting the motar dynamics the thruste force ~ can
be modela as a function of the contrd voltage applied to
the thruste sewvo-amplfiers accordig to (6). In the ca® of
ROMEDQ, the thruste modd has bean identified with aL S pro-
cedue putting thewhole actuate (motar, propelle, and nozzle)
in athrug tunné ard measurig the force 7 as a function of a
sd of input voltagesV. The experimentérelationshp between
the input voltage ard thrug at bollard conditiors is shown in
Fig. 3. The thruste codficient ¢y of (6) has bean identified
to be 1.02(N/V?) and 1.09(N/V?) with a percentie errar of
3.0% and 3.7% for posiive and negaive thrust respedtvely.

D. Experimenthldentification

The ROMEO’s dynamisin the surge, heave, yaw, and sway
DOF'’s have been modelal and experimentaly identified. In
all the experiments the required velocities for all the DOF’s
have been estimaté off-line on the bask of position measure-
mens with a noncauskhSavitzky—Golay polynomid filter [41]
of fourth orde with a symmetrc moving window of different
lengths accordirg to the specfic DOF.

Heave trials, performal unde the Antarctica ice canqy
in orde to improve the vehicle's performancs in executing
under-i@ scientfic suveys[7], reveala the strorg interactions
betwea the vehicle’s hull ard the verticd propellers The
combinal estimatian of the heave linear and quadratt drag



TABLE |
THRUST MAPPING MODES
thrust mapping mode criterion thruster forces motion direction
with n; =1
vertical motion TypL TVER TyRL TVRR
vertical all . J_1 T -L-M+Z L-M+2Z -L+M+Z L+M+2Z -
pitch, roll, heave | ™0 = ETVTV 4 4 4 4
vertical all . 1 1 Z Z Z VA downward heave
minJ = —1TyTy — = = z
2 4 4 4 4
L=0
M=0
horizontal motion TypL TypL THRL THRR
horizontal all . l 1 X+Y+N X-Y-N | -X+Y-N | -X-Y+N -
minJ = —14Ty
2 4 4 4 4
surge front Thure + Turg =0 X + N X N N N forward surge
Y=0 2 4 2 4 4 4
surge rear Tyre + Typr =0 N _N _X N X + N backward surge
Y=0 4 4 2 4 2 4
sway left Tpr +Trr =0 _Y_+E N Y N N right sway
X=0 2 4 4 2 4 4
sway right Tp + TR =0 N _Y N _N _X+E left sway
X=0 4 2 4 4 2 4
yaw Tyarr + Thre =0 N 0 0 N clockwise yaw
Sfront-left rear-right X=0 ) )
Y=0
yaw TurL + Tarr =0 0 N N 0 counter-
front-right rear-left X=0 ) ) clockwise yaw
Y=0
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input voltage [V’

Fig. 3. Nomind thrug (V) versisapplied voltage (V') according to the thrust
tunnd data.

codficients weightbuoyarcy force, ard thruste installation
codficient has been performel by processig dat collected
during up and down steady-sta& motions Five different
experiments numbere 0—4, have been performal with inputs
of the kind shown in Fig. 4 eah with a differert vehicle
weight During experimens 0 ard 1, the vehicle was positve,
during experimernt 2 it was roughly neutral and in the lag two
experimens it was negafive. Weight was changeé by adding
on ROMEOQ's top, during ead experiment one diver’s lead
weight (abou 0.7 kg in watel) which reasonalyl does nat affect

tire [s]

Fig.4. Heavedrag codficientsidentification tests Top: nomind applied heave
thrug (V) versis time (s). Botton relaive 10-HZ samplirg rate measured
deph (m) versis time (s).

the hydrodynami delivatives but only the overal weight.
The vehicle’s deph was measurd by a 10-Hz samplirg rate
depth-mete

During all experimentsthe headirg of the vehicle was kept
constan by the action of the headiry autopilot Nevertheless,
asreportal in [28] ard [42], where differert modek of the ve-
hicle’s dynamic have bee evaluated the momentun drag in
the verticd direction due to horizontd thrustes can be em-
beddel in the standad linear heave drag term According to
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Fig. 5. LSestimate velocity (m/s) versis nomind applied thrug (V) in the
heave direction for five differert vehicle weights and relaive identified models.

Sectiom lI-A, during the ith experiment the vehicle’s model
in stationay conditiors can be written as

N =1 Vd)g) >0
i=0,.-,4

(20)
e <1Vl <0

where

w heave velocity;

W weightbuoyarcy force in experimen O;

AW weight addel to ROMEO in eadh experiment.

The parametevector [k, kyjw W AW  n,]" has been
identified with a standad LS procedue as shown in Section
llI-A . The resuls are reportal in Table II. The measurd and
estimaté relationshig betwea the nomind thrug and the ve-
hicle’s heave velocity are shown in Fig. 5.

Withrefereneto Table II, noticethat, accordiry to theabove
identified modd (20) and in perfed¢ accordane with the actual
experimentasetup the estimate buoyancy force during exper-
iments 0 ard 1 points upwards during experimern 2 is roughly
null, and during experimens 3 ard 4 points downwards On the
contray, if the same data are processée assumig that the ap-
plied force is the nomind one in both the posiive and nega-
tive directions thus totally neglecting the propeller—hul inter-
actiors tha occu during verticd surfacing motions the results
displayel in Fig. 6 are obtainel [28], [42]. In orde to compen-
sak for the overestimatd upward force due to the neglected
propeller—hulinteractionsweigtt is overestimatedalways re-
sulting in a value larger than the actud value.

It isworth noting that preliminary tess performel in aswim-
ming pod revealal tha the verticd thrustes belave as in a
thrug tunné (open watel) when pushirg down and with an effi-
ciency reduction of abou 40% when pulling up in static condi-
tions This value is almog equa to the identified value of 0.56
of the thrustersinstallation codficient, reportel in Tablell. As
shown in Figs 7-1Q ROMEO has been fixed to aload cell ina
pool, and the maximum static heave force hasbean measurdin
both the posiive ard negaive verticd directions.
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Trialsto identify the vehicle’smodé on the horizonta plane,
i.e., the surge sway, and yaw 1-D models have been executed
in a swimming pool. The vehicle’s headiry was measurd at a
10-Hz samplirg rate with a KVH-DGC100 compassin order
to redue any possibe interferene with the deformatiors of the
magnett field induced by the reinforcel concree structue of
the pool, the automatt compas calibration and compensation
procedue has bean executal and the vehicle’s rotatiors at zero
linear speel were performel in the middle of the pool. The po-
sition in the horizonta plare was measurd with respectto the
pod walls at a 3.33-Hz samplirg rate by a coupk of Tritech
ST-2M echo-soundarmountal on the front and left sides of
the vehicle All the nomind thruss have been estimatd by the
thrust-tunnéidentified modé describé in Sectio IV-C.

During theidentification test of theyaw drag thevehicle has
been excited with torque input signakin arange of steady-state
yaw rates between-20 and+20 deg/sasshownin Fig. 11. The
vehicle worked in yaw front-let rear-right mappirg moce in
orde to enabeé the thrustes to work in open wate when pos-
itive torque was applied and with remarkabg interactiors with
the hull in ca of negatvetorque (™! < 1). In addition tests
performel in horizontd all mappirg modes enablel the evalu-
ation of phullpropeller ‘5 secoml horizontd thruste installation
codficient that takes into accoun both the propelle hull and
the propeller—propelleinteractiors occurrirg amorg horizontal
thrustes on the sarre side of the vehicle The estimaté param-
etersk, ky,q nit prulipropellen]T gre reportel in the upper
sectio of Table Ill.

If only the steady-stat yaw rates normally boundel at 10
deg/s are considerd in orde to identify the vehicle's yaw
modéd unde typicd operatirg conditions theresulsreportelin
the middle sectio of Table IlI| are obtained For a quantitatve
understandig of the reportel datg notice that if a process
y = H6 + e isnormall distributed so is the LS estimated
parametevector s = HY(HTH)~1y, as linea functions
of normd variables are normd themseles This lagt property
is very usefd since if the parametevectorfr g is assumd to
be normally distributed with known variance then the standard
Gaussia hypothess testirg techniqe [43] may be applied
to the overfitting or modd selectim problem Oveffitting
of the dat by the modd can be detecté by ewaluatirg the
variane of the parametes estimate Roughy speakingif the
parametess variane is too large the paramete itseff is said
to be statistically insignificant ard it might just as well be
put to zera More precisey, if the parametess percentik error
is larger than 51.02% ther is 95% corfidence limit that the
parameteis statisticaly insignificant i.e., null.

On the bass of this result the quadratt drag tem in
ROMEOQ’s yaw modeé at low yaw ratesi.e., normally bounded
at 10 deg/s was negligible and a linear modd has bean identi-
fied estimatirg the parametevector[k, plull ylull-propeller]’
as reportel in the lower sectian of Table 11

The estimate linear dragk.., which includes all the dreag ef-
fects ishighe thaninthecas of thelinear and quadratt model,
aswell asthen!! codficient Propeller—hulinteractiors seem
to increag when highe propelle revolution rates are consid-
ered also.



TABLE I

ROMEO HEAVE MODEL: ESTIMATED DRAG, THRUSTER INSTALL ATION COEFFICIENTS AND WEIGHT-BOUYANCY FORCES

k,, [Ns/m] K| [Ns¥/m?] W[N] AW [N] Ny
44,7 430.3 -13.5 7.1 0.56
&4 8.8 20.8 1.3 0.4 0.023
10069/‘(9' 19.7 % 4.8% 9.6 % 5.6 % 4.1%
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Fig. 6. Buoyarty force estimate with unitary ard identified thruster

installation codfficient and the correspondig errar bars. Fig. 8. Zoomal view of the picture reportal in Fig. 7 showing the maximum

(statig measurd downwad thrust.

Fig. 9. Statc pod tes to measue the maximum upwad thrug in the
vertical-al mappirg mode.

Fig. 7. Statc pod ted to measue the maximun downwad thrug in

vertical-al mappirg mode. has been assumd linear, ard the yaw inertia identffication ex-

perimens have been performel by applying the input torque
with athruste mappirg having unit efficiency, i.e., the front-left
ard rear-righ thrustes have been use for posiive (clockwise)
torque ard the front-right ard rear-let thrustes have been used

The system time constant.. for the vehicle’syaw motion has
bee estimate a priori to compue the input torque frequerty
wopt- The yaw modé in the standad yaw rate operatirg range



Fig. 10. Zoomal view of the picture reporteal in Fig. 9 showing the maximum
(statig measurd upwad thrust.
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Fig. 11. Top: nomind applied yaw torque (Nm) versts time (s). Middle:
relaive 10-Hz samplirg rate measurd headimy (deg). Bottom estimate yaw
rate (deg/s) for yaw drag parameteidentification.

for negaive (counterclockwisgtorque As a consequencgeahe
considerd yaw modd is

L= _krT + ¢1‘ (21)

wherel,. isthe ROMEQ'’s z-axismomeri of inertiaande,. isthe
appliedtorque Thetimeconstant,. can beestimate apriori re-
placing for I,. the momer of inertig alorg its height of aparal-
lelepipal having auniformly distributed mass of 450 kg, length
1.3 m, and width 0.9 m, i.e., I, = (1/12)450(1.3%2 + 0.9?) =
93.75 kg-m?. The correspondig input frequerty, accordirg to
(14), iswopt = 0.176 Hz. During the considerd experimentthe
input torque was provided by the only rear-let and front-right
thrusters so tha unit efficiency is assumd to hold for nega-
tive velocity and torque In accordane with (15), a sinusoidal
input torque of amplituce 4 Nm and offset —5 Nm has been
applid in orde to awid propelle inversions The yaw rate
was estimate using a symmetrc window of 41 points Im-
plementirg the estimatia algorithm describé in Sectia 111-B
yields I, = (84 + 5)kg-m? where the estimatia errar is com-
puted with the usud technique basel on (11) ard (12).
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Theidentified modd performane is acceptablgas shown in
Fig. 12, whete the input torque the filtered yaw rate and the
yaw measuremenare reported In this experiment assuming
the estimate inertia ard drag codficients for the linear model
of the vehicle yaw motion, a pha lag betwea the input torque
ard the outpu yaw rate of abou 37.5 is expectal when an
input signd with a periad of 24 s is applied A time lag of
2.6 sis measuredwhich correspond to a pha® lag of 39°.
In Fig. 13, experimentresuls obtainal by applying two sinu-
soidd torgue inputs with offsets of opposie sign are reported.
During this experiment the vehicle worked in the yaw front-
right rear-let mappirg mode so tha propeller-hul interac-
tions redue the applied torque when it is directed clockwise
(positive), as plotted in the top diagram The measurd and es-
timated i.e., computel integrating (3), yaw rate are plotted in
the bottam diagram showing an accurag¢ predictian of the ve-
hicle’s belavior.

Finally, we conside ROMEO’s suge ard sway models.
During thes experimentsthe vehicle’s headirg was kept con-
start and the position was estimate with respetto a coupk of
perpendiculawalls of the pool. In the case of the surge model,
the drag inertig, ard thruste installation parametes have been
computel for ROMEO moving both forwards ard backvards
in the standad and micrones toolsled corfiguratiors showed
in Figs 1 ard 2. To evaluak the loss of efficiency due to pro-
peller—propelleard propeller—hulinteractionsthe input force
hasbeen applied with three differert thrus mappingsi.e., surge
front, surge rea, ard horizontd all. Thrustes are assumd to
work in open wate when only the front ones push forward
ard only the rea ones push backvard while propeller-hull
interactiors are assumd to be preseh when only the front
thrustes push backwvard or only the rea ones push forward
(i < 1). When all four thrustes are used therr efficiency
is reducel by the combinal effects of the propeller—hul and
propeller—propelleinteractiors (piuitproveller 1) Different
codficients denotel by the superscripts+ and —, have been
assumd for the vehicle moving forward and backvards The
vehicle moved at steady-stat velocities normally boundel at
0.35 m/s See Tablke IV for the estimatian resuls for posiive
and negaive surge motion in the cag of technologich and
micrones payloal corfigurations.

Then experimensfor the identification of the vehicle’smass
in the surge direction were performel by applying a sinusoidal
input force of amplituce 25 N and offset 35 N, corresponding
to a regime speea of 0.27 m/s, with only the front thrusters,
i.e., assumig the efficiency parameteequa to one In accor-
dane with (13), the drag codficiert of the linearized system
is kr, = 212.25(Ns/m). Assumirg the inertiam, = 450 +
50%(450) = 675 kg, (13) and (14) suggesan optimd input fre-
querty wop; = 0.18 Hz. Fig. 14 shows the dat relaive to the
surgeinertiaidentification experimentwhere asinusoidainput
of periad 26 s has been applied The input signd frequerty is
highe than the suboptim& one in orde to allow the vehicle to
reat the regime speel and to be excited with a coupk of si-
nusoidé periods in a manewering spae of abou 20 m. From
top to bottom the foll owing are displayed the input force, the
3.3-Hz samplirg rate sona prdfiler position measuremenand
the velocity signd computel using a symmetrc window of 21
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TABLE I
ROMEO Y AW MODEL: ESTIMATED DRAG AND THRUSTER INSTALL ATION COEFFICIENTS

k, [Nms/rad] | kg, [Nms?/rad’] bl 1 hull-propeller
b 20.5 49.5 0.60 0.60
Linear and
quadratic yaw ER 2.6 7.2 0.03 0.025
model 100, /‘é\ 12.7 % 14.5% 5% 42 %
Linear and b 23.8 30.8 0.67 0.61
quadratic yaw & 35 207 0.048 0.036
model at low — r = S
speed 1006, /M 14.7 % 67.2% 72% 59%
3 28.6 - 0.68 0.62
Linear yaw model P 13 N 0.049 0.036
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Fig. 12. Top: nomind applied yaw torque (Nm) versts time (s). Middle:
relaive 10-Hz samplirg rate measurd headimg (deg). Bottom estimate yaw
rate (deg/s) for yaw drag parameteidentfication.

points The solid curves in the position and force plots refer to

the data actually adoptel for the identification proces while

the dasheé ones show the whole batt of data Two multipath
echoe are visible in the middle of the batd of the sona mea-
suremehdata A massi,, = (890+56) kg hasbeen estimated,
so that apha® lag betwea the input force and the output surge

spea of about45° is expecta when an input signd with a pe-

riod of 26 s is applied A time lag of 2.7 s is measurd (see
Fig. 14), which correspondto a pha® lag of 37°.

Notice that, accordiny to the classichtheor of ided fluids,
the surge addel mass codficient of an ellipsoid of totd length
2a, totd height2¢, ard totd width 2b in an ided fluid of den-
sity p isgiven by A = (4/3)wabeph(p, q), wherep = a/b and
g = ¢/b. Accordirg to the plots of / reportel in [44] ard as-
sumingp = 1000 kg/m?®, the surge addel mas codficient of
an ellipsoid having the length width, ard height of ROMEO
is A = 183 kg, i.e., sensiby lower than the estimate value of
abou 440 kg as»,, = 890 kg, suggestig tha the geometry
of an open-frane ROV sud as ROMEO canna be successfully
approximate by simple shapes.
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Fig. 13. Yaw modd validation Top: nomind and actua yaw torque (V)
versts time (s). Bottom relaive measurd ard model-predictd yaw rates
(deg/s).

To evaluat the reliability of the estimatel surge mode| the
speel measuremdrdaia of othe experimens have been com-
paral with the sped relatve to the sane input forces predicted
accordimg to the modé (3). In the top picture of Fig. 15, the ap-
plied suge force is plotted (notice that the vehicle worked in
surge front mappirg mode i.e., with , = 1), while the mea-
sured and estimaté surge velocity are shown in the bottam pic-
ture.

The sway drag and thruste installation codficientshavebeen
identified analogousl. For details refer to [45].

V. CONCLUSIONS

A procedue for the identffication of the drag ard inertia pa-
rametes of open-frane ROV’ s ard the resuls of itsimplemen-
tation on ared systen have been presentedThe identification
procedue is basel on on-boad senso dat rathe than towing
tark experimentsAlthough in principle towing tark methods
allow for abette estimatian accuray (in particula of theinertia
codficients) they are usually performel on a scalel modd of
the vehicle rathe than on the red systen [17] with all the re-
lated drawbacks Moreover, such towing tark methodare much
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TABLE IV
ROMEQ: ESTIMATED DRAG AND THRUSTER INSTALL ATION COEFFICIENTS FOR FORWARD AND BACKWARD SURGE MOTION IN TECHNOLOGICAL AND
MICRONESS PAYLOAD CONFIGURATION

k: [NS /m] k:|u| [st /mz] n]}}ull+ ll:ull—pmpelleﬁ
F 46.9 306.2 0.73 0.73
forward surge model —
in technological Gg 4.9 15.9 0.014 0.014
payload configuration 1006'9/‘é| 10.4 % 52% 1.9 % 1.9%
8 33.0 326.6 0.72 0.67
forward surge model — 0024 0004
in microness payload Ce 8.7 27.7 : :
configuration 100&0/‘(3‘ 26.4 % 8.5 % 33% 3.6%
k; [Ns/m] k;]u| [st/mz] nhull— nl;ull-propeller—
o 57.9 331.4 0.89 0.80
backward surge model -
in technological o 5.4 18.9 0.016 0.015
payload configuration | 104 &e/‘é‘ 93 % 57% 1.8% 1.9%
S 484 3247 0.84 0.63
backward surge model ~
in microness payload Oo 8.3 28.1 0.023 0.023
configuration 10069/‘(3' 17.1 % 8.7 % 2.7 % 3.7%
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Fig. 14. Suge inertia paramete identification experiments Top: nominal

applied surge force (V) in surge front mappirg mode versts time (s). Middle:

sona measurd position (m) at 3.3-Hz samplirg rate Bottom estimated
velocity (m/s). The dashé lines show the whole batd of data while the solid

ones are relatve to the subsé of dat employael for identification Two set of

missirg sona measuremesiare visible betwe@ 70-& s.

more expensve, compkx, and time consumingA simple se of
inputs and the relaive modé fitting techniqe have bea de-
fined for the on-boad senso basel estimatian of drag inertia,
ard thruste installation codficients of a decouplée lumped pa-
ramete ROV model.

The maja advantag of the propose approab consiss of
the possibility of successfulf modelirg the propeller-hul and
propeller—propelleeffects through a thruste installation coef-
ficient tha is estimate with the same data adoptel for thedrag
codficient estimation Moreover, thanlks to their simple nature,
the tess may be repeatd when the vehicle changs corfigu-
ration in orde to tune the contrd systen when required It is

Fig. 15. Suge modé validation Top: nomind applied suge force (V) in
surge front mappirg moce versts time (s). Bottom relaive compute and
model-predictd surge velocity (m/s).

worth pointing out tha the identification procedue has been
designe taking into accout the vehicle’s modd structure the
type of available sensorsard the actuato dynamics Constant
velocity tess with differert thruste mapping are suggested
for the identification of the drag and thruste installation coef-
ficients knowing which sinusoid&input tess are designe for
the estimatian of the inertia parametersThe developed proce-
dure has been experimentaly testel on the suge, sway, heave,
ard yaw axis of the ROMEO UUV. The daf relaive to nu-
merots experimenté trials and to two payloal corfigurations
have beean processd and the resuls are reportal in detail It
has been shown that yaw drag in the typicd operatirg yaw rate
range i.e., |»| < 10 deg/s is bette modela by a linear term
only rathe than both a linear and a quadratt one this isim-
portart as it suggest that, as far as the yaw axis is concerned,



linear contrd techniqus may be successfull adopted It has
bean shown that the propeller—hul and propeller—propellein-
teractiors may have an extremely importart relevanein the dy-
namicsof open-frane ROV’ sand shoul thusbe taken explicitly
into accountExperimenthdatrelaive to the ROMEO vehicle
show tha the thrusters efficiency loss with respetto the open
wate thrug tunné thruste model| due to propeller—propeller
ard propeller-hulinteractiorsisgreate than 10% for ead con-
sideral axis and reache the significart value of 44% for heave.
Indeed the proposé identification schene for the thrustersin-
stallation codficient is simple low cost ard effective. Finally,
it shoutl be noted that the propose modelirg and identification
schene does not necessanyl require the thrug tunnéd identfi-
cation of the thrusters Assumirg (6) 7 = ¢y V|V to hold, the
vehicle’smodd (3) can bedivided by the unknown ¢y and once
asd of suitabk thrug mapping with unitary installation coef-
ficients have been heuristicaly defined on the bask of the ve-
hicle’s structure the whole identification procedue can be im-
plemente adoptirg thethrustersinput voltageV” asthe control
signal.
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