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Abstract

Underwater vehicles have carried out subsea operations for many decades, and since the 1980s,
remotely operated vehicles (ROV) have been essential for the development and maintenance of subsea
installations. As the technology has progressed, various types of vehicles have been developed to perform
subsea inspection, maintenance, and repair (IMR) operations, including conventional work class ROVs,
inspection class ROVs, autonomous underwater vehicles (AUVs), and more recently, intervention AUVs
(I-AUVs). The underwater swimming manipulator (USM), presented in this paper, is an innovative, bio-
inspired addition to the family of underwater robotic vehicles. The overall vision of the USM is to
provide a significant impact on how to perform inspection and light intervention tasks. In this paper,
we discuss the most important applications for the USM and the main challenges related to modelling,
guidance, and control of this innovative vehicle. We provide a detailed description of the concept of the
USM, together with a proposed generic motion control framework. A kinematic and a dynamic model
of the USM is derived for the purpose of designing control algorithms, and selected task based control

approaches are presented, based on inverse kinematic control. We also present the development of a
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Fig. 1: Generic illustration of a USM

simulation environment, a simulation model of the USM, and provide simulations to support the use of

USMs for subsea IMR operations.

I. INTRODUCTION

For several decades, the traditional remotely operated vehicle (ROV) has been the workhorse
used for any kind of subsea operations. Currently, the industry is facing an important shift
towards more economical and more efficient operations on subsea installations, and the use of
conventional ROVs is, in many situations, considered too expensive. Ageing subsea infrastructure
calls for more preventive maintenance, and the needs for routine inspections increase as the num-
ber of new subsea installations continue to grow. Consequently, the industry has recognized the
need for lighter, less costly, and more specialized vehicles that can perform various autonomous
and semi-autonomous tasks at subsea oil and gas installations [1]. In particular, lightweight
autonomous underwater vehicles (AUVs) with hovering, precise maneuvering, and even light
intervention capabilities experience increased attention [2]—[5].

In this paper, we present the novel concept of an underwater swimming manipulator (USM),
which is an innovative, bio-inspired AUV that to a large extent can replace or assist ROVs with
expensive support vessels, for carrying out inspections and light intervention tasks. The USM
is a snake-like, multi-body robotic mechanism consisting of serially connected links, equipped
with longitudinal thrusters and tunnel thrusters along the body. A generic illustration is shown
in Figure 1.

In order to realize operational USMs for inspection and light intervention tasks, several

theoretical problems such as modelling, guidance and control should be addressed. In this paper,



we present a generic motion control framework for the USM, with particular focus on kinematic
control, dynamic control, and thrust allocation for the USM. Each part of the framework is
thoroughly discussed, and solutions are proposed and simulated for each subsystem, in order to
show the applicability of the motion control framework for guidance and control of the USM.
We also discuss possible applications and the main advantages of using a USM for subsea
inspection, maintenance, and repair (IMR) operations, together with a comparison between the
USM and existing solutions. Preliminary results towards this have been presented in [6]—[8].
In this paper, we extend these results and provide a unified presentation of the concept of the
USM, kinematic and dynamic modelling, and control strategies, in order to provide a clear and
consistent overview of the current status of this research and to act as a foundation for future
work.

In the modelling part of the paper, the kinematic model is extended by deriving expressions
for the geometric link Jacobians, using a method inspired by [9]. This modelling approach is
well suited for USMs, since it provides compact matrix expressions, easy implementation, and
a flexibility that accommodates an arbitrary number of links, with variable link length, and free
choice of the base of the USM. The expressions are also valid if the USM includes prismatic
joints, e.g. an extendable gripper tool attached to the front link. The geometric Jacobians are
then utilized to derive the state dependent rigid body inertia matrix and the state dependent
thruster configuration matrix (TCM) of the USM in 3D. Note that the derivation of the thruster
configuration matrix is essential, as it is a prerequisite for successful implementation of any
dynamic control approach. Finding the TCM for a USM is more challenging than for typical
underwater vehicles, since the position and orientation of the thrusters relative to the base of the
USM depend on the joint angles.

In the control part of the paper, we utilize the kinematic model to study motion coordination
of the joints and the base of the USM, using task based control methods, and we present the
fundamental differences between inverse kinematic control of a USM and a typical underwater
vehicle equipped with a robotic arm. Previous research on redundant ground-based robots and
underwater vehicle-manipulator systems (UVMS), has revealed a number of different solutions
for redundancy resolution, considering various performance criteria. Most of the proposed ideas
are based on the first-order or second-order inverse kinematics of the robot manipulators. The
manipulability criteria is considered in e.g. [10] for a ground-based robot, where the trajectory

of the mobile base is calculated to maximize the manipulability index of the 2-link manipulator



arm, and in [11] for a UVMS. In [12], set-based tasks are used to keep the manipulability index
above a specified minimum value. Obstacle avoidance for redundant manipulators is investigated
in e.g. [13], and drag optimization is considered in [14]. Kinematic control of a UVMS using
the task priority approach has been extensively studied in [15]-[19] among others. In this paper,
we investigate the use of the singularity-robust multiple task priority (SRMTP) method [20]-
[22] for null-space-based kinematic control of the USM. A preliminary discussion of kinematic
control of a USM was given in [7], [8]. Here, we extend these results by providing a singularity-
free quaternion formulation for the primary end-effector task, and we discuss how to apply the
SRMTP method to fulfill the secondary control objectives for the USM.

A large number of methods have been proposed in the literature for dynamic control of
underwater single-body vehicles and underwater robotic vehicles, see e.g. [23] and [24] and
references therein. In this paper, we propose to use a standard feedback linearization method
for dynamic control of the base of the USM. The output from the dynamic controller is fed to
the thrust allocation module, which is in charge of optimally distributing the thruster forces. A
number of different methods for optimal thrust allocation of marine vehicles have been proposed
in e.g. [25]-[29] for surface vessels, and in [30], [31] for underwater vehicles. A recent survey
on control allocation methods, in general, is given in [32]. In this paper, we propose a thrust
allocation method which takes near singular thruster configurations into account, since the TCM
can become ill-conditioned when the position and orientation of the thrusters relative to the USM
base change when moving the joints.

Furthermore, we propose to divide the operation of the USM into two distinct modes, namely
transport mode and work mode. In particular, we provide a thorough discussion of each mode
and propose control strategies for both modes, thus extending the initial presentation in [7]. In
[8], a preliminary 3D simulation model for an underactuated USM was implemented in the multi-
body simulation tool Vortex [33], and a computer simulation environment was set up to allow
testing of various control algorithms. In this paper, we present a new and improved simulation
model of a fully actuated USM, and thoroughly discuss the process of developing this 3D model.
The new model is then used, for the first time, to perform 3D simulations in Vortex using the
inverse kinematics algorithm combined with the dynamic control law for the USM base motion
and the thrust allocation method. This provides more realistic simulation results supporting the
applicability of the motion control framework.

The remainder of this paper is structured as follows. In Section II, the application of the USM



for subsea IMR operations is discussed and compared to existing technology. The development
of a mathematical model of the USM for control purposes is presented in Section III, while
the proposed motion control framework and the various subsystems are thoroughly discussed in
Section IV. Section V presents the two modes of operation for the USM, and finally, Section
VI provides the combined kinematic and dynamic simulations, supporting the applicability of
the motion control framework. Conclusions and future directions for the ongoing research on

USMs are presented in Section VIIL.

II. APPLICATIONS AND EXISTING TECHNOLOGY

For decades, the standard way of performing subsea IMR operations has been by using
conventional work class ROVs. Gradually, AUVs and smaller inspection class ROVs have taken
over some of the tasks, mainly those involving inspections. In this section we explain the
benefits of the the USM and investigate how USMs can contribute to and complement the
existing solutions used for subsea IMR operations. We also discuss other suitable applications
for the USM. This section complements and extends the discussion on applications and existing

technology in [8].

A. Comparison with existing technology

Conventional work class ROVs are expensive to operate, as they require the support of a
surface vessel, a specialized crew to deploy and operate them, and constant supervision. Further
economical losses may be incurred, because the time to mobilize and deploy these large ROVs is
quite long. On the other hand, work class ROVs can operate in deep waters and are equipped with
powerful robotic arms capable of performing heavy intervention tasks. Inspection class ROVs are
much smaller, easier to deploy, and cheaper to operate. However, they are not powerful enough
to perform heavy intervention, and their robotic arms are smaller and less flexible than for work
class ROVs. Also, ROVs are, in general, limited by the attached tether.

Some of the issues related to ROVs, such as the need for a supporting surface vessel, constant
supervision, and tether control, can be resolved by using AUVs. Most commercially available
AUVs are single body torpedo-shaped vehicles that are optimized for geophysical surveys,
reconnaissance and surveillance operations, and long duration search and recovery missions.
Although some of these AUVs possess hovering capabilities and are able to perform stationary

tasks, they are not particularly well-suited for subsea IMR operations. In 1997, the french



company Cybernetix proposed a hybrid AUV/ROV concept, called SWIMMER [34], with the
purpose of performing light subsea IMR operations without being attached to a support vessel.
The vehicle was developed and technical feasibility was confirmed by sea trials in 2001 [35].
In 2007, Cybernetix initiated a cooperation with Total and Statoil with the aim of developing a
commercial version of SWIMMER [36]. This hybrid vehicle is limited by its size and the tether
between the ROV and the AUV. The increasing interest for innovative solutions for subsea IMR
has also led to the development of smaller AUVs capable of performing subsea inspections,
such as the Autonomous Inspection Vehicle (AIV) developed by Subsea 7 [2], SAAB Seaeye
Sabertooth [3], and the Marlin AUV by Lockheed Martin [4]. Note that the currently available
AUV solutions can, for the most part, provide inspection capabilities, and that manipulation tasks
and operations inside tight and confined areas would require the added flexibility of a robotic
arm.

AUVs equipped with one or more robotic arms are commonly referred to as intervention AUV
(I-AUVs) [37]. The 1-AUVs developed through the research projects ALIVE [38], SAUVIM
[39], and RAUVI/Trident [5], [40]-[42] have demonstrated autonomous intervention capabilities
in controlled environments such as pools or harbour areas with small environmental disturbances.
In 2016, the hybrid ROV/AUV system H-ROV Ariane was officially presented by the ECA Group
and Ifremer [43], [44], making it one of the first commercial AUVs with a robotic arm. Both
ALIVE, SAUVIM, and H-ROV Ariane are large and heavy vehicles, which must be deployed by
crane and require a large open space to operate safely. Should a heavy vehicle like this collide
with subsea infrastructure, the consequences could be severe.

As pointed out in the previous discussion, it would be beneficial to have a small, highly
maneuverable and flexible vehicle, which is easy to deploy and operate, and is capable of
performing both inspection and light intervention tasks. The underwater swimming manipulator
concept introduced in [6] possesses all of these characteristics and has the potential to overcome
the challenges mentioned above. A USM is essentially a fusion of an underwater snake robot
(USR) and a small AUV. By using thrusters in combination with the articulated joints, the USM
can operate as a floating base manipulator. The thrusters ensure that the USM can operate within
a large workspace and also maintain position and orientation while performing an inspection or
intervention task. The large number of actively controlled joints endows the USM with very good
manipulation properties. The combination of a slender and flexible body with a long reach makes

the USM superior in terms of accessibility and thus, the USM can provide access to confined areas



TABLE I: Comparison of various features of USMs, ROVs, AUVs, and [-AUVs

Feature USM Inspection ROV Small AUV I-AUV (existing)
Size and weight Small, lightweight Small, lightweight Small, lightweight Large, heavy
Supervision and control | Supervised autonomy | Manually controlled | Supervised autonomy | Supervised autonomy
Commutable payload Yes Yes No No

Payload capacity Medium Medium Medium Large

Collision consequence Medium Medium Medium Severe

Accessibility Very good Good Good Restricted by size
Kinematic redundancy Very high Low - Intermediate

of manipulator arm

Intervention capability Yes Yes No Yes
Tethered No Yes No No
Drag forces Low Low Low High

that are difficult to access with other types of underwater vehicles. A modular design allows to
add and remove modules to accommodate different payloads and a varying number of thrusters.
The USM also has the ability to swim like a biological eel using joint motion alone. This can
be important in case of thruster failures or in particular applications where the use of thrusters
is not recommended, e.g. close to the seabed or when silent operation is required. For all the
reasons mentioned above, we consider the USM as a complete, versatile, and promising system
for light subsea IMR operations. Table I summarizes the most important features for subsea
inspection and intervention, and compares the USM to other existing underwater vehicles. Next,

we discuss various applications that are well suited for USMs.

B. Applications

As explained in the previous section, the most important benefits of the USM are associated
with access to tight spaces, long reach, and hyperredundant characteristics. Confined spaces and
narrow passages can be found in conjunction with subsea installations and marine archaeological
sites such as shipwrecks and underwater caves. With a diameter of 15 cm or less, the USM is
very well suited for investigation of such sites.

For subsea IMR operations, in particular, the USM can be permanently installed underwater
with a docking station to recharge the batteries, transfer collected data, and receive updated

commands. As such, the USM can perform both planned and on-demand tasks. This is important



Fig. 2: Inspection and intervention

in terms of preventive maintenance and routine inspections, and it may help to avoid unscheduled
shutdowns by reacting instantly when required. The hybrid AUV/ROV SWIMMER, mentioned
earlier, was one of the first vehicles to introduce the concept of field resident AUVs. Similar
concepts are also being pursued by Chevron [1] and for the SAAB Seaeye Sabertooth AUV.
To the authors’ best knowledge, this technology has not yet been commercially realized. An
important difference between the USM and the Seaeye AUV is that the USM is much more
flexible and maneuverable, and can operate as an underwater robotic arm. The size of the USM
is also much smaller, which allows the USM to dock and be launched from a small tube that is
easily fitted to existing subsea structures without requiring significant modifications. The long
reach and the hyperredundant design enable the USM to attach itself to a suitable handle or grab
bar, in order to perform precision tasks such as close-up inspection, cleaning, and opening and
closing valves. Besides being used for subsea IMR operations, the USM can also be operated
as a conventional AUV to perform harbor and ship hull inspections, installation support, and
pipeline surveys. Figures 2 and 3 illustrate two of the mentioned applications. Although the
illustrations depict the use of USRs, the thruster equipped USM is even more appropriate for

these tasks.

III. MODELLING OF THE USM

In this section, we develop the kinematic and dynamic model of the USM, including derivation

of the state dependent thruster configuration matrix. First, we extend the kinematic modelling



Fig. 3: Pipeline survey

in [7] by deriving the geometric Jacobians associated with each link. Second, we present the
dynamic model of the USM and show how to calculate the state dependent system inertia
matrix and the damping matrix. Third, we derive the thruster configuration matrix based on the

kinematics of the USM.

A. Notation

In this paper, the USM is treated as an underwater robotic manipulator arm with a floating
base. The USM consists of n+ 1 links connected by n actuated joints. The links are numbered
from the tail forward, indicated by subscripts i € [0...n]. Each link is associated with a link
reference frame .%; attached to the center of mass (CM) of the link. The axes of .%; coincides
with the principle axes of inertia of the link. The base of the USM can, in general, be positioned
at any convenient location on the body of the USM. In this paper, the base is chosen to coincide
with the back end of link O, and the term end-effector refers to the front end of link n. The
reference frames corresponding to the base and the end-effector are, the base frame, .%;, and
the end-effector frame, .%,. The joints have one degree of mobility, and they are numbered
with i € [1...n], such that the links i and i — 1 are connected by joint i. The corresponding
reference frames .%; are fixed to the center of the joints. Furthermore, the USM is equipped
with m thrusters, numbered by j € [1...m], including both longitudinal thrusters and tunnel
thrusters acting through the links. The thrusters provide both forward propulsion and station-

keeping capability by counteracting non-zero buoyancy, ocean currents, and other disturbances.



Fig. 4: Reference frames

The position and orientation of the thrusters are described by the reference frames .7;,. The
frames .%;; have origins at the points of application of the thruster forces and X axis pointing
along the thrust vector. Finally, the frame .%; is an assumed inertial reference frame. The origin
and the orientation of each frame is illustrated in Figure 4.

The USM is an articulated structure that consists of multiple rigid bodies connected to each
other, i.e. it is a multi-body system. A mathematically convenient and geometrically meaningful
way to represent the configuration of each link in the 3-dimensional Euclidean space and the
transformations between the links, is to use homogeneous transformation matrices. For example,
the pose of the frame .#; with respect to the inertial frame .%#; is given by the homogeneous
transformation matrix

R pn

g = € SE(3), (1)
0 1

where Ry, € SO(3) is the rotation matrix describing the orientation of the base frame and py, € R?
is the vector from the origin of .#; to the origin of .%;. The transformation in (1) represents a
translation by pj;, followed by a rotation given by Rj,. We sometimes use pose as a collective
term for both position and orientation. An important reason for describing the configuration of

the rigid bodies of the USM as elements of the manifold SE(3), is that we avoid singularities



in the representation. Such representation singularities will typically appear if the state space is
represented in R® using Euler angles to describe the orientation.

The body-fixed velocity of the USM is given by

Vb Vb
C=| "] R vi=| "] eR’ )
q )

where vﬁ’b and a)lbb are the body-fixed linear and angular velocities of the base of the USM,
respectively, and ¢ is the vector of joint angles. We use the hat operator " to write angular velocity
vectors @ € R3 in skew-symmetric form and also to represent velocity coordinate vectors, V € RS,

as velocity twists,

A
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B. Kinematics

In this section we will discuss the kinematic redundancy of the USM, and derive the forward
and differential kinematics of the mechanism. A robotic mechanism is said to be kinematically
redundant if it possesses more independent control inputs than required to satisfy a given task.
Thus, the degree of redundancy is defined with respect to a specific task. For the USM, a typical
task is to control the end-effector in 6DOF. A fully actuated USM has enough thrusters to control
the base of the USM in 6DOF, and thus the end-effector task can be satisfied by moving the
USM base only. In addition, the USM has n joints which can also be utilized to solve the task.
As such, the USM has n redundant degrees of freedom with respect to the 6DOF end-effector
task, i.e. it has a high degree of kinematic redundancy.

Deriving the kinematics of the USM is important for a number of reasons. First, the kinematics
are required to resolve the kinematic redundancy of the USM. This will be addressed in Section
IV-A where the kinematic control module is described. Second, estimation of the gravitational
and buoyancy forces requires knowledge of the orientation of each link. Third, the kinematics
are needed to derive the thruster configuration matrix, which is the topic of Section I'V-C.

1) Forward kinematics: The forward kinematics of the USM is given by the transformations

between the reference frames defined in Section III-A. The pose of the USM base with respect



to the inertial frame is given by (1), while the transformation between two consecutive joints is

given by
R P
— (i—1) (i—1) ) 4)

Since two consecutive transformations is also a transformation, the pose of the end-effector frame

F. can be expressed by

Rlb Pip Rbe Pbe Rle Ple
8le = 8I1b8be = - 5 (5)
0 1 0 1 0 1

where g;, describes the relative transformation between the base frame .%#; and the end-effector
frame .#,. Furthermore, the position and orientation of the reference frames Z; and .%; attached

to the joints of the USM and to the center of mass of each link, respectively, are given by

RIT pl—
0 1
Rjj )2
81i = 8I1b8b1 -+ - &(i—1)i = 01 1, . o

Finally, the configuration of the thruster frames .%; ; are calculated by gr; = gip8p;- All these
transformation matrices are time varying and the time-evolution is investigated next.

2) Differential kinematics: The differential kinematics describes the relationship between the
velocities of different parts of the USM. The body-fixed velocity of the base frame, VII,’y, is related

to the transformation matrix, gj,, by the velocity twist [9]

~ (blbb V?b
V=g, én= . . € se(3), (8)

where 6?)[”,9 is the skew-symmetric representation of the angular velocity. The velocity twist of

link i with respect to the inertial frame .#; can then be expressed in frame .%; by
i1
Vii=85 i
= (85 &1 ) (8108bi + 81b8bi) €))

“1¢b ~ i
= 8 Vir&bi t+ V-



We write the velocity twist in Equation (9) in coordinate form as

where Ad,,. is the adjoint map for the transformation g,;. The velocity variable Vlji represents the
relative velocity between the base of the USM and link i. When acting on a coordinate vector,

V, the adjoint map and its inverse are given by [9]

R PR RT —RTp
adg=|" 7|, A7t = Pl (11)
T
0 R 0 R

In the same way, the body-fixed velocity of the end-effector frame .%#, is found by

Vi, = Ad, 'V 4+ VE,. (12)

In (10) and (12), the inverse adjoint maps transform the body-fixed velocity vector, VIIZ,, so that
it represents velocities in the link frames .%; and the end-effector frame .%,, respectively. We
write the relative link velocities and end-effector velocity as functions of the joint velocities, ¢,

according to

Vi =Adg | Jiq (13)
Vi, =Adg ' J.q, (14)

where the link Jacobians, J;, and the end-effector Jacobian, J,, are defined by

Ji(‘]) = [Adgbj (Q)Xll yee- aAdgb{(Q)Xiia O(n—i)><6} (15)
Je(q) £ [Adg, (9)X{,..., Adyg,,(0)X;] . (16)

For the USM, the joint twist coordinate vectors, X!, are given by either X! = [0,0,0,0,0,1]7 or
le = [0,0,0,0, LO]T depending on whether the joint rotates about the Z axis or the Y axis of
frame .Z;. Finally, by inserting (13) and (14) in (10) and (12), we get

Vi=Ji(@)C, Jeilq) = [Ad;b,.l,Ad;Ji] (17)

Vi, =Jee(@)8, Jgelq) 2 [Ady' Ady T, (18)



where Jg; and J, . are the geometric Jacobians, which map the base frame and the joint velocities
to the linear and angular velocities of each link and the end-effector, respectively. For further

theoretical details about this geometric approach, we refer to [9].

C. Equations of motion

The USM is essentially a floating base manipulator operating in an underwater environment,
subject to added mass forces, dissipative drag forces, and hydrostatic forces. This allows us to
model the USM as an underwater robotic manipulator, with equations of motion given in matrix

form by [9], [24]

M(q)¢+C(q,8)8+D(q,8) +N(Rpp,q) = T(q), (19)

where M(q) is the system inertia matrix, C(g, {) is the Coriolis-centripetal matrix, D(g, §) is the
damping matrix, and N(Ry,q) is the matrix of gravitational and buoyancy forces. The system
inertia matrix is composed of the rigid body inertia matrix, Mgp(q), and the added mass inertia
matrix, Mx(q), according to M(q) = Mgrp(q) + Ma(q). The vector of actuator forces, 7(g), is

co-located with { and is given by

t(q) = w(@)| _ |T(@) Ooxn| |tnr | 20)
74(q) Onxm Inscn | | Uq
where T'(q) € R®*" is the thruster configuration matrix, u,, € R™ is the vector of thruster forces,
and u, € R" represents the joint torques.

We can find an expression for the rigid body inertia matrix of the USM as a whole, Mgp, by
considering the kinetic energy of each link. Equation (17) gives the velocities of the CM of each
link with respect to the inertial frame. Thus, we can write the kinetic energy of the links as

1.

Hi = E(Vlli)Tlivlii

1
= ST @) @1

1

= 2T Mi9)S.

where I; € R9%6 is the inertia matrix of link i in frame .%;. The definition of the reference frame
Z; implies that [; is diagonal. The matrix M;(q) = J; {(@)1iJg,i(gq) is the inertia matrix of link

i expressed with respect to the base of the USM. With all the link inertia matrices expressed



in the same frame, we find the total rigid body inertia matrix by summing the contributions of

each link,

n no| Ad;TLAd;Y AdZTLAdD My, M,
Mrs(q) =Y Miq)=y, | & "o D@ TRert = L@
i=0 i=0 ‘]i Adg_bi IiAdg_bi ‘Ii Adg_bi IiAdg_b,' Ji My My

The upper left part, M;; € R*®, represents the inertia of the USM as a single rigid body, while

the upper right part, M, € R6*”, is the inertia matrix for the coupling between the joint motion

and the USM base. The expression for M will be used in Section I'V-B.

D. Thruster configuration matrix

The thruster configuration matrix, T'(g), in (20) is state dependent, i.e., it is a function of the
joint angles. The relative position and orientation of the thrusters with respect to the base of the
USM change with the moving joints. In this section, we employ the results from Section III-B
to derive an expression for the thruster configuration matrix.

In Section III-B, we derived the geometric link Jacobian, i.e. the mapping between the velocity
state vector, {, and the body-fixed velocities of the links. On the other hand, this Jacobian also
maps the forces and moments applied on the links to the joint torques and to the base of the
manipulator. Using the same approach, we find the geometric Jacobians for the thruster frames,
Jng, which transfers the forces and moments, T)s from the thruster frames, f/}j, to the base

frame, .%;, and the joint torques according to

Z T (23)

T
where T = [1 01« 5] Uspyr,j» and uyy,,. ; 1s the scalar force applied by thruster j. We are interested
in 7, (q), the part of 7(q) acting on the base of the USM. To find this, we use the selection matrix

H= |:I6><6 06><n] . which gives

m

%(q) ZH gt, T’J Z gbz Tfj‘ (24)

J=1

Using (11), we get
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Fig. 5: Motion control framework for the USM

©%(q) = Y Bj(q)usr,, (25)

Bilg)= | : (26)

pblijlj Rbl‘j 05><1
which agrees with the equation for transformation of forces and moments from one reference
frame to another. By comparing (20) and (25), we see that the thruster configuration matrix,

T(q), can be expressed as a horizontal concatenation of the column vectors B;(g).

IV. MOTION CONTROL FRAMEWORK

Realizing operational USMs for underwater inspection and intervention tasks poses a number
of complex challenges related to practical issues as well as theoretical aspects such as guidance,
control, and computer simulations. In the following sections, we pay particular attention to the
topics of kinematic control, dynamic control, and optimal thruster utilization. First, we will
describe the USM motion control framework before we go on to discuss in detail each of the
main components.

We propose a generic motion control framework for the USM, as shown in Figure 5. The
framework itself resembles a typical guidance, control, and thrust allocation system for marine
vehicles. However, the challenges faced by the different subsystems are much more complex
for a USM, due to kinematic redundancy, multi-body dynamics, dynamic coupling effects, and
a state dependent thruster configuration matrix. The main responsibilities of each subsystem is

described below.

Kinematic control Generates the reference signals to the joint controllers and the dynamic

controller for the overall pose of the USM.



Dynamic control Calculates the joint torques and the generalized forces and moments on the

USM, based on the reference signals from the kinematic control module.
Thrust allocation Optimally distributes the generalized forces and moments among the thrusters.
USM Physical or simulated model of the USM.

In the following sections, each part of the framework will be discussed in details, describing

step by step the further development of the concepts initially presented in [7].

A. Kinematic control

The purpose of the kinematic control module is to coordinate the joint motions and the overall
motion of the USM. The primary task for the USM will typically be to control the motion of
the end-effector. This can be achieved either by moving the whole USM as a rigid body using
the thrusters, by changing the joint angles, or a combination of both. Thus, there are multiple
solutions for achieving the desired end-effector pose. Solving this redundancy problem is referred
to as redundancy resolution. The redundancy can be utilized to determine the optimal motion of
the USM considering one or more optimization criteria, or to fulfill multiple tasks simultaneously.

We propose the following list of secondary tasks for USMs, in prioritized order:

1) Satisty the mechanical constraints, e.g. maximum joint deflections and maximum angular
velocity for the joints

2) Maintain good manipulability, i.e. avoid singular joint configurations

3) Maintain controllability, i.e. avoid singular thruster configurations

4) Avoid collision with other moving objects and stationary obstacles

5) Minimize the energy consumption

The reasoning for this choice of priority is that, first of all, it is important not to exceed the
physical limitations of the articulated structure, as this may lead to loss of controllability and/or
instability. Objective no 1 is therefore a prerequisite for achieving the subsequent objectives.
Furthermore, exceeding the physical limitations may break the mechanical joints or subject the
robot to extensive wear and tear. Second, it is important to avoid singular joint and thruster
configurations to maintain good manipulability and controllability, particularly in order to per-
form high precision manipulation tasks, station-keeping, and maneuvers in tight spaces. This

objective is also a prerequisite for collision avoidance, which is the fourth objective and which



is important for the safety of the system and for the environment it works in. Finally, we want
to minimize the total energy consumption to extend the intervals between battery recharging.
Inverse kinematic control methods are versatile and widely used tools for redundancy resolu-
tion for both fixed-base and floating-base robots. As mentioned in Section I, inverse kinematic
control of UVMSs has been studied extensively. Although the USM may seem quite similar to

a UVMS, there are some important differences related to kinematic control:

e The UVMS has a relatively large main body compared to the attached manipulator arm,
while the USM is a manipulator arm in itself, without a specific main body. As such, the
USM can, in general, utilize all available degrees of freedom, while the UVMS may have
to restrict the motion of the main body to conserve power and to keep the roll and pitch
angles close to zero.

o The use of a singularity-free representation is more important for a USM, since the pitch
angles of the links may not be restricted, which is typically the case for the main body of
the UVMS.

o The metacentric stability of the UVMS is much larger than for the USM, due to a larger
displacement between the center of gravity and the center of buoyancy. This means that the
overall roll motion of the USM will be larger, which will have a significant effect on the
positioning tasks.

e For a UVMS, the position and orientation of the thrusters are usually fixed with respect
to the main body, while the thruster configuration of the USM is state dependent, i.e. it
depends on the joint angles.

e The dynamic coupling between the motion of the joints and the overall orientation of the

USM is quite significant and should be considered also at the kinematic level.

Next, we show how to resolve the kinematic redundancy for single tasks, and how to combine
multiple tasks to achieve compound behaviors.

1) Solving individual tasks: The tasks are typically defined by task variables, o;(), to be
controlled to a specific value (equality tasks) or to be kept within a defined set (set-based tasks).
A comprehensive collection of possible tasks for underwater robotic vehicles is presented in
[24]. Determining the motion of the USM required to fulfill the different tasks is conveniently
done at the velocity level. Differentiating the expressions for the task variables, o;, with respect

to the configuration variables of the system gives the task Jacobians, J;, and the relation



6; =JL. (27)

By using a closed-loop inverse kinematics (CLIK) algorithm, the reference velocity components,

Cri» can be resolved for each task independently by

Gri=J;" (6ia — AiGi) (28)

where the desired task values are represented by o0;,4, 6; = 0; 4 — 0; are the task errors, and
A; is a diagonal gain matrix. The pseudoinverse of the task Jacobian, Ji+ , 1s given by J;r =
JiT (J,-JI-T)’I. In order to prioritize or disregard certain control inputs, the weighted pseudoinverse
Jj = Wi_lJiT (JiWi_lJiT )~! can be used instead. The weighted pseudoinverse solution corresponds

to solving the following least-squares optimization problem

min {¢TWg, 9
subject to:  J;{,.; = Gi 4.

By setting a diagonal element of the weighting matrix W; to a very high value, the corresponding
degree of freedom is effectively disregarded. This can be desirable for instance if a joint
mechanism is out of order or if the given task should be satisfied without using the pitch
and roll axes of the USM. Weighting can also be used to avoid joint limits by specifying the
elements of W; as functions that approach infinity as the joint angles get close to their respective
limits.

For certain configurations of the USM the task Jacobians can become ill-conditioned, which
means that the matrices ]in-’lJl-T become close to singular. Such singular configurations are
termed kinematic singularities, and are associated with loss of control over the task variable.
Trying to invert a near-singular matrix leads to excessively high joint velocity commands and
may cause instability. To avoid this, we relax the strict requirement of satisfying the task by

solving the modified optimization problem

in {C,,T,-Wicr,i +s7 Qisl-} (30)

subject to:  Ji{.j = Giqg+s,
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where the slack variable s is introduced in the cost function with an appropriate weighting
Q >> 0, such that s is only allowed to increase when the optimum solution would otherwise
yield unfeasible reference velocities. Increasing s is equivalent to relaxing the hard constraint of
satisfying the task and thus, a deviation from the specified task value will occur. The explicit

minimum norm solution is given by

—1
G =W (W T 4 0r!) G (D)

If we set W; =1 and Q; = (1/A2)I, then (31) is reduced to the standard damped least-squares
solution. Set-based tasks can also be used to avoid kinematic singularities. In [12], this approach
was employed for kinematic singularity avoidance for the primary end-effector task.

2) Combining multiple tasks: Here, we show how to apply the SRMTP method for simulta-
neous kinematic redundancy resolution of multiple tasks. The SRMTP approach is a task based
method, originating from the well-known task priority method [13], [45]. The task priority
method handles multiple tasks with strict prioritization, which means that each task will be
fulfilled in a prioritized order. The SRMTP approach is a modification of the original task
priority method to avoid the occurrence of algorithmic singularities caused by conflicting tasks,
hence the name singularity-robust task priority. Using the SRMTP approach, lower priority tasks
will only create internal self-motions that do not interfere with the higher priority tasks. The

generic expression for the SRMTP method with k tasks assigned to different priority levels is

G =T (6144 MG1) +NJS (62a+M282) + ...+ Nia )i (Gka+MiBk),  (32)

where §, = [(VIIZJ)T, gT]7 is the velocity reference vector. The null spaces of the task Jacobians
are given by N; = (I —JfJ,-), while N5 ;1) represents the combined null space of tasks 1 through
k— 1. The null space matrices ensure that conflicting velocity components generated by the lower
priority tasks are filtered out. Each defined task for the USM can be solved individually, by the
methods explained above, and then combined in a prioritized order using (32). The outputs from
the SRMTP algorithm are the velocity reference vector for the USM base, Vlbb,r’ and the joint
velocity reference vector, ¢,. In the next section, we discuss the dynamic control law, whose

responsibility is to track the reference motion for the base of the USM.
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B. Dynamic control

The dynamic control module takes care of calculating the required forces and moments on
the base of the USM, based on input from the kinematic control module. A simple proportional
control law was used in [6] for planar straight line path following, and in [7] for station-
keeping combined with inverse kinematic control in 2D. In this paper, we propose to use a
state feedback linearization controller to track the body-fixed reference velocity for the USM

base, V[l;? ,» generated by the kinematic control module. The control law is given by

e =My1(q9)a” +n(Rip,q, ), (33)

where 7. is the vector of commanded generalized forces and moments, M;;(g) is found by (22),

and a’ is the commanded body-fixed acceleration vector given by

t
& = Vi, KoVl —K; [ Vi ()d. (34)

The velocity tracking error is VI[;) = VIIZ — VI[;? - Kp and K are diagonal positive definite gain

matrices, and the nonlinear feedback linearization matrix n(Ry,q,() is given by

n(Rpp,q,8) = C11(¢,8)C +D11(q, §)E + N1 (R, 9), (35)

where C11(q,8), D11(q,&), and Nyj(Ryp,q) are specified as the upper left submatrices of the
corresponding matrices in (19). Inserting (33) into (19) yields a linear closed-loop system, and the
gain matrices can be calculated using conventional pole placement techniques [23]. The proposed
control law is applied in Section VI to perform combined simulations with both kinematic and
dynamic control. In this paper, we choose not to include torque control of the joints, as the joint
motors are typically controlled by a built-in low level proportional controller.

A future topic of interest is to investigate more sophisticated control approaches that take
into account uncertainties in the hydrodynamic parameters, ocean current disturbances, and the
dynamic coupling between the motion of the joints and the overall motion of the USM. Some
control approaches that may be applicable to USMs are the mixed frame adaptive control law
in [46], [47], the virtual decomposition approach in [48], [49] and the energy efficient method
suggested in [50].
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C. Thrust allocation

Thrust allocation is the process of distributing the commanded generalized forces and moments
between the thrusters. For a typical UVMS, each thruster has a fixed position and orientation
relative to the body-fixed reference frame. The thrusters are usually mounted in pairs and aligned
with the axes of rotation, such that they affect only the axes that needs to be controlled. However,
this is not the case for the USM. When the shape of the USM is changed, the position and
orientation of each thruster with respect to the base of the USM is also changed. Consequently,
the TCM may become singular, and the thrust allocation algorithm must therefore take this
into account in order to maintain control of the USM. Near singular thruster configurations are
associated with excessively high thruster commands. In such configurations, it is necessary to
allow the thrusters to deviate from the thrust command, 7.. A simple, but effective way of doing

this is to solve the minimization problem

min (A2 ]+ |17 (@)t — 7] ) (36)
thr

where A is a suitably chosen damping factor, which may be constant or configuration dependent.
This is an unconstrained quadratic optimization problem, where the goal is to minimize the norm
of the thruster efforts and the norm of the deviation from the thrust command. The damping
factor A should preferably be chosen as a small value, such that the relative importance of
satisfying the specified thrust command, 7., becomes high. The explicit solution to (36) is given

by

uge = T7 ()7, (37)

where T7(q) = T(¢)" (T(¢)T(¢q)" —i—/lzl)_l is called the damped pseudoinverse of 7T'(g). This
solution is applied for the simulations in Section VI.

If the USM has more thrusters than required to satisfy the given control task, it is referred
to as an overactuated system. In this case, the solution to the thrust allocation problem is not
unique, i.e., there are infinite solutions for distributing the thruster forces and yet obtain the same
generalized forces and moments. Typically, an optimization-based algorithm is then applied to
solve the allocation problem in an optimal manner, based on various criteria and constraints. For

the USM, we propose the following alternatives as optimization criteria:

¢ Minimize a measure of the combined thruster efforts,
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o Minimize the single largest thruster force,

¢ Minimize the thruster force fluctuations.

The purpose of the criteria to minimize the combined thruster efforts is to reduce the overall
power consumption, while minimizing the single largest thruster force aims at utilizing the
thrusters equally. Keeping the thruster force fluctuations as low as possible is important to
avoid unnecessary wear and tear. Typical constraints are related to the physical limitations of
the thrusters, including maximum forward and reverse thrust, and maximum RPM speed of
change. It is possible to also consider the joint angles as optimization variables, with the goal of
obtaining a more efficient thruster configuration. In that case, the optimization problem becomes
non-convex and much more difficult to solve in real-time.

In this paper, we focus mainly on illustrating the applicability of the proposed motion control
framework. We have therefore chosen a simplified, unconstrained thrust allocation method for the
USM, with the combined thruster efforts as the optimization criteria. The physical limitations of
the thrusters are taken into account by tuning the gains of the dynamic control law. This ensures

that the thrust command, 7., is kept below the attainable limits.

V. MODES OF OPERATION

The USM is effectively a floating base manipulator. As such, the USM can transport itself
to an area of interest, perform an inspection or intervention task, and then return to its home
position. In [7], the authors proposed to divide this sequence of operations into two distinct
modes of operation, namely transport mode and work mode. In this section, we complement
the previous discussion of the transport mode and the work mode, and we propose kinematic

control strategies tailored for each mode.

A. Transport mode

The primary objective of the transport mode is to move the USM to a target position, while
travelling along a specified path. In this paper, we consider a simplified path following problem
where the goal is to make the USM converge to a straight line path in a 2D horizontal plane.
We define the heading of the USM, v, to be the heading of the front link in the inertial frame,
and we use a simple but effective joint control strategy first proposed in [6] and more recently

used in the experiments in [51]. The joint reference angles are set according to
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Fig. 6: Line-of-sight guidance law

qr,i ka(llf— lljr)a (38)

where ky > 0 is a control gain. In this paper, we consider a straight line path parallel to the
inertial frame X axis. The reference heading, y,., can then be determined by a line-of-sight (LOS)

guidance algorithm given by

W, = —arctan (%) : (39)

where A > 0 is the look-ahead distance, and ey, is the cross-track error, i.e. the minimum distance
from the front of the USM to the straight line. The relationship in Equation (39) is visualized
in Figure 6. This LOS guidance law is commonly used for path following control of marine
surface vessels [52], [53], and it has also been used for path following for underwater snake
robots without thrusters in [54]. As long as the vehicle maintains a non-zero forward velocity,
and in the absence of ocean current disturbances, the LOS guidance law ensures convergence to
the straight line path. Since the USM can use both the joints and the thrusters to turn towards
the path, we conjecture that we can choose a smaller look-ahead distance than the typical value
of two times the vehicle length, and thus obtain faster convergence to the path.

To calculate the commanded forces and moments, we apply the dynamic control law in (33),
with a slight modification of the desired body-fixed acceleration vector in (34). The commanded

surge and yaw accelerations are calculated according to
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alf = —ky p(u—uc) —ku/(u—uc), (40)
ag = —kep (¥ — ¥) — ke p(¥ — ¥, (41)

where ki p, k17, ke p, and ke p are scalar control gains, u is the surge component of the end-
effector velocity, V,, and u. is the commanded surge velocity. The remaining acceleration
components are set to zero. Simulation results for transport mode using this control strategy

is presented in Section VI-B.

B. Work mode

The work mode is primarily intended for inspection and intervention tasks that require station-
keeping and low-speed maneuvering capabilities. The main objective in work mode will typically
be to control the pose and the velocity of the USM end-effector, while trying to satisfy the
secondary objectives listed in Section IV-A. Additional specific criteria such as minimum distance
to the sea floor and desired view angles of attached cameras can be included. The SRMTP method
discussed in Section IV-A is well suited for handling multiple objectives.

Deriving the end-effector Jacobian by differentiation of the forward kinematics becomes
cumbersome for a serial robotic mechanism with many links like the USM. Therefore, we
apply the method described in Section III-B to find the end-effector Jacobian, J, .(g), directly.
Another advantage of using (18) to find J, .(g) is that the expression is free from representation
singularities, which is not the case when Euler angles are used as task variables to represent the
pose of the end-effector. Using the SRMTP method, we resolve the reference velocities for the

joints and the base of the USM by

&= I3el@) (Vieakete) + (1=} o0V (@) ) I ko (42)

where k, > 0 and k; > 0 are control gains, Vf;, 4 1s the desired end-effector velocity, and é, =
[ﬁeT,E‘eT }T is the end-effector error vector. The position deviations of the end-effector and the
USM base are given by p, and pj, respectively, and &, is the vector part of the quaternion
representation of the end-effector orientation deviation. The base frame Jacobian, Jp, is given
by Jp = [Rlb 035 (n+3) | - Note that we use the weighted pseudoinverse of J,.(g) in order to

prioritize the use of the joints to fulfill the primary end-effector task. The secondary task aims at
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keeping the USM base stationary at a home position, while carrying out the instructed inspection
or intervention task. Additional equality or set-based tasks can easily be included to satisfy
e.g. joint limit constraints and objectives such as kinematic singularity avoidance [12], obstacle
avoidance, and camera view angles. Simulation results using (42) to determine the reference

velocities are presented in Section VI-C.

VI. SIMULATIONS

In this section, we present simulations in 3D combining the elements of the proposed motion
control framework, including motion coordination based on inverse kinematics, dynamic control,
and thrust allocation. This extends the 2D simulations performed in [7] and the pure kinematic
simulations performed in [8].

In [6], [7], simulations were carried out in 2D using an analytical model of the USM imple-
mented in Matlab. In order to extend this to 3D we established, in [8], a simulation environment
using Matlab/Simulink and the multi-body dynamic simulation tool Vortex by CM Labs [33].
This set-up enables real-time simulation and testing under realistic and adjustable hydrodynamic
and hydrostatic conditions, and provides a powerful and flexible way to experiment with different
control algorithms, control parameters, and physical designs, e.g. number of links and various
thruster configurations. The control algorithms are implemented in Matlab and communicate with
Vortex through a generic Simulink interface. Next, we explain the development of the new Vortex

simulation model of a fully actuated USM, which replaces the preliminary model presented in

[8].

A. Vortex simulation model

We have developed a simulation model in Vortex of a fully actuated USM, in order to
demonstrate the applicability of the motion control framework proposed in Section IV. In this
section, we describe the development process and each element of the model. As visualized in
Figure 7, the USM model consists of five links, where each link is connected to its neighboor
by two 1-DOF joints. In addition, the model is equipped with a total of seven thrusters. The
overall process of developing the Vortex model can be described as follows:

1) Model each component in the CAD tool Solidworks.

2) Import models in Vortex as graphical geometries.

3) Merge all geometries that form rigid connections together.
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4) Reduce the number of vertices and meshes using a built-in function in Vortex.
5) Create parts in Vortex corresponding to each geometry, and specify properties such as mass,
center of mass, moment of inertia, and added mass.
6) Create 1-DOF hinges, and specify which parts to attach and the axes of rotation.
7) Create convex fluid interaction geometries enclosing each part, and specify buoyancy prop-
erties and drag coefficients.
8) Create attachment points for each thruster.
9) Create thruster objects, connect them to the attachment points, and specify the direction of
the applied thruster force.
10) Create a simulation scene representing the underwater environment, and place the USM

mechanism in the scene.

For simplicity, the Vortex model of the USM is designed to be neutrally buoyant, with both
center of mass and center of buoyancy set to the volumetric center of the parts. The mass is
assumed to be homogeneously distributed, such that the moment of inertia can be calculated
according to standard expressions for cylindrical objects. Moreover, the added mass matrix for

each part is assumed to be diagonal and specified according to [55]

My,, = 10% of mass My, =0
1

MA22 = npr?l,- MASS = ETCPY‘IZZE
1

My = mpril; Mg, = 5570175

where p = 1026kg/m> is the seawater density, and r; and I; represent the radius and length of
each part, respectively.

In Vortex, the drag coefficients can be specified separately for the X, Y, and Z axes of each
part, in order to adapt to different shapes and surface roughness, as well as to account for parts
that are partially concealed behind other parts. In the absence of experimental data, we have
set the drag coefficients to typical values for blunt cylindrical objects with a large length to
diameter ratio [55], [56]. Due to slow motion of the USM, we assume that the Reynolds number
is Re < 2e5, and that the USM operates under laminar flow conditions. Furthermore, the X axis

coefficients for the joints and the middle links are adjusted to account for partial concealment,
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TABLE II: USM model properties

Property Link 0 | Joint 1 | Link 1 | Joint 2 | Link 2 | Joint 3 | Link 3 | Joint 4 | Link 4
Dry mass [kg] 14.3 6.0 12.7 6.0 9.8 6.0 12.7 6.0 7.8
Wet mass [kg] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Length [m] 0.62 0.104 0.584 0.104 0.726 0.104 0.584 0.104 0.37
Radius [m] 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085
0.8 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.8
Drag coeff. (x,y,z) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

which reduces the pressure drag component significantly. The remaining drag is due to skin
friction. Some common properties of the model parts are listen in Table II.

The joint limits are £90deg, and the maximum thruster force is set to 40N per thruster. The
thrusters in Vortex accept RPM commands as input, and map this to instantaneous point forces
through a static piecewise linear mapping. This means that the response time between the thrust
command and the actual thrust output is not modelled. This limitation can be circumvented
by filtering the desired motion trajectories to ensure that the rate of change of the commanded
forces and moments do not exceed typical thruster performance limitations. The placement of the
thrusters are determined to ensure that the TCM is full rank for nearly all joint configurations.
This is important in order to maintain full 6DOF actuation. When the USM assumes a straight
body shape, the TCM drops rank and the ability to control the roll motion of the USM base is
lost. Nonetheless, this is not considered as a problem, since the camera in the front link of the
USM is suspended such that the camera roll angle always remains zero. Also, as explained in
Section IV-C, we apply a damped thrust allocation method, such that excessive thruster forces
are avoided when the TCM is ill-conditioned. The following sections presents the simulation
results from the combined kinematic and dynamic simulations of both transport mode and work

mode.

B. Transport mode simulation

In this section, we present simulation results for transport mode using the control strategy
described in Section V-A. We compare two slightly different methods based on the same set of
equations. In Method 1, the thrusters are used to control the end-effector surge velocity, while

in Method 2 the surge velocity of the USM base is being controlled. In other words, Method
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Fig. 7: Vortex simulation model

TABLE III: Transport mode control parameters

uo | Al ky | kip | kig kep | ke,p
Method 1 | 0.5 | 3 | 045 | 0.5 0.0625 | 0.13 | 0.12
Method 2 | 0.5 | 2 | 045 | 0.5 0.0625 | 0.01 | 0.2

1 resembles the case of trying to drag the USM through the water by its head, while Method
2 corresponds to pushing at the back end of the USM. The simulations are set up to make the
USM follow a sequence of straight line segments parallel to the inertial frame X axis, as shown
by the dashed blue lines in Figures 8a and 8b. At time t = 95, the USM is instructed to make
a 180 degree turn. Table III lists the control parameter values, which are obtained through trial
and error.

By comparing Figures 8a and 8b, we see that Method 2 provides faster convergence to the
desired path with less overshoot than Method 1. Figure 8b also shows that the back end of the
USM follows the trajectory of the front end more closely, while in Figure 8a the back end has
a more pendulum-like motion. The faster convergence of Method 2 requires higher sideways
velocity of the USM end-effector, as shown by the solid red lines in Figures 8c and 8d. The
motion of the joints, visualized in Figures 8e and 8f, exhibit no significant differences. Regarding
the use of the thrusters, we notice from Figures 8g and 8h that the thruster forces are far below

the upper limit of 40N, except during the 180 degree turn, when the sideways thrusters are used



30

7 T T 7 T T
——End-effector Y pos ——End-effector Y pos
6 -|—Base Y pos 1 6 |—Base Y pos b
. 180 deg tt . 180 deg ti
~ ~Desired Y pos oM™ - —Desired Y pos egum—___
5 - 4
£ E
o 4 T = i
2 k]
33 i 3 |
o [
2 - 4

0 I I I I I I o I I I I I I
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time [s] Time [s]
(a) Method 1: Y position (b) Method 2: Y position
1 T 1 T
e e
o5l —Vley1 (actual) | i _Vle,l (actual) |
" | [V, , (actual) " | [V, , (actual) 180 deg turn—_
g- 0.6 |- —Vleel1 (desired) B g 0.6 |- —Vleev1 (desired) B
= M= —ve i I 2 = — —\e i
> 04 Vle.2 (desired) | > 04 Vle,z (desired) |
é 180 deg tum/ %
> 02f 4 > o. 4
0 = = i 4
02 I I I I I I 02 I I I I I I
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time [s] Time [s]
(c) Method 1: End-effector velocity (d) Method 2: End-effector velocity
40 T 40 T
— Yaw joint 1 ——Yaw joint 1
L —Yawjoint 2| | L —Yaw joint 2| |
30 180 deg Iurn\ —Yaw joint 3 30 180 deg Iurn\ —Yaw joint 3
—— Yaw joint 4 —— Yaw joint 4
S 1 = 1
[} (7]
S, R=A
2 1 ) 1
=2 =2
c C
< i < i
10 q 101 q
20 . . . . . . 20 . . . . . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time [s] Time [s]
(e) Method 1: Joint angles (f) Method 2: Joint angles
T T
40 —Thruster 1| 40 —Thruster 1|
—Thruster 2 180 deg turn —Thruster 2
30 ——Thruster 3| 30+ g~ ——Thruster 31
—Thruster 4 —Thruster 4
= 201 —Thruster 5 = 201 —Thruster 5|
™ Thruster 6 I Thruster 6
g 10F mwer 71 S 10F Thruster 7]
w ' w
S NN N A — P I A _ PR { -]
-10- /y: 180 deg turn b -0+ b
20 . . . . . . 20 . . . . . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time [s] Time [s]

(g) Method 1: Thruster forces

(h) Method 2: Thruster forces

Fig. 8: Simulation results for transport mode

to assist the turning of the USM. Figure 8h shows that Method 2 uses slightly more thruster

effort. This is related to the faster convergence and a higher value of the control gain, kg p,
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for the yaw motion. The low thruster efforts during transport mode indicate that the USM is
capable of performing long distance transits and long surveillance operations, even with limited
battery capacity. The simulations presented here indicate that Method 2 is the more appropriate
of these two methods for straight line path following of USMs. However, more simulations and

experimental testing are needed to confirm this.
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Fig. 9: Simulation results for work mode

C. Work mode simulation

In this section, the desired motion of the end-effector is specified as a time-invariant setpoint

regulation task. We presume that the position and orientation setpoints are given by a human
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operator or by a high level task controller. The end-effector setpoints are specified in 6 DOF,
visualized by the dashed lines in Figures 9a and 9b. The joint velocity references, ¢,, and
the reference base frame velocity, VI};”, are calculated by the SRMTP kinematic control law in
(42), with parameter values k, = diag([0.2,0.2,0.2,0.4,0.4,0.4]) and k;, = diag([0.15,0.15,0.15]).
We utilize all the DOFs of the USM, except the roll motion of the USM base, to make
the end-effector converge to the setpoints. The use of the different DOFs are weighted using
W = diag([0.3,0.3,0.3,0.0,0.3,0.3,0.7,0.7,1,1,1,1,1,1]) in the computation of the weighted
pseudoinverse of the end-effector Jacobian, J;e(q). This weighting matrix means that we pri-
oritize the use of the joints to solve the end-effector setpoint task. The roll motion is excluded
in the SRMTP method by setting the fourth diagonal element of W to zero. The joint velocity
references are integrated to joint angle references, which are then set directly in the Vortex
simulation tool.

Next, the forces and moments to be applied to the USM base are computed by (33) without
the nonlinear term, and using Kp = diag([1,1,1,0,1,1]) and no integral effect. We justify this
simplification by the fact that the simulation model is neutrally buoyant, and that the Coriolis-
centripetal forces and the drag forces are dominated by the inertial forces and the added mass
forces due to slow velocities when operating in work mode. Note that the fourth diagonal element
of Kp is set to zero, which means we do not attempt to control the roll motion of the USM base.
Finally, the distribution of the thruster forces are found by (37) with damping factor A = 0.1.
The control parameters are found through trial and error.

Figures 9a and 9b show that the end-effector pose converges to the setpoints, except the roll
angle of the end-effector, which fluctuates around its desired value. Despite this deviation from
the roll setpoint, the camera in the front link of the USM will deliver a level video feed, since it
is mounted on a self-levelling mechanism. Figure 9e indicates that the joints are used extensively
in order to fulfill the tasks. The linear and angular velocities of the base are shown in Figures
9c and 9d, and we observe that the base follows the reference velocities quite well, despite the
use of a simplified dynamic controller. There is some deviation in the roll motion of the base,
which is caused by our choice to neglect this DOF in the control law. The distribution of the
thruster forces is shown in Figure 9f. We expect to see a reduction in the overall performance
of the USM, when including thruster dynamics in the simulation model. However, it may be
possible to compensate for this using more sophisticated dynamic control laws.

This simulation indicates that the proposed motion control framework, separating the kinematic
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redundancy resolution from the dynamic control, is suitable for control of a USM operating in

work mode.

VII. CONCLUSIONS

In this paper, we have discussed the advantages of the innovative underwater swimming
manipulator, and thoroughly explained how this bio-inspired AUV can complement existing
solutions and contribute to carry out lighter subsea IMR operations. We have summarized and
extended the previous research on USMs, in order to provide a clear and consistent overview and
to act as a foundation for future work. The derivation of the kinematic and the dynamic model of
the USM has been explained in detail, together with the derivation of the state dependent thruster
configuration matrix. Moreover, a generic framework for motion control of the USM has been
proposed, and each component of the framework has been discussed in-depth. In particular, two
modes of operation, with distinct control strategies, have been proposed, and combined kinematic
and dynamic simulations have been performed for both modes. The simulation results provide
strong support for the applicability of the proposed motion control framework for guidance and
control of USMs.

In order to further enhance the performance of the USM, and to demonstrate the superior
flexibility and accessibility, more sophisticated control strategies will be investigated. Adding
thruster dynamics to the simulation model, and comparing the energy consumption to that of an

ROV, are also considered as future topics of interest.
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