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Abstract

A control scheme is presented for reducing dynamic coupling between an underwa-
ter robotic vehicle (URV) and a manipulator. During task execution the torques
commanded at the manipulator joints lead to reactions at the junction point of the
manipulator and vehicle. These reactions disturb the vehicle position and orienta-
tion and are the source of the vehicle-manipulator coupling. In underwater robotic
vehicle-manipulator (URVM) applications, the URV serves as a base while the ma-
nipulator performs a required task. Therefore, it is necessary to hold the URV as
stationary as possible. In the current work, URV thrusters are used to compensate
for the dynamic coupling forces. SlotineSs sliding mode control approach is used to
reduce the dynamic coupling present in URVM systems. The articulated body (AB)
algorithm is used both for the time-domain simulation of the system and for the dy-
namic equations within the model-based sliding-mode controller. Finally, the results
of time-domain numerical simulation of the proposed control scheme on a URVM

system are presented.
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Chapter 1

Introduction

1.1 Underwater Robotic Vehicles

The oceans of the earth cover about two-thirds of the world’s surfaces. However,
very limited attention has been given to ocean exploration compared to the attention
given to terrestrial and atmospheric matters. The oceans hold enormous natural
resources of gas, oil, and mineral deposits, that have not been explored yet. However,
the majority of the earth’s vast ocean resources are not utilized. If these natural
resources can be utilized, it should positively affect human society. In addition, the
oceans also hold tremendous information about the origin of life and the distribution
of species on earth. Underwater robotic vehicles (URVs) are the primary means to
explore the deep ocean’s scientific potential.

URVs equipped with robotic manipulators have an important role in many deep-
water missions. These systems are deployed to subsea work sites where human beings
can not survive due to the enormous pressure existing in the underwater environment.

In these applications, URVs are used as mobile platforms that deliver robotic tools
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Chapter 1 - Introduction 2

to a subsea work site. Along with this function, the URV serves as a base while the

manipulator performs a required task.

Figure 1.1: A Typical URVM System (Seaeye Marine Limited: http://seaeye.com)

To facilitate the human presence in the URV applications, URV systems are teth-
ered. Information associated with the task between the URV and the human operator

flows through the tethers. A typical URV system is illustrated in Figure 1.1.

1.2 URV-Manipulator Systems

In many URV applications, the teleoperated master-slave configuration is used to
execute underwater tasks. In this configuration, the larger slave-arm duplicates the
movement of a smaller master-arm driven by a human operator on the surface vessel
[1]. In a typical underwater robotic vehicle-manipulator (URVM) application, the

URV’s position information along with slave-arm joint positions are provided to the
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pilot of the system. The pilot uses two-dimensional video images to judge where he is
in a work site so that he can operate the master-arm based on this visual information.
However, during a typical deployment, the pilot encounters enormous difficulties.
Firstly, since the two dimensional image of the work-site does not provide a depth
cue, the pilot may misinterpret the visual information and in turn possibly fail to ac-
complish the task. Moreover, as conventional thrusters rely on momentum transfer
to the surrounding fluid, their response time is slower than that of the manipulator
joints and this makes it difficult to synchronize the thrusters and manipulator com-
mands. Furthermore, when the movement is replicated by the larger-slave arm, the
inertial and hydrodynamic drag associated with the manipulator links create reac-
tions at the manipulator-URV junction. The reaction loads act as disturbances to
the URV position which then in turn disturbs the placement of the end effector.
The aforementioned difficulties associated with the URV-manipulator scheme re-
duce the efficiency of the human pilot. In addition, these difficulties limit the range
of sea states in which the URVM can operate efficiently. A control system that
provides solutions to these difficulties is needed. In the current work, the problem
of the reduction of the dynamic interactions between the URV and the manipulator

is addressed within the development of a supervisory control system.

1.3 Problem Description

During URVM operation, it is usually necessary to operate the manipulator in a
confined space. In this type of task, the URV must provide a fixed-base for the
manipulator. However, as mentioned earlier, when the movement of the master-

arm is duplicated by the submerged slave-arm, reaction forces at the junction point
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Chapter 1 - Introduction 4

between the URV and manipulator occur. The reaction loads perturb the URV atti-
tude, heading, and position, and these changes in the URV'’s state adversely affect the
end-effector position and orientation. The pilot must compensate the manipulator
dynamical loads with thruster inputs to place the end-effector in a desired position
and orientation. This dynamic interaction between URVM subsystems is called dy-
namic coupling and the dynamic coupling effect varies in magnitude depending on the
manipulator trajectory specifications. In order to obtain better system performance,
the reduction of the dynamic coupling becomes a significant issue [2]. The most
direct solution is to hold the URV fixed during manipulator operation by intelligently
commanding the URV thrusters via an automatic controller. This greatly simplifies

the task of the human pilot.

1.4 Previous Work

1.4.1 Time-Domain URVM Dynamic Simulations

Any attempt to solve the problem described in Section 1.3 requires a dynamics model
of the system. The dynamic model of the system is the basis for time-domain
dynamic simulations of the URVM systems. The time-domain simulation schemes
provide a test-tool to validate several design concepts as well as the control laws to
be implemented. This precludes the high costs of the URVM prototyping process
since erroneous controller designs are never constructed and deployed. The URVM
simulations are also used to develop a better understanding of the system dynamics,
which can be used to improve design concepts.

However, obtaining a dynamic model of the system is very challenging in the sense

|} MI““L“I {
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Chapter 1 - Introduction 5

that the system dynamics are highly nonlinear and vary greatly with changes in arm
and URV orientation [3], [4], [5], [6]. The non-linearity in the system is largely
caused by the hydrodynamic forces and moments, which dominate the dynamics of
the URVM system. Furthermore, the hydrodynamic parameters are poorly known.
Also, a variety of unmeasurable effects inherent in underwater environments exists.
Moreover, the URV and the manipulator have their own unique set of dynamic prop-

erties.

1.4.2 URV Dynamic Literature Survey

The equations governing the motion of URVs in six degrees of freedom can be de-
rived from the Newton-Euler formulation in which the URV is treated as a single
rigid body with constant inertia and hydrodynamic coefficients. The Newton-Euler
formulation relates the resultant forces and moments to the time derivative of the
linear and angular momentum. One of the notable works in the implementation of
the Newton-Euler formulation to the URVs is done by Fossen [7]. Fossen derived the
equations of motion for URVs based on the Newton-Euler formulation in a matrix
form. He refers the quantities to a body-fixed frame using the body-fixed linear and
angular velocities. In [7], the forces applied to the URVs include: added mass forces,
weight and buoyancy, drag forces, wave forces, and current forces. All of these forces
can be analytically expressed under certain assumptions. The assumptions that are
made to derive the hydrodynamic forces include: the fluid has constant and uniform
density and is unbounded, incompressible, inviscid, irrotational, and of infinite extent
as mentioned in [7] and [8]. A representative work of the incorporation of the afore-

mentioned hydrodynamic forces into the Newton-Euler formulation is demonstrated
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Chapter 1 - Introduction 6

in [7). The detailed discussions about these hydrodynamic forces can be also be
found in [8] and [9].

The derivation of the dynamic equations of motion on the URVs can also be made
using Lagrangian dynamics. Lagrangian dynamics leads to an easier derivation of
the equations of motion since it is based on two scalar energy equations namely the
rigid-body kinetic energy and potential energy. The application of the Lagrangian
approach to the marine dynamics can be found in [10].

There are many works on the dynamics of Autonomous Underwater Vehicles
(AUVs) [11], [12], [13]. In [11], the AUV is broken up into different components.
Since AUVs are streamlined, the hydrodynamic characteristics of the AUV are found
using the characteristic dimensions of the each component of the AUV such as
port /starboard, upper/lower fore/aft planes, hull and instrumentation bulges. The
hydrodynamic characteristics using the characteristic dimensions can not be deter-
mined for URVs, as they are not streamlined. According to [11], the overall effects
are determined by superimposing every individual dynamic effect on the AUV. It is
shown that the resulting dynamics is successful in capturing the non-linear nature of
the AUV.

In the field of URV dynamics, the treatment of the thruster dynamics is paramount.
Thruster dynamics models are most often created on their own and then are inserted

into URV dynamics model.

1.4.3 Thruster Dynamics and Control

It has been established that thruster dynamics are a significant effect within a URV

dynamics model. Yoerger et al. [14] developed a dynamic thruster model for use

|} M\hl.ﬁx il
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Chapter 1 - Introduction 7

in underwater vehicles. Although the model accurately captures the time delay be-
tween motor control signals and developed thrust, it does not account for all possible
combinations of propeller rotational rate and flow direction through the thruster’s
shroud. Van Lammaren et al. [15] came up with a model that characterizes all of
the possible combinations through a four-quadrant mapping of the apparent angle of
approach of water particles on the propeller blades. Healey et al. [16] combined an
armature controlled motor model, a theoretical propeller mapping using airfoil the-
ory, and a fluid momentum model applied within the finite volume of the shrouded
region. Healey et al. [16] only considered the axial component of the fluid flow
and used sinusoidal lift/drag curves. Bachmayer et al. [17] incorporated the effects
of the rotational fluid motion on thruster response and further proposed a method
to experimentally determine non-sinusoidal lift/drag curves. In the present work,
Healey et al.’s [16] approach is followed.

In Yoerger et al.’s [14] paper , three different thruster control methods on a torque-
controlled thruster were proposed to compensate the lag between commanded and
developed thrust and limit cycle. In the first method, a lead compensator has been
used. However, it is concluded that changes in the operation conditions result in
the reduction of the performance of the controller. The second method is a “pole”
cancellation method. In this method, the effect of thruster dynamics are compen-
sated by canceling the apparent lag pole with a corresponding zero. The downside
of this method is its dependence on good knowledge of the thruster dynamics prop-
erties. The adaptive sliding-mode control methodology was the third approach that
applied to the control problem of the thrusters in [14]. In the adaptive sliding-mode
methodology, the sliding-mode controller made adaptive to parametric uncertainty

by coupling it to an on-line parameter estimator. In [14], it is shown on a hybrid
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simulation setup that the adaptive sliding-mode controller is effective over the entire
operating range and is capable of compensating the uncertainties or degradation of
the thrusters.

Another three different thruster controllers on a current-controller thruster were
presented in [18]. Comparative experiments with the three different thruster control
methodologies were reported in [18]. The first control strategy was called fixed-
feedforward thrust control. This method is the most commonly used thrust-control
algorithm on today’s underwater vehicles. In this method, the commanded thrust
is fed into the controller in a feedforward manner as illustrated in Figure 1.2. This

method is also called open-loop proportional control. The second method is called

~C

1
- Adotor‘l(lmrent - T Thrust
T nggstrtgf .~ Vehicle | 5 Axial Incoming
Desired Law Thruster Fluid Velocity
Thrust - I Q Propeller Rate

Figure 1.2: Block Diagram of Fixed-Feedforward Thruster Control

feedback velocity control. In the feedback velocity control, the measured state of
propeller rotational rate is fed back to the controller as illustrated in Figure 1.3. The
controller uses the thruster dynamic model proposed in [14]. The third method is
called model-based velocity control. The block diagram of the model-based velocity
control is the same as that of the feedback velocity control. However, in the model-
based velocity control, the work of Healey et al. [16] is followed to model the dynamics
of thrusters. According to [16], two state variables are needed to define the thruster’s

state, i.e., the axial incoming fluid velocity and the propeller rotational rate. In
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Figure 1.3: Block Diagram of Feedback Velocity Control and Model-Based Velocity

Control Thruster Control

the model-based velocity control method, the propeller rotational rate is directly
measured through sensors and is fed into the controller. However, since it is difficult or
impossible to measure the axial incoming fluid velocity, an ad hoc open-loop estimator
is used to estimate the axial velocity. The model-based velocity control method is
chosen in this thesis considering that the controller is consistent with the modelling
approach of Healey et al. [16]. Moreover, in [14], it has been shown that the model-
based velocity control method offers better thrust performance over a wide range of
operating conditions in comparison to the other two methods in [14].

Note that for the aforementioned thruster controller, the desired thrust is obtained

from a high-level vehicle position control.

1.4.4 Manipulator Dynamics Literature Survey

In manipulator dynamics, there are two main problems: the inverse dynamics problem
and the forward dynamics problem. While the inverse dynamics problem involves
finding required joint torques for a given set of desired joint positions, velocities, and
accelerations, the forward dynamics problem deals with obtaining joint accelerations

for a given set of joint positions, velocities, and applied torques.
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Chapter 1 - Introduction 10
Inverse Dynamics Problem

Inverse dynamics provides the values of required generalized forces necessary to
achieve a desired trajectory. These values are fed into controllers, which drive the ma-
nipulator through a task. Moreover, the inverse dynamics can also be used to provide
some feedforward knowledge to controllers depending on the controller methodology
employed. In most of the inverse dynamic applications, the inverse dynamics must
be computed on-line [19]. This leads to the need for a computationally efficient
computation scheme for the inverse dynamics problem.

There are two standard approaches to formulating the robot dynamics, namely
Lagrangian dynamic formulation and the Newton-Euler dynamic formulation. The
Lagrangian dynamic formulation is an energy-based approach. The classic imple-
mentations of the Lagrangian dynamic formulation yield an algorithm whose compu-
tational complexity is O(N*)'[20]. Hollerbach [21] derived a recursive manipulator
dynamic formulation based on the Lagrangian formulation with the computational
complexity O(N). However, Hollerbach [21] also found that his recursive Lagrangian
formulation is not as computationally efficient as its Newton-Euler-based counterpart
in terms of the number of multiplications and additions/subtractions. [21]

The first O(N) algorithm developed for the inverse dynamics problem was based
on the Newton-Euler formulation. Stepanenko and Vukobratovic [22] derived a re-
cursive Newton-Euler method for human limb dynamics. Afterwards, Orin et al. [23]
made an improvement over the work of [22] by formulating the forces and moments

in local frames. Luh et al. [19] developed a very efficient recursive Newton-Euler al-

! N represents the number of degree of freedom. O(N™) means that the computatinal complexity

increases by the order of n with degree of freedom.
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Chapter 1 - Introduction 11

gorithm by formulating the quantities in local frames. Further improvements on the
Newton-Euler Algorithm have been made in efficiency over the years. For instance,
Balafoutis et al. [24] attained faster algorithms by using orthogonal second-order
Cartesian tensors to formulate the Newton-Euler dynamic equations. McMillan [25]
formulated the recursive Newton-Euler equations using spatial matrices and obtained

a computational efficiency that is comparable to the work of Balafoutis et al. [24].

Forward Dynamics Problem

The forward dynamics problem is primarily encountered in the simulation of a robotic
mechanism. For a simulation purposes, as opposed to real-time control applications,
it is not required for the forward dynamics to meet high-speed requirements. How-
ever, the computational efficiency is still a significant issue since it is desired to
minimize the computational cost of the simulation.

Since the inverse dynamics algorithm is computationally efficient, it is used as a
basis for the forward dynamics problem of robotic manipulators. In the early 1980s,
Walker and Orin [26] proposed four different methods for the computation of the for-
ward dynamics problem. These methods were based on the recursive Newton-Euler
method proposed in [19]. In [26], Method 1 rested on the physical interpretation of the
robot inertia matrix. That is, in a system where all of the velocities and acceleration-
independent forces are zero, the i** column of the inertia matrix corresponds to the
generalized force vector that causes a unit acceleration of joint 7. Therefore, Method
1 states that the application of the recursive Newton-Euler algorithm successively
for each joint in such conditions forms the inertia matrix for open-chain robot mech-
anisms. Having obtained the inertia matrix and knowing the forces acting through

the manipulator, the forward dynamics problem reduces to solving a linear system of
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equations. The resulting algorithm has a O(N?3) computational complexity.

Method 2 was the same as Method 1 except that the symmetric nature of the
manipulator inertia matrix was exploited. In Method 2 only the diagonal and the
bottom half of the off-diagonal terms are computed, and thus better efficiency over
Method 1 is obtained. The resulting algorithm also has a O(N®) computational
complexity:.

Method 3, later named the Composite-Rigid-Body-Algorithm by Featherstone [27],
involves the computation of the inertia properties of a series of composite rigid bodies
within the open-chain robotic mechanism from the end-effector to the base. This
algorithm works based on Method 1. In Method 1, a unit acceleration is given to the
zero-velocity robotic system at joint 7, and in turn the whole robotic system from link
1 to n behaves like a single composite rigid body while the rest of the system stays in
static equilibrium. Therefore, a composite rigid body accelerates around joint ¢ and
the forces, which correspond to the i column of the inertia matrix, are calculated
using the inertia properties of the composite-rigid body. The resulting algorithm has
a O(N?3) computational complexity. Method 4 uses an iterative procedure to solve
for the joint accelerations based on the conjugate gradient method.

Featherstone [27] first developed the Articulated-Body Algorithm. The advantage
of the articulated-body algorithm lies in its O(N) computational complexity meaning
the amount of computation grows linearly with the number of joint degrees of freedom.
Further improvements over Featherstone’s articulated-body algorithm were made by
Brandl et al. [28] by using efficient transformations and link coordinates. —The
resulting Articulated-Body Algorithm was comparable to the composite-rigid body
method for N = 6. McMillan and Orin [29] further improved the work of Brandl et

al. [28] and reduced the amount of computation by 15%. A comparison between the
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Chapter 1 - Introduction 13

composite-rigid body method and the articulated-body method was made by [25]. In
[25], it was shown that the articulated-body requires less computation than that of
the composite-rigid body method for N > 3.

Finally, the computational complexity of the Articulated-Body Algorithm is O(V)
meaning that the computational complexity grows linearly with the number of degree
of freedom. However, the Composite-Rigid Algorithm has a cubic complexity i.e.,
O(N3). In the current work, the articulated-body algorithm is chosen considering
that it is the most computationally efficient simulation algorithm for serial-chain

structures with the number of degree of freedom more than 3.

1.4.5 URVM Control Literature Survey

There are two conventional methods to hold the URV reasonably stationary during
manipulator operation. Additional manipulators or an attachment system such as
suction feet are often mounted on the front of the URV and are used to latch onto
the surroundings or the workpiece itself. This requires additional mechanical units
and the coordination of these multiple devices. Using a controller to keep the URV
stationary via the URV thrusters can eliminate the need to implement additional
mechanisms. A controller thus not only reduces the complexity of the system struc-
ture and preserves valuable payload space on the vehicle but also eliminates time
required for the attachment units to latch onto the surrounding objects. In addition,
an automatic controller operating over the URV thrusters can perform in the middle
of the water column.

In the literature several control methods have been applied to control URV motion.

Kazerooni and Sheridan [30] developed a control system using pole placement and

T
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observer method. Since they used an observer, their model can be used when the
full state feedback is not available. However, the robustness of the control system
with respect to parameter uncertainties cannot be guaranteed.

Yoerger and Slotine [31] applied Slotine’s [32] sliding-mode control methodology
to the control problem of underwater vehicles. The control problem in [31] is to
make the vehicle states follow desired trajectory values with a prescribed dynamic
characteristic in the presence of dynamic parameter uncertainties and disturbances.
The strength of their approach was that it did not require perfect dynamic param-
eters knowledge. If the bounds are known on the dynamics parameters, then the
satisfaction of the performance criteria is guaranteed. In [31], a series of single-
input single-output controllers were used, and the robustness of the proposed control
scheme to uncertainties in the dynamic model of a vehicle was demonstrated. High
control activity or “chattering” is eliminated by introducing a boundary layer into the
control technique. The sliding-mode technique has been successively implemented
on the Jason vehicle operated by Woods Hole Oceanographic Institution [33].

Cristi et al. [34] proposed a control technique that combines the robustness prop-
erty of the sliding-mode controller with the adaptivity of a adaptive controller. In
[34], the sliding surface is based on system state and state estimators instead of on
output error.

The adaptive approach was also employed by Goheen and Jeffery [35]. In [35],
a method that does not require knowing precise knowledge of the dynamics of an
underwater vehicle is proposed. It is highlighted that system dynamics identification
requires expensive full-scale testing and still involves uncertainty. Goheen and Jef-
fery [35] linearized the dynamics of an underwater vehicle around typical operating

points and the adaptation law is constructed from the linearized model. Yuh [36]
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demonstrated the application of neural networks to an underwater robotic control
system. In neural net application, the goal is to find a proper way to train the con-
troller such that the controller generates control signals that accomplish the desired
task. Simulation studies were carried out in [36] and it was concluded that a neural
net controller provides robust control technique in case the exact dynamic knowledge
is not available. However, the questions about stability and convergence remain
unanswered.

Multivariable sliding-mode control is developed for the control problem of under-
water vehicles by Healey and Lienard [37]. In [37] a set of separate designs for the
steering, diving and speed control is used for the control of unmanned underwater
vehicles. Among the various approaches in the literature, the H,, approach is used
by Conte and Serrani [38]. In [38], it is shown that H., approach provides a robust
control technique to the control of underwater vehicles.

The control of the URVM systems can involve the control of both components; the
URYV and the manipulator. In the control problem of the URVM system, the goal is
to make the URV and the manipulator state values follow desired trajectory values.
A discrete adaptive control strategy for coordinated control of URVMs is presented
in [39]. It is shown that a centralized controller gives better performance over two
separate controllers applied separately for the vehicle control and the manipulator
control. In [4], a closed-form symbolic expression URVMs motion equations are de-
rived using Newton-Euler dynamic equations. The feedback linearization technique
was then applied using these expressions to the tracking problem of URVMs. How-
ever, the feedback linearization technique requires perfect dynamic knowledge, which
is not attainable in the underwater environment. This problem was not addressed

in [4]. A similar model-based control approach is also presented in [40]. In [40], the
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closed-form symbolic model were obtained using Kane’s equations [5].

An adaptive control law based on a sliding mode approach for the tracking problem
of URVMs is developed in [41]. The control law is free of representation singularities
of the orientation due to the use of quaternions in the vehicle attitude control. The
numerical simulation of an URVM system has been carried out and the results have
been presented.

In URVM systems, the vehicle and the manipulator have their own dynamic char-
acteristics e.g., their response time to control inputs differ. In [42], the singular
perturbation theory has been used to model the difference between the two time op-
eration scales between the vehicle and manipulator. The computed torque control
method and a robust nonlinear control technique have been demonstrated using the
singular perturbation model.

The problem of tracking a desired motion trajectory for an underwater vehicle-
manipulator system without using direct velocity feedback has been addressed in
[43]. In the direct velocity feedback, the problem is that numerical differentiation
of noisy position/ orientation measurements lead to chattering of the control inputs
and in turn cause high-energy consumption at the actuators. This creates the need
for a control technique that does not need direct velocity feedback. In [43], this
problem were solved by using a velocity observer. The numerical simulation of an
URVM system has been carried out, and it is demonstrated using the controller-
observer strategy leads to the reduction of chattering and in turn lowers the energy
consumption.

Dunnigan and Russell [44] address the dynamic coupling problem for URVM sys-
tems, and propose the sliding-mode approach with a feedforward compensation term

to minimize the vehicle-manipulator dynamic interactions. It is also shown that
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such a feedforward term significantly improves the end-effector trajectory tracking
performance of the system. Ryu et al. [3] considers a force/torque sensor mounted
at the base of the manipulator in order to detect & compensate the dynamic coupling
effect. It is also shown by Ryu et al. [3] that in the case that such a sensor is not
available, a disturbance observer is feasible. However, the practical implementation
of such algorithms is not trivial [45].

The URVM dynamics are dominated by hydrodynamic terms and it is difficult
to accurately measure or estimate the hydrodynamic coefficients. This calls for a
robust controller: one that is insensitive to inaccuracies in the dynamic model of the
URVM. As mentioned before, the sliding mode approach is an effective technique for
the control of URVM systems [31], [33] and [44]. As such, in the present work the

sliding-mode approach is chosen.

1.5 Objective of the Work

The primary objective of this work is to propose a control law that reduces the
dynamic coupling effect between the URV and the manipulator. As opposed to the
vast majority of URVM systems in which the human pilot runs thrusters and arms
independently, it is proposed that the arm and the thrusters be coordinated such
that the URV thrusters are used to compensate the dynamic coupling effect due to
the manipulator motion. This requires employing a control strategy that intelligently
commands the thrusters such that the disturbances caused by the dynamic coupling
are compensated. In order to accomplish this goal, it is required to have a complete
nonlinear time-domain simulation of the URVM that provides not only a test-tool

for validation of the control laws to be implemented, but also a basis from which the
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controller model is constructed.

1.6 Thesis Contributions

The contributions of this thesis are spread over the areas of dynamic simulation
and the control of URVM systems. The existing articulated-body algorithm has
been extended to include the thruster dynamics and has been applied for dynamic
simulation of a URVM system. A generic URVM dynamic simulation program has
been created using the articulated-body algorithm. Simulation results for a URVM
system that has a manipulator with a R | R // R configuration are presented for a
planar task. The incorporation of the articulated-body algorithm into a model-based
sliding-mode controller for the reduction of the dynamic coupling between the URV
and the manipulator has been accomplished and simulations are used to demonstrate
its effectiveness in the reduction of dynamic coupling effect.

The dynamics models that were previously used to solve the dynamic coupling
reduction problem require inertial measurement units to accurately predict the dy-
namic coupling forces. In this work, it is shown that using the articulated-body
algorithm in the model-based sliding-mode controller eliminates the need for the in-
ertial measurement units to predict the dynamic coupling forces. In addition, the
articulated-body equations directly capture the effect of the added mass inertia of
the manipulator arm. Consequently, using the articulated-body form of the URV
dynamics equations within a URVM system model allows for a more precise URV
dynamics representation in the model-based controller, and in turn provides better
trajectory control performance of the URV.

The inclusion of the articulated-body algorithm and its performance in reducing
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the dynamic coupling effect have not been presented before in literature and its in-
clusion in the sliding-mode controller is considered to be a unique contribution of
this thesis to the underwater-robotics field. This theoretical work culminates in a
comparative study in Section 6.5. The comparative study shows that the use of
articulated-body algorithm within the model-based controller improves the controller
performance in accomplishing a coordinated task in comparison to the Newton-Euler
based controllers. Consequently, this work improves the coordinated control of the

URVM systems in response to disturbances.

1.7 Thesis Outline

The remainder of the thesis proceeds as follows: Chapter 2 describes the vehicle
kinematics and manipulator kinematics. In Chapter 2, the state variables associated
with the vehicle and the manipulator are defined. The frame attachment procedure
is also explained in this chapter. Necessary transformation matrices from the earth
frame to the URV’s body-fixed frame, and the transformation matrices from link
to link within the manipulator, are presented in this section. ~The velocity and
acceleration equations governing the vehicle and the manipulator are also given in
Chapter 2.

In Chapter 3, a spatial matrix form of the kinematic and dynamic equations for
a single rigid link is presented. In this section, the derivation of the articulated-
body equations are presented using the kinematic definitions of Chapter 2. The
incorporation of a mobile base and gravity into the articulated-body equations is also
demonstrated in Chapter 3. The dynamic coupling spatial force equations are also

presented in this section.
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In Chapter 4, the most significant hydrodynamic forces that are considered in this
thesis are presented. In addition to the hydrodynamic forces, a non-linear thruster
dynamic modelling technique is introduced. A thruster simulation is performed to
compare actual thruster performance to that predicted by the modelling technique
used.

In Chapter 5, the results obtained from Chapters 3 and 4 will be combined and a
complete articulated-body algorithm for the time-domain simulation of URVM sys-
tems will be presented. The solution procedure will be also laid out step by step based
on the derived equations from Chapters 3 and 4. Finally, the problem of dynamic
coupling present in URVM systems will be demonstrated based on the simulation
results obtained.

In Chapter 6, the model-based sliding-mode control approach for general nonlinear
systems and model-based velocity control method for the thrusters are given. The
incorporation of the articulated-body equations into the model-based sliding-mode
controller is presented. A control scheme is presented for reducing the dynamic
coupling between the manipulator and the vehicle. To demonstrate the effectiveness
of the proposed control scheme, a time-domain numerical simulation is carried out and
the results are presented. A comparative study between the Newton-Euler and the
articulated-body based sliding-mode controllers are also carried out in this section.

Finally, in Chapter 7, the topic of the exploitation of the redundancy in URVM
systems as well as the full motion control of URVM systems are brought up as a

future research topic. Chapter 7 finishes with conclusions.
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Chapter 2

Kinematics

2.1 Overview

In this chapter, the kinematic model of the URV and the manipulator are presented

separately.

2.2 Vehicle Kinematics

2.2.1 Position and Velocity State Vectors

As shown in Figure 2.1, 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 {0} is attached to the centre of mass of the URV as shown in Figure
2.1. The URV’s absolute spatial Veloci‘;y state vector in terms of the body-fixed frame
is considered to be v, = [ wd VT ] = [p g T uvw T, and the position

and orientation state vector of the URV in terms of the inertial frame is given by
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T 7
X [ nt ot J = [ 6 6 v z y z | - Notethat the notation used is based

on the SNAME [46] notation.
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Figure 2.1: Frames and URV’s Motion

In time-domain simulations, it is desired to know the evolution of the position and
orientation of the vehicle, with respect to an inertial frame, in time. In Chapter 3, the
evolution of the vehicle dynamics will be completed by using kinematic parameters
specific to the body-fixed frame. In order to evolve the vehicle state in terms of the

inertial frame coordinates, transformations between the body-fixed and the inertial

frame must be defined.

2.2.2 Linear Velocity Transformations

The transformation matrix between the body-fixed frame and the earth-fixed frame

can be obtained by the Euler sequence of rotations, i.e., the first rotation ¢ is about
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the Z axis of the inertial frame (yaw), the second rotation # is about the new Y’ axis

(pitch), and finally, the last rotation ¢ is about the new X" axis (roll), as illustrated

in Figure 2.2.
,’X" /,X" XO

_— X P ~ = O

R X A0 x . -

/6;}/
/1[]/ Y s 0 o) (02N
v/ ';/)\‘ YM'Y'H sy /
’ A\ Y, \ g
Y 'Z VA VA 0

Figure 2.2: Euler Angles

The transformation matrices corresponding to each of the individual single-axis

rotations are given by:

cv —s¢ 0 cd 0 s@ 1 0 O
Riy=|sv v 0|, Rpe=] 0 1 0 |:Reo=1]0 cp —s0¢
0 0 1 —s6 0 cf 0 s¢ co

(2.1)

where R, 4 is the transformation matrix from intermediate frame {’} to the inertial
frame, R, is from intermediate frame {”} to intermediate frame {'} and lastly,
R, ; is from the URV’s body-fixed frame to intermediate frame {”}. The resulting
transformation matrix, T, is the transformation matrix from the URV’s body-fixed

frame to the inertial frame and can be found by:

Ti = R.yRysRas (2.2)
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yielding
cpchd —sico + cshsg  swso + cpsbcod
T = | sl cpcod+ sshsd  —cso + swsbed (2.3)
—s0 clso cfcop
where

s=sin(-), c=cos(-), t=tan(-)
The linear velocity of the URV in terms of the inertial frame is given by:

1 = Tivo (2.4)

2.2.3 Angular Velocity Transformation

The relation between body-fixed angular velocity and earth-fixed angular velocity is
7= Tawo (2.5)

In order to find the transformation matrix Ty an infinitesimal rotation can be
considered. An infinitesimal rotation can be written as the vector sum of a series of
infinitesimal Euler angles [47]. Considering Figure 2.2, an infinitesimal rotation, Ar,

can be given by:
Ar = Agip + A + Ayk” (2.6)

Dividing Equation 2.6 by At¢ and taking the limit as At — 0, yields the time rate of

change of Ar and is given by:

. Ar . e 0! SR
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Based on the frame definitions, the following transformations can be written:

i = cdjo — séko (2.82)

k" = —sbiy + clspjo + clcoky (2.8b)
Substituting Equations 2.8a and 2.8b into Equation 2.7 yields the following equation:
i = (¢ — ¥sh)ip + (Bcp + Vehsd)jo + (—Bsé + heheg)kg (2.9)

Note that I corresponds to the angular velocity of the vehicle wy = pig + gjo + rko.

Therefore,

Thus, the following equations hold:
p = ¢—1psb
q = Oco+hchso (2.11)
r = —0sé+ cbed

Equation 2.11 can be reorganized into a non-orthogonal transformation that maps
the time rate of change of Euler angles into the body-fixed frame angular velocity

components as follows:

P 1 0 0 é
wo=|q|=|0 co chsod 6 (2.12)

r 0 —s¢ clco "
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Inverting T ' gives the transformation matrix between the vehicle’s body-fixed rota-

tional velocity and the time rate of change of the Euler angles,
Ty () (2.14)

Consequently, T is obtained as:

1 —suth cotd
To=|0 cp —so (2.15)

0 so/cd co/ch
Note that the transformation matrix T, is not an orthonogal matrix because the 1,
6, ¢ entries do not form a vector entity, that is, they are not associated with orthogonal

directions.

2.2.4 Kinematic Equations

In this section, the transformation matrices T; and T, are used to transform the
vehicle’s absolute velocity and acceleration between body-fixed and inertial frame

representations.

Velocity Equations

The absolute spatial velocity of the vehicle in terms of the inertial frame can be given

according to:

I Ty 034 w
Up) _ 2 3x3 0 (2.16)

m 03x3 T, Vo
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Equation 2.16 can be written as follows:

x=Tyv (2.17)
where the transformation matrix T is given as:
T 0

2T (2.18)

_T_ —
033 T

and Equation 2.17 relates both translational and angular velocities expressed in the

vehicle’s body-fixed frame to the quantities in terms of the inertial frame.

Acceleration Equations

The acceleration equations can be obtained by taking the derivative of Equation 2.17:

x=Tv+T¥ (2.19)

where T is comprised of T, and Ty. The transformation matrix T; is computed as:
T, = T1& (2.20)
where ~ refers to a skew symmetric matrix formed from the components of the vector
entity as described in Appendix B. The proof for the time derivative of a rotation
matrix is given in Appendix C.
As for T, it is given by:
—s¢¢t0 + (1 + t20)sp0

Ty=| 0 —s00 —cé
0 (c¢c9<is » 5@509) /20 (—sqﬁce{b + c¢399) /8

0 coptd + (1 +t20)seh
(2.21)
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2.3 Manipulator Kinematics in the URVM Serial

Chain

2.3.1 Overview

In this section, the velocity and the acceleration of the URV at the junction point
with the manipulator will be considered to be the manipulator base velocity and
acceleration. As such, the kinematic effect of the URV throughout the serial chain
of the URVM system can be incorporated.

The outward iterations of the Newton-Euler Recursive Algorithm [48] are used
to compute the rotational velocity and the linear and rotational acceleration of the
centre of mass of each link of the manipulator for a given instant of time. The
kinematic parameters for each link are defined in terms of the link’s body-fixed frame.
The body-fixed frames are attached to the initial joint of each successive link using
the Denavit-Hartenberg convention [48]. This step is followed by numbering the
links starting from 1 through n, with n representing the end-effector. The base is
identified as link 0. Again, in this work the base is considered to be the URV.
The position state vectors for seriz;l—manipulators containing only revolute joints are
defined as q = [ G @ o Gn } , where ¢; is the rotation angle of the 7** revolute
joint. For serial-manipulators containing prismatic joints, the corresponding state
vector component is replaced by d;, where d; is the translational displacement of the

ith prismatic joint.
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2.3.2 Link Transformations

A homogeneous transformation matrix :~'T describes the location and orientation
of link frame 7 with respect to link-frame 7 — 1. The homogeneous transformation
matrix is constructed based on the modified Denavit&Hartenberg parameters [48]

and is expressed as shown below:

T = Ry, (@i—1) Dx,_, (@i—1) Dy, (di) R, (6:) (2.22)
yielding [48];

chi —591' 0 a;—1 W
. sbjco;_y  cbicoi_1 —sa;_1 —Sa;_1d;
I = (2.23)
891'3&1'_1 cQ,—sai_l CO;—1 cai_ldi

0 0 0 1

This expression describes the necessary successive motions to transform from the
link frame 7 — 1 to the link frame i. In this expression, Ry, ,(@i—1), Dx,_,(ai—1),
D..(d;) and R,,(0;) represent a rotation about the x; ; axis, a translation along the
X;_1, a translation along the z; axis, and lastly a rotation about z;, respectively. The

components of the homogeneous transformation matrix are

i—1 i—1
5 i R i—1—1
L Pt (2.24)

0lx3 1

where "R is a 3 x 3 rotation matrix that transforms representations in the ** link
frame to representations in the i-1%* link frame, and *~'p,;_;_; is a vector denoting
the translation from the origin of the link frame i — 1 to the origin of the link frame

i
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2.3.3 Extension of the Aforementioned Equations to the Kine-
matics of Serial-Chain Manipulators

The principles described in Appendix A can be applied to the kinetics of serial-
manipulators. A serial-manipulator is composed of successive links. Each link has
a 1 degree of freedom motion contribution to its outboard links due to its physical
structure. This implies that the computation of the velocity and the acceleration of
each link requires knowing the velocity and the acceleration of its inboard (preceding)
links. Therefore, the calculations must be initiated starting from the base, the URV,
through the structure.

Let’s consider a land-based n-link serial-manipulator, which is composed of only
revolute joints. The equations of motion of link 1 can be derived by means of Figure
A.1. Frame {FE} represents the inertial frame. Frame {0} is attached to the base
of link 1. The linear velocity® of link 1,vy, is equal to the linear velocity of the
base, v, i.e.,vo=v;. This statement can be extended to the linear accelerations, i.e.,
ap=a;. Let’s calculate the linear velocity of link 2. In Figure A.1, vector pyjo = Py/1
corresponds to the position vector from the base joint of link 1 to the point where the
body-fixed frame of the outboard link (link 2) is attached. Considering the recursive
nature of serial-manipulators, the calculations for link 2 must start from the base of
link 1.

Since joint 1 is revolute, Equation A.14 is used to calculate the linear velocity
of link 2. Note that the velocity of link 1 is equal to the velocity of the URV. In

Equation A.14, the term wy = w; corresponds to the absolute angular velocity of

1 The linear velocity or acceleration of a link refers to the absolute linear velocity or acceleration

of the origin of the link frame.

By



Chapter 2 - Kinematics 31

link 1. In order to calculate the linear acceleration of link 2, Equation A.15 is used.
In Equation A.15, ag = a; and oy = @y, as they represent the base motion. In
order to calculate the linear velocity of link 3, the angular velocity of link 3 must be
known. According to Theorem 2 of Appendix A, this can be found by adding each
rotational contribution of preceding links to the joint rate of link 3 expressed as a
vector quantity. The angular acceleration is computed by taking the time derivative
of the angular velocity of link 3 using Theorem 1 of Appendix A. This process carries

out throughout the rest of the links successively.

2.3.4 Kinematic Equations for Serial-Chain Manipulators

The outward equations of the Newton-Euler recursive dynamic algorithm are pre-
sented in this subsection. These equations establish the translational and rotational
velocities of the links based on a known base velocity.

Starting from i = 0 through i = n — 1, the angular rotational velocity from link

to link is given based on Theorem 2 of Appendix A as:
i+1wi+1 — ;li—l-lR iw-i e q.'i—{»—l i+1zi+1 (225)

Since there is no rotational motion contribution of prismatic joints to the serial-

manipulator, for a prismatic joint Equation 2.25 simplifies to:

i+1wi+1 = ?—IR iwi (226)

where

+14;,1 : angular velocity vector of link 7 + 1 in terms of frame i + 1

IR : rotation matrix from link frame 7 to frame i + 1
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angular velocity vector of link 7 in terms of frame ¢

iwi 5
gi+1 : angular velocity of joint ¢ + 1
“+1z,.1 : unit vector in z direction of link frame i + 1

Taking the time derivative of the angular velocity yields the angular acceleration

of the link. For a rotational joint, the time derivative of Equation 2.25 is given by:

41 _ iy T - -
Taip= T Ria+ T RwW X Gy T 2z G T Zi (2.27)

Since there is no rotational velocity between link i and link 741 in case of prismatic

joints, for a prismatic joint Equation 2.27 simplifies to:

i+lai+1 . §+1R iai (2.28)

where
“+loy;. 1 : angular acceleration vector of link 7 + 1 in terms of frame i + 1
‘ay; : angular acceleration vector of link 7 in terms of frame i
Gi+1 : angular acceleration of joint ¢ + 1.

The linear acceleration of each link frame origin is given by:

H'la,H_l — ::+1R (ia,; X ipi_,i+1 -l-i w; X (iwi X ipi—n'—{—l) + iaa-) (229)

Since the joint rate of a prismatic joint changes in time with respect to its body-

fixed frame, the Coriolis and the centripetal acceleration terms appear in the deriva-

tive of the linear velocity expression:

i+lai+1 = ::-HR (iai X ip,;_,i+1 +i w; X (iw,- X ipi_n'_;_l) + z.aw;) + (230)

i+1 s g 7 i
2T Wi X digp1 7 21 +di1 T Zi
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where
“+la, , : absolute translational acceleration of link frame i + 1 in terms of
framei+1

‘Pi_i+1 : position vector from link frame 7 to link frame i+ 1 in terms of frame i

‘a; : absolute translational acceleration of link frame i in terms of frame 7

d;11 : translational velocity of joint 7 + 1

d;;1 : absolute translational acceleration of joint 7 + 1.

Finally, the linear acceleration of the centre of mass of each link is given by

i+1 — i+l i+1 i+1 i+1 i+1 i+1
aCi+1 - (8 RS X p’H—l—'Ci.H THe Wit1 X ( OJ«H.] X pi+]—>Ci+1) + ;41

(2.31)
where
“1pii1c,,, : position vector of centre of mass of link i 41 relative to
the origin of link frame 7 + 1 in terms of frame 7 + 1.

Note that Equation 2.31 is the same for both prismatic and revolute joints.
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Chapter 3

Articulated-Body Equations

3.1 Overview

The forward dynamic problem is the calculation of joint accelerations for a given set
of joint positions, velocities and torques. In this chapter, the equations of motion
for a link within a serial-manipulator that were derived in Chapter 2 are expressed
in terms of spatial vector notation. These equations form the basis for the deriva-
tion of the articulated-body equations. After the derivation of the articulated-body
equations, the incorporation of the mobile base effect and the gravity forces into the
derived equations are presented. Finally, a methodology to solve the forward dynamic

problem is given at the end of the chapter based on [25].

3.2 Spatial Kinematics of Manipulator Links

The dynamic equations of the articulated-body algorithm are in terms of the linear

and angular kinematic parameters of each link. The definitions of the linear and

By
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angular kinematic quantities were already given in Chapter 2. In this section, the
spatial vector representation of linear and angular kinematic quantities are written
in a spatial vector format.

A spatial vector is a 6 dimensional vector, which combines the associated 3 X
1 vector of linear kinematic quantities and the 3 x 1 vector of angular kinematic
quantities. The spatial representation of vectors simplifies the dynamics equations of
multi-body systems, as it reduces the number of equations [49]. In the articulated-
body algorithm, the kinematic quantities are represented by 6 x 1 spatial vectors
and as a result of the reduction in the dynamic equation set, the articulated-body
algorithm provides better computational efficiency over its 3- dimensional-vector-
based counterparts [49].

In the following articulated-body dynamic equations, the force and moment equa-
tions are written with respect to the origin of each link frame. This is in contrast
to the Newton-Euler recursive dynamic equations where the dynamic force-moment
balance equations are written with respect to the centre of mass of each link.

Let’s consider the manipulator link shown in Figure 3.1. In Figure 3.1, joint 7 —1
and 7 are at the base of links 7 — 1 and i. The body-fixed frame is attached to joint
1—1 of link i — 1, which is labeled as a. The body-fixed frame of the outboard link i is
attached to joint 7, which is labeled as b. Point b is coincident with the junction point
between the two successive links and considered to exist on link 7 — 1 and exhibits
the same angular velocity as point a.TThe spatial velocity vect?rr of point a and b is
defined as v, = | 1w, ; v, ] and v, = [ fwii ‘v ] , respectively. The
position vector from point a to point b is defined as *~'p;_;_;. The 6 x 6 spatial

transformation matrix ‘X, ; that maps these quantities from link frame i — 1 to link

{4l iy
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Figure 3.1: Points on the Manipulator Links

frame 7 is given by:

; ; 1
‘Wi iR 0343 Tlwi

i i i-1=T i ot
Vi iR7Pi_ iR Vi1

Vb — 1X' Vv

= “xi—1%a

36

(3-2)

Now, the spatial velocity vector of link 7 is seeked. The motion afforded by a single

joint is defined by a spatial unit vector @i The vector ig. maps the contribution

of the i** joint, a scalar rotation rate, to the spatial motion of the manipulator.

f i

The vector ’ibi is defined as ‘¢, = { 001000 for revolute joints and

T
’Qi =100000 1 ] for prismatic joints in terms of the body-fixed frame

attached to the i link. In order to find the spatial velocity vector of the outboard

link 7, the motion contribution of link ¢ must be considered. For the sake of simplicity,

the joint rate of the i** link is defined by the same symbol fi for revolute joints and

prismatic joints, i.e., fi corresponds to ¢; for revolute joints and d; for prismatic joints.

1 “M}“l‘“.
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The spatial velocity of link i, regardless of whether joint 7 is prismatic or revolute, is
given by:

i i—1
Wi iR O3x3 Tlwi

= +'p&; (3.3)

i i—1=T i il
Vi iR TPL L iR Vi-1

With regards to the spatial accelerations, Equations 2.27 and 2.29 can be written in

a spatial vector form for a revolute joint as follows:

foy; z:_ R 0343 i‘la-_l L.
| 1 — - 1‘1 . x | 2 e libigi_i_ (34)
‘a; iR Z—lﬁzr—l—n' iR lag 4
03x1 i‘-l-’i x &; z;
- . - - +
i R [Tlwig x (Tlwizn X Tipicii)] 03x1

where z; is called joint unit vector and is defined for both revolute and prismatic

joints as:

z;= 10 (3.5)

For a prismatic joint, Equations 2.28 and 2.30 are combined in a spatial vector form

as follows:
‘o _ iR 0343 a4 " i(bé " (3.6)
) _ - , - PSi
‘a; iaR? lpzT—1—»i iR la;
031 N 031
f_lR [i_lwi—l X (i—lwi—l X i_lpi—l—n')] 2 (iwi X fizi)

Equations 3.4 and 3.6 can be written in a much more compact form as follows:

g, = X, Tla + zﬂfz * igi (3.7)

o (AR |
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where igi is the vector of Coriolis and centripetal accelerations, which differs between

the revolute and prismatic joint cases.

3.3 Spatial Dynamic Equations for a Link

3.3.1 Link Translational Dynamics

According to Newton’s second law, the resultant of the external forces, f, applied to
a rigid body, whose total mass is m, causes the absolute acceleration a. at the centre
of mass of the rigid body. The sum of external forces is related to the acceleration

of the rigid body according to:

f = ma, (3.8)
where m is defined as:
m 0 O
m=|0 m 0 (3.9)
0 0 m

Equation 3.8 is applied to the manipulator links in a recursive manner. Figure
3.2 shows a free-body diagram of a manipulator link in a serial-chain. In the figure,
f; is the total force exerted onto link 7 at the joint i by its inboard link 7 — 1 and f;+;
is the force exerted by link 7 onto the next outboard link 7 4+ 1 at the joint 7 + 1.

The force-balance equation can be written in terms of the acceleration of the joint

i, the link base, as follows:

£i —::+l R H-lfi_,_l =m; iaci (310)
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Figure 3.2: Link in a Serial-Manipulator for the Force-Balance Equation

Substituting Equation 2.31 into Equation 3.10 yields:
ifi _§+1 R i+lfi+1 =m; ia,l- —m; iPi—*Ci X iai + iw,,; X (iwi X my; ipi——»Ci) (311)

where superscript i represents link’s body-fixed frame. The term m; ‘p;_.c, is called
the first mass moment of link 7 and is defined by h;. Using the skew-symmetric

definition in Appendix B, Equation 3.11 becomes:

f; - R, =m; 'a;, — h; "oy + 'w; x (fw; x hy) (3.12)
The skew-symmetric property ,(—h; = fliT), produces:

f; —§+1 R*™f . =m; a; + ]leT oy + fw; X (iwi X h,-) (3.13)

Equation 3.13 will be used to form a spatial force-balance equation for a rigid body.

3.3.2 Link Rotational Dynamics

Referring to Figure 3.3, a rigid manipulator link is moving such that the linear ac-

celeration at point @ on joint i is a;, the angular velocity is w;, and the angular

i Rl
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acceleration is a;. The total moment n, which must be exerted on the body to cause

the motion is given by:
n=mp,.cxatlatwxl,w (3.14)
where p,_c is the position vector from point a on joint i to the centre of mass of

the body. The inertia tensor is expressed in terms of link i’s body-fixed frame which

originates at the point a on joint i:
Izm ’_Ixy '_I:tz
L=|-L, I, -I. (3.15)

_Izz _Iyz Izz

Note that the first term in Equation 3.14 accounts for the use of “a” as a reference

point. The last two terms in Equation 3.14 are due to the time derivative of the

angular momentum of the rigid body.

Acj nij

4N |

R PP TN

Link i
 Pasei _d ‘
- ,/\,'/’ ¢ Joint i+1
AN
% W,
n; Joint i

Figure 3.3: Link in a Serial-Manipulator for the Moment-Balance Equation

Equation 3.14 can be extended to the manipulator dynamics by defining the overall

moment applied to the link. In Figure 3.3, n; is the moment in terms of link frame 7
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exerted onto link i by its inboard link 7 — 1 at its base and n;, is the moment exerted
by link 7 onto the next outboard link 7 + 1 at the junction point between link ¢ and
link i + 1, the force f;,; is exerted by link i on the outboard i + 1 link at the joint
i+ 1. The moment equation with respect to the point a can be written in terms of
link’s body-fixed frame as follows:
‘n; =i R0y — pinin X LR = mi'pag, X ‘a; 4+ T 'oy 4+ 'wix 'L w;
(3.16)
By taking the origin of the frame of joint i as a reference point, i.e., ‘Po—c, = ‘Pimcis
Equation 3.16 can be rearranged by replacing term ‘p; ., X with its skew symmetric
form *p; ¢, and using the definition of the mass moment given in Section 3.3.1 as

follows:

in; —i,  R™n;; — Pininr LR = hy x fa + Llas +'wi X Li'w;  (3.17)

3.3.3 Spatial Force-Balance Equation

Equations 3.17 and 3.13 can be combined to yield into a single spatial vector dynamics

equation as follows:

. . aoas - - l o o~ .
n; iR "Piit iaR o ‘L h; ‘o N
zfi 03x3 ,zH_lR H—lfi_H th m lai
iwix iIi iwi
(3.18)
'w; X (’wi X hz)

Equation 3.18 can be written in a more compact form as follows:

', — X, = e - ig_i (3.19)

i R s
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Figure 3.4: Spatial Quantities for a Link

Equation 3.19 is the spatial form of the force balance equation for a rigid body
as illustrated in Figure 3.4. The vector I, is called spatial inertia tensor. The
vector 3 is called bias force that contains all velocity dependent terms. Bias force
can be described as a velocity-dependent force that must be exerted onto link 7 to
maintain its current link velocities. This equation along with Equation 3.7 provides
the basis for the derivation of the articulated-body algorithm. The gravitational
effects are excluded to ease the computational burden and will be incorporated into
the articulated-body equations in subsequent chapters.

In the next section, the interaction forces between the link will be the main focus.
By introducing the concept of an articulated body, it will be shown how Equation
3.19 for i = 1...n can be reformulated in a recursive set of equations that allow fast

evaluation of the forward dynamics.
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3.4 Derivation of Articulated Body Inertias

It is known that there is a linear relationship between the acceleration of a body in
a rigid body system and the applied forces causing that motion [50]. This linear
relationship is given by Equation 3.19. Now, referring to Figure 3.5, the question is
“is there any linear relationship between the force f; applied to a particular member of
a multi-body system and the acceleration a; of that member, taking into account the
effect of the rest of the multi-body system, which is defined by I} and g;*.” Therefore,

the following relationship will be seeked in the subsequent derivations:

/ 7 .
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Figure 3.5: Multi-Body System

'f;="L'a, - 'B; (3.20)

In Equation 3.20, the term I is called articulated inertia, which is the accumulated

inertia of effect of the articulated bodies that is defined as a collection of rigid links
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connected by joints. The term 3 is called articulated bias force [49]. Obtaining the
articulated properties I} and g:, leads to a definition of a spatial force f; in terms of
the dynamic properties of the articulated body. In what follows, a recursive equation
for the terms I} and g: will be found.

Let’s consider the outermost link (link n) of the manipulator in Figure 3.6. If the
force balance equation, Equation 3.19, is written for the outermost link (nt" articu-
lated body) and then is equalized to Equation 3.20, one can see that the definitions
of the spatial inertia tensor and the spatial bias force coincide with the definitions of

the articulated inertia and articulated bias force, i.e., I, = I} and 8. = 3.

LB E I —1
LB, e -
- | o B
i Y T T P
Linkl1 ¢  Limk2 # ¢ Linki * ¢ Linkn
{ \ 7~__/’ \\¥4# S | \\‘\__r>~»- o o =
|
1 \ 2 ' 1 ' n
(Pl | (1_)2 d.)i d_)n

Figure 3.6: Articulated Bodies in a Serial-Chain

Let’s take Equation 3.20 as a starting point of the derivation of the articulated in-
ertias and the bias forces. Substituting Equation 3.7, which is the spatial acceleration

of the i** link, into Equation 3.20 yields the following equation:
=L (X e + e+ ) - B (3.21)

The scalar joint force 7; can be found by projecting the spatial joint force onto

the associated spatial joint unit vector ig. Therefore, the scalar joint force equation

o AR el |
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is given by:
Ti="¢, f; (3.22)
Substituting Equation 3.21 into Equation 3.22 yields:
ri= o7 (T (K 2 + 'R fi+ i) - 8) (3.23)
Expanding Equation 3.23 gives:
ro= OTL (X e+ ) < 8T B+ T T eE (329
Solving Equation 3.24 for unknown joint acceleration requires the following steps:

‘T Lok =T+ ol '8 — ¢ 'L (Kiy Taa+ ¢

E= (70 [t 8T8 - oL (K, T, +¢)] (329)
By the following definitions;
m; = ‘¢ 'L 'e, (3.26)
7 = nt'P B
Equation 3.25 simplifies to:
&= m)™ [ri = ‘oL (Koo Taia + ¢ (3.27)
Substituting Equation 3.27 back into Equation 3.21 requires the following steps:

=T (X5 a4

. S ' _ _ _ (3.28)
i (mp) ™ [r1 = 0T L (Kimy e + )|V +C) B

o 0 ARG i
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f;, = (il: = ¢-m'—1¢~T il"k)ixi—l la;, ;+

. (3.29)

(11: _ zl:(ﬁ —1¢TzI*) C +z I* 1¢ m—l * _ 2@:

By the following definitions:
'k, = "I;'¢p, (3.30)
sz == i.I_: o zI* z¢ —1 2¢T zI*
= I} - 'k, mit k] (3.31)
Equation 3.29 simplifies to:

f, = 'N,'X; ; — [zé: N, igi —'k; (m;)_l 7':] (3-32)

Finally, Equation 3.32 is substituted into Equation 3.19 for link 7 — 1, which is the

rigid-body force equation:
Sy - X (NX - 18] NG -k () ) =
=1— £2i—1 i -1 =i 3; = 1 i
i—lli_l z'—léii_1 _ z‘—léi_1

The above equation can be put into the same format as Equation 3.20 as follows:

(3.33)

i i i iN i -1
lfi—l = ( 11:‘—1 Ly er—l N; Xz‘—l) a; 1— (3.34)
(718, + XL, (B = N, ks (mi) 7))
By the following definitions:
S, = YL+ XL NX (3.35)
8, = B+ XL (B NG - ks (m) 7 )

The recursive equation has been finally found as:

i_lii—l - i—ll:_l i_lgi—l _ i—lg:_l (336)
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where the terms I} ; and "'3}  are called the articulated-body inertia and bias
force of the (i — 1)™ articulated body, respectively. In Equation 3.36, the force term
i-1f. | is a known quantity, and represents applied force to the link 7-1. Knowing
i-1f it is obvious that Equation 3.36 can be solved for accelerations “'a; ;, once
the associated articulated inertias and bias forces are computed. Since the articulated
inertia is always symmetric and positive definite, it is always invertible.

Equation 3.36 implies a recursive relationship starting from the end-effector to the
base, as the (i — 1) articulated-body inertia is a function of the articulated-body
inertia of the outboard links. The same statement also applies to the bias forces in
the serial-chain. Therefore, the initial values of the articulated-body inertia and bias
force for the end-effector n (last link) must be known to propagate Equation 3.20
through the serial-chain. For the end-effector, as explained before , the force balance
equation, Equation 3.19, coincides with the articulated-body equation, Equation 3.20,
ie,"I,="L,and"8 = "B — ntiXTntlf | where "T'f, | represents the external
force on the manipulator’s end-effector.

The power of the articulated-body equations is embedded in Equation 3.36. This
equation allows us to treat the whole serial-structure as a sequence of rigid bodies
through the calculation of articulated inertias and bias forces. This simplifies the
dynamics of serial-manipulators. As it can be seen from the derived equations,
articulated-body inertias are a function of only the rigid-body inertias along with the
instantaneous kinematics of the connections between the links in serial manipulators.
The i — 1** articulated-body inertia is felt by joint 7 — 1 because of not only its own
inertia I, ;, but also the accumulated inertial effect of the rest of the outboard links
N,. The term N,; is called the reflected inertia. The reflected inertia is the inertia

effect of the outboard links on joint i — 1. The transformation of the reflected inertia

| A il
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from link frame i to link frame i — 1 in Equation 3.35 is the single most significant
portion of the computational burden in the articulated-body equations. A method
to ease this computational cost has been proposed in [29]. As for the bias force, it

captures all the velocity-dependent terms within the articulated body.

3.5 Gravity

The incorporation of the gravity effect can be accomplished by introducing a gravi-

tational force into the force balance equation, Equation 3.19, as follows:
iii £ zf__zq _ i—l—leT i+1£i+1 — ili igi . igi (337)

where f7 is the gravitational force, and is defined as:

. ) 0 o
igg =i | | = iLia (3.38)

) = By
1
4

By taking the gravitational force term to the right side of Equation 3.37 and then

grouping terms multiplying the spatial inertia yields:

X, = (e a) - B,

= L4 - '8 (3.39)

2

where &, is called biased acceleration and is defined as:
4;=a —a, (3.40)

The biased acceleration will be used in the subsequent sections, as it allows incor-

porating the gravity effect into the articulated-body equations in a computationally

o 0 A s
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more efficient way [25]. This can be seen in Equation 3.39. Instead of computing
the gravitational force, the biased acceleration can be used through the articulated-
body equations. In other words, by using the biased acceleration, the computation
required to calculate the gravitational force can be avoided while accounting for the

gravitational effect. Therefore, the acceleration propagates according to:

=X, a4+ ﬂ-gi <+ isi (3.41)

Note that if the absolute acceleration is required, the gravitational acceleration

must be added to the biased acceleration:

a; =4 +3a,

3.6 Mobile Base (URYV)

In the previous chapters, it is assumed that the base is stationary, i.e., the spatial
velocity and acceleration of the base (link 0) are set to a constant zero value. However,
in URVM systems, the base link is an URV that is not stationary with respect to
the inertial frame. Furthermore, the URV’s motion is not known. Therefore, the
previously derived equations should be extended to account for a mobile-base link.
The dynamic effect of the moving vehicle can be incorporated into the previously
derived articulated-body equations by modelling the vehicle as another link (link 0)
in the serial-chain as illustrated in Figure 3.7. However, since the URV has a 6
degree of freedom motion contribution to the 0** articulated-body, its contribution is

given by a constant 6 x 6 identity matrix ¢ . Every column of this identity matrix
% Ly
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Figure 3.7: URVM System

corresponds to one degree of motion contribution along or about the URV’s body-
fixed frame. This motion contribution is defined explicitly by the vector v,, which

is the URV’s spatial velocity vector in terms of the vehicle’s body-fixed frame.

I D - | 100000 11 P - [ p -

q 010000 q q

" 2 001 0O0O T T
Yo = QO = = (3.42)

u 000100 U u

v 000O0T1PO0 v v

w 00 0O0O0T1 w w

According to Equation 3.36, the motion of the base can be written as:

0f = O 04, — Oé; (3.43)

In order to simulate the underwater-manipulator system, the accelerations must

be calculated. Therefore, Equation 3.43 is solved for acceleration as in [6]:
. #) —1 *
%= (L) (6 + °8;) (3.44)

where Ij is the articulated-body of the whole URVM system at the URV’s body-fixed

frame, f, is the resultant thruster force at the URV’s body-fixed frame, 3 is the bias

[ A ) il
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force containing all the external forces that the system experiences, excluding gravity,
and lastly the term 4, is the biased spatial acceleration of the URV. The acceleration

of the vehicle is the sum of the biased acceleration and the gravitational acceleration:

a, = 4, +a, (3.45)

3.7 Extension of the Articulated Body Algorithm
to Underwater Vehicle Systems with
Dual-Manipulator

The articulated-body algorithm can also be used to define the dynamics of the un-
derwater vehicles with dual-manipulator. Let’s consider the URVM system in Figure
1.1. If the robotic arms are expanded to their maximum extension, one can easily
see the serial structure of the dual-manipulator URVM system. By numbering the
rigid links within the serial-chain of the system starting from the end-effector of the
first manipulator (the one on the left of the figure) through the URV and finally all
the way to the end-effector of the second manipulator (the one on the right of the
figure), the same articulated-body equations can be implemented for a freely floating
dual-manipulator URVM system [27].

3.8 Recovery of the Dynamic Coupling Effect

The dynamic coupling effect on the URV is caused by the reactions forces at the
mounting point between the URV and the manipulator as illustrated in Figure 3.8.

As far as the URV’s motion is concerned, this force can be considered to be a force

By
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" URV (Link0) o JRNES
cM® K="= A Linkl ¢ Link n

Figure 3.8: Reaction Forces That Causes the Dynamic Coupling Effect

that is exerted by the manipulator on the URV. Referring to Figure 3.8, the force
that is experienced by the link 1 in the URVM serial-chain can be given according to

the articulated-body equations as:
f, = H ?_'11 - :3; (3-46)

Therefore, the force exerted by the manipulator on the URV is equal and opposite

and can be written as:
o =—1f; (3.47)
The moment created by this force is found according to:

O3x1
N = ) (3.48)
p0—+1 X £R
where pg_.; is the position vector from the center of gravity to the manipulator mount-

ing point on the URV. Finally, the spatial force vector acting on the URV due to the

dynamic coupling is given by:

fr+Np (3.49)
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3.9 Summary of Solution of the Forward Dynamic
Problem of a Mobile-Base Manipulator Sys-
tem

In this chapter, the main articulated-body equations have been derived. The first step,
called forward kinematics, starts with the calculation of velocities ‘w; and “v;, using
Equation 3.3, and velocity-dependent terms "Qi and ‘B, in Equations 3.7 and 3.19
based on the vehicle state vectors, x and v, and the manipulator state vectors, q and
q. The first step carries out starting from the base (i = 0) to the end-effector (i = n),
and produces the needed terms to calculate the articulated inertias and bias forces.
The second step, called backward dynamics, involves the calculation of articulated
inertias ‘I7, and bias forces i[_i:_‘, based on Equation 3.35. As discussed earlier, the
articulated inertias and bias forces are computed starting from the end-effector to
the base (vehicle). The third step, called forward acceleration, is the calculation of
accelerations of the vehicle °4,, based on Equation 3.44, and of the manipulator 51
based on Equation 3.27. For the URV dynamics, since the unbiased acceleration is
needed, the gravitation vector %a, is added to °4, i.e., “ay = °4,+ °a,. The resulting
spatial acceleration vector is composed of the second time derivative of Euler angles
and the absolute translational accelerations of the vehicle. This is a quick review on
the articulated-body dynamic algorithm. More detailed explanations will be given
after all the necessary equations are defined.

The main goal of the two previous chapters is to derive the necessary equations to
obtain a solution to the forward dynamic problem of underwater-manipulator systems

based on the articulated-body dynamic formulation. However, the hydrodynamic
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forces inherent in the underwater environment have not been addressed yet. In
the next chapter, the most dominant hydrodynamic forces will be defined and then

incorporated into the derived equations.
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Chapter 4

Forces Acting on an

Underwater-Manipulator System

T

4.1 Overview

In this chapter, the non-linear hydrodynamic forces that incur over the manipulator
and the URV are presented. In addition to the hydrodynamic forces, the URV motion
is dominated by pilot inputs to propeller type thrusters. In this chapter, a non-linear
thruster dynamics modelling technique is introduced and the model is included within
the URV dynamics to afford control of the URV motion via thruster voltage inputs.

A thruster simulation is performed to analyze the thruster model used.



Chapter 4 - Hydrodynamic Effects for Rigid Body Dynamics 56

4.2 Dominant Hydrodynamic Effects

4.2.1 Assumptions

When a rigid body moves in a fluid environment, it is subject to various hydrodynamic
effects that are fundamentally nonlinear in nature, which the dominate the rigid-
body’s dynamic equations. The hydrodynamic effects are added mass, drag and
lift, fluid acceleration, buoyancy and the vortex shedding. Vortices may build up
behind a body translating in a fluid. These vortices may eventually cause periodic
forces [51]. In this work, this effect is assumed to be small enough to neglect.
Likewise, the lift forces are also assumed to be small enough to ignore. Therefore,
only added mass, drag, fluid acceleration and buoyancy effects are considered in the
current work. These nonlinear hydrodynamic effects were found to be dominant
in the dynamic simulation of submerged rigid bodies by Yuh [2] and Ioi and Itoh
[52]. Lumped approximation to these forces is employed within the articulated-body
dynamics equations.

For the derivation of the all of the hydrodynamic forces considered, many assump-
tions are employed. Firstly, it is assumed that the fluid flow is irrotational. This
is a reasonable assumption, as the rotation due to any vortices in the fluid would be
negligible in comparison to the rotational motion of URVM systems. In addition,
the fluid is assumed to be unbounded and steady. Another assumption is that the
added mass coefficients and drag coefficients are constant. In reality, these coeffi-
cients vary nonlinearly with respect to velocity and other parameters [53]. However,
it is assumed that over the range of operating conditions, these coefficients vary very

little and therefore can be considered to be constant. Lumped approximation to

A
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these forces is employed within the articulated-body dynamics equations.

4.2.2 Added Mass

When a submerged body accelerates through a fluid, an additional inertial resistance
occurs. The additional inertial effect can be characterized by a 6 x 6 symmetric, pos-
itive definitive matrix. Each component of the added mass matrix is a proportional
constant that defines an added mass contribution due to an acceleration in one of the

body’s degree of freedom. The added mass matrix is defined as [7]:

A, A
A 11 A2 (4.1)

| An Ay

For completely submerged bodies, the components of the added mass matrix can
be assumed to be constant and their approximation can be derived by using the energy
approach in terms of Kirchhoff’s equations [7]. When the submerged body moves
slowly, and three planes of symmetry exist for the body, the contribution of the off-
diagonal elements in the added mass matrix can be neglected due to the fact that the
diagonal elements are much larger in comparison to their off-diagonal counterparts
[7). This means that the added mass effect in each direction is not dependent on the
body’s motion in the other directions. In the event that experimental values are not
available, the diagonal components of the added mass matrix can be estimated by
using strip theory. In this thesis, the vehicle is approximated as a rectangular box
and the manipulator links are approximated as cylinders [5], [6], [52]. The derivation
of the added mass coefficients using strip theory for the cubic vehicle approximation
is made based on the work of Fossen [7] and is demonstrated in Appendix D. It

is noted that strip theory is a very crude approximation. In order to obtain better
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system simulation results, the experimental values should be used in the dynamic
simulations of the URVM systems.

The coefficients for the cylindrical manipulator links are taken from the work of

[54] as:
P -dig{ 0 H B 0k K} k= pmiL @)

where p is the density of the surrounding fluid, and r; and L; are the radius and length
of the " link, respectively. The added mass effect can be neglected in land-based
robotic applications, as the density of the air is negligible in comparison to that of
the robotic devices. However, in underwater applications, the difference in density
between the water and URVMs is not significant, and therefore this additional inertial
resistance must be considered. In Equation 4.2, the first three components represent
the added mass force contribution due to the cylinder’s rotational motion while the
last three components represent the added mass force contribution due to the linear
motion of the cylindric body. Note that added mass contribution due to accelerations
along the length of the cylinder is assumed to be negligible. This is consistent with
an infinitely long cylinder.

Newman [8] derived added mass force and moment equations for a rigid body
moving through an unbounded, still water and these expressions have been written in

a form consistent with the articulated-body algorithm as proposed by McMillan [25]:

(8 %3 03
izA — llA (3 + I;A x1 .
a; w; X V;
(4.3)
(:J,' \7, W;
ol i=0..n

O3x3 w; Vi
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where LA is the added mass matrix of the i link. Note that the terms «;, a;, w;
and v; are not the velocity and acceleration of the centre of mass of link i. Rather,
they are the velocity and acceleration of joint i as explained in Chapter 3. Equation
4.3 represents a resultant force of distributed added mass forces over the link at joint
Z.

The effect of the translational velocity and acceleration of the surrounding fluid

are accounted for by replacing the terms ‘a; and *v; with the corresponding measures:

al = a;—al (4.4)
vi = v;—v/
where v/ and a’/ are the translational velocity and acceleration of the surrounding

fluid, respectively. The fluid flow is assumed to be irrotational. For a rigid link

moving through an unsteady flow, Equation 4.3 is adjusted to give:

(873 03><1
o o B S
a; aj +w; XV,
(4.5)
w; VI w;
-1 " || i=0.n
03x3 w; v;

Equation 4.5 can be written in a more compact form to facilitate its incorporation

into the articulated-body equations as follows:
f=-I'a+ g (4.6)

where £ is a 6 x 1 vector expressed in the link-fixed frame combining a 3 x 1 force

and a 3 x 1 torque vector. The term éf is a 6 x 1 bias force vector combining all
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velocity dependent terms of the added mass force and is given by:

0 G)i \7;" w;
pi=L o - I i=0..n (4.7)

aj +w; X v; 0343 w; vi

4.2.3 Drag and Lift Forces

In a viscous environment, a moving rigid body experiences drag and lift forces. Lift
forces are created by differences in pressure distribution over the surface of the body
and act in a direction normal to the fluid flow. In this paper, it is assumed that lift
and lift-related forces are negligible. Drag force can be described as a resistive force
acting on a body that moves through a viscous fluid due to the relative velocity of
the fluid with respect to the body. This force can be broken up into two components:
frictional drag (this force is also called in literature as linear, shear, skin), which acts
along the tangential direction of the surface and depends primarily on the smoothness
of the surface of the body, and pressure drag (this force is also called in literature as
profile), which acts in an opposite direction to the link’s velocity relative to the fluid
and depends mainly on the frontal area of the body. Frictional drag is assumed to be
small and is neglected. The computation of drag forces for the URV and manipulator

have been conducted separately.

Vehicle Translational and Rotational Drag

Translational drag force incurred along a particular axis of the URV body fixed frame

can be given by:

1
fs,

;= _EijCé? vo, 5 |Ivoll j=4..6 (4.8)
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where p is the density of the surrounding fluid and subscript j indicates a particular
DOF of the vehicle. For example, j ¢ {1, 2, 3} and j € {4, 5, 6} represents rotations
about and translations along the xg, yo and z, axes of the URV’s body-fixed frame or
the link O frame, respectively. With regards to the remaining terms, A; is the frontal
area of the URV face perpendicular to the j direction, v} is the relative velocity with
respect to the fluid, and Cé? is the drag coefficient attributed to the perpendicular
face. The drag coefficients for the translational directions can be estimated to be
similar to the empirically determined drag coefficients for a cube or rectangular plate.
This approach is employed to the URV. Referring to [55] the coefficient of drag was
estimated to be 1.07 for each direction. The characteristic area is taken as the area
of the face perpendicular to the fluid flow. It is assumed that drag forces act at the
centre of pressure! of each face of the vehicle.

To compute rotational drag effects, the URV is again approximated as a rectangu-
lar box. Each side length of the rectangular box is divided into small strips starting
at the central axis of the rotational motion and moving outward as illustrated in
Figure 4.1. The drag force on the face of each strip is calculated using Equation 4.8
based on the strips velocity relative to the surrounding fluid. Two-dimensional drag
coefficients are found by interpolating the data presented in [55] using strip dimen-
sions. The collective moment of these translational drag forces over the entire body
can be obtained by integrating the vector product of each strip’s distance from the

central axis 7, and the translational drag force accumulated over the strip, d s[t)”-p.

IThe centre of pressure is a point on the URV face that lies under the centroid of the distributed

hydrodynamic load.
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TOP VIEW dfsl:,ip
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Figure 4.1: URV is Divided into Strips.

Rotational drag with respect to the vehicle’s centre of mass is given by:
noDj = 2/7'3",',, d slt)'rip j=1.3 (4.9)

The spatial drag force acting on the URV is given by:

T
D _
fy = [n{fl nl ol R R (4.10)

Translational and Rotational Drag Acting on a Manipulator Link

The manipulator links are approximated as a series of circular strips as illustrated in
Figure 4.2. The resultant drag force f” and moment exerted n” onto the i link

can be found by integrating the drag force and moment experienced on each strip
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Figure 4.2: A Cylinder is Composed of a Series of Circular Strips

over the length of the cylindrical link [56],

L; T
- —0.5pCP [ ||v2| ([ I, 00 ] X v?) 2r; - dl;
0

§D — =
fi —0.5pCP [ ||va|| v 2r; - dl;
0

1=1...n

(4.11)

where 7; and L; are the radius and length of the cylindrical link i, respectively, and
vP is the normal velocity of the link ¢ at the location [; relative to the surrounding

fluid.

4.2.4 Buoyancy and Fluid Acceleration Forces

The buoyant force of a body opposes gravity and is equal to the weight of the displaced

fluid. The fluid acceleration force is proportional to the acceleration of the fluid.
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These two forces are combined in the following calculation:
f78 =mf (a; —a,) i=0..n (4.12)

where mif is the mass of displaced fluid by the i** link. The buoyancy and fluid
acceleration forces are exerted at the body’s centre of buoyancy. The spatial force is
given by:

b; X flTB
i = i=0..n (4.13)
e

where b; is the position vector from the body-fixed frame to the centre of buoyancy

of the body.

4.2.5 Incorporation of the Hydrodynamic Forces into the

Articulated-Body Equations

In order to derive URVM dynamics algorithm, the hydrodynamic force equations for
the rectangular URV and the cylindrical manipulator links must be incorporated into
the articulated-body equations.

The collective effect of these forces can be found by superimposing each force
individually. Therefore, the force spatial balance equation for a single rigid body
that is submerged in a fluid, including the gravitational force, is given in terms of its

body-fixed frame as:

b e Ch R b S i N

4 —i

(4.14)

where ‘4, = ‘a, — ‘a,. Substituting the added mass force, Equation 4.6, into

Equation 4.14, and grouping terms yields:

iii _ i+leTi+1£i+1 — ZI;A zg? + iliiéi . igi _ zé;‘l _ 1£1D _ if (415)
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In order to express accelerations in terms of the biased accelerations, the absolute
(unbiased) acceleration term ‘a; is replaced by ‘4,4 ‘a,. This step results in the

following equation:
iﬁi _ i+1XiTi+l£i+l — 2124 (‘L-é:" o Iég) e ili 1g'7 o igi _ zé;A . lizD . zﬁ;TB (416)

In Equation 4.16, the terms multiplying ‘4, can be grouped together. The re-
maining term ‘I? ‘a, can be inserted into the term igf. Therefore, the following

equation is obtained:
i-fi _ i+1Xg'i+l_f_i+l — (ili + 11:1) iéi . igi . zg:i o zle . zfz"B (417)
where ’élA is given as:

. . 0341 io; W . iw;
Pt = It - R - (4.18)
( ’af — iag ) + 'w; X IVIT 033 YW; lV{

Rewriting Equation 4.17 in the form of Equation 3.19 yields:

iL _ i+1X;I’ i+1£2_+1 - zLH iéi _ zéf{ (419)
where

T = L+ L (4.20)

‘BT = B+ A+ P+ TP (4.21)

The terms I and ng are called hydrodynamic inertia and hydrodynamic bias accel-
eration, respectively [6]. Equation 4.19 is the spatial force-balance equation that is

used in the articulated-body equations.
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4.3 Thruster Dynamics

4.3.1 Assumed Model

It is shown in [14] that for a successful hovering and low-speed trajectory of URVs,
thruster dynamics dominate the URV dynamics. Therefore, in order to be able
to precisely predict the hovering and low-speed trajectory of the URVM systems,
the non-linear thruster dynamics must be accounted for in the dynamic simulation
URVMs.

In this thesis, the work of Healey et al. [16] is followed. Healey et al. [16]
combined an armature controlled motor model, a theoretical propeller mapping using
airfoil theory, and a fluid momentum model applied within the finite volume of the
shrouded region. Healey et al. [16] only considered the axial component of the fluid
flow and used sinusoidal lift/drag curves, which suits to our needs well as we consider

a hypothetical URVM structure for which experimental thruster data is not available.

4.3.2 Motor Modelling

Healey et al.’s [16] model uses a standard dc servo-motor permanent magnet type
of motor whose control signal is voltage. The differential equation for the armature

current i, inside the motor is governed by the following equation [57]:

dig ,
ZEJrr iq = Ug — Vp (4.22)

where [ is the armature inductance, r is the armature resistance, v, is the armature

voltage, and lastly vj is the back emf of the motor. The torque 7, developed by the
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motor is given by:
T = km lq (423)

where k., is the torque constant in N-m/amp. The back emf voltage is given by the

following equation:
Vp = k)b Q (424)

where k; and Q are the back emf constant and the angular velocity of the rotor, re-
spectively. Assuming that the motor inductance is negligible Equation 4.22 simplifies

to:
T ip = Vg — Up (4.25)

Substituting Equation 4.24 into Equation 4.25 yields the following equation for steady-

state armature current:

T Yo — Ky © (4.26)
T

In order to model the motor dynamics, the shaft dynamics must be considered. While
the thrusters operate in the underwater environment, the water medium around the
thruster’s propellers creates hydrodynamic loading on the propeller blades and in
turn on the motor shaft. This hydrodynamic load results from the lift and drag
forces that develop on the propeller blades. The development of the hydrodynamic
loading will be explained in Section 4.3.3. The equation of motion of a motor under

hydrodynamic loading 7, is given by:

Jm Q by R =Tm —TL (427)
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where j,, is the motor inertia, Q1 is the angular acceleration of the rotor, and lastly by,
is the motor damping constant. Substituting Equations 4.23 and 4.26 into Equation
4.27 respectively, yields the following equation for the rotational acceleration of the

rotor in terms of the commanded armature voltage, v,:
Q=—jt [bn+7""km k] Q+77" 57" km Vo — ' TL (4.28)
Making the following definitions:
ki = ]n_.tl [bm + T_lkm kb]
ke = ¥ iy ks (4.29)
kn = Jm

the motor dynamics to be expressed as:

O =—kiQ+ ky v, — kn7r (430)

ki and k5 relates the motor shaft acceleration to the back emf developed in the motor
and the motor torque to the current or voltage applied to the motor, respectively. The
term kj, is the parameter accounting for motor deceleration caused by hydrodynamic

torque loading, and can be approximated as the inverse of the motor shaft inertia.

4.3.3 Hydrodynamic Propeller Loads

In order to find the thrust and torque generated by the fluid flow over the propeller
blades, Healey et al. [16] applied airfoil theory to the propeller. His theory involves
estimating the relative direction of the incoming fluid particles, which is quantified

by the effective angle of attack .. This effective angle of attack is the angle between
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Figure 4.3: Airfoil for a Propeller Section

the relative velocity vector of the incoming particles v at the propeller blade and the
chord line of the airfoil as illustrated in Figure 4.3.

In Figure 4.3, v is dependent on the velocity of the axial fluid passing through
the propeller shroud u,, and the translational velocity of the propeller blade u, at a
radial position of 0.7 R, where R is the radius of the propeller.

An airfoil’s hydrodynamic force can be separated into lift and drag components
that intersect with its chord line at its centre of pressure. As illustrated in Figure 4.3,
lift force is developed on the propeller blade perpendicular to the instantaneous line of
action of the incoming fluid path while the drag force is developed along the direction
of the flow. Calculation of the drag and lift forces requires the effective angle of
attack along with squared magnitude of the velocity of incoming fluid particles. The

squared magnitude of velocity v is given by the following equation:

v? = uf, + u? (4.31)
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where, with n,, representing the gear reduction ratio,
iy =077 Q [ N (4.32)

Using the sense of u, and u,, the effective angle of attack is defined over all four

quadrants of a. as illustrated in Figure 4.4.

Figure 4.4: Four Quadrant Mapping

As it can be seen from Figure 4.4 that the effective angle of attack for quadrant

1 and 2 is given by:

a. = (/2 — p) — arctan (ﬁ> (4.33)

Up
where p represents the pitch angle, which is unique to the propeller blade. The

effective angle of attack for quadrant 3 and 4 is given by:

B, = (3% = p) — arctan (Z—;) (4.34)
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Lift and drag forces are proportional to dimensionless lift and drag coefficients
that are themselves a function of a. and of the propeller blade geometry. Healey
et al. [16] proposed that the lift and drag coefficients be obtained using sinusoidal
lift and drag curves over the domain a.. Using this approach, only the maximum
drag coefficient ¢p max and the maximum lift coefficient ¢z, max are required to establish
these sinusoidal variations of the drag and lift coefficients.

Having found the angle of attack, the resultant lift and drag forces are obtained

from the following equation:

frife = 0.5p v @ cpmaxsin (2a) (4.35)

forag = 0.5p v® @ cpmax (1 — cos(2c)) (4.36)

where a is the tunnel cross-sectional area. The axial thrust force and torque on the
motor can be found by resolving the lift and drag forces using the following rotation

matrix:

cos (f) —sin(6)
Ry = (4.37)
sin () cos(6)
where the angle 6 is determined for all quadrants by:

927—2r—p—ae (4.38)

The output thrust 75, and force on the propeller f,, can be determined by:

T fri
=g T (4.39)

fp fDrag

The torque load on the motor can be found using:

7L =0.7r f, (4.40)
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This torque acts as a hydrodynamic loading on the rotor shaft and can be substituted

into the motor shaft dynamics equation; Equation 4.30.

4.3.4 Fluid Modelling

Healey et al. [16] connected the motor model and the propeller maps by applying
the momentum equation to a control volume enveloping the propeller shroud. The

changing flow velocity through the control volume is governed by:

Ul = —kak3 U, |Ua| + k3 Th (4.41)
where
ks = pal, (4.42)
ks = palAp (4.43)
U, = (ug—up) (4.44)

with uy being the velocity of propeller shroud due to the rigid-body motion of the
URV, and [, and AJ being experimentally determined coefficients.

Consequently, the collective state of thrusters is defined by the two state vectors:

T T
Q=0 Q .. Qh] ,U=[u1 Uy ... uh] (4.45)

where h is the number of thrusters.

4.3.5 Thruster Simulations

Having found the rotation rate of the propeller’s rotor using Equation 4.30 and the

fluid rate passing through the shroud using Equation 4.41, the state vector at a
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later time can be obtained through integrating these terms forward in time. The
corresponding thrust can be recovered from the state vector by applying Equation
4.31 through Equation 4.39 based on the new state vector.

A time-domain simulation program based on the above thruster modelling ap-
proach was created using MatLab®’s numerical integration command ode45. This
simulation program is used solely to test the thruster dynamics and allows the ex-
amination of the thruster dynamic modelling technique’s capability of capturing the
known overshoot in thrust and the time lag in changes in u,.

The following graphs illustrate the time history of a thruster’s state. The initial
state values 2; = 0 and u; = 0 were used and the voltage v, is stepped up to 10V.
In the simulation, the vehicle velocity ug is also considered to be zero, and all the
associated simulation parameters are taken from the work of Healey et al. [16] are
provided in Appendix E

When the voltage is stepped, the propeller rotation (2 is subject to the shaft inertia
and the inertia of the fluid in the shroud and so a time lag is seen in the transient
response of the rotor.

The experimental results in [58] exhibit close correspondence to the experimental
result of Figure 4.5. Likewise, it is also shown in [58] that the thruster modelling
technique of Healey et al. [16] accurately predicts the steady-state behavior of the
rotor.

As can be seen in Figure 4.6, the model captures the overshoot in the thrust
transient response, which is experienced by most typical thrusters [16]. This result
is the product of fluid inertial effects on the propeller blade when the interaction
between the surrounding fluid medium and the propeller blade motion occur.

The other dynamic characteristic of thrusters is the time lag in the development
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Figure 4.5: Time History of Propeller Rate

of changes in the axial component of the flow. In Figure 4.7, time history of the
incoming fluid history is demonstrated. As it can be seen in Figure 4.7, the time
lag is captured by the dynamic model. This time lag is due to the first-order non-
linear nature of the incoming fluid in view of Equation 4.41 and is consistent with
the experimental results obtained in [16].

Thrust generally decreases as the propeller advances through the water [16]. The
dynamic model of the thruster is also successful in demonstrating this nature of typical
thrusters as illustrated in Figure 4.8.

It is concluded that thruster dynamics inherently involves time lags due to its

nonlinear nature and in turn imposes bandwidth constraint.
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Figure 4.6: Time History of Thrust

4.3.6 Thruster Mapping

Thrusters are usually used to control the motion of URVM systems. URVM con-
trollers usually give required forces and moments with respect to a point (usually the
URV’s centre of mass) on the URV. However, since the thrusters are placed at the
specific positions on the URV, these required forces and moments must be distributed
over the thrusters of the URVM system

The commanded forces and moments °f, at a point is translated into thruster
space thrust through the mapping matrix. For a URV having h thrusters, the
corresponding relationship between the commanded forces/torques and the thrust is

given by:

T
°£0=A[,—1 To .. Th} (4.46)

where A is a 6 x h thruster mapping matrix, which is dependent on the thruster
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Figure 4.7: Time History of Incoming Fluid Velocity

position and orientation on the URV, and 7 is the commanded thrust for the A*"
thruster. Commanded thrust 7}, is fed into the thruster controller as an input thrust.
Output thrusts are translated back into the forces and moments at the centre of mass
using Equation 4.46.

If the matrix A is square or low rectangular, i.e., h > 6, then the URV’s 6 degrees
of motion can be controlled fully. In case of h = 6, there will be only one solution
to the distribution problem of thrusters. However, in case of h > 6, there will be
a infinite number of solutions, and therefore the problem of optimum distribution
of forces over the thrusters arises. In case of h < 6 then the URV’s 6 degrees of
motion can not be controlled. In case there is no thruster controller, the thrusts are
translated into the forces and moments at the center of mass directly from Equation

4.46.
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Figure 4.8: Time History of Thrust and Incoming Fluid Velocity

4.3.7 Incorporation of the Thruster Dynamics in the Articulated-

[0 QA e b |

Body Equations

For a given state vectors of Equation 4.45, Equations 4.31 through 4.40 are used to
obtain the corresponding thrust for each thruster. After this step, the forces and
moments at the centre of mass produced by thrusters are attained by using Equation
4.46. These resulting forces and moments are incorporated into the articulated-body
equations by substituting °f, into Equation 3.44. The next thruster state-vector
values are obtained by numerically integrating Equations 4.27 and 4.41 forward in

time.
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Chapter 5

Complete Articulated-Body
Algorithm for the Time-Domain

Simulation of URVM Systems and

er“”LUIh-

Case Studies

5.1 Overview

In Chapter 3, basic articulated-body equations for a floating-base manipulator have
been derived. In Chapter 4, the most important hydrodynamic effects experienced
by the URVM systems along with the thruster dynamics have been addressed and
their incorporation into the articulated-body equations was presented. In this chap-
ter, a complete articulated-body algorithm for the time-domain simulation of URVM
systems will be presented. The solution procedure will be laid out step by step

with reference to the equations derived in Chapters 3 and 4. Finally, the problem
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of dynamic coupling present in URVM systems will be demonstrated based on the

simulation of a small URV with a 3-DOF manipulator.

5.2 Articulated-Body Algorithm for the Time-Domain

Simulation of URVM Systems

5.2.1 Overview

In this section, the articulated-body algorithm for URVM system proposed by McMil-
lan et al., [6] is extended to include the thruster dynamics. In contrast to the work
of McMillan et al., [6], the state variables for the URV are given in terms of the iner-
tial frame. The complete hydrodynamic articulated-body algorithm is comprised of
three steps: forward kinematics, backward dynamics and forward acceleration. Each

individual step along with the relevant equation are presented below:

5.2.2 Forward Kinematics:

The Articulated-body algorithm consists of t}lree steps based on the URVM state
vector us = | BxI' Byl qf 7 QT o | , which is formed by the URV’s state
vectors £x!" and v, the manipulator’s state vectors g, ¢, and finally the thruster’s
state vectors 7, u”. The first step, called forward kinematics, is the calculation of
the velocity-dependent terms from the URV to the end-effector. The forward kine-
matics step starts computing the values for v, and %a/~9, which are the URV’s body
fixed velocity and the combined acceleration with respect to the fluid, respectively.

In order to perform this calculation, the rotation matrix between the inertial frame

and the URV’s body-fixed frame 4R, the fluid’s velocity “v/, the fluid’s acceleration

{1 QB



Chapter 5 - Solution Procedure and Simulation Results 80

Eaf | and lastly the gravitational acceleration £a¢ in terms of the inertial frame must
be given. Transformation matrix %R can be found by using Equation 2.3 based on
the URV’s orientation. However, this is not the only representation of the URV’s
orientation with respect to the inertial frame, as there are more than one Euler se-
quence of rotations resulting in different transformation matrices. Given }R, £v/
Fal and a9, "v} and %a’~9 are computed using Equations 5.1 through 5.3. The
URV’s hydrodynamic bias force, 0[_35 = 8, + 0@54 + °fP 4 Of7P contains the
velocity-dependent terms of the added mass forces (Equation 4.5), the drag forces
(Equation 4.10), and the fluid acceleration and buoyancy forces (Equation 4.13), for
the URV and is given in Equations 5.4 through 5.5 in the complete articulated-body
algorithm.

In order to perform the calculations associated with the manipulator dynamics,
it is required to define the rotation matrices ! ;R along the serial-chain of the ma-
nipulator as well as the position vectors “"'p;_;_; from link to link. The terms
! \R and "!p;_;_,; can be obtained from Equation 2.24, which is derived based on
Craig’s Denavit-Hartenberg parameters [48]. Note that for prismatic joints " 'p;_1_;
is a function of &;, and ! ;R is constant and can be computed off-line for the sake of
computational efficiency. Likewise, for revolute joints, ! ;R is a function of 52-, and
vector “~1p;_;_; can be computed off-line. Specifying ! ;R and ~'p; ;_.;, the spatial
transformation matrix ! ;X can be formed and is substituted in Equation 5.6, which
is used to propagate the link velocities starting from link 1 to n.

The manipulator’s vector of Coriolis and centripetal accelerations * £z are computed
from link 7 = 1 to link n in Equation 5.8a. Likewise, the hydrodynamic bias forces
'QzH = "gi + iﬁf + P+ 7B containing the velocity-dependent terms of the added

mass forces (Equation 4.5), the drag forces (Equation 4.11), and fluid acceleration and

i B e s
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buoyancy forces (Equation 4.13), for the manipulator are computed using Equations
5.9 through 5.10 in the complete articulated-body algorithm. The equations used
in the forward kinematics step are presented below.

Forward Kinematics:

i
For a given URVM state vector u; = [ Bl Byl q’ g Qf u” ] and pa-

rameters £v/ Fal,

Oyt = Oyp— 4R B/ (5.1)
T
%29 = 9R Fal where Fa¥ = [ 00 g ] (5.2)
0af-¢ = OR (Eaf — Faf) (5.3)
URV Kinematics:

Owo X OIO Owo

%wp x (Pwg x %hyg)

03x1
By = "B+ L ) = (5.5)
(%a; — %, )+ %wp x v

0~ Ogr 0 0 0.f—g
Wo Vo Wy by x “a
o g + O (%, 0v) + mf
03x3 °w0 OV(T) Oaf_g
Manipulator Kinematics:
fori=1...n
i, i—1
wi = X ' = i
= g4 , +'9&; (5.6)
zvz 1_1vi—1

ajy= 4R Tay, (5.7)

/AR s
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For a revolute joint:

i = 0351 5 w; X &; 2 (5.82)
B 2:_1R [i_lwi—l X (lw;g X i_lpi—l—ri)] 0351
For a prismatic joint:
. 0 031
¢ = . + (5.8b)
§ R [lay % (F e X D)) 2 (1%' X fizi)

. iwi X iIi iwi
’gi = . _ (5.9)
’wi X (zwi X lhi)

-
. . . 0341
Bl o= BT = (5.10)
(fay — 'ag )+ 'wix Vi
@y W |, | N ib; X ias_
I B o I e A O o R
0343 'w; vi ‘aj_g

end for 7

5.2.3 Backward Dynamics:

The second step containing Equations 5.11 through 5.16 is called backward dynamics
and involves the calculation of articulated inertias ‘I, and of articulated bias forces
ig:, based on previously derived Equation 3.35. Applied joint torques 7; and exter-
nal spatial tip force "*'f, ., are accounted for in this step and are provided to the
algorithm. This step proceeds starting from link n to link 0, which is defined as the
URV.

T,
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The second step also involves the thruster dynamics. The computation starts
computing the velocity of the squared magnitude of incoming fluid particles on the
propeller blade based on Equation 5.17. The quadrant through which the angle
of attack is determined is found by checking the sign of the propeller’s rotor rate.
Having found the angle of attack a,, using Equations 5.18a through 5.18c, and the
transformation matrix Ry, using Equation 5.21, the drag and lift forces can be esti-
mated based on Equation 5.19. The thrust contribution 7 of each thruster within
the system along with the hydrodynamic loads 7, on each thruster rotor caused by
the lift and drag forces is determined using Equations 5.22 and 5.23, respectively.
Finally, the velocity of the incoming fluid particles relative to the URV’s advance
velocity is found using Equation 5.24. The equations used in the backward dynamics
step are presented below:

Backward Dynamics:

Given: "L, = "L,,"8" = "B - nHXTHf L and 7,
fori=n...1
K = Lo, (5.11)
m; ="'¢] 'L} * (5.12)
iN, = T — 'k, my kT (5.13)
=T+ ‘¢ ‘B (5.14)
i g T INGX (5.15)

i—1gf_1 _ i_lgi—l i zx’{l (iﬂ* . iN—i z‘gi - il_(z' (m:)—l 7';") (5.16)

2

end for 7
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Calculation of thruster dynamic parameters:

for k=1...h
Up, = 0.7R; Qk/ng,-k, ui = ng + Uik
if Q>0
Ug,
Qe, = (7/2 — pi) — arctan (—)
Upy
if Qk <0
Oy = % — —arctan | —=
€r — 2 pk Upk
if Q=0
ae, =0
faise, = 05 p v,2c @ CLmax Sin (2c.)
fDragy = 0.5 p U} @ Cpmax (1 — cos(2a))
T cos (0;) —sin (6)
gkzi_pk_aek Rg;_:
sin (fx) cos (6k)
Tk f(Lift)
= Ry, k
ka f(Dmg)k

TLk = (0.7 Tk ka

Ug, = (uak - uO)

end for k
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(5.17)

(5.18a)

(5.18b)

(5.18¢)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

p— -..A.‘!M“:-M“A‘
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5.2.4 Forward Accelerations:

All the associated accelerations are computed in the last step called forward acceler-
ations. The angular acceleration of the thruster motor’s rotor and the acceleration
of the incoming fluid particles are computed using Equations 5.25 and 5.26. The
collective effect of each thrust °f, at the centre of mass of the URV is found based on
Equation 5.27. The total thrust °f, is treated as an external force action on the URV
and is substituted into Equation 5.28 along with the articulated-body inertia °I; and
the bias force ° g; of the whole URVM system. This step gives the biased acceleration
of the URV %4,. In simulation, the absolute acceleration of the URV is needed. This
can be found by adding the gravitational acceleration %a? to the biased acceleration
as given in Equation 5.29. The absolute acceleration of the URV in terms of the
inertial frame Fa, is computed using Equation 5.30. Finally, the joint accelerations
Ei are calculated starting from link 1 to link n using Equations 5.31 through 5.33.

In order to find state vector of the URVM at a later time, Equations 5.30 and 5.32
are integrated forward in time. The equations used in the backward dynamics step
are presented below:

Forward Accelerations:

Thruster Accelerations:

for k=1...h

Qk = _klk Qk + kgk Ug, — khk Tl (525)
Uq, = —ka, k3 Ua, |Ua,|+ k3 Tk (5.26)
end for k

T
Ofo:A['rl o .. Th] (5.27)

| R s
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URV Accelerations:

% = (L)~ (*f + °8;) (5.28)
03

OQ_0 — 0é0+ S (5 29)
Oag

In terms of the inertial reference frame

T, Osxs

Pay =T Ya,+ Ov, (5.30)
03x3 Os3x3
Manipulator Accelerations:
fori=1..n
‘a =X, Tl + ¥, (5.31)
¢ *\— * 7 11T i
& = (m;) ' Ty — [1_(1' (m;) 1] a; (5.32)
‘s = 5+ e ¢ (5.33)

end for 7

5.3 Simulation Studies for the Demonstration of
the Dynamic Coupling

As mentioned in Chapter 1, when the slave arm attempts to follow the desired joint

motions set by the master-arm, reaction forces and moments develop at the junction

[0 SR
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point between the URV and manipulator. The reaction loads act as disturbances to
the URV motion and in turn adversely affect the placement of the end-effector, as the
end-effector absolute motion is dependent on that of the URV.

In order to demonstrate the extent of the disturbance caused by the dynamic
coupling on the URV position and orientation and in turn on the end-effector position
and orientation, a small URV maneuver is simulated. Two cases are considered. In
the first, the URV is held fixed and the manipulator joint motors are activated, is
considered. By holding the URV fixed, the URVM motions are eliminated, and the
URVM system reduces to a land-based manipulator that exhibits perfect trajectory
control -the ideal case. The ideal case gives a benchmark for comparison. In the
second case, the URV is released. Comparison of the two cases demonstrates the
level of the dynamic coupling inherent in URVM systems.

The simulation code that numerically integrates the dynamics of a URVM system
forward in time is created based on the complete articulated-body algorithm presented
in Section 5.2. MatLab®’s numerical integration command ode45, Runge-Kutta
variable step integration method, is used to numerically integrate the acceleration
equations forward in time. This simulation also provides a basis for the validation
of the control law to be implemented in the next chapter. In the control section, the
control law will attempt to reduce the dynamic coupling on the URV by automatically

commanding the URV’s thrusters.

5.3.1 System Description and Frame Attachment

The URVM system considered in this work is shown in Figure 5.1, and all the associ-
ated parameters are given in Appendix E. A 3 degree of freedom R | R \\ R serial

‘i AMI“:-LM«
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manipulator is chosen for the manipulator part of the URVM system. The Z axis of

Figure 5.1: Frame Attachments for the URVM system

the earth-fixed inertial frame {E} is assumed in the gravity direction as is consistent
with traditional marine mechanics. The origin of the earth-fixed frame is coincident
with the initial position of the URV’s centre of mass. The URV is modeled as another
manipulator link in the serial chain and numbered as 0. The body-fixed frame {0} is
attached to the centre of mass of the URV as shown in Figure 5.1. With regards to
the manipulator part of the URVM, the body-fixed frames are attached to the initial
base joint of each successive link using the modified Denavit-Hartenberg convention

[48] and as shown in Figure 5.1 and Table 5.1.

5.3.2 Fixed-Base Case (The Ideal Scenario)

A simulation study for a fixed-base underwater manipulator is performed in this
section. As discussed earlier, the fixed-base underwater manipulator simulation

represents the ideal case and therefore generates data to be compared to that of the

1 ‘MMI“;-LMA i
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Table 5.1: Denavit-Hartenberg Parameters for the URVM system

1—1 | o4_1 a;—1 di 6;| 1
0 0 Po—1 0 q| 1
1 /2 pina 0 @ | 2
2 0 p—3 0 g3| 3
3 0 P3see. 0 0 |]ee.

uncontrolled URVM system.

Some modifications to the complete articulated-body algorithm must be made to
be able to implement it to the fixed-base underwater manipulators. Given that the
URV is stationary, °wq and v, are taken as zero. The forward kinematics proceeds
from Equations 5.6 through 5.10. Since the URV is eliminated from the serial-
chain, the thruster dynamics are omitted from the backward dynamics equations.
Therefore, only Equations 5.11 through 5.16 are employed for the backward dynamics
of the fixed-based underwater manipulator. Likewise, the equations associated with
the thrusters and the URV are omitted from the forward accelerations step. Finally,
Equations 5.31 through 5.33 are used to obtain the joint accelerations with %8, =

T
[ 0 =0 Z ] , which is the biased gravitational acceleration.

T T
In the simulation, the initial state vectors q = [ 000 ] andq = { 000 ]

are taken for the manipulator. Randomly selected torque vectors of 7 = { 25 0 0 }

T
Nm and 7 = [ 001 0 0O J Nm are applied to the manipulator joints for ¢ < 2 sec.
and for 2 < t < 10 sec., respectively. In the ideal case, these joints torques produce
an end-effector tracking path that is considered to be the pilot’s true intent. The

linear velocity and acceleration of the surrounding fluid are assumed to be zero. The

T



Chapter 5 - Solution Procedure and Simulation Results 90

system is also assumed to be neutrally buoyant.
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7 | ' frames axe.:iinci;ient Link2 _ Link 3 J
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Figure 5.2: End-Effector Path

Figure 5.2 demonstrates the resulting end effector tracking path on the X-Y plane.
Figure 5.3 illustrates the time history of the manipulator’s state variables of the fixed-
base underwater manipulator.

When the first joint is actuated, the whole manipulator arm moves in accordance
with the first joint. As a result, the end-effector draws a circle whose centre is
coincident with the first joint. Joint displacements for joint 2 and 3 are not observed
due to the layout of the manipulator and the hydrodynamic loading involved. The
hydrodynamic loading does not produce spatial forces that are capable of moving the
second and third joint about their axes.

When the whole arm moves, associated added mass, drag and buoyancy forces
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develop over each link of the manipulator. Since the manipulator is assumed to be
neutrally buoyant, the buoyancy effect is compensated by the gravity force. For the
three joints, the added mass force develops only within the X-Y plane of the links, as
the added mass matrix of each joint is composed of only diagonal elements. All the
joints within the manipulator experience hydrodynamic load due to the added mass,
as they all move. However, only the first joint moves around its joint axis, as only the
added mass forces acting on the first joint are capable of producing moments around
the joint axis. This result would have been different if the off-diagonal elements of
the added mass matrices were different than zero.

Likewise, all the joints experience drag forces and moments but only the motion

of the first joint around its joint axis is affected by the drag forces.

5.3.3 Mobile-Base Case (The Worst Scenario)

In the mobile-base case simulation, the URV’s initial orientation and position state
vector and the URV’s spatial velocity state vector are takenasx, = 0 0 0 0 0 0

i
rad, m and v, = [0 0000 0 0} , respectively. The initial state vectors

T P
q= {0 0 0] and q = [0 0 0] are taken for the manipulator as in the

fixed-base case. The same torque values are applied to the system for the same time
intervals. However, it is assumed that there is no facility nearby the subsea worksite
on which the URVM system can be docked; therefore the URV is no longer fixed and
floats in the water in contrast to the fixed-based case. This situation corresponds
to the worst scenario, as even small disturbances acting on the URV are capable of
disturbing the URV position and orientation and thus, those of the end-effector.

In this simulation case, the effect of dynamic coupling on the URV and manip-

/{1l
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ulator state variables and the end effector trajectory path is demonstrated. The
articulated-body algorithm, excluding the thruster dynamic equations, is used in the
simulation.

As explained before, during task execution, reaction forces and moments occur
at the junction point of the URV and the manipulator. These reaction forces and
moments are exerted on the URV via the dynamic coupling of the manipulator and
URV as illustrated in Figures 5.4 and 5.5. As a result, the URV motion is adversely
affected by the reaction forces as illustrated in Figure 5.6.

Note that since the dynamic coupling causes disturbances only in the URV’s hor-
izontal plane, only the state variables associated with the URV’s horizontal motion
are shown in Figure 5.6.

When the URV attitude is disturbed by the dynamic coupling, the dynamical load
coupled with the hydrodynamic load is transmitted from the URV to the manipulator.
As such, the manipulator joint motions diverge from what the pilot intended to set,
which is determined by the applied joint torques. As a result, the pilot can not operate
the manipulator properly. The effect of dynamic coupling on the state variables of
joint 1 is illustrated in Figure 5.7. Note that since the URV moves only in its
horizontal plane, it does not cause any motion around the joint axes 2 and 3, and
therefore joint displacements for joints 2 and 3 are not demonstrated in Figure 5.7.

The resulting end-effector path is given in Figure 5.8. In Figure 5.8, the trajectory
path of the ideal scenario is considered to be the pilot’s true intent. The discrepancy
between the path of the ideal scenario and the worst scenario results from the dynamic
coupling effect.

Consequently, it can be concluded that the dynamic coupling effect on the URV

is caused by the reaction forces at the junction point between the URV and the

BT -
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manipulator. These forces act on the URV and in turn cause changes in the attitude
of the URV. These effects leads to the reduction of task effectiveness, and it must be
compensated to obtain better system performance in underwater robotic applications.
In the next chapter, the compensation of the effect of the reaction forces on the URV

will be attempted by automatically commanding the URV’s thrusters.
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Chapter 6

Control of the URVM System

6.1 Overview

In Chapter 5, it has been concluded that the dynamic coupling effect reduces the
effectiveness of the human pilot, and therefore must be eliminated to increase the
efficiency of any URVM deployment. In order to eliminate the dynamic coupling
effect, the URV motion caused by the manipulator joint motions must be predicted
on-line and compensated with the URVM thrusters. This problem is equivalent
to an automatic control of the URV in the presence of disturbances created by the
manipulator joint motions.

In order to eliminate the dynamic coupling, a model-based non-linear control tech-
nique, namely sliding-mode control technique [59], will be implemented to the URV
under the dynamic and hydrodynamic load due to the manipulator motion. The
articulated-body dynamic equations will be incorporated into this controller. To the
author’s best knowledge, the incorporation of the articulated-body equations into the

sliding-mode controller has not been demonstrated in literature before. It is expected

-
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that better end-effector trajectory following control performance will be obtained by
using the articulated-body equations in the controller since it affords the dynamic
effect of the manipulator on the URV and thus gives a better approximation of the
URVM system. The thrusters are to be used to mitigate the disturbances. How-
ever, generating the desired thrust commanded by the sliding-mode URVM controller
requires active control of the URV’s thrusters. In order to control the individual
URVM thruster, the model-based velocity control technique [18] will be used.
Simulations will be performed to show the effectiveness of the proposed control

scheme in the reduction of the dynamic coupling effect on the URV motion.

6.2 Sliding Mode Control Based on Articulated-

Body Formulation

6.2.1 Linear Control Technique Disadvantages

The linear control techniques are generally used for the trajectory control problem of
URVs. In the linear control techniques, the dynamics of underwater systems are lin-
earized about specific operating points and a series of linear controllers is constructed
based on the linearized models for each specific operating point. ~However, this
method involves several control designs, i.e., one controller for each operation point.
Furthermore, the underwater systems may progress away from the operating point
due to their non-linear nature, and as a result, the linear controllers fail. In addition,
since the dynamics model is discarded in the course of linearizing, detailed dynamics
models can not be utilized. Using a non-linear control technique can eliminate the

aforementioned problems about the use of linear control techniques.

‘“MIK‘"}.M‘. L



Chapter 6 - Control of the URVM System 102

6.2.2 Advantages of Incorporating the Articulated-Body Equa-

tions in the Controller

The URVM dynamics are dominated by hydrodynamic terms and it is difficult to
accurately measure or estimate the hydrodynamic coefficients. This calls for a robust
controller: one that is insensitive to inaccuracies in the dynamic model of the URVM.
The sliding mode strategy has been successfully applied to the robust control of URVs
[31], [60], due to its fundamental property of insensitivity to parameter variations
in sliding mode. The same control approach has also been implemented to URVM
systems by considering the dynamic coupling between the two systems as disturbances
in the URV control loop [44].

In [44], the URV and manipulator are modelled separately within the controller.
The disturbances caused by the manipulator motion have been incorporated into the
control law by introducing a feedforward compensation term that is obtained using
the Newton-Euler recursive algorithm for manipulator dynamics. It has been shown
that the dynamical loads transmitted from the URV to the manipulator can be incor-
porated in the recursive Newton-Euler equations by using the URV’s velocities and
accelerations as the base motions of the manipulator [44]. However, this requires
knowing the acceleration state knowledge of the URV, which is difficult to measure
accurately during the URV operation. It is proposed that the articulated-body al-
gorithm be used in the control law equations since it affords direct calculation of the
URV accelerations based on a known URVM state vector us. This eliminates the
need to estimate the URV accelerations using inertial measurement sensors. Further-
more, since the dynamic coupling effects are embedded in the URV’s articulated-body

equations, it is expected to have a better approximation of the URV dynamics at the
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expense of a relatively small increase in the computational complexity of the con-

troller.

6.2.3 Preliminaries

Consider a single-input single-output system whose equations of motion are given by:
™ = f(x,t) +b(x, t)u. (6.1)

where = represents the outp;lt of interest, and x represents the state vector defined
asx=|¢ % .. (1 | | and u, is the control input. The superscripts n is
the order of differentiation. In Equation 6.1, the function f (x, t) represents the
dynamics of the system, which is possibly non-linear and time-varying. The function

f(x, t) is not exactly known but is estimated as f(x,t). The estimation error on

f (x, t) is upper bounded by a known function F (x, t);
f(xr t) - f(xv t) < F(X, t) (62)

Likewise, the control gain term b (x, t) is not exactly known but is estimated as

b(x,t). Moreover, b(x, t) is known to be a constant sign and is bounded by a

function of b (x, t) according to:
1/B<b(x,t)/b(x,t) <3 (6.3)

The parameter [ can be called the gain margin of the control system, as it has
the same effect on the non-linear system as in a linear control system.
For a trajectory controller, the control problem is to design a control law u, such
T

that the state x follows a desired state x4= | z, 7, ... zf,"_l) with a specified

dynamic characteristic under the presence of uncertainties on f (x, t) and b (x, t).
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The tracking error vector is given by:
x=|z 7 .. (6.4)
where £ is defined as:
% = t—%q (6.5)

A time-varying surface is defined in the state space R™ by the scalar equation

s (x, t) = 0 where:

s(x, t) = (%H)Hz A>0 (6.6)

and ) is a strictly positive constant defining the bandwidth of the error dynamics and
will be explained later. Equation 6.6 defines desired error dynamics of order n — 1.
Given that Equation 6.6 sets the desired dynamics of the system, verifying Equation
6.6 means that the system dynamics behaves consistently with the desired dynamics.
Therefore it can be concluded that by constructing the controller from Equation 6.6,
the control design can be simplified since a system of order n —1 is dealt with instead
of one with order n. Moreover, the problem of tracking the n-dimensional vector x,
is reduced to a first-order stabilization problem in s.

There are some conclusions that can be drawn based on the definition of the error
dynamics. For instance, bounds on the error metric s can be associated with the

bounds on the tracking performance, assuming X = 0 at ¢t = 0, as follows:

)‘n—l

where ® will be called “boundary layer” and will be explained later. The proof of

Equation 6.7 is given in [59]. This result stems from the fact that the tracking error
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# results from sequentially applying first-order low-pass filters in view of Equation 6.6
as illustrated in Figure 6.1. Note that in Figure 6.1, p = % is the Laplace operator.
The variable s can be considered to be a scalar quantity that indicates the magnitude
of the discrepancy between the desired state and the current state. For instance, in
the case of s = 0, the system state variables are on the sliding surface, and thus the
system acts in accordance with the desired dynamics set by Equation 6.6. Note that
once the error dynamics is specified in terms of error values, it can also be defined
in terms of state variables. This implies that for each desired state value, there is
a corresponding sliding surface that moves with the desired state in the state space.
The error metric s being equal to zero implies that X converges to zero with a time
constant (n — 1) /X if the system initial state variables originally start on the sliding

surface as illustrated in Figure 6.2 for a second-order system. Note that the time

) 1| 1 1 y
— = P4A PN | '

Figure 6.1: n — 1 Filters Between s and &

constant (n — 1)/) is due to the existence of n — 1 filters with a time constant 1/A
between & and s. However, if s < 0 or s > 0, then the state variables are not on the
sliding surface meaning the desired dynamics is not accomplished. Consequently, the
problem of tracking x; becomes equivalent to that of keeping s at zero for all £ > 0.

The error metric s can be kept at zero by constructing a control law u of Equation
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[
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Figure 6.2: The Sliding Surface for n = 2 Represents a Line. The State Variable Hits

the Desired Point with a Time-Constant.

6.1 based on the sliding condition:

1d ,_
= - 6.
s = n|s| (6.8)

where 7 is a positive constant. In Equation 6.8, s can be interpreted as the squared
norm of the distance to the sliding surface. ~ Given that the right hand side of
Equation 6.8 is always negative, as long as Equation 6.8 is satisfied, s*> decreases
along the system state trajectories. This constrains the system state trajectories to
direct towards the sliding surface and guarantees the convergence of s to zero in a
finite time smaller than |s (t = 0)| /7 [59]. In cases where the system state variables
don’t originally start on the sliding surface, x(t = 0) # x,(t = 0) as illustrated in
Figure 6.3, the convergence of s to zero also means the exponential convergence of X
to zero which translates to an asymptomatic progression towards the sliding surface.
The sliding condition also ensures that once the system state trajectory is on the
sliding surface (s = 0), it stays on the sliding surface in spite of parameter changes

and disturbances.
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" FR\ Exponential Convergence
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x= [, i!]T \\\xdz [z ]

The controlled state variable reaches \
to the sliding surface in a finite-time.|

- =T

Figure 6.3: If x(t = 0) # x,(t = 0), the Controlled Variable State Reaches to the
Sliding Surface in a Finite Time and Then Hits the Desired Point Exponentially.

To sum up, the controller design is based on the sliding-mode methodology and
involves two main steps. The first step is to define the desired dynamics in the form
of a sliding surface s, Equation 6.6, and the second step is to find a control law u
such that the sliding condition, Equation 6.8, is satisfied. It is this second step that

is now presented.

6.2.4 Sliding-Mode Control Design

In this section, the sliding-mode controller of [59] will be applied to the control of the
URV in the presence of manipulator disturbances. The control law design involves
breaking the control system up into a set of low-order controllers so that each axis of
the URV has a separate controller. This was done in [31]. Each controller includes
cross-coupling terms due to the multiaxis motion of the URV and the manipulator

arm. These coupling effects are treated as disturbances within each controller.
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The dynamic model of the URV within the controller is derived from Equation
3.44. The sliding-mode control strategy seeks to control motion of the URV as seen
by an observer in the URV’s body-fixed frame. Since Equation 3.44 gives the absolute
URV 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:

T

B (Ofo + Og;) + [ 013 (“a?)” ]T = [ O1x3 (wo X vo)© (6.9)

a= (L)
In Equation 6.9, the dynamic effect of the manipulator on the dynamics of the
URV is embedded in the articulated inertia and the bias force of link 0 as is presented
in Equation 3.44. To illustrate the control law design, only the URV sway motion is
described in detail. The model of the dynamics of the sway axis in the sliding-mode

controller can be given as follow:

o = f (%0, Yo, @, Q) (6.10)

where 9 is the estimation of the time derivative of the URV’s swaying velocity when
f, is equal to zero, the term f (Xg, Vo, Q, 4), is the estimation of this same quantity

based on Equation 6.9. The closed-loop dynamics is given by:

~

Ii; :f(EOa XO: q7 Q) +b uc (6']‘1)

where u, is the control input, which is equivalent to f, since the system is controlled
by the thrusters. The first step in the design of the controller is the definition of
the sliding surface s in the state space based on Equation 6.6. As explained before,
this surface is used to characterize the desired dynamics. The URV’s sway dynamics

is represented by a second-order nonlinear differential equation, and therefore the
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corresponding sliding surface is a line in the state space as shown in Figure 6.4 The

sliding line s for the sway motion of the URV is given for s = 0 and n = 2 as follows:

d - )
s= (a‘l'/\) J=0+ Ao, Yo="Yo— Yod (6.12)
where subscript d represents the desired value of the state variable. The term yp is
the Y; coordinate of the URVs absolute position in terms of the URV frame. Given
that the sliding surface is a function of the desired state values, the sliding surface

moves on the state space with the desired state values.

()
o
7/ "//’/A’—S\

y'= [y” ’ "U]T \yd: [yg ’ ’U]d
= - S‘\ - Y,
N
‘ Slope — X\
s=20

Figure 6.4: URV’s Controlled State Variable on the State Space

As explained before, the construction of a sliding-mode controller requires knowing
the bounds on f and b. The dynamics of the parameter of interest and the control

gain are bounded according to:

’f— f’ <F (6.13)

0 < bygn < b < e (6.14)

’ “.‘iMlm.‘m; iy



Chapter 6 - Control of the URVM System 110

respectively. The estimate b of control gain b is defined as the geometric mean of the

lower bound by, and the upper bound by of b:
b= (bminbmax)"’> (6.15)
Equation 6.14 can be written as follows:
Br<-<p (6.16)
where

B = (bmax/bmin)"> (6.17)

Once the s is zero, ideally it must be kept at zero. This implies that the derivative

of $ is equal to zero. Therefore, taking the derivative of Equation 6.12;
=04\ (6.18)
Substituting ¥ = © — 4 into Equation 6.18 yields:
§=0—0g+ AV (6.19)
The exact dynamics of v is substituted into Equation 6.19:
Ss=f+bu.—0g+ A0 (6.20)
Solving Equation 6.20 for u, with § = 0 yields:
U =b"1 (—f + 04— AD) (6.21)

However, since f and b are not known exactly, only the best approximation of u. can
be made. Therefore, the best approximation of u., u,,,,, that would achieve $ = 0
is:

~

ucbest = B_l ﬁ‘c’ Ue = _f + i)d - Ai’ (6.22)
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If exact dynamic knowledge was available, Equation 6.21 would ensure that the URV
sway dynamics satisfied desired dynamics s. However, Equation 6.22 does not meet
the sliding condition yet, as f is not the exact dynamics, and the robustness to un-
certainties is not guaranteed. However, a discontinuous term can be introduced into
the continuous control law (Equation 6.22) can provide robustness to the imperfect
dynamic model. The role of this discontinuous term will be switching the control
law in order to compensate the discrepancy between the exact dynamics f and the
estimated dynamics f. This discontinuous term is the source of the robustness of
the sliding-mode control law to the imprecisions involved [59].

The discontinuous term k is incorporated into Equation 6.22 as follows:
ue =b"" [f, — ksgn(s)] = b~ [—f + Vg — AU — ksgn(s)] (6.23)
where sgn (%) is called “sign function” and is defined as:

sgn(z) =1, forz >0

sgn(z)=-1, forz<0

In order to guarantee the convergence of s to zero, the value of £ must be chosen such
that the sliding condition is satisfied. The value of k is calculated as follows. The

sliding condition (Equation 6.8) can also written as:
55 < —nls| (6.24)
Multiplying Equation 6.20 by s gives:

sé§=s8 [f+bu.—vs+ (6.25)
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Substituting Equation 6.23 into Equation 6.25 yields:
4= [(f - bB_lf) + (1 - bB_l) (—0g + A0) — bg_lksgn(s)] s (6.26)
Since sgn(s)s = |s|, Equation 6.26 simplifies to:
5 5= (f - birlf“) s+ (1 - bB-l) (=g + AB) s — bb 2k |3 (6.27)

In order to find the value of k£ that makes Equation 6.27 satisfy the sliding condition,

Equation 6.27 is substituted into Equation 6.24 as follows:
(f - birlf") s+ (1 . bz“rl) (—dg + M) s — b~k [s| < —n]s| (6.28)
Rearranging Equation 6.28 yields:
k|s| > bbt [n Is| + ( f— b f) s+ (1 - birl) (=g + M) s] (6.29)

The maximum value of the right hand side of Equation 6.29 must be obtained to find
the bound on the value of k. This can be done as follows with b5~ > 0 and n > 0

in mind:
k|s| > bb~1n |s| + bb~ |f = bB‘lf‘ Is| + ]1 = bz‘rl\ |—dg + Ad| |s| (6.30)
The term |s| cancels out in both sides of Equation 6.30:
k> b1y + bb~! |f - bé"lf‘ 4 ]1 - bB‘1’ |~ 04 -+ AD| (6.31)
Substituting f = f + ( f- f) into Equation 6.31 yields:
k> bb~ly+ bb! jf - f‘ + ‘f’ ‘Eb‘l - 1| + ]Bb—l - 1] |—da + A (6.32)
Since bb~! > 1, this leads to:

kZBb‘1n+Bb“1|f—f’+’f‘ (Bb-1—1)+(13b-1—1) I—6a+ 5|  (6.33)
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Rearranging Equation 6.33 yields:

k> bb~ln+ bt | f — f‘ + (Bb—l = 1) (|f’ |tz Af;|) (6.34)

Since lf - f‘ < F and 87! < bb~! < 8, this leads to:

> B(F+n)+(B-1) (|f]+ -0+ 2) (6.35)

By choosing k depending on Equation 6.35, the control law (Equation 6.23) guar-
antees the stability and perfect tracking for the URV sway motion as long as the
bounds on the dynamic parameters are not exceeded.

The control law drives the system state variable onto the sliding line and keeps it
on the line in spite of parameter changes and disturbances. Once the system state
is trapped on this line, it is constrained to move along the sliding line provided that
the sliding condition is satisfied [31].

Sliding-Mode Control Tuning

The control law is composed of two parts; the continuous part ., which is model
based and is the best approximation that would achieve § = 0, and the discontinuous
part, ksgn(s), which is a nonlinear feedback component. If the dynamic model is
perfect, the continuous part alone is able to keep the state on the sliding line and the
state value converges to the desired point exponentially with a time constant equal to
1/A. The discontinuous term works only when the system state variable moves away
from the sliding line due to the presence of model uncertainty or any disturbance
effect. It basically pushes the system state back on the sliding line in the event the
system state variable go away from the sliding line, i.e., s # 0.

The control bandwidth A contributes directly to the tracking performance of the

sliding-mode controller in view of Equation 6.7. Higher values provide better tracking
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performance. However, there are some limiting factors to the choice of the value of
). First of all, it must be smaller than the smallest unmodelled structural mode
in the system. Likewise, the frequency of sampling rate should not be smaller than
A. Lastly, the frequency of neglected time-delay in actuators should not be smaller
than . In case one of these constraints is not met, the system can be driven to an
unstable dynamic behavior.

The gain k is a function of the system state and possibly time. The value of & is
dependent primarily on the degree of the mismatch between the actual and estimated
system dynamics. If the accuracy of parameter estimates are high, then the value
of k can be smaller. The smaller k results in the reduction of control energy. The
gain contributes directly to the control input 7. and thus is also related to the energy
consumed by the actuators.

The value of 7 sets the maximum time required for the system state variables to
hit the sliding surface. It is chosen to be small compared to the average value of
k. As with k, the term 7 is associated with the control activity, i.e., larger 1 values

result in higher control activity and hence control energy.

Chattering Reduction

The term ksgn(s) in the control law equation implies switching control action across
the sliding surface due to the nature of the sign function. However, in order to obtain
a good performance from the sliding-mode controller, infinitely fast switching rates
may be needed. However, infinitely fast switching actions are not possible due to the
limited actuator slew. In addition, the switching rate of the control signal is limited
by the sample rate of the state measurements The control signal stays constant during

the sample time, and the system state can diverge from the sliding surface due to the
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model uncertainty or any disturbance effect. However, this is not an issue in this
thesis since the URV state data can be pulled at any time from the simulator. The
switching control slew leads to the oscillations within a neighborhood of the sliding
surface and is called chattering. The chattering is not desirable since it may cause
the actuators to wear out prematurely. Furthermore, it may excite unmodelled high
frequency dynamics of actual dynamics f. Chattering must be eliminated to obtain
optimal control performance.

Chattering can be eliminated by allowing the continuous control action to work
within a wider region around the sliding surface. This region is defined by a boundary
layer. In the boundary layer, the switching term does not work, and therefore relaxes
the control law. The effect of boundary layer can be accounted for by replacing the
sgn(s) function in the control law with the saturation function sat(s), which is defined

as:

sat (s) = sgn(s), for [s| > @ (6.36)

sat (s) = for [s| < ® (6.37)

ik
3’
where ® is the width of the boundary layer as illustrated in Figure 6.5 for the URV
sway state. Outside the region defined by the boundary layer, the switching term is
activated as dictated by Equation 6.36. Since the sliding condition is satisfied, the
system state is drawn into the region and finally is trapped in the region as long as
the foreseen bounds on the parameter estimations and disturbances are not exceeded.
Replacing sgn(s) with sat(s) and introducing the boundary layers leads to a tracking
performance worse than what the control law with sgn(s) alone offers. This implies

a trade-off between the tracking precision and the chattering in view of Equation 6.7.
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The guaranteed precision that is found for a second-order system using Equation 6.7

as

o
€ = lolmax = 3 (6.38)

Given that the tracking performance is bounded by Equation 6.38, the quantitative
approach to making a trade-off can be made, i.e., for a given control bandwidth A,
using a bigger boundary width ® results in a reduction of the control performance
while improving the elimination of the chattering problem. It is obvious that the
tracking precision can be increased by setting the control bandwidth to higher values.
However, this adjustment is not always possible due to the constraints on the choice
of the value of the control bandwidth as explained before.

To summarize, with the reference to Equation 6.23, the control input is given by:
up = b [— Ftig—2o— ksat(s/cp)] (6.39)

where b is obtained from Equation 6.17 , k is obtained from Equation 6.35. The
resulting control law gives a guaranteed precision that is given by Equation 6.38. In
Figure 6.5, the theoretical maximum deviation of the sway state from the sliding line

is labelled as e.

6.3 Thruster Controller

Once the control input is obtained according to Equation 6.39, it remains to create
this control input using the URV thrusters. However, since the thrusters are used
to provide the control forces and torques, the control forces and torques must be

distributed over the thrusters in a way that the net force and moment effect due to
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Figure 6.5: Boundary Layers

the thrusters are the same as the required ones. This distribution is carried out
by the thruster mapping matrix. As a result of the thruster mapping process, the
desired thrust command for each thruster is generated. Every thruster has its own
controller that is responsible for generating the desired thrust.

A model-based non-linear thruster control algorithm called model-based velocity
control is used in [18] to generate the control signal that makes the actual thrust
follow the desired thrust. In the model-based velocity control, the work of Healey et
al. [16] is followed to model the thrusters. The control methodology requires state
feedback. The thruster controller specifies the motor voltage v, as a function of the
desired thrust 74, the measured propeller rate €2, and observed axial incoming fluid
particle speed u,. The controller ensures that the actual trust follows the desired
thrust, i.e., lim;_,o 7 = 74.

In practical applications, the measurement of state u, is extremely difficult or

impossible [18]. Therefore, an ad hoc open-loop observer is used to estimate u,.
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The observer estimates u, based on Equation 4.41 as follows:
g = —kaky g |aG] + k34 (6.40)

where uf is the estimate of u,.
According to Healey et al. [16], thrust is a non-linear function of axial incoming
fluid velocity and the propeller rate. Based on the explanations in section 4.3, the

developed thrust is defined by:
T=0g1(Q,uf) (6.41)

The hydrodynamic load on the propeller shaft is given by:

TL = g2 (Q,’U,Z) (642)

The corresponding desired propeller rate ; for a given desired thrust is obtained by

inverting function g;:
Qq = g7 (Ta,u5) (6.43)

In order to solve Equation 6.43 for €, for a given desired thrust, the MatLab®
command fsolve can be used. This command solves nonlinear equations numerically.
Having found the desired propeller rate and measured the current axial incoming fluid

velocity and the current propeller rate, the control law i is given by:
iz = k,;ll go (Q ug) + k;l k?fb (Q — Qd) (644)

where ks, < 0 is the empirically tuned feedback gain. Equation 6.44 combines a

model-based open-loop feedforward control, k; ' gy (2, u¢) and high-gain feedback of
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propeller rotation rate error, k; ' kg (2 — Qq). Since the control input is voltage,

the corresponding control voltage must be found. This is found by:
’Ug =T iz + kb Qd (645)

The control scheme is illustrated in Figure 6.6. The desired thrust and the esti-

o - T Thrust
T T(glllltsrtglr (T 1 Vehicle " Axial Incoming
Desired Law Thruster | Fluid Velocity
Thrust N e T Propeller Rat
| Feedback ' 2 Propeller Rate

Figure 6.6: Thruster Control Scheme

mate of the axial incoming fluid velocity are provided to the model-based velocity
thruster controller. In the thruster controller, as a first step, the corresponding
desired propeller rate is found based on Equation 6.43 for the given desired thrust.
Having found the desired propeller rate and provided the estimate of u,, the control
voltage is generated using Equations 6.44 and 6.45. The estimate of u, at a later
time is found by numerically integrating Equation 6.40 forward in time.

In order to verify the thruster control methodology, a simulation program was
created. In the thruster simulation, the state variables are €2, u, and u;. Note that
u, represent the axial fluid velocity while u€ is the estimate of u,, which is computed
by the observer within the propeller shroud. The control input is formed based on
Equations 6.44 and 6.45. The resulting control input is fed into the thruster dynamic
equations described in Section 4.3.

In Figure 6.7, the corresponding thrust response to the commanded thrust value

of 7 N is illustrated. All the initial state variables are taken as zero. The feedback
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Figure 6.7: Thrust History

gain kj, is found by trial and error as —1 and all the associated thruster parameters
are given in Appendix E. As it can be seen in the figure, there is a time delay in
obtaining the desired thrust. This result reaffirms the need for a robust controller,
as a robust controller can compensate the errors due to the time delay.

Figure 6.8 shows the time history of the propeller rate of the thruster. As ex-

pected, once the desired thrust is obtained, the propeller rate stays constant.
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Figure 6.8: Time History of the Controlled Propeller Rate

Figure 6.9 demonstrates the time history of u, and u. As expected, these two
quantities are different. However, the observer is quite successful in predicting the

actual value of u,.

6.4 Reduction of the Dynamic Coupling in URVM

Systems

A number of simulations have been performed to demonstrate the ability of the pro-
posed control scheme to reduce the dynamic coupling between the URV and the
manipulator. The URVM system considered in the simulations is the same as the

one considered in Section 5.3. The thruster configuration uses two surge thrusters,
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Figure 6.9: Time History of the Incoming Fluid Velocity

that can be operated differentially for yaw motion, and two sway thrusters as illus-
trated in Figure 6.10. In order to avoid the problem of the allocation of thruster
forces among the thrusters (see section 4.46), the commanded moments around the
yaw axis of the vehicle are evenly distributed between the surge and sway thrusters.
The compensation force along the surge axis of the vehicle is evenly distributed over
the two surge thrusters. Likewise, the compensation force along the sway axis of the
vehicle is evenly allocated between the two sway thrusters. However, this allocation
of the commanded forces/moments does not exploit the redundancy that can be used
to enhance the ability of the URV to accomplished a desired task. The exploitation of
redundancy in thruster systems is addressed in [61]. The simulation parameters and
the state vector structure for the URV and the manipulator are the same as in Section

5.3.3. In the simulation, the same station keeping task is considered to demonstrate
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Figure 6.10: Thruster Configuration of the URV

the reduction of the dynamic coupling and to afford comparison to the uncontrolled
case of Section 5.3. In the simulation, a station keeping task is considered for the
URV to demonstrate the reduction of the dynamic coupling. In the station keeping
task, the sliding-mode controller’s objective is to keep the URV’s state vectors zero,
i.e., X, = 0 and v, = 0, in the presence of dynamic modelling uncertainties and dis-
turbances caused by the dynamic coupling due to the manipulator motion. In order
to model uncertainties, drag and added mass coefficients for the URV differed from
the real system by 60%. Furthermore, the thruster dynamics are not included into
the model-based s]iding}mode controllers. Only the URV’s motion in the horizontal
plane, i.e., [ Ty v ] is controlled.

The simulation scheme is illustrated in Figure 6.11. TIn the simulation, the
URVM state vector u, = [ Elg Eyl 7 §* 0T o7 proceeds through the
articulated-body equations with estimated parameters. Since the horizontal motion

is controlled, only the URV’s surge #, sway v and yaw 7 equations of motion are

needed for the controllers. Given that the single-input single-output sliding mode
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Figure 6.11: Simulation Scheme

approach is employed, it is required to have three controllers, i.e., every degree of
freedom of the URV has its own controller. Note that since the system dynamics
are highly coupled, every degree of freedom of the URV is a function of the other
degrees of freedom, and any coupling effects due to the motion of the other degrees
of freedom are treated as a disturbance in each controller. The control signals uy, u?
and u!, are generated by the sliding-mode controllers to control the URV’s horizontal
motion. Using the thruster mapping, a desired thrust for each thruster is calculated
and fed to the individual thruster controllers. The actual thrust developed by each
thruster controller is mapped back into the forces and moments at the centre of mass
of the URV, °f,. The force and moment vector °f;, along with the URVM state vector
u, are then inserted into the articulated-body equations that represent the simulated

system. The state vector of the URVM system at a later time is found by integrating

T .
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forward in time.
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Figure 6.12: End Effector Path on X-Y Plane

Figure 6.12 demonstrates the resulting end-effector tracking path on the X-Y plane
under the controlled and uncontrolled conditions. The first case in Figure 6.12, URV
fixed control off, corresponds to the ideal case in which the URV is held fixed and
the system behaves as a land-based manipulator. The end-effector path of this case
is considered to represent the pilots true intent. In the second case, URV released-
control off, the URV is released with no active control. In the third case, URV
released-control on, the URV is released and the control is turned on. From Figure
6.12, one can see that the controller works to provide a fixed-base for the manipulator
by reducing the dynamic coupling effect between the URV and the manipulator. The

control-on case almost overlaps the ideal case.
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Figure 6.13: a) Vehicle Translational and Rotational Motion History without Con-
trol Activity b) Vehicle Translational and Rotational Motion History with Control
Activity

The URV position error caused by the dynamic coupling is demonstrated in Figure

6.13. While Figure 6.13a shows the URV position error for the uncontrolled system,
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Figure 6.13b shows it for the controlled system. Note that the displacements are in
terms of the URVs body-fixed frame. As can be seen in Figure 6.13, the sliding-mode
controller reduces the error scale from 10! to 10~°. This stems from the fact that
the controller is successful in reducing the dynamic coupling between the URV and
the manipulator.

Figure 6.14a and 6.14b are the plot of the boundary layers and s, which indicates
the discrepancy between the resulting motion and the desired motion. Note that
Figure 6.14b is the same as Figure 6.14a except for the scale. As predicted by the
sliding-mode control theory, the value of s does not exceed the boundary layer value of
0.02, i.e., |s| < ®. Figure 6.14 also demonstrates that s remains inside the boundary
layers throughout the operation. This also indicates that the bounds on the dynamic

parameters are not exceeded.
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Figure 6.14: a) Boundary Layer versus s b) s Graph with a Smaller Scale

Figure 6.15 shows the forces and moments at the center of mass of the URV com-
manded by the controller. One can see that the commanded forces and moments are

smooth and free of chattering. This is attributed to the presence of the boundary
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layer, which relaxes the control law within the boundary layer and in turn provides
smooth control outputs. The boundary layer thickness was chosen using trial and er-
ror to ensure that chattering was not encountered by the actuators. Smaller boundary

layer values can cause chattering of the thrusters shafts.
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Figure 6.15: Resulting Thruster Force and Moments Acting at the Center of Mass of
the URV

Time histories of the state variables are given in Figures 6.16 through 6.18.
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Figure 6.18: a) Incoming Fluid Velocity b) Propeller Shaft Velocity

Figures 6.19,

6.21 and 6.23, demonstrate the reaction forces that develop at the

mounting point between the URV and the manipulator according to Equation 3.46.

As shown in Figures 6.20, 6.22 and 6.24, these reaction forces are actively compen-
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sated by the thruster forces developed by the three model-based sliding-mode con-
trollers.(See Figure 6.11 for the control hierarchy). As aresult, the URV can maintain
its position and orientation in the presence of the manipulator joint motions. By
using the automatic thruster controller, the human pilot can operate the manipulator

without providing thruster inputs simultaneously.
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Figure 6.19: a) Force Acting Along Xo Direction Caused by Dynamic Coupling b)
Compensation Force Acting Along Xo Direction of the URV by Thrusters
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6.5 Comparative Study Between Newton-Euler For-

mulation and Articulated-Body Algorithm

A comparative study has been done to demonstrate the performance of two different
dynamic modelling methods in the sliding-mode controllers, i.e., the articulated-body
approach of Section 6.2 and a Newton-Euler model of [44]. To do that, a model-based
sliding-mode controllers was constructed based on the Newton-Euler algorithm. In
both controllers, drag and added mass coefficients for the URV and the manipulator
differed from the real system by 60%. In addition, the added mass Coriolis effect
was not included in both controllers to simplify the dynamics equations. It was
assumed that inertial measurement units were not available for the measurement of
the URV acceleration. The Newton-Euler and the articulated-body based sliding-
mode controllers were run for the case of Section 6.4. To emphasize the better ability
of the articulated-body based controller to predict the manipulator added mass load,
fluid velocities of 1 m/sec. along the X and Y directions of the inertial frame was
added. This impulsive load can also be considered to be a tether jerk. This abrupt
load causes a URV acceleration which is not captured by the Newton-Euler method.

In the first case, the surrounding fluid has a velocity of 1 m/sec. along X and Y
directions of the inertial frame and is acting on the system for 0.2 sec. This creates
impact effect on the URV, and in turn causes the URV to accelerate along the X
and Y directions. End-effector absolute errors for the both controllers are shown in
Figure 6.25. Using the area underneath the curves as a comparison method, Figure
6.25 indicates that the articulated-body based controller provides 10% improvement
over its Newton-Euler counterpart. The range of the improvement changes with the

extent of disturbances acting on the system. The improvement can be attributed
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to the fact that the effect of the URV’s acceleration on the manipulator dynamics
and the effect of added mass of the manipulator on the URV are captured by the
articulated-body algorithm during the first 0.2 sec. of the simulation when the URV
is subjected to an impulsive load.

Figure 6.25 exhibits constant end-effector errors even though the URV moves back
to its original position after the impulsive loads are applied to the URVM system
as illustrated in Figure 6.26. This is due to the fact that applied torques to the
manipulator joints remain the same as those in the ideal case of Section 5.3.2 during
the system motion even though the dynamic loads on the manipulator after the
perturbation are different. As a result, the end-effector of the URVM produces a
different trajectory path. In URVM applications, this difference is compensated
by the human pilot in a open-loop control structure. Using the articulated-body
equations in the controller reduces the human pilot’s effort to compensate for the

deviations from the desired end-effector path.
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Newton-Euler Based Sliding-Mode Controller
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Figure 6.25: End-Effector Absolute Errors When Fluid Velocity 0.1 m/sec Along X

and Y Directions of the Inertial Frame
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Newton-Euler Based Sliding-Mode Controller
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Chapter 7

Conclusions and Recommendations

for Future Work

7.1 Overview

In this chapter, conclusions about the thesis will be presented. In addition, rec-
ommendations will be made about possible areas where future research could be

conducted.

7.2 Conclusions

A generic time-domain dynamics simulator for URVM systems has been created based
on the articulated-body algorithm. The thruster dynamics has been incorporated into
the existing articulated-body equations. For a specific URVM system, a number of
simulations have been performed and the results indicating the extent of the dynamic

coupling problem have been presented. It is proposed that the thrusters be used
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to offset the dynamic coupling effect on the URV motion by employing intelligent
automatic control of the URV thrusters using Slotine’s sliding-mode control strategy.

It is also proposed that the articulated-body algorithm be used within the model-
based sliding-mode controller. The incorporation of the articulated-body algorithm
into a model-based sliding-mode controller for the reduction of the dynamic coupling
between the URV and the manipulator has been accomplished. The use of the
articulated-body equations within the sliding-mode controller has not been introduced
before in literature.

In order to show the effectiveness of the proposed control scheme, the simulation
of a URVM system has been performed and the results have been demonstrated. The
simulation results have indicated that the tracking performance of the URVM system
is improved by the inclusion of the articulated-body algorithm into the controller with
respect to the sliding-mode controllers that use Newton-Euler dynamics formulation
for the URV and the manipulator separately. In the Newton-Euler formulation,
the URV acceleration is ignored in the added mass force calculation of manipulator,
unless expensive inertial measurement units are used to predict the acceleration at the
mounting point of the manipulator. However, the omission of the URV acceleration
within the manipulator dynamic equations leads to a reduction in the quality of the
estimation of the URV dynamics within the controller. It is shown that using the
articulated-body equations for the URV equations of motion can eliminate the need
for the inertial measurement units while improving the quality of the estimation of the
URV dynamics. This results from the two facts i.e., the articulated-body algorithm
affords the direct calculation of the URV accelerations based on a known URVM state
vector, and it accounts for the added mass effect of the manipulator on the URV.

Finally, a comparative study between the two modelling approaches has been

{ A il



Chapter 7 - Conclusions and Recommendations for Future Work 145

done, and the improvement in the reduction of the dynamic coupling effect by using

the articulated-body equations within the controller has been shown.

7.3 Consideration of the Proposed Control Scheme

on Real World Applications

The proposed control scheme has some limitations in its application to real world
URVM tasks. These limitations arise because the model employed does not account
for all the external inputs that have the potential to affect the dynamics of the system.
In particular, contact of the URVM with the environment and the forces exerted by
the payload on the end effector are not accounted for in the sliding mode controller. In
the first case, if the system collides with an object at the subsea worksite, the proposed
dynamics model fails to provide an accurate prediction of the resultant system motion,
as the contact creates persisting forces and moments that are not modelled within
the controller. Consequently, it may mislead the controller. Therefore, in order
for the URVM system to effectively complete the pilot’s desired task, the proposed
model should be implemented in obstacle-free sites or for tasks that are completed at
mid-depth.

During task execution, it is the end-effector that contacts the workpiece. The
forces and moments caused by this contact can be incorporated into the articulated
body algorithm. However because the system can experience three different contact
scenarios depending on the extent of the payload, the incorporation of these forces

and moments occurs in three different ways.
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Negligible Payload

In this scenario, the contact that the end-effecter has with its workpiece has no
significant effect on the dynamics of the system, because there is only negligible
contact force applied to the end-effector. When a negligeable payload exists, such
as in welding or pick-and-place tasks, the end-effector does not experience excessive
force. In these cases, the articulated body based controller can give acceptable
predictions of the system dynamics without the necessity of additional contact force

measurements being added to the controller.

Medium Payload

In this scenario, the contact that the end-effector has with its workpiece impacts and
changes the system dynamics. Therefore, to be able to accurately predict the system
dynamics, these forces and moments must be inserted into the system equations within
the controller. This requires using force-torque sensors to measure the force and
moments on the end-effector. These sensors will feedback into the system equation

in the controller, and will allow the controller to maintain acceptable performance.

Large Payload

In this scenario, the contact that the end-effector has with the workpiece dominates
the URVM dynamics. In these cases, motions of the master arm by the human pilot
may not be reproducible by the slave arm of the URVM. As such, the path followed
by the end-effector will deviate from the pilot’s intent regardless of the performance
of the controller proposed in this work - even with the addition of measured contact

forces and moments. One way to solve this problem is to limit the inputs that the
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human pilot makes to the end-effector motion. This would have to involve some
on-line was of discerning if the intended motion was breaching the capability of the
URVM. An indicator that could be used to do this is the measure of s in each of the
single-input single output sliding mode controllers. The human pilot can monitor
changes in s to discern if the actual system motion is consistent with the desired
motion. If an s value shows constant growth, the pilot must understand that the
system can not follow the current commands and consequently the pilot must slow

down the commanded end-effector motion.

7.4 Recommendations for Future Work

7.4.1 Overview

This work has addressed the problem of the reduction of dynamic coupling present in
URVM system and has presented a control strategy to reduce the effect of the dynamic
coupling on the attitude of the URV. Problems that have not been addressed in this

work and are recommended for future research include:

1. Exploitation of Kinematic Redundancy in URVM Systems,

2. Centralized Multi-Input Multi-Output Controller Design.

7.4.2 Exploitation of Kinematic Redundancy in URVM Sys-
tems

URVM systems are kinematically redundant, as they possesses more degrees of free-

dom than those required for the end-effector to execute a task. This is due to the
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fact that the URV part contributes six degrees of freedom in addition to the number
of degrees of freedom provided by the manipulator joints. When a task is performed
with URVM, the current strategy is to keep the URV stationary. A contribution of
this thesis is the development of an automatic controller that keeps the URV sta-
tionary. However, when the end-effector performs at the boundary of its workspace
or close to a kinematic singularity, reconfiguration of the whole system is needed. In
this situation, the URVM redundancy can be exploited to achieve more dexterous
of the URVM end-effector. This would allow URVM systems to be operated more
efficiently in work sites that have many obstacles, with the redundant system able to
attain any given pose in an optimal manner.

A kinematically redundant system contains an infinite number of joint-space con-
figurations for specific task-space coordinates and thus requires redundancy resolution
schemes to determine which joint-space configuration is used. In other words, a re-
dundancy resolution scheme generates the desired trajectories for both the URV and
the manipulator in such a way that predefined constraints are met, including for

example:

e Minimize the kinetic energy of the system:

e Minimize the joint torques required for the motion. By satisfying this criteria,
saturation of the actuators can be avoided. Moreover, it leads the task to be

performed with minimum effort and in turn reduces the energy consumption;

e Maximize the manipulability of the system, i.e., give it the best ability to move

and /or exert forces in all directions;

Avoid obstacles in subsea worksites;
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e Avoid joints reaching their mechanical limits;

e Avoid singularities. Singularity-free trajectories are very crucial in generating
the desired trajectory values since at a singularity, an arbitrary motion of the
end-effector is not possible when the URV is held fixed and the manipulator is
not redundant. Furthermore, joint velocities can become large for small task

velocities.

One major point that should be addressed is the fundamental difference between
the redundant URVM system and a more typical land-based redundant system: a
land-based device has very well known dynamic parameters. Therefore, a redundant
land-based device can be controlled purely based on kinematic knowledge. However,
for the undersea vehicle phenomenon such as added mass make it necessary to involve

the URVM dynamics.

7.4.3 Centralized Multi-Input Multi-Output Controller De-
sign

So far, a series of model-based sliding-mode controllers for each active degree of free-
dom of the URV has been employed to control the URV part of the system. Since
every individual active degree of freedom is controlled indepedently from each other,
this type of controllers is called the decentralized controller. A decentralized con-
troller is composed of a series of single-input single-output controllers. Alternative
approach to the decentralized controllers is the centralized controllers. In the cen-
tralized controllers, instead of a series of single-input single output controllers, there
is only one multi-input multi-output controller. In this type of controller, the con-

troller output is commanded by one centralized controller, taking into account of the
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whole system dynamics. In Appendix F, an example of the centralized control de-
sign process is outlined based on the work of [45]. Note that in [45], not only is the
URV’s motion trajectory controlled, but also the manipulator joints are controlled as

opposed to the thesis in which only the URV trajectory motion is controlled.
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Appendix A

Kinematic Equations

In this appendix, the equations governing the kinematics of serial-manipulators are
given. Before this discussion, the kinematic equations will be derived for a rigid body
and then the discussion will be extended to include the most general cases in robot
kinematics. There are two basic theorems that are used frequently in the kinetics of
rigid bodies. These two theorems provide a basis for the derivation of equations of

motion of rigid bodies.

Theorem 1 “Let a be a vector whose components relative to a moving reference
frame are constant, and let w be the angular velocity of that reference frame. Then

the rate of change of a is the cross product of w and a.” [47]
Therefore, for the rate of change of vector a is given by:
Aa=wxa (A1)

Theorem 1 is used to differentiate vector quantities with respect to a moving reference

frame and it encompasses the effects the rotation of frame.
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Theorem 2 “Let zyz be a coordinate system that is undergoing a spatial Totation.
Let e; be a unit vector parallel to the i axis of rotation in the sense of the rotation
according to the right-hand rule, and let w; be the corresponding rate of rotation in

radians per second. Then the angular velocity of zyz is given by w =3 wi;e;.” [47]

The above theorem allows us to write the angular velocity of rigid bodies as the

vector sum of each individual rotational effects.

Figure A.1: Position Relative to a Fixed or Moving Reference Frame

The general situation is demonstrated in Figure A.1. According to Figure A.1,
the reference frame {E} represents the inertial frame. Point b can be either fixed
or moving with respect to the moving reference frame {0}. If the position of point
b changes in time, this situation corresponds to the prismatic joint case in which
the joint displacement has translational velocity with respect to its own body-fixed
frame. If point b is fixed to the moving reference frame, then the situation matches
with the rotational joint case in which the joint displacement does not have velocity

with respect to its own body-fixed frame.
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Point Translates With Respect to the Reference Frame

The position vector can be constructed from the fixed and moving reference frame by

the following equation:

Py/E = Po/E + Pbjo (A.2)

where py,r is the position vector from the origin of frame {E'} to the origin of frame
{0}. py)o is the position vector from the origin of frame {0} to point b.

The absolute velocity is defined as the time derivative of the position with respect
to the fixed inertial reference frame. Therefore, the absolute velocity of point b is
computed by differentiating Equation A.2 as follows:

d d d
2 Pv/E = 7 P0/E T 2 Pb/0 (A.3)

The term % po/ corresponds to the absolute velocity of the origin of frame {0}.
Given that pog is defined as pojg = i + yj + 2k in terms of the inertial frame, its

time derivative is calculated based on Theorem 1 and 2 as:

d B el
%pO/E =Zi+yj+ 2k + wEg X Po/E (A.4)

The first three components of Equation A.4 are due to the changes in the position
of vector pg/g with respect to the inertial frame. These three components are defined
as the absolute velocity of the origin of frame {0}. The last term accounts for changes
in the rotation of the frame. Since the inertial frame has no rotational velocity, wg

is equal to zero. Therefore Equation A.4 simplifies to:

d
EPO/E = 7i -+ yj + zk = Vo (AD)

The time derivative of py/o contains the effects of the changing coordinate systems

along with the rotation of frame {0} itself. The overall effects can be found by
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superimposing these two effects. Given that py o is defined as po/r = zi + yj' + 2k’

in terms of frame {0}, its time derivative is calculated based on Theorem 1 and 2 as:

d @l y @l a g5
ZPyo =31 +95 + zk +wo X Ppjo (A.6)
————

(vs)o

It is known that frame {0} is moving. This fact is accounted for by the term wy,
which is the rotational velocity of frame {0}. The term (v;)o represents the velocity
of point b observed by an observer sitting on the origin of the reference frame {0}.
In other words, it corresponds to the relative velocity of point b with respect to frame
{0}.

Finally, the absolute velocity of point b is found by substituting Equations A.5
and A.6 into Equation A.3 yielding:

vy = Vo + (Va)o + wWo X Pyjo (A.7)

A relation for the absolute acceleration of point b can be found by differentiating

Equation A.7 and is given by:

d d d . d
Eivb = avo -+ a(vb)o =+ E(wo D4 pb/O) = ay (A8)

The time derivative of the first term gives the acceleration of the origin of frame

{0} and is given, in view of Equation A.5, by:

d
SVo=di+ii+ k=2 (A.9)

The relative acceleration of point b with respect to the origin of frame {0} is the

time derivative of the second term in Equation A.T:

d ah ol g
E(Vb)o =7 +9j + 2k +wo X (Vb)o (A.10)
———

(Vs)o
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Lastly, using Equation A.6, the time derivative of the third term in Equation A.7

is given by:

d . .
E(wo X Pbjo) = Wo X Pp/o + Wo X Py/o (A.11)

= g X Py +wo X ((Vb)o +wo X Pyjo)
Finally, substituting Equations A.9, A.10 and A.11 into Equation A.8 yields:

d p
Fo =2t (Vb)o + wo X (Va)o + @ X Pro +wo X ((Vs)o + wo X Do) = @
(A.12)

Rearranging Equation A.12 yields the following equation:
a, = ag + (Vi)o + 0tg X Pyjo + Wo X wo X Pyjo + 2wo X (Va)o (A.13)

The last two terms in Equation A.13 are called the centripetal and the Coriolis
acceleration, respectively. The Coriolis effect is produced by the rotation of frame

{0} along with the change in the components of the vector pj /.

Point is Fixed with Respect to the Reference Frame {0}

In this case, as opposed to the first case, point b is fixed to the moving frame {0}.
Since, point b moves with the frame {0}, the observer does not observe any changes
in the position of point b. Rather, the velocity of point b with respect to the observer

is zero. Therefore, (v;)o = 0 and Equation A.7 simplifies to:

Vi = Vo + Wo X Ppjo (A14)

A relation for the absolute acceleration of point b can be found by differentiating
the time derivative of the absolute velocity of point b. Using Equation A.6 in view

of (v3)o = 0, the absolute acceleration of point b is obtained as:
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a, = ag+ g X Pyjo+wo X Prjo (A.15)

= ap+ 0p X Ppjo + Wo X (wo X Pb/O)

The derivations of angular velocities and accelerations are explained in Section

2.34.
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Appendix B

Cross Products of Vectors Using

Skew- Symmetric Form

P
Let a be a vector whose components are a = [ a; a, a, ] and b be a vector whose

z

components are b = { b: b, b ] T. The cross products of two vectors are described
by:
@bz — 6z Oy
axb=| g, b, —a,b, (B.1)
az by —ay by
Equation B.1 can be written in the following form:

axb=ab (B.2)

where a is the 3 x 3 skew-symmetric matrix:

a — a, O _az (B.3)
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Appendix C

Derivative of a Rotation Matrix

Let {A} be a fixed coordinate frame and {B} be a coordinate frame rotation with
the angular velocity w relative to frame {A}. Let wp is the representation of w in
{B}. Let r be a vector that is fixed with respect to frame { B}, i.e., vector r rotates
with frame {B}. Let R be the rotation matrix that transforms vector quantities in
{B} to {A}. Ifrs and rp are the representation of vector r in terms of frame {A}
and frame { B}, respectively. The time derivative of r4 can be written as follows:
d L -

T"A:%(RT‘B):RTB#'—RT‘B:RTB (Cl)

The time derivative of r can also be written as follows:

7".4 =R ((.UB X T'B) =R (;‘B B (C2)

Equalizing Equations C.1 and C.2 yields an expression for the time derivative of

rotation matrices:

RTB=R(;)B'7'B (03)

R=R 3 (C.4)
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Appendix D

Derivation of Added Mass
Coefficients for the URV

D.1 Added Mass Matrix

The added mass matrix is defined as:

IA _ All A12 _ Tlﬁ Tlé e Ny Ny Ty (Dl)

AQ]_ A22 Tp Ty Ty Ty Ty T

Ys Yg Y Yu Y  Yu

Zp Z4 2 2y 2y Zaiy

Note that added mass matrix I is the swapped version of that of [7]. This adjustment
is needed to simplify the added mass force equation into the recursive articulated-
body equations in which the angular components of the spatial vectors are placed

above the translational components as opposed to [7]. In the added mass matrix,
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each component of the added mass matrix is a proportional constant that defines
an added mass force contribution due to an acceleration in one of the body’s degree
of freedom. For instance, added mass force contribution the hydrodynamic force f4

along 1, caused by the linear acceleration 1 in the direction of 2, is defined as:

fA = —yy W where y; = % (D.2)

Note that notation similar to the SNAME [46] is used in the above matrix.

D.2 Derivation of Added Mass Coefficients for Trans-
lational Motion

The derivation of the added mass coefficients are made based on the strip theory [7].

| A il

In this theory, a rigid-body is divided into a number of small strips. Depending on
the geometric shape of each strip, two-dimensional added mass coefficients are found
for each strip. In order to obtain three-dimensional added mass coefficients, the
integration is carried out over the length of the rigid body.

The URV is approximated as a rectangular box and is divided into a series of
rectangular strips as illustrated in Figure D.1. The origin of the URV’s frame is
attached to the centre of mass of the URV. Two-dimensional added mass coefficient
for the rectangular shape is found based on the dimensions of the strip as well as the

density of water as follows:

k
p =998 ;93, W=0444m, H=0154m L =0.596 m (D.3)

= 3.87 (D.4)
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Figure D.1: URV is Considered To Be Composed of a Series of Rectangular Strips

. X . H
Using Figure D.2, with a = 3,
A2D) H1?
— =2 = AP =2 [—] = 37.179
pr (5] ’

Two-dimensional added mass coefficient AEZID) is found to be 37.179. The added

mass coefficient for the whole URV body along the z (surge) axis can be given as [7]:
W/2
Ty =— / ACP qw (D.5)
—W/2
Substituting the known values into Equation D.5, yields:

0.222
Ty =— / 37.179dW = —16.507 kg (D.6)

—0.222

The same process is followed for the added mass coefficients along y; and z;.

1 MMN‘.I-MH; '
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A2D

pma®

2b
2.5 —=1

5 10 b/a

Figure D.2: 2D Added Mass Coefficients for a Rectangular Cross-Section

D.3 Derivation of Added Mass Coefficients for Ro-
tational Motion

The derivation of the rotational added mass coefficients can be made based on the
translational added mass coefficients. For instance, the added mass coefficients for

the rotational motion around the roll axis of the URV is given in [7] as:

L/2 w/2 H/2
ey = / AZPdL = - / W2AGPaw + / P ASan (D.7)
—L/2 —W/2 —H/2

Similar expressions for the derivation of the rotational added mass coefficients can

be found in [7].
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Appendix E

Simulation Parameters

E.1 URV Simulation Parameters:
L =0.596m, W = 0.444m, H = 0.154m

T
Opo_1 = [0.298 0 0] m

T
%9y = [0 0 —0.0254] m

T

ey = [0 0 0 ] m
moy = 32kg, m(f, = 32kg

o= diag{ 0.498 0.878 1.254 }Nmsec2

0164 :diag{ 2.654 3.438 0.249 16.54 18 115.8 }]VmseCQ
A, =0.061m?, A, = 0.85m>

C'éi = 1.07, C'(g = 1.07 For Linear Drag Force

Rotation around Z : Cf) _ =1.555, Cj) _ =2.646

Rotation around Xy : Cf)._ =2.093, C§) _, = 2.646

Rotation around Y : CF. = 2.205, Cf) = 2.046
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E.2 Manipulator Simulation Parameters

T
2= 2p2 3= Ipsice= [0.298 0 0] m
T
gy = 2y = 3b3 = [0.11 0 0] m

rg, = e, = Y, = { 0.11 0 0 ]Tm

mi23 = 1, m{,2’3 = lkg

L == 33= diag{ 0 0.0137 0.0137 }Nm sec’

if = 2 = 3 =diag{ 0 0.0017 0.0017 0 0.1078 0.1078 }N-msec2

01?213 = 11

E.3 Thruster Simulation Parameters

r = 0.0381ohms kp, = 17790
ky = 0.0619V sec /rad CLoa, = 1.75
jm = 5.6211€ — 005kgm?  cp,.. = 1.2

bm = 0Nmsec /rad Nigrr =2

ky = 70.15 p = m/6rad

ky = 1133.2 a = 0.00445m>
ks = 0.954 I, =05

ks = 0.910 AB=0.2
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E.4 Sliding Mode Control Parameters

= 36, by, =44.44

= 1.2870, b = 1.5889, b

brmin Tmax U, Vmin

b = (.03 for the comparative study.

= 0.5828, by, =0.8392 b, . =0.0208,b

Tmin max U,Umax

A = 3.14rad/ sec
n=0.5
®, ., =0.02, and @, ,, = 0.015 for the comparative study.

Fonw = Land Fop o = fnu,v —(1.6) x frm for the comparative study.
E.5 Thruster Control Parameters

kfb — —1

E.6 Environmental Parameters

T
Eq9 = [0 0 9.81 ] m/ sec?

T
Eafz[o 0 0] m/ sec?

p = 998kg/m?
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Appendix F

An Example of Centralized
Model-Based Sliding-Mode

Controller Design

Closed-Form Model of URVM Dynamic Equation

The equations of motions of an URVM system can be written in a closed-form as

follows:

M(+C(¢+D¢+g=Bu (F.1)

where ¢ is a (6 + n) state vector defined as ¢ = [ vi wl & }T and M is the
(6+n)x (6+n) inertia matrix including added mass terms multiplying the acceleration
terms, C is the (6+n) vector of Coriolis and centripetal terms, D is the (6+n) vector
of dissipative effects, g is the (6 + n) vector of gravity and buoyancy effects, B is a
(6+n)x h matrix containing the thruster mapping matrix, and lastly u is the (h x 1)

vector of control inputs.
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The following properties are assumed to hold:
e The inertia matrix is symmetric and positive definitive, i.e., M = MT > 0;
e the damping matrix is positive definitive, i.e., D > 0;
e the matrix C is skew-symmetric, i.e., C = —C7;

e for a suitable choice of the parametrization of C, M — 2C is skew symmetric.

Centralized Model-Based Sliding Mode Controller Design

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 and the manipulator motion in such a
way that the desired task is accomplished. As mentioned before, desired values for
a specific task can be generated by the redundancy resolution scheme.

The vector of sliding surfaces s, is defined as:

ER 7 \
g="T € — wg =T — C (F2)
q q"

where T is a positive definite matrix containing the control bandwidth value for each
sliding surface, & is the quaternion representation of the URV[45] and the rest of the

terms in Equation F.2 are defined as:

i
771=[$d—x Ya— Y zd—z] (F.3)

T
ﬁ=[qd1_Q1 qdn_qn] (F.4)
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Equation F.2 can be written as:
s=r—¢( (F.5)
Differentiating Equation F.2 with respect to time yields:
§=%—¢ (F.6)
Equations F.5 and F.6 can be written as:
C=r—s, and C(=1—35 (F.7)
Substituting Equation F.7 into Equation F.1 yields:

M(q)§=Mr+C(r—s)+D(r—s)+g—Bu (F.8)

Control Law Design based on Lyapunov Stability Analysis Control law
design can be made based on a Lyapunov function. The idea is to formulate a scalar
positive function of the system states, and choose a control law to make this function
decrease [59]. The following positive definite Lyapunov function is taken, with M

being positive definitive in mind, as:

1
V= —2-sTMs (F.9)

Differentiating Equation F.9 with respect to time yields:
. 1 T i I .T
V=§(s Ms +s Ms+ 3 Ms) (F.10)

since $TMs = s” Ms;

. 1 .
V= 5s"Ms + s’ Ms (F.11)
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Substituting Equation F.8 into Equation F.11 and through the following steps the

expression for V is obtained as follows:

V = 3"NIs +5" (M# + C(r —5) + D(r —s) + g — Bu) (F.12)
V:%STMs+sT(Mi+(C+D)r+g—Bu)—ST(C+D)S (F.13)
V= 2s" (M~2C)s+s"(Mi+ (C+Djr+g—Bu)—s'Ds  (F.14

Since M — 2C gives a skew-symmetric matrix, s (M = ZC) s is equal to zero.

Therefore, Equation F.14 simplifies to:
V =s" (Mt + (C+D)r+g—Bu)—s'Ds (F.15)

Theorem 3 Let x be an equilibrium point ! of time invariant function x = f(x) and

let V' be a continuously differentiable scalar function such that
e V(0) =0,
e V(x) >0 in D-{0},

e V(x) <0 in D-{0},

where D is represents an open subset of R", thus x = 0 is asymptotically stable. [62]

1“A point z = z. in the state space is said to be an equilibrium point of the time-invariant system
z = f(z), if it has the property that whenever the state of the system starts at z., it remains at .

for all future time.” [62]
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Above theorem states that asymptotic stability is obtained if the conditions of

Theorem 3 are satisfied. Therefore, for global asymptotic stability, control input u

must be chosen such that V' < 0. The control input ,u, is chosen as:

u=B[Kps+Mi + (C+D)r+5g+K_sgn(s)]

(F.16)

where BT is the pseudoinverse of matrix B, Kp is a positive definite matrix of gains,

M, C, D and § 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, respectively. The term K, is a positive definite matrix, and sgn(s)

h

is the vector function whose ** component is defined as:

sgn(s); =1, fors; >0

sgn(s), =—1, fors; <0
Substituting Equation F.16 into Equation F.15 yields:
V=s" (1\71 F +(C+D)r+g— K, sgn(s)) —sT(D+Kp)s

where M, C and D are defined as:

M = M—-M
¢ = ¢c-¢
D =D-D

(F.17)

(F.18)

(F.19)

(F.20)

Since D and Kp are positive definite matrices, the term s’ (D + Kp)s is always

positive.
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Theorem 4 Consider a nonsingular symmetric matriz Q € R™", and let Apin and
Amax De respectively the minimum and mazimum eigenvalues of Q.  Under these
conditions, for any x € R™*™, with ||x|| being 2-norm of the vector X, Amin(Q) |1x|]? <

xTQx < Amax(Q) |11 /62].

In view of Theorem 4 and the positive definiteness of K and D, Equation F.19

can be upper bounded as follows:
V < —Amin Kp + D) [[s]]> = AuinKss [[s]| + [|[M £ +(C+D)r+g|| [Is|]| (F.21)

By choosing K such that:

AminKs > [[M & + (C+D)r+g| (F.22)

the negative definiteness of the time derivative of V' is guaranteed meaning s converges
to zero asymptotically. It must be also demonstrated that once the error vectors are

on the sliding surface, they converge to zero. The proof can be found in [45].
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