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Current submerged science projects such as VENAN&PTUNE have revealed the
need for small, low-cost and easily deployed undésw remotely operated vehicle-
manipulator ROVM) systems. Unfortunately, existing small remotelperated
underwater vehiclesROV) are not equipped to complete the complex and&ntye
submerged tasks required for these projects. Tdrerethis thesis is aimed at adapting a
popular small ROV into a ROVM that is capable ofwvioost and time-efficient
underwater manipulation. To realize this objectithee coordinated control of ROVM
systems is required, which, in the context of temsearch, is defined as the collection of
hardware and software that provides advanced fumaities to small ROVM systems.
In light of this, the primary focus of this diss#ron is to propose various technical
building blocks that ultimately lead to the reatiaa of such a coordinated control
system for small ROVMs.

To develop such a coordinated control of ROVM systeit is proposed that ROV and
manipulator motion be coordinated optimally ancelidently. With coordination, the
system becomes redundant: there are more degreiesedom DOF) than required.
Hence, the extra DOFs can be used to achieve sagondjectives in addition to the
primary end-effector following task with a redundgnresolution scheme. This
eliminates the standard practice of holding the Re&tdtionary during a task and
uncovers significant potential in the small ROVM(ibrm.

In the proposed scheme, the ROV and manipulatoiomé first coordinated such that
singular configurations of the manipulator are dedi, and hence dexterous manipulation

is ensured. This is done by using the ROV's mighiii an optimal, coordinated manner.
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Later, to accommodate a more comprehensive seeajndary objectives, a fuzzy
based approach is proposed. The method conslieiautman pilot as the main operator
and the fuzzy machine as an artificial assistatut ghat dynamically prioritizes the
secondary objectives and then determines the olptimogon.

Several model-based control methodologies are gegpdor small ROV/ROVM
systems to realize the desired motion producechbyrédundancy resolution, including
an adaptive sliding-mode control, an upper bounaptde sliding-mode control with
adaptive PID layer, and an.Hliding-mode control. For the unified system (nedancy
resolution and controller), a new human-machinerfate HM1) is designed that can
facilitate the coordinated control of ROVM systemdhis HMI involves a 6-DOF
parallel joystick, and a 3-D visual display and rapdical user interfaceGUI) that
enables a human pilot to smoothly interact with R@VM systems. Hardware-in-the-
loop simulations are carried out to evaluate théop@mance of the coordination schemes.

On the thrust allocation side, a novel fault-tolerdrust allocation scheme is proposed
to distribute forces and moments commanded by ¢tméraller over the thrusters. The
method utilizes the redundancy in the thruster d&dysd ROVM systems. The proposed
scheme minimizes the largest component of the threistor instead of the two-norm,
and hence provides better manoeuvrability.

In the first phase of implementation, a small irdjg®-class ROV, a Saab-Seaeye
Falcon™ ROV, is adopted. To improve the navigatanavigation skid is designed that
contains a Doppler Velocity Log, a compass, antimemeasurement unit, and acoustic
position data. The sensor data is blended usindd@ended Kalman Filter. The
developed ROV system uses the upper bound adaptigeng-mode control with
adaptive PID layer.

The theoretical and practical results illustratat tthe proposed tools can transform, a
small, low-cost ROVM system into a highly capabliene-efficient system that can

complete complex subsea tasks.
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CHAPTER 1. INTRODUCTION

1.1 Background

Remotely operated underwater vehicles (ROVs) eqappith robotic manipulators
play an important role in a number of shallow arebmiwater missions for marine
science, oil and gas extraction, exploration anslage [1]. The combined system is
referred to as an underwater remotely operatecchkehianipulator (ROVM) as shown in
Figure 1. In these applications, the ROV is usedhanobile platform that delivers a
robotic manipulator to a subsea work site. The amstiof the ROV and the manipulator
are guided independently by a human pilot on aasersupport vessel through a long
slender tether that provides power and telemetiy. #etailed surveys, a precise
description of a desired ROV motion can be accoshpli by an on-board ROV
controller that uses ROV state feedback provide@rmyacoustic and inertial positioning
system. [2]. In most cases, the ROV controlleessbn a dynamic model to intelligently
command conventional propeller type thrusters @ednon the ROV chassis.
Manipulator units are generally add-on technologigoduced by independent

manufacturers, and hence the manipulator most bfieran independent control system.
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Figure 1. A typical ROVM System In such systems thajor components are tether, ROV
chassis, thrusters, on-board cameras and roboticipmators. Image courtesy of

http://seaeye.com).

In many ROV applications, the teleoperated maderesarm configuration is used to
execute underwater tasks. In this configuratiom, imman pilot sets the desired end-
effector position and orientation using a kinenaticsimilar, but passive, master arm
whose individual joint motions are duplicated by ttubmerged slave arm. When the
ROV mobility is not needed, this strategy reliestba ROV’s ability to hold station in
order to emulate the stationary setting that th@dmupilot is situated within. In the case
when the ROV mobility is also required, a secordtpwho is in charge of commanding
the ROV motion whilst the first pilot drives the ceeffector using the master-arm, is
placed in the operation scheme. During such omeratithe two pilots operate the ROV
and the manipulator separately, thereby requiriggreus coordination between the two
pilots. To command the ROV and the manipulatag, dhots use two-dimensional video
images, provided by the ROV’s on-board cameragjdge the required arm motions in

the coming moments. A typical such teleoperatisiesy is demonstrated in Figure 2.
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Figure 2: A typical ROVM teleoperation scheme fddVAM systems. In this scheme, there are

two pilots operating the system; first pilot drivikee ROV and the second pilot commands the
manipulator with their respective hand control sinfHCU).  The ROVM System and the
Manipulator HCU images are courtesy of http://seasym.

1.2 Motivation

ROV systems are in general categorized into twaugsobased on their size and
functionality; namely, work class and inspectioassl ROVs shown in Figure 3. Work
class ROVs are very heavy and large in size, aacktbre, requires specific expensive
logistical arrangements for their deployment susih& rent/purchase of a surface vessel,
a crane attached to this surface vessel and a hagh¢y-qualified crew operating and
supervising the ROV operations — see Figure 4 riglaige. Inspection class ROVs, on
the other hand, are light-weight, small, and hehoghly-portable. They can be easily
deployed from a wide range of inexpensive deploynsefttings such as the back of a

small boat or a wharf without needing a large creee Figure 4 left image. As such, the



Figure 3: The difference in size can be seen betwegork-class ROV and an inspection- class

ROV. Image courtesy of http://oceanscan.net.

smaller inspection class ROVs are most desiralslsHallow-depth tasks in which work-
class ROVs cannot be deployed due to their sizefoortasks in which the added
complexity and expenses of work-class ROVs canaqustified due to the nature of the

subsea mission and a lack of budget.

Figure 4: On the left, a work-class ROV is beingdhdeployed in the water from a pier. On the
right, an inspection-class ROV is being deployedaloyew with a crane attached on the surface

vehicle. The image on the right is courtesy gbiMpolartrec.com.
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Current submerged science endeavours such as VEB]WAd NEPTUNE [4] off the

Canadian Pacific coast are creating a surge efast in underwater remotely operated
vehicle-manipulator systems (ROVMs) — particulasiyall easily deployed variants of
this class. This facility is made up of a largedegpread, network of interconnected
underwater nodes that is connected to a wide rahgmderwater sensors. Within the
scope of NEPTUNE project, one particular node whiae need for small ROVM
systems is apparent is the Folger Passage locatbe aeaward end of Barkley Sound,
British Columbia — see Figure 5. Connected to tiade, there are various ocean floor
instruments positioned at the depth of 100m and EEmCurrently, a work-class, 5-ton
ROPOS vehicle, operated by Canadian Scientific Subimle, is deployed for
construction, service and maintenance on thesesenssee Figure 6. However, at this
shallow depth, having the option of deploying a kn@expensive, highly-capable ROV,
as an alternative to large, expensive work-class/R@uld significantly reduce the
mission planning and operation time as well agtiodibitive cost of deployment.
Demonstration of ROVM capabilities on large scatelerwater observatories is also
creating an appetite for ROVM technology in othpplecations such as aquaculture and
ocean energy where infrastructure is installectiatively shallow waters (< 300 m). For
these shallower applications, smaller and more @oom ROVMs could play a
significant role in servicing submerged equipmebnfortunately, existing small ROV
platforms are inspection class vehicles, and ateeguipped to complete complex and
interactive submerged tasks; there are very few ipodators that are produced
specifically for smaller ROV systems, and those thast are typically under-actuated in

the context of six degree of freedoBdF) tasks. When an under-actuated manipulator
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and the small ROV are coupled using the conventtioparation scheme, one in which

the ROV motion is eliminated by a second humantptlte end-effector workspace is
compressed beyond useful limits. Even if a pakictask is kinematically admissible,

vigorous coordination of the two pilots is required

S Chart lo. 36711
I Rock Fsn Comenvanonaanea PIRIDIN NOTIOS LTS -1307, CM 45”

Figure 5: NEPTUNE Canada Folger Passage site maisl particular node, the instruments are
positioned in two clusters; namely, Folger Pas$2egp and the Folger Passage Pinnacle with the
depth ratings of 100m and 25m, respectively. Inametesy of [5].



Figure 6: A snapshot from ROPOS’s board camera. In this picture, ROPOS vehicl
deploying a bottom pressure recorder at the Fdgssage with its hydraulic arm. Image coul

of http:// neptunecanada.ca.

To expand the range of possible tasks for small RIO8stems, the ROV and
manipulator motions must be coupled so that the Rdécomes a mobile redundant
manipulator. Such automatic coordination of an R&®¥ a manipulator is hampered by
a variety of factors including: disparate respotisees experienced over the different
actuators in a ROVM system, reaction loads thatlbgvat the base of the manipulator

and disturb the ROV motion, and the limited feedda¢ailable to the human pilots.

During coordinated control of an ROVM, the ROV téirers and the manipulator joints
must be combined to realize a desired end effeotdron. However, the ROV response
will, in general, trail that of the manipulator senthe ROV thrusters rely on momentum
transfer to a fluid and have an inherent lag inrthresponse to pilot inputs. This problem
is more apparent for smaller ROVM systems, as #tené of the dynamic coupling is

more prominent. In a conventional operation schetime ROV thrusters are used to
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counter slowly varying tether and current distudes and the manipulator joints are

relied upon for detailed interaction with the subssmvironment. However, when the
ROV DOFs are needed for an end-effector task tivégion is no longer possible.

When the thrusters and manipulator joints are costbiproperly to drive the end
effector, inertial and hydrodynamic drag associateth the manipulator link motion
creates reactions at the manipulator-ROV juncfidre reaction loads are disturbances on
the ROV motion that subsequently disturb the plaagnof the end-effector. As such,
the reaction loads, albeit internal forces withie ROVM, can elicit a correction from
the pilot that can exacerbate the problem [1],][3-6

Moreover, the ROV motion control during the arm ipakation is compromised by
the limited visual and navigational feedback avddato the pilot, and the inability to
sense significant disturbances being exerted byR¥ tether, the manipulator and any
ocean currents. As a result, the human pilot respowill change suddenly during
ROVM operation, and it will be important to maimtahe mobility of the manipulator so
that the joints are always available to help repoed commanded end-effector

corrections.

1.3 Objectives
In order to address the difficulties outlined i ghrevious section, and create a viable
coordinated control system for small ROVMs, therent research aims to:
1) Develop control algorithms for small ROVs that pdes station keeping,
waypoint following and trajectory following capaligs; using state feedback

from an off-the-shelf and affordable sensor suite;
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2) Develop kinematics algorithms that can automatycdissect a commanded

end-effector motion into coordinated ROV and malafar joint motions;

3) Develop control algorithms that can accurately parROV and manipulator
motions, commanded by the kinematic algorithmsuftemeously by properly
accounting for the dynamic coupling of the ROV amahipulator;

4) Develop a novel human-machine interfatéV ) that can facilitate various
modes of ROV/ROVM operation including direct comtod the end-effector
position and orientation.

To appreciate the choice of objectives for theasgeprogram, one needs to envision a
representative small ROVM system performing a regméative task at the ocean floor —
sediment sampling for example.

In this hypothetical scenario, the task starts wiith hand deployment of the ROVM
system from the back of a small boat. Knowing to®rdinates of the location of
interest, the pilot first enters these coordinated subsequently enables the automatic
control mode using the HMI. During tla@itomatic-motion modehe ROV needs to fly,
and at the same time, avoid obstacles mostly dtigetoneven nature of the ocean-floor.
To this end, the pilot uses the combinatiowafy-pointandtrajectory followingmodes
First, she enters a series of waypoints definirggath and sets the modeway-point
tracking for obstacle-free regions and tr@jectory trackingfor sections with obstacles.
When set to thavay-point trackingmode, the ROV automatic controller guides the
vehicle through way-point destinations without pgsiany constraints on the type of
motion. When set to thérajectory tracking mode, however, the ROV automatic

controller makes the vehicle follow a predefinedjdctory, set by the pilot to avoid
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known obstacles, as the vehicle traverses throbghwaypoints. Having arrived to the

desired destination, the ROV now needs to perftwersedimentary sampling task within
the vicinity of its current location.

To this end, first the pilot needs to pick up tleeecsampler fixed on the tool-sled and,
at the same time, keeps the vehicle stationarythasstrong ocean currents push the
vehicle from its current location. The pilot cacheeve this by simply enabling the
station-keeping moden which the controller intelligently commands tloe-board
thrusters to combat against disturbance forcesedaby the tether, manipulator and
ocean current.

While the vehicle motion is fixed, the pilot nowncpick up the core sampler with the
manipulator. With the core sampler being in thd-effector, the ROV pilot enables the
coordinated ROV/manipulator motion moded starts to guide the end-effector to the
sampling location by using a 6-DOF joystick.

Receiving the end-effector commands from the piladhe coordinated
ROV/manipulator motion mod#issects this motion into the vehicle and the aration
in a coordinated manner while working to achieveose-level objectives that are preset
by the pilot. With the coordinated control-modertgeon, as opposed to the conventional
methods, the pilot is no longer concerned aboutsanding the individual ROV and the
manipulator’'s DOFs.

To achieve this level of functionality, the coordied control of ROVM systems is
required, which, in the context of this researshdefined as the collection of hardware

and software that allows the aforementioned funetlities. Therefore, the primary focus
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of this dissertation is to propose various tecHrealding blocks that ultimately lead to

the realization of such a coordinated control sysher small ROVMs.

Coordinated control of small ROVMs draws upon resedrom four thematic areas;
namely,ROV Dynamics and ContrdROV Thrust allocationROVM kinematicsROVM
Dynamics and ControlThe following sections summarize existing worktlese fields
and the developments necessary to realize a c@bedincontrol system for a small

ROVM.

1.4 Literature Survey
1.4.1 Survey on ROV Dynamics Modelling and Control

An ROV controller must, using an estimate of the\R€bate and a given desired state,
calculate a motion that will drive the ROV towalittie desired state in a stable manner
and intelligently operate the on-board thrustersobtain that motion. In the ROV
paradigm, the control problem is challenged by ueitactors such as:

* Inaccuracies in the ROV dynamic model caused by poowledge of the
hydrodynamic parameters;

» A void of knowledge of some significant disturbasiceich as tether force, and
end-effector payloads.

These constraints call for a robust controller: tret is insensitive to inaccuracies in
the dynamic model of the ROV and has the strontudiance rejection capabilities to
handle the dynamic effect of the umbilical, mangtoi, the ocean current, etc.
Therefore, the primary focus in existing ROV dynesnand control research is on the
estimation of these unknown dynamics and incorpmraif these estimates into the final

control law.
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Traditional linear controllers cannot provide higiecision motion control ability when

directly used, as their performance degrades stgmifly in the face of highly non-linear
ROV hydro dynamics and disturbance forces due ¢otéther, ocean current and any
external effect caused by the unpredictable nadfirenderwater operating conditions.
Therefore, more advanced control techniques aréeadkéor reliable, high precision,
effective ROV operations that can perform well unthee presence of such conditions.
To this end, several nonlinear control techniquasehbeen proposed to address the
control problem of ROV systems.

A scheduling of linear H controllers was applied in [6]. To this end, therk of [6]
linearized the nonlinear ROV dynamics around ai@adr operating state vector with
various payload configurations. Although showrbé&a robust strategy in the presence
of disturbances, this controller suffers greatlyewhhe ROV is required to work outside
its preset operating state vector. To addresdgbige, another level of scheduling can be
incorporated into the scheme, which consists adtao6H, controllers linearized around
various operating vectors. However, this approiachot practical, as it is extremely
difficult to cover all operating conditions espédfgian the ROV paradigm in which the
human pilot input is indeterministic by nature.

Adaptive control techniques were also implementedhe control problem of ROV
systems in [7]-[12]. However, the majority of atlae controllers use a regressor matrix
that relates the hydrodynamic coefficients to nogdr system dynamics in a linear
fashion. To obtain this linearity, many assumpdicare made in the system model
leading to degradation in the quality of the modedgstem dynamics and in turn poorer

controller performance. Those that do not usegiessor matrix do not utilize the
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available knowledge of the system dynamics whichldtcde otherwise used to obtain

higher controller performance. In addition, adeptontrollers require the persistency of
excitation condition to be satisfied for a reliabdl@plementation. This condition
indicates that the content of input signal is resfough to excite all parameters in the
system so that the adaptation algorithm can coeverdhe true values of the estimated
parameters. When this condition is not satisfibe, “parameter drift” problem most
often occurs, leading to instability in the congol behaviour [13]. In the
aforementioned adaptive ROV control works, thishpem was not properly addressed,
or even reported.

Another common ROV controller draws upon the stidmode control theory, which
was applied to the ROV paradigm in works [14]-[18s demonstrated in these works,
the sliding-mode control is indeed an effective wagontrolling ROV systems due to its
insensitivity to imprecisions in the system dynasnimcodel. However, this insensitivity
comes at the expense of discontinuous, high freyuezontrol activity cited as
“chattering” in the relevant literature. The chattg phenomena makes this approach
less desirable since it could not only excite timenadeled system dynamics, in turn
causing instable system motion, but also it codddl to premature wear-out in the
thrusters. In addition, this type of control attyivcauses high heat dissipation in power
circuits that could be harmful to the electricatuits. To reduce chattering, the common
approach is the boundary layer approach [14]-[IIf}e boundary layer approach makes
the control activity continuous within the boundéayer and discontinuous outside of the

boundary layer. Time-varying version of the boundayer approach was proposed in
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[18]. Although effective, the boundary layer apgmb requires a trade-off between the

controller performance and the degree of redudtiarhattering.

Fuzzy-logic controllers were also adapted to the/R@radigm in [19] and [20]. The
fuzzy logic works based on a set of linguistic suleat reflect the knowledge of a human
pilot and could be effective approach. That besagd, this approach alone is not
adequate for tasks where precise and accurate R@Wmis required and needs to be
used with other control methods.

Neural network methods were also used for the obptoblem of ROV systems such
as in [21]-[23]. Neural-networks are very effeetitools in estimating unknown
dynamics due to their universal approximation aatriing capabilities. However, when
used alone, the neural network controllers regextensive amounts of training data to
achieve the desired estimation performance, whschat practical due to the random

nature of ROV applications.

1.4.2 Survey on ROV Thrust Allocation

A control law produces a measure of the generaliaex®, a force and a moment, that
is needed at the ROV center of mass. The genedal@@ce must then be realized by the
arrangement of on-board thrusters. To ensure nuamalgility, the thruster arrangement
is redundant; there are more thrusters than therecive vehicle degrees of freedom.
Due to the excess number of thrusters, there amgfiaite number of ways to allocate the
controller's command. The field of thrust alloceti deals with the generation of
mathematical criteria that can be applied to autenthe selection of one particular

solution
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A prominent approach to the thrust allocation peablis the 2 norml{ norm) based

solution in which the sum of the squares of theviddal thruster forces is minimized. In
[11], a pseudo-inverse solution, and in [24]-[2F weighted pseudo-inverse is used to
generate an optimal distribution of a commandecegdized force. The pseudo-inverse

method has the advantage of being relatively simplecompute. Pseudo-inverse
solutions correspond to the minimization of eittiee |, norm or a weighted, norm of

the thrust manifold. The pseudo-inverse soluti@as &lso used for the thruster allocation
problem in [26]. To generate reference thrustémesathat do not exceed the saturation

limit of each thruster, in [26] a dynamic statediback method was employed.
However, the pseudo-inverse methdd florm minimization) does not afford easy

implementation of thruster saturation limits [25lt was reported in [27] that, even if

thruster saturation is implemented, the pseudorsevesolution is not guaranteed to
satisfy the saturation constraints. Furthermone, It norm-based solution does not

necessarily minimize the magnitudes of the indigidinrusts, and can generate thrust
demands that may exceed an individual thrusterfsra@on point. In addition, there

could be an unequal distribution in the thrust f@dileading to a relatively high thrust

demand for a particular thruster. Also, there teg@utions where minimizing thé,
norm gives feasible solutions whereas minimizirglthnorm does not. This is due to the
fact that thel, norm provides the exact representation of theilfsasghrust solution

space whereas thHg norm provides an approximation of the feasiblaisoh space. In

such cases, there exists a potential for a loseasfoeuvrability on subsequent control

steps.
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1.4.3 Survey on ROVM Kinematics

ROVM systems are an example of a mobile redundaaipulator. Redundant
systems possess more degrees of freed@¥§) than those required to execute a given
task. In a typical ROVM system, in addition to theanipulator's DOFs, the ROV itself
contributes 6 active DOFs, including surge (forwasivay (lateral) and heave (vertical)
translations, and a yawing rotation about the galtaxis. Due to the extra DOFs, the
ROVM system admits an infinite number of joint-spaolutions for a given end-effector
position and orientation. The available redundB@Fs can be used to achieve
additional, or secondary, objectives while the givend-effector motion, the primary
task, remains uncompromised. The study of ROVMkiatics deals with the creation of
secondary objectives that make the solution forjoirg motions deterministic and also
make the pilot’s job easier in the coming moments.

The implementations of redundancy resolution methtmdthe ROVM systems have
been documented in only a few existing works asitedi out in [28]. The singularity
robust task-priority redundancy resolution [29],iethwas originally proposed in [30]
and [31], was shown to be useful for a ROVM in [8RE to its multitask capabilities. In
[32], the secondary task was set to hold the vehsthtionary, and the manipulator
singularity avoidance was realized by constrairfjoigt motion ranges. However, this
limits the available workspace of the manipulatdm.[33], the kinematic redundancy is
utilized to minimize the total hydrodynamic dragdes experienced by a ROVM system
in an effort to reduce energy consumption. Howgevere different dynamic
characteristics of the ROV and the manipulator weo¢ addressed. In [34], the
singularity robust task-priority redundancy reswntis merged with a fuzzy technique to

resolve the ROV-manipulator coordination. It whewn that the fuzzy method provides
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a versatile tool to handle multiple secondary tasdswever, the proposed scheme does

not provide a means to hold the vehicle motionigeen the commanded end-effector
location is within the reach of the manipulator. ulified dynamics-based motion
planning method that can produce both kinematicaldmissible and dynamically
realizable joint-space solution was proposed in.[3bhe proposed scheme takes into
account the different dynamic characteristics & ROV and manipulator, and resolves
the redundancy accordingly. A screw theory metlod)bined with the Davies method
to represent the differential motion, was implensento solve the inverse kinematics of
ROVM systems in [36]. The minimization of the R@\btion was realized by imposing
kinematic constraints on velocity magnitudes. Heevethe singularity problem was not
addressed in the same paper. The problem of @tmon unnecessary ROV motions
while avoiding manipulator singular configuratiomas addressed in [37], where a fuzzy
hybrid system was proposed as a solution to thablpm. However, the method
proposed in [37] requires complex fuzzy rules fardghg the ROV motion in a manner
consistent with the predefined “hysteresis” behawio

In order to fulfill the primary and secondary olijees, the redundancy resolution
scheme must allow the incorporation of multipldesta. Among all these works, only
[34] addresses the issue of multiple redundanoglugen criteria in ROVM systems in
detail. However, the task-priority redundancy teson approach used in [34] requires
predefined secondary task values at each samphrgg which may not be available for
on-line underwater tasks. Furthermore, [34] did mocount for faulty joints, and
excessive joint velocities. These deficiencies entile scheme short of being complete

for complex ROVM applications.
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1.4.4 Survey on ROVM Dynamics and Control

While the redundancy resolution scheme transldtespiot’'s intent into ROVM joint
rates and provides reference values, it falls esgarate robust control strategy to realize
these reference joint rates. The following chaleengre introduced by the presence of the
manipulator:

* Increased complexity of the mathematical model usdtie calculation of the
generalized force needed at the ROV center of madshe manipulator joint
torques;

* Uncertainty in the dynamic model of the manipulatorinly due to the poor
knowledge of the hydrodynamic parameters;

» Dynamic coupling between the vehicle and the mdatpu

» Differences in the bandwidth between the ROV amdntlanipulator actuators.

Similar to ROV controllers, ROVM controllers mustrform well in the presence of
inaccuracies in the ROVM dynamic model. ReseancROVM control is focussed on
on-line techniques to estimate the unknown dynaraias use these estimations in the
calculation of needed actuator inputs.

Controller development has been largely appliedR@Vs, and it is rare that the
manipulator degrees of freedom are considerede uriified control of ROVM systems
has been addressed in [38]. In [38], an adaptiveralber for an ROVM was designed.
A robust control technique based on the singulatugeation method was demonstrated
in [39]. The computed torque control was applied33] on an ROVM system. A
model-based sliding mode controller was proposedlit]. In [40], a sliding-mode

controller with a Fuzzy logic based tuning of tlmatrol gains was designed.
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In these methods, as mentioned in Section 1.4€l ataptive control methodology

requires deriving a regressor matrix. This stequires linear parameterization of the
hydrodynamic coefficients, which is difficult toakze due to the nonlinear nature of the
system dynamics. Due to this difficulty, furthessamptions are necessary in the system
model leading to further degradation in the quatityhe modeled system dynamics and
in turn poorer controller performance. In termstbé computed torque method, it
requires exact knowledge of ROVM system, whichxisesnely difficult to obtain.

It has been shown that the model-based sliding-rapgeoach is an effective means of
controlling a ROV, largely due to its ability toléoate imprecision in the dynamics
model [14], [15], and [41]. As mentioned in Sentib4.1, the direct implementation of a
sliding-mode controller causes chattering. As ViRAV systems, to eliminate or reduce
chattering, the boundary layer method could be .udddwever, as noted before, when
the boundary layer approach is used, the robuspregerty of the sliding mode control
is compromised for the sake of chattering elimwmratsince sliding-mode controllers act

similarly to PD controllers within the boundary é&ag.

1.5 Methodology

In this section, low-level objectives in each théméeld are defined. These low-level
objectives are determined based on the shortconoihgach thematic field mentioned in
Section 1.4 and concurrently outlines the necesstys towards the realization of the

high level objectives listed in Section 1.3.

1.5.1 ROV Dynamics and Control

In ROV control literature, the adaptive control ahé sliding-mode control strategies

are widely used due to their robust nature to umknaynamics. As mentioned in
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Section 1.4.1, the adaptive control requires thevaion of a regressor matrix which

requires the assumption of linearity in the hydmayic parameters. This assumption is
hard to justify since the existing models contaimlinearity in the hydrodynamic
parameters. Therefore, existing adaptive contm®lte not allow the use of a detailed
dynamics model. With regards to the sliding-mopleraach, the existing methods utilize
a boundary layer approach to eradicate the chadgtgnioblem. However, this approach
eliminates the robustness property of the slidiragiencontrol approach, as the controller
acts as a PD controller within the boundary layets. addition, the controller to be
designed must be robust to the parameter drift lprnokthat often occurs when the
persistency of excitation condition is not satdfieTherefore, the following technical
objectives will be pursued for the ROV dynamics aadtrol:

1) Develop ROV simulation platform(s) to be used a®st bed for the motion
controllers to be designed,;

2) Develop a ROV control that can blend the advantagetbe adaptive theory
with the advantages of the sliding-mode theory gbliminating their pertinent
disadvantages with robustness property to the pateardrift problem;

3) Implement the most promising controller on an imsjo@-class Falcon™ ROV.
This implementation involves the following steps:

a) Designing a new modular navigation skid that usésead of Doppler
Velocity Log, compass, inertial measurements amdistic data;

b) Designing and tuning Extended Kalman Filter for umsthe controller;

c) Extracting the dynamic model of the Falcon withdiexperiments;

d) Implementing the controller and collecting fieldala
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1.5.2 ROV Thrust Allocation

As a survey of the literature in Section 1.4.2 fesaled that the prominent approach

to the thrust allocation scheme is the norm solution. However, there are some
disadvantages of thl norm solution. For instance, it may cause exeegsirust values,

which may lead to controller failure due to theuster saturation limits. Also, thi
norm method does not afford easy implementationtrotister saturation limits.
Furthermore, since thk, norm seeks for a solution within the space defibgdhe |,

norm, it does not cover all feasible solution psintAlso, the scheme must be fault-
tolerant for reliable thrust allocation applicasonThus, significant contributions can be
made by:
1) Developing an effective thrust allocation schena tliilizes the redundancy in
the thruster lay-out for better manoeuvrability;

2) Making the derived scheme fault-tolerant and capabi eliminating the
complications associated with thenorm solution.

The proposed research objectives will foster theelbpment of future improvements

and modifications to the ROV systems.

1.5.3 ROVM Kinematics

Since the redundancy resolution replaces the humtarvention in the vehicle and
manipulator motion, it is vital for the redundanegolution to accommodate all possible
scenarios that might occur during ROVM applicatiorss a survey of the literature in
Section 1.4.3 has revealed, the existing literafaréar from being complete in this

regard. For instance, there is no redundancyugsolscheme for ROVM systems that
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allows the inclusion of multiple objectives with fault-tolerant property. Also, the

existing schemes do not consider velocity limitstba joints. Moreover, there is no
work reported related to the interfacing of theursdiancy resolution technique with a 6-
DOF hand control unit with real-time implementatioethodology. Furthermore, there
is no detailed user-machine interface scheme foaildd ROVM operations in the

existing literature. Thus, this research aims for:

1) Developing a redundancy resolution scheme that racwates multiple
objectives;

2) Orchestrating these competing secondary objectives optimal, coordinated
manner without generating any excessive joint vB&sc and fault-tolerant
property;

3) Interfacing the derived redundancy resolution vaite-DOF joystick performed
to evaluate the performance of the proposed redwydasolution schemes for
a broad range of ROVM end-effector inputs;

4) Developing a user-machine interface for effecti@\1 operations using the

proposed redundancy scheme.

1.5.4 ROVM Dynamics and Control

In terms of ROVM control literature; there is ordyfew works that directly deal with
the ROVM control. Similarly to ROV systems, the iy accepted approaches to the
control problem of ROVM systems are the adaptivetrd and the sliding-mode control
strategy due to their success in dealing with inesdes in the system model, and hence
were chosen for the current work. Since the adeptontrol and the sliding-mode

control methodologies will be employed, the proldesiefined in Section 1.5.1 applies to
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the ROVM control problem tackled in this work. Hewer, given the existence of the

manipulator in ROVM system, the following reseasatins are added to those of Section
1.5.1:
1. Deriving computationally efficient dynamic modetiirstrategy for the ROVM
dynamic modelling that includes the manipulator.
2. Deriving unified control methodologies for effe@iVROVM system control
that addresses the challenges outlined in Sectibd.1
The proposed research objectives will foster theelbgment of future improvements

and modifications to the ROVM systems.

1.6 The Experimental ROVM platform

The experimental ROVM platform used in the expentakportion of this dissertation
is an inspection class, Saab-Seaeye Falcon™ ROXdea by Suboceanic Sciences Ltd
with a 4-DOF Hydraulic HLK43000 manipulator prodddey Hydrolek Ltd as shown in
Figure 7 and Figure 8, respectively. In termshef Falcon™ ROV, its main components
are the vehicle, tether, and surface station agshio Figure 7. The vehicle is designed
to dive up to 300m deep and has 75kg mass. Thew2IROV has 5 electric thrusters;
the first four thrusters are for the vehicle’s kontal plane motion, the last one is for the
vertical motion in the water column. The forwatdteral and heave motion of the
vehicle are controlled by moving the joystick oe tralcon ™ HCU as shown in Figure 9
(left). In terms of the on-board navigational coments, the system is equipped with
compass for heading measurement, rate gyro foh @t roll angles, and finally a
pressure sensor for depth measurement. In addihersystem has passive sonar that is

used to detect nearby objects in the vehicle’szootal plane.
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Figure 7. Inspection-class SeaEYE Falcon™ ROV syste Due to their one to one ratio
between its weight and trust, these systems arenomiy used in industry. This system was used

as a test-bed for the experimental portion of timeent work. Image courtesy of [43].

Figure 8: HLK 43000™ 4-DOF hydraulically powereddenwater manipulator produced by
Hydrolek Ltd. This arm is designed specifically faspection class ROVs and can be easily
mounted to the Falcon ROV.
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Figure 9: On the left is the Falcon™ HCU that alkotive human pilot to operate the vehicle. On
the right is the HCU of the HLK 43000 underwater nipalator. By pushing/pulling the
corresponding joystick on the manipulator HCU, widlial joints can be moved. Currently, the
manipulator HCU allows commanding only one jointtioo at a time.

Additionally, the Falcon™ ROV employed in this wdskequipped with a 350m long
fiber-optic tether that is used to transmit powed &i-directional telemetry between the
surface station and the vehicle. To communicatth veach on-board device, the
Falcon™ system implements RS485 multi-drop networiwhich each node contains a
micro controller that receives/sends commandsgegdliom/to the master node over the

network.

Finally, the surface station contains power, s@feantrol unit §CU) and monitoring
devices for the pilot to operate the vehicle safedyn a surface vessel. The power unit
transmits 2KW power to down the vehicle. The SQ@udtains a PC104 stack by which
the master node is programmed. The master node&vesccommands from the HCU and
transmits the commands to the targeted nodes cadime over the RS485 network and
receives replies from the corresponding nodes. H@G® allows the pilot to control the

on board thrusters, lights and the tilt motor & tin-board camera through the surface
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control. The sonar display indicates the nearbjeab and finally the video screen

provides visual information to the pilot as well & video overlay indicating the

vehicle’s orientations.

As for the HLK 43000™ underwater manipulator, ibyides additional 4DOF to the
Falcon™ ROV. It has a hydraulic pump mounted onrttaipulator skid that provides
pressurized hydraulic fluid to each hydraulic cgin in the system. Through the on-off
solenoid valves located in the on-board valve-p#ek flow of the hydraulic fluid can be
controlled via a HCU. When a small joystick on HH€U is pushed up/pulled down, the
hydraulic fluid starts to flow/discharge into/frothe corresponding hydraulic cylinder;
causing the relevant joint to move. With the ergtHLK 43000™, only one joint can
be commanded at a time. The new version of this #yat allows the simultaneous
motion capability could never be delivered withire timeline of this research, and thus,
the evaluation of the ROVM kinematic coordinatiochemes and controllers was

contained to numerical simulations in this disg@&ia

To provide reference end-effector motion for thaleation of the coordinated control
of ROVM systems, the RSI joystick [42] shown in g 10a was used. The RSI
joystick has a parallel architecture that is congglosf two platforms (the base and the
handle), which are connected with three symmetramthes. Platforms and links are
sequentially connected with joints, six in totalsd®wn in Figure 10b. The minimum
number of transducers that the RSI hand controdlguires is six. Nevertheless, there
would be up to 16 solutions to the forward disphaeat problem. To eliminate this
uncertainty, Notash and Podhorodeski [44] analythedforward displacement problem

of the RSI joystick and concluded that with threkelidonal sensors, there is a unique
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solution to the forward displacement problem. Assult, the joystick is instrumented

with nine transducers, namely rotary Midori™ CP-2s@entiometers. To digitalize the

output voltages of the potentiometers, the DAQ tsuemployed.

Joint 1,

Branch A

Branch C

Figure 10: RSI Parallel-architectured joystick wes®d to generate reference values for the end-
effector motion. In the ROVM coordination work,ighjoystick replaces the HCU of the
Falcon™ ROV and the HLK 43000 shown in Figure Sadg® courtesy of [45].

1.7 Thesis Outline

The remainder of the dissertation proceeds aswstiocChapter 2 summarizes the
motivation, methodology and the contribution of legueer-reviewed publication and
submitted work completed in the field of ROV Dynamiand Control with emphasis on
the relation between each work and the objectivegned in Section 1.3. Chapter 3
summarizes the motivation, methodology and the rimtton of each peer-reviewed
published and non-published work done in the fiefdROVM Kinematics, ROVM
Dynamic and Control and ROVM operation. Finallyhapter 4 provides a brief
summary of the overall contributions and enumeratesnues for future work for

development.
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CHAPTER 2. SUMMARY OF CONTRIBUTIONS TO ROV
DYNAMICS MODELLING AND CONTROL

2.1 Chapter Review

In this chapter, technical building blocks towale tcompletion of Objective #1 of
Section 1.3 are summarized in the context of therdinated control of the Saab-Seaeye
Falcon™ ROV. As detailed in Section 1.3, the cawtkd control of ROVM systems
requires the following ROV functionalities: automcatStation Keeping Way-Point
TrackingandTrajectory Following While the objective of a station keeping contsolo
stabilize the vehicle around a desired set pomdluding position and orientatiothe
objective of a way-point controller is to track fimn commands by making the position
error vector converge to zero. With regards to ttAgectory following controller, the
objective is to follow time-dependant, desired poss and velocities of a trajectory.
With these functionalities, the human pilot can ooty guide the ROV motion with high
precision but also can make the ROV automaticalliow a preset route with precise

position and velocity directives.



29
In Section 2.2, different station-keeping contndledeveloped in the pursuit of

Objective #1 of Section 1.3 are summarized. Lilseyin Section 2.3, methodologies

developed for the way-point and trajectories foilogtasks are summarized.

2.2 ROV Control: Station Keeping

The major goal in station keeping controller dedignROV systems is to develop a
controller that stabilizes the vehicle around aredsset point while compensating for the
disturbance forces acting on the ROV. In the R@vagdigm, these disturbances often
arise from the dynamic interactions between thackeland the on-board manipulator as
well as the tether. As such, estimating thesaudiahces and subsequently integrating
them into the controller design are at the coramf station keeping controller design.

To devise an effective station keeping controlkermethodology is summarized in
Section 2.2.1. This method provides a means telliggntly compensate for the
disturbance forces whilst holding the vehicle stadiry. In the development phase of the
station keeping controller, the dynamic model of R@V was used without explicitly
defining the dynamics of the disturbance forcesistdad, these disturbances were
accounted for through weighting functions, whichpose closed-loop performance
specifications based on the expected disturbarefsed in the frequency domain. This
controller may fail, however, if disturbances da agree with the predicted frequency
domain specifications.

In pursuit of a controller that can work for a bdea range of disturbance conditions,
instead of frequency domain projections of the malaitor and tether disturbances,
explicit force domain expressions were incorpordted the controller summarized in

Section 2.2.2. To this end, the ROV, manipulatat tether were modelled together as a
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whole. However, once the ROVM plus tether modetemesed, the system dynamics

could no longer be linearized around a specificpggtt, as the manipulator and tether
motion and their influence on the ROV dynamics lighly nonlinear. Thus, a new
control methodology that does not require the liizedéion of the overall dynamic model

was proposed in Appendix-B and is summarized ini@e@.2.2.

2.2.1 Station Keeping without Explicit Disturbance Knowledge [A]

In this section, the work entitledIMO Sliding-Mode and kb Controller Design for
Dynamic Coupling Reduction in Underwater-ManipulaBystemsis summarized. The
controller developed in this work uses the expedistiirbance knowledge defined in the
frequency domain in its control law derivations.or a detailed presentation of the
technical developments, the reader is referredaeefdix-A.

Motivation : In roughly 35% of ROV underwater missions, the RQW¥s required to
hold station [12]. In such applications, ROVs pdava stationary platform while the
manipulator performs a required task. However,imdutask execution, the torques
commanded at the manipulator joints lead to reastiat the junction point of the
manipulator that significantly disturb the vehicl®/hether the ROVM is being piloted
by one individual or two, these manipulator inducéidturbances are difficult to
anticipate and compensate. Therefore, these oeadtrces must be mitigated
automatically and on-the-fly, using the on-boarcusgiters to achieve high performance
station keeping.

Methodology: In Appendix-A, the Articulated Body AlgorithmABA) [46]-[47] was
used to model the dynamic coupling effect of thenimalator. In order to mitigate the

dynamic coupling effect for an effective statioregeng task, a new approach was
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proposed that used the combination of two modekthaontrollers. The two model-

based controllers employed therein were a multiHinpulti-output (MIMO ) sliding-
mode controller and andk controller [48], respectively. These two conteddl were
arranged in a cascading structure, as shown inr€igeA'. To design a sliding-mode
control, the work of Antonelli [11] was implement&@sed on a generic ROV system
dynamic model defined in Eq. (1)-A. Using this rehdhe Lyapunov theory yielded Eq.
(7)-A as the control law equation. To design an tbntroller, Eq. (1)-A was linearized
around the operation point 6ffor the station keeping task, and the state-sfaoaula

of the linearized system, Egs. (3-4)-A, was obtdifee use in the kb controller design.
The closed-loop controller performance was defimethe frequency domain using the
shaping filter of Eq. (14)-A for lower frequenciesikewise, the degree of uncertainty
due to the disturbances as well as the parameisiccuracies in the system model was
quantified through the shaping filter of Eq. (15)é higher frequencies. Finally, using
the linearized model and the shaping filters, th&eoh sensitivity function [48] was
defined and the optimization of this function wasrfprmed using Matlab™’4 Ml
Control Toolbox49].

Results: To evaluate the performance of the proposed clbertrotime-domain
numerical simulations were performed. Althoughfedi#nt than the targeted Falcon™
ROV system in this dissertation, the Canadian Sifieisubmersible FacilityROPOS)
vehicle [50] was considered in the case studiesesthe dynamic parameters of the
ROPOS vehicle were available at the time of theerirresearch, unlike those of the

Falcon™ ROV.

! The notation, “Figure 8-A" refers to “Figure 8” tife article contained in “ Appendix-A”
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In the simulation case studies, the station keepiegormance of the sliding-mode

control, the Ko control and the combinedotisliding-mode control, were reported. In
these case studies, the presence of the dynammirmgleffect on the ROV due the
manipulator motion as well as the 20% parametricetainties in the ROV dynamic
model were considered. It was found that the refjdhode controller provides slightly
better performance in compensating for the dynamigling effect in comparison to the
Hoo control. It was also found that a significant nhoyement over the sliding-mode and
Hoo controller can be obtained when both approachescambined in a cascading
structure. The case study revealed that the cadbiro-sliding-mode controller
improves the position and orientation error as mash35% and 47%, respectively,
compared to the sliding-mode controller alone. @arad to the kb controller alone
case, the improvements were found to be 49% and #8%he position and orientation
respectively, as demonstrated in Figure 10-A. Tihgrovement can be attributed to the
fact that the low-level sliding-mode controller \Wed to drive the state of the nonlinear
ROV system towards the equilibrium stateOof As such, the high-level &l controller
acted on a system whose dynamics model was mossstemt with the linearized model
used in the design ofdkicontroller.
Contributions: The article presented in Appendix-A contributed:
1) Two independent robust controllers that are eacpalda of reducing
disturbances on ROV motion.
2) A new cascading control strategy that wraps anddntroller around a sliding-

mode controller to yield a significant increasesiation-keeping performance.
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2.2.2 Station Keeping with Explicit Disturbance Knowledge[B]

In this section, the work entitledDynamics and Control of Tethered Underwater-
Manipulator Systemisis summarized. In this work, a station-keepimgntroller was
proposed that utilized the explicit tether and rpatfdtor disturbance knowledge. For a
detailed presentation of the technical developméeheésreader is referred to Appendix B.

Motivation : The controller presented in Appendix-A could leaduinstable controller
behaviour if disturbances do not agree with thepsiua filters. To overcome this
shortcoming, explicit knowledge of the most promminéisturbances is needed.

To provide power and telemetry to the vehicle dmrbbotic manipulator, an ROV is
physically connected to the surface support vesgel tether. Unfortunately, the tether
can dominate the system dynamics and compromis&@¥ task at hand [51], which
often relies on station keeping the ROV. Likewides manipulator motion also has a
dominant disturbance effect on the ROV behavioth@ROV-manipulator interface.

To account for these dominant disturbances, theeteind the manipulator dynamics
need to be included in the dynamics model. With iticlusion of the manipulator’s
dynamic effect, however, there is no longer a vsiligjle operating point about which the
overall system dynamics can be effectively lineadiz This is because the manipulator
states are constantly changing with the pilot ojiggethe manipulator. As for the tether
disturbances, they can perturb the system dynaingosthe linear model and thus make
the linear assumption invalid due to their. Thts, controller of Appendix-A cannot be
used with the extended system dynamics, and threrefo new controller strategy is
needed. In light of this, the primary objectivéf\ppendix-B were:

* To include the tether dynamics as well as the maaipr dynamics in the ROV

model and to explore the extent of these forcetherstation-keeping task;
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* To design a controller for the station-keeping tdskt can accommodate the

new nonlinear model.

Methodology: In Appendix-B, a complete simulation scheme, idoig the tether,
ROV, manipulator and tether dynamics was presentedether dynamic model of Eq.
(2)-B, originally developed in [52], was implemetite This model uses a lumped mass
approach in which the ROV tether is consideredet@series of point masses connected
by linear, massless, visco-elastic springs. Initemg the model accounts for the tether
bending and twisting effects, which are cruciab&able to accurately simulate the ROV
system during instances of low-tension. The dycanoif the tether on the ROV were
defined through Egs. (2-7)-B.

The ROV and manipulator dynamics of Egs. (5-6)-Brevebtained using the ABA
presented in [53]. The ABA was used due to its matational superiority over other
existing dynamic modelling approaches. Using tlBAAapproach, the dynamics of the
ROV and manipulator were unified. To link the gatidynamics both with the ROV and
the manipulator dynamics, Eq. (8)-B was used teptasents the resulting tether forces
and moments at the ROV'’s center of mass.

For the station-keeping task, a series of SingtedinSingle-Output $1SO) sliding
mode controllers were designed. To reduce the tatp brought by the detailed tether
and the manipulator modeling, the SISO approach paferred over the MIMO
approach in the controller design problem. Usimg sliding-mode theory outlined in
[54], the control law signal of Eq. (24)-B was ded. The resulting control law has
controller gains that are a function of the timeywag articulated inertias, and, as a

result, it provides a means to update otherwidestantroller gains.
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Results To evaluate the efficacy of the proposed controlighe station-keeping task,

a number of time-domain numerical simulation cageliss were performed. The
tethered ROVM considered in this work was the Fal¥oROV with the Hydrolek™
HLK43000 manipulator. In order to model uncert@istin the controllers, the drag and
added mass coefficients of the FALCON™ and the Hig™ manipulator differed by
40% from the real system.

In the second case study, the controller was cordetato keep the vehicle stationary
while the tethered ROVM system was pushed by theawccurrent. During the
simulation, only the manipulator disturbance effeets accounted for in the controller
signal. As Figure 10-B revealed, the largest sernwere found to be approximately
0.15m and 0.08m along the X and Z axis, respegtivil the third case study, unlike the

second, the tether disturbance knowledge was bireatorporated into the controller

signal, and the largest errors were recorded 0.0&83#10°m along the X and Z axis,
respectively, as illustrated in Figure 11-B. Innclusion, the addition of the tether
disturbance knowledge into the controller redudesl maximum Euclidian-norm of the
position error from 0.1655m down to 0.047m, a71%relase, as can be seen in Figure

12-B.

Contributions: The article presented in Appendix-B contributed:

1) A strategy to incorporate the tether dynamics itite ABA equations that
yields a complete computational scheme for the -tilaain simulation of a
tethered-ROV with manipulator;

2) A series of SISO sliding mode controllers that owend the on-board thrusters

in such a way that the tether and manipulatoredlatisturbance forces are
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balanced out. The derived sliding-mode controllgntisesis differs from

conventional sliding-mode controllers in that tlemirol gains are defined as a
function of the time-varying articulated inertiassiead of the static values
obtained through trial and error;

3) A conclusion that states that the controller's perfance can be increased by a
relatively significant degree through introducinget tether disturbance

knowledge to the sliding mode controllers.

2.3 ROV Control: Trajectory Following

In addition to the automatic station-keeping caligbanother functionality sought for
the coordinated control of ROVM systems is the RO&bility to automatically traverse
a preset route, as detailed in Section 1.3. Tumstfonality would allow the human pilot
to perform tasks that require high-precision positontrol of the ROV. In addition, this
functionality could also be used in assistive madecomplement the human pilot
intervention and improve the pilot’s ability to pemm high precision underwater tasks.

In Section 2.3.1, the work of Appendix-C is summed. In this work, a chattering-free
adaptive sliding-mode controller was presented tf@ trajectory problem of ROV
systems. Conventional sliding-mode controllersehawiscontinuous term that provides
robustness against nonlinearities in the systemvels as inaccuracies in the system
dynamics estimation. While effective, these cdigrse cause high frequency control
activity due to the inherent discontinuous contm@nner of this controller, which is
harmful to the system. In order to eliminate dvatig, Appendix-C adapted the
approach presented in [55], [56] to the ROV panadigrhis approach avoids the

chattering problem by replacing the discontinuarstwith a continuous, adaptive one,



37
thereby eliminating the source of this problem. isTkontinuous term constantly

estimates the difference between known and unkndyramics (lumped uncertainty)
[57] and acts as a corrector on the final contighal. Numerical simulation of the
Falcon ™ ROV showed the viability of this controlfer the trajectory control of ROV
systems. However, the asymptotic stability of gostroller is harmed, especially when
the ROV moves suddenly — see Section 3.3.2 foildet#n addition, this controller is
prone to the parameter drift problem that oftenucgavhen the persistency of excitation
condition is not satisfied.

In Section 2.3.2, the work of Appendix-D is sumrad. In this work, a methodology
that builds on the work of Appendix-C was proposddhe asymptotic stability
requirement of Appendix-C were relaxed by usingoatiouous, adaptive term that
constantly estimates the upper bound on the twmmdithe lumped uncertainty vector in
lieu of the lumped uncertainty vector itself. Withis upgrade, the Lyapunov stability is
no longer directly dependent on the time derivatf/¢he lumped uncertainty vector and
the controller provides asymptotic stability evehen the ROV moves suddenly. In
addition, the parameter drift problem was elimidatsing a leakage term [58] based on a
variant of thes-modification method [59]. However, with this atidn, the controller is
no longer asymptotically stable and is only uniftymltimately bounded [60]. Yet,
better controller performance is expected compaoethe chattering free controller of
Appendix-C with the same parameter drift protectsimce the new controller provides
smaller lower bound on the error metric. An adap®ID layer with a novel adaptation
law was also incorporated to further enhance theralber performance. Experimental

validation of this approach on the Falcon™ ROV fplath was also made via sea-trials.



38
2.3.1 ROV Control with Estimation of Lumped Uncertainty [C]

In this section, the controller design portion bé twork entitled Chattering-Free
Siding-Mode Controller for Underwater Vehicles with Fault-Tolerant Infinity Norm
Thrust Allocation.” is summarized. In this work, a trajectory follmg controller was
presented for the trajectory control problem of R&)étems. For a detailed presentation

of the technical developments, the reader is refetw Appendix-C.
Motivation: The standard sliding-mode control law is in therfar =7, + 1, where

corresponds to a generalized force acting at th¥’RCentre of mass, and,, and 7,

symbolize the equivalent control law and the swtghcontrol law, respectively. The
equivalent control law is continuous and model Hasia the absence of uncertainties in
the system dynamics, this equivalent control alcoéfices to realize the desired
dynamics. The switching term is a discontinuousliieek component that is in charge of
compensating for deviations from the desired dyeanand therefore is the source of the
robustness of the sliding-mode control law. Th&awng term acts on the system in a
bang-bang manner creating chatter in the actuatbis.is problematic for the following
reasons:

» This type of chatter in the actuators causes tleemystate to oscillate intensely
across the sliding manifold, which in turn leadshtgh heat losses in electrical
power circuits and premature wear in actuators;

 The high control activity may excite unmodelledgtifrequency dynamics,
which in turn may cause controller performance ddgtion.

Therefore, the main objective of this paper is tonieate the aforementioned

complications regarding the standard sliding-maat@rol.
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Methodology: The controller in this study adopted an adapterentr,, given in Eq.

(14)-C with the adaptation law of Eg. (15)-C inqaeof the conventional, discontinuous
switching term to eliminate the chatter of a cori@ral sliding-mode controller for
ROV applications. The adaptation law of Eqg. (15+&s proposed in [61] to estimate the
lumped uncertainty vector in the control of lin@atuctance motors. This adaptation law
was also proposed in [55] to eliminate chatterind was implemented to the trajectory
control problem of parallel manipulators in [5632] and [63].

The adaptive term of Eq. (15)-C compensated for uhknown system dynamics
caused by poorly approximated non-linear hydrodynamr sudden environmental loads
in a continuous manner. The justification of tlative function of Eq. (15)-C is shown
in Figure 10a-C and 10b-C, respectively. In thé&gares, it can be seen that the
estimation function successfully predicted the wvkn lumped uncertainty vector, as the
difference in real and estimated values becameugtgdsmall, as demonstrated in
Figure 10c-C.

Results: Numerical simulation studies were performed on Fakon™ platform. In
these studies, the vehicle was commanded to foopredefined trajectory with the
proposed controller to assess the performanceeo€ahntroller. In terms of eliminating
the chatter, the controller demanded continuous®and moments given the continuous
nature of the adaptive term and reduced the chatsignificantly, as shown in Figure
8-C.

A comparison study against Slotine’s boundary lamproach [54] to avoid chattering
was also performed in Appendix-C. As shown in Fg®-C, the chattering-free

controller gave better performance than the bouyndayer approach. This can be
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attributed to the fact that in the boundary layepraach, there was a loss of robustness

whereas in the proposed adaptive method, the noésstwas retained. The Lyapunov
stability analysis of the control law was givenAppendix-A.
Contributions: The article presented in Appendix-C contributed:

1) A chattering-free adaptive sliding-mode controlfer ROV systems that
utilizes a simple, lumped adaptive term that ise@fffe at compensating
unknown currents, poor estimates of individual R@yhamic parameters and
sudden unknown external impulses. As opposed ¢octtmmon adaptive
approach, the adaptive term does not require theality condition on the
dynamic parameters and the creation of a regresatix;

2) An adaptive control law for ROV systems that doed require a priori
knowledge of the upper bounds on the dynamics petemsiof the ROV, which

is needed for the conventional sliding-mode cotdralesign.

2.3.2 ROV Control with Upper Bound Estimation of Lumped Uncertainty [D]

In this section, the work entitledAtitomatic Navigation and Control of the Falcon™
ROVis summarized.” In that work, a new controller ROVs was implemented on the
inspection-class Falcd® ROV. The new controller was first developed foD\RV
systems and was tested in ROVM simulation studig¢sch are discussed in Section
3.3.2 and Appendix-H of this dissertation. Thede¥ashould note that the Lyapunov
stability analysis for the new controller is dissed in more detail in Section 3.3.2 and
Appendix H in the context of ROVM dynamics and coht In its application to ROVSs,
the new controller addresses the shortcomingseottmtroller discussed in Appendix-C.

The unique feature of the new controller formulatie that it pursues an estimate on the
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upper bound of the two-norm of the difference bemvéhe known and the unknown

dynamics, referred to as the lumped uncertaintyorecather than the actual value of the
difference, as was done in Appendix-C. Furtherm@e adaptive PID layer was
incorporated into the controller scheme to furihgsrove the performance.

For a detailed presentation of these technical Idpugents, the reader is referred to
Appendix-D. The reader should note that referd@&¢ in Appendix-D is included as
Appendix-H in this dissertation.

Motivation: The primary motivation of this work was to implemhean automatic
control system for the Falcon™ ROV that does notehthe shortcomings of the
controller presented in Appendix-C. As well, aiakle navigation algorithm was
designed in the context of this work. The othereobye was to design a series of
pressure housings for the underwater sensors dsaseh skid that supports these
housings. This skid can be easily attached t&@¥ for field operations.

Having a reliable navigation system is a challeggnoblem since the sensor outputs
are contaminated with noise. As well, a high sangplate is not attainable, in particular
for acoustic based ocean sensors such as the SBDVh devices. In addition, sensor
drop-outs may occur in these systems due to aalasistic signal transmission, which
often occurs in ROV missions. Therefore, a stiategneeded that addresses these issues
and provides reliable state estimation in such oeoges.

The asymptotic stability of the controller of AppiexC relies on a strict assumption
on the time rate of change of the lumped uncestaiettor (the difference between the
known and the unknown dynamics vector) — see Se&ti®.2 for details. Unfortunately,

this condition may not hold throughout a typical R@peration, especially when sudden
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ROV motion is demanded by the human pilot or theomatic guidance control. This

may even lead to potential instability of the sgstdepending on the extent of the
demanded sudden move. Furthermore, the adaptivparmnt of this controller can lead
to unstable when there is not enough excitatiohiwithe system, which is needed for the
adaptive law to converge to the true values of ébtmated parameters (cited as the
“parameter drift” problem in existing adaptive cantliterature). Thus, a new controller
is sought for a more reliable trajectory followitagk.

In the new navigation pod design, there is a nemdpfessure housings for the
underwater sensors that are employed. This desiggt be waterproof and neutrally
buoyant. In addition, it should allow the minimtipa of magnetic interfaces with the
other ROV components such as on-board thrusters.

Methodology: In order to obtain ROV navigation with low noisedahigh update rate,
an EKF was designed based on the work of [43]. HKE blends the measurements of
an acoustic positioning system, a DVL, a low-cd8U| a compass, and a depth sensor
with the predictions of Falcon™ ROV dynamics totlfier increase the performance of
the navigation algorithm. The flowchart of the EEmployed in this work is shown in
Figure 2-D.

To obtain the dynamic model of the Falcon™ ROVstfira series of thruster
characterization tests were performed to reveahtapping from the thruster commands
in percentages to thrust values in Newtons. Thelteare given in Figures 10-D through
13-D. Once the thruster characterization was cetapla series of parameter
identification tests were performed to obtain thgdrbdynamic parameters of the

Falcon™ ROV for each DOF similarly to [64]. Thessults are tabulated in Table 1-D.



43
The verification of the derived hydrodynamic mosels carried out by comparing the

simulated output with the experimental one for @egithrust demand, as illustrated in
Figures 14-D through 17-D.

The derived dynamic model of the Falcon™ ROV wasoiporated into the EKF
scheme and a number of tests were then carriedocogenerate the corresponding
parameters that quantify the confidence in the hodke results are given in Table 6-D.
Finally, the accuracy of the EKF in estimating thgstem states was demonstrated
through wet tests using a high precision opticatiomocapturing system, as shown in
Figures 23-D, 24-D and Table 7-D.

A new robust control law, Eg. (20)-D, was implenszhin this work that exploited
adaptation laws, Eq. (22)-D, which are free of therameter drift problem. The
parameter drift problem was remedied by introduanegv terms in the adaptation law
that have the functionality of keeping the adaptmens within a safe range even when
the persistency of excitation condition is not Ha#d. With its robustness to the
parameter drift problem, the new controller progidemore reliable control approach for
ROV systems.

The derivation steps of this controller are the sas those given in Appendix-H,
although the controller therein accounts for theboard manipulator as well as the ROV.
Again, the reader is reminded that reference [2Fppendix-D is included as Appendix-
H in this dissertation.

Over the course of the control project, a new wst-tfacility was successfully
constructed at Van Isle Marina in Sidney BC for #erimental validation of the

proposed controller approach as shown in Figure 11.
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Figure 11: A wet-test facility was constructed anvisle Marina in Sidney BC. This facility

hosts a wide range of equipment necessary fongberienent.

Results A number of experiments were performed in the tacted boathouse. To
evaluate the step input performance of the comirofirst, the Falcon™ was asked to
move to a certain point from its current positionThese tests were performed
individually for X (surge), Y (sway), Z (heave) amg (yaw) motion, respectively, and
the results are demonstrated Figures 25-D thro3.4 From these results, it was
concluded that the controller performs satisfattoifhe controller’s ability to follow a
desired horizontal motion (X, Y) and heading pleptth (Z4) was also evaluated
individually, as demonstrated in Figures 41-D ar®tD4 Finally, way-point and
trajectory following manoeuvres were carried ostjlustrated in Figures 43-D through
45-D and Figures 46-D though 50-D, respectivelyne Tepeatability of the controller in

the most challenging trajectory following task vedso tested, as reported in Table 11-D,
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and it was concluded that the centimetre precisgrattainable with the proposed

controller.

A new waterproof navigation pod was designed tisasia blend of Doppler Velocity
Log, compass, inertial measurements and acoussitigqo data. The depth rating of the
new navigation pod is 300 meters and the aluminamponents were anodized against
corrosion. The new navigation pod was designedeomodular — DVL, IMU and
Compass have their own housing — allowing us taropé the position of each sensor in
such a way that the magnetic interferences arenmeed, as shown in Figure 12 (left).
In addition, a new skid was designed for the newigadion pod, as shown in Figure 12
(right). This skid design provides a mounting aag not only for the new navigation
pod’s components but also for addition tools thaghihbe needed in the future. Starboard

and Delrin material were used in the design fortraébuoyancy.

Figure 12: A series of water-proof, pressure psmwfsor canisters for each sensor were designed.
The modular design allows the location optimizatddreach sensor on the new navigation skid in
order to minimize magnetic interferences mostly tiuihe onboard thrusters.

Contributions: The article presented in Appendix-D contributed:
1. A new modular navigation pod along with a navigatskid that uses off-the-
shelf underwater sensors. The new design has alanctructure allowing the

location optimization for magnetic interferences;
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2. An EKF that provides an accurate estimate of ROVionowith low noise and

a high update rate based on a series of underaatsors. This EKF is robust
to sensor drop-outs owing to the use of the systeathematical model
obtained through the performed research;

3. A novel advanced controller that is adaptive anBusb with respect to
changing underwater conditions or vehicle layoutvali as to the parameter

drift problem.

24 ROV Control: Thrust Allocation [C]

In this section, the thruster allocation portiontbé work entitled Chattering-Free
Siding-Mode Controller for Underwater Vehicles with Fault-Tolerant Infinity Norm
Thrust Allocation” is summarized. As mentioned in Section 1.5.% ttontrollers
designed so far generate the forces and momertsadkd to act at the center of mass of
the ROV for the controller design problem, and tim&gd to be mapped into desired
thrust values for each on-board thruster. Therifinite number of ways to allocate
the pilot's commanded thrust over the existing skets due to the redundancy in the

thruster lay-out. In this work, a new method waspased that minimizes the largest
commanded thrust by using §nnorm of the thrust vector. For a detailed predenrtaf

the technical developments, the reader is refeaégppendix-C.

Motivation: To utilize this redundancy, the prominent approacthe literature is the
|, norm solution. However, thd, norm solution allocation problem has some
complications with existing practice, as pointed iouSection 1.5.2. Therefore, there is a

need for a technique that removes the disadvantgges |, norm solution for the thrust
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allocation problem. This paper proposes a methatigtovides a better alternative to the

|, norm based solution for the thruster allocationitem.

Methodology: To remove the disadvantages of fhenorm solution, an entirely new
formulation for the thrust allocation problem wasogosed in this paper. The new

method minimized the largest commanded thrust bgguan |, norm of the thrust

allocation in the optimization based on the forrtiolagiven in Eq. (21)-C. Th&, norm
is defined as the absolute value of the largestpom@nt of the thrust manifold. By using
the |, norm to gauge the optimality of a thrust distribnf the largest single thrust in the

distribution was minimized. This formulation wasst as a constrained linear
programming problem in Eg. (27)-C that affords easylementation of thruster
saturation limits and fault-tolerance while addiregghe two deficiencies of thg norm
formulation.

Since the thruster force allocation is a real-tapplication, the solution to the linear
programming problem must be obtained at a real tatee To obtain this solution rate, a
recurrent neural network of Eq. (36)-C was designdtlis work.

Results In order to demonstrate the efficacy of the prepgofault-accommodating

thruster force allocation scheme, a number of st studies were carried out. To
demonstrate the improvement over the conventibnabrm solution, comparison studies
were performed and the results were illustrate&igures 12-C and 13-C. The results
showed that the largest thrust value obtained frba |, norm and |, norm

minimizations for the ROV manoeuvre considered vB%2.6 and 268.4N, respectively,

which translates into a 21.6% reduction in thedatghrust. The average improvement
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over the whole manoeuvre was found to be 11.9%. Furthermore, it was concluded in

Section 3.2 of Appendix-C that there exist solutions where minimizing the |, norm gives

feasible solutions whereas minimizing the |, norm does not. Moreover, since the |, norm
minimizes the maximum component of the thrust manifold, it allows the thrusters to run
within a safer range than the |, norm, providing more manoeuvrability for subsequent

controller action.
Contributions: The thrust allocation portion of the article presented in Appendix-C
contributed:

1) An entirely new formulation for the thrust allocation problem of ROV systems
that is based on minimizing the |, norm of the thrust vector was formulated as
linear programming. This formulation is fault-tolerant and removes the
disadvantages of the |, norm solution outlined in Section 1.4.2.

2) A recurrent neural network that solves the linear programming problem and

provides real-time solution rates to the thruster allocation problem.
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CHAPTER 3. SUMMARY OF CONTRIBUTIONS TO ROVM
SYSTEMS

3.1 Chapter Review

In this chapter, technical building blocks towattle completion of Objective #2, #3
and #4 of Section 1.3 are summarized in the coraéxhe coordinated control of the
Saab-Seaeye Falcon™ ROV. As detailed in SectiBnahn important function of the
proposed HMI is the ability to translate the hunmaliot’'s desired end-effector motion
directly from the 6-DOF joystick and distribute ghimotion over the ROV and
manipulator in an optimal, coordinated way. To leitpthis coordination, the system
needs to be considered as a single mobile mangrulastead of separate units, as is the
case in conventional ROVM operation. This shifbders the system kinematically
redundant; there are more DOFs than required. éjahe extra DOFs can be used to
achieve secondary objectives in addition to thenary end-effector following task. The
use of these secondary objectives to constraimilwlisibn of the primary task over the
joint space of the mobile manipulator is referredas “redundancy resolution” in the

relevant literature.
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In Section 3.2, different redundancy resolutionoathms developed in the pursuit of

Objective #2 of Section 1.3 are summarized. Inghegrks, the main focus was to find a
way to dissect the commanded end-effector motiom separate ROV and manipulator
motions while achieving conflicting secondary oljges. The manipulator motions
created by the secondary objectives are interrales which produce no motion of the
end effector but put the ROVM in a pose which eabesburden on the pilot in the
coming moments. At times, different secondary ciojes request significantly different
internal motions that must be intelligently resalve

In order for the redundancy resolution algorithmb#o functional, it must be coupled
with a controller and an input device such as atjolk. While the redundancy resolution
generates reference state values for the ROV amdmidmipulator in response to the
human pilot’s joystick input, the controller works realize the desired state values by
generating a control signal that directs the orrthdlrusters as well as the manipulator
actuators. In Section 3.3 of this dissertationfkmoompleted in the control and HMI
aspects of the coordinated ROVM systems, in pudu@bjectives #3 and #4 of Section
1.3, are summarized. For the control of the ROdNferent control methodologies from
the ROV control work presented in Section 2.3.1 &wmttion 2.3.2 are extended to
include the on-board manipulator, and performascmvestigated. In addition, a new
comprehensive HMI, needed to achieve Objective f#8extion 1.3, is presented. This
HMI involves a 6-DOF parallel joystick, and a 3Dswal display and a graphical user
interface GUI) that enables a human pilot to smoothly interaith ihe Saab-Seaeye

Falcon™ ROVM.
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3.2 ROVM Kinematics

When controlling kinematically redundant ROVM syst the main problem is to
utilize the inherent redundancy to accomplish sdaon tasks while still fulfilling the
pilot's end-effector command. Appendix-E summatize Section 3.2.1 presents a novel
methodology in which two secondary objectives gmgeaded to the primary task. While
the method works well, its application to the S&aaeye Falcon™ is too constrained — it
falls short of covering a wide range of seconddijectives that could ease the burden on
the human pilot during a typical ROVM operation.rihermore, the method does not
account for actuator failures that may occur during ROVM tasks. Moreover, the
scheme could demand excessive reference stateswtalatecould go beyond the capacity
of the joints.

To overcome these shortcomings, the work of Appefdisummarized in Section
3.2.2, proposes a different technique that not afiyws the inclusion of several (more
than two) secondary objectives, but also providdaudi-tolerant property: upper and

lower velocity limits are enforced for each jointthe mobile ROVM.

3.2.1 Redundancy Resolution with Two Secondary ObjectivelE]

In this section, the work entitledexterous task-priority based redundancy resolution
for underwater manipulator systemg& summarized. For a detailed presentation of the
technical developments, the reader is referredeefdix-E.

Motivation: In current ROVM practices, the desired manipulgtant motions are
created using a teleoperated master-slave armgewafion. This mode of operation
depends on the ability of the ROV to hold statiow alecouples the manipulator and

ROV DOFs. However, new initiatives in submerge@sce are requiring more frequent
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deployment of ROVMs and more detailed operatiorRaiVM end-effectors on each

mission. Time below the surface is a valuable contitg, and methods to improve the
existing human-machine interaction are sought.

One way of improving the efficacy of the ROVM syst is to automatically
coordinate the collective DOFs of the ROVM in rasg® to a single pilot input for the
end-effector. When ROVM DOFs are coordinated, digtem becomes kinematically
redundant; there are an infinite number of joirkegs solutions for a commanded end-
effector position and orientation. The availal@dundant DOF can be used to achieve
additional objectives, besides the primary endetfietask, using a proper redundancy
resolution technique for the automatic coordinatidrthe ROVM DOFs. In order to
fulfill the primary and the additional objectivate redundancy resolution scheme must
allow the incorporation of multiple criteria. In Apndix-E, a ROVM redundancy
resolution with two secondary objectives was prepoand implemented in simulations
of a generic ROVM system.

Methodology: In Appendix-E, a new heuristic approach basedhencbmbination of
the Task-Priority Redundancy Resolution approach],[§32], and the Gradient
Projection Method GPM) [65] was proposed for the ROVM systems. The prim
objective of following the end-effector desired aaties was realized using the right
Moore-Penrose pseudoinverse solution that correflsptmthe minimization of the two-
norm of the joint-space velocity vector [65]. Aar fthe secondary tasks, they were
considered to be:

* Avoiding singularity configurations of the maniptdg
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* Minimizing the vehicle motion in an attempt to mantonventional ROVM

operations whenever possible.

These two tasks are often in conflict. When thieicle motion is penalized, the system
starts to use the arm more exhaustively to acceimpe desired end-effector task
making the system more susceptible to singulanear singular, configurations. Near-
singular configurations are not desirable sincey thesult in undesirably high joint
velocities and oscillations that make it diffictdt control the arm motion. The proposed
approach provided a novel means to resolve thiflicohy using the ROV’s mobility in
an optimal, coordinated manner to avoid singulanfigorations of the manipulator,
resulting in dexterous manipulation of the arm.

In Eq. (19)-E, the task-priority redundancy resiolntalgorithm was put in charge of
realizing minimal ROV motion, and the gradient paijon term was put in charge of
avoiding near singular configurations of the matagar. The two methods were blended
through the shaping function of Figure 1-E. Thapshg function weighs one method
over the other based on the mobility index valuEgf (17)-E. The mobility index value
guantified the proximity of the system pose to siag configurations as well as the
degree of conflict between the two tasks. Thendaelue was used to supervise the
ROV movement and its coordination with the end-efie motion.

Results Numerical simulations were performed to evaludte performance of the
method in satisfying the primary and secondary ahjes. To this end, using a third
order polynomial function with zero initial and &h velocities, the pilot input was
mimicked and fed into the scheme to obtain therddgbint rates. In this case study, a

hypothetical ROVM system was considered, but tbhrigjue used is directly applicable
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to the Falcon™ ROVM, which is the focus of the eesh program. The obtained state

values were reported in Figure 4-E. The resulticated that the method produces

kinematically and dynamically realizable ROV-manrgiar state values that significantly

improve the dexterity of the system. Figures 5aH &-E demonstrated that the dexterity

measure was brought from O (singular arm configomatto 1.2 (dexterous arm

configuration). In conclusion, the method enswuesterous manipulation by using ROV

motions to avoid the singular configurations whitecomplishing the primary task.
Contributions: The article presented in Appendix-E contributed:

* A new method for the redundancy resolution probl@mROVM systems that
provides a means to avoid singular configuratiofisthe manipulator, and
provides dexterous manipulation by using the ROMbility in an optimal,
coordinated manner,;

* A novel combination of two different redundancyalesion techniques using the
mobility index, which is the variant of the conviemtal Yoshikawa's measure of
manipulability [31]. The method eliminates unnesagg ROV motions when the
demanded end-effector location is within the reaicthe manipulator, and hence

provides energy efficient control of the ROVM.

3.2.2 Redundancy Resolution with M ultiple Secondary Objectives [F]

In this section, the work entitledRédundancy Resolution for Underwater Mobile
Manipulators’ is summarized. The new redundancy resolution gfgoris fault-tolerant
and has the ability to accommodate multiple secgndajectives. In addition, it can
impose dynamic joint-velocity constraints, ensurisgfer ROVM operation. For a

detailed presentation of the technical developmehésreader is referred to Appendix-F.
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Motivation: The work of Appendix-E allows only two secondatyjeztives. Given

the diversity and the complexity of today’s, angesally tomorrow’s, advanced ROVM

tasks, a larger set of secondary objectives mugtossible in a comprehensive ROVM
redundancy resolution algorithm. Moreover, for @iable redundancy resolution

scheme, a fault-tolerance property must be includédult-tolerance ensures that the
underwater mission is not interrupted in the ewdra joint failure, and that unrealistic

joint velocities are not requested of the ROVM colher that is applied downstream of

the redundancy resolution phase.

Methodology: In Appendix-F, the redundancy resolution equatmnEq. (14)-F
consisted of two parts — a homogeneous solutioragpatticular solution. The particular
solution yielded the primary objective, the desiesdl-effector motion, and was obtained
through the right Moore-Penrose weighted-pseudegeveolution, which corresponds to
the minimization of thel, norm of the weighted joint-space velocity vectomhe
weighting was used for setting preferences foragefjbints in the solution — for example
when motion in a particular joint is more prefemtiat in others. As for the secondary
objectives, they were considered within the homeges solution. The homogeneous
solution corresponds to the internal ROVM motiom @loes not affect the state of the
end-effector at a position or velocity level. econdary objectives considered were:

» Avoiding joint displacement limits;

* Avoiding singularity;

* Keeping the end-effector in sight of the on-boaathera;
* Minimizing the drag-force resistance;

* Minimizing the vehicle motion.
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The scheme was considered at two different lewadsillustrated in Figure 13. The

human pilot was considered at a higher level tlenftizzy logic based artificial pilot.
The human pilot set the desired end-effector motisimg a 6-DOF input device while
the secondary artificial human pilot governed thatiom of the system by weighing the
importance of the secondary tasks based on a skthan-type linguistic rules. These
linguistic rules reflect the knowledge of a skilledman operator.

Within the proposed scheme, each criterion wasddfwithin the framework of the
GPM and was assigned a weight, which determinesrelaive emphasis on each
criterion. The artificial pilot assigned a weidfaictor for each criterion based on the
Mamdani fuzzy inference system [66], which procds#iee fuzzy logic membership
functions given in Figure 2-E and their correspogdset of rules, given on page 331-F.
The resulting weight schedule yielded a self-motfpall-space motion) that emulates
how a skilled operator would command the vehicld #re manipulator with the full
redundant capacity being expended in the vehiclejmiéator coordination.

A fault-tolerant property was then added over tbphe artificial pilot calculations in
order to accommodate joint failures based on thekwd [67]. Joint failure refers to
three incidents: first, it occurs when joints brefiwn; second, it happens when a joint
has partly lost its driving capacity; and third, tédkes place when the redundancy
resolution scheme produces joint velocities that &eyond the capacity of the
corresponding joints. The method proposed is faldrant and prevents the redundancy
resolver from requesting intolerable joint motionsany of the events outlined. To this
end, first, a maximum allowable joint rate (O fojoant that is in complete failure) was

assigned to the faulty joint and its end-effecteloeity contribution was subtracted from
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the desired end-effector velocities, Eq. (29)-F.heTcorresponding column of the

weighted-Jacobian matrix, which relates the assetipint’s motion to the end-effector

velocities, was removed, as shown in Eg. (30)-F] #re fault-tolerant redundancy

resolution equation, Eq. (31)-F, was applied wite hew desired end-effector velocity
vector and the Jacobian matrix. The final desstde vector was then constructed by
entering the preset maximum velocity in the coroesiing location in the state velocity

vector. The overall scheme is outlined in Fig8HEE.

Results In Appendix-F, three simulation case studies vpendormed on the Falcdfl
ROV with a 4-DOF HydroleR" manipulator. In the first case study, the enewfir
velocities were commanded according to Figure @ém$ed on a third order polynomial
function with zero initial and final velocities thenimicked the pilot’s input. First, only
the weighted-pseudoinverse solution was employedcamplete the redundancy
resolution, and the obtained state values werertegbon Figures 7-F and 8-F. The
secondary objectives index values, reported in reigd+F, indicated that the system
performed very poorly in terms of realizing the @atary objectives. In the second case
study, the complete fault-tolerant redundancy rgswh scheme was implemented for the
same end-effector manoeuvre, and the obtained\states and corresponding secondary
index values were reported in Figures 10-F, 114 B&F. The index values indicated
that significant improvement was obtained with ith@usion of the fuzzy-logic blending
of the secondary objectives. The results alsacatdd that the scheme generated desired
joint velocities within their respective limits ahdndled sudden joints failures very well.
In the third case study, incremental differencesyatem behaviour were investigated

with the secondary objectives added in steps, heddsults were reported in Fig 19-F.
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The results indicated that the proposed methodswesessful in realizing the secondary

objectives.
Contributions: The article presented in Appendix-F contributed:

* A new fault-tolerant redundancy resolution algarmtkhat allows the inclusion
of multiple, meaning more than two, secondary dbjes with the
consideration of joint velocity limits and jointiliare;

* A casting of skilled human pilot tendencies in floem of scalar objective
functions;

» A technique that relies only on instantaneous ROtMe information and not
preordained knowledge of the ROV and/or end-effetiectories, making the

technique suitable for on-line operations.

High-level
Human Pilot

Sensory Knowledge
H—l

!

Low-level
Artificial Pilot

device

Figure 13: The high-level human pilot sets the mesiend-effector motion using a 6-DOF
joystick while the low-level artificial pilot deterines the optimal posture with respect to the
secondary objectives in response to the human-pipatt. The ROVM System image is courtesy
of http://seaeye.com.
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3.3 ROVM Coordinated Control

While the redundancy resolution generates referstate values for the ROV and the
manipulator in response to the human pilot’'s inutcontroller works to realize the
desired state values by directing the on-boardstbrs as well as the manipulator
actuators. As summarized in Section 3.3.1, thekwadr Appendix-G employed the
controller of Appendix-C in the ROVM paradigm taslend. Since the derivation of this
controller requires a single dynamic model of theerall ROVM system, a ROVM
dynamic modelling strategy was also presented iis thork. To overcome the
disadvantages of the controller of Appendix-C, aetaited in Section 3.3.2, the work of
Appendix-G proposes a new controller that was sumnzexh in Section 3.3.2. Also,
proposed in Appendix-G, a new HMI that facilitatdge inclusion of real human

tendencies in the coordinated control of ROVM syste

3.3.1 Redundancy Resolution Coupled with a Controller [G]

In this section, the work entitledEXploiting Redundancy in Underwater Vehicle-
Manipulator Systemisis summarized. The model-based controller of Appe@ was
extended to include the manipulator dynamics andpleal with the redundancy
resolution of Appendix-F. For a detailed preseatabf the technical developments, the
reader is referred to Appendix-G.

Motivation : To obtain a functional redundancy resolution méftibe scheme needs to
be coupled with a controller. Control methods gealtye depend on dynamic models of
the system, and hence, there is a need for a leeliglmamic model. This dynamic model
also is needed to test out the devised controllpesformance in a simulation

environment before the field implementation. Thtiee dynamics model needs to be



60
computationally efficient for real-time implementet and applicable to the control

theory to be used. While the redundancy resolugemerates desired ROVM joint, it is
the controller’s duty to realize these referendetjmates. This requires devising a control
strategy that can perform well in the presencena€curacies in the system model as well
as disturbances.

Methodology: The quasi-Lagrange approach was used to deriveetju@tions of
motion for a ROVM system, and Eqg. (14)-G was olg#din The quasi-Lagrange
approach, originally presented in [68] and [69],swaeferred since it allowed the easy
inclusion of additional subsystems, such as thewated collection of manipulator links,
and generated the equations of motion in an acalyform — a requirement for the
model-based controller used. In addition, the guagrange approach used states values
in terms of the body-fixed values. Thus, it was@re convenient approach to work with
since on-board sensors and actuators measure aatk aralues in the moving local-
frames affixed to the ROV and manipulator links.

In terms of the controller, the chattering-freedisig mode controller of the work of
Appendix-C was employed as a foundation due toadaptability to changes in the
system dynamic model, as demonstrated in the wibAppendix-C. The control law of
Eq. (29)-G and the adaptation law given in Eq. {@8)ere derived for ROVM systems
based on Lyapunov theory. Unlike conventional &dapcontrol theory, the derived
control signal does not need parameterization afegressor matrix and unknown
parameter vector, thereby eliminating the needinml#fy system dynamics and thus

allowing the use of a more detailed dynamic modé¢he controller.
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Results Numerical, time-domain simulations were perfornoedthe Falcon™ ROVM

with a 4-DOF Hydrolek™ manipulator to reveal thefpemance of the controller for the
ROVM systems. To reflect uncertainties preserthan ROVM's system dynamics, the
exact added mass and drag coefficients in the @tets dynamic model parameters
were changed by 40 to 60% in random fashion. é&sehsimulations, the redundancy
resolution algorithm of Appendix-F generated thiemence joint rates in response to the
pilot's end-effector input. As in Appendix-E andppendix-F, the pilot input was
mimicked using a third order polynomial functionthviero initial and final velocities in
this study. It was found that the proposed scheraeided high performance in the end-
effector following task while generating the kindmoally and dynamically realizable
state values for ROVM systems, as can be seergiurds 3-G through 5-G. The scheme
realized the secondary objectives with successtlamaontroller output was chattering-
free, and hence applicable to a real ROVM platfamdemonstrated Figures 6-G and 7-
G, respectively. In conclusion, the results iltatt that a complex spatial manoeuvre can
be accomplished with a 4-DOF manipulator mounted small ROV using the proposed
scheme.
Contributions: The article presented in Appendix-G contributed:
* A non-linear controller for ROVM systems that carcaessfully operate in
the presence of inaccuracies in the system dynamodzl;
* A uniqgue ROVM operating scheme that can accomptismplex subsea
intervention missions. In the scheme, ROV and madatpr motions can be
coordinated using a multiple objective redundanegolution to achieve a

desired end-effector motion as defined by a sipdt¢ command.
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3.3.2 Redundancy Resolution Coupled with a Controller and a HMI [H]

In this section, the work entitledNew Operation Scheme for Underwater Mobile
Manipulator” is summarized. In this work, a new controller thailds on the controller
presented in Appendix-G was proposed and implerdeire hardware-in-the-loop
simulation. Secondly, an end-effector input deyiae6-DOF joystick [42] originally
developed by RSI Research Ltd. and shown in Fidire was interfaced with the
redundancy resolution scheme presented in Apperdixin addition, an HMI was
developed to facilitate the coordinated control ROVM systems with the most
promising tools devised along the course of thieaech. For a detailed presentation of
the technical developments, the reader is reféodgppendix-H.

Motivation: There are two major motivations behind this waremely obtaining a
high performance controller for the ROVM systemsd alesigning a new HMI that
facilitates the use of the developed redundanauien and control tools.

The controller of Appendix-G has some shortcoming®r instance, the asymptotic

stability of this controller is not guaranteed when
—fTr'w>0
and the Lyapunov function is negative definite @sglaslisl, > /b/A,,, (K) whereb is

the positive scalar upper bound, ief r*wsb, and A_(K)is the minimum

eigenvalues oK. This means thdls|, is bounded and the controller is only uniformly
ultimately bounded. The invalidity of the asymptcttability condition may occur when

sudden motions are requested from the vehicle &ednmanipulator. This can be

attributed to high f values occurring in those moments whefeis the time rate of
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change between the known and the unknown ROVM systgnamics, or the lumped

uncertainty vector. In fact,f could be very large, which in turh, and as such the

controller could perform poorly or even cause ibsity. Since sudden motions of the
ROVM'’s are inevitable when a pilot’s intent suddechanges, a method to make the
controller of Appendix-G perform better in the mese of such sudden maneuvers was
required. Such sudden ROVM maneuvers occur wheenhfective changes abruptly, for
example, from slow picking tasks to fast placingktaakin to “stop-and-go” type tasks.

In addition, the adaptation law of the previoustoalter discussed in Appendix-G, Eq.
(28)-G, is susceptible to the the parameter drfibfem. The parameter drift problem
manifests itself in the adaptation results as titoundness in the estimated values. This
is mostly associated with non-parametric uncerisnidisturbance and noise) and
unmodelled dynamics and needs to be addressedriyrémrestable controller behaviour.
Especially in ROVM paradigm, this problem is maileely to occur since the existence
of the manipulator makes the adaptation quickertduts faster response, and as a result,
the estimated parameters may be rather oscillatoryarticular, when these oscillations
move into frequency range of unmodelled dynamies, Unmodelled dynamics may be
excited. As such, the adaptation occurs basehhesetmeaningless oscillations in the
system, and in turn, could drive the system ingtahility. The existence of the 6-DOF
joystick makes this scenario more likely to happeite possible abrupt changes in the
pilot's demand may induce such oscillations in #ystem. In addition, the 6-DOF
joystick introduces noise into the system, whichynaéso lead to the parameter drift
problem. These issues are usually ignored in ¢hevant ROVM literature since the

existing research is mostly confined to the cofgtbiconditions of simulation studies.
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However, since the 6-DOF joystick is interfacedhwihe redundancy resolution and

control scheme in the current study, this problem o longer be overlooked and needs
to be addressed properly for a reliable operation.

Execution of the redundancy resolution and cordradtrategies for ROVM systems
relies on an improved HMI to gather the desired-effieictor motion from the human
pilot. In conventional ROVM operations, a mastandhat is kinematically similar to
the ROV manipulator is used to directly determine joint rates. For the underactuated
manipulators of small ROVM systems, that methodhipractical. Thus, an advanced
HMI is required that acquires the end-effector motiThe end-effector motion is then
passed through the system redundancy and the Bentigorithms to set the ROV and
manipulator joint rates.

Methodology: A new controller that addresses the potentialilgialssue outlined in
the motivation section was developed. Accordingtp (32)-H, the adaptation law of
Eq. (28)-G was changed to estimate the upper botitite lumped uncertainty vector in
lieu of the lumped uncertainty vector itself. Thasljustment replaces the strict
requirement of converging to the unknown lumpedeutainty vector of the original
asymptotic stability condition with a more relaxegjuirement of converging to the
upper bound on the two norm of the lumped uncestarector. Thus, the new strategy

provides asymptotic stability, provided that
[£].< e
is satisfied wherep is a scalar positive constant that representsipiper bound on the

two norm of the lumped uncertainty vector, i.Haf,||2. The termp is adaptive and its
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on-line estimation is governed by the adaptation Iaf Eq. (32)-H. The on-line

estimation continuously works to satisfy the sigptriterion of || f~||2 < p by relating the

estimation to the performance of the controllerththis update, the asymptotic stability

is guaranteed as shown in [70] even wherf "T'w > 0 such as when ROV makes

sudden manoeuvres.

In order to further enhance the controller perfarogg a PID layer was also included in
the scheme. The PID layer also provided a turmog for the controller performance in
particular when the robust signal is weak. To mahke PID layer adaptive, the
adaptation law of Eq. (29)-H was derived, agairedam Lyapunov theory.

The new adaptation laws were designed to be rdbusgte “parameter drift” problem
[54], which is a common issue in most adaptive wlers. In this work, the drift
problem was circumvented by adding a leakage té&®j pased on a version of the
o -modification technique [59]. While this update,wever, makes the controller
uniformly ultimately bounded, the lower bound o #rror metric is smaller compared
to that of the chattering-free controller, thergislding a more robust controller action.

As reported in [70], a work presented by the autsfathis dissertation, upper bound
adaptation yielded significant improvements ovex tlontroller discussed in Appendix-
G. In fact, in the case study of [70], it was shothat the maximum end-effector

trajectory following error was reduced by 33% wiitle use of the new controller.

The | norm thruster allocation was performed to exploé tedundancy in Falcon™’s
redundant thruster lay-out based on the work ofefyolx-C in the proposed scheme due
to its advantages over the conventiohialnorm thruster allocation, as presented in

Appendix-C.
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A new HMI was also proposed and implemented inWward in the current work. This

HMI involves a 6-DOF joystick produced by RSI Resbaltd. [42], a realistic 3-D

graphical display and an advanced GUI, as showrFigure 14 and Figure 15,
respectively. The 6-DOF joystick was interfacedthwihe proposed redundancy
resolution plus the control scheme and was usethéypilot to generate desired joint
rates. The realistic 3-D graphical display wasduseprovide visual information to the
pilot regarding how the system responses to theeffiedtor command. Finally, the GUI

allowed the user to set the control mode of opanatiith their respective settings and to

monitor the system response to given motion comsand

(a) (b)
Figure 14: The 3D display provides visual cluesh® human pilot. (a) third party view of
the ROVM system. (b) First person (camera viewdhef end-effector (EE). The display

tool can also be used for pilot training.

There were three user modes developed for the @Gdie are three modes namely,
Joystick Contrgl Manual Controland Automatic Trajectory Control In the Joystick
Control, the pilot operates the 6-DOF RSI joystick (shownFigure 10) to generate
reference joint rates that are fed into the redoogaesolution algorithm of Appendix-F.

In Manual Contro) the pilot controls the vehicle and the manipulateparately akin to
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the conventional methods using HCUs shown in Figurédditionally, the pilot can use

a station-keeping option in this mode. When selctthe station-keeping option
activates the controller presented in Appendix-Eeep the vehicle stationary while the
pilot operates the manipulator using the standattUlshown in Figure 9 (right figure) —
the vehicle acts as a stationary foundation formtlamipulator. Without station keeping,
it was found to be difficult to run the manipulator any useful fashion due to the
dynamic coupling. The controller presented in Appr-B was chosen over the
controller of Appendix-A for the station-keepingtigm since the controller of Appendix-
B allows the direct inclusion of the manipulatostdrbance forces into the controller

action.

Finally, in Automatic Trajectory Controthe pilot enters the coordinates of the desired
final locations of the end-effector. Upon receivihg desired coordinates, tAetomatic
Trajectory Controlgenerates desired end-effector rates based ardatlder polynomial
function with zero initial and final velocities thare fed into the redundancy resolution
algorithm.

Results: Hardware-in-the-loop simulations were performed am inspection-class
Saab Seaeye FALCON™ ROV equipped with a 4-DOF Hg&f manipulator to
demonstrate the effectiveness of the proposed atertr In the simulation studies, the
model differed by up to 40% to model inaccuracrethe system dynamics equations. In
the simulation, 6-DOF RSI joystick was driven tangmte desired end-effector inputs.
The time history of the obtained state values amdr esalues in response to the RSI
joystick input was reported in Figures 11-H throdghH. Small error values indicated

that the proposed controller performs well evenaurtdgh inaccuracies in the system’s
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dynamic parameters. Figure 18-H indicated that sheondary objectives were met

successfully. Regarding the adaptive terms and tbdlution over time, they were
reported in Figures 19-H and 20-H. These figunekcated that the adaptation law for
the upper bound was successful in predicting thenamn the unknown dynamics and
provided smooth values for the bound similar testhof the PID the adaptation law.

In addition, comparison simulation studies werefqrened to assess the controller
performance with respect to one of the most comynoséd computed-torque (Feedback
Linearization) controller [54]. As shown in Figurédt-H and 17-H, the proposed

controller outperformed the computed-torque coterdignificantly.
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Figure 15: Snapshot of the proposed GUI. The dgesl tools of Appendix-B, Appendix-
F, and Appendix-H were integrated into the GUI fioe coordinated control of ROVM
systems.
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Contributions: The article presented in Appendix-H contributed:

* A new model-based nonlinear ROVM controller. Thasiroller contains two
layers of adaptivity; the first layer adjusts PlRirgs, and the second layer
estimates the bound on a lumped uncertainty vecitve proposed adaptation
laws are robust to the parameter drift problem thatld otherwise lead to
instability in the presence of poor system inpghals.

* A new HMI that can effectively drive a coordinatedntroller for ROVM
systems. The most promising tools that were deeelagver the course of the
research program were integrated into the HMI. s€hmcluded the station-
keeping controller from Appendix-B, the fuzzy logitased redundancy
resolution from Appendix-F, the adaptive slidingarocontroller with the

upper bound estimation on the lumped uncertaintyordrom Appendix-H.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

This dissertation presented a series of techneatldpments that collectively form the
foundation of an advanced small ROVM system based Saab-Seaeye Falcon™ ROV.
The primary contribution of this research and depeient project was the
transformation of this inspection class ROV into aotessible and economic tool for
interacting with submerged coastal infrastructurehsas that found on the VENUS and
NEPTUNE observatories. In addition to that hatisgoal, many novel contributions
were made along the course of the research progréme area of coordinated control of
ROVM systems. Below, the accomplishments achiewvethis field, as well as the
potential research avenues for future work, aréevesd with reference to the technical

objectives set in Section 1.5.

41.1 ROV Research

ROV Station Keeping Control: The design of station keeping controllers wasfittsé¢

step in the development of coordinated controlther ROVM system. In conventional
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ROVM operations, human pilots try to hold the ROwti®nary while working the

manipulator. An automated stabilization of the igkharound a desired set point that
compensates for disturbance forces acting on thé&/,Ri@cluding those from the
manipulator, was deemed necessary for the small B€g considered: the manipulator
and tether disturbances would manifest much quittkan a pilot’s conditioned response
for the smaller, lighter Falcon™ ROV. To this erndio different station keeping
controllers were developed, namely, a combined MIMGsliding-mode controller and
a SISO sliding-mode controller.  While the formeontoller accounted for the
disturbances in the form of frequency domain raspgecifications, the latter directly
incorporated them as forces in the controller desids well, a tethered-ROVM time-
domain simulation scheme was developed and implexdeto evaluate controller
performance in the presence of tether and maniputi$turbances.

The novel aspect of the combined MIMO.-sliding-mode controller was the
combination of the two controllers in a hierarchistwucture. In this structure, the low-
level sliding mode controller worked to drive thiate of the nonlinear ROV system
towards the equilibrium state 6fwhile the high-level kb controller worked on a system
whose dynamics model was more consistent withitleatized model used in the design
of the Ho controller. This unique way of combining two iadiual controllers
culminated in a significant increase in the statieeping performance. In fact, it was
shown that the combined oisliding-mode controller improved the position and
orientation error by as much as 35% and 47%, réispbc compared to the sliding-
mode controller alone, and by 49% and 49%, resgagticompared to thedd controller

alone.
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With regards to the SISO sliding-mode controll¢rpriovided a novel framework in

which the tether and manipulator disturbances cdagddirectly accounted for in the
derivation of the control law. In a numerical siation case study, the hydrodynamic
parameters were altered by up to 40% to mimic uacgies in the system dynamic
model of the controller. It was shown that theyést errors were approximately 0.15m
and 0.08m along the X and Z axis, respectively, whiely the manipulator disturbance
was considered. In another simulation study, ¢tleer disturbance knowledge was also

incorporated into the controller signal alongsidighvithat of the manipulator, and the

largest errors were found to be 0.063m 48 m along the X and Z axis, respectively.
In conclusion, the inclusion of the tether distumt® knowledge in to the controller
reduced the maximum Euclidian-norm of position efrom 0.1655m down to 0.047m, a
71% decrease.

In addition, by using this novel strategy, the istatontrol gains of conventional
sliding-mode controllers, which are typically obtad through the conventional trial and
error approach, were replaced with those that werkinction of the time-varying
articulated inertias. The level of adaptivity bgbti by this approach manifested itself as

higher controller performance.

ROV Trajectory Following Control: Whether operating in strict ROV mode to
traverse a desired search pattern across the seabedutomatic ROVM mode to guide
the end-effector using a joystick, the small Fal®oROV had to be able to follow a
commanded route no matter if that route was prasgenerated on-the-fly. To provide
that capability, a chattering-free adaptive slidmgde controller was employed.

Conventional sliding-mode controllers use a discmaus term that provides robustness
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to the inaccuracies in the system dynamic modéie dhattering-free adaptive sliding-

mode controller removed the high-frequency cordiation of conventional sliding-mode
controllers, which could potentially cause prematwear-out in the actuators, excessive
heat dissipation in the motor circuitry or unstabistem behaviour, by replacing the
discontinuous term with a continuous one. Thistiomous term estimates the difference
between the known and the unknown dynamics andoactie controller as a corrective
term. The ability of this continuous term to corges to the true values and its
effectiveness on the reduction of the chatteringngimenon in the ROV paradigm was
shown through numerical simulation studies.

The chattering-free adaptive sliding-mode controlad some shortcomings, such as
parameter drift and potential instability in theepence of sudden ROV motions. The
parameter drift problem leads to unstable growtlih@ estimation when there is not
enough excitation in the system states and corabtetimits the applicability of the
controller for a broader set of operation scenaridhe latter difficulty was deemed
important since ROVM operations involve a humarotpivhose intent may change

suddenly.

The shortcomings of the chattering-free adaptivielirgl-mode controller were
overcome by the robust adaptive sliding-mode cdletraoupled with an adaptive PID
layer. This control strategy was model-based aaditivo layers of adaptivity; the first
layer was for adjusting PID gains, and the secay@rl was for estimating the upper
bound on a lumped uncertainty vector. The adaptdéiws of this controller were found
to be robust to the parameter drift problem thati@therwise lead to instability in the

presence of poor system input signals. With thisnind, the robust adaptive sliding-
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mode controller coupled with an adaptive PID cdnttayer was chosen for

implementation on the inspection-class Saab-Selalpgpn™ ROV.

Automated Control of a Falcon™ ROV:Therobust adaptive sliding-mode controller
coupled with the adaptive PID control layer was lengented on the Falcon™ ROV.
Along the course of this implementation, a new labtfacility at Van Isle Marina in
Sidney, BC, was constructed for ROV navigation &odtrol testing. In addition, a
series of pressure housings were designed and awuardd for the following underwater
instruments:

» SBL acoustic positioning system;
* Doppler Velocity Log (DVL);

* Inertial Measurement Units (IMU);
» Compass and depth sensor.

For the SBL positioning system, the SouthStar™ S&is used. This system had its
own tether from its surface station to the targatgéponder on the ROV to provide higher
update rates and created tether clutter, whichuin treated extra disturbances on the
ROV. To eliminate the SBL'’s tether line, the SBigremls were rerouted through the
existing fiber-optic cable by interfacing it withe existing Falcon™ telemetry.

The measurements coming from the on-board senepithé position tracking of the
ROV contained both the true states of the ROV, thachoise. Since accurate, low-noise
and high-update state information was crucial f&r implementation, an EFK was used
that separates the noise from the corrupted sigmdlprovides an accurate estimate of
ROV motion with low noise and a high update rala further increase performance of

the navigation algorithm, especially in the casesehsor drop-outs due to the lost
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acoustic signal transmission, the dynamic modethef Falcon™ ROV was integrated

into the EKF. The dynamic model of the Falcon™ RW&5& obtained through a series of
water tests. The designed pressure housings weahed to the navigation skid, which
was specifically designed for the implementatioojgut.

Custom, real-time compatible code was generatetht®oimplementation of the robust
adaptive sliding-mode controller coupled with th#ajtive PID control layer on the
Falcon™ ROV. This code was coupled with a Lyapubhased guidance algorithm that
generates reference state values to the contrfoltea given set of desired way-points

based on the feedback coming from the navigatigorghm.

Using the facilities in the wet lab, the experina@ntalidation of the designed EKF
through a near surface test manoeuvres was perdoirmerder to evaluate the accuracy
of the EKF’s state estimation. To this end, the BKdstimates of the horizontal positions
were compared to those of a high precision motapture system and it was found that
the RMS estimation error of the EKF was 0.15m far $urge motion and 0.16m for the
sway motion. With this capability, high precisigao-referencing becomes possible with
the existing Falcon™ ROV. In addition, further exmental tests were performed to
demonstrate the performance of the proposed ctertr@uring a rectangular trajectory
following task, the average RMS error values o880 0.04m, 0.04m, and 2.52degree
values were recorded along the X, Y, Z axis andirzdothe Z axis of the North-East-
Down reference frame, respectively. In conclusioantimetre-level precision was
achieved with the proposed automatic control schéneeeby significantly extending the

capabilities of the Falcon™ system for high prewmidiasks
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Infinity-Norm ROV Thrust Allocation: Within the two control strategies developed,

the generalized force and moment calculated forvétacle’s center of mass had to be
translated into a collection of forces on boardogiter type thrusters. To this end, a new
thrust allocation scheme methodology was develofied utilized the redundancy

inherent in the thruster lay-out. This method v@sed on the minimization of the
maximum single thrust components of the thrust fo&hiand was called thé, norm
formulation, as opposed to the conventiohahorm solution, which minimizes the two
norm of the thrust manifold. In addition, real-insolution rates to thé, norm

minimization problem were achieved by designing eaurrent neural-network that

inherently solves th&, norm optimization problem.
In one case study, it was shown that the largesstivalues obtained from thg norm

minimization andl_, norm minimization for the ROV manoeuvre considenssie 342.6

and 268.4 N, respectively, which translate to a6%il.reduction. The average

improvement over the whole manoeuvre was founcetd1n9%.

The simulation results showed that thenorm formulation allows the thrusters to run
within a safer range than the norm and hence provides more manoeuvrability for
subsequent controller action. Furthermore, it wascluded that thé, norm solution is
capable of finding feasible solutions in situatiavisere thel, norm formulation fails to

find one; making thd,, norm formulation a strong alternative to the caomianal I,

norm approach.
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4.1.2 ROVM Research

With regards to the ROVM research, the main foduthe research and development
program was to devise novel algorithms that wolllowathe small, low-cost Falcon™
ROV and a unique 5 function Hydrolek™ manipulatobe combined into an accessible
and economical ROVM system. To complete detaildibaa tasks, the current operating
procedures of larger work-class ROVMs cannot berdoaded directly to the new small
system. A means of automatically coordinatinguwékicle and manipulator motions was
deemed necessary and this coordination was realihealigh novel redundancy
resolution, extension of the ROV trajectory conttol the ROVM paradigm and

integration of a HMI that involves a unique spajmistick, 3D visual display and a GUI.

Redundancy Resolution for Small ROVMs: In standard ROVM operations, the
motions of ROV and the manipulator are guided imtelently by human pilots, and, to
further ease the burden on the pilots, the ROVYpgally held stationary. This practice
not only eliminates the redundancy inherent in tbenplete ROVM system but also
compresses the end-effector workspace beyond ukefitd; the workspace is already
small due to the under-actuated manipulators tlost imall ROVs employ. In order to
increase the dexterity of the small ROVM systemse anust complement the
manipulator DOF with the active ROV DOF. In doisg the ROVM becomes a unified
redundant manipulator that is capable of perforndatniled 6-DOF subsea end-effector
tasks (primary task) as well as secondary tasksyubie redundant DOFs.

As a first step to design such intelligent coortloma schemes, the Task Priority and
Gradient Projection Method were combined in a novay to accomplish the secondary

objectives, which were defined as the singularipidance and the minimal vehicle
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motion in the current research. In order to gaugfeonly the singular configurations but

also the need for the ROV motion, a mobility indexmber was proposed that was
derived from a modification of Yoshikawa’'s measwie manipulability. Using the
mobility index, the ROV motions were applied in aptimal, coordinated manner
through a simple shaping function. It was showoulgh numerical studies that effective
dexterous manipulation was possible through thegsed approach. In fact, in one case
study the dexterity measure was brought from Og(dar arm configuration) to 1.2
(dexterous arm configuration), demonstrating th&eotiveness of the approach in
achieving high dexterity.

The drawback of this proposed approach was tradtoved the inclusion of only two
secondary objectives, which falls short of fullyvedng the potential secondary
objectives that can be demanded from an ROVM systéanthermore, it did not account
for potential failures in the joints and could geaie reference joint velocity values
beyond the velocity limits. To address these dexkb, a novel methodology that had a
more complete set of objectives with a fault-toteérproperty was later proposed. The
methodology employed the GPM for the inclusion bé tsecondary objectives and
dynamically weighted each objective based on thentani type fuzzy algorithm. In
this method, the high level human pilot set therddsend-effector motion while the low
level artificial pilot determined a weighting factéor each objective based on if-then
type fuzzy rules that reflect an expert human (sldtnowledge. The secondary
objectives considered in this work were:

* Avoiding manipulator joint and velocity limits;

* Avoiding singularity;
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» Keeping the end-effector in sight of the on-boaathera;

» Minimizing the vehicle motion;
» Minimizing the drag induced disturbance.

In addition, the proposed methodology prevented dbeurrence of excessive joint
velocities and ensured that the generated velsciiiere within the allowable range.
These unique features set this work apart from ekisting literature in which the
possibility of faulty manipulator joints or excegsijoint velocities was not considered.

A simulation case study of the Falcon™ ROV with-B@F Hydrolek™ manipulator
demonstrated that detailed spatial end-effector omawres that were otherwise not

possible could be completed in real-time usingatugposed scheme.

ROVM Trajectory Controllers: While the redundancy resolution algorithm generate
reference state values for the ROVM system, isfail the controller to command the on-
board actuators to realize the commanded motion. this end, two different model-
based controller approaches were proposed fordh&a of ROVM systems, namely,
chattering-free sliding mode control and robustptidta sliding-mode controller coupled
with adaptive PID control layer, both of which wealee extension of the ROV control
approaches to ROVM systems. As discussed eani¢ha ROV research section, the
stringent conditions on the Lyapunov stability dfetchattering-free sliding-mode
controller were relaxed by using a continuous, #dapterm in the robust adaptive
sliding-mode controller version. The new adapteen constantly estimates the upper
bound on the difference between the known and nik@awn dynamics as opposed to the
“true” value of this difference, as is the casdha chattering-free sliding mode control.

This modification makes the controller more robustase of abrupt ROVM motions and
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provides asymptotic stability, provided that theotmorm of the lumped uncertainty

vector is upper bounded.

In addition, the robust adaptive sliding-mode colier is robust to the parameter drift
problem, which makes it a more suitable optionR@VM paradigm. This is because
the parameter drift problem is more likely to ocauisuch systems due to the existence
of the manipulator. The high-bandwidth dynamic relegeristic of the manipulator
motion may induce oscillations within the systemhieh in turn may excite the
unmodelled dynamics. As such, the adaptation sctirsed on these meaningless
oscillations in the system, causing the paramet#t, @r uncontrolled growth in the
adaptive parameters, to occur. Moreover, the @x¢gt of the 6-DOF joystick makes this
scenario more likely to happen since possible abrbanges in the pilot's demand may
induce such oscillations in the system. In addijtibbe 6-DOF joystick introduces noise
into the system, which may also lead to the paramdtift problem. These issues are
usually ignored in the relevant ROVM literature cgnthe existing research is mostly
confined to the controlled conditions of simulatistudies. In this research, however,
this problem is not overlooked since hardware ,64i2OF joystick, is interfaced with the
redundancy resolution and control scheme. Addirgréibustness to the parameter drift

problem, however, provides only uniformly ultimatélounded controller performance.

For the model-based part of both controllers, thasgLagrange approach was utilized
for the dynamic modelling of the ROVM system. Thezy based multi-objective
redundancy resolution algorithm was coupled witthboontrollers and numerous time
domain numerical simulation studies were perfornedssess the performance of each

controller. It was concluded that the robust adapsliding-mode controller coupled
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with adaptive PID control layer provides better twoler performance in its state

trajectory following capability. In fact, it washewn that the maximum end-effector
trajectory following performance was reduced by 38#h the use of the robust adaptive
sliding-mode controller coupled with adaptive PIbntrol layer in comparison to the

chattering-free sliding mode control.

A New HMI for the Coordinated Control of Small, Inspection-Class ROVM
Systems: Execution of any of the strategies relies on aprowved HMI to gather the
desired end-effector motion. To this end, the RBIOF joystick, an OpenGL based 3-D
graphical display, and a new GUI were incorporated the proposed HMI. While the
joystick generated reference end-effector motiba,3-D graphical display emulated the
visual cues provided to the pilot during actual R@dperations. As for the GUI, it
provided a set of tools for effective use of thegmsed redundancy resolution algorithm
by giving the pilot a series of operation modesirtfrermore, the new GUI also allowed
the pilot to operate the ROVM system using the entional one-joint-at-a-time with the
optional station-keeping mode. Using the develop#idl, hardware—in—the—loop
simulations were performed to evaluate the perfooeaof the proposed redundancy

resolution schemes for a broad range of ROVM opmracenarios.

Finally, an integrated ROVM operation strategy, posing a multi-objective fault
tolerant redundancy resolver that processes thgmés, a non-linear controller, a fault-
tolerant thrust allocator accounting for real lignin ROV manoeuvrability and an
advanced HMI has not been presented before. HFortme, none of the past works

include hardware to generate end-effector desiebocities reflecting the tendencies of a
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human pilot. Therefore, the proposed coordinataurol strategy for ROVM fills the

void in the existing literature.

4.2 Future Work
4.2.1 ROV Research

In the experimental ROV control research of theseliwmtion, the thruster dynamics
were neglected. However, it is known for a facttthe thruster dynamics have a
significant influence on the closed-loop system awatur; they limit the achievable
closed-loop system bandwidth and leads to a liyitec Therefore, a strategy could be
applied to compensate for thruster related unceresi in an effort to improve the
controller performance. This strategy may involve naore thorough thruster
characterisation approach than the one presentethhie which many assumptions were
made including zero effect of incoming water vetpan the thruster shroud.

Furthermore, more research effort could be put egtimating external forces on the
ROV such as tether forces. Recently, neural netsvbdve shown great promise in the
realm of nonlinear control because of their unigkrapproximation and learning
capability and could potentially be used to estentitese disturbances. In particular,
radial basis function neural networks could be adgoandidate for this purpose, as they
can uniformly approximate complex functions as lasga sufficient number of neurons
are employed and the approximated functions areofihyovarying. Therefore, such a
neural network can be utilized to improve the krenige of the system dynamics in an
effort to achieve better controller performance.

On the guidance and navigation side, the obstamé&lance ability into the guidance

algorithm can be incorporated for a reliable autoaos operation.
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4.2.2 ROVM Research

In terms of the ROVM research, the derived fuzayiddbased redundancy resolution
scheme could be extended such that the system dymaan be exploited within the
redundancy resolution to ensure the high performafiche controller using the intrinsic
redundancy. This step involves linking the systdgmamics with the redundancy
resolution in order to determine a preferable sygtese for the on-board controller.

Currently, the subsea research lab has a 5-funety@molek™ HLK 43000 hydraulic
manipulator, which is presently under retrofittirfgr simultaneous joint motion
capability since the current system does not haeeability to achieve such motion.
Once the retrofitting is complete, an experimesttiup involving the Falcon™ ROV
equipped with a 5-function Hydrolek™ manipulatotlwie established to implement the
proposed methodologies, namely, the fuzzy basedndahcy resolution algorithm
coupled with the robust adaptive sliding-mode adltgr coupled with adaptive PID
controller and the 6-DOF joystick as the input devi In addition, the developed GUI
will be used for effective ROVM operation in theplementation phase. Once up and
running, the ROVM system will be used as a test-bedevaluate the proposed
approaches.

One future work topic that could substantially gese the ability of the human pilot to
effectively perform subsea tasks would be impleimgnan haptic interface for the end-
effector motion. Towards the implementation of sumh interface, there are two
necessary stages. In the first stage, an hapticelesuch as the commercially-available
Phantom™, could be interfaced with the existing ROSimulator obtained from the
current research program. While the ROVM simulgimvides a computer-generated

synthetic environment with which a human pilot cateract to perform virtual tasks, the
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haptic device not only allows the pilot to manigalabjects in this virtual world, but also

reflects reaction forces to the user. These re@adbrces lead to haptic perception of
virtual objects in the human brain. Through exgecing the touch and feel of virtual

objects, ROV pilots would be better trained for lligpcated subsea missions in a more
realistic virtual setting.

In the second phase, in lieu of virtual objectg pilot would manipulate real objects
with force feedback reflected on the haptic detto®ugh force sensors planted on the
end-effector. As such, the human pilot would ble &b develop a feel of the workpiece
and perform the task more precisely with the tagtiformation.

Another future work avenue is the force controlREDVM systems, which involves
controlling the end-effector forces exchanged wite underwater environment. Most
ROVM applications require the end-effector to méwa specific location and then apply
specific forces. During such a task, the end-&ffetirst moves in an unconstrained
environment until the first contact occurs with therkpiece and then stays in transient
contact until the complete physical contact takle€e Once in full contact, the end-
effector is in constrained motion and is requireddllow a force trajectory. This is a
twofold problem: first, the transient motion must &table, and second, the end-effector
must follow a desired force trajectory while inlfalontact. To have stable transient
contact, an impedance control could be implememechich the mechanical impedance
of the manipulator and the environment are cordllAs for the force trajectory
following, a hybrid position/force controller thgowould provide a means to guide the

forces when the end-effector is in constraint motiae to the physical contact.
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ABSTRACT

In underwater remote vehicle-manipulator system (URVM) applications, it is beneficial to
have the underwater remote vehicle (URV) hold station using its thrusters while a human pilot
operates the serial manipulator. This provides a stable platform for the manipulator and eases
the pilot’s job drastically when current and/or tether disturbances are present. The contribution
of this work is twofold: Firstly, the reduction of dynamic coupling in the URVM systems is
realized using two robust control techniques namely Sliding-mode control and H.. control, and
the performance of both controllers in the dynamic coupling reduction problem is reported.
Secondly, a new control scheme is proposed that involves both controllers in the control loop.
Numerical case studies are developed to demonstrate the effectiveness of the controllers. It is
concluded that sliding-mode and H.. controller combined approach provides superior dynamic
coupling reduction performance.

Keywords: underwater vehicle manipulator system; nonlinear control; dynamic coupling.

LE DESIGN DU CONTROLEUR EN MODE-GLISSANT MIMO ET H> POUR LA
REDUCTION DU COUPLAGE DYNAMIQUE DANS LES SYSTEMES
MANIPULATEURS SOUS-MARINS

RESUME

Pour des applications de systémes de manipulateur-véhicule sous-marin télécommandés
(MVST), il est bénéfique que le véhicule sous-marin télécommandé (VST) maintienne sa position
avec ses propulseurs tandis qu'un pilote humain actionne le manipulateur sériel. Cela fournit une
plate-forme stable pour le manipulateur et facilite grandement la tache du pilote en présence de
perturbations dues au courant et/ou au cordon ombilical. Dans ce travail, une réduction du
couplage dynamique dans les systemes MVST est réalisée en utilisant deux méthodes de commande
robustes, soit la commande par mode de glissement et la commande H... La performance des deux
systemes de commande pour la réduction du couplage dynamique est présentée. De plus, une
nouvelle approche qui comprend les deux systeémes dans la boucle de commande est proposée. Des
¢tudes de cas numériques sont développées afin de démontrer Iefficacit¢ des systeémes de
commande. Il est conclu que 'approche combinant la commande par mode de glissement et la
commande H.. offre une performance supérieure pour diminuer le couplage dynamique.

Mots-clés : systetmes de manipulateur-véhicule sous-marin télécommandés; controle non
linéaire; couplage dynamique.
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INTRODUCTION

In many URYV applications, a master-slave configuration is used to operate the manipulator.
In this configuration, the movement of the smaller master arm driven by an operator on a
surface support vessel, is approximately duplicated by the larger slave arm relative to the URV
frame of reference [1]. However, when the movement is replicated by the larger-slave arm, a
force 1s exerted on the vehicle through dynamic coupling. Since the end effector’s position and
orientation are a function of accumulated URYV motions, this disturbance of the URYV state
adversely affects the end-effector position and orientation; the slave arm end-effector does not
achieve the same final state as the master arm [1]. Nonlinear hydrodynamic effects dominant the
coupled vehicle-manipulator dynamics and the hydrodynamics vary greatly with changes in arm
and vehicle orientation [2]. Consequently, reducing the negative effect of the dynamic coupling
present in the URV manipulator system through the use of on-board controllers becomes a
significant issue in obtaining better system performance [3].

Several control methods have been applied to control URV motion. Yoerger and Slotine [4]
applied Slotine’s [5] sliding-mode methodology to the control problem of the URV. In [4], a
series of single-input single-output controllers were used, and the robustness of the control
scheme was demonstrated. Cristi et al. [6] proposed a control technique that combines the
robustness property of the sliding-mode controller with the adaptivity of an adaptive controller.
Yuh [7] demonstrated the application of neural networks to an underwater robotic control
system, and concluded that a neural network controller provides a robust control technique in
case the exact dynamic knowledge is not available. Dunnigan and Russel [8] addressed the
dynamic coupling problem for URVM systems, and proposed the sliding-mode approach in an
effort to keep a URYV stationary. The sliding-mode control methodology was also utilized to
solve the URVM dynamic coupling problem in [8] in which an accurate dynamic coupling
prediction required inertial measurement units for monitoring the URV motion. In [9], the
Articulated-Body Algorithm (ABA) predicted the dynamic coupling force expressions based on
the feedback of the URV and the manipulator states. It was shown in the same paper that using
the ABA not only eliminates the need for an inertial sensor, but it also produces better dynamic
coupling reduction performance.

The H.. approach is applied in [10] to the problem of precise trajectory controlling. To this
end, the nonlinear system dynamics were linearized around an operating point, and standard
techniques of H.. theory [11] were applied. Conte and Serrani [12] proposed a scheduling of
linear H.. controllers, and simulation studies were carried out for a broad range of operating
conditions. They showed that the H.. approach provides a robust control technique for the
control of underwater vehicles. In [13], Conte et al. considered the problem of decoupling the
effect of the umbilical’s traction from the position of a URV. It is shown in [13] that the full
disturbance decoupling is theoretically not possible within the H.. controller synthesis theory.
However, the almost disturbance decoupling was proved to be theoretically realizable in the
same work. An H.. autopilot design for an autonomous underwater vehicle is presented in [14].
The design of sub-controllers is formulated as the problem of minimizing the mixed sensitivity
function, and is solved by the Linear Matrix Inequality (LMI)-based H.. method. In [15], the
same problem was solved using reduced-order H.. synthesis that produces reduced-order
controllers with slight performance degradation compared to LMI-based controllers.

The primary goal of the current proposed research is to compare the ability of sliding-mode
H.. controllers to attenuate the dynamic coupling in URVM systems, and to propose a control
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scheme that combines the two controller methodology to further improve the controller
performance.

1. MODELLING
1.1. Vehicle Modelling with Newton-Euler Dynamics

As shown in Fig. 1, the Z axis of the earth-fixed inertial frame {E} is assumed in the gravity
direction as is consistent with traditional marine mechanics. The URV is modeled as another
manipulator link in the serial chain and numbered as 0. The body-fixed frame is attached to the
centre of mass of the URV as shown in Fig. 1. The URYV spatial velocity state vector with
respect to (wrt) its body-fixed frame is considered to be p=[v; v,]"=[p ¢ r u v w]’
and the position and orientation state vector of the URV wrt the inertial frame is given by
x=[¢ 0 ¢y X Y Z]T. The spatial transformation matrix between the inertial frame and
URV’s body-fixed frame is given by T e R°*®, which includes the angular velocity
transformation matrix and the linear velocity transformation matrix. The term T can be
obtained by the Euler sequence of rotations [16].

The nonlinear equations of motion of the URV in terms of its body-fixed frame are obtained
by applying a Newton-Euler dynamics formulation:

Mp+C(p)p+D(p)p+g=1, x=Jp (1)

where M € 166 is the inertia matrix including the added mass effect, C € R¢*° is the Coriolis
matrix that results from the use of a local frame attached to the URV, D € R6*° is the damping
matrix, g e R® is the gravity matrix, J e ®6*¢ is the kinematic transformation matrix, and
finally = € R° is the force and moment vector acting on the system including thrusters forces,
tether forces and the manipulator disturbance forces. The definitions of these terms can be
found in [16].

1.2. Linearized Model

To be able to implement H.. control theory, the nonlinear system must be linearized around a
specific operating point. To this end, the linear model can be obtained by linearization of the
general expression given in Eq. (1). Since our main goal is to keep the URV stationary in the
presence of the disturbances, the operating point or equilibrium point must be 0. The

Fig. 1. URVM system.
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linearization process around the operating point of 0 yields the following linear time-invariant
(LTI) system [16]:
M-! u
o | @
O6x6 | LO6x1

where E € #°¢ is the gravity-buoyancy matrix [16]. Equation (2) can be written in a compact
form as follows:

Ap] | -M~Y(C+D) —M'E|[Ap
|:AX:|_ J 06><6 [AX:|

E=A¢+Bu (3)
To complete the linear model, the output of the system can be given as:

Ay=Cé& (4)

2. CONTROL
2.1. MIMO Sliding Mode Control

A multi-input multi-output model-based sliding mode controller allows using one centralized
controller instead of many, i.e., one for each controlled axis. The centralized controller
coordinates the URV motion in such a way that the desired task is accomplished.

The design of a sliding mode control follows two main steps. First one designs a switching
surface s to represent a desired system dynamics, then a control law u e R° is designed that
drives the system states on to the switching surface s € R® in a finite time and keeps them on the
surface until they hit the desired location on the surface in spite of parameter changes and
disturbances [5].

The vector of sliding surfaces s is defined as:

{2 (2]

where Y € R0*6 is a positive definite matrix containing the control bandwidth value for each

sliding surface, R e >3 is the rotation matrix from the inertial frame to the body-fixed frame,
and the rest of the terms in Eq. (5) are defined as with subscript d denoting the desired values:

N=[xa—x ya—y za—z)]" =[ds—¢ 0a—0 Y,—y]" (6)
The following control law is implemented based on the work of [17].
u=B' [KDs+Mf+ (é+f))r+ g-i—KSsat(s/CD)} (7)

where B’ is the pseudoinverse of matrix B, K € R°*© is a positive definite matrix of gains, M,
C, D and g are the estimates of inertia matrix M, the vector of Coriolis and centripetal
acceleration C, the vector of dissipative effects, and gravitational and buoyant force g,
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respectively. The term K, e R6*® is a positive definite matrix, and saz(s) is the saturation
function [16].
Theorem 1: Consider the nonlinear dynamical system described by Eq. (1). If the control law is
expressed as Eq. (7) then stability of the closed-loop control system is guaranteed in Lyapunov
sense with 1 / 2s” Ms being a Lyapunov function candidate.

Proof: See Antonelli [17].

2.2. H.. Control Design

A typical feedback system is demonstrated in Fig. 2 in which K is the controller,
G is the system that is to be controlled, and d is a disturbance. The term r represents the
reference input that is supposed to be tracked by the system, e is the error between the
reference input and the system output, and finally u is the control input produced by the
controller K.

H.. design software programs usually require the system to be expressed in a so-called
interconnection system, which is the state-space representation of the augmented system. Such a
structure can be easily obtained by adding the performance weighting functions Wp that
captures the closed-loop performance specifications (minimum bandwidth frequency, maximum
steady state error, and maximum peak magnitude) and robust weighting function W, that
characterizes the known frequency dependent knowledge of the modelling uncertainty [11, 18].
The resulting the feedback control loop and the augmented plant P are demonstrated in Fig. 3.

So the augmented plant P from [w,u]” to [z,v]" is

{Z} _ {Pn(iw) Pz (jw)

v [Puo) Pzz(iw)H:]’ n=K{jo)y (8)

where z=z, Zz]TWichl=WpllandZ2=WrGll,W=[I‘ d], v=w—Gu and

wl —w,(jo)G(jow)

Pute)= [ 0 w,(jo)G(jw)

wy(jw)l —w,(jo)G(jw
T
0 w,(Jo)G(jw)

9)
Py (jo)=[1 —G(jo)|I, Pn(jo)=—G(jo)
The major goal of the H.. design method is to minimize the effect of the worst-case

disturbance w on the output z. The cost function to be minimized is defined as the transfer
function between w and z, and is expressed as T.,, =Py, +P12(I—P22K)*1KP21 yielding:

T.,— 9 _‘V”gw>G_Uw>]+[_Wp_(jw)G_(jw) KI+GK) '[I —G(jw)]
Lwe(jo)  w(jo)G(jo) wi(jo)G(jo) (10
_ [ (SGeyw, (o)) ]
L (T(jw)w,(jw))

Transactions of the Canadian Society for Mechanical Engineering, Vol. 33, No. 4, 2009 735



Fig. 3. Feedback control loop (left) and Augmented plant P (right).

In Eq. (10) y is a constant called nominal performance bound that represents the desired
performance level of the closed-loop system and the terms S and T are called the sensitivity
function, and complimentary sensitivity function, respectively [18]. The H.. design process seeks
a controller K such that the closed-loop gain T.,, is minimized in the sense of the H.. norm while
maintaining internal stability. That is, ensure ||T.,|, <y where the term 7y represents the
achievable performance level of the closed-loop system for a given set of controller design
constraints, and is the result of the optimization problem of min ||T.,|, [11].

Consequently, the problem definition can be given as ||T.,|,, =sup,6(T..(jw)) where
|IT-||,, is called the mixed-sensitivity cost function, &(.) is the maximum singular value and
sup,, implies supremum, or least upper bound [11].

In the H. framework, the desired controller performance is given as frequency domain
specifications on the various closed-loop transfer functions. These frequency domain
specifications form design constraints on the gain response of the closed-loop transfer functions
within the H.. control problem. The procedure of defining the frequency domain specifications
such as tracking performance, disturbance rejection, roll-off, robustness to model uncertainty is
called loop shaping [11]. The performance specification and the robustness specification require
the following inequalities to hold:

a(SGww,(jw)) <1, &(T(jo)w:(jw)) <1 (11)

These performance and robustness specifications can be lumped into the following infinity
norm inequality:

- H (SGyw,(je))
(T Gw)w:(jow))

as a result of the following inequalities:

| | Tzw

(12)

0
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SU@N%U®)]>SHSUwﬁ%Uw) (13)

T(jw)w:(jo) T(jw)w:(jo)

max{a (S(jw)w,(jw)), 6(T(jw)w.(jw))} < a( [

o0

2.3. Weighting Function Selection
In the current work, the performance weighting function for the control system was chosen
based on the work of [14] as:

w,=10(/410)/1000/+ 1 (14)

with / indicating the Laplace domain. This choice leads the steady state error to be below 1%.

The robustness weighting function w, represents the bound on this uncertainty term. It is
assumed that the neglected high frequency dynamics cause as much as 40 dB deviation between
the frequency response of the linearized model and the actual system for frequencies over 0.5
Hz. This requires 40dB/dec attenuation after 0.5Hz. The robustness bound satisfying the said
conditions was chosen to be:

w,=17/10 (15)

Note that although w, is improper, the augmented plant is proper since w,(jw)G(jw) is
proper, and that it does not lead to an ill-conditioned state matrix in the realization of the
augmented plant P [11].

2.4. Solution Procedure

For synthesis of the H.. control, transfer matrix G in Eq. (10) is replaced by C;(sI—A;) -,
which is the transfer matrix of the linear model given in Eqgs. (3) and (4). The weighting
functions are defined based on the design specifications. There are two common approaches to
solve the problem of the minimization of the cost function, i.e., min ||T,||.,; the Riccati-Based
and the LMI-based. The LMI-based H.. control theory [19] will be utilized to synthesize the
controller since it applies directly to singular plants. This is the case for our system since the
eigenvalue analysis reveals that the linearized model of the vehicle has poles at the origin.

3. SIMULATION RESULTS
3.1. System Overview

These two controllers were applied to the full nonlinear plant, and their performances in the
attenuation of the dynamic coupling were evaluated. The URVM system considered in this
work is Canadian Scientific Submersible Facility (ROPOS) [20], and all the associated
parameters used in this simulation study are given in [20]. The current ROPOS system does not
involve manipulators, and hence manipulators from [21] were used instead; these manipulators
were chosen due to the similarities in dimensions of their vehicles and the vehicles used in the
ROPOS system. In the simulation, a station keeping task is considered for the URV whose
initial orientation and position vector is zero. Likewise, the initial configuration of the
manipulator is also taken as zero. A randomly selected torque vector of t=[40 0 0] Nm,
which corresponds to the pilot’s true desire during task execution and could be any value, is
applied for 60 seconds. No joint displacement limit is considered in the current simulation
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study. The applied torque vector creates constant disturbance to the URV motion through
reaction forces and moments at the junction point between the URV and the manipulator, and
in turn causes changes in the position and orientation of the URV. These effects leads to the
reduction of task effectiveness, and must be compensated for in order to obtain better system
performance in underwater robotic applications. The compensation of the reaction forces and
moments will be given by controllers. In underwater applications, these compensation forces
and moments are applied to the system by means of thrusters. For the thruster dynamics, a
simplified first-order model of the thrusters was implemented. The first-order dynamics
successfully model the lag between the controller’s commanded thrust and the actual thrust
through a time-constant term. The dimensionless time constant term is considered to be 0.07.
This value successfully reflects the time lag behaviour of conventional thrusters and is
determined based on trial and error. In addition, it will be assumed that commanded thrusts are
applied directly to the center of mass of the URV. In order to model uncertainties in the
dynamics parameters, drag and added mass coefficients of the URYV differed from the real
system by 20%. Success of the controller in the presence of these parameter perturbations will
partly address the issue of controller robustness. MatLab Simulink software was used to
perform the simulation. As an integrator, odel5s is used.

To predict the reaction forces and moments at the junction point, the ABA [22] algorithm is
used in the simulation studies.

3.2. Sliding-Mode Control

MIMO sliding-mode controller has been synthesized based on Section 2.1. The control law
parameters were chosen by trial and error to be: Y=[0.5 0.5 0.5 0.5 0.5 O.S]T and
Kp=[10 10 10 10 10 IO]T. Differently from the general approach in which control
parameter Ky is taken as constant, in the current implementation of the MIMO sliding-mode
controller, the term Kg is updated using SVD (Singular Value Decomposition) so that the
convergence condition given in [17] is guaranteed to be satisfied by the sliding-mode controller
during task execution. Boundary layer parameter ® has been set to 0.2 to prevent the chattering
problem.

Dynamic simulations were performed for 60 seconds, and the reaction forces and moments
occuring at the junction point between the vehicle and the manipulator are demonstrated in
Fig. 4. The MIMO sliding-mode controller tries to compensate these disturbance forces and

30
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Fig. 4. Forces and moments occur at the connection point due to the manipulator motion.
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Fig. 6. Above two plots demonstrate the URV’s translational (left) and rotational (right) motion.
These two graphs are also equivalent to the position and orientation error of the URYV, as zero is the
reference value for each degree of freedom of the URV.

moments by commanding the thrusters. Figure 5 demonstrates the commanded forces and
moments at the center of mass of the URV.

Figure 6 reveals the controller performance in keeping the vehicle still. From Fig. 6, it can be
concluded that the MIMO sliding-mode control technique provides satisfactory station-keeping
performance since the position and orientation error of the URV under the disturbance of the
manipulator motion is small.

3.3. H.. Controller Synthesis

The H.. control technique was applied to the dynamic coupling reduction problem under the
simulation parameters as the previous section. To this end, the dynamic coupling term is
included into the general problem setting of H.. design as outlined in Section 2.4. MatLab’s
LMI Control Toolbox [23] was used to solve the derived LMI equation, Eq. (10), through the
augmented plant given in Eq. (8). The performance specifications were enforced through the
weighting functions defined in Section 2.3. The LMI Control Toolbox found an optimal 6-input/
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Fig. 7. Position and orientation error of the URV due to the manipulator disturbance forces and
moments.

6-output controller of 17" order for given design specifications with nominal performance
bound y = 0.2955.

Figure 7 shows the translational and rotational position error for the H.. controller. Figure 7
reveals that H.. control synthesis yields a controller that provides satisfactory station-keeping
performance. From the figure, it can be concluded that the sliding-mode controller gives slightly
better performance in the attenuation of the dynamic coupling effect compared to the H..
controller.

3.4. Sliding-Mode - H.. Controller

In order to further improve the disturbance rejection capability, the two approaches can be
combined. The proposed feedback control scheme is given in Fig. 8.

In this proposed scheme, there are two loops. The inner loop consists of the sliding mode
controller, the disturbances and the URV dynamics and the outer loop consists of an H..
controller. In the inner loop, the low-level sliding mode controller works to drive the state of the
nonlinear URV system towards the equilibrium state of 0. Therefore, the high-level H.
controller works on a system whose dynamics model is more consistent with the linearized
model used to synthesize the H.. controller.

Figure 9 demonstrates the position and orientation error of the URV under the manipulator
disturbance. As can be seen from the figure, the combined H..-Sliding-Mode controller gives
very satisfactory results in keeping the URV’s location at zero.

——-<>—— Hinfinity Sliding-Mode I G 4 -

Fig. 8. Proposed H.. -Sliding-Mode control scheme.

Transactions of the Canadian Society for Mechanical Engineering, Vol. 33, No. 4, 2009 740



0.25 ; 0.01

0.2F - . Or
Y | % |
- ' E-0.01
T £-002- i :
= 0.l {1 g C W et
S § -0.03+ L o 1
g 0.05 i
I 2-0.04¢ , ) e ]
3 ¢
-0.05} == 1
-0.06} b :
O, 10 20 30 40 50 so 0% 10 20 30 40 50 60
Time [sec] Time [sec]

Fig. 9. Position and orientation error of the URV due to the manipulator disturbance forces and
moments for the combined H.. -sliding-mode controller.
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Fig. 10. Euclidean norm of position and orientation error for each controller. As can be seen form
the figure that the combined H..-Sliding-Mode controller outperforms the other two controllers.

In order to evaluate each controller performance with respect to each other, one should
evaluate the Euclidean norm of position and orientation error for each controller. Figure 10
reveals that the combined H..-Sliding-Mode controller outperforms the other two controllers.
When the area underneath each curve in Fig. 10 is considered, the combined H..-Sliding-Mode
controller improves the position and orientation error as much as 35% and 47%, respectively,
compared to the sliding-mode controller alone, and 49% and 49% compared to the H.
controller alone.

4. CONCLUSION

The contribution of this work is twofold. Firstly, the implementation of H.. technique to the
problem of dynamic coupling reduction in URVMs, and its application to the disturbance
mitigation problem is considered to be a unique contribution. Secondly, a new control scheme
consisting of a combined sliding-mode and H.. controller has been presented. A comparison
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case study has been developed to evaluate the performance of each controller in the dynamic
coupling reduction problem. Results have demonstrated that the combined H..-Sliding-Mode
controller outperforms the other two controllers. This improvement can be attributed to the
fact that, the high-level H.. controller works on a system whose dynamics model is more
consistent with the linearized model used to synthesize the Hoe controller due to the low level
sliding-mode controller. Although the performance evaluation of each controller has been
performed exclusively for the dynamic coupling reduction problem, the proposed control
scheme can be easily extended to other URV problems such as waypoint navigation.
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Abstract- In this work, the dynamics modelling strategy of a
tethered underwater remotely operated vehicle (ROV) coupled
with a and spatial manipulator have been studied. With regards
to the cable dynamic modelling, it is considered to be a series of
lumped point masses connected by linear, massless, visco-elastic
springs. In addition, the model accounts for the tether bending
and twisting effects. Regarding the manipulator dynamics, the
Articulated-Body Algorithm is employed due to its computational
efficiency. In order to control the ROV motion under disturbance
forces and moments caused by the tether and the manipulator
motion, a series of Model-based SISO sliding-mode controllers
are implemented and the ABA is used to predict the dynamic
coupling force expressions based on the feedback of ROV and the
manipulator states. The control gains of the sliding-mode
controllers are defined as a closed function of the articulated
inertias of the ABA algorithm; leading to time varying gains as
opposed to constant as in conventional methods. As a case study,
a Saab-Seaecye FALCON™ ROV with a modified Hydrolek™
HLK 43000 manipulator is presented. Numerical simulations are
performed to reveal the extent to which the tether dominates the
Falcon-manipulator dynamics. It is shown that disturbance forces
and moments created by tether motion must be actively
compensated using while the ROV is held stationary during
manipulator operation. It is also shown that the use of force
sensors at the FALCON™s tether termination can dramatically
improve the performance of the series of SISO sliding mode
controllers.

I. INTRODUCTION.

Remotely operated vehicles (ROV) equipped with robotic
manipulators play an important role in a number of shallow and
deep-water missions for marine science, oil and gas, surveys,
exploration recovery and military services. The ROV is used
as a mobile platform that delivers the necessary robotic tools to
a subsea work site. In this capacity, the ROV serves as a base
while the manipulator performs a required task. These systems
are also equipped with a tether. The tether supplies power to
the ROV and facilitates high bandwidth teleoperation of the
ROVs robotic end-effector by a human pilot in the deployer
vessel.

It has been documented that the hydrodynamic and
gravitational forces acting over the tether create internal forces
that dominate the ROV motion [1]. Thus, it becomes necessary
for a ROV simulation to accurately model the tether’s dynamic
behaviour under certain conditions. Previous work in the
Subsea Robotics Laboratory at the University of Victoria has
led to the development of a time-domain simulation of the
dynamics of the slender ROV tether subjected to large
displacement, as presented in [2]. In the simulation, the
lumped mass approach is used. In this approach, the ROV
tether is considered to be a series of point masses connected by

978-1-4244-4333-8/10/$25.00 ©2010 IEEE

linear, massless, visco-elastic springs. In addition, the model
accounts for the bending effects, which is crucial to be able to
accurately predict realistic results for low-tension manoeuvres.
The assumption of negligible rotational inertia leads to the
derivation of bending forces as a function of the tether
curvature at any point along the cable.

Several control methods have been applied to control ROV
motion. Yoerger and Slotine [3] applied Slotine’s [4] sliding-
mode methodology to the control problem of the ROV. In [3], a
series of single-input single-output controllers was used, and
the robustness of the control scheme was demonstrated.
Multivariable sliding-mode controller was proposed by Healey
and Lienard [5]. Cristi et al. [6] proposed a control technique
that combines the robustness property of the sliding-mode
controller with the adaptivity of an adaptive controller. In
Soylu et al. [7], the discontinuous term of a conventional
sliding-mode controller was replaced with an adaptive estimate
of the dynamic uncertainties. Goheen and Jeffery [8]
employed an adaptive controller that does not require precise
knowledge of ROV dynamics. Yuh [9] demonstrated the
application of neural networks to an underwater robotic control
system, and concluded that a neural network controller
provides a robust control technique in case exact dynamic
knowledge is not available. Dunnigan and Russel [10] dealt
with the dynamic coupling problem for ROVM systems, and
proposed the sliding-mode approach in an effort to keep a ROV
stationary. The sliding-mode control methodology was also
utilized to solve the ROVM dynamic coupling problem in [11].
In [11], the Articulated-Body Algorithm (ABA) was used to
predict the dynamic coupling force expressions based on the
feedback of the ROV and the manipulator states. It was shown
in the same paper that using ABA not only eliminates the need
for an inertial sensor, but it also produces better dynamic
coupling reduction performance.

The Hoo approach is applied in [12] to the problem of
precise trajectory controlling. To this end, the nonlinear
system dynamics were linearized around an operating point,
and standard techniques of the Hoo theory were applied. Conte
and Serrani [13] proposed a scheduling of linear Heo
controllers. Soylu et al. [14] combined sliding-mode control
with Heo control for a station keeping task.

The ROV dynamics are dominated by hydrodynamic loads
and it is difficult to accurately measure or estimate the
hydrodynamic coefficients. As such, automatic control of the
ROVM requires a robust controller: one that is insensitive to
inaccuracies in the dynamic model of the ROVM. It has been
shown that the sliding mode approach is an effective technique
for the control of ROVM systems [3], [11]. In the present
work, the sliding-mode approach is chosen.



II. DYNAMIC MODELLING OF TETHERED ROVM SYSTEMS

Tether Modelling

It is known that the forces acting on the tether of a ROV
disturb the vehicle position and orientation. Depending on the
manoeuvre, these forces can dominate over other forces,
including the thrusters’ forces, and can hence become
governing forces. Therefore, in order to have a reliable
dynamic simulator of an ROV system, it is vital to have a
dynamic model of the ROV that includes a realistic dynamic
model of the tether.

A. Tether Kinematics in a Nutshell

In typical ROV applications, the tether is usually kept in a
slack state in an attempt to mitigate the disturbance effect
caused by the tether dynamics. Therefore, the tether dynamics
to be used in the simulator must accurately capture the
dynamics of a slow-tension tether. Recent studies showed that
the accurate dynamics of a slack tether must accommodate two
important factors: bending and torsional effects. A non-linear
dynamic modelling methodology that includes the two
aforementioned effects was proposed in [2]. This model is
based on a finite-element discretization of the tether
continuum. Consider the schematic of the ROV-tether system.

/1L,

Figure 1: In the finite-element formulation of the cable dynamics, the cable
path is discretized by dividing the continuum into N-1 segments with N nodes.

The discretized tether is composed of N-1 segments that are
connected to one another through N nodes. The position of the

tether with respect to the inertial frame X, Y, Z is defined by
the position vector r which is a function of the unstretched
curvilinear coordinate s along the cable. The orientation of
each visco-elastic tether element is defined by a local
coordinate frame Py P2 q aligned with the tether cross-section.
The definition of the orientation of this local frame is made
through a Z—Y — X Euler angle sequence. The p axis is

normal to the tether element, the 4 axis is normal to the cross-

section of the tether and tangent to the increasing tether length,
and finally p, completes the right-handed coordinate frame.

The orientation of this local reference frame in three-
dimensional space varies continuously with the changing

location of the cable, and time. Additionally, a frenet frame is
defined at the nodes, with the tangential axis 7, aligned with
the ¢ axis, and the normal axis 7 pointed towards the center of

the curvature at the nodes. Term p is a bi-normal direction that
completes the right-handed coordinate frame. In Figure 2, a
differential segment of a continuous tether is seen. Each
segment in the tether is a twisted- cubic spline. The state
definition of a segment is made via the absolute position vector
r and the curvature »” at the node points on the segment as
shown in Figure 2 with the superscript (") denoting absolute

second differentiation with respect to s. The curvature at the
node is defined by the curvature p .

A+ w

Z "

Figure 2: Cable segment between nodes 1 and 2, defined relative to an inertial
frame by position vector r. Given the node positions and curvatures, the
internal forces and moments shown can be recovered.

B. Tether Solution Process

The segment is subject to internal forces and moments as
well as distributed hydrodynamic and gravitational loads.
Given the node positions and curvatures, the internal forces and
moments can be recovered.

Utilizing the twisted spline geometry and a lumped mass
approximation, the node positions along the tether can be
defined. The discretized tether is approximated by a series of
N twisted cubic spline elements. The time-varying state vector
defining the cable profile is the concatenation of each node’s
absolute position and the curvature vectors [2]:

Y(4)= [[Fk([)]r [fk(")]T}T i=1..N

For a given initial tether profile (state vector), this vector
can be integrated forward in time to obtain the tether profile at

tyys e Y(t,).
the boundary conditions at node 0 and node N, the set of

M

Using the current tether state along with

curvature vectors along the discrete tether, i.c., [r”(i) ...r”(N)] ,

can be obtained.
Using the obtained tether profile, the torsion ¥ within each

element can be calculated. Note that torsion is defined as the



rate of twist of the tether’s local frame around the tangential
axis incurred by the changing orientation of the osculating

plane formed by the f and 7 unit vectors at the relevant point.
From this definition, it can be said that the torsion corresponds
to the twist created by the curvilinear profile of the tether.
Having these torsion values combined with the boundary
conditions, i.e., one of & or T and one of o™ or T (N),
the torsional deformations through the discrete tether can be
calculated. Note that the torsional deformation o« and T
represent the angle of rotation between the Frenet frame and
the principal axes of inertia of the tether cross-section and the
applied torque at the boundary nodes, respectively The
knowledge of the torsional deformation along the discrete
tether allows one to locate the local frame of reference through

the discrete tether, i.c., [a(i) ...a(N):I )

The global motion equations for the discrete tether are the
assembly of each node dynamics and are given by:

1+ D[] [0T] +

i=1..N

W, +H_,+B,=M_R

T
where R= I:r(O)T A7 r(N)T] is the set of tether node

positions; [Kfl, [K K] > and [KT]G are rectangular global
bending, axial, and torsional stiffness matrices, respectively.
The 3Nx1 vectorsW,, H,, and B, are the global

hydrodynamic, weight and buoyancy, and external applied
loads acting at the node points of the assembly. Finally, M, is

the assembled lumped mass matrix. Eq. (2) is solved for
I:i”’([) “.;;(N):I to form Y(¢), and then the resulting equations

G >

are integrated to obtain the tether state vector Y (7). Details of
the structure of the system matrices in Eq. (2) can be found in
(2].

Vehicle-Manipulator Modelling

A. ROV Dynamic Modelling within the AB Algorithm

According to the AB algorithm, the nonlinear equations of
motion of the ROV are given by [15],[16]:

{=Ia,-f (3)
where ;e R™ represents the AB inertia of the whole ROVM,

including added mass contributions. The term S, € R® is a

bias force that contains the hydrodynamic and any potential
environmental forces, e.g., drag forces and tether disturbance
forces, excluding gravity, acting over the entire ROVM.
Details about the calculations of hydrodynamic, drag and fluid
acceleration forces can be found in [15]. The components of
the vector f, € R° are the control forces and moments exerted

by the thrusters on the ROV. All vectors are expressed in terms
of the ROV’s body-fixed frame.

Equation (3) can be solved for the biased acceleration of the
ROV as:

a,=(I)" (£, +5,) “

In the simulation, the unbiased acceleration vector of the ROV
is needed. The unbiased acceleration, a, is:

0,7

a, I'= (I; )-l(fo + ﬂo*) +[0,

0,797
a,] -

a, =a; +[0,, %)

The velocity and unbiased accelerations calculated from
Eq. (5) are transformed from body-fixed frame to inertial frame
prior to the integration step. This can be done using the
following spatial transformations:

(6)

. . T, 0,
x=Tv, x:Tao+{ 2 33:|V'
33 3x3

where x=[¢OwX Y Z]" is the position and orientation state

vector of the ROV wrt the inertial frame, the term T is the
spatial transformation matrix between the inertial frame and
ROV’s body-fixed frame which includes the angular velocity
transformation matrix 7, and the linear velocity transformation
matrix T;.The definitions of these matrices can be found in
[17].

B. Incorporation of the Tether Dynamics into the AB-Based
ROV Dynamics

To couple the ROV and tether dynamics models, the tether

bottom boundary position r™ s extracted from the vehicle

state. The force exerted by the last node N of the tether can be
pulled from Eq. (2) The force acting on the ROV at the
termination point is the last three components of Eq. (2).
Similarly, the moment induced by the tether dynamics on the
ROV is given by

n, = —E[K'|S(N) M -GJr ™ i (7)

are the curvature and the twist at the

where K| “ and 7| ®
s s

termination, respectively. The resulting forces and moments
on the ROV caused by the tether dynamics are given in [18] as:

f,=[f, ryoxf,+n,] ®)

where r, . is the position vector from the center of mass of the

ROV to the termination point.

Within the AB dynamic formulation frame, all of the
external forces acting on the vehicle can be incorporated into
the general scheme through the bias force term 4, € R®as an

additional force [15], [16].

C. Manipulator Modelling

The body-fixed frames are attached to a base joint of each
successive link using the modified Denavit-Hartenberg
convention [19] and are labelled from n through n. The joint
position state vector for the manipulator is defined by



q=[g, q, qn]T where ¢; is the rotation angle of the i
joint. The rotation matrices from link to link can be obtained
from homogeneous transforms based on the modified Denavit-
Hartenberg parameters.

The force balance equation associating the control force f,

provided by the manipulator’s i joint with the motion of the
outboard articulated links, link 7 through 3, is given by:

(€))

where [’ represents the AB inertia of link i through n. The

f=I-f.

term B is a bias force that contains the hydrodynamic and

environmental forces, excluding gravity, acting on the ROVM.
Detailed calculation of 77 and g’ can be found in [15], [16].

The biased acceleration of the i link is given by:
a; = iXi—la:—l +64,+¢, (10)

where ¢,
accelerations of link 7, the term @ maps the contribution of

is the vector of Coriolis and the centripetal

the i" joint motion to the spatial motion of the articulated body,
ie, #=[0 0 1 0 0 0] for a rotational joint, and ‘X, ,
is a spatial transformation between the i-/ and i coordinate
systems. .For simulation purposes, the joint accelerations
g,,i=1...n are required. To obtain these joint accelerations,

Eq. (10) is substituted into Eq. (9) and then force f; is projected
onto the joint axis according to:

an

The resulting equation is solved for the unknown g, [16]

- a7 .
= () [ m () | (Xl 40,

L= ¢ini

(12)

where
m=1¢. m = Lp, v =1,+¢'B (13)

with 7, being externally applied torque at joint i.

D. Dynamic Coupling Expressions

The dynamic coupling effect on the ROV is caused by the
reactions forces at the mounting point between the ROV and
manipulator as illustrated in Figure 3:

1 ”[Arti(:ulated-B()dy

ay
f ’ fa

Figure 3: Reaction forces that cause the dynamic coupling effect

As far as the ROV’s motion is concerned, this force can be
considered to be a force that is exerted by the manipulator on
the ROV. Referring to Figure 3the force that is experienced by

the link 1 in the ROVM serial-chain can be given according to

the articulated-body equations as:
fi="Ia -4 (14)

Therefore, the force and moment exerted by the manipulator on
the ROV is equal and opposite and can be written as:

(15)

The moment created by this force is found by:

05
N, = ’
K |:p0—>1 X fR—,/:|

where p - is the position vector from the center of gravity to

(16)

the manipulator mounting point on the ROV, and f,_ ; is the

force components of f,. Finally, the spatial force vector

acting on the ROV due to the dynamic coupling is given by:
(17)

Eq. (17) represents the disturbance effect acting on the ROV.
This models the disturbance effect that the controller tries to
reject. This effect will be treated as external disturbance by the
controllers that are to be synthesized.

D, =f, +N,

dist

III. ROVM SOLUTION PROCESS

For given tether profile and boundary conditions, which are
defined by the ROV at node N, the time derivative of tether
state vector Y is estimated by solving Eq. (2). This step is
followed by finding the reaction forces and moments using Eq.
(2) and Egs. (7) and (8) for the same tether state.

Having obtained the tether disturbance effect on the ROV,
the AB algorithm calculates the ROV and joint accelerations.
The complete hydrodynamic AB algorithm for the forward
dynamics problem is given in [15]. The AB hydrodynamics
algorithm consists of three steps. The first step, called forward
kinematics, is the computation of the velocity-dependent terms
from the ROV to the end effector. The first step also involves
the computation of velocity dependent terms of the added mass
force, the drag forces, and the fluid acceleration and buoyancy
forces using the state vector of the ROVM. The second step,
called backward dynamics, involves computing the articulated
inertias, from the end effector to the ROV. The third step,
called forward acceleration, is the calculation of the
accelerations of the ROV, X, based on Eq. (6), of the
manipulator, ¢, based on Eq. (12).

The final step is to concatenate the ROVM state vector
X:[XT ' q" qT]T and the tether state vector Y in
preparation for the integration process. The resulting vector is

passed into the integration routine to update the state vector of
combined tether-ROVM system.



IV. CONTROL

This section proposes a control law based on [3]-[4]. The
control law design method involves breaking the control
system up into a set of low-order controllers so that each axis
of the ROV has a separate controller. Each controller includes
cross-coupling terms due to the multiaxis motion of the ROV
and the manipulator dynamic effects on the ROV. These
coupling effects are treated as disturbances within each
controller.

The dynamic model of the ROV within the controller is
derived from Eq.(5). The sliding mode control strategy seeks
to control motion of the ROV as seen by an observer in the
ROVs body fixed frame. Since Eq. (5) gives the absolute ROV
accelerations it is necessary to remove the component of this
result that is due to the rotating body fixed frame. As such, the
controller model is given by:

a=() (6, + ) +[0,5 “al] [0 (@x»)’] (I8)

Eq. (18) can be rearranged as:
a=(1,) B +[0, "al] [0, (vaO)TTJr(I;)’Iu(w)

Note that in Eq. (19), f, is replaced by the control force vector

u. The dynamic equation of each degree of freedom of the
vehicle can be written based on Eq. (19) as:

a=f 4[] i =16 (20)
= :

th
and u, are the i component of vector a, u,

where a,,

respectively. The term f, is the i" component of the vector
defined by the

L) By +[0, al] =[0. (@xv) [ and [£]

i

expression

is the

i/ component of the inverse of the articulated inertia matrix of
the vehicle. For the current work, it is intended to control the
motion of the vehicle along the surge, sway and, heave axis and
around the yaw axis. This translates into using the subscripts
of i, j=3...6 in Eq. (20).

Sliding surfaces s, are defined for each controlled degree
of freedom according to

2
5, =[%+1,) % =%, +A(x-x,) i=3.6 @D
where subscript d represents the desired value of the state
variable. The term x; is the controlled degree of freedom with
respect to the inertial frame. The term A is the bandwidth of
the closed-loop system. For notational compactness, Eq. (21)
can be written as:
s, =X, —Xx, (22)

The error metric s can be kept zero by constructing a

control input u that satisfies the sliding condition

Ld e ls| >0 (23)

2dt !

As long as the control input satisfies Eq. (23), it drives the state
variables onto the switching line and then keeps them on the
line in spite of parameter changes and disturbances. Once the
system state is trapped on this line, it remains on the switching
line provided that the sliding condition is satisfied. As a result,
the system behaves consistently with the desired dynamics
defined by Eq. (22) when sliding occurs.

The control input is chosen to be of the form [4]:
6 Al ~
u; = Z[Iolj (xrj. -/ —kjsat(sj/¢)) j=3...6 (24
j=3

where the sign “*” denotes the estimate of relevant terms. The
sat function is defined as:

S |_s
S‘”[J o 7

S, s, .
sat (—‘j =sgn (—‘J otherwise
¢ o

The saturation function, sa#(*), is introduced to make the

(25)

control activity continuous within the boundary layer and
discontinuous outside the boundary layer ¢. This relaxes the

control law and reduces control activity at the expense of
controller performance [3]. Once the system state is driven
into the boundary layers, it remains in that region provided that
the uncertainty bounds are not exceeded.

In Eq. (25), the discontinuous term is responsible for
compensating the uncertainties in the dynamic model, and it
keeps the system state on the line by pushing the system state
back on the line in the event of 5> ¢.

The convergence of s to zero is guaranteed by choosing &; such
that
6
(1-D,)k,+> Dk, =F,+>.D,

j#i j=3

xri - f;

+7, 0,7 =3...6(26)

Eq. (26) represents a set of 4 equations with unknown £;
i=3...6. Equation (26) corresponds to the following linear
equation system:

- . )
F +ZD3j X3 _fj +n,
j=3
1-D, D D, D, [k 5 R (27)
33 34 3 36 3 F4+ZD4J x,—4_f/ +m,
Dy 1-D,, Dy Dy ky _ j=3
D; D; 1-D. D; k. 6 A
53 54 55 56 5 F;+ZD5j x,5_f‘/ +n5
D<,3 D64 D65 I_Dﬁﬁ kﬁ Jj=3
6 ~
F +ZD6/' X, = f3| M
L =3 i

where f > | fi- J;,| is the upper bound on the estimation error on

/. Note that (27) has a unique solution satisfying k, >0 [4].

The control input is applied to the vehicle through the term f,
in Eq. (4).



It is assumed that the parametric uncertainty on the inverse
of the articulated inertia matrix can be expressed in
multiplicative form as:

*

(1) =(es+8)(L) . [A,]|<D, i=1...6 j=1...6(28)

where i; is the estimate of the articulated inertia matrix, and

D;; is the upper bound of the parametric uncertainty on A<1.
Note that the sliding-mode controller synthesis presented
differs from the one used in [11] in that the control gain is
defined as a function of the articulated inertias. In [11], the
definition of control gains is made through trial and error.

V.RESULTS

The tethered ROVM system considered in this work a
Saab-Seaeye FALCON™ ROV with a modified Hydrolek™
HLK 43000 manipulator whose frame attachment is shown in
Figure 4. All the associated parameters used for the
FALCON™ in this simulation study are taken from [20].

{E} x

Figure 4: Frame Attachment of ROVM System

Case Study 1

In the simulation, the ROVM system is assumed to be
neutrally buoyant, and is connected to a stationary surface
vessel via a flexible tether whose length is 1000 meters. The
system is suspended 1000 meters straight down from the
surface vessel through this tether as in shown in Figure 5. The
cable dynamics are kinematically constrained at the interface
between the cable and the vehicle meaning the position of the
last node of the cable is calculated from the vehicle state. In
the case study, a station keeping task is considered. In this task
assignment, the goal is to keep the FALCON™ vehicle at

x=[000001000]" m under disturbances. No joint torque was

applied to the joints, as the primary concern of the current work
is to explore the tether disturbances on the ROV attitude.
However, free manipulator motion still causes disturbance
forces and moments to some extent. No joint displacement
limit is considered in the current simulation study.

It is assumed that the ocean current at the ROV depth is 0.5
knots, and flows along the X axis of the inertial frame for 100
seconds. The resulting tether profiles at the instants of 0, 50,
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Figure 8: Time History of Vehicle Position and Orientation

100 seconds are shown in Figure 5. The constant ocean current
is the triggering factor of disturbance forces and moments on
the ROVM system. The tether and arm perturbs FALCON™ at
the junction point through reaction forces and moments as
shown in Figure 6 and Figure 7. These reaction forces and
moments cause changes in the position and orientation of
FALCON™ as demonstrated in Figure 8. As the figure reveals,
the vehicle moves by about 50 m and 10 m along X and Z axis
of the inertial reference frame, respectively. While the surge
motion is due to the prevailing ocean current, the heave motion
is primarily caused by the tether disturbance force along the Z
axis as shown in Figure 6. The results illustrate not only the
extent of the tether disturbance disturbances on the attitude of
the vehicle but also the need for a controller that mitigates the
disturbances due to the drag forces on the vehicle.

Case Study 2

In the second case study, the simulation conditions were
kept the same as the previous case. However, this time a series
of sliding-mode controllers were used to mitigate the negative
effect of the tether-manipulator disturbances. Only the
FALCON™s’ motions along surge, heave, sway axis, and
around yaw axis were attempted to control. The controller
design parameters were set as 4 =4,¢ =0.3,7, =5, and
D, =0.2,i=3...6.

In order to model uncertainties in the controllers, drag and
added mass coefficients of FALCON™ and the Hydrolek™
differed by 40% from the real system. The changes in the
dynamic parameters model imprecision in the system dynamic
model. Success of the controller in the presence of these large
parameter perturbations partly addresses the issue of the
controller robustness.

As the water current acts over the cable along the X axis of
the inertial frame, the tether buckles as shown in Figure 9. The
extent to which the tether buckles is greater compared to the
first case since the controller works to keep the vehicle
stationary and makes the vehicle act like a fixed point at the
bottom end.
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Figure 10:Time History of Vehicle Position and Orientation with Controller on.

Figure 10 is the time history of vehicle position and
orientation. Given the desired values, ie.,
X=0,Y=0,Z=1000,and =0, the scale of error was

greatly reduced by the sliding-mode controllers in comparison
to the control-off case, i.e., Figure 8. Along the X axis, the
largest error is approximately 0.15m. In regards to the heave
motion, the error is approximately 0.08m.

Case Study 3

Differently from the second case study, in the third case, it
is assumed that the controllers have the knowledge of the tether
disturbances on the FALCON™. In real applications, this
knowledge can be obtained by force sensors planted at the
tether- junction point. The measured values can then be passed
into the controller as a feedforward term. Since the inclusion
of the tether disturbance knowledge increases the accuracy of
the dynamics model of the system in the controller, the
controllers exhibit better performance as demonstrated in
Figure 11. Along the X axis, the largest error is approximately
0.063m. In regards to the heave motion, the error is in scale of
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Figure 12 is Euclidean norm of position error figure reveals
that the inclusion of the tether disturbance knowledge in to the
controller reduces the max error from 0.1655m down to 0.047
m. Therefore, the controller performance can be increased
significantly by introducing the tether disturbance knowledge
to the sliding mode controllers.

V1. CONCLUSION

The dynamics modelling strategy of a tethered underwater
remotely operated vehicle coupled with a spatial manipulator
have been presented. Regarding the manipulator dynamics, the
ABA is employed due to its computational efficiency. It has
also been shown that disturbance forces and moments created
by tether and manipulator motion must be compensated for in
particular for a station keeping task. In order to control the
ROV motion under these disturbance effects, a series of
sliding-mode controllers have been designed. The control gains
have been defined as a function of the articulated inertias as
opposed to the conventional trial-and-error approach. It has

shown that the controller performance can be increased to a
relatively significant degree by introducing the tether
disturbance knowledge to the sliding mode controllers.
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There are two objectives to this paper. First, a chattering-free sliding-mode controller is proposed for the
trajectory control of remotely operated vehicles (ROVs). Second, a new approach for thrust allocation is
proposed that is based on minimizing the largest individual component of the thrust manifold. With
regards to the former, a new adaptive term is developed that eliminates the high-frequency control
action inherent in a conventional sliding-mode controller. As opposed to the common adaptive
approach, the new adaptive term does not require the linearity condition on the dynamic parameters
and the creation of a regressor matrix. In addition, it removes the need for a priori knowledge of upper
bounds on uncertainties in the dynamic parameters of the ROV. With regards to the latter, it is
demonstrated that minimizing the [, norm (infinity-norm) of the thrust manifold ensures low
individual thruster forces. The new control and thrust allocation concepts are implemented in
numerical simulations of a work class ROV, and the chattering-free nature of the controller is
demonstrated during typical ROV manoeuvres. In the simulation studies, the [, norm-based thrust
allocation problem is cast as a linear programming problem that allows direct incorporation of the
thruster saturation limits and a fault-tolerant property. To achieve real-time solution rates for the I,
norm-based thrust allocation problem, a recurrent neural network is designed. In the simulation
studies, the [, norm-based thrust allocation provides smaller maximum absolute value of the largest
component of the thrust manifold than that of a conventional I; norm (2-norm) minimization, satisfies
the saturation limits of each thruster, and accommodates faults that are introduced arbitrarily during
the manoeuvre.

© 2008 Published by Elsevier Ltd.

1. Introduction

and Slotine, 1985; Slotine and Coetsee, 1986; Healey and Lienard,
1993; Antonelli, 2003), fuzzy-logic control (Debitetto, 1994; Kato,

Remotely operated vehicles (ROVs) play an important role in a 1995), and neural network methods (Ishii and Ura, 2000;

number of shallow and deep-water missions for marine science,
oil and gas extraction, exploration, and salvage. In these applica-
tions, the motions of the ROV are guided either by a human pilot
on a surface support vessel through an umbilical cord providing
power and telemetry, or by an automatic pilot. In the case of
automatic control, ROV state feedback is provided by acoustic and
inertial sensors, and this state information along with a controller
strategy is used to drive several conventional thrusters arranged
on the ROV chassis.

In the existing literature, several different automatic control
approaches have been applied to control ROV motion such as the
H., approach (Conte and Serrani, 1998), adaptive control techni-
ques (Antonelli et al., 2001, 2003), sliding-mode control (Yoerger

* Corresponding author. Tel.: +1250472 4065; fax: +12507216035.
E-mail addresses: serdar@me.uvic.ca (S. Soylu), bbuckham@me.uvic.ca
(B.J. Buckham), podhoro@me.uvic.ca (R.P. Podhorodeski).

0029-8018/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.oceaneng.2008.07.013

Kodogiannis, 2003; Pepijn et al., 2005; Van de Ven et al., 2005).
It has been shown that the model-based sliding-mode approach is
an effective means of controlling an ROV, largely due to its ability
to tolerate imprecision in the dynamics model (Yoerger and
Slotine, 1985; Slotine and Coetsee, 1986). However, one major
drawback of the sliding-mode approach is the high frequency
of control action (chattering). This high-frequency control activity
causes high heat losses in electrical power circuits and premature
wear in actuators. In addition, the high control activity may excite
unmodelled high-frequency dynamics, which in turn causes
controller performance degradation. To eliminate or reduce
chattering, various methods such as the boundary layer method
(Yoerger and Slotine, 1985; Slotine and Shastry, 1983) and the
disturbance compensation method (Elmali and Olgac, 1992;
Zeinali and Notash, 2007) have been presented. The boundary
layer approach makes the control activity continuous within the
boundary layer and discontinuous outside the boundary layer.
In this work, a disturbance compensation method is utilized.
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To eliminate chattering, the disturbance compensation approach
replaces the discontinuous term of a conventional sliding-mode
controller with an estimate of the uncertainties in an adaptive
manner. In the current work, a disturbance compensation
approach discussed by Zeinali and Notash (2007) for land-base
manipulators is extended to mobile-base ROV systems.

To ensure manoeuvrability, the ROV thruster arrangement is
redundant: there are more thrusters than there are active vehicle
degrees of freedom. Due to the excess thrusters, there are an
infinite number of ways to allocate the pilot’'s commanded
generalized force over the existing thrusters. As such, an optimal
thrust allocation must be selected by applying criteria to
distinguish the various options. In this work, a new definition
for optimal thrust distribution is proposed.

A prominent approach to the thrust allocation problem is the
2-norm (I, norm)-based solution in which the sum of the squares
of the individual thruster forces is minimized. In Antonelli
(2003), a pseudo-inverse solution, and in Fossen (1994),
Sordalen (1997), and Omerdic and Roberts (2004), a weighted
pseudo-inverse are used to generate an optimal distribution
of a commanded generalized force. The pseudo-inverse
method has the advantage of being relatively simple to compute.
Pseudo-inverse solutions correspond to the minimization of
either the [, norm or a weighted I, norm of the thrust manifold.
However, the [, norm-based solution does not necessarily
minimize the magnitudes of the individual thrusts, and can
generate thrust demands that may exceed an individual thruster’s
saturation point. In addition, there could be an unequal distribu-
tion in the thrust manifold leading to a relatively high thrust
demand for a particular thruster. In such cases, there exists
a potential for a loss of manoeuvrability on subsequent
control steps. The disadvantages of the I, norm-based optimiza-
tion were reported for land-base manipulators by Arati and
Walker (1997).

Furthermore, the pseudo-inverse method (I, norm minimiza-
tion) does not afford easy implementation of thruster saturation
limits (Omerdic and Roberts, 2004). It was reported by Durham
(1993) that, even if thruster saturation is implemented, the
pseudo-inverse solution is not guaranteed to satisfy the saturation
constraints. The pseudo-inverse solution was also used for the
thruster allocation problem by Sarkar et al. (2002). To generate
reference thruster values that do not exceed the saturation limit of
each thruster, Sarkar et al. (2002) employed a dynamic state
feedback method.

In the current work, it is proposed that the complications
associated with the I, norm-based solutions be avoided by using
the infinity-norm (I, norm) as the criterion in the thrust
allocation. (The [, norm is defined as the absolute value of the
largest component of the thrust manifold). By using the [, norm
to gauge optimality of a thrust distribution, the largest single
thrust in the distribution is minimized. The current work shows
how the [, norm thruster allocation can be cast as a constrained
linear programming problem that allows direct implementation
of thruster saturation limits and a fault-tolerant property. As
pointed out by Sarkar et al. (2002), the allocation of thruster force
problem in the presence of thruster faults and saturation limits for
ROV systems has not been studied extensively. To obtain real-time
computation rates for the linear programming problem, a
recurrent neural network is proposed. An [, norm-based thruster
allocation has been preliminarily discussed by the authors of the
current work in Soylu et al. (2007).

The efficacy of the proposed fault-accommodating thrust
allocation scheme with the chattering-free sliding-mode
control is demonstrated through numerical simulation studies
on the ROPOS vehicle operated by the Canadian Scientific
Submersible.

2. Dynamics and control
2.1. Dynamics of an ROV

The dynamic equations of motion of ROVs in the body-fixed
frame can be represented as (Fossen, 1994)

Mq +C(@)q+D(@g+gm =1
n=Janq (1)

where gq=[u v w p q 1" is the ROV spatial velocity
state vector with respect to its body-fixed frame, and
n=[X ¥ z ¢ 0 Y] is the position and orientation state
vector with respect to the inertial frame. The coordinate systems
considered are illustrated in Fig. 1.

In Eq. (1), the spatial transformation matrix between the inertial
frame and the ROV’s body-fixed frame can be defined through the
Euler angle transformation (Fossen, 1994), denoted by J(i) e R°*®.
The term M(q) € R%*® is the inertia matrix including the added
mass effects, C(q) € R®*® is the matrix of centrifugal and Coriolis
terms, D(q) € R®*® is the drag matrix, g(i) € R® is the vector of
gravity and buoyancy forces and moments, and finally 7 € R® is the
control forces and moments acting on the ROV centre of mass.

Eq. (1) can be represented in the inertial reference frame as
(Fossen, 1994)

J =M, ()i + Cy(q.mi +Dy(q.pn +g,) =] "t (2)

where M, =J""MJ™", Cy(q.m) =) "IC-MJJU™", Dy(q.m =
J ™DJ ! and g() =] "g. The dynamics of an ROV are assumed to
have the following structural properties (Fossen, 1994):

Property 1. The inertia matrix M, is symmetric and positive
definite, i.e, My = M,;

Property 2. Matrix Mn —2C, is skew symmetric, i.e. for any
vector ¢, {"(M, — 2C;)¢ = 0.

Eq. (2) can be written in a more compact form of

f =M,y + h,(q.1) (3)

where h(q, 1) = C,(q, m)n + Dy (q, n)#y + &, (11). As mentioned earlier,
the ROV dynamics are dominated by hydrodynamic loads, and it is
difficult to accurately measure or estimate the hydrodynamic
coefficients that are valid for all ROV operating conditions and
instrument and tether configurations. As such, the system
dynamics are not exactly known. Therefore, the system dynamics
given in Eq. (3) can be written as the sum of estimated dynamicsf'
and the unknown dynamics f:

f=F+f (4)

Body-Fixed Frame

Inertial Frame q
{E) X r

Zyw

Fig. 1. Coordinate systems.
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where the estimated dynamics vector is defined as

£ =M,y + hig. (5)

with h,(q,n) = C,(q,m)i + Dy(q. mi +&,0p) and the unknown
dynamics vector are defined as

J =M, (i + hy(q.m) +d (6)

YVith hngq’ 'L) = Cn(q» ”)ﬂ + D)] (q> '1)" +gq(ﬂ)v Mn = Mn - Mn,
¢,=¢,-C;, D, =D, —D,, and §, = g, — §,. Note thatd e RS is
added as a disturbance force vector. The unknown dynamics
vector is also called lumped uncertainty vector (Lin and Wai,
2002).

Assumption 1. Nonlinear lumped uncertainty vector f given
in (6) and its time derivative are bounded.

2.2. Chattering-free adaptive sliding-mode controller design

2.2.1. Sliding-mode controller with a switching term

A controller design based on the sliding-mode methodology
involves two main steps. The first step is to define the desired
dynamics in the form of a vector of sliding manifolds s € R®. The
second step is to find a control law 7 € R® such that the system
trajectories move toward the sliding manifold, and once they hit
the manifold, remain on it in the presence of system uncertainties
and disturbances (Slotine and Li, 1991).

For a second-order system such as an underwater vehicle
system, reasonable desired dynamics would be a stable first-order
system. This first-order dynamics can be defined as (Slotine and
Li, 1991)

s:<%+A>2(/edt>:é+2Ae+A2/edt 7)

where A € R®*® is a constant, symmetric, positive definite and
diagonal matrix that defines the break frequency of the desired
error response. Each component of the sliding manifold repre-
sents a time-varying line in the state space that passes through
the desired state variables. When s = 0, the system states are on
the surface meaning the system behaves consistently with the
desired dynamics. This implies that the value of s indicates the
extent of discrepancy between the desired state and the current
state. Any sliding-mode-based controller works to keep the value
of s at zero.

The tracking error between the measured state values and the
desired state values is given by e = n—nq with the subscript d
denoting the desired position and attitude of the ROV produced by
a separate trajectory planner. The integral term ensures zero offset
error. For notational simplicity, Eq. (7) can also be written as

$= '1 - i’r (8)
where #, = iy — 2Ae — A? Jedt, and the subscript r refers to

virtual reference trajectory (Slotine and Li, 1991).
The standard sliding-mode control law is in the form

T = Teq + Tsw 9

where 7 corresponds to a generalized force acting at the centre of
mass of the ROV, and 7.4 and 7,,, symbolize the equivalent control
law and the switching control law, respectively.

The equivalent control law is continuous and model based. In
the absence of uncertainties in the system dynamics, this
equivalent control alone suffices to realize the desired dynamics.
However, due to model uncertainties, an auxiliary switching term
is needed that offsets the difference between the desired
dynamics and real dynamics. This switching term is defined as
Tsw = —K'sgn(s) in conventional sliding-mode control, where K
R5%% is the positive definite diagonal gain matrix that is defined

based on the upper bounds on the system parameter uncertain-
ties, and sgn( - ) is the nonlinear signum function.

The switching term is a discontinuous feedback component
that is in charge of compensating for deviations from the desired
dynamics, and therefore is the source of the robustness of the
sliding-mode control law. The switching term acts on the system
in a bang-bang manner creating chatter in the actuators and
causing the system state to oscillate intensely across the sliding
manifold (Slotine and Li, 1991). The goal of this section is to
replace the discontinuous switching term tg,, with a continuous
adaptive term t.q in an effort to eliminate the chattering problem.

2.2.2. Equivalent control law

The model-based equivalent control law component of the
sliding-mode control signal can be derived by assuming that the
motion is constrained to the sliding manifold. This implies that s
is a constant vector, and thus s = 0. The time derivative of s can be
defined based on Eq. (8), as

$= ” - ﬁr (10)
where i, = g — 2Ae — AZe. Multiplying both sides of Eq. (10) by
the inertia matrix M,, and substituting My# = J "Teq — (Cy1 +
D,# +g,) from Eq. (2) into the resulting equation yields

Mns :J_Tteq - (Mnﬁr + énil + f’r/'l +g;1)' (11)

Letting § = 0 and solving the resulting equation for 7.q yield the
equivalent control as

Teq = J'Fo (. 1. d7,) (12)
where
S i) = Myig, + Cip + Dyiy + 8, (13)

As mentioned before, in the absence of uncertainties in the
system dynamics, this equivalent control alone can keep the state
variables on the sliding surface.

2.2.3. Adaptive control law

With regard to the replacement of the discontinuous term, the
following continuous adaptive control law is proposed in place of
the switching term:

Tag = J (Fest — K+ Cp)s) (14)

where f.. is an adaptive term that estimates the lumped
uncertainty vector defined in Eq. (6), and K € R®*® is a diagonal
positive definite constant matrix that is related to the convergence
rate of the controller. The estimation of the lumped uncertainty
vector is proposed to follow:

j'est:_rs (15)

where T e R®*® is a positive definite diagonal constant design
matrix that determines the rate of adaptation. This adaptive term
relates the error metric s function to the dynamic uncertainties,
and acts on the controller in such a way that the estimated
dynamics reflect the unknown dynamics more closely to the
actual dynamics. The assumption of f being bounded ensures that
Eq. (15) is bounded as well.

The total control input 7 is defined as the sum of the equivalent
control signal and the adaptive control signal, and is given by

T = Teq + Tad
=J'(F; +Fest — K+Cps) (16)

Assumption 2. The following inequality is assumed to hold:

=T T
s'Ks>|f I'"'w| onlywhenf I''w<0 (17)
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where w = f., —f is the difference vector between the estimated
lumped uncertainty vector and the exact lumped uncertainty
vector.

Remark. Under slow ROV motion assumptions, f is relatively
small. Also, the term w becomes smaller as the adaptive term acts
on the system. Therefore, Assumption 2 is rather realistic. In the
worst case scenario, Assumption 2 can be strengthened by
increasing the K and I" entries.

Theorem 1. Consider the nonlinear dynamical system described by
Eq. (2) with Assumptions 1 and 2. If the control law is expressed as
Eq. (16), then stability of the closed-loop control system is
guaranteed.

Proof. See Appendix A.

The general scheme of the control law is illustrated in Fig. 2. The
control law is given by Eq. (16) and the update law for the
adaptive term is given by Eq. (15). The novelty of Eq. (16) is that it
replaces the discontinuous term with a term, f.,. This term
continuously acts on the model-based equivalent control term
and works to reduce the discrepancy between the known and the
exact dynamics at each sampling time. As the discrepancy is
reduced, the state variables stay on the sliding manifold once they
are driven on to it.

When the boundary layer approach is used, the robustness
property of the sliding-mode control is compromised for the sake
of chattering elimination since sliding-mode controller acts
similar to PD controllers within the boundary layers. The given
adaptive term, however, preserves this robustness property since
the unknown dynamics are estimated and added to the equivalent
control signal as a corrective term. In addition, as opposed to
conventional adaptive control theory, no parameterization of a
regressor matrix and unknown parameter vector needs to be
found. The regressor matrix is so complex that further assump-
tions are necessary in the system model leading to further
degradation in the quality of the modelled system dynamics
(Antonelli et al., 2001). The proposed method does not require this
linearization since it estimates the complete accumulation of
unknown dynamics. In this regard, the proposed adaptive term
blends the advantages of the sliding and adaptive control while
eliminating their disadvantages.

3. Infinity-norm thrust allocation

The fault-tolerant, [, norm-based thrust allocation scheme
will be formulated in this section.
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3.1. Thruster force model

The generalized force vector t; € R®*! produced by the ith
thruster can be expressed as (Omerdic and Roberts, 2004)

ei,x
e,;y
fi bi€i €iz
= = = ’ ; 18
o [ni pi(r; x &) (i x ej)y P (18)
(r; x ei)y
(i x €;),

where p; is the thrust exerted by the ith thruster, and f; and n; are
the force and moment vectors associated with p;. The vector e; =
[éix €iy e€iz]T in Eq. (18) indicates the positive direction of the
thrust p; and the position vector r = [Tix Tiy Tiz]" determines
the position of each thruster with respect to the ROV centre of
mass as illustrated in Fig. 4.

The control input 7; € R®*! calculated in Eq. (16) is realized by
superposing the individual generalized force vectors of each thruster:

[2'¢

Ty

oy n{ “ (19)
Tk

™
TN

where n is the number of thrusters, and p € R" is the collection of
individual thrusts, hereafter called the thrust manifold. The
thruster configuration matrix E € R®*" captures the geometry of
the thruster layout, and transforms the individual thruster forces
into generalized forces experienced at the ROV mass centre.

3.2. Potential advantages of |, norm over I, norm

In this paper, it is proposed to minimize the [, norm of the
thrust manifold rather than the conventional method of minimizing
the I, norm. The [, norm provides the exact representation of the
feasible thrust solution space whereas the I, norm provides an
approximation of the feasible solution space. This suggests the I,
norm always finds a feasible solution as long as a solution exists
within the thrusters’ saturation limits whereas the I, norm does not.
To demonstrate this, consider an ROV with two onboard thrusters
whose limits are normalized such that p,;= +1N, fori=1, 2. In
the [, norm case, the feasible thrust solutions are enclosed by a
circle (an n-dimensional sphere in R"), i.e,, ||pll, = (p? + p})'/?<1,
and the corresponding task space points are enclosed by an ellipse
(an n-dimensional ellipsoid in R"), which is obtained through the

7,.7j, Equivalent
i Control
un
Trajectory s=é+2Ae I
Generator +A [edt
UM ’.711 e e
+ — (K +C, )s
+

7,,=f.1.17,)

ROV

Fig. 2. Adaptive sliding-mode controller.
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Fig. 3. The lines that connect inner and outer shapes represent the linear transformations.

linear transformation according to T = Ep as illustrated in Fig. 3a. In
the I, norm case, however, the feasible thrust space points are
enclosed by a square ||p||.. = max{|p1|, |p2|}<1 (an n-dimensional
parallelepiped in R"), and the corresponding task space is enclosed
by a polygon (a polytope in R") obtained from the same linear
transformation as illustrated in Fig. 3b. Now consider a feasible
solution point p; = p, =1 which corresponds to the upper right
vertex of the square. While this feasible point is contained by the
square, it is excluded by the circle rendering the otherwise feasible
point infeasible. Similarly, the associated value of p; = p, = 1 in the
task space (a vertex in the polygon) is not contained by the ellipse.
The unfeasible regions of the 2-norm solution are illustrated in Fig.
3c where the circle and ellipse are inscribed within the square and
polygon, respectively.

To extend this to an example, consider an ROV that is to be
driven in horizontal motion (X-Y plane) with four thrusters. The
thruster saturation limit for each thruster is +900N. Assume that a
generalized force vector of t=[1800 0 0; 0 0 2742]'N;
Nm at the ROV centre of mass is commanded by the on-board
controller. If the solution to t=Ep is realized based on the
minimization of the [, norm, then the thrust vector of p, =
[900 900 900 —900]'N is obtained. This corresponds to
a vertex point on the polytope containing all the feasible points.
However, if the distribution is realized based on the minimization
of the [, norm, then the thrust vector of p, =
[1292 671 508 —671]"N is obtained. This corresponds to a
point outside the hypersphere formed by the approximation of the
feasible points, and therefore, it is infeasible. This example shows
that there exist solutions where minimizing [, norm gives feasible
solutions whereas minimizing I, norm does not. The practical
outcome of this could be disastrous since the first component of p;,
is truncated to the upper limit at the first thruster, the solution
vector no longer satisfies T = Ep. As a consequence, the controller
demand cannot be realized, and the controller fails. A similar
discussion for the force capability of parallel manipulators is
presented by Firmani et al. (2007). In general, since the [, norm
minimizes the maximum component of the thrust manifold, it
allows the thrusters to run within a safer range than the I, norm
providing more manoeuvrability for subsequent controller action.

3.3. Infinity-norm formulation

The [, norm of the thruster force manifold p=
[P1 D2 --- DPu]"is defined as

[Pl = max{IP1l P2l -+ IPal} = max

1<i<n

[p| (20)

where |-| is the absolute value of each component of the thrust
manifold, and I; is the ith column vector of the identity matrix
I € R™". Taking into account the thruster saturation limits, the
bounded 1., norm thrust allocation problem can be cast as the
following constrained optimization problem:

minimize ||p||o
subjectto t=Ep, p;<pi<pjy, i=1,...,n (21)

where p; ;| and p; , are the lower and upper thruster saturation
limits, respectively. Redefining the objective function as

I=|pll,, = max

1<i<n

Ip| (22)
leads to the following equivalent linear programming problem:
minimize [
subject to ]rglaé‘l?p‘ <l

T=Ep, py<pi<piy, i=1,...,n (23)

The linear problem of Eq. (23) can be written in the following
compact matrix form:

minimize c'y

subjectto Aiy>b;, Ay =D>b, (24)
where
-1 I, 0,
I I Anx(n+1) 0, 4n
A = 1o, eR , b= -y e R™,
I o0, D
A; =[E O0n]1e R™™D b, =7cR",
c=[0 0 .- 0 1]"eR™, y=[p Il eR™
with I, =[1 1 ... I}T e R" and I e R™" denoting the iden-
tity matrix. The term p, = |Piu P2u -+ Pnu| €R" is the

upper saturation vector, and the termp; = [py;  py-- ~p,1,,]T eR"
is the lower saturation vector with 0, € R" and 0,, € R™ being the
zero column vectors.

3.4. Fault-tolerant property

In the current work, joint failure refers to two incidents: first,
when a thruster breaks down; second, when a thruster partly
loses its driving capacity. A general fault-tolerant scheme detects
faulty thrusters, and then applies a strategy in which the
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Fig. 4. The redundant thruster layout.

demanded controller output can be reallocated among the
functioning thrusters.

In order to account for the faulty thrusters, the linear
programming problem given in Eq. (24) must be modified. To
this end, a diagonal weighting matrix can be used. The diagonal
elements of the weighting matrix penalize the upper and lower
saturation limits of faulty thrusters such that demanded thrust
does not exceed the available capacity of the faulty thrusters. The
diagonal weighting matrix can be defined as

W = diag(w1 W» Wn) e R™"
0 if the ith thruster is in failure

w; =< O<w;<1 if the ith thruster is in partial failure; i=1,...,n.
1 if the ith thruster is not in failure

(25)

The fault-tolerant property is incorporated into the optimiza-
tion formulation by redefining the vector b; as

_ _ _ AT
bi=[0n 00 B, Bl (26)
where

ﬁuzwpu and ﬁI:Wpl‘

Finally, the fault-tolerant, bounded [, norm thrust allocation
problem is formulated as

minimize c'y
subjectto A.y=b;, A,y =h, (27)

3.5. Primal-dual problem

The linear problem of Eq. (27) can be transformed into an
equivalent optimization problem in terms of its Lagrange multi-
pliers. In this context, the transformed problem is called the dual
problem whereas the original problem is referred to as the primal
problem (Wolfe, 1961). In view of this, the linear programming
problem of Eq. (27) will be called the primal problem hereafter.

Theorem 2. Let y* € R" be the solution of the primal problem given
in Eq. (27). Consider pe R* and AeR™ to be the associated
Lagrange multipliers (also called dual decision variables) related to
the inequality and equality constraints of the primal problem. If y* is
a regular point of the constraints (i.e., it satisfies the equality

constraints and A2 has full row rank), then y*, u* and A* solve the
dual problem:

maximize L(y,u,4A)
subjectto V,L(y,u,4) =0
u=0 (28)

where L(y, u, 2) is the Lagrangian function and V,L(y, u, A) is the
gradient of the Lagrangian function. In addition, c'y* = L(y*, u*, A*).

Proof. See Antoniou and Lu (2007).

According to Theorem 2, the objective functions of the primal
and dual problems reach to the same value at their solution point.
The difference is called duality gap, i.e., c'y—L(y, p, 4), which will
be used in Section 4.2 in the derivation of an energy function.

In an attempt to obtain the dual problem of the primal
problem, the Lagrangian function of Eq. (27), Ly, m, A4), is
defined as

LY. . 4) = y'(c — Al — A3 2) + by + bl (29)
The gradient of Eq. (29) with respect to the primal variable y is
VyLy, u,4)=c—Aju—AJA (30)

Applying Theorem 2 to Eq. (27) with the definitions of Egs. (29)
and (30) yields the dual problem as

maximize yT(c —ATu—ATZ) + b, pu+ b4
subjectto ¢—Alu—AlL=0
=0 (31)

Using the equality constraint directly within the objective
function, Eq. (31) can be simplified to

maximize b p+ blA
subjectto Aju+AjA—c=0
n=>0, Aunrestricted (32)

Eq. (32) corresponds to the dual problem of the primal problem.

4. Solution with recurrent neural network
4.1. Neural network design preliminaries

The solution of the primal problem, Eq. (27), and the dual
problem, Eq. (32), is the vector y containing the thrust manifold p.
Since real-time updates to the thrust manifold are required, the
linear programme in the previous section must be solved in real
time. However, the existing sequential algorithms such as simplex
methods (Gill et al., 1991) and interior point methods (Wright,
1992) are often not capable of delivering solutions at this rate. One
promising approach to obtaining real-time solutions is a recurrent
neural network on the basis of an analogue circuit. A neural
network can satisfy real-time requirements due to its fast parallel
processing nature. In addition, as long as there is a solution to the
primal problem, a properly designed recurrent neural network
will converge to the optimal solution without the requirement of a
feasible initial point.

In what follows, a recurrent neural network will be designed to
solve the primal problem following the gradient model derivation
outlined by Xia and Wang (1998). The premise of the gradient
model derivation is to design a dynamic system whose state
variables naturally converge to the solution of the optimization
problems of Egs. (27) and (32).



S. Soylu et al. / Ocean Engineering 35 (2008) 1647-1659 1653

4.2. Energy function derivation

In an attempt to design a recurrent neural network, an energy
function can be defined using the synergy between the primal
problem and its dual problem. In view of this, the following
continuously differentiable, convex, positive definite, energy-like
function E(y, u, ) is proposed for the neural network design:

= 2
E=1(c"y — bypu— b32)” + || Ay — by 2 + %HAM +AlL— cH2

+ XAy — b)) Ay — by — 1Ay — b1 )+ 1 — ) (33)

The first term in Eq. (33) is the squared difference (duality gap)
between the objective functions of the primal and dual problems.
The second and the third terms are the equality constraints
associated with the primal and dual problems. Finally, the last two
terms are associated with the inequality constraints of the same
primal and dual optimization problems.

4.3. Gradient model derivation

Since (33) is a convex function whose minimum is at zero, its
solution corresponds to the solution of the following optimization
problem (Xia, 1996; Xia and Wang, 1998):

minimize E(v)
subjectto v e R¥ (34)
wherev=[y # 4"

To transform the minimization problem (34) into an associated
system of ordinary differential equations that govern the

recurrent neural network, the gradient of the energy-like function
can be used:

dv
a=" VE®w) (35)

and x € R is a strictly positive number defining the convergence
rate of the optimization problem of (34) (i.e., greater values
provide faster convergence rates), and VE(v) is the gradient of the
energy-like function. The equations given in Eq. (35) can be
written more explicitly as

% = — kK V,EW) = —«[e(c"y — by p — bl J)
+AJ(Azy — by) + Al(Ary — by)]

de_ V,E(Wv) = —k[~by(c"y — by pt — b} 1)

&
+AIATH+AL— O+ ]
% = — k V,EW) = —k{-by(c"y — byp — by )

+ Az (Al p+Azh — )] (36)
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Fig. 6. Flow chart of the solution determination.
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Fig. 5. Block diagram for the architecture of the neural network for the I, norm thrust allocation.
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Table 1
ROPOS hydrodynamic parameters
Coefficients Surge Lateral Heave Roll Pitch Yaw
Linear drag 725N s/m 1240Ns/m 825N s/m 3000Ns/m 3000N s/m 1804 N's/m
Quad. drag 1000 N s?/m? 525N s?/m? 400N s?/m? 100N s? 100Ns? 72Ns?
Added mass —4380kg —9518 kg —4268kg —5000 kg m? —5000 kg m? —5000 kg m?
where for any column vector ¢, the symbol {—|{| = 2({)~ with Table 2
o _ _qT _ . . . . ROPOS inertia parameters
© = {g & .- ] and ¢ = min{0 {;}. Fig. 5 illustrates
the block diagram for the architecture of the recurrent neural Mass (kg) g\l 2) EYN 2) iZN 2 Z‘i’ 2 3;2 2 E’I‘VZ 2)
. ms ms ms ms ms ms
network defined in Eq. (36).
. . . 2268 1937 2883 2457 0 0 0

Theorem 3. The neural network given in Eq. (36) is globally stable

. T
and will converge to the optimal solutions of v¥ = {y*T wr l*T]

Table 3

that corresponds to the solution of the primal problem, Eq. (27), and
its dual problem, Eq. (32), respectively.

Proof. See Appendix B.

Note that neural network design challenges such as the
generation of training data, the validation of the trained neural
network, the determination of type of activation functions, the
number of neurons, etc. are eliminated through the hardware
implementation of the proposed recurrent neural network, and
are not addressed in the current work. For the hardware
implementation, neural network dynamic equations are derived
by the current research. A detailed discussion regarding the
creation of an integrated circuit from neural network dynamic
equations is given by Wang (1993).

4.4. Nonexistence of solution

In practice, there are two cases where there is no solution. First
case is when there are too many faulty thrusters and the
remaining thruster forces can no longer span the task space.
Second case is when a solution does not exist within the
saturation limits. With regards to the second case, the energy
function given in Eq. (33) can be used to determine whether or not
the neural network converged to the true solution; if the energy
function is not within an allowable tolerance, i.e., E(y*, u*, A*)>¢,
where ¢ is the allowable tolerance and is set to nearly zero, then it
can be concluded that the inequality constraints of the primal
problem could not be satisfied. In this case, a heuristic strategy is
applied to generate the best approximate solution to the thrust
allocation: the upper and lower saturation limits are extended
which translates into relaxing the solution range on p. The relaxed

Controller parameters

A=diag(5 5 0 0 0 5)
K = diag(500 500 0 0 0 500)
G =diag(500 500 0 0 0 1500)

problem is solved using the same neural network. Finally, the
thrusts p; within the relaxed solution that do exceed saturation
limits are truncated to their actual upper or lower saturation
limits, and the resulting thrust manifold p is applied to the ROV.
This process is outlined in Fig. 6. A similar truncation approach
was applied by Bordignon (1996).

Fig. 7 depicts the block diagram for the controller-neural
network scheme. The output command vector t of the adaptive-
sliding-mode control in combination with the output of the fault
detection algorithm W are fed into the neural network. The neural
network then generates an output signal y containing the solution
vector p of the thrust allocation problem. Note that it is assumed
that the thruster failure can be detected when it occurs. A detailed
discussion on fault-detection methodologies is given by Omerdic
and Roberts (2004).

5. Simulation and discussion
5.1. ROV system overview

Simulation studies were performed in order to demonstrate
the effectiveness of the proposed control and thruster allocation
scheme. The ROV system considered in the simulations is the
Canadian Scientific Submersible Facility ROPOS vehicle. The
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ROPOS vehicle is rectangular in shape with length, width, and
height being 1.75, 2.6, and 1.45 m, respectively. The system has 3
pairs of electro-hydraulic thrusters: one pair of aft thrusters drives
the surge and yaw motion; a second pair activates the heave
direction through openings in the foam pack; and a third pair,
directs lateral motions. The thruster saturation limit for each
thruster is +900 N. The thruster layout on x-y axis of the vehicle
is illustrated in Fig. 4. Dynamic parameters of the ROPOS vehicle
are taken from Steinke (2006) and tabulated in Tables 1 and 2.

In the current simulation study, surge sway and yaw position
and velocity state feedback is available through the onboard
ROPOS navigation system. The ocean current of 0.5 knots along
the positive X and Y axis of the inertial frame is considered in the
simulation study. The system is assumed to be neutrally buoyant.
In addition, the thruster dynamic response is assumed to be much
faster than that of the ROV itself, and thus was neglected.

5.2. First simulation study

In this study, ROPOS obstacle-avoidance manoeuvres were
simulated in the vehicle’s local level plane. ROPOS was driven
through a series of waypoints: A (0, 0; 0), B(2, 2; nt/4), C (4, 4; 7/2),
D (2, 6; 3n/4), E (0, 8; m)m; rad where the first two digits
represent the absolute position values, and the last digit
represents the yaw orientation value. Each segment of the path
was traversed in 50s. A corresponding continuous set of trajectory
path values was generated using a fifth-order polynomial
function.

The new adaptive method was implemented and used to drive
the ROPOS vehicle through the manoeuvre. To reflect uncertain-
ties that are present in the underwater vehicle paradigm, 40%
modelling inaccuracies were incorporated into the controller’s
dynamic model. In addition, a constant disturbance moment of
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Fig. 8. Chattering-free adaptive sliding-mode controller output.
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Fig. 9. Position and orientation error with respect to the inertial frame: (a) sliding-mode with boundary layer; (b) adaptive law is ON; (c) adaptive law is OFF.
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150N m is applied to the yaw axis of the vehicle to demonstrate
the disturbance rejection capability of the controller. The knowl-
edge of constant disturbance moment and the ocean current are
not included into the controller’s dynamic model to introduce
further error. Controller parameters are given in Table 3. The
controller output is given in Fig. 8.

The control law 7 and its equivalent and adaptive components,
Teq and T,q, are shown in Fig. 8. As can be seen, the proposed
adaptive sliding-mode controller’s on-line adaptation law yields a
smooth control output without high-frequency controller de-
mand, and therefore is chattering-free. In addition, the proposed
controller provides excellent performance in the trajectory—
following task is shown in Fig. 9b. This high performance is
achieved despite the presence of high uncertainties that are
illustrated in Fig. 10a.

As the vehicle moves, the controller performance significantly
increases as shown in Fig. 9b. This can be attributed to the
adaptation term: it learns as the vehicle progresses over its path,
and as a consequence, begins to make better estimation of
the lumped uncertainty vector as demonstrated in Fig. 10b and c.
This high accuracy in the adaptive estimation justifies the choice
of adaptive function given in Eq. (15). The estimation of
the uncertainty is incorporated into the control law according to
Eq. (16) leading to the improvement in the dynamic model inside
the controller. The controller performance without the adaptation
term is relatively poor as demonstrated in Fig. 9c. This is due to
the fact that when the adaptation term is turned off, only the
equivalent control law acts on the system. In this case, the
performance relies heavily on the quality of the dynamic model
inside the controller, which is poor due to the high uncertainty.
The validity of Assumption 2 can be given by the plot of Eq. (43)
which is given in Fig. 11. The initial positive value is due to the
initial conditions of the simulation and is very quickly eliminated
by the controller as the adaptive term begins to close the gap
between the exact and estimated unknown dynamics.

A comparison study was performed to reveal the performance
difference between two chattering-free sliding-mode approaches:
one uses a conventional boundary layer approach (Slotine and Li,
1991) and the other is the proposed adaptive approach. The
boundary layer width was set to 0.15 to ensure chattering-free
response. The adaptive approach outperforms the boundary layer
approach as shown in Fig. 9a, and the superior performance can
be credited to the adaptive capability of the new method.

Fig. 12a demonstrates the [, thrust output obtained from the
designed neural network. In the simulations, the state dynamic
equations of Eq. (36) were solved using the MATLAB odel5s
command with x =1x10% To have a comparison study, the
thruster allocation was also completed using the [, norm
minimization, i.e., the pseudo-inverse, and the results are
demonstrated in Fig. 12b. Fig. 13 depicts the history of the largest
single commanded thrust produced by the I, norm and [, norm
methods during the ROPOS manoeuvre. The result shows that the
largest thrust value obtained from the I, norm minimization and
I, norm minimization are 342.6 and 268.4N, respectively.
Therefore, I, norm minimization reduces the largest thrust by
21.6% in comparison to the one obtained from the I, norm
minimization. The average improvement over the whole man-
oeuvre is found to be 11.9%. The results are given in Table 4. The
results illustrate that when the lowest possible thrust magnitudes
are desired to ensure future ROV manoeuvrability for subsequent
control iterations, the [, norm thrust allocation is an attractive
alternative to the conventional pseudo-inverse solution. Note that
since both [, and I, generate the same control input based on
7 = Ep, there is no difference in the controller performance.
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Fig. 11. Time derivative of Lyapunov function.
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Table 4
Comparison of the norms

Reduction
(%)

Max I, norm thrust

(N)

Max [, norm thrust

(N)

Average reduction
(%)

342.6 268.4 21.6 11.9

5.3. Second simulation study

In the second simulation study, the first case study was
extended to include a thruster failure to demonstrate fault-
tolerant property of the thrust allocation scheme.

It is assumed that the second and third thrusters partially fail
between 40 and 150 s due to a temporary fouling of the propeller.
The fouling produces a drop of 78% and 20% in the driving capacity
of the second and third thrusters, respectively. This incident
is accounted for in the thruster allocation scheme by setting
w, = 2/9 and ws = 4/5. A complete failure of the second thruster
occurs at 1505, and for t> 150, the horizontal ROPOS manoeuvre

is accomplished with its three functioning thrusters. Note that
since the number of the remaining thrusters is the same as the
number of the task space dimensions, the thruster allocation
problem of T = Ep becomes determined. In this case, the neural
network converges to the unique solution of T = Ep assuming a
solution exists within the specified saturation range.

As Fig. 14a reveals, the faulty second thruster was driven to its
upper saturation limit of 200 N at the time between 104 and 150s.
After the complete failure that occurs at 150s, the faulty first
thruster is not commanded and the remaining three thrusters are
used by the fault-tolerant scheme to meet the controller demand.
The third faulty thruster functions within its limits throughout
the manoeuvre. Note that the instantaneous changes in the
demanded thrust are caused by the sudden thruster failures. As
Fig. 14b reveals, the controller performance is not affected by the
faulty thrusters, and that the vehicle keeps the normal working
process in the presence of faults and saturation limits. This means
that the thrust allocation scheme is capable of finding a feasible
solution in the smaller solution space due to the thrust failures.
This result demonstrates the ability of the thruster allocation
scheme to account for the thruster failure and saturation limits.

6. Conclusion

The contribution of the current work is twofold. First, a
chattering-free sliding-mode controller has been proposed for
ROV systems. The new controller uses an adaptive term in place of
the conventional, discontinuous switching term. This adaptive
term continuously compensates for the unknown system dy-
namics caused by poorly approximated nonlinear hydrodynamics
or sudden environmental loads. As opposed to conventional
sliding-mode controllers, the proposed controller does not need
a priori knowledge of the upper bounds on the dynamics
parameters of ROVs. In addition, the adaptive term does not
require the parameterization of a regressor matrix and unknown
parameter vector. Second, the [, norm-based thrust allocation of
ROVs has been proposed. It has been shown that a thrust
allocation based on minimizing the [, norm of the thrust
manifold can be formulated as a linear programming problem
that allows direct incorporation of faulty thrusters and thruster
saturation limits. A recurrent neural network has been proposed
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Fig. 14. (a) Demanded thrust from the [, norm approach; (b) position and orientation error.

to solve the resulting linear programming problem. To this end, a
general neural network design technique has been extended to
include bounds on the thrust variables. The proposed neural
network has the ability to achieve the real-time solution rates
necessary in the ROV application. The resulting neural network
has been applied to minimize the thrust allocation instanta-
neously with thruster saturation points and thruster failure
considered. Future work will involve experimentally validating
the proposed controller-thrust allocation scheme on an existing
ROV system. This process will involve hardware realization of the
recurrent neural network.
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Appendix A. Proof of Theorem 1

Define a Lyapunov function as
V=1s"M;s +w'T 'w) (37)

where w = f., —f is the difference vector between the estimated
lumped uncertainty vector and the exact lumped uncertainty

vector. Differentiating V with respect to time yields
V =16"M,;s +5§"M,s + s"M,$) + w' T 'w (38)

In light of the fact that sTMns = sTM,;$, and using (10), M, =
J "teq — (Cyfy + Dyiy + g,) from (2), and i = s + 7, from Eq. (8)

V =1s" (M, — 2C,)s

+8T07 T — (Myif, + Gy, + Dy + )] + W 'w (39)
Since M, -2C, is a skew symmetric matrix, then
sT(M,, — 2C,)s = 0, and Eq. (39) can be simplified to
V=s'g Tt —f)+wT 'w (40)

where f, = My, + Cyn, + Dyt +g,. Substituting Eq. (16) into
Eq. (40), and using 1, = § — s and w = f . — f yields

V=s"w-Ks)+wT 'w (41)

Substituting the adaptation law of Eq. (15) into Eq. (41) and using
I'''I'=LT"=T gives

. T
V=-—sKs—f I''w (42)

In view of the positive definiteness of the gain matrix K and
Assumptions 1 and 2, it can be stated that

. T
V< —s'Ks—f T 'w<o0 (43)

The inequality given in Eq. (43) implies that the system
trajectories will converge to the sliding manifold s = 0 from any
nonzero initial error. However, Eq. (43) alone does not imply that
V — 0 as t— o, i.e., the system trajectories may not converge to
the desired values in finite time. This problem can be solved using
Barbalat’s lemma (Popov, 1973; Slotine and Li, 1991), i.e., since V is
lower bounded (V>0), V is negative semi-definite (V <0), and V is
bounded (i.e., since w and f are bounded, then s is bounded), then
Vo>0astoow.Intumn,e—0andé—0ast->ow. O

Appendix B. Proof of Theorem 3
The stability proof of the neural network given in Eq. (35)
involves the following two lemmas:

Lemma 1. If f:Cc R" — R is differentiable over a convex set
C.<C, then fis convex over C. if and only if

® =)' Vi@ <f@) - f® vx, xeC
where Vf(x) is the gradient vector of f(x).

(44)

Proof of Lemma 1. See Ortega and Rheinboldt (1970).

Lemma 2. y* and (u*, 4*) are the optimal solutions to the primal
problem, Eq. (27), and its dual problem, Eq. (32), respectively, if and
only if E(v*) = 0 and

v* = v)IVEWw)< — E(v)
where v =[yT T 2T Tandv= [yT ur /IT]

(45)

T

Proof of Lemma 2. According to the definition of the energy
function, it is evident that E(v*) = 0. By applying Lemma 1 to the
energy function with E(v*) = 0, Lemma 2 can be verified. O

Without loss of generality, let k = 1 and consider the following
positive definite Lyapunov function candidate for the neural
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network of Eq. (35) (Tang and Wang, 2001):
V) = 3(0v* —v)'(v* ) (46)
Taking the time derivative of Eq. (46) and using Eq. (35) yields
dv(v) dV(v) /dv . r/dv
dt = dv (E) = - (a)
=w* - VEWw) (47)

By applying Lemma 2 and using the fact that the energy function
is positive definite E(v)>0,

w* —vVEw)< — Ev)<0 (48)

Therefore, the neural network of (35) is Lyapunov stable.
According to LaSalle’s invariance rule (Slotine and Li, 1991), all
trajectories v(t) converge to the largest invariant set in the set
Q={weR™"V =0).

In view of Eq. (47), V = 0 implies v = 0, and this further implies
that the set Q also contains the equilibrium points of (35) i.e.,
Q={ve R™MY =0} = {ve Ry =0}. Thus, Eq. (35) con-
verges to its equilibrium points. According to Lemma 2, E(v*) =0
if and only if VE(v*) = 0 implying that v* makes v = 0. Therefore,
the equilibrium points of Eq. (35) correspond to v*.

Since the energy function Eq. (33) is differentiable and convex
for all v, the local minimum of the energy function corresponds to
the global minimum. The neural network given in Eq. (35) is
globally stable and will converge to the optimal solutions of the
primal problem, Eq. (27), and its dual problem, Eq. (32). This
completes the proof. O
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Abstract

The current work addresses the design, implementand testing of a guidance,
navigation and control system for inspection-cle&ssotely operated underwater vehicles
(ROV), specifically the Saab-Seaeye Falcon™ ROV. Fa& g¢uidance problem, a
Lyapunov based guidance algorithm is implementati¢hn function satisfactorily in the
presence of significant uncertainties in the systenematics. A new sensor suite,
including off-the-shelf sensors of a Systron-DoriMdMU, Explorer™ DVL, Sparton™
Compass, and SouthStar™ SBL, are developed angratéel into the existing Falcon™
telemetry system. To accurately estimate the Raanotion, an Extended Kalman
Filter (EKF) is designed that blends the on-board sensor merasuats with low-noise
and high update rate using a process model. Eqgurthicess model of the EKF, 4-degrees
of freedom (DOF), decoupled, simplified hydrodynamiodel of the Falcon™ ROV are
obtained through the sea-trials using the on-bsangors. To comprehensively tune the
EKF parameters, including the covariance matrixgalieals for the process model as well
as the SBL, further wet-tests are performed faabé® navigation. The verification of
the navigation algorithm is performed by compating system’s outputs with those of a

high precision optical motion capture system. Amrage estimation error of 0.15m for
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the surge motion and 0.16m for the sway motiois@l for the manoeuvre considered.

For automatic control, a novel control law is impknted that is composed of a model-
based equivalent control signal and two adaptigaais; one is a PID contribution with
adaptive gains, and the second is derived fromstimate on the upper bound on the
difference between the known and the unknown systgnamics. The experimental
validation of the proposed guidance, navigation eodtrol scheme was performed for
the way-point and trajectory following tasks viaagsgals. The average RMS error
values of 0.08m, 0.04m, 0.04m, and 2.52degreeesalere recorded along X, Y, Z axis
and around Z axis of the North-East-Down referefregne, respectively, during a
rectangular trajectory following task. In conclusiocentimetre-level precision is
achieved with the automatic control scheme, thersmgnificantly extending the

capabilities of the Falcon™ system for high premisi

1 INTRODUCTION

Remotely Operated Underwater VehiclddOVs) are widespread in scientific and
industrial investigations in the marine environmerdluding bottom surveys, seafloor
imaging, oceanographic and geological data acguisiand robotic interactions with
natural features or man-made infrastructure. picgl ROV operations, the motion of
the ROV is directed by a human pilot stationed suidace vessel through a tether that
provides power and telemetry. The human presergkesncomplex multi-objective
underwater missions possible: human reasoning @age sudden changes in a mission
plan caused by the unpredictable nature of the m@raironment. However, the
limitations in sensory feedback to the ROV pilotkmaertain operations, such as high

precision trajectory following, impossible withosbme form of machine intelligence.
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Especially for low-cost inspection ROVSs, there fisagute need for automatic correction

of erroneous motions that are caused by currents tather disturbances that are

unbeknown to the human pilot.

Traditional linear controllers cannot provide higtecision motion control ability, as
their performance degrades significantly in theefat highly non-linear ROV hydro
dynamics and tether disturbances. More advancettataechniques are needed for
reliable, high precision, effective ROV operatioirs such conditions and several
nonlinear control techniques have been applied@Y Rontrol. These include: the,H
approach in [1]; adaptive control techniques in [2], [4], and [5]; sliding-mode control
in [6], [7], [8], and [9]; fuzzy logic control in10]; neural network control in [11] and
[12]; combined approaches such asatd sliding-mode control in [13], adaptive, fuzzy,
and sliding-mode control in [14] and sliding-modentrol and neural network in [15];

and other types of non linear controllers sucmd46] and [17].

In the current, work, a novel controller is implerted on an inspection-class ROV,
specifically a Saab-Seaeye Falcon™ ROV, for higkcision trajectory and way-point
following. The control law is three layered analiudes: equivalent control, adaptive
control, and PID control signals. The equivalenntoal signal is a model based
component that reflects the knowledge of the systgnamics available to the controller
designer. The robust adaptive control signal canistaestimates the upper bound on a
lumped uncertainty vector, which is defined asdifference between the known and the
unknown dynamics. This term provides stability e tontroller with its ability to track
the upper bound on the lumped uncertainty mathkinally, the PID control layer, with

adaptive PID feedback gains, is used to furtherapoé the controller performance as
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well as to tune the controller behaviour in patacuwvhen the lumped uncertainty is

small.

In the implementation phase of this controllerwa tayered hierarchical architecture
proposed in [18] is employed. In this architeciutee outer guidance loop algorithm
receives target way-point locations and generatesom directives based on the ROV
kinematics that are fed into the inner control lodfe controller then commands the on-
board thrusters to realize the motion directivesedaon the state feedback that comes
from the EKF. For the guidance algorithm, a Lyapurbased guidance algorithm
originally presented in [18] is implemented. Adetbin [16], this guidance method has
the ability to eliminate operational errors withoamy off-line or on-line trajectory
replanning and hence is suitable for ROV controthie presence of high uncertainties.
With regards to the EKF, the methodology presented 9] was implemented to blend
the measurements of short base liB8L() acoustic positioning system, a DVL, a low-
cost IMU, a compass, and a depth sensor to prdtieleontroller with low noise, high
update rate and accurate state feedback. The Ef&estimation is also complemented
with the dynamic model of the ROV extracted frormamber of sea-trials to further
enhance the state estimation as well as to prawadestness to the EKF in the case of

sensor drop-outs.

The EKF is fed a series of motion signals produmned custom sensor pod attached to
the FalconTM ROV. The pod includes a Systron-DoithdMU, Explorer™ DVL,
Sparton™ Compass, and SouthStar™ SBL and was atéshjinto the existing Falcon™
telemetry system. The SBL system has its own déeliccable that runs through the

umbilical cable, allowing faster transponder pimgirates. In order to evaluate the
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accuracy of the EKF state estimation and the cbstrategy, a high precision optical

motion capture system is utilized. The opticaltsys provides the true states to which
the EKF estimation is compared allowing a direcaleation of system performance
rather than an inferred one based on error bourmtiuped in the EKF calculations. In
addition, system performance is tested throughriassef sea-trials based on trajectory
following and way point tasks. The results indic#tte effectiveness of the proposed

guidance, navigation and control scheme in obtgihigh precision ROV motion.

The remainder of the current work proceeds as i@ioSection 2 provides the
mathematical background used in the current wdrke topics covered in Section 2 are
the kinematics and dynamics of the Falcon™ ROV, igaion, guidance and finally
control. Section 3 introduces the wet-test faciliuilt for the current research and
provides the brief definition of the Falcon™ expeental platform. This section also
gives a brief description of the underwater serssate available to the current study as
well as the navigation-pod particularly designedth@ current study. A small discussion
about the integration of the navigation-pod inte #xisting Falcon™ telemetry is also
provided in this section. Section 4 outlines tlepsttaken to obtain the hydrodynamics of
the Falcon™ ROV based on the field data and repihisresults. In addition, the
verification of the navigation algorithm via se&ls is also provided in this section.
Finally, Section 5 demonstrates the controller guenfince in the way-point and

trajectory following tasks through a number of \wesits.
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2 THEORY

2.1 Kinematics of Falcon™ ROV

To express the motion of the ROV, two referencenéa are used. The first is an
inertial reference frame that is coincident witk thorth-East-DownNED) frame, and a
body-fixed frame affixed to the vehicle center cdiss as shown in Figure 1. The ROV’s

state vector with respect towitt) its body-fixed frame is defined as

q=[u Vv W p ¢ r]T and the vehicle state wrt the inertial frame isegi by

n=[X Y Z ¢ 6 y]. The spatial transformation matrix between thertiak
frame and ROV’s body-fixed frame is given Bywhich includes the angular velocity
transformation matrid, and the linear velocity transformation matdix The term] can
be obtained by the Euler sequence of rotationsfitsterotationy is about theZ axis of
the inertial frame (yaw), the second rotatienis about the newr axis (pitch), and

finally, the last rotationp is about the new axis (roll);
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In the current study, the roll and pitch motion tbé Falcon™ cannot be actively
controlled since the thruster layout of does n@&ate pitching and rolling moments.
However, the motion around these axes is self-atgdldue to large buoyant restoring

moments. Assuming that the pitch and roll motiaressmall, the local and inertial state
vectors can be simplified tq=[u v w r] andp=[X Y Z ]|, respectively.

Applying ¢=6=0 inJ of Eqg. (1) andeliminating the rows and columns associated with
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the roll and pitch motion leaves a simplified trfamsation between the two

representations of the vehicle state:

n=J9
cosy cog- sigp O
_| sing cosy 0 (2)
| o 0 10
0 0 0 1

Any further mention taq andJ is specific to the reduced entities in Eq. (2).

2.2 Dynamic Modelling of Falcon™ ROV

Applying the simplified kinematic model of the ROyiven in Eqg. (2), the ROV

dynamics model given in [20] can be reduced to:

(M+M,)q+Cqg+Dqg+g-=r1 (3)

The termM OR** and M , OR** are the inertia and added mass matrix, respegtivel
C OR™*“is the matrix of Coriolis terms) OR** is the drag matrixg(OR* is the vector

of gravity and buoyancy forces and moments, anallfirc JR* is the control forces and

moments acting on the ROV centre of mass.

Mass and Added MassFor the reduced dynamics model considered, the mags

is defined as:
M =diag(m m m 1) (4)

wherem is the true vehicle mass amdis the inertia around the Z axis (yaw) of the
vehicle. The added mass effect, which characterihe additional resistance of the

surrounding water to the accelerating body, isrdefias:
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M, =diag(x, ¥, z, |I) 5)

where x,, y, and z, defines the added mass effect along ¥hey and z axis,

respectively, and, defines an added inertia in the yaw degree ofdfyee caused by

rotation of the vehicle around the yaw axis. GiWlea ROV'’s structural symmetry and

the low operating speeds, the added mass matssismed to be diagonal.

Coriolis: The Coriolis matrix is defined for the 4-DOF reddal/namics as:

C= (6)

With this definition, it can be shown th&t=-C"; a property that allows simplifications

in the control law derivations.

Drag Forces A blend of linear and quadratic drag terms afgiagd according to [20].

The drag matriD is defined as:

where k and k; ,i =u,v,w,r are the linear and quadratic drag coefficientocased

with the surge, sway, heave, and yaw motion ofveitacle, respectively. Note that off-
diagonal terms of the drag matrices are neglectedha hydrodynamic coupling is

assumed to be insignificant at the low speedsefrtbpection class ROV.
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Buoyancy Forces The Falcon™ is trimmed to be neutrally buoyant, asdoll and

pitch motions are neglected. As such, the vectagravity and buoyancy forceg is

assumed to be zero in our implementation.

Representation in terms of the Inertial Reference fame: Equation (3) can be

represented in the inertial reference frame as [20]

=M, (n)i+C,(ann+D,(an)n+g,(n)=3"r (®)
where M, (7)=J"™MJ"*, C,(q,7)=3"[C-MJJ]3*, D,(qn)=J3"DI* and
g(l]) =J"g. The dynamics defined by E() have the following structural properties
[20]:

Property 1: The inertia matrixM , is symmetric and positive definite, i.M; =M,

Property 2. Matrix I\'/|,7 -, is skew symmetric, i.e., for any vectaf,
"M, - )¢ =0.
Lumped Uncertainty: Given the existence of inaccuracies in the systgmamics

mode, Eq. (8) can be written as the sum of estiuindtmamicsf and the unknown

dynamicsf ,
f=f+f 9)

where the estimated dynamics vector is defined as:

A ~

f =M, (n)i+h(a,n) (10)
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with ﬁ”(q,n):é”(q,q)/';+f),](q,/7)/7+g”(/7) and the unknown dynamics vector

defined as:

f =M, (n)i+h,(a.n) (11)
with hy, (8,7)=C, (4.7)n+D, (4.7)n+48,(n) where

M,=M,M ,,C, = <, (12)
b,=D,-D,, §,=9,-G,

1 n n

The unknown dynamics vector is also called theplednuncertainty vector and is

proposed for use in adaptive control in [21].

2.3 Navigation: Extended Kalman Filter

The measurements coming from the on-board senspithéd position tracking of the
ROV contain both the true states of the ROV andeoand a Kalman Filter (KF), as
discussed in [22], can be used to isolate the dtat in the corrupted signal. The KF
provides a computationally efficient and recursimethod to estimate the state of a
process model through the minimization of the estiom of the error variance. During
the state estimation, the KF projects the behavifuhe process model and disregards
the components of the measurement signal that rdisagvith the predicted behaviour
past an allowable margin. To define that margirg KF uses statistical knowledge

pertinent to the available sensors as well as yhamics model of the process model.

However, the standard KF uses a linear representaif the process model and
measurement functions that map the sensor dake iiF’s observed states, and hence is

not directly applicable for estimating nonlinear R@otion. To overcome this issue, a



141
nonlinear version of the KF, the Extended KalmalteFi(EKF) [23] was implemented.

The EKF linearizes the non-linear process modetstha measurement functions about
the current state estimate at each iteration; ngakkimuch more suitable for observing
non-linear ROV motions. However, unlike a KF estijathe EKF estimate is not
guaranteed to provide a minimum error variancemegg since the nonlinear process
dynamics and measurement functions violate the-mezan Gaussian noise requirement.
Nevertheless, near optimality can still be obtaittedugh the EKF, provided that proper

estimations of the process uncertainty are made.

The following EKF state vector is used in the cotneork:
x=[u vwopagr XY zZ g6 y] (13)

where [u v w| and [p g r] are the body-fixed translational and rotational

velocities, respectively, wheregX Y Z] and[¢ & ¢] are the position and Euler

angles of the vehicle for the orientation in termigshe NED frame as depicted in Figure
1. Note that although the controller does not ingerotational states around the logal
and z axes, they were recorded for the purpose of vatigathe “close to zero”

assumptions made for the ROV rotations about thzes.

The complete EKF algorithm is demonstrated in Fegirbased on the works of [19]

and [24]. In the initialization state, the initi@lugh estimate ok, and the corresponding
initial state error covariance matrl?g is used whose diagonal elements corresponds to

high estimated error variances. The overhealtiadenotes an estimated value.
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In thePrediction phase, the initial estimate of, and I5k' at time stepk are calculated

based on the following equations:

R = >2*k_1+tjk f (%, t)dr (14)

ta

P =P+ ]E (FP+ PF + Qdr (15)
tia
Where the superscriff)] denotes transpose, and the superscfifitand (' denotea
piori and a postpriori, respectively. Whilea piori state values are obtained through
advancing the dynamic model of the EKF states faiwia time through a chosen
integration schemepostpriori state values are obtained through incorporatingg ne
measurements into th@iori estimates to obtain improvembsteriori estimates. In Eq.

(14), x=1f(x,t) is the time rate of change of the Kalman statemn Eq.(15),

_ 3t ()
13)4 X=%¢

F , IS a Jacobian matrix that defines the contribiioheach state variable

to the entries ofx and finally, Q is the time rate of change of Kalman Filter praces
model error covariance matriQ .

In the Measurement phase, the error covariance matrix
"R, =diag("g,,, "0, ... "o0,,) is formed at stek, where "g, is the error
variance of them” Kalman state and is the number of measurement made during the

time stepdz . Similarly, the measurement mat®H, =["h,.;; "h,, .., "h,]are

formed by concatenatingh,, row vectors corresponding to" Kalman state. The term
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A™h(x)"

0x X=%¢

"h,, is defined as"h, = where "h(x) is the scalar measurement function

that maps each Kalman state to measured states;inally, the measurement innovation

m

vector mek:[”‘em, Bor e meK]n]Tis formed for each Kalman state using

measurements received during the time stepccording to"e, = "z, — "h(m%).

In the Collect phase,"H, and™Rx are assembled to form the finbl, andRy. This
step is followed by th€ompute Gain phase in which Kalman gain matrix are computed
according t&K, =P, H|[H P/H| +R k]_l. Finally, in theBlend phase postpriori state
values X, are calculated by correcting the model basedalniéistimate with the
innovation vector according td, = X, +K e, . Additionally, the error covariance matrix

is also computed in this phase basedRjn=[1 -K H ,JP.. The refined estimate; is

then used as the initial estimate for Brediction state at stegt+1 and same procedure is

followed recursively. For more details, the readeeferred to [19].
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Figure 2: Flowchart of the EKF estimation algorithm
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2.4 Guidance

For the synthesis of the guidance equations, tle@luyov stability theory presented in
[18] was implemented in the current work. The sapproach was also implemented to
an ROV in [16]. To utilize this approach, the élling Lyapunov function candidate

was considered:
1.,
V==¢ 16
> (16)

where e={ -, is the error (defined as the “task function” ir8[1) with { and |

being the position or orientation error of inter&fining the reference velocities as

ny=e=-Ae (17)

with A, >0 yields a negative-definity’, and hencege - 0 ast — o, according to the

Lyapunov theory.

As noted in [16], high1 gains in the proportional term can cause instgtditd limit—
cycling problems. In order to overcome this potntproblem, an additional

accumulative contribution can be added to the eefex velocities as follows:
t
7 :e:—/lpe—/lljedr (18)
0

with A, =e+y, A =¢y, €>0 and y>0. In additon, to minimize the wind-up effect
induced by the integral term, a hysteresis mechanisin be included. With this
mechanism, the integral action is activated onhemwld is smaller than predefined

threshold valuedd < o. This addition also ensures that the integrabaaloes not lead
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to potential instability. Otherwise, this would leabeen in question since the integral

action could make the time derivative of the Lyapuriunction positive. As well, the

output of proportional and integral term in Eq.8tan be bounded to avoid excessive

velocities such thgtl g < &, and <§.

Aljedr
0

The types of automated motion tasks consideretisnwork are:Depth and Yaw and
Horizontal Motion. In conventionaDepth and Yaw, only the vehicle’s heading and
depth are guided. To this end, the guidance alyargenerates reference velocities for a

given desired heading/,, and depthZ, values defined with respect to the NED frame.
The reference velocitieZ and ¢ can then be found by substitutigy=Z -2, and

e, =¢ -y, in Eq. (18), respectively. Fddorizontal Motion, the guidance algorithm
generates reference velocities for a given dedneatling X,, and depth)Y, values
defined with respect to the NED frame. The refeeemelocitiesX andY can then be
found by substitutinge, = X=X, and e, =Y-Y, in Eq. (18), respectively. The
desired position and acceleration values can bedfoby 7, =j/7d,/7d =dn,/dt,

respectively.

2.5 Control

For the control problem of the Falcon™ vehicle, toatroller proposed in [25] was
adopted due to its adaptability and robustnessovBes a brief summary of this

controller.



147
For a second order system such as an underwatelesslygstem, reasonable desired

dynamics would be a stable first order system. Tihs$ order dynamics can be defined

as:
s=e+Ae (19)

with the error vector being=q-q, and AOR™" being a constant, symmetric, positive

definite and diagonal gain matrix. In the slidingae theory, (19) characterizes the
desired dynamics and represents a time-varyingiinie state space that passes through
the desired state variables [26]. The control aign be designed works to keep the
value ofs at zero. Whens=0, the system is adhering to the prescribed dynamic

behaviour.

The following control law is proposed for the cahtproblem posed by the Falcon™

ROV:
r=3"(f,(a,6.6,)-Kr - psat(s)-C ) (20)

where K=[K, K, K /JR ™" is a gain matrix with
K,OR™", K,OR™, K R ™"whose elements are the derivative, proportional and
integral constants (PID gains), respectively. Tdrenr =[¢" e’ J'eT]T OR®* is the
error term andpOR™ is the estimated upper bound on the lumped uringrtaector

defined in (11) unknown system dynamics. 'Elae([)] function is defined as:

sat(s/®) =5 /P, if |§/®,|< 1

. . (21)
sat(s/®;) =sign(s/®;) otherwise
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wheresign(.) function is defined asign(s/®,) =-1 for 5/®, <0 andsign(s/®,) =1

for /@, >0, i=1...n [26].

Theorem 1: Consider the nonlinear dynamical system descrilye@)b. If the control

law is expressed as (20) with the following adaptataws,

K =B(A(rST)+K1(K o K )T)

. A (22)
p=u(lsl +«,(a-0))
Then the stability of the closed-loop control systis guaranteed in Lyapunov sense with

the condition of| f|, < p.

In Eq. (22), the termBOR*™™ is a positive definite diagonal matrix, >0 and
k, >0 user-defined parameters that determine the degfegade-off between the

tracking performance and the robustness of theraostgnal to the parameter drift

problem, K, and g are the initial PID gain and upper bound constamspectively,

v >0 is the upper bound estimation gain, and finallyis the operator that allows only

the diagonal elements df to adapt.

Proof: The Lyapunov  stability proof is given in [25] it
\Y; :(]/2)(STqu+tr K B‘lKT)+u‘1,52) being a Lyapunov candidate function. In the
Lyapunov function,tr([)] is the trace of a matrix ang = p— pOR™ is the difference

between the actual and estimated upper bound dartiged uncertainty vector.
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Note that although the proof in [25] is for ROVMs$gms, it is still applicable to the

ROV problem considered here since both systems &iaviéar matrix elements with the

same matrix features that are exploited in the uyap stability proof.
3 EXPERIMENTAL SET-UP

3.1 Underwater Research Facility

Over the course of the control project, a new wvest tfacility was successfully
constructed at Van Isle Marina in Sidney BC as shawFigure 3 and Figure 4. The
construction of the lab included a new working deglkable moving platform for easy
access to the ROV while in the water, a small effidot's room, a launching platform
for easy deployment and recovery of the Falcon™ R&®#¥%kt of depth adjustable support
mounts for the SBL reference stations mounted erfdhr corners of the boathouse and
two camera supports structures fixed to the sidésved the boathouse. In addition, a
plastic wrapping was used to cut down on light sitiee daylight interferes with the light
sensitive motion capture systems used in the cuwenk. The same plastic wrapping
was used to enclose the entryway of the boathatressathe working deck for reducing

the light interface.
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Figure 4. Wet-Test facility exit.

3.2 Experimental ROV Platform

The experimental ROV used in this experimental wgsks an inspection class, Saab-
Seaeye FALCON™ ROV provided by Suboceanic Scierddds The system main
components are the vehicle, tether, and surfatierstas shown in Figure 5. The vehicle
is designed to dive up to 300m deep and has 75kgs.nhe Falcon™ ROV has 5

electric thrusters; the first four thrusters aretfee vehicle’s horizontal plane motion, the
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last one is for the vertical motion in the wateduoon. In terms of the on-board

navigational components, the system is equippel eaimpass for heading measurement,
rate gyro for pitch and roll angles, and finallpr@essure sensor for depth measurement.
In addition, the system has passive sonar thasésl uo detect nearby objects in the

vehicle’s horizontal plane.

The Falcon™ ROV employed in this work has a 350nyglfiber-optic tether that is
used to transmit power and bi-directional telemdéteyween the surface station and the
vehicle. To communicate with each on-board dewuice, Falcon™ system implements
RS485 multi-drop network in which each node corstasm micro controller that

receives/sends commands/replies from/to the masté over the network.

Finally, the surface station contains power, s@fegntrol unit §CU) and monitoring
devices for the pilot to operate the vehicle safatyn a surface vessel. The power unit
transmits 2KW power to down the vehicle. The SQ@ldtains a PC-104 stack by which
the master node is programmed. The master node&vesccommands from the HCU and
transmits the commands to the targeted nodes om¢irae over the RS485 network and
receives replies from the corresponding nodes. H@G® allows the pilot to control the
on board thrusters, lights and the tilt motor ¢¢ ttin-board camera through the surface
control. The sonar display indicates the nearbjeab and finally the video screen
provides visual information to the pilot as well & video overlay indicating the

vehicle’s orientations.
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Figure 5: SeaEye Falcon™ ROV system componentgydroaurtesy of [19].

3.3 Navigation Pod Design

The original Falcon™ ROV has only depth sensor armbmpass, and hence, is not
suitable for tasks that require accurate positioovkedge such as advanced position
control applications. Therefore, an instrument estiitat provides an accurate position
tracking is acute for the Falcon™ ROV control tastended in the current work. To
obtain such a position tracking system, a new seqisite, including off-the-shelf sensors
of a Systron-Donner™ IMU, Explorer™ DVL, Sparton™br@pass, and SouthStar™
SBL was designed. The DVL and IMU are used to obtahicle translational and
rotational velocities in the vehicle’s body fixedames, respectively. The compass is
used to measure the heading of the vehicle if\tBP reference frame, and finally the
SBL system is used to obtain the position of theVR@th respect to a user-defined

reference frame.
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A series of subsea sensor pods for each sensog alith a navigation skid were

designed in collaboration with Dynamic System AsayLtd. as shown in Figure 6.
With the modular design, DVL, IMU, Compass and SBansducer have their own
housing; allowing the location optimization of eadnsor on the new navigation skid in

order to minimize magnetic interferences mostly tiuthe onboard thrusters.

Figure 6: Pressure housings.

The navigation skid was designed to host the semsesing components as shown in
Figure 7 (left). This design provides mounting aad not only for the sensor housings
but also for addition tools that might be needeattie Falcon™ system in the future. As
well, this design can be used f&OV and ROVM configurations with its original

mounting adapters designed for this purpose.
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Radial O-rings were used in each sensor housirtgasithey are easy to assemble and

stay in their groove during the dismantling procéss well, each unit has its own vent-
plug for easy disassembly especially after a deafemmission and its own dedicated
wetable Subconn™ underwater cable connected tm#we housing. Each cable carries

power and telemetry to the corresponding sensar uni

A main telemetry and power circuitry as shown igure 7 (right) was designed and
installed in the main housing that also holds théLDand its electronic box. The
circuitry contains a series of DC to DC convertdrat are used to convert Falcon™'’s
48Volt into the appropriate voltage rating of eagmsor. In addition, this circuitry unit
contains a voltage regulator for the DVL and fusksdes and LED’s for effective circuit
protection and troubleshooting. On the telemeitlg,sthis circuitry routes the telemetry
traffic coming from the main Junction Box of theld&m™ ROV in the form of RS232

signals to its intended sensor unit.

3.3.1 SouthStar™ SBL

The SouthStar™ SBL system tracks the position ofR&V fitted with a target
transponder via acoustic interrogation. To this,et# target transponder emits an
acoustic pulse that is received by four fixed refee stations. The SBL software is then
calculated the distances (range) values betweermthang target transducer and the
fixed reference stations based on the travel tiftbeacoustic signal using the speed of

sound in the water.

The SouthStar™ SBL system has its own tether frisnsurface station to the target

transponder to provide higher update rates. Ehisot desired since the extra tether line
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creates additional disturbance on the vehicleudiit which makes it more difficult to

realize the control task at hand. In order to mlate this extra tether line and its
disturbance effect, the SBL signals were reroutedugh the fiber-optic cable, instead.
In the new transmission scheme, SBL's RS485 telgnmsgnal issued by the SBL’s

dedicated surface station was routed through ther-fiptic cable and sent through the
main circuitry to the target transducer. The TTdnal -the other telemetry signal issued
by the surface station for the synchronization agnthve SBL units, was first converted
into RS232 signal on the surface side and thersitnated through the same fiber-optic
cable. This RS232 signals is converted back infd la signal with a microchip installed

on the main circuitry before being sent to the éatgansducer mounted on the Falcon™

ROV.

Figure 7: Navigation skid (Left). Telemetry PCB ¢Ri).
3.3.2 Sensor Telemetry for Control

On the vehicle, the Falcon’s standard depth, compad thruster are connected to the
Falcon’s telemetry through their dedicated RS488&dithat are connected to the fiber-
optic multiplexer residing in the vehicle’s JunctiBox. The external DVL, IMU, and

Compass are enclosed in their respective watergmedsure housings and use RS232
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communication protocol for their telemetry. As fibre SBL target transducer, it uses

RS485 communication protocol for its telemetry did. signal for its sync signal. As
mentioned before, this sync signal is converted the RS232 signal in the main housing
in order to be interfaced with the existing fibgrtio multiplexer. Like the standard
Falcon’s components, the RS232 and RS4845 telensggnals are connected to the
same fiber-optic multiplexer that converts the esponding RS485-RS232 telemetry
signals into fiber-optic telemetry signal. Thisrgidjis then sent up through the fiber-optic

umbilical that is connected to the surface station.

At the surface, the fiber-optic signals are demlétied back into RS232 signals for the
DVL, IMU, Compass and SBL sync signal and RS48%alg for the Falcon and SBL
telemetry. The SBL's RS232 sync signal is convetiadk into a TTL signal with an
appropriate converter and is then sent to the SBuiface station along with its RS485
telemetry signal. The SBL surface station sendsutput to a separate PC that processes
the information with the SouthStar™ software. Thisgram streams its processed data

to the serial port of the same PC that is conneictdide PX| 6251.

The PXI-6251 runs the LabVIEW code in real timettims developed for sensor
drivers, guidance algorithm and the controller.alidition, an entirely new telemetry
scheme was developed in LabVIEW since the origiglaimetry communication was at a
rate of roughly 4Hz - extremely slow for an autoimabpntrol system. The new scheme
completely bypasses the master node and is abtentmnunicate with the thrusters at
roughly 20 Hz with its own original programmingstture. Although higher rates are
possible with the proposed master node architecArdHz update rate was found to be

sufficient for the control codes given the slow dgmncs of the ROV.
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As demonstrated in Figure 8, signals at each R8R3d8nel received by the PXI 6251

were parsed, processed and times-stamped by #dicaded threads within the Kalman
software and stored in the measurement buffer itngilcalled by the Kalman estimation
algorithm that reads the measurement buffer andesoup with the state estimation
based on the algorithm summarized in Section 2l dontroller uses this estimation
along with the desired vehicle attitude generatgdhie Guidance algorithm of Section
2.4 to generate the control signal based on EQ. 48@ Eq. (22) of Section 2.5. The
generated control signal is then mapped into th&relk thrust in terms of a set of
percentage values that are sent to the respedtrustérs by the custom master node

through the fiber-optic umbilical.
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4 SYSTEM IDENTIFICATION

4.1 Thruster Modelling

A set of bollard pull tests were performed in thetwaboratory to reveal the
relationship between the ROV pilot's thrust comnsnand the resulting forces
developed at the thrusters. To this end, the platfshown in Figure 9 was constructed
and bolted to the working deck. On the wet sidéhefplatform, a pulley was attached to
the bottom of the metal pole. The pulley was usegdirect a cord, attached to an axial-
load cell vertically mounted above the waterlineftsat it ran horizontally to the ROV in
the water. The setup ensured that the cord wgsediwith the line of the commanded

thrust during any test.

Figure 9: Thruster test platform.
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In the thruster characterization stage, it was rassuthat each thruster shows similar

thrust performance, and hence the bollard pullwest performed for only one thruster.
During any one test, the vehicle’s horizontal plares kept at the same depth as that of
the pulley in order to minimize any potential rapessalignment that can potentially cause

distortion on the measured force.

For the bollard pull test, a LabVIEW™ code was gatexl that automatically
increments desired thrust by 5%, sustains that camdnfior 30 seconds and records the
desired thrusts along with the obtained load-calpot. Figure 10 and Figure 11 are
Thrust Percent Command versusMeasured Thrust graphs for the forward and reverse

thrust manoeuvres, respectively.
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Figure 10: Forward thrust response.
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Figure 11: Reverse thrust response.
Using the steady-state average thrust values, @wise quadratic curve was fitted
with a least-squares approach to relate the pitattamand; yielding the following set of

equations:

O%E Foyppng < 54% - Fryge = 0.005044%%  — 0.0355B3,

540/& I:PiIOtFWd = 90% - FThruster - 0'03274532iloﬂ:wd - 2'48EglotFWd + 514
QOYE Fpppryg < 100%— Fyy o = 90

hruster
F

PilotFwd <0% - |:Thruster = _0'94:u eFPiIot )

(23)

The experimental thrust curve versus the fittedveucorresponding to Eq. (23) is
shown in Figure 12. In the construction of Figu& the average measured force values

were used for each thrust percentage.
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Figure 12: Steady state average surge thrust resforpercentage thrust inputs.

During the thruster modelling test, the rpm valwese also recorded to reveal the
relation between obtained thrust and the rpm. Ageeted from the lumped thruster
dynamic model [27] , the obtained results indiateear linear relationship between the
steady state average thrustand the absolute squared propeller sp@éd| as shown in

Figure 13.
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Figure 13: Steady state thrust as a function afdstestate absolute squared propeller speed.

The corresponding linear function can be defined as
r=CQlQl (24)

where C, =-0.00013719 Nk is a proportionality constant [27]. The obtaindduster

dynamic model can be used to compensate for thestdr dynamics for a controller

design as done in [27].

4.2 Dynamic Modelling of the Falcon™ ROV
Parameter identification tests were performed avlet laboratory facility in Sidney.
In these tests, similar to the work of [28], siffipli 1-D manoeuvres were completed in

order to identify the dynamic parameters in Eq, E). (5) and Eq. (7) in Section 2.2.
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For the modelling process, the DVL's body-fixedoaty output along the surge, sway

and heave directions along with the IMU’s yaw ratxe recorded at 5 Hz for the DVL
and 450 Hz for the IMU, respectively. During thetse a set of 1-D step inputs were
applied to the Falcon ROV with 10% increment atheaea-trial starting from 20%
percent up to 80% along the surge, sway and heasteapound the yaw axis of the
vehicle, respectively. At each trial, the data weseorded until the system reached
steady-state velocities. The conversion from contedrnthrust percentage to achieved
force values was carried out based on Eg. (23)raatan the thruster identification stage
summarized in Section 4.1. The roll and pitch moitd the Falcon were not considered
since the motion around those axes cannot be didwento the Falcon™’s existing
thruster lay-out. In fact, these motions are seffutated by the restoring moments due to
the moment arm of the buoyancy force with respethé center of mass of the vehicle,

and hence can be assumed to be zero.

The drag coefficients along the three linear motieections and around the yaw axis
were found by fitting the drag equations in Eq. tthe Falcon™ data collected in the
boathouse using the Matlab™ Parameter Estimatiatbda. For the identification, the
entire data set collected for each one degreeesfdtm test was fitted based on the
nonlinear least-square method. Table 1 summattrdynamic parameters obtained

from the field data.



Table 1: Falcon™ hydrodynamic parameters obtairad ea-trials.
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. . Mass+Added .
Direction Mass Value Coefficient Value
K, 0 Ns/m
Surge m+ X, 127.61kg
K 150.91Ns? / m?
K, ONs/m
Sway m+y, 108.8 kg
K 598.6 Ns?/ m?
K, 56.941INs/ m
Heave m+z, 471.42kg
Ko 294.75Ns? / m?
K. 7.2467 Nsm
Yaw I +1, 25.441kg m?
K 69.839Ns?

In order to validate these

parameters, simulatiod axperimental results were

compared against each other. To this end, 70%ttilstep inputs were applied, in each

degree of freedom, in simulations of the Falcon™/R@ing the derived hydrodynamic

parameters.

The simulation results alongside with DVL outputs for translational

velocities and IMU output for the heading rate foe same thrust input are given in

Figure 14 through Figure 17.

The results indicdtat the dynamic parameters

sufficiently capture the ROV dynamics. The simiola's dynamic model constitutes the

process model in the EKF as well as the model bpaedf the proposed controller.
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Figure 15: Sway model verification with DVL data.
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Figure 16: Heave model verification with DVL data.
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Figure 17: Yaw model verification with IMU data.
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4.3 Kalman Parameters

For the EKF design, it is required to quantify ttenfidence in the measurements, in
the form of the measurement covariance matrix RtHfe calculation of the Kalman gain

matrix. In the current work, the following seng@rameters were used:

Table 2: Falcon™ ROV measurement errors.

Quoted Static Dynamic )
Measurement Bias
Accuracy (m/s) Variance Variance
Depth 0.012 m 0.036 ni
Surge u 1.44xI8m/sf | 4 x 10°(m/sf | 4 x 10°(m/sY | 1.5 x 10°(m/s)
Sway v 1.44x10(m/sY | 8 x 10°(m/syf | 4 x 10°(m/sf | 0.7 x 10" (m/s)
Heave w 1.44xT8m/sy | 1 x 10° (m/sf | 1 x 10°(m/sf | 0.5 x 10" (m/s)
Sparton 8 x 10°radf 845 15 rad 3.3x 10 ]
Heading Static racf
Sparton Pitch| 1 x 10°rad’ 6.1 % 10F rad? ] )
and Roll Static
X Axis Gyro
Error 0.003¢/sy 0.005 ¢/sf | 0.005 ¢/sy -0.026 (/s)
Variance
Y Axis Gyro
Error 0.003¢/sY 0.010 ¢/s¥ | 0.010 f/sy 0.025 ¢/s)
Variance
Z Axis Gyro
Error 0.003¢/sY 0.008 /sy 0.008 ¢/s) 0.080 {/s)
Variance

The sensors outlined in Table 2 are the same asné® used in the work of [19], and
thus, the associated error measurement parametnes taken from the same work.
However, since the SouthStar™ SBL acoustic positiacking system used in the

current work is novel, new measurement error w@ste performed for this device.
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4.3.1 Kalman Parameter Identification for the SouthStar™ SBL

In order to tune the SBL parameters within the EKfe exact value of the ranges
being measured had to be obtained. Without anrreadtéruth signal, this is extremely
difficult to complete due to the time varying staind dynamic biases, unidentified
sensor misalignments, high noise levels and lowluéien associated with the sensors

employed in the sensor pod on the vehicle.

In the current work, the high precision VZ3000 \dkyez™ vision-based position
tracking system by Phoenix Technologies Inc. wasdui generate true position
reference values that are used in the calculabénise covariance matrices for the SBL
system. The vision system comes with a set of casn@nd optical markers (LED light
sources). The camera units contain high preciigint sensors, and as long as the
markers are within the camera view of the lightseeg, these built-in light sensors can
track and estimate the position of the optical raeskwith very high precision —
millimetre-level precision. In the experimentat-sp, the camera units are mounted high
up on the boathouse walls such that they illumirzateide swath of the water surface.
The markers were fixed to a lightweight mast thaswattached to the ROV and stiffened
with a set of guy wires to minimize the mast vibmas during tests. The mast keeps the
markers above the water level during ROV sea-taald hence allows operation of the
vision system during ROV maneuvering. The cameratlons in the boathouse are

depicted in Figure 18.
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Figure 18: SBL and camera layout.

A stationary test was performed to obtain the sthtas values associated with the
range output of the SBL system. To this end, the SBL stations were fixed to the
deck of the boathouse as depicted in Figure 18thanl locations were found with
respect to the NED reference frame using the matapture system. The coordinates
found are tabulated in Table 3. The target tracedwas then put in one location for
several minutes and its corresponding ranges weesuaned by both the SBL and motion
capture systems. The differences in the range une@ents were considered to be the

static bias. The results are tabulated in Table 4.
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Table 3: SBL reference station locations.

Reference X Location Y Location
Depth (m)
Transducer # (m) (m)
1 -2.48 -1.9 0.74
2 -1.29 4.15 0.80
3 -4.72 0.06 0.80
4 0.9 2.1 0.74
Table 4: SBL range measurement bias.
Target Transducer Station 1 Station 2
X Y z True Meas | Diff True Meas | Diff
256 | 0.260 | 1.86 3.52 3.71 -0.19 | 2.76 2.66 0.1
256 | 1.030 |1.91 4.27 449 | -022| 22 2.1 0.1
256 | -023 |1.91 3.09 3.17 -0.08 | 3.12 3.08 0.04
256 | 1.05 |1.87 4.29 435 | -006| 221| 221 O
Mean Bias -0.14 0.06
Station 3 Station 4
True Meas Diff True Meas | Diff
3.71 3.98 -0.27 | 2.28 2.19 0.07
4.38 4.64 -0.26 1.73 1.71 0.02
3.27 3.02 -0.19 | 2.73 2.73 0
4.42 4.58 -0.16 | 1.69 1.69 0
Mean Bias -0.22 0.02

In order to find the dynamic biases, the Falcon™VR@as operated continuously
within the confines of the boathouse and its moti@s tracked with the SBL system as
well as the motion capture system. The resultgierrange values based on the sea-
trials are shown in Figure 19 through Figure 22 #m dynamic range bias and error

variance values based on the sea-trials were talouia Table 5. The calculated range



172

error variances were used in the EKF’s measuregmradriance matrix R related to each
reference station range measurement. In Figuterb@gh Figure 22, the SBL ranges are
shown as grey stars whereas the motion capturersystnges are shown as bold lines.
Since the ranges can be calculated from the motpture system only when the ROV is
within the camera view, there are gaps in the motigpture data that occurred when the

ROV travelled to the corners of the test range.

4

200

Figure 19: SBL ranges versus motion capture syftefRange 1.
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Figure 20: SBL ranges versus motion capture syftefiRange 2.

100
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Figure 21: SBL ranges versus motion capture syfteiRange 3.
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Figure 22: SBL ranges versus motion capture syfteiRange 4.

Table 5: SBL range error and variances.

Reference Range Bias Range Error
Transducer # Variance

1 -0.03m 0.03 M

2 0.06m 0.02 i

3 -0.1m 0.04 rh

4 0.02m 0.04 i

4.3.2 Estimating Dynamic Model Uncertainty

In EKF design, it is necessary to quantify the aberice in the EKF’'s process model in
order to propagate state error covariance matebEg. (15). This confidence is specified
through the error covariance mat@x and the approach presented in [19] was useckin th

current work to this end. The approach first defira reference EKF or aided EKF
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whose output is considered to be “truth” estimat8fhe aided EKF generates “truth”

estimates by using the complete set of instrumaasurements. With the overestimated
Q entries, the aided EKF generates “truth” states rédg heavily on the measurements.
Secondly, an unaided EKF is defined whose outputesponds to the output of the

EKF’s process model. The difference between thie gstimations of the aided EKF and

the unaided EKF is considered to be the errorerBKF process model.

In order to identify the accuracy of the EKF pracesodel, an unaided EKF is created
by removing select measurement(s) from the aidefl.HKe removal of measurements
makes the output of the unaided EKF rely heavilytloa process model. This step is
performed in four stages. That is, first, the rotatrate model uncertainty is found by
excluding the IMU rotational rates qf, q,r from the aided EKF to obtain unaided EKF,
and the difference is found. From this differentte error variances are calculated and
the time rate of change of the error variance tered in the corresponding location of
the Q matrix. This step is repeated for the Euler amgéelel uncertainty by excluding
Sparton compass measurements @®, ; for the velocity model uncertainty by
excluding the DVL measurements af v,w; and finally for the position model

uncertainty by excluding the SBL and depth measargm

These steps were completed based on a new set éfsR(@e data obtained through
driving the ROV in the boathouse. The resultshid process, based on sea-trials, are

tabulated in Table 6.



Table 6: Kalman filter process error model.

Axis Variance

Roll, p 5.2x10 (rad/s¥
Pitch, q | 3.0x10 (rad/s}
Yaw, r 1.2x10 (rad/s¥
Roll 2.3x10° rad®
Pitch, 6.1x10 rad
Yaw 1.9x10° rad
Surge, u | 4.1x10(m/s¥
Sway, v | 6x16 (m/s¥
Heave, w| 4.1x18 (m/sy
North, X | 6x10° m?
West, Y | 7.5x16 n?
Depth, Z | 4.8x10 n¥
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4.3.3 Verification of the EKF during Shallow Water Test

The experimental validation of the designed EKFotigh a near surface test
manoeuvre was performed in order to evaluate thmuracy of the EKF's state
estimation. To this end, the EKF state estimaticas compared against the highly
accurate position data obtained from the opticdionacapture system. During the tests,
the ROV was piloted randomly within the confines tbk water test facility while

maintaining a depth of 1 meter to keep the opticatkers above the water level.

In Figure 23, the EKF estimate of the horizontadipons were compared to that of the
motion capture systems, and the corresponding plots and RMS errors are reported in
Figure 24 and Table 7, respectively. The resuldicate that the EKF algorithm
successfully captures the ROV’s horizontal motiamjich was derived based on the

acoustic range measurements and the estimate &@hé velocity and the orientation.
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These results are believed to be satisfactoryi®istibsequent controller implementation

of the Falcon™ vehicle.

500

400

100

Time [sec

[w] uomsod A AOY

Time [sec]

Figure 23: ROV X position (top) and Y position (twwh) during the shallow water test. The

optical measurements are grey broken lines.
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500
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Time [sec]

Figure 24: ROV X position error (top) and Y positierror (bottom) during the shallow water
test. Missing data points correspond to times wtigre is no optical motion capture data

available.
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Table 7: RMS error of the horizontal position esttes during the shallow water test.

_ EKF Position
Coordinate
RMS Error (m)
X 0.15
Y 0.16

5 CONTROLLER FIELD TESTS

The controller discussed in Section 2.5 was implgegk on the inspection-class
Seaeye Falcon™ ROV. As mentioned in Section Breal-time implementation of the
proposed controller was carried out using Natiomstruments’ PXI-6251 real-time
target machine, which runs the sensor drivers HKE, the guidance and the controller
algorithms. The controller's feedback signal wias state estimation performed using
the algorithm presented in Section 2.3 The coletraises this estimation along with the
desired vehicle attitude produced by the Guidangerighm of Section 2.4 to generate
the control signal based on Eqg. (20) and (22) ctiSe 2.5. The generated control signal
is then mapped into the desired thrust using alsipgeudo-inverse solution [20]. The
desired thrust values were mapped into a set aep&ge values for the thrusters, based
on Eq. (23), that were consistent with the existfajcod" telemetry. Using this
scheme, a number of wet tests were performed invéter facility to determine suitable
control gains. While the testing was based on &mnal error, it was extensive and the

authors have found that the gains, reported inéf@pprovide good performance.
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Table 8: Tuned controller parameters.

/\ kl k2 v K P,0 K 1,0 K D,0 IbO
X |2 40 |5 | 150
Y |2 50 |5 | 150
0.1/0.1|0.1 20
Z 0.8 50 | 10 | 60
¥ 0.6 10 |7 |50

5.1 Step Input Field Tests

In order to evaluate the step input performancehef controller, the Falcon™ was
asked to move to a certain point from its currepgifon. These tests were performed
individually for the X (surge), Y (sway), Z (heava)d ¢ (yaw) motions, respectively.
To generate the desired velocities in terms ofNE® reference frame for a given set of
desired positions, the guidance algorithm of SecBigt was used with the parameters of
Table 9 obtained through the sea-trials. The resuk given in Figure 25 through Figure
40. The time history of the controlled state value response to the step input applied
are shown in Figure 25, Figure 29, Figure 33, aigtiié 37. As can be seen in these
figures, the controller successfully guides theteysstate to its desired value with a
small overshoot, small rise time, and small stestdye errors despite the existence of
coupled dynamics due to the motions along\aroundaomtrolled axes. As can be seen

in Figure 33, the performance of the controllemalthe Z axis is not as well as the other
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axes. This can be partially attributed to that fdwt the sensor resolution on the

Falcon™ depth sensor is 0.1m.

In regards to the time history of the adaptive paaters, they are demonstrated in
Figure 27, Figure 31, Figure 35, and Figure 39.thsfigures reveal, the adaptation law
of Eq. (22) provides smooth values for the adaptérens and ensures they converge to
values that provide satisfactory controller perfante. In addition, it does not lead to
parameter drift phenomenon, which might have otilsrwccurred due to the lack of a
significant input signal - especially after thetigli large transient motion has decayed to
yield small velocities. Finally, Figure 28, Figu8&, Figure 36, and Figure 40 illustrate
the output of the controller in terms of force \eduat the center of mass of the Falcon™
ROV. Small oscillations effect was observed indbatroller output that can be partially
attributed to a wide dead-band that was observedhi® on-board thrusters observed
during the thruster characterisation. High chattgraction especially for the heave
motion observed in the control force can be attatuo the noisy state feedback. This

problem can be remedied through light filtering.
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Figure 25: Step input response for the X (surgejono
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Figure 26: Time history of the desired velocitiéang the X axis.
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Figure 27: Time history of adaptation parametergte X (surge) motion.
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Figure 28: Time history of controller force outgat the X (surge) motion.
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Figure 29: Step input response for the Y (sway)iomot
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Figure 30: Time history of the desired velocititeng the Y axis.
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Figure 31: Time history of adaptation parametergte Y (sway) motion.
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Figure 32: Time history of controller force outgat the Y (sway) motion.
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Figure 33: Step input response for the Z (heaved)amo
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Figure 34: Time history of the desired velocititeng the Z axis.
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Figure 35: Time history of adaptation parametergte Z (heave) motion.
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Figure 36: Time history of controller force outgat the Z (heave) motion.
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Figure 38: Time history of the desired velocitiesumd the yaw axis
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Figure 39: Time history of adaptation parametergte ¢ (yaw) motion.
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Figure 40: Time history of controller force outgat the ¢ (yaw) motion.
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5.2 Horizontal Motion and Depth and Yaw

In this subsection, the controller performanceoitofving a desiredHorizontal Motion
(X, Y) and alsoDepth and Yaw (Z,¢ ) was evaluated. To generate the desired position,
velocities and accelerations in terms of the NEf@rence frame for a given set of way-

points, the guidance algorithm of Section 2.4 wseduwith the parameters of Table 9.

In the first task, the vehicle’s horizontal motievas controlled. To this end, the
Falcon™ ROV was requested to move from its inpiasition of (X=-1.9m, Y=-0.5m) to
the desired final position of (X=0.3m, Y=-1.3m)he& results of the controller manoeuvre
are shown in Figure 41. As can be seen from theds, the Falcon™ ROV successfully

reached the desired points with satisfactory peréorce.

Table 9: Guidance algorithm parameters.

Aola e e e

X 10.02 | 001 | 005 | 0.02| 0.035

Y (002 | 001 | 005 | 0.02| 0.035

z 0.08 | 0.05 | 0.3 0.2 0.2

¥ |0.04 | 004 | 003 | 0.02| 0.035
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Figure 41: Time history of the Falcon™ ROV'’s hontal motion.

In the second task, only the vehicle’s heave apdhd@otions were controlled. To this
end, the Falcon™ ROV was requested to move frominisal configuration of
(Z=0.2y =0deg) to the desired final position of (Z=1.% =90deg). Similar to the
horizontal motion case, the controller successfgllyded the respective states to their

desired values satisfactorily.
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Figure 42: Time history of the Falcon™ ROV'’s deptid heave motions.
5.3 Way Point Tracking Performance
In this test, the controller’s ability to navigavay-points was evaluated. As opposed
to the other cases studied, this case involveslgineous control of four axes; namely,

X, Y, Zandy. To evaluate the way-point tracking performanté¢he controller, the

Falcon™ ROV was requested to move through the vednytep of Table 10 in a sequential
manner. In this test, the guidance algorithm ofti8a 2.4 was used. The guidance
algorithm receives the way-point definitions ancheates desired state velocities. The
resulting values do not pose any constraints orréwel time and the type of the motion
and solely guides the vehicle to the desired wagtpo The generated velocities along

with way-point destinations provide reference valteethe controller.
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Table 10: Way-Points in terms of the NED refereiname.

Way Point Number X, (m) | Y, (m) | Z, (m) | ¢, (deg)
#1 -1.9 -0.6 1.8 50

#2 -0.29 1.31 1.8 50

#3 -0.29 1.31 1.8 140
#4 -1.82 2.6 1.8 140
#5 -1.82 2.6 1.8 50

#6 -3.43 0.68 1.8 50

#7 -3.43 0.68 1.8 140
#8 -1.9 -0.6 1.8 140
#9 -1.9 -0.6 1.8 50

Figure 43 is the plan view of the desired and oletdiway-point manoeuvre while
Figure 44 and Figure 45 are the corresponding tirstory of the controlled states. As
the figures demonstrate, the controller guideswieicle through the way-points with

centimetre-level precision and provides stablealehnotion throughout the manoeuvre.
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Figure 43: Plan view of the Falcon™ ROV manoeuwarefay-point tracking.
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Figure 44: Time history of the Falcon™ ROV'’s suegel sway motions.
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Figure 45: Time history of the Falcon™ ROV’s heawel depth motions.

5.4 Automatic Trajectory Following

In this test, the Falcon™ ROV was demanded to Yol time-dependant desired
trajectory instead of merely reaching a desiredtjposas with the cases of the previous
sections. The way-points of Table 10 were appéigdin. In this test, instead of the
guidance algorithm of Section 2.4, a third-ordedypomial function was used to
generate reference velocity values as well asipositalues. Each segment was defined
by the two consecutive way-points was needed twdwersed in 20s while the rotational

segments were traversed in 10s.

Figure 46 is the plan view of the desired and oletimanoeuvre for the trajectory
following task. To better judge the controllerisjectory following performance, the

desired and obtained position and velocity valesvell as the corresponding position
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and velocity errors for each individual controllagis are demonstrated in Figure 47,

Figure 48, Figure 49 and Figure 50.
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Figure 46: Plan view of the Falcon™ ROV manoeuwaraiajectory following.
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Figure 47: Controller performance for the surgeiamot
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Figure 49: Controller performance for the heaveiomot
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To reveal the repeatability of the controller, #@nme manoeuvre was performed four

times and the corresponding error values were asdalin Table 11. As the table

indicates, the error values exhibits very small ngjes; indicating repeatable sea

performance.

Table 11: Trajectory tracking performance evaluatio

X Y z Y
MEAN | STD | RMS| MEAN | STD| RMS| MEAN| STD| RMS§ MEAN STO RM$
Test1| 0.03 | 0.07| 0.08| -0.008| 0.04 | 0.04| -0.06 | 0.04] 0.08| -0.81 | 2.52| 2.64
Test2| 0.04 | 0.07| 0.08| -0.001| 0.04| 0.04| -0.08 | 0.04| 0.08| -0.38 | 2.62| 2.65
Test 3| 0.03 | 0.07| 0.07| 0.002| 0.04 0.04| -0.07 | 0.03| 0.08| -0.02 | 2.69| 2.69
Test4| 0.01 | 0.07| 0.07| -0.01 | 0.07| 0.04| -0.07 | 0.03/0.08| -0.7 | 2.38| 2.47

6 CONCLUSION

A complete algorithm that involves guidance, natrayaand a control algorithm has

been proposed and implemented on the inspecti@s-€lalcon™ ROV. In the context of

navigation, low noise and high update rate was ioéthusing , an EKF has been

designed that blends the measurements of an acq@asitioning system, a DVL, a low-

cost IMU, a compass, and a depth sensor and uslgmamic model of the ROV to

further increase performance of the navigationrgm. In addition, pressure hulls have

been designed for the sensor suite of the FalcorO¥.RThe accuracy of the EKF in

estimating the system states has been demonstiiatedgh wet tests using a high
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precision optical motion capture system. In teaihthe controller, a novel controller has

been proposed that contains two layers of adayptithie first layer is for adjusting PID
gains and the second layer is for estimating theeufpound on a lumped uncertainty
vector. The proposed adaptation laws are robusheoparameter drift problem that
would otherwise lead to instability in the presemdepoor system input signals. The
controller performance in the way-point and tragegt following tasks has been
demonstrated through a number of wet tests. Tperexental tests have demonstrated

the efficacy of the proposed guidance, navigatiwh @ntroller algorithm.
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Abstract

The problem of redundancy resolution for underwagenote vehicle-manipulator systeni$RVM)
is addressed in the current work. In URVM applarad, it is beneficial to have the underwater reamot
vehicle (URV) hold station using its thrusters while a humdotmperates the serial manipulator. This
provides a stable platform for the manipulator aades the pilot’s job drastically when current and/
tether disturbances are present. However, wheomiolh this objective, the redundancy of the URVM as
a whole is wasted; the four actively controlled ima$ of the URV are not used to improve the efficac
of the manipulator task. In fact, this standardrafieg procedure frequently puts the manipulatéo in
near singular configurations. This is not desirdbben the manipulator controller standpoint sineam
singular configurations result in undesirably hjgimt velocities and oscillations. In this work,new
heuristic approach based on the task-priority rddany resolution scheme is applied to the URVM. The
proposed approach provides a means to avoid singatdigurations of the manipulator, and provides
dexterous manipulation by using the URV’s mobilityan optimal, coordinated manner. This scheme is
particularly useful for remote systems where amiaripirajectory generator is not applicable. Nuica¥
case studies are developed to demonstrate thaiedfeess of the technique.

Résume

RESOLUTION REDONDANTE BASEE SUR LA PRIORITE POUR LES SYSTEMES

DE MANIPULATEURS SOUS-MARINS POUR TACHES DEXTRES

Le probléme de la résolution redondante pour legesyes de véhicule sous-marin manipulateurs télé-
commandés (VSMT) est résolu dans le travail prédgamns les aplications des VSMT, il est bénéfique
gue le véhicule sous-marin télé-commandé (VST) timmine sa position avec ses propulseurs tandis
gu'un pilote humain actionne le manipulateur sén@éla fournit une plate-forme stable pour le
manipulateur et facilite radicalement la tache ilote en présence de perturbations dues au cowgolt
au cable d'attache. Cependant, en poursuivanbjasttif, la redondance du VSMT est gachée: lesrgaat
déplacements activement controllés par le VST nézas utilisés pour augmenter l'efficacité détzhe
manipulateur. En fait, cette procédure habituellgpération place fréquemment le manipulateur en
configurations quasi-singuliéres. Cela n'est pahaitable du point de vue du opérateur du manipufat
car lorsque le systéme est proche d'une configuratinguliére, des vitesses articulain élevéesest d
oscillations involontaires se produisent. Dansragdil, une nouvelle approche heuristique basédesur
schéma de résolution redondante des prioritéscthesast appliquée au VSMT afin de concilier diffiése
objectifs avec les degrés de liberté collectifs/ydMT. La méthode permet d'augmenter la dextéritiade
composante manipulateur du VSMT, en utilisant leplatements du VST pour améliorer le
positionnement du manipulateur, tout en maitenasidéplacements du VST a un minimum. Des études
de cas numeériques sont développées pour préseffieatité de la technique proposée.
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1 INTRODUCTION

Underwater remote vehicle)RVs) equipped with robotic manipulators play an impartate in a
number of shallow and deep-water missions for neasicience, oil and gas extraction, exploration and
salvage [1]. In these applications, the URV is ussda mobile platform that delivers the robotic
manipulator to a subsea work site. The motiond@f4RV and the manipulator are guided independently
by a human pilot on a surface support vessel thraudong slender tether that provides power and
telemetry. For detailed surveys, the URV motion banaccomplished by an on-board URV controller.
These controllers use URV state feedback provideddoustic and inertial positioning systems [2]d an
dynamic models to intelligently control the convenal thrusters arranged on the URV chassis.
Manipulator units are generally add-on technologiexiuced by independent manufacturers, and hence
the manipulator most often has an independent @losystem. The desired manipulator joint motiores ar
created using a teleoperated master-slave armgewmafion. Driving the passive master-arm, the human
pilot sets the desired end-effector position anentation that is to be duplicated by the submegjade
arm, provided the URV can hold station.

However, during the URV manoeuvre, the pilot encetsmenormous difficulties. The URV thrusters
rely on momentum transfer to a fluid and have ameiant lag in their response to pilot inputs.
Furthermore, URV’s are bluff bodies designed fornatitectional operation and have poor drag
characteristics, which slow the response of the URVhe pilot's command. As such, the manipulator
joints are relied upon for detailed interactionhwibhe subsea environment, while the URV thrustegs a
generally used to try and counter tether and ctim&turbances. However, this URV functionality is
compromised by the limited visual and navigatiofesldback available to the pilot, and the subsequent
inability to sense disturbances being exerted ey té#ther and the current. Furthermore, when the
movement is replicated by the slave arm, the ialeind hydrodynamic drag associated with the
manipulator links create reactions at the manipwafRV junction. The reaction loads act as
disturbances to the URV motion which in turn dibtuthe placement of the end-effector [1-4]. These
factors make it very difficult for an individual t®ynchronize the thrusters and manipulator commands
and often two pilots will work together during depinent.

It is proposed that the URV and the manipulatoriombe coordinated such that a consolidated
controller amalgamates URV navigation data, maafjoulstate feedback, and a single pilot command to
achieve a desired end-effector motion. The conatdil system is referred to as an underwater remote
vehicle-manipulator YRVM). By coordinating the collective degrees of fremdof the URVM in
response to a single pilot input, the operator @aly be concerned with driving the end-effectsr a
opposed to operating the end-effector and the Ugamately. As a consequence of this collective mode
of operation, the URVM efficacy would be greatlyproved, and the scope of the detailed operations
required by large-scale projects such as VENUSafg] NEPTUNE [6], which involves setting up a
cable-linked seafloor observatory, would becomesies.

In addition to the manipulator revolute joints, thdRV itself contributes four active degrees of
freedom, including surge (forward), sway (lateeatyl heave (vertical) translations, and a yawingtian
about the vertical axis. Also, the URV is a fresafing body, and thus moves in two additional rotes
pitch and roll. However, these motions are nottredied, but rather are mitigated by a strong bumya
restoring moment. Due to its kinematic redundarig, URVM system admits an infinite number of
joint-space solutions for a given end-effector fiosiand orientation. This allows one to use thailable
redundancy to achieve additional objectives besitiesgiven end-effector task using a redundancy
resolution technique. The primary objective is tmrdinate the URV and the manipulator motion for a
given end-effector path, and eliminate the needHerpilot intervention in the URV motion. In addit
to that, various optimization criteria (e.g., retiolc of fuel consumption, increase of system
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manipulability), can be fulfilled by using thosegiees of freedom not needed in the satisfactiothef
primary objective.

In URVM applications, there are additional consttainot present in most land-based redundant
manipulators. These constraints are mostly dubdalynamics of the URV: it is not always desirable
use the URV surge, sway, heave, and yaw motiorensixtely in placing the end-effector for several
reasons. Firstly, the small URV movements causeifgignt changes in the end-effector location since
the small rotational URV motions are amplified thetlink lengths. Secondly, the URV consumes
relatively more energy than the manipulator forivey motion due to its larger inertia [3, 7, 8].€Th
consideration of the large inertia of the URV igbrtant since the redundancy resolution schemedcoul
ask the URV to move in a manner that is not possibhirdly, the control of the URV is relatively m&o
difficult since its response time is much slowelr [Bor these reasons, approximately 35 per cethef
total work done in a typical subsea task requissping the URV stationary [9].

The implementations of redundancy resolution methtodhe URVM systems have been documented
in only a few existing works [7]. The singularitghust task-priority redundancy resolution [10], ghi
was originally proposed in [11] and [12], was shaarbe useful for a URVM in [8] due to its multitas
capabilities. In [8], the secondary task was sdtedholding the vehicle stationary, and the maaijoul
singularity avoidance was realized by constraifjaigt motion ranges. However, this limits the azhile
workspace of the manipulator. In [13], the kinemaedundancy is utilized to minimize the total
hydrodynamic drag forces experienced by a URVMesysin an effort to reduce the energy consumption.
However, the different dynamic characteristicshof tJRV and the manipulator were not addressed. In
[7], the singularity robust task-priority redundsresolution is merged with a fuzzy technique ®oiee
the URV-manipulator coordination. It was shown ttet fuzzy method provides a versatile tool to tand
multiple secondary tasks. However, the proposedmsehdoes not provide a means to hold the vehicle
motionless when the commanded end-effector locatiomithin the reach of the manipulator. A screw
theory method, combined with the Davies methodefirasent the differential motion, was implemented
to solve the inverse kinematics of URVM systemgli#h]. The minimization of the URV motion was
realized by imposing kinematic constraints on vityomagnitudes. However, the singularity problenswa
not addressed in the same paper. The problemmningliing unnecessary URV motions while avoiding
manipulator singular configurations was addresadd5], where a fuzzy hybrid system was proposed as
a solution to this problem. However, the methodpps®d in [15] requires complex fuzzy rules for
guiding the URV motion in a manner consistent wlith predefined “hysteresis” behaviour.

Among the existing redundancy resolution schenmstifie URVM systems, the task-priority
approach is prominent. However, the direct impletaigon of the task-priority approach presented in
prior works consistently forces the manipulatomrk in, or near, degenerate configurations resgilin
undesirably high joint velocities and oscillatioi$ie solution to this problem requires either carpl
fuzzy rules or a priori trajectory knowledge [7,18)]. Also, unlike a redundant land-based maniu)at
the redundancy of the URVM can not be relied upbemthe manipulator hits degeneracy: the response
time of the URV motions may not meet that of thesaquent pilot end-effector command. In additibn,
the URVM finishes a task in a singular configuratguch as when the manipulator is stretched odt, an
the next task is to lift a heavy object, it mayilmpossible to lift up the material without exceeglie
actuator torque limit, or the righting moment paed by the URV buoyancy module. Furthermore, when
the manipulator is at a singular configuration ainel URV is held fixed, arbitrary motion of the end-
effector may not be possible due to the loss ofrelfg) of freedom. To circumvent these potential
problems, the URV mobility can be freed to provatdy the slow motion of the manipulator base in an
attempt to increase the dexterity of the manipujatod move away from singular configurations.

In order to solve the problem of eliminating unrsszey URV motions while avoiding manipulator
singular configurations in URVM systems, a new ketitr approach is presented. The proposed approach
is a variation of the task-priority redundancy tason. In this method, low priority secondary task
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attempt to exploit slow URV motions and an increaseghe system manipulability is sought when
necessary. An on-line solution for the occurrentcalgorithmic and kinematic singularities is usetio
this end, a mobility index that is used to gaugeimity to singular configurations is used. The ritipb
index supervises the URV movement and its cooritinatith the end-effector movement. This scheme
is particularly useful for remote systems whereamiori trajectory generator is not applicable.

2 THEORETICAL BACKGROUND

2.1 Forward Velocity Problem
The task-space velocity vectaf1R™ and joint-space velocity vectgrlIR" are related by:
X=Jq ()
where JOR™" is the Jacobian matrix. For a kinematically recanmtdmanipulator(n>m) and there are

an infinity set of joint rates solution that camuulete the desired end-effector motion, The existing
solution procedures for Eq. (1) apply additionahstoaints in order to create a deterministic set of
equations. The methods are distinguished by ttheein€e of these constraint equations.

2.2 Pseudo Inverse Solution
The minimum-norm solution to the inverse kinemaficsblem associated with Eq. (1) that satisfies
x=Jq and minimizeg|q|, =\/ﬁ is given by:
q=J"% 2)

where J" =J7 (JJT)_lis the right Moore-Penrose pseudoinverse [16]. Heawethis solution does not

guarantee singularity avoidance.
2.3 Projected Gradient Method

A general solution to Eqg. (1), that sacrifices thi@imum norm properties, can be obtained by adding
a null space solution to the minimum-norm solufib®i:

g=J"%+(1-39)q, 3)

where ¢, 0R" is an arbitrary joint velocity vector. The ter('n—J TJ) is called the projection operator,

and it projects the vectaj, onto the null space of the end effector Jacobiatrira The resulting null-

space velocities generate motions within the semahipulator that do not produce any end-effector
motion. Thus, these “internal” motions can be eitptbto achieve additional objectives. Liegeois][17

proposed that the arbitrary vectipy be the gradient of a scalar objective (potenﬁﬂi):tionh(q) :
q=J"%+(1-29)(A0n(a)) (4)

where negative values of the scalar gzlin’ninimizeh(q), and positive values maximize this objective

function. Equation (4) is called the projected ggatimethod.

2.4 Task Priority Redundancy Resolution

The task priority redundancy resolution techniqtterapts to divide a required task into subtasks
according to the order of priority [11, 12]. To ob&e conflicting directives from the multiple tasks
hierarchy is established such that subtasks witlelgoriority are realized using extra degrees eéfiom
that are not taken by higher priority subtasks. Wbenflicts between tasks arise, the solution thah
favour of the higher priority task is realized.

The task priority redundancy resolution techniga@ ®e viewed as a variation of the projection
gradient method. Instead of projecting the gradadra scalar objective function through the pragact
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operator, lower priority tasks are sequentiallyjgcted onto the null space of higher priority tagker
the sake of simplicity, consider a double-task dasghich the primary task, JR™ has high priority,
and the secondary tas JR™ has low priority.
X, =3,4 (5)
X, = J.§ (6)
where J OR™™ and J_OR™™ are the primary-task Jacobian matrix and the stagntask Jacobian
matrix, respectively. The general solution of Ex).sing the pseudoinverse is as follows:

q=3,%,+(1-313 )d, @)
Substituting Eq. (7) into the secondary task fodwalocity kinematics in Eqg. (6) yields:
3, (1-919,)d,=x, =33 %, (8)
Then the unknowr, that minimizes|x, —Jq|, is given by:
qO =js-r (XS_JSJLXp) (9)

where J, =(JS(I -J LJ p)) The joint space velocities are obtained by stistg Eqg. (9) into Eq. (7).

Exploiting the fact that the null-space projectioperator is Hermitian and idempotent [11-18],is

found as:
T~

q=3tx,+(1-313,) JI(x,-3J%,) (10)
However, Eq. (10) is vulnerable to the occurren€e&inematic and algorithmic singularities. A

kinematic singularity corresponds to a loss in rpalstor degree of freedom and a drop in the lefel o
redundancy in the system. The primary Jacobiandmseverse is given by:

= éviur/a‘ (11)
where r is the rank of the primary Jacobian, gndndu; are the right and left singular vectors &f,

respectively [16]. Hence, one can detect the oeogs of kinematic singularity by monitoring the
corresponding singular valuer, . Given thato, 20,2...0, 20, at the singular configurationg,

becomes zero. This means that the joint-spaceitie® alongy; fall in the null-space ofl ;, and as a

result the end-effector velocities alomgbecome unrealizable [10]. Note that there coeld¢dses where
more than one singular value is zero. This situratiorresponds to a further reduction in the resppee
of the primary Jacobian.

An algorithmic singularity occurs when the matﬁg: (JS(I -J TpJ p)) becomes rank deficient. At an
algorithmic singularity, the null space of the paim task and the secondary task are linearly degrend
ie., N(Jp) n N(JS) #0, reflecting the fact that the primary and secopdasks can not be satisfied

simultaneously. In this case, high joint velocitesd oscillations occur [10]. In order to circumiéme
algorithmic singularity problem, the componentstloé secondary task solution that conflict with the
primary task solution must be removed.
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2.5 Singularity Robust Task Priority Redundancy Solution
To alleviate the kinematic singularity problem ig.E10), the damped-least squares inverse given as

39 =i(ai/(ai2 +/72))viuiT is used in lieu of the pseudoinverse [18]. A noli-damping factors R
i=1

prevents the denominator from becoming zero. Thyspvides continuity and good conditioning to the
solution, but this improvement is obtained at thpesise of an increased residual error.
To alleviate algorithmic singularities, the genesalution for the primary task, Eq. (7), can be

equalized to the minimum-norm solution of the selzoy task,J 'x_, to obtain a solution that solves
both the primary and secondary task simultanedasiy

3% =3,%,+(1-313 )d, (12)
Eq. (12) can be solved fay, yielding:
. . .
4o =(1-31,) (3.%.-3,%,) (13)
Since(l -J7J p)T =(I -3 p) andJ] =J7J 3!, Eq. (13) can be simplified to:
do=(1-313,)3 %, (14)
Substituting Eq. (14) into Eq. (7) and using thenighotence o(l -J LJ p) yields:
q=3%,+(1-319,)3 %, (15)

In Eq. (15) the minimum-norm solutions to the prignand secondary inverse kinematic problems,
Eqg. (5) and Eqg. (6) respectively, are obtainedgittire pseudoinverse of the corresponding Jacoblz.
joint velocities computed for the secondary tasktaen projected onto the null space of the printasi
to remove components in conflict with the primaagKk. This provides robustness in the presence of
algorithmic singularities. To incorporate the rolmess to the kinematic singularitie®, is used instead

of J" in Eqg. (15). However, in URVM applications]; is used as it is, since the primary Jacobian ef th

URVM system will always exhibit full rank due toettmobility of the URV [7]. The extension of Eq. §15
to highly redundant systems performing more thamtagks is presented in [19].

The direct implementation of Eqg. (15) is prone toumerical drift occurring when the joint rates are
integrated forward in time to obtain URV/manipulaposition values. In order to avoid this problehg
closed-loop version of Eq. (15) can be employed [7]

q=30 (%, +Keep )+ (1-99 )01 (x. +K &) (16)
where K, and K are user-defined positive definite matrix gained &, and e; are the numerical
construction errors defined &g , —x,and x, , =X, with d denoting the desired values.

3 DEXTEROUS TASK PRIORITY APPROACH

3.1 Overview

It was shown in [8] that the direct implementatioihthe singularity robust task priority approach
might drive the manipulator component into its silag configurations when the secondary task is
defined as station keeping of the URV; it failsctwordinate the URV and the manipulator motion in an
effective manner. Therefore, prevention of manifulaingularities must be included in the framework
of the redundancy resolution method. As such, timetfonality of the robust-task priority approach i
accommodating multiple kinematic tasks can be fullijized. In the following sections, the method
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proposed to circumvent the singularity problem woi# presented. The method provides a means to
coordinate the URV and the manipulator motion ichsa way that the manipulator singularity is avdide

3.2 Mobility of URVM Systems

There is a strong connection between the kinenstigularities of the sole manipulator and the
algorithmic singularities of the URVM system foretieurrent application. The algorithmic singulastie
occur whenJ jand J; have common linearly dependent columns meaningptimeary and secondary
tasks are in conflict [20]. Given that the secogdask is to keep the URV at the current locatimmy
conflict indicates that the end-effector can notpleced at a desired location without using the URV

mobility. This happens when a loss in the degrefegfdom of the manipulator, a kinematic singwarit
is experienced during the URV station keeping. inefort to monitor the kinematic singularity ofeth

sole manipulator, it is proposed that the collectiacobian matrix, :[JTp JI]T OR™™™™ pe ysed.
The rank deficiency of], indicates a conflict in the primary and the se@wpdask sinced ; and J

always have full rank. Consequently, the ranklgfcan be used as the indicator of the sole manipulat

singularity.

In an attempt to track manipulator singularity,istuseful to use a parameter that quantifies the
closeness to the manipulator singular configuratidine following index based on Yoshikawa’'s measure
of manipulability [21] can be used for that purpose

p=,[det(3,37) (17)
Differently from Yoshikawa’s measure of manipuldilwhere the end-effector Jacobian matrix is used,

the collective matrixJ, is used in Eq. (17) instead. To distinguish thifetence, Eq. (17) will be called

mobility index in the subsequent sections. Witls #irrangement, Eq. (17) can be used not only tigga
the level of proximity of the manipulator to theagular configurations, but also to specify the akte
which the URV should move to prevent the manipuldtom hitting its near singular configurations.

Using the Singular Value Decompositid®VD) of the Jacobian matrix), =UX V', it can be shown
that Eqg. (17) is merely the product of the singulealues, p= ﬁ lo,| [21]. Given that

0,20,2...0,=0always holds, the mobility index is lower and uppeunded byo, < p<o;'; leading
to p/o <1. As such, the mobility index can be defined@s; for cases in which the normalization of

the mobility index is necessary. Since the mobilitdex is dependent on the physical size of the
mechanism, this normalization would be necessattyeifproposed approach is used on different systems
for a comparison purpose. The mobility index becomero only when the collective Jacobian matrix is
not full rank.

In order to monitor how the mobility index changeith respect to the joint vector, the following
analytical formula can be used [22]:

ap
(i o

=p[ﬂrace(%31], i=1..n (18)

3.3 Mobility Index Based Dexterous Redundancy Resolution

The following redundancy resolution is proposechwit= (l—sign(dp/dt))lz:
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t . t T P '10 Ja
q =Jva(xp +K F,e,,) +(| SN p)((1— k)L (%, +K g.) +yk(/]W %D (19)

which combines the gradient projection method giveBection 2.3 and the task-priority approach give
in Section 2.5. The task-priority component is irage of realizing minimal URV motion, whereas the
gradient projection component is in charge of avgjdnanipulator near singular configurations. In Eq

(19), the termJ!, is the weighted pseudoinverse that instantaneaasiyes the problem of minimizing
q"Wq subject tox =Jq in the form ofg=J!x:

3 =W (awyT)” (20)
with the inverse of the weighting matrix being defi asw =diag (w,, Wy, W, ) This weighting

matrix contains weight factors for each degreer@édom in a robotic system. The teymis a positive
constant that determines the convergence rateettottal minimum of the mobility index function. The
limiting factors on the value ofi can be found in [23]. The terknis the sigmoid form shaping function
[24] illustrated in Figure 1.

The success of the Gradient Projection Method gebe the fact that the projection operator

(I —JLJp)is semi-definite [25]. However, when the weightegepdoinverse is used, the resulting

matrix,(l -3

projection method must be modified. This can beedby postmultiplying the weighted null-space
projection operato(,l -J Iv,p‘] p), by the inverse of the positive-definite weightimgtrix, W™ [22]. The

), is no longer symmetric, and therefore is nonsdtfi For this reason, the gradient

resulting matrix,(l NN

w.p p)W'l, is positive semi-definite. The proof can be found26]. The proof

requires decomposing the positive definite weightinatrix asW™ =U"U . Therefore, the weighting

matrix must be a positive-definite matrix.

1.

]
o 0 p<p
0-877777:7777:7777: 77777777777777777 3 _ 2—= —2 4 _ =3 —=
« A k= 4(4/’ ppropp p], Lecp<p
O.G****T‘***T****r*** e e p 2
WU R S T VO : .
o P<2
s e A R N

UO 0.2 0.4 0.6
Figure 1: Shaping function definition (right) angriesponding plot fop =1.3 (left).

1.4

An activation threshold valuep, determined based on the desired proximity fromgudiar

configurations, is set on the mobility index. Asntiened earlier, Eq. (19) can be thought of as the
combination of the gradient projected method ared simgularity robust task-priority approach. When
activated, it works to move the manipulator awaynfrthe singular configurations. The task-priority
component works as in Section 2.5, keeping the WRYhe current location in an effort to provide a
stable platform for the end-effector task.

In order to blend the task priority and projecteddient contributions, a shaping function is used t
distribute the secondary task demand over theostieping and the singularity avoidance taskthdf
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singularity index is bigger than the designateceghold, k becomes zero, and Eg. (19) becomes
equivalent to the task-priority approach of Sect®. In this case the URV could be still kept estr
while the manipulator is performing a task; hengmecessary URV motion is avoided. In cases where
p/2< p< p, the shaping function distributes the secondargaiel over the URV and the manipulator.

When this happens, the URV is moved in proportiorthe mobility index in an attempt to keep the
manipulator away from a singular configuration. Whihe mobility index drops below half of the
threshold, the emphasis is placed fully on the ey avoidance. In this case, the URV-related
secondary task is fully disregarded, and the abi@laedundancy including the URV’s mobility, is
committed fully to the manipulator’s singularity@adlance. However, the intervention of the projected
gradient solution is not necessary whenis naturally increasing. As such, a discontinuswgching
term, using theign function defined as fop <0, sign(o) =—-1and for >0, sign(p) =1, is added such
that the singularity avoidance only intervenesrimes of worsening manipulability.

In order to commit the full redundancy to the mialfdRV motion criterion when the mobility index
function is already an increasing function, themter must be included in the task-priority part of Eg.
(19). If this term is not included, the full capgcof available redundancy can not be utilized bg t
system since it will be still weighted by the shrapfunction.

Equation (19) can be executed in real time sinegptimary and secondary Jacobians always exhibit
full rank. As such, the time consuming SVD opematéan be avoided when computing the weighted
pseudoinverses. By exploiting this property, thelgical formula given in Eg. (20) can be usedeast
of the full SVD; leading to the suitability of E¢L9) to real-time URVM applications.

4 SIMULATION
(X, ¥.)

Inertial Frame ) Os

Y

Figure 2: The kinematic chain of the planar undéewaehicle system with a 3 joint-DOF manipulator.

The URV system considered in this work is the Caradcientific Submersible Facility's ROPOS
equipped with a 3-DOF manipulator as shown in Fgewr For the sake of simplicity, only a planar end-

effector task is considered. The state vectonisrgasq =[x, Y, ¢, ¢ 0, dd',whereX, andy,
are the coordinates of the vehicle’s center of nexpsessed in the inertial framg, is the yaw angle of
the vehicle, andy is the joint position with respect to the bodyefiklink coordinate system. The terms

Xe andy. are the coordinates of the end-effector, andis the orientation of the end-effector. The

distance from the center of mass of the vehiclédfirst joint isr =1 m. The distance from one link to
another is denoted Hy, and its values are 1m as well. The primary tastoimake the end-effector
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follow a predetermined trajectory. Therefore, theresponding manipulation vector for the primarskta
is defined asx, =[x, y,]"with J,00R*°. A series of waypoints were set for the end-effeeind a

continuous set of end-effector values were gengnasing a third order polynomial function with zero
initial  and final velocities. The system starts nfro the initial configuration of

g=[0 0 0 W3 -3 1wW3[m, rad. that corresponds to the end-effector ositiof
x, =[3, 1.732] m. The final end-effector location I8, =[5, 5.1964" M.

The secondary task variables are definedxas[x, vy, g,]"with J,OR*®. Note that this
definition always leads to a full rank secondarsktdacobian matrixJ,. Provided that the primary task

can be tracked using only the manipulator joirttss desired to keep the URV location constantthis
end, the current URV position value is enteredhes desired position values for the next step. This
guarantees zero-URV motion as long as the desirddetfector location is within the current reachtlod
manipulator. In addition, this arrangement makesURYV follow the end-effector.

For the current implementation, the inverse of theeight matrix was chosen to be
W *=diag (0.1 0.1 ¢ 1 1 J) with ¢ being a small positive number such ag10™°. Note that the

third component of the weighting matrix correspagdio the yaw orientation of the URV is set to hear
zero. This forces the yawing motion of the URV &xbme zero. This arrangement makes the weighting
matrix positive-definite. In the weighting matrikigger diagonal values require larger movements,
whereas smaller values require smaller movementhéassociated degree of freedom. In other words,
it sets the motion preferences for each degreeetibm of the URVM system.

Xe,d

Xe,d +
—= € — Ks -

Xp.d =

. q q q
il ‘ - Kp%*é%» RR | = [ | = MC | =URVM] | =
L

Figure 3: The simulation scheme consisting of timeratic loop (left) and dynamic loop (right). Imet
figure, RR, MC, and FK stand for redundancy resoiyt motion control and forward kinematics,
respectively.

I.
I

FK =

The time-domain simulation scheme that was usdthgrated in Figure 3. In the figure, the closed-
loop redundancy resolution, EQq.(19), generatesrelbgoint-space reference values for the dynamic
control loop. The dynamic control loop computesdberesponding actuators forces, i.e. the URV tlrus
and the manipulator torques, from the requested fsition and velocity values. For the currentlgt
the computed-torque method of [27] is used.

The implementation of the computed torque methgdires a dynamic model of the system given as:

Mg +Cq+Dg+G=r1 (22)
where M OR®® is the inertia matrix including the added massaf, COR®*®is the matrix of
centrifugal and Coriolis term€) O R®¢is the drag matrixG O R®"is the vector of gravity and buoyancy

forces and moments, and finalhJR®* is the force vector acting on the URVM system.e Hynamic
parameters for ROPOS are taken from [28]. The cdeabtorque control law is given as:
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r=M (G, +K, (@ -d)+K 0 70))+E (22)
where M and $=éq +Dq +G are the estimates of the model parameters, Kapdand K . are the
positive gain matrices. Substituting Eq. (22) ilq. (21) with the assumption o =M and 5:5
yields:

e+Ke+K.e=0 (23)
where " denotes errors defined as=q,-g,e=q -q, and e=q,-q. Equation (23) guarantees the
asymptotic reduction of the error.

The followed simulation scheme is illustrated igutie 3. Equation (19) is implemented widh=10,
£=13, K =[10 10 and K =[10 10 100], which are determined by trial and error. The
simulation results are reported in Figure 4. THeesme produced joint positions and velocities that a
realizable, as they show a smooth pattern, witlerlo As can be seen from Figure 4, the primark tas

was successfully executed. The velocities of thtestariables became null at the end of the simoulat
consistently with the desired initial and final eeities.

3 T T T T T T T
| | | [t | | |
| | | [tae | | I
| | | s | | |
| | | | b
e ™ . | | J
g ) = | i e
2 B ‘ B ot e
El W S IS U R T Y
| | | ] el | | =—==q,)
| | | o j— - - 2~~~ -
l l l l l l G
| | | | | | |
O | l l ) _2 1 1 1 1
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Figure 4: Time history of state variables for tHe\W(left figures) and the manipulator (right figeje

The robust task-priority approach has also beerieimgnted with the same simulation parameters.
The corresponding URVM manoeuvres produced by emethod are illustrated in Figure 5. Both
approaches successfully fulfilled the primary taBkspite the secondary task constraint, both method
caused the URV to move during the manoeuvre; icatds that the trajectory goes out of the workepac
of the sole manipulator. As can be seen from thdidgire in Figure 5, the singularity robust tgsierity
approach drives the sole manipulator into a simgedafiguration, i.e., a stretched-out configuratfor
the current simulation case. On the other handdthéerous task-priority scheme does not force the
manipulator component to hit its singular straight configuration. With the proposed approach, when
the manipulator approaches a singular configuratibe system reconfigures itself in a dexterous
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configuration using the URV’s mobility with a minaheffort. The reconfiguration takes place while th
URV provides a stable platform for the manipulats much as possible; the URV moves along
translational directions since it is unavoidablet the rotational motion is prevented in agreenveitt

the secondary task. Therefore, Eq. (19) provide®ans to increase the dexterity of the manipulagor

guiding the URV motion in an optimal, coordinatedrmer.
6

Y [m]

X[m] X [m]
Figure 5: With the direct implementation of thektgsiority approach, the manipulator falls into nea
singular configurations, i.e. a stretched-out agunfation (shown on the left). The dexterous tas&rity
approach prevents the manipulator from falling ing@r singular configurations (shown on the ridgyt)
applying URV motions.

The left figure in Figure 6 reveals that the roltask-priority redundancy resolution, Eq. (16)de#o
poor dexterity performance; it falls into near sitagity at approximately 5 seconds. The mobilitger
never reaches the zero value due to the mobilithefURYV, but the system dexterity is still veryopo
The right figure in Figure 6 is obtained from tmepiementation of Eq. (19). As the figure revedig t
dexterity of the system is significantly improvethe lower boundp =1.3 determines the extent to

which the system reconfigures itself in an effartavoid manipulator singularities. This value can b
adjusted on-line depending on the specific requaresof a given task.
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Figure 6: Measure of manipulability for the taskopity approach (left) and the task priority apmba
augmented with manipulability monitoring.
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5 DISCUSSION

The success of the model-based controller approgies heavily upon the accuracy of the dynamic
model of the URVM system. Given the nonlinear natofrthe underwater environment, having a reliable
dynamic model for a URVM system is hard to obtdg.virtue of this, other control strategies such as
sliding-mode control, adaptive control, and nedwalzy control may be more effective. However, since
the main focus of the current work is redundanspigtion, a simple control algorithm is implemented
with the assumption of knowing the exact dynamicthe system and having a good response time. The
inclusion of the control framework not only provida complete redundancy resolution scheme, but also
demonstrates the capability of the proposed methodenerating dynamically realizable joint-space
vectors for the URVM system.

The collective Jacobian can be decomposed as:

‘]u ‘]m
J, =[J P ] ”’} (24)

u,s m,s

where J, OR™"and J  OR™'are the submatrices containing column vectors uiefirthe

contribution to the primary task velocities (enéeefor velocities) made by the URV and the manifmula
state velocities, respectively. Likewisd,,OR™" and J  OR™"are the submatrices containing

column vectors defining the contribution to the aetary task velocities made by the URV and the
manipulator state velocities withu+1=n, respectively. When the manipulator is at a siagul

configuration, the submatrid  , loses rank, and so does the lasblumns ofJ_, sinceJ,  is a zero

matrix, i.e., the manipulator joint velocities dmtncontribute to the URV velocities. Therefore,
manipulator singularities can also be captured bgeoving the submatrixd, of the primary task

Jacobian; this implies thak  , can be used in lieu of, in Eq. (17). This choice is computationally more
efficient, as it involves smaller size matrix cortgiions. Note thatl, does not have homogeneous
units. Therefore, when the mobility index is norimedl according to,o/aln , this normalization leads to

different units for the index depending on the siagsociated to,. This problem can be solved by using
J ., instead ofJ_ sinceJ has homogeneous units. In the current studyjghist necessary since the

normalization is not used. As well, Eq. (17) is qaeted herein since it provides a versatile tool to
guantitatively define the degree of conflict betwagneral tasks provided the Jacobians of the etkfin
tasks exhibit full rank. This piece of informatidvas the potential to be used to coordinate difteren
URVM tasks for different URVM applications.

6 CONCLUSION

This work has addressed the problem of kinematamdancy in URVM systems. It has been shown
that the robust task-priority approach is pronemanipulator singularities, when the secondary fask
defined as station keeping of the URV. The singulamfigurations of the manipulator cause the same
significant complications for the manipulator catier as land-based non-redundant cases. In thik, wo
a new heuristic method has been proposed to rethege complications. The method provides a means
to combine two different redundancy resolution teghes in a novel way. In order to gauge not ohéy t
singular configurations but also the need for tfRAUmnotion, a mobility index number is proposed tisat
derived from a modification of Yoshikawa's measofemanipulability. Using the mobility index, the
URV motions are applied in an optimal, coordinatednner through a simple shaping function. This
mobility index is a versatile tool that can be useccoordinate different URVM tasks. The proposed
method removes the complexity associated with iegssolutions to the singularity problem of the
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URVM system. As well, the method eliminates unneags URV motions when the demanded end-
effector location is within the reach of the mandpor, and hence provides energy efficient confiol
the URVM application. The method presented prodkiesmatically and dynamically realizable URV-
manipulator state values that significantly imprakie dexterity of the system, thus ensuring dextgro
manipulation. This scheme makes the prevailing -paikity approach more suitable, and hence
improves the coordinated control of the URVM system
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A new fault-tolerant redundancy resolution scheme is presented that allows a single six degree of
freedom (DOF) command to be distributed over a small remotely operated underwater vehicle-
manipulator (ROVM) system. ROVM systems are composed of a remotely operated underwater vehicle
(ROV) and serial manipulator. The combined system is often kinematically redundant for the six-DOF
end-effector command, and such a ROVM system admits an infinite number of joint-space solutions for
a commanded end-effector state. In the current work, the primary objective is to follow the desired end-
effector velocities commanded by a human pilot. The primary objective is realized using the right
Moore-Penrose pseudoinverse solution that minimizes the two-norm of the collective joint velocities.
Secondary objectives considered are: avoiding manipulator joint limits, avoiding singularities and high
joint velocities, keeping the end-effector in sight of the on-board camera, minimizing the ROV motion,
and minimizing the drag-forces on the ROV. Each criterion is defined within the framework of the
gradient projection method (GPM). The hierarchy for the secondary tasks is established by a low-level
artificial pilot that determines a weighting factor for each criterion based on if-then-type fuzzy rules
that reflect an expert human pilot’s knowledge. The resulting weight schedule yields a self-motion
(null-space motion) that emulates how a skilled operator would utilize the redundancy of the ROVM to
achieve the secondary objectives. In addition, the proposed method has a fault-tolerant property that
enforces joint-velocity limits and also redistributes the end-effector velocity command in the case of
faulty joints. To demonstrate the efficacy of the proposed scheme, a numerical simulation case study is
performed. The results illustrate that complex spatial end-effector manoeuvres that are otherwise not
possible with a stationary ROV can be accomplished in real-time via the coordination of the ROV and the
manipulator. The on-line nature of the proposed scheme makes it suitable for remote systems where the
desired end-effector state is not known a priori.
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1. Introduction motion can be eliminated by automatic control, by lodging

the ROV against an immovable object, or by latching on to the

Remotely operated underwater vehicles (ROVs) equipped with
robotic manipulators are used in a variety of underwater applica-
tions such as oil and gas extraction, installation of underwater
telecommunication cables, inspections and maintenance of offshore
structures and military services. The combined system is referred to
as an remotely operated underwater vehicle-manipulator (ROVM).

To date, the motions of the ROV and manipulator are guided
independently by a human pilot on a surface support vessel
through a long, slender tether that provides power and telemetry.
A master-slave arm configuration is used to drive the manipulator
joints. This mode of operation decouples the manipulator and the
ROV degrees of freedom (DOFs), and depends on the ability of the
ROV to hold station such that the absolute motions of the master
arm are replicated at depth by the slave manipulator. While ROV

* Corresponding author. Tel.: +12504724065; fax: +12507216035.
E-mail addresses: serdar@me.uvic.ca (S. Soylu), bbuckham@me.uvic.ca
(B.J. Buckham), podhoro@me.uvic.ca (R.P. Podhorodeski).

environment with an additional arm, this practice eliminates the
redundancy inherent in the ROVM system provided by the ROV
surge, sway, heave and yaw motions. Furthermore, for smaller
ROVs, the serial manipulator is usually underactuated for six-DOF
tasks and the elimination of the ROV DOFs results in a very
constrained end-effector workspace that is not capable of
arbitrary six-DOF motion.

If the collective DOF of the ROVM are fully exploited during
manipulator operation, secondary objectives could be achieved.
As a consequence, the efficacy of the pilot—-ROVM interaction can
be improved and spatial operations can be completed with a small
inexpensive ROVM system. However, due to the extra DOF, the
ROVM system admits an infinite number of joint-space solutions
for a commanded end-effector position and orientation, and a
redundancy resolution algorithm must be applied to ensure
automatic coordination of the ROVM DOF.

As pointed out by Antonelli and Chiaverini (2003), the
implementation of redundancy resolution methods to ROVM
systems has been documented in only a few existing works.

0029-8018/$ - see front matter Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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Frequently, a single secondary objective, or task, is added to the
end-effector trajectory following task to ensure a deterministic
solution to the inverse kinematics, and the various methods differ
in the choice of this secondary task. The singularity robust task-
priority redundancy resolution (Chiaverini, 1997) was shown to be
effective for a ROV station keeping task of a ROVM by Antonelli
and Chiaverini (1998). In Sarkar and Podder (2001), ROVM
kinematic redundancy was utilized to minimize the total hydro-
dynamic drag-forces experienced by a ROVM system in an effort
to reduce energy consumption. A unified dynamics-based motion
planning method that can produce both kinematically admissible
and dynamically realizable joint-space solutions was proposed by
Podder and Sarkar (2004). Podder and Sarkar’s method took into
account the dynamic characteristics of the ROV and manipulator
by resolving the redundancy such that the two subsystems
produced motions at the end-effector that were within the
respective bandwidths. Santos et al. (2006a) used screw theory,
and a secondary objective of minimizing ROV motion whenever
possible, to solve the inverse kinematics of ROVM systems. Marani
et al. (2006) discussed a task reconstruction method with task
priority for redundant manipulators. In their work, Marani et al.
(2006) focuses mostly on the singularity avoidance and discusses
the potential applications of their method for collision and joint
limit avoidance. Han and Chung (2007) exploit the redundancy to
minimize the restoring moments of ROVM systems.

In actual ROVM operations a human pilot manages a series of
secondary objectives with the ROV while executing an end-
effector task. These could include: avoiding contact with the
environment, station keeping the ROV, adjusting the ROV camera
view through ROV motions, and moving the ROV to ensure that
the manipulator joints do not reach the limits of travel.
Unfortunately for the pilot, secondary objectives are often not
complementary. For example, perfect station keeping eliminates
any ability to move the ROV to help avoid manipulator joint limits.
Given that most secondary objectives can easily be formulated as
kinematic criteria, redundancy resolution offers opportunity to
automatically pursue multiple secondary considerations if a
blending of the secondary tasks’ requirements can be automated.
To this end, fuzzy-logic has proven to be very useful.

In Antonelli and Chiaverini (2003), the singularity robust task-
priority redundancy resolution is merged with a fuzzy technique
to resolve the ROV-manipulator coordination. It was shown that
the fuzzy method provides a versatile tool to handle multiple
secondary tasks. A fuzzy hybrid system was proposed by Santos
et al. (2006b) for the redundancy resolution of ROVM systems. The
work of Santos et al. (2006b) requires fuzzy rules for guiding the
ROV motion in a manner consistent with the predefined “hyster-
esis” behaviour. Among all of these works, only the work by
Antonelli and Chiaverini (2003) addresses the issue of multiple
redundancy resolution criteria in ROVM systems in detail.
However, none of the previous works accounts for the possibility
of faulty manipulator joints, or prevents the occurrence of
excessive joint velocities.

In the current work, as a first contribution, the gradient
projection method (GPM) (Liegeois, 1977) has been merged with a
fuzzy-logic approach in an effort to afford on-line generation of
ROVM null-space joint rates that satisfy secondary kinematic
criteria. The advantage of using the GPM approach over the
existing multitask redundancy resolution approach (a task-
priority approach) is that the GPM does not require specification
of desired secondary task values or the generation of a Jacobian
matrix that translates these desired values into a set of joint rates.
As such, the GPM yields a simpler means for the inclusion of
secondary task objectives in the redundancy resolution algorithm.

As a second contribution, the current work develops a fault-
tolerance property for the GPM framework. The fault-tolerance

strategy proposed here for ROVM operation is based on the work
of Chen et al. (1999). In the current work, a joint fault can have
three interpretations: first, it occurs when a joint completely fails;
second, a joint can lose a portion of its driving capacity; and third,
the redundancy resolution scheme may produce joint velocities
that are beyond the capacity of the corresponding joints for the
current pose. The resulting scheme allows one to put velocity
limits on respective DOF, and thus prevents the occurrence of
excessive joint velocities. The fault-tolerance property exploits the
system redundancy to prevent interruption of a mission due to
failing manipulator joints, and is of vital importance in reducing
mission durations and costs.

Within the proposed scheme, each secondary task is quantified
by an objective function, and the proper null-space joint rates are
calculated through optimization of the objective function values.
To reflect the intuition and skill of an experienced human pilot,
the hierarchy of the secondary tasks is established by a low-level
artificial pilot that determines a weighting factor for each
objective based on if-then-type fuzzy rules. A Mamdani fuzzy
inference system (Driankov et al., 1995) is used to interpret the
fuzzy rules based on the sensory knowledge. The resulting weight
schedule yields a self-motion (null-space motion) that emulates
how a skilled operator would utilize the redundancy of the ROVM.
A preliminary discussion about the fault-tolerant redundancy
resolution scheme is given by the authors of the current work in
Soylu et al. (2007a).

To demonstrate the efficacy of the proposed GPM and fault-
tolerance methods, a numerical simulation case study is
performed using a kinematic model of a small ROVM system.
The examples illustrate how secondary objectives are included
within the GPM framework, how the fuzzy rules evolve the
hierarchy of these objectives, and how the proposed approach
successfully distributes a single six-DOF end-effector command
over a small ROVM system composed of an otherwise under-
actuated ROV and underactuated serial manipulator.

The remainder of the paper is outlined as follows: Section 2
describes the system state vector as well as the frame attachment.
Section 3 explains the basis of the multiple-objective GPM
method employed in the current work. Section 4 presents a series
of additional secondary objectives as well as their incorporation
into the GPM approach. Section 5 addresses the basics of the
fuzzy-logic algorithm used in the current work, and explains the
set of linguistic rules used in the fuzzy-logic. Section 6 extends the
multiple-objective GPM to include fault-tolerant properties.
Section 7 summarizes the fault-tolerant multiple-objective GPM
approach and provides a general scheme for the proposed
method. Sections 8 and 9 present a case study and conclusions,
respectively.

2. ROVM kinematics
2.1. State vector and coordinate frames

The state vector of a ROVM system illustrated in Fig. 1 can be
given as q=[q1q>...qn]" € R", where q;, g and g3 are the liner
displacements of the vehicle in terms of the inertial reference
frame, q4, g5 and gg are the Euler angles (roll-pitch-yaw) of the
vehicle, and finally q7 gs to g, are the joint displacements of the
manipulator in terms of the body-fixed frames attached to each
respective link (it could be either prismatic or revolute.)

The differential kinematic relationship between the task-space
velocities X e ®™ and the joint-space velocities q € R" is given by

x=]q ey
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Vehicle Body-Fixed Frame
Z,

Fig. 1. Coordinate frames for a ROVM system.

where J e ™" is the end-effector Jacobian matrix with m and n
being the dimension of the task space and the total number of
DOF in the ROVM system, respectively. Given that a typical ROVM
mission requires position/orientation control of the end-effector
frame, the dimension of the task space is six; three for the
position and three for the orientation, i.e., X € R®.

2.2. Derivation of Jacobian matrix

2.2.1. ROVM Jacobian matrix

In order to derive the Jacobian matrix given in Eq. (1), the joint
directions and derivatives method can be used. According to this
method, the Jacobian matrix for a six-dimensional task space, i.e.,
Je %" is given as

OPisee  OPrsee OPi—ee
J=| om  Téq ... od )
Z, z) z,

where p;_. c®>*! is the position vector from the inertial
reference frame to the end-effector (ee) expressed in the inertial
reference frame, and z e ®R3*" is the direction matrix containing
the joint direction vectors in terms of the inertial reference frame.
Note that the calculation of roll-pitch-yaw rates is singular when
the ROVM system operates close to the singular configuration (a
nose down or up stance of the ROV). However, due to the strong
buoyant restoring moment, ROVM systems naturally avoid these
singular configurations. If there is a requirement for a ROVM
system to work close to singular configurations, the quaternion
method demonstrated in Antonelli and Chiaverini (2003) can be
employed. The next two subsections explain the derivation of the
position vector and the direction vectors.

2.2.2. Derivation of the position vector p;_, ..
The homogeneous transformation matrix from the ROV’s body-
fixed frame to the inertial frame ! T € %**4 is given by

IR p
I __ v 1-v
= |:Ol><3 1 } 3

where p,_,, is the position vector of the ROV in terms of the
inertial reference frame, and [Re %3*3 is the rotation matrix
describing the ROV’s body-fixed frame with respect to (w.r.t.) the
inertial frame and is defined as

cycld —sycop+cyslsep  sysop+cayslco
TR=|sycl cpchp+sysisd —cpsp+systced |,
—s0 cOs¢p cOco

s = sin(x), C = cos(x), t = tan(x). 4)

The homogeneous transformation matrix from the inertial
frame to the end-effector can be obtained by multiplying the
intermediate transformations in the following order:

e T=\TNLT. T, T (5)

where ¢T is the homogeneous transformation matrix between the
vehicle and the Oth link containing the relevant rotation matrix as
well as the position vector, }ﬁ*’T,i: 1...n, is the homogeneous
transformation matrix relating the coordinate frame i with respect
to i—1 based on the modified D&H parameters (Craig, 1989). The
last column of the resulting homogeneous transformation matrix
denotes the position vector p;_, .. and the 3 x 3 matrix of the first
three columns and rows is the rotation matrix describing the
orientation of the end-effector wrt the inertial reference frame,
ie,LR:

vee ™t

1 R p
1 _ ee 1—ee
eeT - [0] 3 -l :| (6)

2.2.3. Derivation of the joint direction vector
The joint directions can be extracted from the rotation
matrices as follows:

Z =113 (7)

where Ir; is the third column of the rotation matrix IR, ie.,
IR = [Lrl It2 4r3], defined as IR=!RIR.. I R.

Finally, the Jacobian matrix can be formed by taking the
derivative of the position vector p;_, .. from (6) w.r.t. the relevant

joint variables and finding the joint direction vectors z; from (7)
and finally substituting into (2).

3. Redundancy resolution

For a kinematically redundant manipulator (n > m) and there
are an infinite set of joint rates solutions that can complete the
desired end-effector motion, X. The predominant joint rate
solution seeks to reduce the collective joint rates by minimizing

the two-norm ||q|, = \/4"q. The minimum-norm solution forms
a particular solution to the inverse velocity problem (finding the
system state values for a given end-effector velocity (Craig, 1989))
associated with (1) and is given by

q=J'% ®)
where J' =J7(J7)~! is the right Moore-Penrose pseudoinverse (see
Watkins (2002) for details). A general solution to (1), that
sacrifices the minimum-norm properties and satisfies secondary

objectives, can be obtained by adding a homogeneous solution—a
collection of joint velocities that lie within the null-space of J:

q=J"%+1-JDdo 9
where (g e R" is a vector, and the projection operator (I —JJ)
projects q, onto the null-space of J. The resulting null-space
vectors generate motions within the ROVM system that do not
produce any end-effector motion and these internal motions can
be exploited to achieve additional, or secondary, objectives.

Liegeois (1977) proposed that the vector q, be the gradient of a
scalar objective function h(q) yielding the GPM solution:

4 =)"%+i0-J)(Vh@) (10)

In (10), the null-space joint velocities are used to maximize the
change in h(q), for positive values of the scalar gain /, or minimize
h(q), for negative values of A.
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To include multiple objectives in the GPM the following
equation can be used:

a=J'x+20-JD _ o4Vh/|Vh|,) an
j=1

where s is the total number of kinematic criteria, and «; is a weight
that determines the emphasis on the jth objective of Section 4.3.
In order to prevent one single criterion from dominating the null-
space velocities, the normalized gradient is used in (11). If the
norm of the jth gradient is equal to, or near, zero, the manipulator
is in a configuration which cannot affect the jth objective and it is
eliminated from consideration. A proof of the decrease of the
multiple-criteria objective function through the GPM approach is
given in Appendix A.

For ROVM systems, the degrees of freedom are subject to
kinematic and dynamic constraints that can limit their utility in
producing the desired end-effector motion. For example, the
manipulator joints of some ROVM systems have severe joint limits
while the ROV drag and inertia are large and ROV rates requested
by the redundancy resolution may not be achieved. To this end,
the Jacobian weighted-pseudoinverse J{, can be used in place of J’
to set preference for certain joints in the ROVM:

T, =wygwjH! (12)
where
W' =diagwi, wa,...,wp) (13)

is a positive-definite matrix of weight factors with w; correspond-
ing the jth entry in q. The weighted-pseudoinverse minimizes
q"Wq subject to X =Jq. As shown in Appendix B, the GPM
solution relies on the fact that the projection operator is semi-
definite. However, when the weighted-pseudoinverse is used, the
weighted projection operator, (I—JJ), is not symmetric, and
therefore is non-definite (Yoshikawa, 1990). For this reason, the
gradient projection method must be modified. This can be done by
premultiplying the weighted projection operator by the inverse of
the positive-definite weighting matrix, W~ . The weighted GPM
approach becomes

qQ=Jx+2A-JDW (O oy Vhy/| Vi ,) (14)
j=1

A proof of the decrease of the multiple-criteria objective
function through the weighted GPM approach is given in
Appendix B. Detailed discussions regarding the pseudoinverse
and weighted-pseudoinverse-based redundancy resolution along
with several extended examples can be found in Nakamura
(1991).

The magnitude of a self-motion within the optimal q is directly
affected by the magnitude of the projection of the corresponding
gradient into the null-space and the user specified gain A. If the
product of Z and the projection magnitude is too small, then the
system will respond slowly to poor objective values, h;. If 4 is
increased too much to compensate this tendency, oscillations may
result as shown by Euler et al. (1989). In addition, if 4 is too large,
unnecessary self-motions can drive the ROVM into configurations
that border the joint limits and decrease the system’s ability to
exploit redundancy. In light of these concerns, a systematic
approach to determine the / gain is given by Chen et al. (1995). In
addition, the calculation of the bounds on the scalar gain 4, in
consideration of joint-velocity limits, is outlined by Li et al.
(2001). In the current work, the problem of slow convergence, or
oscillating self-motion is managed primarily by proper selection
of uj.

4. Motion objectives
4.1. Definition of secondary objectives

In this section, a series of secondary objectives is presented
—including prevalent ROVM objectives presented in past studies
and new objectives introduced to expand the hierarchy of
secondary tasks. The series is by no means exhaustive—applica-
tion specific objectives could be added to those listed here. The
joint limit avoidance and minimal vehicle motion are included
through the weighting matrix defined in (13). In this implementa-
tion, w;, i=1...6 are reserved for the minimal vehicle motion
objective, whereas w;, i=7...n are reserved for the joint limit
avoidance. The singularity avoidance, the camera view, and the
drag force minimization objectives are included through the GPM.

4.2. Through the weighting matrix

4.2.1. Joint limit objective

To account for the ith manipulator joint’s physical limits, the
weighting matrix defined in (13) is evaluated dynamically to
ensure that the joint weight factors discourage, or prevent, use of
a joint when it nears, or is at its limit. As shown by Chan and
Dubey (1995), a pertinent objective function can be chosen as

n
S= Z (Qi‘max - qi,min)z/ [Ci(qi,mux - qi)(qi - qi,min)] (15)
i=7
where @ mex and qjmi, are the upper and lower bounds on the
displacements for the ith joint. G is a positive number defining the
strictness of the constraint for the ith joint. Note that only
the manipulator joints are weighted since there are no physical
limits on the ROV’s DOFs. Differentiating (15) with respect to the
joint variables yields:

ﬁ — (qi,max — Qi,min)z(Zqi - qi,max - Qi,min) i=7
oqi Ci(Gimax — 90*(@i — Gimin)

The components of the diagonal weighting matrix given in
(13) are defined as

w;=1/(1+10s/0q;|),i=7...n a7

..n. (16)

According to this definition, the value of diagonal elements
varies within the interval [0,1]: when the ith joint is at the middle
of its range, w; is equal to one (i.e., the motion of the
corresponding joint is allowed), and becomes zero at either limit
(i.e., the motion of the corresponding joint is not allowed).

If the diagonal component w; is already approaching one, or in
other words, if the joint is moving away from its limits, the
corresponding joint should not be penalized. That way, the
available redundancy can be committed to other tasks. To this
end, w; is redefined for i=7...n as

if Al6s/0q;| =0, w;=1/(1+|0s/0q;|)

otherwise, wi=1 (18)

where A4|0s/6q;| >0 correspond to the case in which the joint
moves closer to its limits with the sign A referring to the
difference between the two consecutive values of 0s/dg;.

4.2.2. Minimal vehicle motion objective

While the redundancy resolution scheme seeks to exploit the
ROV DOF, the responsiveness of the ROV may be compromised by
several factors including: its relatively large inertia (both real and
added), the time delay in the generation of control forces by
conventional propeller type thrusters, and large (and possibly
erratic) tether disturbances. Hence, while a ROV DOF may enable
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the spatial operation of the end-effector, the demands placed on
the DOF must be held within reason.

In addition to avoiding joint limits, the weighting matrix
defined in (13) is used to discourage excessive ROV velocities. The
ROV-related diagonal elements determine the availability of the
corresponding ROV DOF. For instance, a zero value indicates that
the corresponding ROV DOF cannot be committed to the task. To
allow the weighting on each ROV degree of freedom to vary during
a manoeuvre, an additional time variant parameter, o«,c[0,1],
which is generated by the fuzzy-logic described in Section 5, is
used to modulate the weighting factor w;:

w;=(1- ‘xv)Wmax,i,i: 1...6 (19)

where the positive scalar wy,qy; is the user defined, maximum
value of weigh factor for the corresponding DOF of the vehicle.
When a particular ROV DOF is to be restricted, «, approaches 1,
and in cases where it cannot be utilized at all «,=1. This case
mimics the case of a faulty manipulator joint—the faulty DOF
must be removed from consideration within the execution of (14),
and Section 5 outlines the procedure for removing faulty joints. In
the context of minimizing the ROV motion, the elimination of a
failing, or unusable, ROV DOF eliminates the occurrence of a w;=0
within the weighting matrix. Thus the weighting matrix used in
(14) remains positive-definite despite the possibility of o, =1.

4.3. Through the GPM

4.3.1. Singularity avoidance objective

To avoid singular configurations of the manipulator links,
Yoshikawa’s measure of manipulability (MOM) (Yoshikawa, 1985)
is used to monitor the manipulator joints’ proximity to the
singular configurations:

Esin = \/ det(.]sub.l;-ub) (20)

where J,;, € %39 is the submatrix of the end-effector Jacobian
matrix. The submatrix Js, is composed of the first three rows and
the last (n—6) column vectors of J representing the contribution
of the manipulator joints to the end-effector translational
velocities. This term is similar to the one presented by Soylu
et al. (2007b). However, in Soylu et al. (2007b), a collective
Jacobian containing the end-effector and secondary task Jacobian
were used. To monitor the mobility index, the following analytical
formula can be used (Park, 1999):

Vhy = 8;’” ﬂsf”"(af;ui Jjub>,z=1...n. 21)

where tr(e) refers to the trace of a matrix.

4.3.2. Camera angle objective

To keep the end-effector in sight of the camera, the tilt angle of
the camera should be coordinated with the end-effector motion.
The camera field-of-view (FOV) can be defined as a cone with a
vertex at the camera lens and oriented with the camera frame of
reference. The camera’s coordinate system (Xc—Yc—2Zc) is
attached to the center of the lens of the camera as shown in
Fig. 1. The camera tilt angle about the Yc axis defined as f3, which
completely defines the relative orientation of the camera with
respect to the ROV’s body-fixed frame.

To keep the end-effector in sight of the camera

aye(q, B)* +bze(q. f)* <xe(q, B)* 22)

where x.(q,f), ye(q,f), and z.(q,f) are the position coordinates of
the end-effector in terms of the camera’s coordinate frame, and a
and b are the positive constants defining the opening angle of the
cone. An objective function consistent with the camera angle

constraint is
Ecam = Xe((], ﬁ)z - (ayt?(q: ﬂ)z +bz.(q, 5)2) (23)

where the index ¢, indicates the end-effector’s proximity to the
boundary of the camera cone: &.,; >0 indicates that the end-
effector is inside the camera view, and &, <0 indicates that the
end-effector is outside.

The camera index is a function of the manipulator joint angles
and the tilt angle of the camera, and the gradient is given by

Vecan = [[06can /041" 06cam /28] 24)

Since the redundancy resolution scheme guides only the end-
effector motion, only the end-effector related gradient informa-
tion is included in the GPM:

Vhy = 6ecam/0q (25)

To expand the visible workspace of the manipulator as much as
possible, the camera tilt angle is driven to follow the end-effector
location.

A change in f along the gradient direction is defined as
AP = k(decam/0P), where k is a positive constant that indicates how
aggressive the camera moves. Finally, the location of the camera
tilt angle that coordinates the tilt angle with the end-effector
location can be given by

P =k(0ecam/0P)/ At (26)
where At is the sampling time for the camera motion controller.
The desired camera angle can be found by integrating (26), i.e.
f[fdt. The camera tilt rates calculated via (26) are truncated to
remain within saturation limits. When the tilt angle reaches its
upper or lower limit, the tilt rate is set to zero. If the camera tilt
motion alone is enough to keep the end-effector in the FOV, then
the camera angle constraint can be excluded from the additional
objectives.

4.3.3. Drag minimization objective

The ROV component of an ROVM system has different
hydrodynamic characteristics in the surge, lateral, and heave
directions primarily due to differences in the geometry. A
comprehensive drag force minimization algorithm must consider
the complete ROVM system dynamics, as is done by Sarkar and
Podder (2001). In Sarkar and Podder (2001), the ROVM drag is
given in terms of the complete ROVM state q and drag
minimization is the only secondary objective considered in a
ROVM redundancy resolution method. In the current work, a
simple means to minimize ROVM lateral drag is presented only to
expand the range of secondary objectives considered, and thus
help demonstrate the efficacy of the fuzzy determination of the
secondary objective hierarchy. The approach adopted herein is
solely kinematic and similar to that of Antonelli and Chiaverini
(1998) in which the surge direction of the ROVM is aligned with a
known incident water velocity. For the remainder of the current
work, this practice will be referred to as yaw angle alignment. This
secondary objective ensures that the larger surge thrust of the
ROV is used to combat hydrodynamic drag, but is also at odds
with the other secondary objectives.

With . denoting the angle between the Y, axis vector of
the ROVs body-fixed frame and the vector obtained by projecting
the water current vector onto the ROVs body-fixed X, —Y, plane,
the objective function can be defined as: max:—&3, where
e3=(—y.) is the yaw angle index. Finally, the gradient of the
objective function is given as

Vhs = — 8(e3)/oq (27)
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5. Fuzzy inference system
5.1. Overview

The additional objectives defined in Section 4 do not create a
cohesive set of internal ROVM motions, and it remains to establish
a hierarchy for the additional objectives to resolve expected
conflicts. As mentioned in Section 3, the weight factors o;e[0,1]
define the relative importance of each objective. An evolutionary
process for the weight factors is established in this section using a
Mamdani fuzzy inference method. In the current work, the fuzzy
inference system is not used as an optimization tool. Rather, it is
used as a decision-making tool through which each objective is
prioritized with respect to the others at a given time. The
fuzzy inference affords a dynamic hierarchy of secondary
objectives. The design of the inference system has components
of fuzzification, definition of knowledge base, decision making and
defuzzification.

5.2. Fuzzification process

In the fuzzification process, the fuzzy-logic block takes a crisp,
or precise, input x in the interval of the universe of discourse €, or
range of a fuzzy set A, and determines the degree to which the
input belongs to the fuzzy set via the membership function:
1a(x):2—[0,1]: 1 represents full membership, any value between

1 and O represents partial membership, and 0 indicates non-
membership. This process is repeated for each crisp input.

For the current work, the monitored crisp values for each task
are the mobility index (&g;,,), the camera angle index (&g ), and the
yaw angle index (&yaw). These crisp values are first normalized
based on their expected maximum values (&/&mnqx), and then are
fuzzified via the corresponding membership functions. Note that
fuzzifying a crisp value means determining the degree to which
the crisp value belongs to one particular input fuzzy set. The input
linguistic variables and the corresponding input fuzzy sets are:
singularity={close, not close}, camera angle={good, not good}, yaw
angle={aligned, not aligned}, and vehicle motion={minimal, not
minimal}. The output linguistic variables, and the corresponding
fuzzy sets, are set to be as={low, high} for s=1...3 and o,={low,
high}. The product of the fuzzification process is a value within the
interval of 0 and 1 indicating the degree to which the input
belongs to the fuzzy set.

The corresponding membership functions are shown in Fig. 2.

5.3. Knowledge base

The fuzzified crisp values enter into the fuzzy rule block that
mimics a human expert’s knowledge. This logic is in the general
linguistic form of, “if p is A then r is B,” where p and r are the
linguistic fuzzy variables, and A and B are the linguistic fuzzy sets.
The “if p is A” part is called the antecedent (premise), whereas the
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Fig. 2. (a) Input fuzy sets and their membership functions (b) output fuzzy sets and their membership functions.
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“then r is B” part is called the consequent (conclusion). For the
current study, the following set of rules has been implemented:

e if the manipulator is singular then o is high;

if the manipulator is not singular then o is low;

e if the manipulator is not singular and the camera angle is bad
then o5 is high;

e if the manipulator is singular or the camera angle is good then
o is low;

e if the manipulator is not singular and the camera angle is good
and the yaw angle is not aligned then o5 is high;

e if the manipulator is singular or the camera angle is bad or the
yaw angle is aligned then o3 is low;

e if the manipulator is not singular and the camera angle is good
and the yaw angle is aligned then o, is high;

e if the manipulator is singular or the camera angle is bad or the
yaw angle is not aligned then o, is low.

Using four linguistic variables and two fuzzy sets per variable
normally requires a total of 64 rules for four variables. In order to
reduce the number of rules, a hierarchical structure was
established. The order of priority from the highest to the lowest
is in the form of singularity avoidance—camera angle—yaw
angle — vehicle motion. This arrangement prevents possible con-
flicts between the secondary tasks by solving in favour of the
higher priority task. In addition, this arrangement simplifies the
knowledge base by reducing the number of rules to 8. A similar
rule construction can be found in Antonelli and Chiaverini (2003).
Note that the proposed set of linguistic fuzzy rules do not use the
fuzzy-set of vehicle motion={minimal, not minimal} since the
minimal vehicle objective has the least priority.

5.4. Decision making

The decision-making procedure includes the application of the
fuzzy operators, the implication method, and the aggregation of
the outputs. The fuzzy operator is used to interpret and-or logic
operators. In the current work, the and-or logic statements have
been carried out based on min-max operations, respectively. The
fuzzy operator is applied for each rule to translate the outputs of
the antecedents into a single number for each rule for the
implication step. In the implication step, the single numbers given
by the antecedents are the inputs, and the outputs are the
truncated output fuzzy sets. The implication function modifies the
output fuzzy sets to the extent determined by the outputs (single
numbers) of the antecedent of each rule. In the current work, the
min operation has been used for the implication phase. In the
aggregation process, the modified fuzzy sets representing
the outputs of each rule are combined into a single fuzzy set. In
the current work, the max operation has been used for the
aggregation phase.

5.5. Defuzzification interface

The resulting fuzzy set is defuzzified (resolved) to a single
number that represents the decision output of the fuzzy-logic. In
terms of the defuzzification, the centroid method has been
followed according to:

8 8
%= > HisP)bis/ kzl tys(P)s=1...3, v (28)

k=1

where us(p) is the output of the consequent fuzzy sets for the kth
rule related to o, and by are corresponding centroids of each
consequent fuzzy set related to o.

6. Fault-tolerant redundancy resolution

A fault-tolerance property prevents the redundancy resolver
from requesting intolerable joint motions in the event of joint
failure. In the current work, there are three interpretations of joint
failure. First, it occurs when a joint breaks down. Second, it
happens when a joint has partly lost its driving capacity. Finally, it
takes place when the redundancy resolution scheme produces
joint velocities that are beyond the current capacity of the
corresponding joints. Note that the fault definition can be readily
extended to the vehicle’s DOF.

When a joint failure occurs, the demanded end-effector
velocities must be realized with the remaining non-faulty joints.
Therefore, the end-effector velocity X e R™ that must be gener-
ated by the non-faulty joints can be given as

X =X-J;q; (29)

where J; = [i1 Jra - Jrm +nol € R 1) s the faulty Jacobian
matrix consisting of the columns vectors of the Jacobian matrix J
that correspond to the faulty joints, and qf=I[qf; gs> -
Any +nyl" € R s the faulty velocity vector that is a collection
of joint velocity values assigned to faulty joints. The number of
faulty joints caused by a physical break-down is denoted by nyand
the total number of faulty joints caused by an excessive velocity
demand and a loss in driving ability is denoted by n,, and finally,
dpii=1..ng+ns is the faulty velocity term that is a joint-velocity
value assigned to a faulty joint by the designer.

The faulty velocity term ¢;; is set to zero for joints whose
faulty condition is caused by physical break-down. This corre-
sponds to the faulty joint being locked. Regarding the joints that
suffer from a lack of driving ability, the faulty velocity term is set
to a value lower than its maximum velocity limit. Finally, the
faulty velocity term is assigned to a joint-velocity limit for joints
whose faulty condition is created by the excess joint-velocity
demand requested by the redundancy resolver.

It is assumed that when a full fault occurs due to the physical
break-down, the corresponding joint is locked; allowing the
system to remain functional. Under this assumption, the condition
required for the redundancy resolver to redistribute the
joint velocities over the available joints is that the number of
available joints must be equal or greater than the dimension of the
task-space, i.e, m<n-—n; Note that since the Jacobian of
ROVM systems always exhibit full rank (Antonelli and Chiaverini,
2003), this becomes the only condition. When ng#0 and
m<n—ny; the velocity distribution can be still realized with
some joint-velocity constraints imposed by the corresponding
joint-velocity limits.

Since the joint velocities are preallocated for the faulty joints,
the redundancy resolution distributes joint velocities only over
the non-faulty joints. Therefore, the corresponding Jacobian for a
faulty ROVM system is obtained by removing the columns
from the end-effector Jacobian of the non-faulty ROVM that are
associated with the faulty joints. Likewise, the associated
components must be removed from the weighting matrix
and the joint-velocity vector. This column subtraction process
yields the modified end-effector Jacobian, J € R™* =0y +1)  the
modified joint-velocity vector qe®R"™®™*"™ and finally the
modified weighting matrix W e RO~ +1)x=+1) Egr jpstance,
the modified Jacobian J, joint-velocity vector and weighting
matrix for a ROVM system whose ith joint is in failure can be
given as

J=01d2 - dict divr - Jnd
Ci=[‘h G2 - Qi Gig1 -~ Gul's
W =diag[w; wy ... Wi_1 Wii1 ... Wy 30)
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Fig. 3. Fault-tolerant scheme.
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Fig. 4. General scheme of the proposed fuzzy based, fault-tolerant redundancy resolution.

Fig. 5. (a) FALCON™ ROVM with a 4DOF Hydrolek™ manipulator and (b) corresponding zero-displacement configuration.
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Finally, the redundancy resolver generates a joint-velocity
vector for a faulty ROVM system according to

q-= j:v X=Jrqy)

+2d-JL W (Zajvﬁj/|vﬁj|2) Lj=1.3,v

j-1

€)0)

where _ﬂv = WAJT(j Wfle)‘l is the modified pseudoinverse of the
end-effector Jacobian, and Te R"" (Y +mxn-+m) g the modified
unit matrix, and finally Vh is the gradient vector of the objective
function excluding the direction contribution from the faulty joints.

Table 1
D&H parameters of the Hydrolek™ manipulator.
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With this arrangement, the redundancy resolver does not induce any
motions for the faulty joints. Finally, the joint-space vector is
reconstructed by adding faulty velocity terms in the corresponding
places in the joint-velocity vector produced by (31); e.g., for the
ROVM system with its ith joint being in failure, the joint-velocity
vector is givenas @ =[q; {, i1 Gpa Giga q,".
The execution of general fault-tolerant scheme is presented in Fig. 3.

First, the condition m < n—ny is checked to see whether or
not there is enough healthy joints to realize the task. If the
condition m < n—nyis satisfied, then the faulty joint data is fed
into the redundancy resolution block. The redundancy resolu-
tion block then generates a desired joint rate vector based on
(31). Then, each component of the generated joint rate vector
is checked according to abs(q_'l-)>q,-,u, i=1..n (The g;, is the
joint velocity limit) to see whether or not the generated
velocities are within the acceptable range of each relevant
joint. If all the joints rates are within the acceptable range,
then the generated joint vector is sent to the controller. If they
are not, then the fault-tolerant scheme sets the velocity of that
particular joint to its current maximum allowable velocity and
calls the redundancy resolution scheme once more with only
the remaining joints considered available.
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Fig. 6. (a) Commanded end-effector velocities and (b) corresponding end-effector locations.
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7. Fault-tolerant gradient projection method with fuzzy-logic

The general scheme of the proposed fault-tolerant fuzzy-based
redundancy resolution is given in Fig. 4.

The human pilot provides a six-DOF input using a master arm.
The corresponding joint velocities are then calculated by the
redundancy resolution block according to (14); factoring in the
directives provided by the low-level fuzzy-logic-based artificial
pilot. These directives are created based on the indices of &gy, €cams
and &4, that are calculated using the sensory knowledge. The
computed joint-velocity vector along with the faulty joint
knowledge (the current FALCON™ system does not have a fault
detection system. However, we assume in this work that joint
faults can be detected.), a new joint-space vector is computed
based on (31). This step fills two roles: first, it redistributes
the joint-velocity vector generated by (14) such that every joint
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has a velocity within its allowable range; second, the faulty joints
are not assigned any velocity values. The resulting joint-space
vector along with the current joint position vector is then fed into
the controller block. The controller block is responsible for
computing corresponding actuators forces, (i.e., the ROV thrusters
and the manipulator torques) that yield the desired joint-velocity
vector.

8. Simulation results
8.1. Simulation conditions
The ROVM system considered in this work is a Saab Seaeye

FALCON™ ROV equipped with a 4-DOF Hydrolek™ manipulator as
shown in Fig. 5a. As illustrated in Fig. 5b, the inertial frame is labelled
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Fig. 7. ROV position and velocity values with weighted-pseudoinverse (case study 1).
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as “E”, and the body-fixed frame (X,, Y,, Z,) is attached to the center of
mass of the ROV. Regarding the manipulator, the body-fixed frames
are attached to a base joint of each successive link using the modified
Denavit-Hartenberg convention (Craig, 1989) shown in Table 1. The
state vector is given as q=[x ¥y z ¢ 0 ¥ q1 ¢ qs qal’,
where x, y, and z are the position coordinates of the ROV’s center of
mass expressed in the inertial frame; ¢, 0, and  are roll, pitch, and
yaw Euler angles defining the orientation of the ROV with respect to
the inertial frame, and finally, g; i=1...4 are the scalar joint position
values with respect to the body-fixed link coordinate systems. The
ROVM is bounded by a rectangular prism with length, width, and
height being 1, 0.6 and 0.5 m, respectively. Each manipulator link is
modeled as cylinders with the length of link 1, 2, and 3 being 0.15,
0.22, and 0.15 m, respectively.

In field operations the pilot drives the end-effector with a
joystick to generate velocity commands, i.e., X in (14). As a case
study, a spatial end-effector task has been set including time
series of the velocity commands for the end-effector (correspond-
ing to a six-DOF human pilot input), which are demonstrated in
Fig. 6a. The corresponding desired end-effector position and
orientation values w.r.t. the inertial reference frame are illustrated
in Fig. 6b. The proposed fuzzy-logic based, fault-tolerant scheme
given in (31) is used to follow the synthetic pilot end-effector
velocity commands while fulfilling the secondary tasks (joint
limits, singularity, camera view, yaw angle, and minimal ROV
motion tasks) whenever possible.
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The Hydrolek™ manipulator has the following joint limits
with respect to the zero displacement (q;=0) configuration shown
in Fig. 5; 180°<q; <290°, —95°<q,< —5° 90°<q3<135°,
—180° < q4 < 180°. In the simulation, the joint-velocity limits are
assumed to be 0.14rad/s for the manipulator joints. The second
joint stops functioning after 50 s. Water current is assumed to flow
along the direction of [0.95 0.3 0] w.r.t. the inertial reference
frame. This corresponds to a vector that is on the X-Y plane of the
inertial frame making the angle of 0.2 rad (11.45°) w.r.t. the X-axis
of the inertial frame.

In the simulation study, the system starts from the initial
configuration of q=[0 0 0; 0 0 0; 230 91 -92 0]'m;
rad; deg, which is a stretched-arm (singular) configuration.
The corresponding initial end-effector position and orientation
are [114 021 0.32]"mand [1.62 0.87 —1.57]rad, respectively.
The total manoeuvre consists of three portions covering
the time intervals of 0-20, 20-50 and 50-80s, respectively. In the
first portion of the manoeuvre (0-20s), the end-effector is
commanded to maintain its initial position. In the second portion
of the manoeuvre (20-50s), only the end-effector translational
velocities of X0_s0s),¢ = [0.14sin(2t/5 — 8) 0.1sin(0.2t — 6) 0.1]"
m/s are commanded. Finally, in the last portion of the manoeuvre
(50-80s), both the translational and rotational velocities are
commanded to move according to X(50_gos),c =[0.1 0.1 01" m/s
and X;so_gosr = [0.01, 0 —0.02sin(0.1t)]" rad/s, respectively.
The corresponding desired end-effector position and orientation
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values w.r.t. the inertial reference frame are illustrated in Fig. 6b.
The initial camera angle was set to 45° around the Z-axis of the
camera frame.

8.2. Case study 1

In the first case study, the task is to make the end-effector
follow the pilot’s velocity command. To this end, a weighted-
pseudoinverse without the fuzzy-logic was used, i.e., ¢ =] X. The
weighting matrix was used not only to distribute the end-effector
motion over the vehicle and the manipulator in proportion to their
inertias but also to eliminate the roll and pitch motion of the
vehicle. The corresponding weighting matrix is

W=diag[0.1 01 01 0 0 01 1 1 1 1] (32)

Fig. 7 demonstrates the time history of the vehicle position and
velocity values. The final yaw angle of the vehicle is approximately
0.22rad, and as a result of this, the vehicle is subject to large drag
force leading to high power consumption. Fig. 8 shows the time
history of the manipulator joint position and velocities. As can be
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seen from the left figure of Fig. 11, the redundancy resolution
scheme generated joint position values that violate the joint
displacement limits of 180° for the first joint. In addition, the
weighted-pseudoinverse generated joint velocity that exceeds
the joint-velocity limit of 0.14rad/s for the first joint. Also, the
generated manipulator state values for the second joint cannot be
realized by the system since this joint stops functioning after 50s.
Fig. 9 is the time history of the index values. As can be seen, the
system is always in a near singular configuration—indicated by
the near zero value of the singularity index. The camera index
value is negative in the beginning of the operation and the end-
effector is not viewable by the human pilot. The camera index
becomes positive at the instant of 8s since the camera’s tilt
motion is coordinated with the end-effector motion. Note that this
happens with no contribution from the vehicle motion since only
the camera angle is coordinated with the end-effector motion in
the first case study. The yaw index value is generally high
demonstrating poor alignment with the ocean current. In light of
these observations, the weighted-pseudoinverse alone is seen to
be ineffective, or even inapplicable.
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Fig. 12. Time history of singularity, camera, and yaw indices (case study 2).
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8.3. Case study 2

In this case study, the proposed fault-tolerant redundancy
resolution scheme was implemented for the end-effector
manoeuvre described in Section 8.1 Fig. 10 demonstrates the
time history of the vehicle position and velocity values.
Throughout the manoeuvre the redundancy resolution scheme
produced ROV positions and velocities that are realizable, as they
show a smooth pattern with no jerk. The redundancy resolver did
not induce any motion around the roll and pitch axis of the ROV
since the corresponding weighting factors are set to zero. With
regards to the joint positions and velocities, the joint positions
were kept within their physical joint limits throughout the
manoeuvre as shown in Fig. 11. Figs. 12 and 13 are the time
history of the index and fuzzy-logic output values, respectively.
Finally, Fig. 14 is snapshots of the ROVM manoeuvre for specific
moments.

In the first portion of the manoeuvre (0-20s), the total number
of degrees of freedom for the task is eight: the manipulator and
the ROV contribute four degrees of freedom each. Note that the
ROV’s pitch and roll motion do not contribute to the total available
degrees of freedom, as they are not controllable. In the first
portion, the end-effector is commanded to keep its initial position.
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Since the demanded task requires only three degrees of freedom
(keeping the end-effector position in its initial configuration), the
degree of redundancy to be exploited is five.

As can be seen from Fig. 12, the system starts to move from an
ill-conditioned configuration as illustrated in Fig. 14a: the
singularity index is zero (see Fig. 12a) indicating that the system
is in the singular configuration and the reduced dexterity reduces
the effectiveness of standard manipulator control; the camera
index value is initially negative (see Fig. 12b) since the end-
effector is outside the camera view and the pilot does not
have a view of the end-effector; and finally, the yaw index
value is initially high (see Fig. 12c) demonstrating poor alignment
with the ocean current leading to high power consumption due to
the poor alignment with the ocean current. With the redundancy
resolution scheme turned on, the system immediately starts to
move internally, while keeping the end-effector at its initial
position, in an attempt to find a preferred system posture as
defined by the secondary objectives. As seen in Fig. 12a, the
reconfiguration increases the zero singularity index leading to a
more dexterous system posture for subsequent tasks. Similarly,
the poor camera index value steadily increases from a negative
value indicating the end-effector gradually moves towards
the camera cone. The camera index value eventually becomes
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Fig. 13. The fuzzy block decision outputs (case study 2).
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b

Fig. 14. Snapshots of the ROVM manoeuvre: (a) t=0s, (b) t=20s, (c) t=50s, and (d) t=80s (case study 2).

Fig. 15. Index values with singularity avoidance (case study 3).
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positive at approximately 8 s where the end-effector first enters in
the camera view. The yaw index starts with a high value and
rapidly drops as the yaw angle of the ROV gradually becomes
aligned with the water current. The internal motion continuous
to take place until the “best” posture is accomplished. The
final reconfigured initial posture at t=20s is illustrated in
Fig. 14b.

The decision outputs of the fuzzy system are reported in
Fig. 13. In the beginning of the manoeuvre, the system is in a
singular posture, and thus o« is high whereas the rest of the «
values i.e., «; i=2,3 and «,, are low due to the hierarchy. As the
system moves out of the singular configuration, o; becomes lower
(see Fig. 13a) and o, increases (see Fig. 13b) indicating that the
highest priority is gradually placed on the camera angle objective.
As the end-effector moves into the sight of the camera, the highest
priority shifts from the camera angle objective to the minimum
vehicle motion objective as can be inferred from the decrease in o
and the increase in o,. Note that during this reorganization of the
secondary objective hierarchy, the yaw angle objective is not
prioritized despite its higher status in the hierarchy with respect to
the camera angle objective. This is due to the fact that yaw angle is
fairly aligned with the ocean flow during the priority transition.

In addition, during the first portion of the manoeuvre, the first
and third joints were driven to their joint-velocity limits of
0.14rad/s, demonstrating how the fault-tolerant property can be
used to impose velocity constraints on the solution as illustrated
in Fig. 11b. The high joint velocity demand can be attributed to the
minimal vehicle motion objective; the fuzzy-logic tries to keep the
vehicle as stationary as possible.

S. Soylu et al. / Ocean Engineering 37 (2010) 325-343

As a consequence, the initial reconfiguration phase guided by
the proposed method makes the system proceed to a joint
configuration that satisfies the secondary objectives. Note that
since the primary task does not heavily constrain the joint
motions, the ROVM establishes a configuration that adheres to the
secondary objectives.

During the second portion of the manoeuvre (20-50s), the
pilot attempts to follow a desired locus of end-effector positions
and the orientations are unconstrained. As Fig. 12a and b
reveal, the singularity and camera index values remain fairly
large during this second stage of the manoeuvre indicating
the relevant objectives are satisfied successfully. With regards
to the yaw index value, some fluctuations occur due
to the constant changes in the system yaw orientation with
respect to the direction of the ocean flow (see Fig. 12c). The
configuration of the system at the instant of 50s is illustrated in
Fig. 14c.

During the third portion of the manoeuvre (50-80s), the
pilot commands not only the end-effector translational velocities
but also the end-effector orientations. In addition, the second joint
is in failure dropping the available degrees of redundancy to
only one. As can be seen from Fig. 11a and b, the redundancy
resolver does not demand any motion from the second joint
after 50s, demonstrating the fault-tolerant property. Given the
six-DOF task, the manoeuvre execution must involve the ROV
mobility; the manipulator alone contributes only four-DOF.
This third phase of the manoeuvre illustrates how intelligent
coordination of the ROV and the manipulator makes other-
wise unrealizable tasks possible while also fulfilling secondary
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objectives proving the value of the proposed coordination scheme
for ROVM applications. The final configuration of the system is
illustrated in Fig. 14d. Given that all the secondary objectives are
realized to a satisfactory extent, it can be concluded that system
responds quickly enough to keep pace with the desires of the
human pilot.

8.4. Case study 3

This section explores the differences in system behaviour
observed as the secondary objectives are added in stages. All
simulations in case study 3 consider the same end-effector
manoeuvre defined in Section 8.1. As in case study 1, no physical
break-down fault occurs for the manipulator joints. This allows us
to better observe the changes in the system behaviour attributed
to the different objectives since the degree of redundancy is
higher compared to the faulty-joint scenarios. Four different
simulation studies were performed in this section. In the
simulation, the joint limit avoidance and the fault-tolerant
scheme were implemented, and the secondary objectives, i.e.,
singularity, camera, yaw angle, and minimal vehicle motion, are
added in stages.

In the first simulation, the singularity avoidance objective was
considered with the first two rules from the fuzzy rule list given in
Section 5.3. In the second simulation, the camera angle objective
was included in the objective set with the first four rules from
the fuzzy rule list. The yaw angle objective was added to
the objective list with the first six rules from the fuzzy rule list
Section 5.3 in the third study. And finally, the fourth simulation of

this case study 3 considers the full set of secondary objectives.
Figs. 15-18 illustrate the corresponding index values for each case
study.

Fig. 19 shows the normalized area values under the index
curves for each suite of secondary objectives considered. In order
to normalize, the area values under the index curves of each
objective is determined for each set of objectives, and are divided
by the area of the best performance index curve. In Fig. 19, S, C, Y
and V denote singularity avoidance, camera view, yaw alignment
and minimal vehicle motion, respectively. The vertical axes
indicate the normalized performance while the horizontal axis
indicates which set of objectives were considered, i.e., S+C
corresponds to the case where only the singularity avoidance
and camera view objectives are considered.

As can be seen in Fig. 19a bar S, the singularity avoidance
performance is the best when only this particular objective was
considered. A significant decrease in the singularity performance
occurred when the camera angle objective was included in the
objective set (Fig. 19a, bar S+C). This can be attributed to the fact
that some of the available redundancy is committed to improve
the camera view objective. This improvement can be seen by
comparing bar S with bar S+C in Fig. 19b. With the inclusion of the
new objectives, the singularity avoidance performance slightly
increased (see Fig. 19a, bar S+C, S+C+Y and S+C+Y+V), suggest-
ing that the motion dictated by the combination of yaw and
minimal vehicle motion objectives also improved the singularity
avoidance performance. This is not true for the camera view, as
the inclusion of new objectives slightly worsened the perfor-
mance index (see Fig. 19b, bar S+C+Y and S+C+Y+V).

a
Singularity Avoidance Camera View
L3 z a ; ; 1.4 ; ; ! ;
S+C S+C+Y S+C+Y+V S S+C S+C+Y S+C+Y+V
c
Yaw Angle Minimal Vehicle Motion
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1.5 ; ; ; j

S+C+Y
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Fig. 19. Normalized area values under the index curves of each objective with different set of secondary objectives. In the two top plots, higher values indicate better
performance whereas in the two bottom plots, lower values indicate better performance (case study 3).
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With regards to the yaw and minimal vehicle motion, their
performances are illustrated in Fig. 19c¢ and d, respectively.
As opposed to Fig. 19a and b, lower values indicate better
performance. As can be seen from Fig. 19c, when the yaw angle
objective was excluded from the secondary objective set, the
system exhibits very poor alignment with the ocean current (see
bar S and S+C). A significant performance improvement was
achieved in the yaw angle alignment by adding this particular
objective into the consideration (see bar S, S+C and S+C+Y). A
further performance achievement was obtained for the S+C+Y+V
case indicating that the minimal vehicle objective incurred
motion around the yaw that improves the yaw alignment.

The best performance for the minimal vehicle motion objective
was obtained with the inclusion of this particular objective in the
objective set as illustrated in Fig. 19d. All the case studies
performed indicate the system response is fast enough with the
proposed scheme, as the secondary objectives were accomplished
to a satisfactory extent.

9. Conclusion

A coordinated ROVM operation scheme has been proposed. A
fault-tolerant fuzzy-based redundancy resolution method has been
proposed to distribute the human pilot end-effector command over
the ROV and the manipulator while satisfying a hierarchy of
secondary objectives. Within the redundancy resolution, the GPM
has been merged with a fuzzy technique such to produce an
evolving hierarchy of secondary objectives that reacts to secondary
objective performance index fluctuations that are easily evaluated
in an on-line implementation. It is concluded that the fuzzy-logic
implementation provides a very effective means to prioritize the
secondary task in a satisfactory manner. In addition, the resulting
method has been extended to include a fault-tolerant property that
has been demonstrated to be a versatile tool for the redundancy
resolution of ROVM systems: it can be used to tolerate faulty joints,
to impose dynamic joint-velocity constraints, and to ensure that
the GPM works when some of the diagonal elements of the
weighting matrix become zero during ROVM manoeuvres. The
imposition of the velocity constraints provide more controllable
ROVM motion. A simulation case study of the FALCON™ ROV with
a 4-DOF Hydrolek™ manipulator demonstrated that detailed
spatial end-effector manoeuvres that are otherwise not possible
can be completed in real-time through the coordination of the ROV
and the manipulator with the fault-tolerant capacity. The on-line
nature of the proposed scheme makes it suitable for remote
systems where the desired end-effector state and secondary task
values are not known a priori.
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Appendix A. Proof of the decrease of the multiple-criteria
objective function through the GPM approach

In the current work, a multiple-criteria GPM approach is

defined as

q=J"%+0-J]p (A1)

where the arbitrary vector p is defined as the sum of the
normalized gradients of scalar objective functions, i.e.,
P= ) ;_19%Vh;/||Vhi||,. Consider the case in which the mini-
mization of the scalar objective function, z(q), is desired, i.e.,
min(z(q): Zj=1 h-), and that A is a strictly negative number.
Therefore, when x =0, it can be shown that (A.1) guarantees the
decrease of the scalar objective function:

1= %q — V24 = VA - I PVz= VA

-Jpa-Jyp'vz<o (A2)

since (I—]J'J) is positive semi-definite. Note that in (A.2), the
idempotency and symmetry of (I—J]J) is used, ie, (-
Jh=a-Jp? and a-J=a-JJ'. Although, for nonzero x,
(A.2) does not imply the nonpositiveness of z, the second term of
(A1) still works to reduce the objective function z. This example
also illustrates that the positive semi-definitiveness of the
projection operator is crucial to make the scalar objective function
decrease (Nakamura, 1991).

Appendix B. Proof of the decrease of the multiple-criteria
objective function through weighted multiple-criteria GPM
approach

The weighted GPM is defined as

q=J,x+21-J )W 'p (B.1)

It must be shown that the scalar objective function z defined in
Appendix A decreases, i.e., z<0. Without loss of generality,
assume that X =0 as in Appendix A. Therefore, the time derivative
of the objective function z with the weighted GPM can be given as

-
‘T

Since the weighting matrix is defined as a diagonal, positive-
definite matrix, it can be decomposed as W~ '=UTU (Watkins,
2002). Substituting Ji, =W~ JTgw-1J)~! and W~ '=U"U into
(B.2) yields:

q=Vzq=2VZA-J pW'Vz (B.2)

7=)V7" (UTU

—uTuf guTuy’y! JUTU) Vz= VU (U

—uyfguiuhH-"JuTuyvz (B.3)
Substituting P=JU" and y=UVz yields
2=7y"(U - PT(PP")'PU)Vz=jy" (UVz
- PT(PPT)’lPUVz) =2y7d - PT(PPT) 'P)UVz=2y"(d
—PT(PP)) 'P)y (B.4)

Given that Moore-Penrose pseudoinverse of P is defined as
P' =PT(PP")"!, (B.4) becomes

z=2yTA-P'Pyy<0 (B.5)

since <0 and (I—P'P) is idempotent and symmetrical, and
therefore positive semi-definite (Nemec, 1997).
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Exploiting Redundancy in Underwater Vehicle-Manipulator Systems
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The current work focuses on the development of a comprehensive scheme for the coordinated control of remotely operated
vehicle-manipulator (ROVM) systems, and it proposes a novel mode for their operation. The proposed scheme consists
of 2 main stages: redundancy resolution, and and robust model based control. In the redundancy resolution stage, the
end-effector input commanded by a human pilot is distributed over the vehicle and manipulator. The redundant degrees
of freedom (DOF) are used to accomplish secondary objectives. To this end, the Gradient Projection Method (GPM) is
merged with a fuzzy logic based weighting scheme. Regarding the control of the system, a dynamic model is derived using
the energy-based quasi-Lagrange approach. As opposed to a classic Lagrangian derivation, the quasi-Lagrange approach
generates the equations in terms of body-fixed frames. As well, an adaptive sliding mode controller is implemented that
constantly compensates for unknown dynamics throughout the vehicle-manipulator system. To demonstrate the efficacy of
the scheme, a numerical case study is performed. Results illustrate that a complex end-effector spatial maneuver defined by
a single 6-DOF pilot input can be accomplished with a 4-DOF manipulator mounted on a small ROV.

INTRODUCTION

Underwater remotely operated vehicles (ROVs) equipped with
robotic manipulators are used in a variety of underwater appli-
cations, such as oil and gas extraction, installation of underwa-
ter telecommunication cables, and inspections and maintenance
of offshore structures. The combined system is referred to as an
underwater remotely operated vehicle-manipulator (ROVM). To
date, the motions of the ROV and the manipulator are guided inde-
pendently by a human pilot on a surface support vessel through a
long slender tether that provides power and telemetry. In current
practice, the desired manipulator joint motions are created using
a teleoperated master-slave arm configuration. This mode of oper-
ation depends on the ability of the ROV to hold station, and it
decouples the manipulator and ROV degrees of freedom (DOF). In
most cases, pilots attempt to eliminate any ROV motion by lodg-
ing the ROV against an immovable object using thrusters or by an
additional arm. This simplifies the pilot’s task, but it eliminates
the redundancy inherent in the ROVM system. (In addition to the
manipulator’s DOF, the ROV itself contributes 6 active DOF.) Fur-
ther, for smaller ROVs, the serial manipulator is usually underac-
tuated for 6 DOF tasks, and so the elimination of the ROV DOF
results in a very constrained end-effector workspace. If the ROV
DOF are used during an end-effector task, then there are many
possible ways to achieve a desired end-effector motion. A redun-
dancy resolver determines the optimal combination of ROV and
arm motions that yields the required end-effector motion while
also realizing the additional secondary objectives.

The implementation of redundancy resolution methods within
ROVM systems has been documented in only a few existing
works. A singularity robust task-priority redundancy resolution
was shown to be useful for an ROVM by Chiaverini (1997) due to
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its multitask capabilities. In Sarkar and Podder (2001), the kine-
matic redundancy is utilized to minimize the total hydrodynamic
drag forces experienced by a ROVM system in an effort to reduce
the energy consumption. In Antonelli and Chiaverini (2003), the
singularity robust task-priority redundancy resolution is merged
with a fuzzy technique to resolve the ROV-manipulator coordina-
tion. It was shown that fuzzy logic is an effective means for han-
dling multiple kinematic constraints. A fault-tolerant redundancy
resolution method was proposed by Soylu et al. (2007). In that
work, the Gradient Projection Method (GPM) was used to blend
a series of secondary objectives using a fuzzy weighting scheme
with a fault-tolerant property. The current study follows Soylu
et al. (2007).

While the redundancy resolution scheme translates the pilot’s
intent into desired ROVM joint rates, it falls on a robust con-
trol strategy to realize these joint rates. Robust control meth-
ods generally depend on dynamic models of the system. Existing
dynamics models of ROVM include that of Ioi and Itoh (1990),
who extended the Newton-Euler formulation to include the req-
uisite hydrodynamics terms. Sagatun and Fossen (1991) derived
the equations of motion for an ROVM system using the Lagrange
method. McMillan et al. (1995) extended the articulated-body for-
mulation to develop a computationally efficient dynamic simula-
tion of an ROVM system. Tarn et al. (1996) developed a dynamic
model of an ROVM based on Kane’s method.

For multi-body systems such as ROVMs, the Lagrange
approach is preferred since it provides the equations of motion
in an analytical form—a requirement for any model-based con-
troller. A drawback of the Lagrange approach is that it yields the
equations of motion in terms of generalized coordinates specific
to an inertial frame. However, for ROVM dynamics modeling, it
is convenient to work in the body-fixed frames. To this end, the
quasi-Lagrange approach is used to model the system dynamics in
the current work. The differences between the classic Lagrangian
and the quasi-Lagrangian will be elaborated in the dynamic mod-
eling section.

Controller development has been largely applied to ROVs, and
it is rare that the manipulator DOF are considered. The unified
control of ROVM systems has been addressed by Antonelli and
Chiaverini (1998), who designed an adaptive controller for an
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ROVM. A robust control technique based on the singular pertur-
bation method was demonstrated by Canudas de Wit et al. (2000).
The computed torque control was applied by Sarkar and Pod-
der (2001) on an ROVM system. A model-based sliding mode
controller was proposed by Antonelli (2003). Xu et al. (2005)
designed a sliding-mode controller with a fuzzy logic-based tun-
ing of the control gains.

The sliding-mode approach is an effective means of control-
ling an ROVM, largely due to its ability to tolerate impreci-
sion in the dynamics model. However, one major drawback of
the sliding-mode approach is the high-frequency control action
(chattering). In classic land-based applications, chattering con-
cerns include premature wear in actuators and the excitation of
unmodelled high-frequency dynamics. For underwater vehicle-
manipulator systems, the high-frequency system response can
be compromised by the hydrodynamics, including added mass
effects, and it is preferable to exert a sustained smooth con-
trol rather than infrequent discontinuous control. To eliminate or
reduce chattering, various methods have been presented, such as
the boundary layer method (Slotine and Shastry, 1983; Yoerger
and Slotine, 1985) and the disturbance compensation-based chat-
tering elimination method (Elmali and Olgac, 1992; Zeinali and
Notash, 2004a). In the current study, the work of Zeinali and
Notash (2004a) is adapted to the ROVM paradigm to eliminate
the chattering problem. In Zeinali and Notash (2004a), the discon-
tinuous term of a conventional sliding-mode controller is replaced
with an adaptive estimate of the dynamic uncertainties. The same
approach was used by Soylu et al. (2008) for the trajectory con-
trol of ROV.

REDUNDANCY RESOLUTION

For the redundancy resolution task, the work of Soylu et al.
(2007) is followed in the current work.

Gradient Projection Method

The differential kinematic relationship between the task-space
velocities X € R™, which corresponds to the pilot command to the
end-effector, and the generalized velocities ¢ € R" is given by:

x=1Jq (M

where J € R™" is the Jacobian matrix, §=[¢7 ¢5 431" € R" is
the generalized coordinate vector, consisting of the liner veloc-
ity vector ¢, = [x y z]7, Euler rates (Roll-Pitch-Yaw) ¢, =
[ 6 )7 of the vehicle, and joint rates s =[g, ¢, ... G, cl"
of the manipulator. For a kinematically redundant manipulator,
(n > m), and there is an infinite set of joint rate solutions that can
complete the desired end-effector motion, x.

The following solution to Eq. 1 (redundancy resolution) is
proposed:

4=4,+4q,
=JE+A2A-J HW! <Z a;Vh;/ ||Vh_,.||2). ©)
=1
where ¢, = Jix is the particular solution with:
J;{/‘sz—lJT(Jw—IJT)—l (3)

being the right weighted Moore-Penrose pseudoinverse (Watkins,
2002). The weighting matrix is in the form of W' =
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diag(w,, w,, ..., w,), and is a positive definite matrix of weight
factors for each DOF in a robotic system. The particular solution
corresponds to the weighted minimum-norm solution associated
with Eq. 1 that minimizes ¢” W¢q subject to x = J§. The term ¢,
is the homogeneous solution that satisfies 0 = J¢, where s is the
total number of kinematic criteria, and «; is a weight that deter-
mines the extent to how much emphasis is placed on each criterion
h; with respect to the others. The limiting factors on the choice
of @; can be found in Euler et al. (1989). In order to prevent one
single criterion from excessively dominating the solution, the nor-
malized gradient is used in Eq. 2. Note that when the norm of
the gradient is equal to zero, Eq. 2 can not be used. This situa-
tion occurs when the objective function is in a flat region, and it
can not be further optimized. Thus, if the norm of the gradient is
equal to zero, the corresponding objective can be eliminated from
consideration. Desired position values can be found by ¢ = [ § dt.

In this scheme, the primary objective is to follow the desired
end-effector motion X that is commanded by a higher-level human
pilot motion using a 6-DOF master arm. Regarding the secondary
objectives h;, they include, but are not limited to:

¢ avoiding manipulator joint limits;

* singularity avoidance;

* keeping the end-effector inside the camera view;

* minimizing the ROV drag force (otherwise known as weather-

vaning);

e minimizing the ROV motion.

To pursue the joint limit avoidance and the minimal vehicle
motion objectives, the weighting matrix W is used. In this imple-
mentation, w;,i = 1...6 are reserved for the minimal vehicle
motion objective, while w;,i =7...n are reserved for the joint
limit avoidance. The singularity avoidance, the camera view, and
the drag force minimization objectives are included through the
GPM. The importance of each objective is determined by a low-
level artificial pilot. To this end, the artificial pilot accepts index
values associated with the secondary objectives, and maps them
into a weighting factor «; € [0, 1] based on if-then type fuzzy
rules that reflect an expert human pilot’s knowledge. Greater «;
values indicate a higher demand, while smaller «; values indi-
cate a lower demand for that particular objective. This rule inter-
pretation process by the artificial pilot is performed based on
the Mamdani Fuzzy Interference method (Driankov et al., 1996).
The resulting weighting schedule yields a self-motion (null-space
motion) that emulates how a skilled operator would utilize the
redundancy of the ROVM to achieve the secondary objectives. A
more detailed explanation of this scheme can be found in Soylu
et al. (2007).

UNIFIED DYNAMIC MODELLING OF ROVM
SYSTEMS

The derivation of the equations of motion for an ROVM sys-
tem is more convenient when they are defined in terms of state
values expressed in the body-fixed frames since on-board sensors
and actuators measure and create rates specific to the body fixed
frame (Sarkar and Podder, 2001; Kim et al., 2003). To this end,
a quasi-Lagrange approach (Meirovitch and Stemple, 1995) can
be used. The quasi-Lagrange approach was originally applied to
the ROVM modeling by Sarkar and Podder (2001) and Kim et al.
(2003).
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Quasi-Lagrange Equations

The quasi-Lagrange equations are an extension of Kirchoft’s
equations (Meirovitch, 1990) and can be defined as:

d (dL N oL . L

— — Vo X — —J; — =

dt \ v, 2 v, 9gq, P

d (dL aL oL . oL

| — _— _— _— = 4
dt<8v2>+vzxav2+leavl Lo =P “)

d (oL JL _
di\av, ) gy 3

where L = T(q,v) is the kinetic energy of the system in terms
of the state values expressed in the body-fixed reference frames.
(This also corresponds to the quasi-Lagrangian.) The vectors:

v=[v{ vi viI", vi=[u v w]", )
5
vw=[p q r]T, vi=[q ¢ --. qnfs]T

are the body-fixed velocities; v, € R**! and v, € R¥! are the
body-fixed translational and rotational velocity vectors of the
ROV, respectively; and v, € R("=9*! contains the manipulator
joint rates.

The Kirchhoff equations given in Eq. 4 can be written in a
matrix form as:

%<%>+A%—BT%:T (6)
where:
[ S(v,) 0 0
A=| S(r) S() 0],
0 0 0
™)
[ R(g>) 0 0 7
B= 0 T(g,) O |, T=| 7
0 0 I T

and 7 =BT p with p” = [p] pI pI]”. The term R(q,) is the
orthogonal rotation matrix from the vehicle’s body-fixed frame
to the inertial frame. Likewise, the term T(q,) is the nonlinear
transformation matrix that maps the body-fixed values into the
Euler rates. The term S(-) is the skew-symmetric operator.

The kinetic energy of the ROVM can be written in terms of
body-fixed frames as:

_ 17
=3 Z (vc,iTMRBM Ve, i+ Uc,iTMAMM Ve, i (®)
i=1

where 130, V.,;"Mgp,, v, ; is the kinetic energy of the ROVM
due to the rigid body, and %Z?:l UCA,iTMAMM v, ; is the kinetic
energy of the ROVM due to the added mass; v, ; represents the
velocity of the center of mass of the ith link starting from the
vehicle (i = 0) to the end effector (i = n). These velocity expres-
sions should be defined in terms of the ROVM state vectors g
and v. To this end, the Newton-Euler recursive algorithm (Craig,
1989) can be used. The terms My ; € R and M, ; € R%*S

denote the mass and added mass matrix of a relevant rigid body
within the ROVM system. Eq. 8 can be written as:

- = 1
L=T= EVTMV (9)

where M € R”*" is the mass matrix of the ROVM system. Insert-
ing Eq. 9 into Eq. 6 yields the closed-form equations of motion:

Mv+C,(g v)=7 (10)

where C, € R"*! is the vector containing all the velocity-depen-
dent terms. To derive control law equations, it is desired to write
the Coriolis vector term C,(¢ v) in the form of C(g v)v where
C(q v) e R is the Coriolis matrix. However, there are many
ways of factorizing the matrix C(g v). To this end, the factoriza-
tion of the C(g v) matrix is chosen such that M —2C is a skew-
symmetric matrix as suggested by Kim et al. (2003).! This specific
parameterization affords simpler expressions in the derivation of
control law methodologies.

The inertia mass matrix can be decomposed into the following
submatrices:

M, M, M;
M=|M, M, M,; (1m
M; M; Mg
where M, ; =M, ; e R¥3, i =1,2; j=1,2 are vehicle-related
submatrices, M, 3 = MJ, € R¥"® i =1,2 are reaction force-
related submatrices due to the interaction between the manipulator

and the vehicle, and M; € R"~9*("=9 j5 the manipulator inertia
matrix. By parameterizing the Coriolis and centripetal matrix as:

Cy C, Ci;;
C= C21 sz C23 :[Fl Fz F3]9 (12)
Gy Cp, Gy

'There was an inaccuracy in the work of Kim et al. (2003) in which Eq. 12
is first proposed. The corrected version of the formula given here was
provided by the authors of Kim et al. (2003) upon our request.
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The term M — 2C can be guaranteed to be a skew symmetric
matrix (or equivalently M — (C + CT) = 0). Note that the symbol,
|5 al in Eq. 12, means:

a’ — |, i=1...n (13)

So far, the terms M, and C are fully defined. In order to complete
the closed-form expressions, it remains to define the dissipative
drag matrix D(q, v) € R"*", buoyancy and gravitational force term
g € R™*!. The definition of these forces can be found in Fossen
(1994). Consequently, the dynamic equations of motion of ROVM
systems in the body-fixed frame can be written as (Fossen, 1994):

My +C(q,v)v+D(g,v)v+g(q) =7 (14)

Equation 14 can also be represented in the inertial reference frame
as (Fossen, 1994):

F=M,(@9§+C,(q.9)§+D,(q.9q+g,(9) +d=J"7 (15
where:

M, (n) = J™J L,

C,(g:m)=J"[C-MJ'TJ",

D,(¢,9)=J"DJ"'

and g,(q) = JTg, and d € R™! is the unknown disturbance
forces acting on the system, such as tether disturbance forces,

measurement noise, etc. Eq. 15 can be written in the more com-
pact form of:

f=My+h,(q.9) (16)

where:

h(g.4)=C,(¢.9)¢+D,(q.9)q+g,(q) +d.

Definition of Lumped Uncertainty

The ROVM dynamics are dominated by hydrodynamic loads,
and it is difficult to accurately measure or estimate the hydrody-
namic coefficients. As such, the system dynamics are not exactly
known. The system dynamics given in Eq. 16 can then be written
as the sum of estimated (known) dynamics f and the unknown
dynamics f :

f=f+f (17)
where the estimated dynamics vector is defined as:
f=M,(@)i+h(g.9) (18)

with ilq(q, q) = éq(q, q)q + ﬁq (9-9)q +2,(q), and the unknown
dynamics vector is defined as:

f=M,(q)i+h,q.q)+d (19)
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with:
h,(q.4)=C,(¢.9)4+D,(q.9)q+,().

M,=M,-M,,C,=C,-C,D,=D,-D,,andg, =g, — &,
The unknown dynamics vector is also called the lumped uncer-
tainty vector and has been proposed for use in adaptive control
by Lewis et al. (1995), Lin et al. (2002), Lin and Wai (2002)
and Zeinali and Notash (2004a). In all of these prior works, it is
assumed that the unknown lumped uncertainty vector is bounded.

ADAPTIVE SLIDING-MODE DESIGN

Conventional Adaptive Sliding-Mode Controller

The first step in the sliding-mode controller design procedure
is to define the desired dynamics in the form of a vector of slid-
ing manifolds s € R°*!. The second step is to find a control law
7 € R%*! such that the system trajectories move towards the slid-
ing manifold, and eventually hit the manifold. The control law
7 then keeps the state variables on the sliding manifold in the
presence of system uncertainties and disturbances (Slotine and Li,

1991).
The vector of sliding manifolds can be defined as:
d 2
(£ _ 2
s_(dt+A> (/edt) e+2Ae+ A /edt (20)

where A € R%%® is a constant, symmetric, positive definite and
diagonal matrix that defines the bandwidth of the closed-loop sys-
tem. The limiting factors on the choice of control bandwidth are
given by Slotine and Li (1991). The tracking error between the
measured state values and the desired state values is given by
e =q — q, with the subscript d denoting the desired position val-
ues produced by the redundancy resolver corresponding to the
integral of Eq. 2. For notational simplicity, Eq. 20 can also be
written as:

s=i—4, (1)

where ¢, = ¢, — 2Ae — A? [edr and the subscript r refers to
virtual reference trajectory (Slotine and Li, 1991).
The adaptive sliding-mode control law is in the form of:

T=7,,+7, (22)

where 7 corresponds to a generalized force acting at the centre of
the ROV mass, and 7,, and 7,, symbolize the equivalent control
law and the adaptive control law, respectively.

The equivalent control law is continuous and reflects the model
based component of the total control signal. This equivalent
control signal alone can accomplish the desired dynamic when
there are no uncertainties in the system dynamics. However, due
to model uncertainties, discrepancy occurs between the desired
dynamics and real dynamics. In order to offset this discrepancy,
a continuous adaptive term 7,, is used in the current work. In
the conventional sliding mode theory, a nonlinear discontinuous
switching term is used for this purpose. However, this switching
term is the source of high control activity, or chattering (Slotine
and Li, 1991). The adaptive term does not cause the same com-
plication since it acts on the system in a persistent continuous
manner.



International Journal of Offshore and Polar Engineering, Vol. 19, No. 2, June 2009, pp. 115-123 119

Equivalent Control Law

The model-based equivalent control law component of the
sliding-mode control signal can be derived by assuming that the
motion is constrained to the sliding manifold, i.e., § = 0. Taking
the time derivative of Eq. 20 yields:

§=i—i, (23)
where §, =g, —2Aé— AZe. Multiplying both sides of Eq. 23 by

the inertia matrix M, and substituting M,§ =J"7,, — (C,¢ +
D g +g,) from Eq. 15 into the resulting equation yields:

M§=J"7,,—(M4g+C,g+D,g+8&,) (24)

Solving the resulting equation for 7,, with s =0 yields the equiv-
alent control:

7, =3 (4.4.4,) (25)
where:
f(a.4.4,)=M,4,+C,qg+D,g+8, (26)

Adaptive Control Law

The following continuous adaptive control law is used in place
of the switching term for ROVM systems:

Tud =3 (Foor — (K+C)s) @7)

where f;s, is the estimation of the lumped uncertainty vector
defined in Eq. 19, and K € R®*¢ is a diagonal positive definite
constant matrix that is related to the convergence rate of the con-
troller. The estimation of the lumped uncertainty vector is per-
formed according to:

Jes=—Ts (28)

where I' € R"™" is a positive definite diagonal constant design
matrix that determines the rate of adaptation. This adaptive term
relates the error metric s function to the dynamic uncertainties.
Note that the assumption of f being bounded ensures that Eq. 28
is bounded.

Eq. 28 was first used by Lin et al. (2002) to estimate the lumped
uncertainty vector in the control of linear inductance motors; it
was also used in the 2007 work by the same authors. This adap-
tation law was also proposed by Zeinali and Notash (2004a) and
was implemented to the trajectory control problem of parallel
manipulators in Zeinali and Notash (2004b and 2007).

Note that unlike conventional adaptive control theory, no
parameterization of a regressor matrix and unknown parameter
vector needs to be found; this eliminates the need to simplify sys-
tem dynamics, thus allowing the use of a more detailed dynamic
model in the controller. In this regard, Eq. 28 blends the best traits
of the sliding and adaptive control.

Finally, the total control input 7 based on Eq. 22 is defined as:

=7+ 7 =3 (f, +f., — (K+C,)s) (29)

In order to verify that Eq. 29 provides asymptotic stability, the
Lyapunov theorem is utilized. For this analysis, it is assumed that:

sTKs > |fTF’1w | only when fTF’lw <0 (30)

st — f is the difference vector between the esti-
mated and exact lumped uncertainty vectors. Note that when
f TI'='w > 0, the system is stable in the Lyapunov sense, and thus
no assumption is necessary. In the context of ROV trajectory con-
trol, a Lyapunov stability analysis of the controller given in Egs.
28 and 29 under the assumption of Eq. 30 was presented by Soylu
et al. (2008). The same work also presents the convergence of the
estimated dynamics to the unknown dynamics (i.e. w — 0).

The condition given in Eq. 30 is distinct from many of the pre-
vious studies related to the adaptive sliding-mode controllers in
that it does not assume that f T = 0. In the ROVM paradigm, there
is a distinct possibility of sudden vehicle or arm motions being
commanded by the human pilot. Such rapid changes in the com-

where w = f

manded system state make the assumption of £ =0 unrealistic.

In sliding-mode control theory, it is assumed that the dynamic
parameter uncertainties are bounded, with their bounds available
to the designers. However, these bounds are difficult to obtain due
to the nonlinearity of the underwater environment. The controller
given in Eq. 29 removes this constraint since the stability proof
does not require the knowledge of upper bounds on the dynamic
parameters of ROVM.

RESULTS AND DISCUSSION

The ROVM system considered in this work is the FALCON™
ROV equipped with a conceptual 4-DOF manipulator (Fig. 1). In
the figure, the inertial frame is labelled E. As shown in Fig. 1,
the body-fixed frame (X,,Y,,Z,) is attached to the center of the
ROV mass. The body-fixed frames are attached to a base joint
of each successive link using the modified Denavit-Hartenberg
convention (Craig, 2004) shown in Table 1.

Simulation case studies were performed to investigate the per-
formance of the proposed method. In lieu of an actual pilot com-
mand, a series of waypoints was set for the end-effector, and
a continuous set of end-effector values was generated using a
3rd-order polynomial function with zero initial and final veloc-
ities. The system starts from the initial configuration of q =
[000; 000; 200 —40 115 45]" m; rad; deg; that corre-
sponds to the end-effector position of x = [0.83 0.055 0.75]” m.
The final end-effector location of x = [1.62 0.82 0.04]" m is
attained in 15 s.

Fig. 1 FALCON ROVM with zero-displacement configuration

i—1 a—1 a;_, d; 0, i
0 0 0 d;=0.15m q: 1
1 —m/2 0 0 > 2
2 0 a, =0.22m 0 qs 3
3 /2 0 d,.=0.15m qs ee

Table 1 D&H parameters of manipulator
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Fig. 2 End-effector commanded trajectory

The ROV is rectangular in shape with length, width and height
of 1, 0.6 and 0.5 m, respectively. The mass of the vehicle is
50 kg. Each manipulator link is modeled as a cylinder; links 1,
2 and 3 are 0.15, 0.22 and 0.15 m long, respectively. The link
masses are 2, 4, and 3 kg, respectively. The system is assumed
to be neutrally buoyant. With regards to the system’s thruster lay-
out, the system is equipped with 5 electro-mechanical thrusters; 2
pairs for lateral motions, and one is for the ROV’s heave motion.
In the current simulation study, the thruster dynamic response is
assumed to be much faster than that of the ROV itself, and thus
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0.1

0.05

End-effector error [m

Fig. 3 End-effector error

is neglected. Regarding the environment, the surrounding fluid is
assumed to be motionless. During the simulation, the ROV’s roll
and pitch motion are not controlled since the on-board thrusters
allow only lateral and vertical motions. To reflect uncertainties
that are present in the ROVM system dynamics, the exact added
mass and drag coefficients in the controller’s dynamic model
parameters were changed by 40% to 60% randomly. The sampling
frequency for the simulation was set to 10 Hz.

The primary task is to make the end-effector follow the pilot’s
command while fulfilling as much as possible the secondary tasks
(joint limits, singularity, camera view and drag minimization via
the yaw angle alignment with the ocean current, and minimal
ROV motion tasks). The manipulator has the following joint lim-
its with respect to the zero displacement (g, = 0) configuration
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! 0.2 _—y ! 0
0.5p-- __-xrealizea' )7 e realized :
g LN S E |- - --
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X X X X - Zrealized X
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0.1 ’ ’ 0.1 . ; 1 ’ .
: | — O esivea L — v
0.05F -~~~ b A 0.05F -~~~ AR 08f=-=="" 0T Vesired 7T
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E 0 7% ; = £ 0 ; ; g | |
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\\ ’(’ \\ | | . s 1 1
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0.1 T Yrealized : 0.1 : : 0 : :
() 5 10 15 0 5 10 15 0 5 10 15
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Fig. 4 Vehicle’s desired and realized state values
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Fig. 5 Manipulator’s desired and realized state values

shown in Fig. 1; 180 < ¢, <290, —95 < ¢, < -5, 90 < ¢; < 135,
q4 < 180 degrees.

Fig. 2 demonstrates the desired and the achieved trajectories
that are indicated by the grey and black lines, respectively. In
Fig. 2, the points of A and B and A’ and B’, represent the ini-
tial and final end-effector locations for the desired and achieved
trajectories, respectively. Fig. 3 reveals the simulation results for
end-effector errors; as can be seen from the figure, these are

sin

W
X
S
£
=
g
3
on
=)
@n |
5
Time [s]
0.4
g
N =~
S sop-f - % 0.3
) \ =
E ! E
= 0 ' z 0.2
£ | >
< |
© .50 L 0.1
-100 : :
0 5 0 15 O
Time [s]

Fig. 6 Time history of fuzzy outputs a; and corresponding index
values
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Fig. 7 Top: control forces and moments at ROV center of mass;
bottom: manipulator control torques

within a small range. The desired and realized position history for
the vehicle and the manipulator are illustrated in Figs. 4 and 5,
respectively.

As can be seen from the desired state values, the redundancy
resolution scheme produced ROVM positions that are realizable,
as they show a smooth pattern with no jerk. As well, the desired
joint positions were kept within their physical joint limits. It can
also be seen in Fig. 4 that the discrepancy between the desired
and realized values is small, demonstrating the ability of the pro-
posed controller not only to realize the redundancy revolver’s
demand but also to produce kinematically and dynamically real-
izable ROV-manipulator state values. Note that by virtue of the
existing thruster layout on the FALCON vehicle, the roll and pitch
motion of the ROV can not be controlled, hence the error values
are high for these ROV DOF.

Fig. 6 reports the outputs of the fuzzy logic, @;. In this,
a;,j=1,2,3, and 4 represents the decision variables for the
singularity avoidance, camera view, yaw alignment and minimal
vehicle motion objectives, respectively. This order also indicates
the hierarchy from highest to lowest priority to reduce the number
of fuzzy rules that are presented by Soylu et al. (2007).

Acceptable values for the index values were determined to be
E4n >3, €pqm =0, and g, > 0.5 (Soylu et al., 2007). As Fig. 6

yaw =
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shows, the redundancy resolver is successful in keeping these
index values within their allowable range. Note that minimal ROV
motion is realized only when the other objectives are not critical.
This arrangement allows the ROV DOF to be used to improve
higher-priority objectives.

Fig. 7 shows the demanded control forces and moments; it
can be seen that the proposed controller yields a smooth con-
trol output without high-frequency controller demand. It is thus
chattering-free. As mentioned above, the adaptive sliding-mode
control removes the chattering action by means of the on-line
adaptation law.

CONCLUSIONS

In this work, ROV and manipulator motions were coordi-
nated using a consolidated dynamic model and control method
to achieve a desired end-effector motion as defined by a single
pilot command. The controller reference signals were provided by
the redundancy resolution technique. The redundancy resolution
uses the GPM method merged with a fuzzy logic-based weight-
ing scheme to introduce several secondary objectives. It has been
shown that this method provides an efficient means to translate
the pilot’s command into optimal ROVM motion. In the dynamic
modeling and robust control stage, the quasi-Lagrange method
was used to derive the equations of motion for the ROVM system,
and the dynamic model was applied in a sliding-mode controller.
To eliminate the chattering problem associated with conventional
sliding-mode control, a continuous adaptive term was used. This
adaptive term continuously compensates for the unknown ROVM
system dynamics caused by poorly approximated nonlinear hydro-
dynamics. Numerical case studies have been developed based on
the proposed scheme. Results have shown that complex spatial
maneuvers can be realized with the proposed scheme.
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In Memoriam

Cupertino, California (March 1, 2009). It is with a deep sense of loss that we announce
the passing on January 30, 2009 of our dear colleague Dr. Narasimha Rao V. Bangaru at
age of 60. Rao received his PhD degree in Materials Science from University of California
at Berkeley in 1978. Subsequently, he joined General Motors Research Laboratories in
1977 and, in 1982, joined the Corporate Research Laboratory of ExxonMobil Research and
Engineering Company where he was recently promoted to the position of a Distinguished
Research Associate. Dr. Bangaru was an internationally renowned expert in physical
metallurgy of steels and led major technology programs, notably the development of high
strength pipeline steels for high pressure gas transmission.

Rao was a member of the editorial board of the International Journal of Offshore
and Polar Engineering (IIOPE) and a charter member of ISOPE. Rao authored numerous

Editors, International Journal of Offshore and Polar Engineering (IJOPE)
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Abstract

This work presents a novel operation scheme for aberdinated control of small
remotely operated vehicle-manipulator systenROVWYMs). In small commercial
ROVMs, the motion of the vehicle and the manipulatwe usually commanded
separately. In the proposed scheme, a human piloinands only the manipulator’'s end-
effector motion using a six-degree-of-freedd@OF) joystick. The generated reference
motion is then converted into a set of desired elerdand manipulator joint motions by
means of a fault-tolerant redundancy resolutiones@h that utilizes the ROVMs’
redundant DOF to accomplish secondary objectivas. fEdundancy resolver generates
reference state values that are fed into a nowdihgkmode based adaptive controller.
The controller contains two layers of adaptivitye ffirst layer adjusts PID gains, and the
second layer estimates the upper bound on a lumapedrtainty vector. The proposed
adaptation laws are robust to the parameter drdblpm that would otherwise lead to
instability in the presence of the poor system tngpignals that are expected in the
submerged mobile-robot paradigm. In addition, a haman-machine interfacelill ) is
proposed that facilitates effective use of the psga scheme. The new HMI provides a

set of ROVM operation modes to the human pilotdoreffective use of the proposed
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redundancy resolution algorithm to perform comptaisea tasks involving 6-DOF
tasks. Hardware-in-the-loop simulation studiessitate that detailed subsea tasks that
require full 6-DOF motion of the end effector cam dompleted with a small, low-cost
ROVM with an otherwise underactuated manipulatoingighe proposed operation

scheme.

1 INTRODUCTION

Whether motivated by science or harvest of natueslources, the extent and
complexity of human interaction with the submergeatid is increasing. To support a
growing population of investigators and industnesrking in littoral regions, there is a
need for small, low cost and easily deployed undézwremotely operated vehicle-
manipulator ROVM) systems that can efficiently interact with sealkedsystems and
submerged infrastructure. However, there are Hoa#lb associated with the move to
small commercial ROVM systems. In standard ROVMragons, the motions of the
remotely operated vehicleRQV) and the manipulator are guided independently by
human pilots with the ROV typically held stationany ease the burden on the human
operators. This practice eliminates the redunddnbgrent in the complete ROVM
system and, specific to smaller ROVM systems witimpte (underactuated)
manipulators, compresses the end-effector workspagend useful limits. In order to
drive the dexterity of small ROVM systems above theeshold of utility, one must
complement the manipulator degrees of freedD@K) with coordinated commands to
the active ROV DOF. This unification of the ROVMsllective DOF transforms the
small ROVM into a mobile redundant manipulator. clswnified ROVM operation

requires a human-machine interface through whiehhithman pilot provides a single 6-
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DOF end effector input. In this work, a paralletfatectured 6-DOF joystick is used to
command the ROVM’'s end-effector motion in real-tim&he parallel joystick
architecture uses a redundant sensing methodabogrptide very accurate interpretation
of the pilot command and also affords unencumbamedt motions during operation. In
addition, the joystick’s parallel-architecture sry compact compared to a standard serial

master arm manipulator interface.

In this work, a comprehensive ROVM operation schésngresented that merges the
joystick and previously reported redundancy resmtutind thrust allocation techniques
with a new robust non-linear control strategy. Bobbheme is demonstrated in hardware-
in-the-loop simulations of a small ROVM. The ROV&bnsidered is a small Saab-
Seaeye Falcon™ ROV with a modified Hydrolek™ 43@@&nipulator that is assumed
capable of simultaneous and variable rate joinonst The consideration of actual pilot
behaviour via the new joystick is distinct from etlsimulation based studies, and allows
evaluation of the redundancy resolver’'s and cordystem’s sensitivity and robustness,

respectively, to uncertainty in the commanded dfet®r motion.

As discussed in [1], the ROVM's intrinsic redundaman be automatically exploited
to achieve additional, or secondary, objectived #huld improve the efficacy of the
pilot-ROVM interface in the coming moments. If pssly chosen, the secondary
objective(s) create internal motions that refldet behaviour of a very skilled human
operator. A handful of works have considered reidmey resolution for ROVMs, with
each work separated by the algorithm employed bhadchoice of secondary objective

applied. Antonelli and Chiaverini used a task ptyoapproach with a secondary
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objective of minimizing the ROV motion to mimic atdéard ROVM pilot behaviour [2].
In [3], Sarkar and Podder use a gradient projectisethod GPM) to attempt to
minimize the system drag while completing a receeestnd-effector motion. In [4],
Podder and Sarkar use the same GPM to calculatendgally admissible ROV and
manipulator motions for a preordained end-effed¢tajectory. Yet another choice of
secondary task, minimizing the ROV restoring momsentas implemented by Han and
Chung [5]. However, given the wide range of cirstemces encountered in ROVM
deployments, it is likely that the optimal secondtask, one that does ease the pilot's
burden, is a dynamic entity — it will change thrbagt a single maneuver. Antonelli and
Chiaverini showed how a fuzzy hierarchy of multiecondary objectives can be

accommodated in the secondary task priority algorif6].

In this work, a fault tolerant redundancy resolatedgorithm originally presented by
Soyluet al [1] is used to distribute a desired end-effettajectory over the vehicle and
manipulator joint rates. This distribution is malblg coupling theGPM [7] with a
Mamdani type fuzzy interference machine [8]. As agxal to the task priority approach,
this GPM method does not require specificationhef $econdary tasks in terms of real
world trajectories nor a Jacobian that translateséd trajectories into the joint space.
Rather, scalar objective functions, and their gratli, are defined in terms of the joint
rates a priori, and then referred to on-the-flgédermine the current direction in the joint
space that should improve adherence to the desbjedtive. The method is believed to
be well suited to ROVM operations for which theopilntent is always changing. In

many ROVM redundancy resolution works, the end otfie task is preordained: the
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desired end effector trajectory is known with tigsee [6] and [4] for example). The
redundancy resolution functions as a low levelfiaidl pilot that oversees a robust
controller. This artificial pilot monitors the de=d end-effector motion from the spatial
joystick, prioritizes the secondary objectives lohsa the current pose and determines
the subsequent pose of the ROVM system. The sacpwotjectives include, but are not
limited to: avoiding manipulator joint limits, sintarity and high joint velocity
avoidance, keeping the end-effector inside the camiew, aligning the vehicle with the

ocean current (drag minimization), and minimizatedthe ROV motion.

The coordinated ROV and manipulator states reqddsyethe redundancy resolver
should be realized by a consolidated controllertiier ROVM. The few cases where the
manipulator and ROV dynamics are unified includentagkelli and Chiaverini’'s
application of an adaptive unified controller fon &0VM [9], [10] a singular
perturbation method demonstrated by Canustasl [11] a computed-torque method
implemented by Sarkar and Podder [3], a model babeahg-mode controller presented
by Antonelli [12], and a sliding-mode strategy wahfuzzy logic based tuning of the
control gains presented by Xt al [13]. It is the authors’ opinions that the gligimode
strategy is well suited to the ROVM paradigm: teehinique is very robust with respects
to parameter uncertainty in the system dynamicseinad well as unknown external
disturbances. For ROVMs, both of these difficdtage assured — given changes in the
payloads and configuration of an ROV sled, the dyiogparameters are often in error
and unknown water currents and tether disturbapoaduce unpredicted forces on the

ROVM. However, to avoid the conventional switchiteym from demanding high
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frequency control actions, a chattering free adapsiiding-mode controller is preferred.
Such a technique was implemented by the authdfstinfor automatic ROV positioning
and later applied to ROVM end-effector control 1%5]. In [15], the continuous adaptive
control law is based on estimation of a lumped uaggy vector (the difference between
the known and the unknown dynamics) that was ptedan [16]. However, the stability
criterion of the adaptive sliding-mode controlleegented in that work proves difficult to
satisfy in the stop-and-go type maneuvering thaypscal of ROVM operations: when
the objective changes suddenly, the stability gdte is very difficult to satisfy. In
addition, typical ROVM operation (that is to saytdig-and-go”) introduces moments
where the control input is not persistently exgtthe vehicle dynamics (an ROV station-
keeping in still water for instance). In the ausiexperiences, this has been found to

lead to significant and rapid, parameter driftie adaptive control.

In the current work, the sliding-mode controlleegented in [15] for ROVMs is
enhanced and applied to pursue the redundancyessobdlemands. The control law is
three layered and includes: an equivalent contralenew adaptive controller, and a new
adaptive PID control signal. The equivalent cdnsignal is a model based component
that reflects the knowledge of the system dynaraicslable to the controller designer.
Since a model-based controller is implemented,oaecl form dynamic equation of the
ROVM is required, which is determined using the sydaagrange approach [17], [18].
The quasi-Lagrange approach differs from the stahdagrange formulation in that it
generates the equations of motion in the body-fixache. This is convenient for ROVM

systems since the motions, forces and torques meshby on-board sensors are in terms
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of a body-fixed frame. The adaptive control sigoahstantly estimates the upper bound
on the lumped uncertainty vector — an incrementange from the work of [14] and
[15], which aims to improve the controller stalyllin the stop and go circumstances
expected with the inclusion of a human operataha control loop (via the new spatial
joystick interface). Finally, the adaptive PID tah layer is used to tune the overall
system performance by eliminating overshoot and stegdy state errors that penetrate
the equivalent and adaptive layers. The two adaptéaws herein contain leakage term
based on a variant of the-modification technique [19] to avoid the “parametieift”
problem. The generalized force calculated throtigis three layered strategy is
transformed into a set of thruster commands udneginfinity norm thrust allocation

method described in [14].

Execution of any of the strategies relies on anrawgd human-machine interface
(HMI'). To this end, a new HMI is proposed that integgaRSI 6-DOF Joystick, an
OpenGL-based 3-D graphical display, and a new ggaphuser interface GUI) to
facilitate complex ROVM missions. While the Jogktigenerates reference end-effector
motion, the 3-D graphical display emulates the canfeedback that would exist in
actual ROVM operation. As for the GUI, it consigit a set of control knobs and
monitoring interfaces to facilitate the interactioetween the human pilot and the ROVM
operation-modes of the HMI. Furthermore, the neul @so allows the pilot to operate
the ROVM system using the conventional one-joirt-#éitme with the optional station-

keeping mode.
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To the authors’ best knowledge, an integrated RObdfdédration strategy, a multi-
objective fault tolerant redundancy resolver thetcpsses those inputs, a non-linear
controller, a fault-tolerant thrust allocator acobng for real limits in ROV
manoeuvrability and an advanced HMI has not beeagmted before. Furthermore, none
of these works include a hardware to generate #edter desired velocities reflecting
the tendencies of a human pilot — a factor thaery important in the evaluation of any

ROVM operating strategy for a broader sense.

The paper is organized as follows: Section 2 Ttajgc Generation presents the
joystick structure and the method for processimghthhman inputs to the ROVM. Section
3 ROVM Kinematics reviews the methods for descihihe collective ROVM motions
(ROV and manipulator) as well as a brief overvieinthe fuzzy multi-objective GPM
that forms the redundancy resolver. Section 4 @bpresents the development of the
three-layered control strategy with emphasis onnhg adaptive terms and the methods
employed to prevent parameter drift. In Sectionstie overall system software
architecture and the components of the new HMpaesented with emphasis on the GUI
component. In Section 6, the results of the sitiarlastudies are provided. A
comparison study shows the performance of the egbacontroller compared to a
fundamental computed-torque method for a synthed®@VM maneuver in which the
end-effector follows a continuous and smooth ttajgc from point to point. To
demonstrate the efficacy of the new HMI consistoighe new operation scheme and

controller, hardware-in-the-loop simulations arempteted using the new parallel
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architecture joystick. The results illustrate tllatailed subsea tasks can be completed

with a small, low-cost ROVM system only using thegosed operation scheme.

2 TRAJECTORY GENERATION

In the current implementation, the human pilot sa$y the desired ROVM end-
effector position and orientation using the patalehitectured joystick. The
displacement of the handle’s joystick is determibgdsensing the displacement of the
joystick’s joints; then through a computer intedathe displacement of the handle is
transferred to the actuators of the remote systéhe joystick employed in this project is

the RSI joystick [20] shown in Figure 1.

Figure 1: RSI 6-DOF joystick.
A high level block diagram of the proposed ROVM @tmn scheme is presented in
Figure 2. A human pilot controls the motion of #med-effector by manipulating the 6-

DOF parallel joystick.
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The pilot uses a 3D computer graphics renditiothef ROVM system. The pose of
the joystick contains six quantities: three fordtan and three for orientation (Euler
angles). Depending on the operation mode, thesetitjga are transformed into either a
desired displacement vector or a desired velo@ttar of the end-effector. The desired
end-effector motion is then fed into the redundanegolution block that determines
desired state values based on the secondary oectising redundant DOFs. The
generated desired state values correspond to thmabpposture for a given set of
secondary objectives. The desired state valueshare input into the controller. The
controller accepts displacement and velocity feeklmnd outputs a generalized force
control vector that includes manipulator joint toeg for the manipulator and generalized
force and moment vector for the vehicle. Finallyg tontrol force/moment vectors are
distributed over the on-board thrusters in such ay what the redundant thrust

configuration is utilized.
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Figure 2 High level block diagram of the ROVM implementa.

The RSI joystick has a parallel architecture tlsatomposed of two platforms (t
base and the handle), which iconnected with three symmetric branches. Each hbr
contains five links and six DQC Platforms and links are sequentially connected -
joints, six in total as shown Figure 1.The minimum number of transducers that the
hand controller requires is six. Nevertheless,ahgould be up to 16 solutions to 1
forward displacement problem. To eliminate this erteinty, Notash an Podhorodeski
[21] analyzeathe forward displacement problem of the RSI joysaad concluded thi
with three additional sensors, there is a uniquetiem to the forward displaceme
problem. As aresult, the joystick is instrumented with nine sdacers, namely rota

Midori™ CP-2FB potentiometers. These potentiometers are synualét arranged an
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their function is to measure the angular displacenoé the first three joints of each
branch. To digitalize the output voltages of theteptiometers, the DAQ card is

employed.

2.1 Kinematic Analysis of the Joystick

As can be seem from Figure 1, the arrangementeo$pherical group of joints on the
handle form an equilateral triangle, and hencepthsition of the centre of the handfg
, with respect to frame {b} can be taken as theraye of the’p, wherei=AB,C

denotes one of the three spherical joints as showigure 1.
"p=("Pu + "Ps + "Pe)/3 (1)

where °p,,i =A,B,C can be obtained from the forward kinematics sotutior each

branch [21]. The orientation of the handle withpext to frame {b} requires the

identification of the unit vectors describing theea of the frame attached to the handle
{h} with respect to frame {b}, i.e.,R =["X "y °Z.The°X and®y axes of frame {h}

lie on the plane that contains poirits,, , ° p.;, and® p...
Thus,”x00%* is determined as follows:
b)A(:(bpsc_bpsB)/prg:_ bpsBH )

The *z00*axis, which is normal to the handle plane, can dterchined taking the

cross-product, i.e.

bzz(bpsA - bpsc)x( bpsB - bps:)/H( bpg - bps)x( bp B bp@)H 3)
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°X.

Finally, ®y00%, which is normal to°’% and °Z, is determined asy = "2 x
Finally, the rotation matrix that describes framie} {with respect to frame {b} is

assembled, i.€R =[x °y °Z.

2.2 Calibration

The voltage gathered from the transducers has tocdreverted into angular

displacement through the following linear trandterction:

)+5 (4)

6]1 - yji (Vl i

whereV, is the digitalized voltage of th& potentiometer of thé" branch, y; s the gain
of the transducer, and);is a potentiometer specific bias. The correct aagul
displacement depends on the accuracy of the gaththe offsets.

Given that all nine transducers define the positibthe group of spherical joints, i.e.,
°Pas " Ps.@nd °p.,the distance between two of these points shouléch&l to the
edge-length of the handlg,, =66 mm. Therefore, the following objective functican

be established:

(prsA - bpsBH_ledge)2 +(H bpy\ - bpe”_l edgs)z +

2
b b — 2
(H psB - ps(:” - Iedge) =err

()

By squaring every term, it is ensured that theeddéhce among edge—lengths will not
cancel out in case one term is positive and therathe negative. The valeer should
be as small as possible. For improved calibrateoriarge number (approx. 500) of

digitalized voltages from the potentiometers arkected and The MATLAB™ function
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“fminun¢ was employed to minimizerr =|err, err, - err | wheren is the number of
sampled handle poses. The result is the s¢t aind J, values [22].
2.3 Determination of Velocity Commands

The task space velocities with respect to the imlerrame are denoted as
Xee=[Xy XJ =[Xee Veo Zio Pl W1 Wwhere x, is the desired

translational velocity vector ang, is the desired Euler rates (Roll-Pitch-Yaw) veaibr

the end-effector commanded by the pilot using tmalfel joystick.

2.3.1 Translational Motion
The desired end-effector translational velocitias be related to the position of the

parallel joystick according to:
X, =K,"p (6)

where kaD3 Is a positive definite diagonal matrix with theadgonal elements
corresponding the sensitivity of the desired veiesito the joystick motion. Wher

is given in terms of the inertial reference framg= x |

2.3.2 Rotational Motion

The desired end-effector Euler rates follow:

x_ =k R @)
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where k, 00° is a positive definite diagonal matrix with theagonal elements
correspond to the sensitivity of the end effectdes to the joystick motion arfd, is the

approximation for the orientation error defined23:

R.=1/2[Rnx Rn, ' Ra ¥ 'Ra,' Ro ' Rn] (8)
In Eq. (8), the rotation matrix from the end-effactreference frame to the Inertial

reference frame is defined @R =[ \Rn 'Ra '.Ro] and the desired orientation is

defined as ,R,=[ \Rn, 'Ra, 'Ro,|. While the rotation matrix,R can be
obtained from the forward kinematics solution o¢ tROVM system [24], the desired
rotation _.R , is obtained from the orientation of the handlenwéspect to the base of the

Joystick, i.e.,.R, =R

‘ee

3 ROVM KINEMATICS
3.1 Fuzzy Redundancy Resolution

The differential kinematic relationship between thek-space velocitiex,,, which

ee’

corresponds to the pilot command to the end-effecnd the generalized velocities
qOa" is given by:

=3 X 9)
where J_ O00O™" is the Jacobian matrixg=[¢, ¢, qi]'OR" is the generalized

coordinate vector, consisting of the liner velocitgctor g, =[x y 2" , Euler rates

(Roll-Pitch-Yaw) ¢, =[¢ 8 ¢]' of the vehicle, and joint rates
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4 =[4 @ .. @.J' of the manipulator. Sincen>6 , there are an infinie¢ of

joint rate solutions that can complete the desémedi-effector motiony

The following solution to (9) is implemented:
q = qp + qh
s 202 (S fonl
j=1

where g, =J! X, is the particular solution witld], ,=W™J], (JTmW'lJ Tm)_l being the
right weighted Moore-Penrose pseudoinverse [29)e Weighting matrix is of the form
W™ =diag(w, w, ... w) and is a positive definite matrix of weight factdior
each degree of freedom in a robotic system. Thecpkar solution corresponds to the
weighted minimum-norm solution associated with tf8t minimizesg'W¢q subject to
X.. =J 0. The termg, is the homogeneous solution that sedisf=J_q,. In (10),sis
the total number of secondary objectives, is tiaelignt ofi"™ objective functionh, ,
and a; is a fuzzy weighting factor defining the refatimportance ofh, . The
homogeneous solution does not produce any endteff@eotion and corresponds to

“‘internal” motions that can be exploited to achiedglitional or secondary objectives.

3.2 A Fuzzy hierarchy of Secondary Objectives
In the redundancy resolution scheme, the primajgabive is to follow the desired
end-effector motionx  that is commanded by a hidgéeel human pilot motion using a

6-DOF master arm. Regarding the secondary obgtiy, they include, but are not

limited to: avoiding manipulator joint limits, sintarity and high joint velocity

(10)
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avoidance, keeping the end-effector inside the camiew, aligning the vehicle with the
ocean current (drag minimization), minimizationtbé ROV motion. For the joint limit
avoidance and the minimal vehicle motion objectivles weighting matri¥V is used. In

this implementation,w;, i =1...6 are reserved for the minimal vehicle motion objesiti

whereasw,i=7...n are reserved for the joint limit avoidance

The singularity avoidance, the camera view, and dnag force minimization
objectives are included through the GPM. The oadepriority from the highest to the
lowest is established to Isengularity avoidance—~ camera angle— yaw angle— joint
displacement-vehicle motion Each objective is defined within the frameworktbé
GPM. The importance of each objective is deterchimgthe artificial pilot. To this end,

the artificial pilot assigns a weighting facter [0, 1], j =1...3v  r fach criterion based

on if-then type fuzzy rules that reflect an exgautman pilot's knowledge. These rules

are defined for the current set of secondary olvjestas:

» If the manipulatoris singularthena; is high;

» If the manipulatoris notsingularthena; is low;

» If the manipulatoris not singularand thecamera anglés badthena; is high;

» If the manipulatoris singular or thecamera anglas goodthena; is low;

» If the manipulatoris not singularand thecamera angleés good and theyaw
angleis not alignedthenas is high;

» If the manipulatoris singular or thecamera anglas bad or theyaw angleis
alignedthenas is low;,

» If the manipulatoris not singularand thecamera angleés good and theyaw

angleis alignedand joint displacemenis not closethena, is high;
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» If the manipulatoris singular or thecamera anglds bad or theyaw angleis
not alignedor joint displacemenis closethena, is low.

Greater a values indicate a higher demand, whemad#les values indicate a lower
demand for that particular objective. Note that finezy logic design herein differs from
that of [1] in that the input linguistic rules atite corresponding input fuzzy sets joint
displacement {close, not closejvere added to the last two rules in the set. Thange
was made since it was observed that without thistiad, the joint limit avoidance may
not be realized effectively since when the vehialgtion is heavily penalized, the fuzzy
system demands motions from the joints to compenfaitthe lack of vehicle motion
even if the joint displacements are close to theiits. This can potentially drive joint

position values beyond their displacement limits.

This rule interpretation process by the artifigaabt is established using a Mamdani
fuzzy inference method. The Mamdani Fuzzy Interfeeemethod outlines a decision-
making process by mimicking the human pilot’s terifise decisions are made based on
index values that determine the importance of gacticular objective at a given time. In

the current work, the monitored index values aee rtiobility index €,

sin

), the camera

angle index ¢

cam

), and the yaw angle index ( ). Thestex values are first

normalized based on their expected maximum vakjgs which are obtained from the

MATLAB™ function “fmincon”, and then are fed into the fuzzy block. The résglt
weight schedule yields a self-motion (null-spacetiom) that emulates how a skilled

operator would utilize the redundancy of the RO\Vathieve the secondary objectives.
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The redundancy resolution method employed in tluskvinas a fault tolerant property.
The fault tolerance method prevents the redundaemyiver from requesting intolerable
joint motions in the event of joint failure. Accling to the employed redundancy
resolution method, joint failure refers to threeidents; first, it occurs when a joint
breaks down, second, it happens when a joint hedy past its driving capacity, and
third, it takes place when the redundancy resatusicheme produces joint velocities that
are beyond the capacity of the corresponding joildtmore detailed explanation of this

scheme along with its fault-tolerant version cariduend in Soyluet al [1]

4 CONTROL
4.1 Dynamic Modelling

The derivation of the equations of motion for a R@¥ystem are more convenient
when defined in terms of state values expresseleody-fixed frames since on-board
sensors (actuators) measure (create) rates (fospegjfic to the axes of body fixed
frames. The quasi-Lagrange approach presenteddipWich [17] is well suited to this
end. The quasi-Lagrange approach was applied tdNR@odeling by [16], Kimet al.

[26], Soyluet al [15]. In the current work, the work of Soydt al [15] is followed.

The ROVM dynamics, in terms of body-fixed frame qiitzes, follow:
MV+C(q, v)v+D(q, v)v+g(q)=1 (11)

The body fixed velocity vectordd" is defined as:

[T T T — T
va[vi vy vi]Lovi=[uovoW, T 12)

v2=[p q r]T1 V3=|:Ou @ - q1-6:|
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with v,,v,and v, being body-fixed translational and raiatl velocity vectors of the
ROV, and the manipulator joint rates, respectivélye term M (q) JO™" is the inertia
matrix including the added mass effects(q) 00™" is therimatf centrifugal and
Coriolis terms, D(q) O™ is the drag matribg(q) 00"  is the veabbrgravity and

buoyancy forces and moments, and finaltylO" is thetrob forces and moments

acting on the ROV centre of mass

Equation (11) can also be represented with redpeitte inertial reference frame, as

discussed by Fossen [27]:
f =M (a)§+C,(a,9)a+D,(a.G)q+g,(q)+d =3"r (13)
where M, (q)=P"MP*, C,(q,4)=P"[C-MP'P|P* D,(q,q)=P'DP*and

g,(a)=P7"g with POO®® the spatial transformation matrix between thertial

frame and the ROV’'s body fixed frame that can béndd through the Euler angle

transformation [27]. The ternd JO"  is the unknown digaince acting on the system
which could comprise errors in the estimation oé& thydrodynamics or a tether

disturbance.

Equation (13) can be rewritten in a more comparchfof as:
f =M, ¢+h,(a,q) (14)

where h, (d,d) =C,(d,4)d+D,(q,6)q+g,(a) +d.

The ROVM dynamics are assumed to have the followtngctural properties [27]:
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Property 1: The inertia matrix M, is symmetric and positive idgé, i.e.,

Property 2. Matrix Mq—ch is skew symmetric, i.e., for any vectof
"M~ )¢ =0.

4.2 Definition of Lumped Uncertainty

The ROVM dynamics are dominated by hydrodynamid$paand it is difficult to
accurately measure or estimate the hydrodynamitficeats that are valid for all ROV
operating conditions and instrument or tether aumfitions. As such, the system

dynamics are not exactly known. Therefore, the 8ystem dynamics given in Eq. (13)

can be written as the sum of estimated dynanfics d trEunknown dynamics
f=f+f (15)

where the estimated dynamics vector is defined as

—hy

=M, 4+, (0.9 (15)

with ﬁq(q, q):éq(q,q)q+f)q(q,q)q+gq(q)+d.and the unknown dynamics vector

defined as:

f =M, (a)d+h,(a.q) (7)

with b, (4,7)=C,(d.m)n+D,(a,n)n+a,(n), where
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=M/7_M/7’Cr7:C/7_C/7’

3 A (18)
,=D,~D,, 0,=9,-¢,

The unknown dynamics vector is also called thepedhuncertainty vector and has been
proposed for use in adaptive control by Leetisl [16], Lin et al [28], and Lin and Wai

[29].

Assumption 1 The two norm of the lumped uncertainty vectbr=[ f, f, ... fnJT

given in (17) is bounded by, i.e., | f|,< o .

Definition 1: The error in the estimation ¢f is defined asd = p— p with p being the
estimate op .
4.3 Control Law

The first step in the current controller designgaure is to define an error function
sO0™, commonly referred to as a sliding manifold [30heBecond stefs to find a
control law r 0 O™ such that the error function converges to zerohi presence of

system uncertainties and disturbances [30].

The error function can be defined as:
d 2
sz(aw\j (Iedt)=é+2Ae+A2Iedt (19)

where AOO™", is a constant, symmetric, positive definite andgdnal matrix The
tracking error between the measured state valugshendesired state values is given by

e=qg-q, with the subscripd denoting the desired position values producedHay t
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redundancy resolver corresponding to the integrdll0), i.e., q :_[th. The integral

term in Eqg. (19) ensures zero offset error. Fdatimnal simplicity, Eq. (19) can also be

written as:
s=q4-¢q, (20)
where g, =¢, -2Ae-A’[edt, and the subscript refers to virtual reference trajectory
[30].
The proposed control law is in the form:

T=Tq~Tpp~T

(21)

robust

where T corresponds to a generalized force acting ateénére of mass of the ROV, and

1., is the equivalent control lawr,, is the PID control law and finally,, . is the

q

robust control signal.

4.3.1 Equivalent Control
The equivalent control law is continuous and mobated. In the absence of
uncertainties in the system dynamics, this equntatentrol alone suffices to realize the

desired dynamics.

The model based equivalent control law componeth@®fliding-mode control signal
can be derived by assuming that the motion is caingtd to the sliding manifold; i.e.,

§=0. Taking the time derivative of Eq. (20) yields:

$=4-4 (22)
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where ¢, =, -2A&-ANedt. Multiplying both sides of Eq. (22) by the inertiaatrix
Mq, and substitutingM , § = J'Treq—(qu+ D,a+g q) from Eq. (13) into the resulting
equation yields:
M $=377,,~(M§,+C,a+D,4+d,). (23)
Letting $=0 and solving the resulting equation foy yield the equivalent control as:

r,,=3"f.(a,9.4) (24)
where
f.(a,¢.8)=M,4 +C,q+D,q+4, (25)

As mentioned before, in the absence of uncertairitiethe system dynamics, this

equivalent control alone can keep the state vagsabh the sliding surface.

4.3.2 Adaptive PID Control Design
In this section, an adaptive PID control signalhwét new adaptation law is derived.

The PID control signal can be defined as:
rop =" (Koe+K petk [ ¢ (26)

where K, 00", K,OO0™", K, OO™" are diagonal derivative, proportional and

integral gain matrices, respectively. Equation (&) be written as:

Lo =3"[Ko Ko K J[¢ & [e'] 2K r 27)
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whereK =[K ; K, K ,]O0™™" is the gain matrix and =[¢" € J'eT]T 000%™ is

the error vector. The following adaptation law isgosed for the PID gains:
KT:B(I’ST+K1(KO—K )T) (28)

where the termB0°™" is a positive definite diagonal matrix arfl, is the user-

defined constant diagonal gain matrix. Note that direct implementation of Eq. (28)
causes the off diagonal elements ko, Kp, and K, to become nonzero; leading to
potential instability due non-zero, off-diagonalrms. In addition, it creates an
unnecessary computational burden. In order to ehtei these complications, the

following modification is made to (28):
KT:B(A(I‘ST)+K1(KO—K )T) (29)

where A(lY is an operator that zeros the off-diagonal elemehthenxn sub-matrices of

the 3nx n matrix of rs". For example fa =2, the A(y operator yields:

m, m, 'm, O
_rnZl rnZZ_ L 0 n}Z_
m, O

Al M M|
m; my|| [0 my
m;, m,|| |[m, O]

M, My 0 my]

With this modification, the adaptive teri is of the form:
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ke, O 0 k., O 0 k, O 0

. 0 k 0 0 K 0 0 0

K: D,2 kPl Kl (30)
0 o .. kD’n - 0 0 .- kpl O 0 - kl

m-nxn 70X _Inx3n

and hence, does not yield nonzero off-diagonal $amthe sub gain matrices kb, Kp,

and K, provided that the initial off-diagonal terms ofchasub-gain matrix oK and

K, are set to be zero. In addition, with the devispdrator, it can be readily shown that

tr(Krs")=tr (K A(rs") with tr()] denoting the trace of a matrix. This equalitydguired

for the stability analysis of the proposed coneols shown in Section 4.3.5.

4.3.3 Upper Bound Estimation Algorithm

The following robust control signal is defined:
T, =J" (sgn(s)[) + AQ]S) (31)
with the following bound estimation law:
p=u(ldl: +x,(a-5)) (32)

wherek , A and g are strictly positive, user defined scalars. Tfeegs the total control

signalt =7,,~Top—T is defined as:

robust

r=3"(,(6,6,6)-Kr-psgng -C,s) (33)
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Figure 3: Block diagram of the proposed controller.

Note that the upper bound adaptation algorithmrgineEq. (32) is different than the
one presented in [31] in that it allows the uppeurd to decrease. In [31], the upper
bound adaptation law constantly leads to the irseréa 0 whens is outside the above a
threshold value, and keeps it at the previous valoen below the threshold value. This
may lead to an excessively large upper bound etgiraad, subsequently, aggressive

controller behaviour. The proposed algorithm efiateés this problem by letting the
upper bound estimatio increase and decrease depending on the valueecdrtbr

metrics at a given time. Similar adaptation law, which kgbased on the first-norm of

the error metrisis presented in [32].
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In adaptation laws of Eq. (29) and Eq. (32), theapwtersK, and g can be
considered as initial estimation & and p. A better controller performance can be

obtained by selectiné , and g values that are close to their actual values.

4.3.4 Persistency of Excitation

A vector x(t) is said to be persistently exciting if there exist,a, and At >0 for
anyt >0 such that

t,+At
a,l < I xx'dr<a) (34)

t

0

wherel is a unit matrix. The persistency of excitatiodigates that the content of input
signal is rich enough to excite all parameters ha system so that the adaptation
algorithm can converge to the true values of thenased parameters. The unboundness
of an estimated signal when the persistency oftaxan condition fails to hold is

referred to as “parameter drift” problem [30].

In the current study, this problem is circumvenbgdadding a leakage term [32], i.e.,
Kl(K o —K )T and Kz(/q)—f)), based on a version of tlee-modification technique [19].
With the addition of the leakage terms, no persisfeof excitation assumption is
necessary on the input signal for accurate estmsdi

Theuser-defined parameters and «, determine the degree of trade-off between the

tracking performance and the robustness of theralosignal to parameter drift. Perfect

tracking can be obtained provided that the perstst@f excitation condition is satisfied
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and x; and «, are set to zero. However, since the persisten@xotation condition is
difficult to satisfy in practice all the timeg, and «, are set ax, >0 andk, >0.

4.3.5 Stability Analysis

Definition: A nonlinear system such as= f(x u), y= i ¥ wherex is a state vector and
u is the input vector, is said to be uniformly ulétely bounded YUB), if there is a

compact setS0 0" so that for alls(t,) = § O € there exists a boune>0and a time

T(e, 5)such thatls<e forall t>t, +T [33].

Theorem: Consider the nonlinear dynamical system describgdEl. (13) with
Assumption 1 and Definition 1. If the control las expressed as Eq. (33) with the

adaptation laws of Eq. (29) and Eq. (32), thentitheking error metrisis UUB.

Lemma: Consider the following Lyapunov function candigtat
v Z%(STM S+I(KBK ) +u7p?) (35)

Defining the vectornz[sT k, ... kg ﬁ] with K =[k, ... kg], the Lyapunov

n

function given in Eg. (35) satisfies EPmnTnsVs P,n'n  where
2

N =

and A

M, min M, max

P = min(AMymm,Aﬁ_lymm,u‘l) and P, = max(/i ,u‘l) with A

M, max ’Ap'l,max
being the minimum and maximum eigenvalues of thesmmaatrixM , , respectively, and

A and /]B’l . being the minimum and maximum eigenvalues offiheespectively.

g2, min

This result is due to the following inequalities:



280

Aumnlllz < S'M s A, L JSl

2 - T 2 (36)
A IKIE st BK <AL K IE
with [K [l being the Frobenius form defined [a¢|z =tr (KK 7).
Therefore, it can be concluded that:
v < 1nTn (37)
P, 2
Proof: Differentiating the Lyapunov function, given i85), with respect to time yields;
\Y; :%(STM S+SM s+sM qS)+trK BK NY+ulpp
1 . ) .. . .
:EST (M .o )s+ s’ [J Tr—(qur+C,7 q,+D,q+ gq)] (38)
+Hr(KB™K ") +u™pp
Since Mq -2, is a skew symmetric matrix, thesi (M .~ X, )s=0 , and Eqg. (38) can
be simplified to:
V=s (37— 1, ) +tr(KBK ) +upp (39)

where f =M_,g, +C.g +D,q+g,. Substituting Eq. (33) into Eq. (39), and using
g =g-sandf=f-f yields:
V=5 (=f —Kr - sign(s)p ) + t(K BK ") +u7pp (40)
Using s'Kr =tr(Krs=trK A(rs') , p=-p and s' psign(s) = plsl, with |, :Zn:|g|
=1

yields;
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V=-g f —tr (KA (rsT)) - plish+tr (K BK T)-v™pp (41)
f

—s" f +tr (KBK T K A(rs")) - plish - v

With the adaptation laws of Eq. (29) and (32) armhstdering the fact that

~s" F <[ [, Ish 21sl, andtr (KK 7)< of. K I
V<lsl|Tl, - xIKIE + kK o] K I = 2l - plsl. - 2, (3 - ) (42)
Using —PK, (:00 _lb) = _]/2/(2:52 - ]/ 2/(2(:00_:5)2 + 1 2’(2(:00_:0) yields;

Vsl ([ F],-2-2)- K IKIE +x, K o, Kl
~12,0° =Y 24, (9, = P)" + 1 2,( 0= )’
<lsh (11, - p) s IKIE + K o], K e 32,57 + ¥ 26,y )
18 (|1, - o) M1 A K IE + K o, K e =Y 2,% + 3 26, 0, o)

(43)

using Assumption 1, i.eM,f~||2 < p leads to:

Vs -lsh (-1 L) Isle -y 2,07 + ¥ 26, (- o) + &K, K I =K I
=-0+n

where =1/ 2, (- p)° + KK o K lle, o =lIsli (o=] F[,) sl + x IKIE +3/24,°.

Defining ,u=%min(2(p—|| f~||2)/||s||2 , 2, ,/(2), it can be shown that

% ungo (45)
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Using Eg. (37) of Lemma 1, i.e%s%nTn, and Eq. (45), the following inequality can
M

be written:

o
o= P (46)

using Eq. (44) and Eq. (46), it can be concludedt th

Vs—0+/7£—Pﬂ+/7 (47)

M
By defining ¢=x/R, , multiplying both sides of Eq. (47) by the intetiymg factor

e[cdt = &', taking the integral of the resulting equation @odsidering the fact that the

Lyapunov function is positive definite, the follavg inequality can be written:

Osv(t)sQ{V(O)—Q} & (48)
¢ ¢

Eq. (48) implies that all the signals in the clossab system including the tracking error

metricss is UUB and ||sl|, will eventually enter into the residual set withetsize of

O(n/¢). This concludes the proof.

4.4 THRUSTER ALLOCATION

The control inputtOO™ given in (33) is distributed over several convendil
thrusters arranged on the ROV chassis. To enswroeuvrability, the thruster
arrangement is redundant; there are more thrugtarsthere are active vehicle degrees

of freedom. Due to the excess number of thrustleese is an infinite number of ways to
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allocate the pilot's commanded thrust over the tengsthrusters. As such, an optimal
thrust allocation must be selected by applyingegatto distinguish the various options.
In the current work, the infinity-norm based thradlocation approach presented by

Soyluet al. [14] was used as a solution criterion.

4.4.1 Infinity norm Thrust Allocation
The control inputtOO™ given in (33) is distributed over the on-boardutiiers

according to:

T=Ep (49)
where EOO*" is the thrusters configuration matrix that capsutee geometry of the
thruster layout, andod0" is the collection of individual thrusts. For a givt, there is

an infinite number ofp. To choose one particular solution, the followihg norm

optimization formulation is used:

minimize | p|
_ § . (50)
subjectto z=Ep ,p,<RQ<p, ,i= 1.n

where|p|, =max{|p| |p| ... |nf}.and p, and p, are the lower and upper thruster
saturation limits, respectively. The optimizatiamiplem of Eqg. (50) can be written in the

compact matrix form of:

minimize c'y

. (51)
subjecttoA,y=b, A,y=D,

where
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A4, 0,
I 0

A = "ogfen g = " (oo,
-l On -Py
I On pl

A,=[E o,]o0™™,  b,=700m
cz[o 0 ... o ' O00™,y=[p I]'DO™

with 1,=[1 1 ... 4°00" and 100™ denoting the identity matrix. The term
P =[Py Py - pn’u]TDD” is the wupper saturation vector, and the term
p=[py, Py - Ry ]T Oo" is the lower saturation vector with, 00" and 0, 00"

being the zero column vectorfhe terml is the I _norm of the thrust manifold, i.e.,
I =| g, . The transition from Eq. (50) to Eq. (51) and altfanierant version of Eq. (51)
are given by Soylet al. [14].

5 HMI SOFTWARE ARCHITECTURE

A new HMI is proposed that integrates RSI 6-DOFsiiak, an OpenGL-based, 3-D
graphical display, and a new GUI to facilitate cdempROVM missions. In Section 2,
the 6-DOF input device, RSI joystick, was presented the current section, the

remaining components of the HMI alongside withsibétware structure are presented.
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5.1 HMI System Architecture

Figure 4: The console of real-time HMI.

The console of the HMI is shown in Figure 4. Thasae consists of the following
hardware components: a Microsoft WINDOWS™ based bosiputer, a real-time (RT)
computer (National Instrument™ PXI 1031) with dataquisition card (National
Instrument™ PXI| 6251), I/0O connector (National tostent™ SCB 68) a monitor for
3D graphical display of the ROVM, and a parall@hatectured 6-DOF joystick produced

by RSI Research Ltd.

5.2 HMI Real-Time Prototyping

The real-time implementation of the proposed scheetgiires the completion of an
operation within a specified time interval betweevents. To achieve the real time
execution of the scheme given in Figure 2, MATLABSMWIULINK™ [34], Real-Time
Workshop™, LabVIEW™ [35], and LabVIEW Simulationtémface Toolkit (SIT) are
used in the current work. The host computer has VIEBW™,

MATLAB™\SIMULINK™  and Real-Time Workshop™ installed on it.
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MATLAB™/SIMULINK™ is used to create the customizabblocks as well as to

specify the data flow between the blocks involvethie high-level diagram.

To generate a C code from the matlab/simulink moBRedal-Time Workshop™ is
used. The generated C code is then compiled imardic link libraries (DLLS) that are
used for the real-time execution of the code. L&bWIM is used to create a user
interface to the simulink model that allows the lampilot to assess the performance of
the system as well as to specify user defined obp@rameters based on the system
performance. As well, the LabVIEW™ controls andigadors provide access to the
SIMULINK™  parameters. This way, the pilot can charcontrol parameters on the fly
and immediately view the results of changes. Théady facilities control prototyping

and hardware-in-the-loop testing.

The generated labview and matlab/simulink codesVieked together through the
SIT that uses TCP/IP communication protocol to exge data between the two
programs. As well, SIT allows the easy deploymenthe generated DLLs to the RT
engine through the Ethernet connection betweenhtte# and RT machine. The RT
engine runs on a real-time operating system (RTaD8)ensures that the execution of the
scheme adheres to real-time operation requirem@ihts.real time data acquisition is
performed the DAQ card that is connected to the rRachine. Finally, the real time
visualization block, which was developed in C +4ingslrrlicht libraries [36], receives
the output of the simulation using TCP/IP commutiicaprotocol and renders the ROV
and relevant images in the host machine. The sdiermoé this hardware/software

structure is given in Figure 5.
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Figure 5: Hardware/Software structure.
5.3 GUI
The GUI component of the HMI allows the user totbet control mode of operation
with their respective settings and to monitor thstem response to given motion
commands. A snapshot of the proposed GUI is shaguré 6. According to the GUI,
the user first selects the mode of operation lpkielg the appropriate button on the GUI.
The modes of operations available dogstick Contrgl Manuel Controland Automatic

Trajectory Control
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Figure 6: Snapshot of the GUI.

5.3.1 Joystick Control

In the Joystick modethe scheme defined in Figure 2 is employed; thiathe user
drives the commercial joystick described in Sectibbto generate desired end-effector
velocity values with the visual clues provided by tOpen-GL based visualization tool
demonstrated in Figure 7. In response to the gilotput, the redundancy resolution
algorithm described in Section 3 distributes thetiomo over the vehicle and the
manipulator and generates reference values focahg&oller. The controller defined in
Section 4.3 generates the forces and moments tappked to the vehicle and the

manipulator to accomplish the reference state walaad finally, the thrust allocation
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scheme defined in Section 4.4.1 determines theiohohl thrust to be demanded from the

on-board thrusters.

X:842/248718  Y:-169.994003 Z72.856802 Phi:2131300  Time:0.000000

6802 ' Phi:2131300  Time:0.000000

<

%,;,

¥

Figure 7: Snapshots from the Visualization toole Téft image is a third party view and the right
image is the camera view.

In theJoystick ModetheFuzzy Rules ImpositiocontrolsA in Eqg. (10) and allows the
pilot to determine how aggressively the fuzzy rudes employed on the fly. Similarly,
the Joystick Motion Sensitivitgontrols the parametér in Eq. (6) and hence allows the
pilot to specify the sensitivity of the joystick tman in generating the desired end-

effector velocities alon, Y andZ axis.

Fly Mode: In the Joystick ModeunderMotion Modelabel on the GUI, there are two
operation modes, namellfly Mode and Task ModeThe Fly Modeis designed to help

the pilot place the end-effector in an intendeditps and orientation in an effective
manner using the proposed redundancy resolutioansehwith the options outlined in
Table 1. According to this mode, the pilot cantecolneither the end-effector position or
orientation alone by switching the toggle3DOF and choosing the type of the motion

under theCommand Modeor the end-effector position and orientation tbgetby
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switching the toggle t6 DOF. When6DOF selected, the pilot can keep the end-effector
position/orientation stationary while the end-eféecorientation/position is commanded
by switching the toggle t®OSORI under 6DOF Motion Mode Depending on the
motion mode selected, the definition of Jacobiarrimnan the redundancy resolution

algorithm of Section 3 changes according to Jacotme in Table 1.

Under theCoordinate Framdabel on the GUI, the pilot can set the coordirfedene
through which reference velocity values are defingith respect to a particular
coordinate frame. The available coordinate framekidelnertia, Tool, Vehicle Camera
and End-Effector coordinate frames for translational motion aidol and Inertia
coordinate frames for rotational motion with theombnated frames being defined in

Figure 8.

For the translational motion, the definitions o€ tbesired translational end-effector

velocities X, based on the given joystick command,, are given in “EE Command

Definition with Respect to” row in Table 1. In thisw, the terms R, R, (R and ..R

represent the rotation matrices from the Tool, ¢iehiCamera and End-Effector frames
to the inertial reference frame, respectively aredused to map the desired end-effector
velocities into the inertial reference frame foe uis the redundancy resolution algorithm.
For instance, when the camera frame is selectedalgorithm assumes that the pilot is

demanding end-effector velocities, with respect to the camera reference frame and

multiplies this velocity with!R to obtain X, and send it to the redundancy resolution

algorithm.
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For the rotational motion, the pilot can give comas in terms of thé ool and
Inertial reference frame. Whefool reference frame is selected, the pilot needs to

provide the Euler angles of the rotation matrixwetn the Tool reference frame and the

inertial reference frame,R , so that the desired rotation matrix can be foriasked on

+R,='RTR where R = "R that is set by the pilot through the joystick.

Task Mode: The task mode is designed to help the pilot parfarmanipulation task
with the end-effector with the options outlinedTiable 2. In this mode, while the end-
effector motion is commanded by the pilot throubgl GUI, the redundancy resolution
algorithm is performed up to the1l joint with the Jacobian definitions given in Jaabi
row in Table 2; allowing the automatic reconfigioatto take place in the presence of
external underwater disturbances while tifejoint performs the manipulation task. To
generate commands for the end-effector, the pgeseithen, velocity org, angle slide
bars. Whileq, velocity slide bar sets the desired rotationat far the end-effectoq,
angle slide bar sets the desired angle valueshirenhd-effector. One example of the
usage of this mode would be when the pilot is neglto drill a hole into an underwater
structure. In this case, the pilot can set therddsiotational rate using the GUI while
demanding constant translational velocities aldmg drill direction using the Joystick

with optimal system configuration thanks to theuredancy resolution algorithm.



Tool Frame{'}

Inertial Frame{1} {EE} AA

Vehicle Body-Fixed Frame
Z,

Figure 8: Coordinate frames for a ROVM system ffiar HMI

Table 1: Fly Mode.
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FLY MODE
POSITION ORIENTATION
MODE 3DOF 6DOF 3DOF 6DOF
X, =0 Xe =0
JACOBIAN Jn =3(1:3,) I =1 Jn=J(4:6,) Jn=13
EE X = . _ [ _T
Command |nertia| Xp 13><3X1,p Xo k Rne' eeR d SB
Definition 3 ._ —
With Tool Xp = -:—R vap X, = kRne’ eIeR d~ ITR TeB
. 1 .
_lng_SpeCt Vehicle X, =yRX%X,,
. B —_ | .
Camera X, = cR X p
End- X = 'Rx.
Effector P e




Table 2: Task Mode.
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TASK MODE

Redundancy Resolution up to then —1" Joint

POSITION ORIENTATION
MODE 3DOF 6DOF 3DOE SOOE
X, =0 X, =0
JACOBIAN J,=J(1:3,1:n-1) J,=J(@:6,1:n-1) J,=3(1:n-1) J_=J¢1:n-1)
EE Same as Table 1
Command
Definition
With
Respect
To:

n'™ Joint Manipulation

n'" Joint

Manipulation Mode: q, is set by the user through the GUI

Screw Mode qn is set by the user through the GUI

5.3.2 Automatic Trajectory Control:

In this mode, the pilot first selects the coordinftame amondnertia, Tool, Vehicle

Cameraand End-Effectorcoordinate frame options using the pull-down memader

Automatic Trajectory Contrdbbel and enters the desired positions and otienginto

the respective windows on the GUI. The algorithrantlgenerates a continuous set of

end-effector values using a third order polynonfiiedction with zero initial and final

velocities for the end-effector [24]. These desvatlies are then fed into the redundancy

resolution scheme.
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5.3.3 Manual Mode:

In this mode, the pilot can command the vehicle arahipulator separately using
their respective hand control unitd@U). In cases where the vehicle is required to stay
stationary while the manipulator is performing skiathe pilot can switch on the station
keeping mode. This mode keeps the vehicle statohgrmitigating the disturbances
such as the dynamic coupling effect caused by #@pualator motion and ocean currents
etc. To this endStation-Keeping Modemplements a series of Single-Input-Single
Output GISO) sliding-mode controllers as described in [37]generate desired thrust

schedules for the on-board thrusters.

6 SIMULATIONS
6.1 Numerical Simulation Studies

The ROVM system considered in this work is a Saade$e Falcon™ ROV equipped
with a 4-DOF Hydrolek™manipulator. As illustrated in Figure 9a, the ir@rframe is

labelled as “E”, and the body-fixed frame,, Y, z,) is attached to the center of mass of

the ROV. The dynamic parameters of the Falcon™ R@&fe taken from [38].
Regarding the manipulator, the body-fixed frames attached to a base joint of each
successive link using the modified Denavit-Hartegbenvention [31] shown in Figure
9b. Each manipulator link is modeled as cylisdeith the length of link 1, 2, and 3
being 0.15, 0.22, and 0.15m., respectively. Thetimgarameters of the manipulator
were obtained from the CAD models and the addeds mpesperties were obtained from

the strip theory [27].
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b)

3 m/20 d; Qe

Figure 9: Zero displacement of the Falcon™- Hydt8YeROVM system

The system is assumed to be neutrally buoyanthénctirrent simulation study, the
thruster dynamic response is assumed to be mutdr than that of the ROV itself, and
thus was neglected. Regarding the environmentsain@unding fluid is assumed to be
motionless. During the simulation, roll and pitclotion of the ROV are not controlled
since the on-board thrusters allow only lateral amdtical motions. The sampling

frequency for the simulation was set to 100 Hz.

To investigate the performance of the proposedrothet a series of waypoints were
set using the “automatic trajectory command” moti¢he proposed HMI. Again this
command generates a continuous set of end-effecatwes using a third order

polynomial function with zero initial and final \aities The system was commanded to

move from the initial configuration off=[0 0 0; 0 0O 0; 270 - 10 100 O
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m; rad; deg. that corresponds to the end-effeabsitipn of x=[0.8 -0.152 0.315]
m. to the final configuration off=[5 1 2; 0 0 0; 220 — 70 120 O m; rad;

deg that corresponds to the end-effector locatibrx&[6.11 1.16 2.35] m. The

manoeuvre time was set to be 60sec. To reflectrtaioBes that are present in the
underwater vehicle paradigm, up to 40% modellirgcauracies were incorporated into

the Falcon™ dynamic model used in the controller.

The snapshots of the ROVM manoeuvre were demoedtriat Figure 10. Time
history of the vehicle position and orientation ahé manipulator joint positions are
shown in Figure 11-Figure 13, respectively. Imtigf Figure 14-Figure 16, it can be
concluded that the proposed controller provideskat performance in the trajectory
following task. In regards to the end-effectoripon error, it is shown in Figure 17. As
with the position error, the proposed controlleovides high performance in following

the desired end-effector trajectory.

The obtained results were also compared to thoskeo€omputed-torque method of

[24] in which the control signal is generated as
r:Mq(qd +K, (4, —q)+K . (g —q))+ﬁq(q, q) with K, and K, being the positive
gain matrices with the same dynamic discrepan®esh controller's parameters were
tuned using MATLAB™ Optimization Tool for step mpwith the desired controller

performance of Ris&ime = 1sec, Settling Time =2.5sec, Overshoot =10¥gershoot

=1%. The results of the comparison test are illusttah Figure 14-Figure 17. These
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results indicate that the proposed controller adigpms the computed-torque control in

the trajectory following performance.

a) b)

X:0.000000 Y:0.000000  Z:0.000000 Phi:0.000000  Time 0.000000

Phi:2.400000  Time:0.0000C

Figure 10: Snapshots of the ROVM maneouvre a)g,bPt = 20sec, ¢) t = 40sec, d) t = 60sec.



298

o
T T T T T T )
| | | | ,“ |
| | | | | |
| | | | ,“ |
| | | | [ |
| | | | [ |
| | | | ," |
| | | | | |
L I I ! I | I o
D U e [ N ]
I I ,__ I
| [ |
| h oy |
| | [
| | ,._,
| | [
| | oy o
. NG (R [P S
| | Bl L <
I I EYI I
| | 5l [
| | Fl _.,
| | i |
| | i —_,
| | 1% [y
| | 1% [}
5 o
N 8
1
| | ! [|
| | | 1
| I I 1
| | | ,__
| | | |
| | | ,._
| | | " o
T~ T T T T T T T T T T T T T T T TITNT T ToEOT TN
| | | ,-_
| | | |
| | ,"
| | ) [
| | | |
| | BN}
| | HE |
,X.V, | il o
[~ 1 1 [ T e E B A |
| 1 | | | | | | ",“
N T R
| ! | | | | | | 1
I | I I I I I I !
| | | | | | | |
| | | | | | | |
L | L L 1 L L |
0w < M ®m O~ 0 o W o S
< ™ N — o o

[w] uonisod 8jo1ysA

Time [sec]
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Figure 17: Time history of end-effector positiomncer

The time history of the fuzzy weighting factors; j=1,2,3v, which defines the

relative importance of each secondary objectivehwigspect to the others, are
demonstrated in Figure 18. In the very beginnihthe manoeuvre, the system is close
to being in singular configuration, and hengeis high. As the system moves out of the
singular configurationg, decreases, and the priority gradually shifts framgingularity
avoidance to yaw alignment. Note that during thesrganization of the secondary
objective hierarchy, the camera angle objectiveoisprioritized despite its higher status
in the hierarchy with respect to the camera angleative. This is due to the fact the
coordinated camera motion alone managed to keepritieffector inside camera view,
leading to the direct shift to the yaw alignmenjechive. Between 10 seconds and 50

seconds, the highest priority is placed on the wWargy, as the arm approaches to
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singular configurations. As the manipulator movesit cof the close-singular
configurations, the priority shits to the yaw ahgent. Finally towards the end of the
manoeuvre, the higher priority secondary objectaresachieved with success, and hence
the lowest-level minimal vehicle motion index be@sriow, also indication high joint-

limit avoidance performance.
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Figure 18: Time history of fuzzy parameters.

The time history of the adaptive upper bound tesrshiown in Figure 19. As can be
seen in the figure, the adaptive upper bound temanges smoothly as the degree of

mismatch between the known and the unknown dynawaigss; allowingAssumption 1

of Section 4.2, i.e.,,b2||f||2, for the Lyapunov stability to hold. In regards tioe
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adaptive PID terms, the on-line adaptation law @f 9) yields smooth PID parameters
as demonstrated in Figure 20. Note that the PlI@Rupaters reported herein are only
related to the vehicle’s surge motion and similaosth patterns were obtained for the

remaining DOFs.

Figure 21 demonstrates the norm thruster allocation based on the optimization
problem of Eq. (50). The 12 norm thrust allocatiwas also performed, which is based on
the pseudo-inverse of the thruster configuratiotrisnal he result shows that the largest
thrust value obtained from the norm minimization and,, norm minimization are 121
and 105 N, respectively. Therefotg, norm minimization reduces the largest thrust by
12.5% in comparison to the one obtained from ltheaorm minimization. For this
example, the average improvement over the wholeomarne is found to be 3.8%. The
results are given in Table 3. Note that higher mepment will be achieved when the
vehicle is commanded to transverse and rotateeagdme time with higher rates, as when
the vehicle is commanded to move or rotate aloogfad one direction at a time, the

andl.,, norm solutions are identical.
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Figure 20: Time history of PID parameters for thmation of the vehicle.
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Figure 21: Time history of  norm thrust values.

Table 3: Comparison of the norms.

Max I, Norm Thrust| Max |, Norm Thrust Reduction Average Reduction

121N 105N 12.5% 3.8%

6.2 Hardware-in-the-loop Simulations
In this section, the RSI 6DOF joystick was inteddaovith the real-time simulation
code and a hardware-in-the-loop simulation wasoperéd to demonstrate the use of the

proposed human-machine interface.

In the simulation, the HMI of Section 5 was utilizes accomplish a task. In this task,

the pilot sets the orientation of the end-effeetdh respect to the tool-frame by guiding
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the RSI joystick while keeping the end-effector iboa constant during the first 36
seconds of the manoeuvre, requiring 6-DOF end-&ffenotion control. To this end, the
pilot turns on theJoystick Modeon the GUI and switches the relevant toggle$lio
Mode under Motion Mode and 0-POS under the6DOF Motion Modeon the GUI,

respectively.

For the remaining section of the manoeuvre, that gllops controlling the orientation
of the end-effector and starts to command the éedter translational motion while
keeping the orientation constant, causing a stapegantype sudden motion. To this end,
the pilot switches the toggle @ROTunder thesDOF Motion Modeand then drives the
joystick such that the end-effector moves alongxtfaad y axis of the tool-frame (taken

to be the same as the inertial reference framspectively.

The commanded translational end-effector veloctied the end-effector orientations
via the RSI joystick during the manoeuvre are destrated in Figure 21 and Figure 22,
respectively. The corresponding end-effector pmsiand orientation error values in
response to the pilot's commands are illustratdelgnre 23 and Figure 24, respectively.
Similarly, the associated state error values amvehin Figure 25. Small error values
indicate that the complex ROVM task that requireBAGD end-effector motion was
successfully completed with the proposed HMI withbse controller behaviour as the

results suggest.
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Orientation Error [rad] Translational Error [m]

Joint Error [rad]
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Figure 26: State error values for the vehicle pasitop), vehicle orientation (middle) and joint
positions (bottom).

7 CONCLUSION
A new HMI has been proposed that consists of the@RSOF joystick, an OpenGL

based 3-D graphical display, and a new GUI to itatd complex ROVM missions. In
the proposed HMI, the human pilot drives the R®I@F joystick to set the desired the
end-effector motion. The desired end-effector motsthen dissected into separate ROV
and the manipulator motion in an optimal, coorddaimanner by the redundancy
resolution algorithm. While generating referencgestvalues in response to the human-
pilot input, the redundancy resolution algorithmilizeés the redundant DOFs to

accomplish secondary tasks. Once generated, teeneke state values are fed into the
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controller that is in charge of realizing the dedistates by commanding the actuators.
To this end, a novel controller has been derivée Gontroller has two adaptive layers:
First layer is for the PID gains whereas the sedamdr is for the upper bound on the
lumped uncertainty vector in lieu of the lumped enmainty vector itself. The second
layer of adaptation relaxes the Lyapunov stabiguirements, which in turn leads to a
more robust controller in comparison to controllersvhich the adaptation takes place to
estimate the unknown vector. In addition, methogpls robust to the parameter drift
problem and thus offers stable adaptation behawdwen the persistency of excitation
condition is not satisfied. The proposed HMI atemtains a 3-D visualization tool that
emulates the camera feedback that would exist mab&@OVM operation to assist the
pilot. As for the GUI, it offers a set of controhébs and monitoring interfaces to
facilitate the interaction between the human pdotl a variety of ROVM operation-
modes needed for complex ROVM missions requiringeresive end-effector motion
capacity. Furthermore, the new GUI also allows et to operate the ROVM system
using the conventional one-joint-at-a-time with tbetional station-keeping mode.
Finally, it has been demonstrated that detailediapand-effector manoeuvres that are

otherwise not possible can be completed in reat-tising the proposed scheme.
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