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Chapter 1: Introduction

1.1 Motivation

Remotely operated vehicles (ROVs) are widespread and versatile, being ap-
plicable to deep-sea exploration and mining [1], marine research [2], hull inspec-
tion [3], and wreckage surveying [4]. To accomplish these tasks, ROV control is
typically accomplished through a variety of methods ranging from direct human-in-
the-loop control to autonomous, logic-driven control [5]. Controllers for autonomous
or semi-autonomous operation have been designed through a variety of feedback
frameworks, including feedback linearization [6, 7], robust control [8,9], and adap-
tive control [9, 10].

Most ROV operations are accomplished by semi-autonomous or full human
control, whereby direct commands from an operator are either processed by a con-
troller or fed directly to individual thrusters [5]. Direct-controlled ROVs typically
have orthogonal thruster configurations that allow for intuitive translations from
commands to thrusts, but such actuator placement can complicate the vehicle de-
sign. As a result, fewer thrusters are often used, thus limiting maneuverability
of the ROV [5]. To maintain generality, this work analyzes an ROV that has a

specific thruster placement configuration to accomplish fully actuated control. An



auto-stabilizing control system is assumed to process user commands into setpoints.

To improve tracking performance of user-defined trajectories, actuator dynam-
ics are often important factors to take into account for controller design [11-13].
This often involves creating a feedback loop on the thrust output of ROV thrusters,
which is not a directly measurable quantity in practice [14]. Instead, motor dynam-
ics of thrusters are typically modeled by measurable states like propeller speed which
typically can be measured [15]. This means a mathematical model of thrust must
be used based on thruster states to determine what commands must be given to
achieve a desired thrust. A variety of thrust models have been proposed and remain

a common point of research for accurately describing thruster behavior [11,12,16].

1.2 Relation to State of the Art

To enhance controller performance and reduce limit-cycle behavior for ROVs,
actuator dynamics are typically accounted for in the control design [8, 11,13, 15,
17-19]. A variety of methods for modeling thrusters for underwater vehicles have
been developed in previous work. A two-state axial flow dynamic model [11,12,18]
accounts for thrust overshoot but is limited to uni-directional flow characterization.
A two-state rotational flow model [13] has no more model accuracy than the axial
flow model. Lastly, a multi-directional axial flow model [20] requires a large number
of parameters to be identified with extensive system testing. This work initially
expands upon a single-state voltage-driven thruster model presented in [8]. The

system analyzed in this thesis uses an analog voltage signal (throttle) as the control



input for the thruster dynamics, which also exhibit a dead zone nonlinearity. After
the single-state dynamics are analyzed, the control results are extended to a higher-
order system that accounts for axial fluid velocity.

In previous work, robust and adaptive control techniques have been used for
dead zone compensation in the absence of well-identified model parameters [21,22].
This work utilizes feedback linearization to compensate for nonlinearities in thruster
dynamics, because high-quality propeller speed, thrust, and torque data obtained
from a six-axis Gough-Stewart platform load cell are available [23].

When extended to higher-order models, thruster dynamics become more diffi-
cult to model and compensate in controller designs [8,18,20,24]. Thrust losses due
to fluid velocity typically can be well modeled but must be estimated without mea-
surements in practical settings [12,14,16,18]. This complication typically prohibits
backstepping designs that could be used for simpler single-state models, and estima-
tion methods also can present issues [25]. An extended Kalman filter (EKF) could
be easily implemented on the nonlinear system, but with limited measurements and
a highly nonlinear model this risks having the filter diverge [26,27]. This work opts
for a nonlinear observer form for estimating axial velocity in hydrodynamic thruster
models that has global convergence guarantees in order to avoid issues presented by
the EKF [18,28].

To identify models for thrusters, often single-axis Bollard pull load cell systems
are used to measure thrust [11,17,29,30]. Such loading systems can be prone to
error and do not offer characterization of other loads like reaction torque, which may

be characterizing in multi-axis loading setups [13,23]. This work uses a six-axis load



cell oriented in a Gough-Stewart platform design to measure force and moment loads
in multiple directions, which allows versatility in characterization capability [31-34].
Gough-Stewart platform-based load cell designs are well documented and analyzed
systems, and offer capability to resolve forces and moments along principal axes

with great accuracy compared to Bollard systems [31].

1.3 Technical Approach

This work is presented with relevance to the application of ROVs to aquatic
imaging, the primary function of an ROV under development by the National
Geographic Society (NGS) shown in Fig. 1.1. Underwater filmmaking requires
smooth setpoint tracking with human-in-the-loop operations. Reference setpoint at-
titudes and velocities are typically generated through user input and, for complicated
thruster configurations, controllers are capable of effectively tracking commanded
trajectories. This is the framework assumed when addressing control problems in
this work. Often ROVs maintain only active closed-loop control of three or four
degrees of freedom (DOFs), while allowing roll and pitch parameters to be passively
stabilized by relying on the natural stability of the vehicle due to the relative loca-
tions of the centers of gravity and buoyancy [5,7,8,35,36]. However, for the purposes
of deep-sea imaging, it is useful to have full user control of all attitude parameters,
similar to a multi-rotor aerial drone, in order to obtain the desired cinematic effects.

Thruster dynamics are compensated by model-based nonlinear control strate-

gies in this work. This is typically done using at least the propeller angular velocity



Figure 1.1: Computer rendering of the ROV under development by the National
Geographic Society.

as a state, if not with axial fluid velocity through the thruster as another state.
The angular velocity is typically measurable via tachometers common in thruster
motors, and is also the only directly actuated state. Fluid velocity, in contrast, is
not typically directly measurable outside of experimental settings, and is typically
only indirectly actuated via the thrust output of the thruster. Due to these factors,
estimation methods are necessary to construct an estimate of velocity without direct
measurements of the state for the purposes of compensation of fluid velocity effects
on thrust [14, 18, 37].

Modeling thruster dynamics and thrust output was completed with a six-
axis load cell setup in a Gough-Stewart platform orientation [23]. Fluid velocity

measurements for hydrodynamic characterization were obtained with an acoustic



Figure 1.2: Images of Tecnadyne thruster used for testing and modeling in this work.

Doppler velocimeter (ADV). Both the load cell and ADV were utilized in control
experiments to have access to ambient fluid velocity measurements for estimation as
well as thrust measurements for performance evaluation. A Tecnadyne model 280

thruster was used for all characterization and control experiments (see Fig. 1.2).

1.4 Contributions of Thesis

The contributions of this thesis are:

1. A framework for system identification of multiple dynamic thruster models
using a six-axis load cell in a Gough-Stewart platform arrangement. Data
processing methods for the load cell are outlined and models are fit using
optimization techniques. Extensions to the characterization of thrust losses
due to fluid velocity is done with acoustic Doppler velocimeter measurements

in tandem with load cell measurements.



. A nonlinear control law for throttle-controlled thruster dynamics with input
dead zones using experimentally obtained parameters. Lyapunov analysis is

used to prove stability of the closed-loop thruster dynamics.

. Implementation of the feedback-linearizing and dead-zone-compensating thruster
controller for the six degree-of-freedom (DOF) attitude and velocity setpoint

tracking of an ROV with throttle-controlled thruster dynamics.

. A practical extension of a nonlinear observer previously derived to construct
an estimate of the axial fluid velocity through the propeller duct of a thruster.
The extension includes considerations for noise present in measurements that
were not considered in the design of the original observer. Incorporation of
estimates into the dead-zone-compensating controller is addressed for fluid

velocity compensation.

. Experimental evaluation of output feedback control methods using the dead-
zone-compensating controller combined with the nonlinear observer, as well as
a variant with noise considerations. Thrust tracking performance is compared
between controller /estimator combinations based off of different dynamic mod-

els.

. Simulated performance of a full vehicle tracking control scenario using all
controller /estimator /model combinations to evaluate the potential benefits of

compensating for thruster dynamics with varying levels of complexity.



1.5  Outline of Thesis

The organization of this thesis is as follows. Chapter 2 presents the full six
DOF equations of motion for a rigid-body ROV and a feedback-linearizing thrust
control law to stabilize the setpoint-tracking dynamics of the system. Chapter 3
discusses modeling and control of the rotor-speed dynamics of the thrusters using
a simple dynamic model for nonlinear feedback control. Chapter 4 outlines a more
detailed hydrodynamic model for control purposes as well as presents estimation
methods to determine the values of unmeasured fluid velocity states. Chapter 5
evaluates the closed-loop performance of previously derived controllers and estima-
tors through experiments as well as simulations and comparisons are made between
multiple control strategies. Chapter 6 summarizes the thesis and suggest future

work.



Chapter 2: Background: Underwater Vehicle Modeling and Control

This chapter aims to provide necessary background information on underwater
vehicle dynamics and control to sufficiently motivate the work in the subsequent
chapters. Section 2.1 presents the equations of motion for a generic underwater
vehicle and necessary parameters to fully describe motion. Section 2.2 presents
a thrust control law to stabilize the closed-loop setpoint-tracking dynamics of an
underwater vehicle. The chosen control law for this system is nonlinear in order
to guarantee global or nearly global stability, but linear control schemes would also
be sufficient. Using such a control law defines a set of desired thrusts that must be
achieved by the system actuators, which motivates the analysis of thruster dynamics

in later chapters.

2.1 Underwater Vehicle Dynamics

The rigid-body dynamics of an underwater vehicle including hydrodynamic
drag and added mass parameters defined in a body-fixed reference frame are typically
expressed in terms of matrices and vectors that group common forces and moments.
The state vector for these equations is ® = [2,v, 2, ¢, 0, %, u,v,w,p, q,7]T where ,

y, and z are Earth-fixed position coordinates, ¢, 6, and ¢ are the 3-2-1 Euler angles



of roll, pitch, and yaw, respectively, and lastly u, v, w, p, ¢, and r are the respective
velocities associated with these degrees of freedom expressed relative to the body
frame [36]. It is convenient to separate the states into = [p* v]T where 5
contains the position and orientation terms and v contains the velocity and angular
rate terms. The matrix terms include: the rotation and transformation matrix
describing linear velocity and attitude rate of the vehicle body-fixed frame relative
to the Earth-fixed frame, J(n), the mass and inertia matrix (including added mass
and inertia parameters), M, the nonlinear Coriolis and centripetal matrix, C'(v), the
diagonal linear and quadratic hydrodynamic drag matrix, D(v), and the restoring
force and moment vector that combines gravitational and buoyancy effects, g(v).
Additionally, the external force/moment vector that combines all other effects is

denoted as 7 [35]. The equations of motion are then given as [35]

It is useful to separate the states further into 3-element vectors. Let n = [p7 ni]T

and v = [V? Vg]T fOI' T’l = [I,y,Z]T, 772 - [¢797¢]T, v, = [U,’U,U}]T, and Vy =

[p,q,r]T. Tf absolute position or orientation are not relevant, some or all of the
Earth-relative states may be omitted from the full state vector. This work focuses on
stabilization of the setpoint-tracking dynamics, where the Earth-relative coordinates

x, y, and z are not of interest for the purposes of estimation and control. Therefore,

the attitude-only state vector n = m, will be used for most descriptions of control

10



laws in the following sections.

The equations of motion given in (2.1) and (2.2) describe rigid body motion
and kinematics supplemented with added mass, drag, buoyancy, and gravitational
parameters. To describe the reference frame rotation, the 3-2-1 Euler Angle rotation
and transformation matrix J(n) characterizes the attitude and rotation rate of the

body-fixed frame with respect to the Earth-fixed frame, and is given by [35]

Jl 2 03><3
Iy — | (2.3)

O3x3 J2("72)

where the direction cosine matrix J;(n,) is defined as

cpcl  —sep + cpshsp  spso + cpepsh
Ji(ns) = sicl  cped + spsfsyy  —chsp + sOsipeo (2.4)

—s6 clsp clco

and the angular rate transformation matrix Jy(n,) is

1 sotd  cotd

J2(m2) = |0 co —s¢ | - (2.5)

0 so/cd cp/ch

The constant mass and inertia matrix for the equations of motion is typically

11



represented as a summation of two distinct matrices [35]

M = Mpg + My (2.6)

where Mpp is the rigid body mass and inertia matrix and M}y is the hydrodynamic
added mass and inertia matrix. Mgrp is written as

mlswg —mS(rg)
Mpp = ) (2.7)

mS(’l"0> IG

Here, m is the full vehicle mass, and ¢ = [z, Yy, 2¢]” is the vector describing the
position of the center of mass of the vehicle relative to the body frame (often defined
as the origin of the body frame, i.e., z¢ = yo = 2¢ = 0). Additionally, I is the

inertia matrix defined about the center of gravity

with the moments of inertia about the body axes I,, I,,, and I, as well as products

of inertia I, = Iy, I, = I,,, and [, = I,,. The skew-symmetric operator S(zx) is

defined as ~ ~
0 —=X3 A
SA=1x 0 -\ (2.9)
X A 0

12



for any 3-element vector A = [A1, Ay, A3]T. M is typically given as a diagonal matrix

of the form

MA = —diag{Xu,Y;},Zw,Kp,Mq,N,;} (210)

where the terms X, Y5, Z,,, K, M, and N, are added mass parameters accounting
for the additional mass of water moving with the body, which are typically deter-
mined empirically or with computational fluid dynamics (CFD) [36]. Note that
under common simplifying cases, M may be diagonal. However, this is greatly de-
pendent on the symmetry of the design of the body, as well as neglecting small
off-diagonal terms that may appear in M.

The Coriolis and centripetal matrix C(v) combines nonlinear terms from cross
products that arise in the equations of motion. The C'(v) matrix can be represented

as a sum of two matrices [35]

C(v) = Cre(v) + Ca(v) (2.11)

where C'rp(v) is the rigid body Coriolis and centripetal matrix given by

Crn() = mS(vs) —mS(vy)S(rg) (212)

mS(rqg)S(vs) —S(Ilgvs)

and the added Coriolis and centripetal matrix C'4 can be defined based on portions

13



of M4 as

O3x3 —S(Apvy + Aprs)
Ca(v) = (2.13)
—S(Apvy + Aprs) —S(Agvy + Axpr))

for

All A12
My = . (2.14)

A9 A
The drag matrix D(v) can represented in multiple ways based on the pre-

ferred hydrodynamic model. The most common representation defines D(v) as a

summation of both linear and quadratic terms [35]

D(l/) = DL + DQ(U) (2.15)

where

Dy = —diag{ Xy, Yy, Zu, K,, M, N, } (2.16)

and

Dq(v) = — diag{ Xuju|[ul, Yo/ V], Zwjw|[w], Kpjpilpl; Myjgllal; Nepw 7|} (2.17)

with the parameters Xu, Y;,, Zw, Kp, Mq, NT, Xu\u|7 Y;,M, Zw‘w‘, K Mq‘q|, and

plpl>
N, determined empirically or through CFD [36].
The effects of restoring forces and moments are typically collected into a single

vector of nonlinear terms g(n) for convenience. As such, this vector combines grav-

itational and buoyancy effects in the body-fixed frame. The vector g(n) is typically

14



represented as a combination of rotations and cross products of simple 3-element

vectors [35]

.fG 2 +fB 2
gn) =- ) ) (2.18)

S(ra)fa(nz) +5(rs)fp(n.)

where the forces due to gravity f. and buoyancy f. expressed in the body frame

are given by

Fa(n,) = Jf1(772) 0 (2.19)

and

Fp(n,) = Jfl("h) 0 (2.20)

-B

with the forces due to gravity W = mg and buoyancy B = pgV where p is the density
of water, g the acceleration due to gravity, and V' the volume of displaced water.
Additionally, rp = [xp, ¥y, zp]" is the position vector of the center of buoyancy
expressed in the body frame. Note that in the body and Earth-centered reference
frames the force due to gravity is applied in the positive z direction.

The last term to define is the external force and moment vector 7 which col-
lects external forces and moments from currents, thrusters, and other environmental
factors. This term will be discussed in the following section for the purposes of con-

trol law design.
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2.2  Underwater Vehicle Control

The external force/moment vector is treated as the control input, defined
as [35]

T =KT, (2.21)

where K; is the thruster configuration matrix that describes the orientation of each
thruster and T is the vector of input thrusts.

Let Av = v —v,; and An = 1 — n, convert the state-space equations into
error coordinates relative to known reference attitude and velocity setpoints vy and
1, which are obtainable from user inputs. Also, assume v, is readily known and
continuous. Martin and Whitcomb [6] then define the following feedback-linearizing
control law, assuming perfect knowledge of vehicle states:

T =K, '[C(v)v+ Dw)v +g(n) + M,
(2.22)

~M(KpAv + Ki(n)An)),
where K} is assumed to be invertible (or at least has a pseudo inverse). The NGS
six-thruster ROV is amenable to this framework.
The integral gain matrix K;(n) is a 6x3 matrix varying with vehicle ori-
entation relative to the Earth-fixed frame. The proportional gain matrix Kp is

a constant positive-definite symmetric matrix. The control law (2.22) yields the

16



closed-loop dynamics [6]

“(an) = J(m) Av (2.23)
%(Au) =—-KpAv — K;(n)An, (2.24)

which asymptotically stabilize the origin An =0 and Av =0 [6].

The control law (2.22) prescribes a set of thrusts that will stabilize the full
vehicle setpoint-tracking dynamics. It is common to assume thrusters will rapidly
converge to these commanded thrusts using limited knowledge of actuator dynamics,
but in the following sections the stability properties of the actuator dynamics will
be analyzed. Proper knowledge and control of thruster dynamics will be shown to
improve the overall stability properties of the system, and comparison of different

models will be carried out to assess the effectiveness of different control schemes.
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Chapter 3: Simplified Thruster Modeling and Control

The first set of actuator dynamics that will be analyzed is a simplified model
of motor dynamics consisting of a single angular velocity state for a thruster. Such
a model assumes a direct, nonlinear mapping from thrust 7" to propeller angular
velocity n. Section 3.1 presents the process for system identification using a six-axis
load cell for thrust and torque measurements, then section 3.2 discusses in detail
the identified dynamic model. Lastly section 3.3 derives a control law to stabilize
the actuator dynamics, which is then extended to prove stability of a full vehicle
model when including actuator dynamics. The simplified model is the first in a
set of models for actuator dynamics of underwater vehicles, and will be compared
to subsequent models in terms of accuracy and benefits of control design in later

chapters.

3.1 Experimental Characterization of Model Parameters

3.1.1 Experimental Setup

For system identification of most of the models presented in this and following

chapters, a six-axis load cell in a Gough-Stewart platform design (Fig. 3.1) was used
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to collect thrust and torque output of an ROV thruster [23]. A six-axis load cell
is able to measure forces and moments along three principal axes by utilizing six
individual sensors on each of the six rigid arms. The fixed base and attachment
platform are connected by the rigid arms with attached axial force sensors (9363-
200L-B1-02F, Revere Transducers).

The load cell is configured as two separate plates connected by six legs in a
configuration similar to that found on Gough-Stewart manipulators. Fig. 3.2 shows
the configuration of the load cell. O is the origin of the reference frame of the system
on the fixed upper plate. Forces and moments are applied to the lower platform. It
is assumed that there is only a single axial force along each arm and that friction
forces are negligible at each joint [23].

Equations to transform the static axial forces along each leg into a resultant

force and moment at the origin are well known [34]. Let f = [f1, fo, f3, f4, f5, f6]* be

Fixed base

S-beam load cell
Connecting arm

Attachment platform

Thruster —— |

Figure 3.1: Load cell used in model characterization.
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Figure 3.2: Diagram of load cell with principal axes and attachment points marked.

the vector of forces detected along each arm, and let F, = [fs, fy, fz, ma, My, m,

]T

the vector of resultant forces f,, f,, f. and moments m,, m,, m, relative to the

reference frame of the upper plate. Additionally, let s; for i = 1,--- ,6 be the unit

vectors defining the orientation of each arm relative to the origin. Intuitively, s;

should be dependent on the positions of the connection points of each arm to the
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top plate b; and bottom plate p,; labeled in Fig. 3.2. This implies the following

relation [23]

p; — b

= P (3.1)
|lp; — bil|

S;

It follows then that the relation between f and F, based on static equilibrium
is [23]

F,=Hf (3.2)

for the transformation matrix H given by

S1 So S3 Sy S5 Sg

H = : (3.3)
S(by)s; S(by)sy S(bs)ss S(by)sy S(bs)ss S(bg)ss

A calibration step was required before using the load cell for system identification
of dynamic models. The relation (3.2) is an idealize static model for transforming
forces in a rigid structure, but does not take into account mechanical imperfections.
Unmodeled errors in the load cell measurements were accounted for by generating
an optimal error correction matrix Hgr which augments the original transformation
matrix H [23]. The augmented transformation matrix H4 = H + Hp replaces H
in (3.2). Hp was determined via optimization routines by minimizing residuals of
a data set of expected and measured forces. The data were collected by attaching
spring scales to the bottom plate in order to apply known loads and measure the
resulting forces. By using the relation (3.2), along with data of detected loads ]~°

and knowledge of the applied loads F',,, the following cost function was used for
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optimization

J=||F., — Haf|l. (3.4)

Given that the parameter space for this optimization problem was large, a particle

swarm method was used to improve robustness and avoid local minima.

3.1.2 Experimental Procedure

System characterization was performed in a 1 m? polyethylene water tank. The
thruster was provided an analog input signal (-5 V to +5V) using an Agilent 33220
function generator. Time series data of throttle, propeller angular velocity readings
(via thruster tachometer), and six load sensor readings were recorded by a data
acquisition module (DAQ, USB-6211, National Instruments). A custom LabVIEW
application recorded the time series data and performed the transformations (3.2)
to provide a time history of the applied forces and moments relative to the load cell
reference frame. A block diagram of the test setup is presented in Fig. 3.3 [23]

The system’s responses to a series of step inputs at varying voltage levels were
recorded to fit both the steady-state and transient responses to models. Steady-
state models for thrust 7" and torque @) as well as a dynamic model for propeller
angular velocity n were characterized in these experiments. For all data and models,
a Nelder-Mead method of optimization was used to fit the models to the data by
minimizing their residuals, which proved sufficient despite the presence of local min-
ima. Identified model fits are compared to data in Fig. 3.4 for steady-state thrust

and torque relations, as well as in Fig. 3.5 for transient behavior of thrust, torque,

22



WAL Throttle Signal Arbitrary
< Function
Generator
Tachometer

Signal

Y
s —H>—

E :;>.

LS usB

]

DAQ

I

|

- Ll

L —
| [ =
I

Computer

6DOF Signal
Load cell Conditioners

Figure 3.3: Block diagram of experimental data collection system.

and angular velocity. All data were processed through a low-pass filter to remove
high-frequency noise. The results show good fits in steady-state and modest fits in
transient behavior for thrust and torque despite the well-fit transient behavior in

angular velocity. The identified models are discussed in the next section.

3.2 Simplified Thruster Model

The control law in (2.22) defines a desired set of actuator thrusts that sta-

bilize the closed-loop setpoint-tracking dynamics of the ROV. Using data from the
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Figure 3.4: Steady-state thrust and torque models compared to experimental data.

previous section, thrust can be related to the propeller angular velocity of an ROV

thruster by a quadratic dead zone function [§]

(

cri(nln| = d71), nln| < or

T(n) = O, 6T1 < n|n| < 6T2 (35)

\cTz(nlnI — 0p2), n|n| > op,

where n represents propeller angular velocity, the constants cry, ¢re, and oo are

positive, and d7; is negative. In order to determine the desired propeller angular
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Figure 3.5: Step responses of thrust, torque, and rotor speed models compared to

experimental data.

velocity ny for a desired thrust T}, inverting the dead zone function (3.5) yields [§]

Ng = 1

r
Sgn(Td), / ‘CIT% -+ 5T1’7 Td <0

0, T, =0 (3.6)

\sgn(Td), / ‘CTTZ + 0pa|, Ty > 0.

The desired propeller angular velocity ng is then usable as a setpoint to be fed

back into a control scheme for the actuator dynamics. Bessa et al. [8] propose the
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following voltage-driven dynamic model for an ROV thruster:

n = —kin — kan|n| + ksu, (3.7)

where w is the input motor voltage and the constants ki, ks, and ks are posi-
tive. Equation (3.7) is a single-state thruster model that is valid at low propeller
speeds [8].

This work considers an alternate version of (3.7) that, instead of being driven
by a direct motor voltage, is controlled by an analog voltage throttle signal with a

dead zone around zero volts. The new model is [19]

n=—k,n—koQ(n) + v(u), (3.8)

where Q(n) is the reaction torque on the propeller, and the function ~y(u) relates

throttle signal u to motor torque by a linear dead zone function [19]

;

Cul(“ - 5u1)a u S 5u1
"}/(’LL) - 0, Ou1l < U < Oy (39)

CuQ(U' - 5u2)a u Z 5u2-

\

The effects of the nonlinear function (3.9) on (3.8) are presented in Fig. 3.6
by plotting steady-state propeller speed data as a function of the constant throttle

voltages that drive the system to those operating points. A fit based on (3.8) is also
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Figure 3.6: Steady-state propeller angular velocity data.

plotted to validate the accuracy of the model. Note that (3.9) can be inverted as

.

cglloz 4+ 0y1, a <0

=10 o 3.10)

c;21a + 0y, a >0,
\

for any generic commanded motor torque a.

In (3.8), @ represents the collected inertial and hydrodynamic reaction torque

enacted on the thrusters, which is often a quadratic function of n, and may be
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defined with a dead zone similar to (3.5), i.e.,

p

cqi(n|n| —dq1), nn| < dp

Q(TL) - Oa (SQl < n]n] < 5@2 (311)

\CQz(n|n| —0q2), nln| > dqe,

with positive constants cgi, cga, and dg2, and negative constant dg;. Identified
values of parameters for the defined models (3.5), (3.8), (3.9), and (3.11) are reported

in Table 3.1.

Table 3.1: Simplified Model Parameter Values

Parameter Value Units
cr 9.548 x 10 N.s?
CT2 8.248x10* N.s?
o7 -0.032 52
d72 2.187x1073 52
cQ1 1.577x107 N-m-s?
cQ2 3.255x107° N-m-s?
do1 -0.0215 52
0g2 0.0192 52
Cul 793.6 (V-s?)!
Cu2 709 (V-s?)!
Oul -0.8475 \Y
Ou2 0.9254 \Y
kn 11.30 st
ko 67.66 (N-m-s?)?

Umaz 100 Vst
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3.3 Feedback Control Strategy

3.3.1 Single-Thruster Control

To drive the dynamics (3.8) to a known setpoint ng, a nonlinear control strat-
egy is necessary. Using the inverse dead zone function (3.10) and feedback lineariza-
tion, a control law that compensates for nonlinearities in the thruster dynamics is

derived. This framework is shown below to exponentially stabilize n = ng.

Theorem 1. Assuming u can change instantaneously, the dynamics (3.8) exponen-

tially stabilize the setpoint An =n —ng = 0 using the control law

u=~y"a), (3.12)

where v~ () is defined in (3.10) and

a =ng+ k,n+ koQ(n) — k,An, (3.13)

for k, > 0.

Proof. Consider the scenario where the system is operating under the first condition

in (3.10), i.e., @ < 0. Therefore, (3.8) becomes

n = —k;nn — ]{ZQQ(H) + /{Zul(l{?;1106 + 5u1 - 6u1)
= —k,n — koQ(n) + ng + kyn + kgQ(n) — kyAn (3.14)

= fld — kuAn,
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which implies

%(An) = —k,An. (3.15)

Equation (3.15) is a scalar Hurwitz linear system in error coordinates relative to the
setpoint ng.

The same steps yield identical results for the third condition of (3.10), so
operating on either end of the dead zone yields the system (3.15). In the case that

a = 0, substituting (3.13) into (3.8) yields

n=—k,n — koQ(n)

=—a+ng — k,An (3.16)
= de — kuAn,
which is the same result as (3.15) and therefore completes the proof. O

If perfect knowledge of n, is not available in practice, a piecewise constant
estimate may be used in its place. The following result is obtained in the presence

of inaccurate estimates of ng.

Corollary 1.1. Let § > 0. Using the estimate iq = ng + €, where the estimation

error € satisfies |e| < 6, the solution to the closed-loop dynamics (3.15) using the

control law (3.12) is bounded by |An| < §/k,.

Proof. With the estimate 7ig = ng + e, (3.15) becomes

d
E(An) = —k,An + €. (3.17)
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Consider the quadratic Lyapunov function
1 2
V= §(An) : (3.18)

whose time-derivative along solutions of (3.17) satisfies

V = —ky(An)? + Ane
(3.19)

< —ky(An)? + |An|d,

which implies the closed-loop dynamics (3.15) converge to |An| < §/k,. O

In practice, physical thrusters have a maximum ramp speed, i.e., u cannot
change instantaneously, which limits the convergence rate to the desired setpoint.
This limitation is modeled as a maximum allowable throttle change rate, i.e., Umqz-
Since uw cannot change instantaneously, it may pass through the dead zone. The
maximum amount of time the motor spends in the dead zone while transitioning to

a thruster operating point outside the dead zone is [19]

Sus — O
tmae = —o— > 0, (3.20)

umaz

During this time, the dynamics (3.8) will be unforced, requiring additional analysis

of the system in this scenario.

Theorem 2. Consider the dynamics (3.8). When u is within the throttle dead zone,
the zero-input dynamics
n=—k,n—koQ(n) (3.21)
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exponentially stabilize the origin n = 0.

Proof. The stability properties of the unforced system (3.21) can be analyzed with

the quadratic Lyapunov function

V = -n? (3.22)

which varies according to

V = —k.n? — koQ(n)n. (3.23)

Equation (3.23) can take one of three forms depending on the value of n. Because
the constants k,, and k, are positive, V is negative definite if Q(n)n is positive semi-
definite for all n. According to (3.11), Q(n) either has the same sign as n or is zero
for dg1 < nin| < dga, because co1, cg2, and dge are all positive and Jg; is negative.
Q(n)n is therefore positive semi-definite, and V is negative definite for all n. Note
that ken? < V < kyn? and V < —k,n? for k, > 0.5 > k, > 0, which implies that

the unforced system (3.21) exponentially stabilizes the origin. O

The thruster motor operates in the dead zone in one of only three scenarios:
during startup, wind-down, or a transition between forward and reverse thrust. In
all of these scenarios, convergence to zero propeller speed is either advantageous or
inconsequential (as in the case of motor startup). Typically ¢,,,, in (3.20) is on the
order of tens of milliseconds, whereas the wind-down time for an ROV thruster was

experimentally observed to be as much as half a second [23]. As a result, crossing
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Figure 3.7: Control simulations driving a thruster to a setpoint ny with consideration
for Umqz.

the throttle dead zone is not predicted to destabilize the physical system during
regular operation. Fig. 3.7 depicts a simulation of the dead-zone-compensating
controller (3.12) successfully driving the actuator dynamics from multiple operating
points of n to a positive setpoint value of ng, taking into account the limitation

|U| < umax-

3.3.2 Full Vehicle Control

The preceding analysis for a single thruster system can be reasonably extended

to a multi-thruster system with full vehicle dynamics as thruster dynamics are gen-
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erally uncoupled. The systems in (2.1), (2.2), and (3.8) represent the full system
dynamics of the ROV, including rigid-body dynamics and uncoupled actuator dy-

namics for each thruster, i.e.,

& = f(z)+g(u), (3.24)

where & = [p7 T n”|T and n is the vector of the (six) thruster states of the ROV.

The vector fields f(x) and g(u) are [19]

f(@) = | MK, T(n) - Cv)v — Dw)v —g(n)]| (3.25)

and

g(u) = | (3.26)

v (u)

where K, and K¢ are diagonal matrices containing the parameters of the dynamics

from (3.8) for each individual thruster. The closed-loop dynamics take the form

An J(n)Av

d

7 |Av| = | —KpAv — Ki(n)An (3.27)
An —K,An
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where K, is the diagonal matrix of feedback gains.

Theorem 3. The full closed-loop dynamics for the ROV (3.27) asymptotically sta-

bilize the origin Ax = x —xq = 0.

Proof. The system (3.27) combines the dynamics in (2.1) and (2.2), which asymp-
totically stabilize the origin Av = 0 and An = 0, with the dynamics of the
thrusters (3.8) which are fully uncoupled and each exponentially stabilize the ori-
gin An = 0. Therefore, because each sub-system is asymptotically stable, the full

closed-loop system asymptotically stabilizes the origin Ax = 0. O

Experimental validation of the control methods outlined in this section as well
as comparisons of simulated performance of these methods applied to a full vehicle

model are discussed in later chapters.
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Chapter 4: Hydrodynamic Thruster Modeling and Control

Newer work in dynamic modeling of underwater vehicle thrusters has focused
on expanding model dimensionality to describe the effects of fluid interaction on
thrust generation. As the focus of controlling actuator dynamics for underwater
vehicles is closing the loop on thrust rather than angular velocity, implementing
model-based control strategies for more accurate models of thrust is a natural next
step in this analysis. The dynamic models presented in previous sections are there-
fore augmented with new states that characterize the time evolution of fluid velocity
and how resulting hydrodynamic forces generate thrust losses [12]. This chapter goes
about describing these models and their uses in actuator control by first outlining
the experimental methods used to characterize them in section 4.1. The new models
are then described in section 4.2. From there, section 4.3 discusses nonlinear estima-
tion methods used to construct estimates of unmeasured states, and then section 4.4
outlines how to use knowledge of the expanded state space to improve previously

discussed feedback control strategies.
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4.1 Experimental Characterization of Model Parameters

4.1.1 Experimental Setup

The process of augmenting the previously discussed actuator dynamics allows
the preservation of previously discussed system identification methods. This eases
further model characterization tasks as the procedure remains mostly unchanged.
The same six-axis load cell could therefore be reused for characterization tests.
However, the previous data collection method and test tank did not allow for fluid
velocity measurements. Therefore a new test tank that did not restrict fluid flow as
well as a flow meter were necessary to make such measurements.

Experimentally, a Nortek Vectrino model ADV was used to collect fluid veloc-
ity time-series measurements at 25 Hz. ADVs are well-documented, reliable devices
for the purpose of fluid model characterization [13,17]. These measurements were
used for both model characterization and in closed-loop output feedback experi-
ments discussed in following chapters. All experiments were performed in a Loligo
Systems flow tank with a 25 x 25 cm cross section where the thruster drives the
fluid velocity of the tank and force measurements are again obtained by a six-axis
load cell [23]. All other aspects of the experimental setup remain unchanged from
Section 3.1. The experimental setup with the ADV and load cell is depicted in

Fig. 4.1.
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Figure 4.1: Annotated image of experimental setup with load cell and ADV used in
model characterization.

4.1.2 Experimental Procedure

All data were collected as time-series responses to a transient input ramp over
two seconds followed by a constant input over eight seconds to allow the subsequent
steady-state behavior to be captured. For all experiments, data were collected for
axial thrust, torque, propeller angular velocity, and fluid velocity. Data were col-

lected for steady-state inputs ranging from -3 V to +3 V, which is a smaller range
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than previous experiments. This is due to restrictions of the flow tank for turbulent
flow, as higher operating speeds of the thruster induce waves and cavitation that
interfere with sensor measurements and data quality. Additionally, all of the exper-
iments were run for two different flow-sensing scenarios: once for collecting ambient
velocity data at a distance from the thruster duct, and again for axial velocity data
directly in front of the thruster duct. These two data sets were necessary as the
thruster was capable of driving the fluid flow through the tank which in turn directly
affected fluid velocity behavior in front of the thruster duct.

Steady-state relations for thrust and torque were again characterized as well
as dynamic models for propeller angular velocity, axial fluid velocity, and ambient
fluid velocity. Nelder-Mead optimizations were implemented just as before to fit the
models to the data by minimizing residuals. Identified model fits are compared to
data in Fig. 4.2 for all measurement methods in a representative set of experiments.
Each measurement is shown in response to + 3 V steady-state inputs after a two
second ramp to that operating point. Transients and steady-state behavior were fit

well to the models outlined in the following section.

4.2 Hydrodynamic Thruster Model

A hydrodynamic model of thruster performance is common and well docu-
mented, even though model choices have varied over time [11-13,16, 18, 38]. Typi-
cally two forms of fluid velocity are accounted for in dynamic modeling: the axial

fluid velocity across the propeller disc v, and the ambient velocity of the surround-
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Figure 4.2: Model fit results from system identification procedures done for hydro-
dynamic thruster models. Fits shown for (a) angular velocity, (b) fluid velocity, (c)
thrust, and (d) torque.

ing water U. The interactions between these two velocities and propeller angular
velocity can be modeled both dynamically and via static relations. Healy et al. [11]
propose a two-state dynamic model that combines angular velocity dynamics simi-
lar to (3.8) with axial velocity dynamics driven by the resultant thrust and ambient

velocity that is assumed to be a uniform freestream value:

n=—kin— kQ(n,v) + ksu (4.1)

0=—ky(v—=U)lv—U|+ k;T(n,v). (4.2)
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The parameters kq, ko, k3, k4, and ks are positive. It should be noted that regardless
of model, v and U are assumed uniform.

Other work assumes a dynamic model for U which is more representative of the
dynamics for underwater vehicles being propelled by aquatic thrusters [12,16,18,38].
Kim and Chung [16] define v as a linear combination of U and n assuming a steady
flow relationship. To account for more complicated interactions, this work uses a
model first presented by Blanke et al. [12] that includes both fluid velocities in the

state-space:

= —kun — kgQ(n, v) +~(u) (4.3)
0= —kyv — kyy|v|(v — k,U) + kg, T(n,v) (4.4)
U=—kyU — kyyU|U| + krgT(n,v). (4.5)

Here 7(u) is used to represent a more general input torque function, but in subse-
quent analysis will be assumed to represent the nonlinear dead zone function (3.9).
It should be noted that all coefficients in this model are defined as positive con-
stants. This dynamic model is advantageous for its more general representation of
the fluid velocities, as U can represent the forward speed of a single-thruster vehicle
or the fluid velocity in a flow tank. A diagram depicting all the relevant quantities
in this dynamic system as they relate physically to an aquatic thruster is presented
in Fig 4.3.

An important factor in improving model fidelity is how the mappings for thrust

and torque are defined. Healey et al. [11] as well as Bachmayer et al. [13] both use
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Figure 4.3: Diagram of how physically relevant values in thruster models relate to
the thruster system.

airfoil theory to define physically meaningful mappings for T'(n,v) and Q(n, v) based

on sinusoidal lift and drag coefficients:

T(n,v) = L(n,v)cosd — D(n,v)siné (4.6)
Q(n,v) =0.7TR(L(n,v)sind + D(n,v) cos @) (4.7)
L(n,v) = 0.5p7 R*V2Cy, .. sin (2(p — 0)) (4.8)
D(n,v) =0.5pmR*V*Cp,,..(1 —cos (2(p — 0))) (4.9)
where
0 = atan2 (v,0.7Rn) (4.10)
V2 =v®+ (0.7Rn)*. (4.11)
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The parameters for propeller blade pitch angle p, propeller disc radius R, as well
as maximum lift and drag coefficients Cy, .., and Cp, .. are specific parameters of
the physical system and must be manually measured or experimentally determined,
and p represents the density of water [11,17,39]. While such rigorous models are
attractive for their ability to accurately describe the physical system, they can overly
complicate practical control strategies, and have demonstrated inconsistencies with
experimentally observed performance [13,17].

In contrast to the detailed and highly nonlinear models (4.6) and (4.7), more
recent work utilizes heuristic models that forgo accuracy to hydrodynamic theory
for more tractable relations of T'(n,v) and Q(n,v) [12,16]. Blanke et al. [12] define

T(n,v) and Q(n,v) as nonlinear mappings based on steady-state data:

T(n,v) = cin|n| — & |n|v (4.12)
Q(n,v) = cinln| — ¢, |nfv (4.13)

where ¢, ¢ 9 and ¢? are positive. The dependence on v in these equations there-

fore models thrust and torque losses due to fluidic effects [18]. Note that this model
is similar to (3.5) and (3.11) but without considerations for asymmetric behavior
between positive and negative values of n. This makes the model simpler and more
tractable for estimation and control analysis. The equations of motion (4.3), (4.4),
and (4.5) when using these mappings for 7'(n,v) and Q(n,v) will be referred to as

a hydrodynamic linear (HL) model because of its purely linear dependence on v.

Besides being heuristically defined relations, the models for thrust and torque
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in (4.12) and (4.13) are considered simplified expressions due to their linear de-
pendence on v. More recent work suggests that a quadratic relation with v more
accurately models steady-state behavior and has been verified experimentally [16].
Kim and Chung [16] propose the following model as an improvement on the HL

equations (4.12) and (4.13):

T(n,v) =cinln| — & |njv — clv|v] (4.14)

Q(n,v) = cnln| — c3,Infv — cFvlv] (4.15)

where the additional parameters ¢! and c¥ are also positive. Including these extra
terms more accurately represents the nonlinear behavior of thrust and torque at
varying values of v, especially when the signs of v and n oppose one another [16].
The model presented in (4.3), (4.4), and (4.5) when using this relation will be referred
to as a hydrodynamic quadratic (HQ) model due to the quadratic dependence on wv.

While the HQ expressions (4.14) and (4.15) offer more accurate descriptions
of nonlinearities in thrust and torque behavior due to fluidic effects, the HL model
can still be effective in approximating hydrodynamic losses in these quantities [18].
In addition, the simpler form of (4.12) and (4.13) enables stronger convergence
guarantees for the estimation methods discussed in the next section [18]. Both
hydrodynamic models will be used experimentally and in simulation in the next
chapter to evaluate the performance improvement of model-based control. Table 4.1
reports identified parameters for the aforementioned models. In addition, table 4.2

presents values specific to the two hydrodynamic models for T'(n,v) and Q(n,v).
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Table 4.1: Hydrodynamic Model Parameter Values

Parameter Value Units
Cul 725.5 (V-s?)!
Cun 737.2 (V-s?2)?
Oul -0.83 \Y
Ou2 0.86 \Y
kn 13.66 st
ko 1856 (N-m-s?)!
ky 1.102 st
kuw 67.37 m!
kw 0.89 -
ko 0.01232 m(N-s?)!
ky 0.2396 st
kuu 1.258 m!
kru 4.855x103 || m(N-s?)?

Table 4.2: HL. & HQ Paramater Values

Parameter | HL Value | HQ Value | Units
cr 1.467x103 || 1.467x1073 N-s?
cr 0.4146 0.3755 N-s?m*
cr 0 37.71 N-s?-m™
¥ 2.804x10°¢ || 2.804x10° | N-m-s?
@ 1.296x 107 || 9.948x 10712 N-s?
@ 0 9.975x10® | N-s>m!
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4.3 State Estimation Methods

An important problem for closed-loop control of the hydrodynamic equations
of motion (4.3), (4.4), and (4.5) is gaining knowledge of the axial velocity state
v. While this state can be measured directly in experimental settings, it is typi-
cally not measurable when considering a full vehicle system [8,18,39]. Therefore,
estimation methods are required to reconstruct an estimate of v from available mea-
surements [18,39].

Fossen and Blanke [18] propose a Lyapunov-based nonlinear observer design
to reconstruct the unmeasured state v with access to knowledge of the other two

states n and U. With y = U, and § = y — ¢ the observer equations are

{'} - _kv@ - kUv{)(|f}| - kw sgn (n)y) + kTUT(nv @) + kllg + |7’L|k’12g (416)

(j == —]{JUﬁ - kUUU|U| + k:TUT(n, f)) + k?glg + |n|/<:22?j (417)

It is important to note that the presence of measurement noise is not considered for
this form of observer, so optimality is not guaranteed by this estimation method.
It was shown, however, that this observer form guarantees globally exponential
convergence to the true values of v and U for the HL system [18,28]. This is valuable
when considering robustness of estimation methods, as other nonlinear estimators
like the EKF can struggle with divergence in highly nonlinear systems [26,27]. Also
note that estimation of n is not considered here, so when implementing this observer

other estimation methods would be necessary to develop an estimate for this state.
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It is of interest in current research to consider practical output feedback strate-
gies for the hydrodynamic system (4.3), (4.4), and (4.5) as well as for higher dimen-
sional full vehicle systems. In particular, optimal estimation in the presence of
measurement noise is a vital aspect of modern control design, and would be ad-
vantageous if implemented for the full hydrodynamic system while maintaining the
robustness of the nonlinear observer in (4.16) and (4.17). With this in mind, a
hybrid estimation strategy using both Fossen and Blanke’s nonlinear observer as
well as an EKF is proposed for practical implementation of the observer while in-
troducing some considerations for measurement noise in the estimates. This can be
accomplished by manipulating the linear gains k1; and ks, in the observer equations
as in an EKF.

According to the derivation of the nonlinear observer, global exponential sta-

bility (GES) is maintained as long as the gains satisfy [18,28]

k1] < /2K, (4.18)

1
ko1 > 56 — ky (4.19)

for B > 0. If these gains are calculated from a Kalman gain matrix, they will
be optimal for the system in (4.3), (4.4), and (4.5) linearized about n, v, and U.
Note that the resulting estimates will be suboptimal due to the nonlinear gains also
present in (4.16) and (4.17) but will remain exponentially convergent to the true
states. If the Kalman gains fall outside of the acceptable range for convergence,

they can be saturated to maintain GES, or remain unaltered to more effectively filter
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noise out of the estimates. The restrictions on gain choice for the observer have been
shown to be fairly conservative, and relaxing them improved some performance in
simulation [18]. Note also that an EKF here can be used to obtain locally optimal
estimates of n as well. Fossen and Blanke’s nonlinear observer and the EKF hybrid
variant will be denoted by the abbreviations NLO and KFNLO respectively in the
next chapter when comparing performance.

Lastly, it is of value to consider how to determine the nominal value of the
ambient velocity U surrounding an individual thruster when incorporated in a multi-
thruster full vehicle system. Consider the simplified assumption that the vector of

ambient velocities for all thrusters U relates to the vehicle state v by

U= K,v, (4.20)

then it can be shown that given knowledge of the thruster orientation matrix K,

the following is true:

K, =K. (4.21)

Therefore, under this assumption an approximation for the state vector U will be

available if knowledge of v is available.

4.4 Feedback Control Strategy

Extensions of the hydrodynamic system (4.3), (4.4), and (4.5) to feedback con-

trol strategies are fairly straightforward and amenable to the previously discussed
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control strategy (3.12) [18]. Angular velocity n remains the only directly actu-
ated state, as other states are simply compensated for in conventional controller
designs [18]. To obtain a setpoint n, for feedback control, the HL model has been

shown to yield the following expression [18]:

m)A T TL’UA 2 4TT
nd:C 0 +sgn (Ta) v/ (cnv)? + [dcf d|' (4.22)

T
2c,,

Similarly, for the HQ model the following holds:

'n/UA T n'UA 2 4 T TA 0 T
oy Cow 50 (Ta) /(e 8) 4 [ (e 010] + Ta)]. (4.23)

T
2c,,

Therefore, the control law (3.12) can be used in feedback control with axial flow
compensation with minimal alteration.

An important change for feedback control of the hydrodynamic system is com-
pensation of axial flow in the feedforward term of (3.12). In particular, knowledge
of Q(n,v) is not available, and in fact Q(n, v) must be used instead. This can result
in decreased tracking performance if the estimates have not fully converged to the
true states yet. In order to compensate for such model perturbations, the control
law (3.12) can be augmented with an integral term to ensure steady-state tracking
and improve robustness of the control strategy [18,25,40]. Additionally, replacing 7
with ng in the feedforward portion of the control law can ensure better convergence

to the setpoint as it removes dependence on estimates that may be inaccurate [18].
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The control law (3.12) then becomes

u="y""(a) (4.24)
a=ng+ k,ng + kQQ(nd, f)) - kp(ﬁ — nd) — ko (4.25)
o=n— ng. (426)

Note that this control strategy can be used for both the HL and HQ models.

An extension of the Lyapunov analysis from Chapter 3 yields no further insight
for either the single-thruster or full vehicle system as the dynamics for v and U are
not stabilized but rather compensated. Experimental and simulated closed-loop

performance is discussed in the next chapter using (4.24) as well as the NLO and

KFNLO estimators.
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Chapter 5: Performance Evaluation of Thrust Control

It is of interest to evaluate the setpoint-tracking performance of the control
methods (3.12) and (4.24) with the different models presented in the previous chap-
ters. Many of the dynamic models have been validated experimentally, but have
not been fully evaluated in terms of their improvement of feedback control over the
simplified model (3.8) [8,16-18,39]. In particular, control methods with estimation
using the NLO model (4.16) and (4.17) and the HL model for thrust and torque
have been tested through simulation only for a single-thruster, forward-moving ve-
hicle [18]. Closed-loop control tests also have not been performed for a HQ model
of thrust, therefore it is unclear how much performance benefit is expected when
using these models for model-based control design [16,20].

This chapter aims to thoroughly test and compare output feedback control per-
formance using all the models and estimation methods outlined in previous chapters.
Section 5.1 outlines the methods and findings of single-thruster control experiments
performed in a flow tank, and section 5.2 seeks to further draw comparisons between
control methods based on full vehicle control simulations using a multi-thruster sys-
tem. Both sections compare tracking control results for all models from previous

chapters using the control law (4.24) while also varying the estimation method for
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constructing 9. The choice of model and estimator (if needed) constitute the in-
dependent variable for the experiments and simulations, while dependent variables
are primarily thrust setpoint tracking for the experiments and vehicle trajectory

setpoint tracking for simulations.

5.1 Experimental Performance of Single-Thruster Control

5.1.1 Experimental Methodology

Experimental comparison of thrust tracking control performance of the output
feedback method in (4.24) using the observer in (4.16) and (4.17) is an essential next
step for improving thruster control design. Multiple scenarios were tested to provide
a variety of comparisons and allow strong conclusions to be drawn on the value of
model-based control accounting for fluidic effects on thrust. The NLO and KFNLO
were both used in output feedback experiments of a single thruster in a flow tank
using the control law (4.24) and compared to the performance of the same control
scheme with estimates provided by an EKF. Additionally, all three output feedback
methods were implemented for both the HL and HQ models of thrust and torque
(i.e. using (4.22) or (4.23) to calculate ny) and an EKF was additionally used to
estimate n for the control law (3.12) using the simplified model (3.8). All scenarios
were compared to a naive strategy of an open loop test using a lookup table method
of prescribing inputs based on (3.6) and data presented in Fig. 3.6. Additionally, all
models and output feedback methods were tested in tracking three different thrust

setpoint scenarios: a step, triangle wave, and sine wave of desired thrust 7.
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The feedback control experiments were performed in a Loligo Systems flow
tank with a 25x25 cm cross section. The same experimental setup used for system
identification of the hydrodynamic models (see Fig. 4.1) including the six-axis load
cell and ADV were used to implement control methods and collect data of thrust
performance. The ADV was used to provide real-time measurements of ambient
fluid velocity to run the observers while the load cell recorded thrust output in
each scenario that was run. An Arduino Mega was used to provide voltage input
commands to the thruster and obtain sensor measurements from the tachometer
and ADV. The control law and observers were implemented in a Matlab program
that communicated directly with the Arduino. Each control scenario was run with
a 25 Hz sampling frequency for controller and observer iteration. A block diagram

of the general output feedback method is depicted in Fig. 5.1

1 Thruster
) Dynamics v
T, Thrust nd Thruster Y
Mapping Control n, U.;
.
)

N

State .

Observer K
q J

Figure 5.1: Block diagram of the feedback loop used for experimental output feed-
back tests of the thruster. When using the simplified model for control purposes,
inclusion of v and U is omitted from this framework.
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5.1.2  Discussion of Results

Fossen and Blanke [18] evaluate the performance of output feedback using the
NLO against traditional PI control for a simulated single-thruster system. Findings
suggest steady-state errors are greater for the PI control that does not use the NLO
for output feedback compared to the NLO-based output feedback controller [18].
However, such a conclusion ignores the fact that all models for thruster dynamics
are based on steady-state data of thrust, so any model-based control would achieve
low steady-state tracking errors in practice. In truth, the anticipated benefit of
hydrodynamic compensation in output feedback of thrust is almost exclusively in
the transient behavior of the system. This is the primary focus of evaluating ex-
perimental thruster control methods. Thrust overshoot is anticipated for controllers
that do not account for fluidic effects on thrust [11,17,39].

Results for the step, triangle wave, and sine wave experiments are presented
in Figs. 5.2, 5.3, and 5.4 respectively. Qualitatively, it appears all scenarios display
similar performance. In fact maximum thrust tracking errors only ever appear to
reach 10% of nominal values. To obtain a more quantitative comparison, root-
mean-square tracking errors (RMSE) for thrust were calculated for all runs and
normalized by the RMSE of the lookup table performance in each tracking scenario.
Additionally, the RMSE was only calculated using the corrected data in the plots
of Figs. 5.2 and 5.3 in order to exclude data corrupted by load cell ringing.

The RMSE for each scenario are presented in Fig. 5.5 for the step, triangle

wave, and sine wave experiments respectively. While results vary between scenarios,
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Figure 5.2: Tracking performance of thrust for the step experimental run.
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Figure 5.4: Tracking performance of thrust for the sine wave experimental run.
it appears that the EKF-based output feedback methods perform best at minimizing
thrust tracking error compared to the lookup table method. Additionally, smaller
performance gains seem apparent when using the HQ model compared to the HL
model, but all performance improvements are considerably modest compared to the
lookup table as all scenarios perform very similarly.

Fig. 5.6 displays the tracking and estimation performance of the output feed-
back of angular velocity n for the sine wave scenario. All scenarios track setpoints
well, suggesting that the control law (4.24) is overall effective for tracking ng, and
any performance deficiencies in tracking 7, would be due to model choice and/or
estimator choice.

To compare estimator performance, Fig. 5.7 presents the time history of ve-

locity estimates v and U for sine wave scenario as well. Note that noise in the
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Figure 5.5: Thrust Tracking RMSE normalized by the RMSE of the lookup table
method for all control strategies in the test cases for (a) a step, (b) a triangle wave,
and (c) a sine wave.

ADV measurements tends to occur intermittently, which is attributed to turbulence
created by the thruster itself. The EKF tends to resist these spikes in all scenarios
while the NLO and KFNLO fail to do so. While this property of the EKF proves
beneficial in these experiments, and could explain the lower performance of the
NLO and KFNLO in thrust tracking, it also highlights the fact that the EKF can
diverge from the true state if unmodeled perturbations are too great. In contrast,
the NLO and KFNLO would guarantee global convergence to the true values of v

and U. Lastly, it should be noted that no tracking or estimation improvements are
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wave experimental run.

observed for the KFNLO over the NLO.

5.2  Simulated Performance of Full Vehicle Control

Simulations of full vehicle dynamics with simplified thruster models have been
performed in previous work [37,41]. However, multi-thruster systems have not
been simulated with hydrodynamic considerations, nor have output feedback control
methods been evaluated in such simulations. Therefore additional insight on how
output feedback methods compare can be obtained through such simulations.

Full vehicle simulations were performed in two scenarios. First, in section 5.2.1,

an underwater vehicle with actuator dynamics behaving according to (3.8) was simu-

lated to compare the setpoint-tracking performance of a vehicle using the dead-zone-
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Figure 5.7: Estimation performance of axial and ambient velocity for the sine wave
experimental run.

compensating control law (3.12) to one using the open loop lookup table method.
Second, in section 5.2.2, all output feedback methods with all models are simulated
for a vehicle behaving according to the HQ model to compare performance between
model-based controllers using the simplified model against ones using more detailed
models. In all simulations, the full vehicle dynamics (2.1) and (2.2) were used with
the outer loop thrust control law (2.22) defining thrust setpoints for inner loop con-
trol of the thruster dynamics. A block diagram of the full vehicle control scheme is

displayed in Fig. 5.8

5.2.1 Simulations with Simple Thruster Model

Simulations of the system (3.24) were performed with the dead-zone-compensating
controller (3.12) and compared to a lookup table method of actuator dynamics com-

pensation. Tracking performance of the control scheme compares favorably to the
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Figure 5.8: Block diagram of the feedback loop used for simulated output feedback
tests of the ROV. When using the simplified model for control purposes, inclusion
of v is omitted from this framework.

lookup table. Due to the fact that the lookup table method does not account for
actuator dynamics, and therefore assumes rapid convergence to steady-state pro-
peller speed, deficiencies appear in the setpoint-tracking performance of the overall
control scheme.

Fig. 5.9 indicates superior performance of the dead-zone-compensating con-
troller over the lookup-table method. The tracking task involves varying setpoints
in forward velocity, pitch rate, and pitch. Parameter values used in simulation of
the thruster dynamics are reported in Table 3.1.

To further compare performance of the control methods, the tracking RMSE
was calculated for each degree of freedom over the course of the simulation time
period and normalized by the average value of the setpoint of each respective de-
gree of freedom. Normalized RMSE results are presented in Fig. 5.10. The dead-
zone-compensating controller displays comparable tracking performance in linear
velocities when compared to the lookup-table method, but significant improvement
comes in tracking attitude and angular velocity setpoints, with tracking errors be-
ing reduced by as much as 50%. Divergence from the reference setpoint displayed

in the performance of the lookup-table controller is attributed to the trade-off of
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Figure 5.9: Setpoint tracking performance comparison between the proposed dead-
zone-compensating controller and lookup-table-based control for (a) linear forward
velocity, (b) angular pitch velocity, and (c) pitch angle.

tracking forward velocity with the other states, as multiple setpoints were processed

simultaneously.

5.2.2 Simulations with Hydrodynamic Thruster Model

Similar simulation tasks to those in Fig. 5.9 were used to compare output
feedback performance when simulating the motion of an underwater vehicle with a
HQ model of actuator dynamics. Surge speed, pitch rate, and pitch setpoints were

tracked in eight simulations encompassing all estimation methods and all models
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Figure 5.10: Tracking errors for each degree of freedom involved in setpoint tracking.

for control design. Additionally simulated Gaussian noise was included in artificial
measurements to allow further evaluation of estimation methods. All scenarios were
tested with the same measurement noise.

Results presented in Fig. 5.11 suggest tracking control improvements can be
made by using some sort of fluid dynamics compensation in thruster control. Pa-
rameter values used in simulation of the thruster dynamics are reported in Table 3.1
for the simplified and lookup table methods and in Table 4.1 for the other output
feedback methods as well as the ground-truth simulations.

Comparing normalized tracking RMSE again in Fig. 5.12 for the new simula-

tions allows further remarks to be made. First, it appears that use of the EKF in
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Figure 5.11: Setpoint tracking performance comparison between all the proposed
control strategies for (a) linear forward velocity, (b) angular pitch velocity, and (c)
pitch angle.

output feedback promises better performance than any iteration of the NLO. This
is likely due to the local optimality of the EKF, which even appears better than
the KENLO. In fact, there appears to be no discernible benefit to the KFNLO over
the NLO presumably because the exponential convergence property of the observer
dominates over any filtering that could be performed. Second, linear velocity ap-

pears to be well tracked by all cases, so performance benefits will probably only
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Figure 5.12: Tracking errors for each degree of freedom involved in setpoint tracking.

be noticeable in attitude tracking for a physical implementation. Lastly, although
some improvement over the simplified and lookup table scenarios is observed, the HQ
model-based control only slightly outperforms the control using the approximated
HL model. Therefore the tradeoff between model complexity and performance im-
provement appears less justifiable.

Estimation of v is an additional metric available in simulation to compare the
value of the NLO to other estimators. Time-series estimation errors of v for a single
thruster are presented in Fig. 5.13 for all hydrodynamic estimation scenarios, and
the estimation RMSE normalized by the average true value for all thrusters in each

scenario are displayed in Fig. 5.14. The EKF again displays superior performance
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Figure 5.13: Estimation errors of v for an individual thruster in the previous simu-
lations.

over other scenarios, and divergence does not appear an issue in simulation. Al-
though the NLO and KFNLO are valuable for their robustness against divergence,

it appears that the EKF is sufficient for obtaining accurate estimates of v.
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Chapter 6: Conclusion

6.1 Summary of Contributions

The modeling and control of thruster dynamics remains an important aspect of
underwater vehicle control. Compensation for these dynamics in simulations of full
vehicle, multi-thruster implementations suggests notable improvements in tracking
control performance even while experiments suggest minimal improvement for an
individual thruster.

In this work, a novel method of system identification for thruster dynamics
using a six-axis load cell is presented, and thrust and torque data collected with it
are used to characterize a variety of models. The models exhibit good agreement
with collected data in cases when lower-order models were characterized as well as
in the cases of higher-order model characterization. Nonlinear control principles are
used to derive control laws that exponentially stabilize the dynamics in the pres-
ence of strong nonlinearities like input dead zones as well as the nonlinear effects
of reaction torque. Additionally, these control strategies are extended to implemen-
tations that compensate for the effects of fluid dynamics on the thrust output of
the system. To enable such implementations, a variety of estimation methods to

reconstruct an unmeasured fluid velocity state are presented. Practical integration
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of these estimation methods with previously discussed control designs is outlined
to motivate experimental and simulated evaluation of all the models and output
feedback methods.

The discussed control and estimation strategies offer a variety of combinations
for closed-loop output feedback control of a thruster. The availability of such options
warrants comparisons to evaluate the benefits of model-based control that accounts
for fluidic effects over simpler model-based strategies, as well as comparisons between
estimation methods. A nonlinear observer derived by Fossen and Blanke [18] was
compared experimentally to other estimation methods with noise considerations in
output feedback tests with a thruster in a flow tank. These experiments constituted
the first time such a method of fluid compensation was implemented on a physical
testbed.

Simulations of tracking control for a multi-thruster ROV were also used to
evaluate performance benefits from incorporating this observer compared to others.
Both experimentally and in simulations, simplified and hydrodynamic model-based
controllers were used with either the NLO, KFNLO, or EKF to draw a wide range
of comparisons. Experimental results suggest nominally similar thrust tracking per-
formance among all models used for output feedback control design, while the EKF
allows for more optimal estimates of fluid velocity to be obtained compared to the
other estimators. In simulation, control methods that compensate for thruster dy-
namics offer improved tracking performance for a full vehicle over ones that do
not account for some higher-order terms. Additionally, the EKF again allows for

improved performance over the other estimation methods, despite the possibility
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of divergence. However, all control methods can accomplish simulation tasks ad-
equately, suggesting only marginal performance improvements should be expected

when attempting to implement the control methods experimentally on a full ROV.

6.2 Suggestions for Ongoing and Future Work

Extensions of this work could seek to include additional models, improved
testbeds, and further experimental results to provide further insight into the thruster
systems that have been analyzed thus far. An iteration on the six-axis load cell de-
sign would benefit from including structural resonance damping so that reactions to
sudden transient changes in thrust will not cause such intense ringing that would
complicate data collection. Transient behavior of the thruster models would be bet-
ter characterized with such an improvement. Additionally, transient thrust tracking
in closed-loop experiments would be more verifiable with such a setup.

Additional thruster models that assume a steady definition of axial fluid veloc-
ity as a linear combination of propeller angular velocity and ambient fluid velocity
would be useful comparisons to current experiments and simulations [16]. In such a
model, nonlinear estimation considerations would be less necessary due to assumed
knowledge of the unmeasured state v based on the other states. Additionally, Kim
and Chung [16] derive models for thrust generation of thrusters oriented away from
the direction of ambient flow. While these models require the identification of more
parameters, their extension for ROV thruster control would be a natural extension of

the methods outlined in this work, and would serve for another valuable comparison
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case in experiments and simulations.

Lastly, experimental tests with a full vehicle were not addressed and would
be a necessary next step in evaluating all the outlined models and output feedback
methods that have been discussed. Experimental control performance of an ROV
may very well yield different conclusions from simulation results, and additional

thruster models could also be compared on such a testbed for more conclusive results.
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